
  

Research on Design Optimization and Engineering 

Application of Steel Structure Joints Based on BIM and 

Intelligent Algorithms 

Zhiguo Ma1, Qiang Zhang 2, Guojun Zhao1 , Wenqiang Li1, Bo Zhang3, *and Zhimin 

Peng3 

1PowerChina Roadbridge Group Co., Ltd. , Beijing, 100160, China 

2China Water Resources and Hydropower Fourth Engineering Bureau Co., Ltd., Xining, Qing-

hai, 810007, China 
3China Hydropower Fourth Bureau Southern (Zhuhai) Engineering Co., Ltd., Zhuhai, Guang-

dong, 519000, China 

*Corresponding author’s e-mail: 980382842@qq.com 

Abstract. As the core load-bearing system of modern large-scale buildings, com-

plex spatial steel structures play a pivotal role in enhancing engineering effi-

ciency and quality through intelligent optimization technologies. This paper ad-

dresses prevalent issues in current steel structure joint design, such as low mod-

eling efficiency, single-dimensional optimization, and frequent reinforcement 

layout conflicts, by proposing a comprehensive intelligent optimization frame-

work integrating parametric modeling, intelligent algorithms, and BIM technol-

ogy. The study establishes parametric reference models for steel frame joints, 

truss intersection joints, and hybrid structural joints, achieving high-efficiency 

modeling of complex nodes. By combining the NSGA-II multi-objective optimi-

zation algorithm with particle swarm formation optimization, a multi-objective 

optimization model is developed with stress uniformity, manufacturing cost, and 

construction convenience as core objectives. This approach significantly reduces 

stress concentration (by 26.8%) and fabrication cycle time (shortened by 37.5%). 

Furthermore, the research develops a construction-oriented reinforcement colli-

sion avoidance rule database and AI path planning algorithms, resolving spatial 

conflicts between reinforcement and steel components. Field measurements 

demonstrate a reduction in reinforcement layout conflicts from 45% to 2%. Ap-

plication in the Chongqing Science City Auditorium project validates the sys-

tem's effectiveness: detailed design efficiency improved by 40%, installation er-

rors were controlled within 3mm, and rework rates reduced to 1.2%. This pro-

vides a systematic solution for intelligent design and construction of super-large 

complex steel structure projects. 
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1 Introduction 

Steel structures as the core structural form of modern large-span buildings, have seen 
their intelligent optimization technologies remain a research hotspot in the international 
engineering field. As early as the 1990s, Engelhardt M D [1] and others began exploring 
the application of parametric modeling in steel joint design. With the maturation of 
computer-aided design (CAD) technology, the University of Cambridge pioneered the 
introduction of geometric parametric methods into steel frame joint design, enabling 
rapid generation and modification of joint models by defining variables such as beam-
column section dimensions and connection plate thickness.Entering the 21st century, 
with the rise of BIM (Building Information Modeling) technology, Trahair N et al. [2] 
proposed an IFC-standard-based information integration model for steel joints, achiev-
ing collaborative management of geometric parameters, material properties, and load 
conditions. In the optimization of complex joint mechanical performance, an interdis-
ciplinary research trend has emerged internationally. Yang H [3] employed a combina-
tion of finite element analysis and genetic algorithms to develop a dual-objective opti-
mization model for tubular joints, balancing stress uniformity and fabrication costs, and 
obtained optimal joint configuration parameters through iterative calculations. The Eu-
ropean standard EN1993-1-8 further introduced a reliability theory-based joint design 
method, evaluating joint performance under random loads via Monte Carlo simulation. 
Eladly M M [4] developed the "SmartNode" system, integrating parametric modeling, 
mechanical analysis, and robotic fabrication path planning, achieving full-process au-
tomation from design to manufacturing for complex joints. In resolving spatial conflicts 
between reinforcement and steel components, international scholars have primarily fo-
cused on automated collision detection and path planning algorithms. Torabian S [5] 
proposed an AI-based reinforcement obstacle avoidance model, enabling collision-free 
pathfinding for individual rebars by constructing 3D mesh obstacles for steel columns. 
Kaveh A [6] et al. applied particle swarm optimization to multi-rebar formation, address-
ing congestion issues in densely reinforced joint areas by optimizing rebar spacing uni-
formity and load distribution. Additionally, Nia Z S et al. [7] developed the "RebarBot" 
system, combining 3D laser scanning and machine learning to achieve real-time moni-
toring and automatic adjustment of rebar installation errors. 

Research on intelligent optimization technology for steel structures in China began 
in the early 21st century. With the rapid development of large-scale infrastructure con-
struction, related studies gradually focused on engineering application challenges of 
complex joints. Yang Nianxu [8] conducted research on parametric modeling of steel 
frame joints, proposing a joint family library construction method based on the Revit 
platform. By defining parameters such as beam-column angles and bolt spacing, rapid 
reuse of joint models was achieved. Xie Jingli et al. [9] established a geometric equation 
analytical model for large-span truss intersecting joints based on the "Standard for De-
sign of Steel Structures," and verified the accuracy of parametric modeling through 
experiments. In terms of joint optimization algorithms, domestic scholars actively in-
troduced intelligent computing technologies. Li Wanrun et al. [10] applied the NSGA-II 
algorithm to multi-objective optimization of steel structure joints, establishing a multi-
objective function system encompassing stress, cost, and construction convenience. 
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Performance balance of complex joints was achieved through Pareto frontier solution 
sets. Zhang Yujian et al. [11] proposed a reinforcement layout optimization method 
based on the simulated annealing algorithm, enabling automatic planning of reinforce-
ment paths for hybrid structure joints by setting constraints such as anchorage length 
and bending radius.Jia Congliang et al. [12] developed the "Intelligent Steel Structure 
Detailing Design System" for the National Convention Center project. By integrating 
parametric modeling and collision detection functions, joint detailing design efficiency 
was improved by 30%. 

However, current research still exhibits the following limitations: 1) Insufficient 
depth in node detail optimization: Existing studies predominantly focus on macro-level 
structural system optimization, with limited refined research on local node configura-
tions (such as stiffener arrangement and bolt spacing optimization), making it difficult 
to balance mechanical performance and fabrication requirements under complex stress 
states. 2) Low interdisciplinary collaboration efficