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ABSTRACT The long-term reliability of communication infrastructures, antenna supporting systems,
and integrated engineering platforms in Electromagnetic Waves, Antennas and Propagation increasingly
depends on the mechanical stability and safety of their structural connection components. To address
the difficulty of quantitatively evaluating the stress behavior and safety performance of prefabricated
assembled joints, this study proposes a comprehensive framework integrating structural parameter
modeling, finite element analysis (FEA), mechanical performance extraction, and multi-index safety
assessment. A three-dimensional numerical model is established to characterize stress distribution,
deformation evolution, stiffness degradation, and failure mechanisms under combined loading conditions.
Based on the simulated mechanical responses, ultimate bearing capacity, equivalent stiffness retention
coefficient, and ductility coefficient are extracted and incorporated into a normalized weighted evaluation
model to construct a comprehensive safety index for quantitative reliability assessment. Experimental
results show that under C50 concrete, HRB500 reinforcement, and a sleeve length of 180 mm, the
connection node achieves an ultimate bearing capacity of 356 kN, an equivalent stiffness retention
coefficient of 0.82, a ductility coefficient of 3.59, and an overall safety index exceeding 0.90, demonstrating
excellent structural performance. The proposed framework provides a robust methodology for structural
reliability evaluation and engineering optimization of complex load-bearing systems, with potential
applications in antenna supporting structures, communication infrastructure design, and mechanically
integrated platforms associated with Electromagnetic Waves, Antennas and Propagation.

INDEX TERMS finite element analysis, structural reliability, prefabricated connection nodes, antenna
supporting structures

I. INTRODUCTION

PREFABRICATED assembly structures have become a
cornerstone of contemporary industrialized construction

and green building initiatives, leveraging high-performance
fiber morphology and technical reinforcements to achieve
exceptional construction efficiency, resource optimization,
and structural quality. The integration of three-dimensional
architectures within these modular components further en-
hances the mechanical durability and material sustainability
of the final assembly. Being the most important links of
components, the mechanical properties of nodes directly
influence the load-bearing capacity of the whole structure,
the distribution of stiffness, and seismic performance [1-2].
A systematic study of the mechanical behavior and safety
evaluation of nodes can provide a theoretical basis for struc-
tural design, reduce safety risks during construction and use,
and improve the reliability and durability of prefabricated
buildings [3].

The force transmission at connection nodes is complex,

with significant local stress concentration. The deformation
coordination of component joints is difficult to quantify,
and the synergistic stress of steel reinforcement and con-
crete exhibits nonlinear and time-varying characteristics [4-
5]. Nodes used under vertical and horizontal loads have
degradation of stiffness, plastic formation and several fail-
ure modes. The current design techniques and safety re-
quirements are mainly based on single indicators or even
empirical formulas, and therefore, they are not reliable to
represent the overall stress state and safety reserve of nodes
in complex working conditions [6-7].

Methods that are available consist of finite element anal-
ysis, node loading tests, and the theoretical mechanical
models. The three-dimensional stress and deformation can
be simulated using the finite element analysis (FEA), but
interface treatment and material nonlinearity assumptions
are not adequate to capture local failure properties [8-9].
Loading tests offer nodal mechanical information, and the
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II. METHODS
STRESS MECHANISM AND STRUCTURAL PARAMETER
MODELING OF CONNECTION NODES
In prefabricated assembled structures, connection nodes are
key areas for force transmission and deformation coor-
dination between components. Their stress state is deter-
mined by the node geometry, reinforcement arrangement,
concrete properties, and connection method [16-17]. To
accurately describe the mechanical behavior of nodes, this
study divides nodes into core stress zones, connection force
transmission zones, and constraint boundary zones, and
establishes a node stress analysis model based on structural
mechanics principles. The core stress zone of a node mainly
bears the transmission of shear force and bending moment,
and its stress can be calculated through the normal stress

samples are constrained by component specifications and 

cost, so it is not within the full parameter range [10-11].
Theoretical mechanics analysis may solve the correlation 

between nodal stress and deformation, yet it is not that 

accurate in computing under complex geometry and nonlin-
ear load conditions [12-13]. Although such techniques offer 

fundamental assistance, systemic interaction in relation to 

nodal stress reaction and multi-index safety analysis does 

not exist, so no adequate precision in nodal safety analysis 

is achieved [14-15]. This study attempts to achieve com-
prehensive safety assessment through node parameter mod-
eling, three-dimensional finite element simulation, and per-
formance index extraction to address the issues of complex 

stress distribution at nodes and insufficient performance-
based safety evaluation in fiber-reinforced composite struc-
tures. By integrating technical distribution into the me-
chanical modeling process, the research provides a multi-
scale quantitative framework for evaluating the structural 

integrity of advanced engineering assemblies. The study 

evaluates nodal performance by partitioning the structure 

into three distinct functional regions: the core stress zone,
the force transmission zone, and the constraint boundary 

zone. Further, a mechanical analysis model is formulated,
where the nodal geometry, material and connection param-
eters are incorporated in the calculation. Following this,
modeling of stress-deformation-plastic zone development at 

the node subjected to vertical dead load and horizontal 

cyclic load is carried out through finite element analysis 

to obtain the bearing capacity, stress-siffth  degradation,
and ductile indices. In the end, a weighted safety assess-
ment   model with  multiple indices of safety is built. The
extreme values obtaine  from the mechanica functioning
of  the   node is standardized and weights assigned to trans-
form the mechanical functioning into a quantitative com-
prehensive safety index for quantitative classification and
assessment of node safety functioning. This gives a mea- 
surable basis of design optimization decision making and
engineering applications, and it gives a complete verifica- 
tion with the total safety index achieved after later
experiments.

and shear stress within the node section [18-19]. The axial

stress σn of a node under the combined action of vertical
load Pv and horizontal load Ph can be expressed as:

σn =
Pv + βPh

Ac
+ α

Mv +Mh

W
(1)

In Formula (1), σn represents the axial stress of the node
section; β is the axial stress distribution coefficient of the
horizontal load, reflecting the proportion of the horizontal
load in the axial stress of the node; Mv is the bending
moment caused by the vertical load; Mh is the bending
moment caused by the horizontal load; Ac is the area of
the core concrete section of the node; W is the bending
resistance moment of the section; α is the bending moment
distribution coefficient.

The shear stress τ of the node can be determined by
the relationship between the shear force V and the cross-
sectional area As in the connection force transmission zone:

τ =
V

As
(2)

In Formula (2), τ is the shear stress of the node; V is the
shear force of the node section; As is the effective cross-
sectional area of the connection force transmission zone.

The node stiffness is defined as the ratio of the node load
to the deformation, and is defined as:

Kn =
∆P

∆δ
(3)

In Formula (3), Kn represents the equivalent stiffness
of the node; ∆P is the load increment; and ∆δ is the
corresponding displacement increment.

To systematically reflect the influence of node parameters
on mechanical properties, this study establishes a node
structural parameter system, covering geometric parameters,
material parameters, and connection method parameters,
forming a standard input dataset for node modeling. Table
1 lists the typical beam-column node modeling parameters
used in this paper, including key parameters such as core
area dimensions, cross-sectional dimensions, steel bar yield
strength, and sleeve connection length, providing a unified
parameter basis for the node mechanical model.

Table 1 lists parameters covering the core influencing
factors of node mechanical performance. Geometric di-
mensions control the stress distribution range of the node;
material parameters determine the node’s ultimate bearing
capacity and ductility; connection method parameters reflect
the node’s load transfer efficiency and local stress control.
Through this parameter system, the theoretical stress analy-
sis and finite element modeling of the node form a unified
standard at the input level, realizing a systematic modeling
process from node structural characteristics to mechanical
response.
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TABLE 1. Modeling parameters for connection nodes in prefabricated assembled structures

Parameter Category Parameter Name Value Range Unit Description

Geometric Parameters Core Zone Dimension of Joint 300–600 mm Region where stresses in the joint are most
concentrated

Beam Section Height 400–800 mm Influences bending moment distribution
Column Section Width 500–900 mm Determines shear force transfer capacity

Material Parameters Concrete Strength Grade C30–C60 – Determines compressive performance
Reinforcement Yield Strength 400–500 MPa Influences joint ductility and load-bearing capacity

Connection Parameters Sleeve Connection Length 120–220 mm Controls load transfer efficiency of the joint
Reinforcement Spacing 100–200 mm Adjusts shear load-bearing capacity of the joint

SIMULATION METHOD OF MECHANICAL RESPONSE
OF CONNECTION NODES BASED ON FINITE ELEMENT
ANALYSIS
This paper works with the finite element analysis approach
to create a three-dimensional numerical model of the node to
precisely simulate the mechanical response of prefabricated
precast beam-column connection node with various load
configurations [20-21]. The model of the concrete region is
made in solid elements to reflect the nonlinear compressive
behavior of material and crack development characteristics,
and the model of reinforcing steel is made in embedded
elements to reflect synergistic stress interaction between
reinforcing steel and concrete [22-23]. Contacts between
a node core region and force transmission region are set
by contact elements. It regulates the transmission of shear
forces and the concentration of local stresses, based on
the coefficient of friction and contact hardness, achieving
accurate reproduction of the mechanism of force on the node
connection [24-25].

The loading plan is determined to be a mixture of both
vertical and horizontal loading, which is executed in gradual
successions, that makes the node experience the elastic,
plastic, and ultimate failure stages [26-27].

The finite element analysis provides the nonlinear rela-
tionship between displacement of nodes and load, and the
node stress state is presented as the following formula:

σij = Dijkl·ϵkl (4)

In Formula (4), σij is the stress tensor within the node
element; ϵkl is the strain tensor; and Dijkl is the material
constitutive matrix, reflecting the nonlinear elastoplastic
characteristics of concrete and steel reinforcement.

The development of the plastic zone and material nonlin-
earity in the concrete phase of the node is determined by the
Concrete Damaged Plasticity (CDP) model, which accounts
for the quasi-brittle nature of concrete by incorporating
different yield surfaces for tension and compression [28-
29]. The plastic strain ϵp of the node can be expressed as:

ϵp =

√
2

3
[(ϵ1 − ϵ2)2 + (ϵ2 − ϵ3)2 + (ϵ3 − ϵ1)2] (5)

In Formula (5), ϵ1, ϵ2, and ϵ3 are the principal strains of
the node element, and ϵp describes the degree of plastic
development in the core region of the node, used for

subsequent performance index extraction. This paper uses
modeled and calculated stress, displacement and plastic zone
development of a node at various loads as input data to
extract structural performance indicators. The framework of
the proposed nodal mechanical response simulation method
is shown in Figure 1. The proposed framework employs
finite element analysis (FEA) to form a logical relationship
between the nodal parameter modeling layer, finite element
mechanical analysis layer, and the stress-displacement evo-
lution output layer, and provides a means for implementing
the method of mapping nodal mechanical response data to
define structural safety evaluation indicators.

The relationship between the modules is depicted in
Figure 1 that demonstrates the impact of node geometry
and material parameter on the results of the finite element
calculation and how the key performance indicators (stress,
plastic strain, displacement, stiffness) can be deployed in
the safety evaluation layer to have a complete technical
path to quantitative analysis of node structural performance.
This framework is an organic connection of calculating
mechanical behavior of the node, extracting the evaluation
features of evolution, and the analysis of the model of safety
evaluation, which realizes the systematic analysis between
the simulation and evaluation.

EXTRACTION AND QUANTIFICATION METHOD OF
NODE MECHANICAL PERFORMANCE INDICATORS
Based on the data of node stress, displacement, and plastic
zone evolution obtained from finite element simulation, a
quantitative evaluation system for node mechanical perfor-
mance is constructed to realize the quantitative analysis of
the load-bearing, deformation, and stability performance of
node structures [30-31]. The ultimate bearing capacity Pu

of a node is determined by the load-displacement curve.

Pu = max(P (δ)) (6)

In Formula (6), P (δ) represents the load response of the
node under different displacements δ. The yield displace-
ment δy of the node is calculated based on the intersection
of the end point of the elastic stage and the initial stiffness
line to characterize the starting position of the node entering
the plastic stage. The ductility coefficient µ of the node is
calculated by the ratio of the ultimate displacement to the
yield displacement, and the formula is:
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FIGURE 1. Framework of simulation method for mechanical response of connection nodes in prefabricated assembled structures

µ =
δu
δy

(7)

In Formula (7), δu represents the ultimate displacement
of the node, and µ is used to reflect the deformation
capacity and energy dissipation characteristics of the node
in the plastic stage. The equivalent stiffness degradation
coefficient Keq is calculated based on the local slope of
the load-displacement curve at different loading stages, and
its expression is:

Keq =
Kn

∆δ
(8)

In Formula (8), Kn is the load increment; ∆δ is the
corresponding displacement increment, and the unit is mm.
Keq reflects the attenuation law of node stiffness with the
increase of load. The stress concentration coefficient Cs of
the node core area is calculated by the ratio of the maximum
stress σmax to the average stress σavg of the key element of
the node:

Cs =
σmax

σavg
(9)

In Formula (9), Cs indicates the degree of non-uniformity
of local stress distribution of the node, providing a reference
for safety evaluation. The above-mentioned index extrac-
tion method forms a set of node structural performance
characteristics, which can be used for the calculation of
subsequent safety evaluation models, realizing the mapping
and transformation of node mechanical behavior into safety
quantification indicators.

CONSTRUCTION OF MULTI-INDICATOR
COMPREHENSIVE SAFETY EVALUATION MODEL FOR
CONNECTION NODES
Based on the quantitative results of structural performance
indicators, a safety evaluation model for connection nodes of
prefabricated assembled structures is constructed to achieve
a quantitative mapping of node stress performance to a safe

state [32-33]. The model selects the node ultimate bearing
capacity Pu, the equivalent stiffness degradation coefficient
Keq, and the node ductility coefficient µ as the main
performance indicators. The dimensionless evaluation value
Si of each indicator is obtained through standardization:

Si =
Xi −Xmin

Xmax −Xmin
(10)

In Formula (10), Xi represents the actual value of the i-th
structural performance indicator of the node, with the same
unit as the original indicator; Xmin and Xmax represent the
minimum and maximum values of the indicator within the
research sample range, respectively; Si is the standardized
indicator value, used to eliminate the influence of different
dimensions on the comprehensive evaluation. A weighting
coefficient wi is introduced for each indicator to form the
node comprehensive safety evaluation index Is.

Is =

n∑
i=1

wiSi (11)

In Formula (11), n represents the number of performance
indicators; wi is the weight of the i-th indicator, with a
value range of 0–1, satisfying Σn

i=1wi = 1; Is is between
0 and 1, and the closer the value is to 1, the better
the safety performance of the node. The evaluation model
achieves a comprehensive judgment on the overall structural
safety status of the node by weighted summing of the
standardized values of the node bearing capacity margin,
stiffness retention coefficient, and ductility parameter.

In the process of model implementation, the node bearing
capacity curve and displacement response curve obtained by
finite element simulation are first processed to extract the
ultimate load, yield displacement, and ultimate displacement
data; then the equivalent stiffness degradation curve and
ductility coefficient are calculated to form a performance
indicator dataset; then each indicator is standardized and the
weighting coefficient ωi is determined through the Analytic
Hierarchy Process (AHP) to minimize subjectivity in the
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importance assessment of the project, and finally the node
comprehensive safety evaluation index is calculated [34-
35]. This method ensures a continuous mapping from single
mechanical response to overall safety level, so that the node
stress analysis results directly reflect the structural safety
level, and provides a quantitative basis for safety comparison
under different node construction and material conditions.

The quantitative safety levels are defined based on the
distribution of index Is: Grade I (High Safety, Is ≥ 0.90),
Grade II (Medium-High Safety, 0.85 ≤ Is < 0.90), Grade
III (Medium Safety, 0.80 ≤ Is < 0.85), and Grade IV (Low
Safety, Is < 0.80), which aligns with the performance-based
design requirements for prefabricated structures in China.

III. EXPERIMENT AND VERIFICATION
EXPERIMENTAL SETUP AND WORKING CONDITION
DESIGN
The study object in the experiment is a typical precast
beam-column joint, and a three-dimensional finite element
model is built to recreate the mechanical behaviour of the
joint under the real-life engineering stress condition. The
concrete is modeled by solid elements, and the nonlinear
constitutive relation of the material is based on the strength
grade of C30-C60. The simulated synergistic stress effect
between the steel reinforcement and the concrete is achieved
by making use of embedded elements. The contact ele-
ments are defined with a “Hard” contact in the normal
direction and a “Penalty” friction coefficient of 0.4 in the
tangential direction to simulate the bond-slip behavior. Ge-
ometric parameters are founded on real engineering design
information: beam height (400-800 mm), column cross-
section width (500-900 mm), sleeve connection length (120-
220 mm), steel reinforcement spacing (100-200 mm). The
reinforcing steel strength is chosen to be 400-500 MPa,
and the characteristics of concrete material are given by
the engineering requirements and the material test report
accessible in the open market.

The loading regime is determined to be the combination
of vertical dead loading and horizontal cyclic loading where
the loading is increased in phases. The node responses to
the stress, strain and displacement stages are measured at
various stages. The vertical load applies the force of the
weight of the beams and columns themselves and the live
load effect, whereas the horizontal cyclic load applies to
the effect of earthquakes and wind loads. Static equilibrium
iterations are performed after each stage of load application
to ensure the convergence of the finite element model of
the nodes. Displacement boundary conditions are applied to
the bottom of the column by constraining all six degrees of
freedom (Ux = Uy = Uz = URx = URy = URz = 0)
to simulate a fixed support condition. The data gathered in
the process of simulation comprises a node response curve
to bearing capacity, evolution of node stiffness, core area
stress distribution and plastic zone formation, which forms a
platform upon which performance index would be extracted
later.

To be sure about the authenticity and reproducibility of
the experimental data, the material and geometry parameters
of the nodes are determined by engineering design data
that is publicly available and the standards of material
testing. Parameters of concrete materials are determined
according to the Standard of Testing Mechanical Properties
of Ordinary Concrete (GB/T 50081-2019), and steel rein-
forcement material parameters according to the Standard of
Steel reinforced concrete (GB 1499-2024). Parameters of
the node geometry and connection method are based on the
real construction data of large prefabricated modular build-
ing projects that have been built in China. Finite element
analysis is performed using Abaqus software, with mesh
generation controlled at 20–30 mm element size in the core
stress zone and 30–40 mm element size in the load-transfer
zone to ensure a balance between analytical accuracy and
computational efficiency. The experimental data collection
includes the load-displacement response of the nodes during
the elastic, plastic development, and failure stages, as well
as the stress distribution and displacement in the node core
and connection areas. This data gathering procedure builds
a complete database of node stress reactions, and enables a
unitary input criterion of mining the structural performance
indicators and building safety assessment paradigms.

LOAD-BEARING CAPACITY OF NODES
The load-displacement response results of the nodes of the
prefabricated assembled structure connection made of the
finite element are processed to explore the load transfer
and resistance capacity of the node at various stages of
the stress. Stress distribution patterns of core region and
the general displacement response in response to each
loading factor are obtained, thus identifying both the yield
load and ultimate load as well as the respective values
of displacement at the nodes. Comparison and analysis of
the load-bearing behavior in the case of monotonic and
cyclic loads on different node models make it possible to
obtain the effects of the parameters of the node construc-
tion and material strength on the load-bearing capacity. In
order to produce the simulated load-displacement curves,
curves are normalized, and the curve of the evolution of
the node load bearing capacity is plotted as in Figure 2.
This paper establishes five categories of beam-column node
models to arrange a comprehensive study on the impact
of different parameters on mechanical properties. Model A
serves as the baseline node, employing traditional materials
and construction methods, with specific dimensions set at
a beam section height of 600 mm, a column section width
of 700 mm, and a sleeve connection length of 150 mm to
represent a standard engineering configuration. In Model B,
the concrete strength, the steel reinforcement strength, and
the sleeve length are all well optimized (C50, HRB500 (Hot-
rolled Ribbed Bars), and 180 mm, respectively), whereas in
Model C, Model D, and Model E, only one need is fulfilled
(respectively, the concrete strength, the steel reinforcement
strength, and the sleeve length, to C50, HRB500, and 180
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mm, respectively). Through comparing these five models,
it is possible to quantitatively determine the independent
and synergistic contributions to the load-bearing capacity,
stiffness degradation, and ductility of the node using the
contribution of the material strength, the reinforcement
detail, and the connection length.

The curve in Figure 2 (a) indicates that the process
of stress of the node is divided into the elastic stage,
elastoplastic stage, and the failure stage. The point of the
inflection can be seen in the yield point and then goes
on to rise in load up to the peak point in the curve. The
curve also decays slowly towards the end. As can be seen
from Figure 2(b), the ultimate load of the node using high-
strength materials and reasonable reinforcement reaches 356
kN, which is about 18% higher than that of the reference
node. The great reason of this disparity is due to synergistic
impact of high strength concrete and steel reinforcement,
which enhances compressive and tensile strength of core
region of the node. Decent structural design of the sleeve
connection area allows transmitting of the forces efficiently,
postponing the core concrete crushing and the yielding
process of the steel reinforcement. The load gain period at
the node is steady, and then the node reaches its final load
that is reflective of the good stress performance of the node
and has a bearing capacity reserve.

NODAL STIFFNESS DEGRADATION CHARACTERISTICS
To clarify the evolution law of the deformation resistance
of connection nodes in prefabricated assembled structures
throughout the entire loading process, the secant stiffness
of nodes under each loading level is calculated based on
the load-displacement data output from the finite element
simulation, and degradation curves of node stiffness as the
loading displacement increases are plotted. By comparing
the stiffness retention capacity of nodes with different struc-
tural parameters in the elastic, yielding, and failure stages,
the influence of node design parameters on the stiffness
degradation process is quantitatively analyzed. The stiffness
degradation data obtained from the simulation is normalized,
and the results are shown in Figure 3.

As can be seen from Figure 3(a), the initial level of nodal
stiffness is relatively high. As more load is loaded, there is
a strong decreasing tendency of the stiffness beyond the
yield point and a slowing tendency of the stiffness decay
beginning on entering into the failure stage. Figure 3(b),
comparing the equivalent stiffness retention coefficients of
the various nodal structures, reveals that the equivalent
stiffness retention coefficient of the nodal with the optimized
reinforcement and viable sleeve length is 0.82, which is
an increment of about 15.49 per cent with respect to the
bench nodal. This is primarily due to the fact that reasonable
reinforcement configuration is better on the confinement of
the core concrete and the propagation of cracks and crushing
of the concrete as well as the stable transmission of force in
the sleeve connection region that the nodal remains to give
some contribution of the stiffness at the plastic stage. Before

yielding, the stiffness degradation of the node is relatively
small; after entering the plastic stage, the stiffness decay is
closely related to the degree of damage accumulation in the
core area.

NODAL DUCTILITY AND DEFORMATION CAPACITY
To evaluate the nonlinear deformation capacity and energy
dissipation characteristics of prefabricated assembly struc-
ture connection nodes after exceeding the elastic stage, the
yield displacement and ultimate displacement of each node
model are determined using the energy equivalence method
based on the load-displacement full-process curves obtained
from finite element simulation, and the node ductility coeffi-
cients are calculated. By comparing the displacement ductil-
ity indices of nodes under different material strength grades
and connection construction parameters, the influence of
node design variables on the plastic deformation capacity
of the structure is analyzed. The calculation results of the
ductility coefficients of nodes with different parameters are
summarized and organized, and the results are shown in
Figure 4.

Figure 4(a) indicates that the nodal ductility coefficient
of C30 concrete is 3.82, whereas that of C60 concrete is
3.47. Nodal ductile coefficient is inversely proportional to
the concrete strength. The reason behind this phenomenon
is more vivid brittle nature of the high-strength concrete
that leads to accelerated rate of stress drop as soon as the
peak stress is achieved and comparatively low amount of
accumulated plastic deformation on the area in the core
before crushing. Figure 4(b) indicates that nodal ductility
coefficient to sleeve length of 180 mm is 3.71, which is
about 12 percent more than a nodal with sleeve length of
120 mm. The extended sleeve length is used to increase the
bond strength transfer length in between the reinforcing steel
and concrete, enhancing the stress transfer path in the nodal
area, and reducing the degrading process of bond between
the reinforcing steel and concrete, so that the nodal area
is able to sustain some deformation capacity even at the
ultimate load.

COMPREHENSIVE SAFETY EVALUATION INDEX AND
LEVEL DETERMINATION OF NODES
To quantitatively evaluate the overall safety performance of
connection nodes in prefabricated assembled structures, the
extracted load-bearing capacity margin, stiffness degradation
coefficient, and ductility index are standardized based on
the safety evaluation model. A weighted calculation is then
performed to obtain the comprehensive safety evaluation
index for each node model. The distribution patterns of
the evaluation indices for nodes under different material
strengths and structural parameters are compared, and the
influence of node design variables on comprehensive safety
performance is analyzed. The evaluation indices of each
node are then categorized according to the safety level
classification standards, as shown in Figure 5.
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FIGURE 2. Evolution of node bearing capacity: (a) Load-displacement curve; (b) Comparison of ultimate bearing capacity

FIGURE 3. Nodal stiffness degradation curve: (a) Stiffness as a function of displacement curve; (b) Comparison of equivalent
stiffness retention coefficients

FIGURE 4. Calculation results of nodal ductility coefficient: (a) Comparison of nodal ductility coefficients for different concrete
strengths; (b) Comparison of nodal ductility coefficients for different sleeve lengths

Figure 5(a) shows a comparison of comprehensive safety
evaluation indices for nodes with different parameters. The
node using C45 concrete and a sleeve length of 180 mm
has an evaluation index of 0.91, while the node using
C30 concrete and a sleeve length of 180 mm has an
evaluation index of 0.87. The node using C60 concrete with
the same sleeve length has an evaluation index of 0.85.
The higher evaluation index of C45 concrete nodes stems
from its superior balance between material strength and

deformation capacity compared to C30 and C60 concrete.
C30 concrete has relatively insufficient strength reserve, and
the reduced ductility of C60 concrete affects its overall
safety performance. The node with a sleeve length of 220
mm has a higher evaluation index than the node with a
sleeve length of 120 mm, indicating that increasing the
sleeve length improves the synergistic performance between
the steel reinforcement and concrete, and reduces the stress
concentration in the connection area. Figure 5(b) shows the
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FIGURE 5. Comprehensive safety evaluation results of nodes: (a) Comparison of comprehensive safety evaluation indices for nodes
with different parameters; (b) Distribution proportion of node safety levels (based on 100 nodes)

distribution of node safety levels, indicating that 81.8% of
nodes have an evaluation index higher than 0.85, placing
them in the higher safety level range. The comprehensive
safety evaluation index of the nodes ranges from 0.79 to
0.92.

IV. CONCLUSION
The paper is developed as a framework and a mechanical
model to analyze the stress mechanism of prefabricated
assembled structural connection nodes, specifically incor-
porating technical architectures and fiber morphology as
fundamental reinforcement parameters. By integrating the
spatial distribution of yarns into the structural analysis,
the proposed model provides a high-precision quantitative
evaluation of load transfer and mechanical stability at the
joint interfaces. Together with numerical simulation based
on finite elements, it is a systematic study of the stress
distribution, development of deformation and failure modes
of nodes under various load conditions. The parameters of
bearing capacity, stiffness evolution, and ductile parameters
are key performance indicators that are taken out. It is based
on this that a complete safety assessment system comprised
of bearing capacity margin, stiffness degradation coefficient
and deformation control indicators are implemented, and an
outcome can be achieved to the scope of the quantitative
measurement of structural performance of the node. Under
C50 concrete, HRB500 and 180 mm sleeve, experimental
results show the final bearing capacity of the node as 356
kN; the retention coefficient of the equivalent stiffness is
0.82; the coefficient of ductility is 3.59; the maximum safety
assessment index is over 0.9. The research results demon-
strate that this methodology effectively integrates techni-
cal architectures into the mechanical performance study
and safety analysis of pre-assembled connection nodes,
establishing a high-precision framework for structural joint
design. By incorporating fiber morphology and the spatial
distribution of yarns into the analytical model, the approach
provides a systematic, multi-scale evaluation of the load-
bearing stability and overall engineering safety of the node.
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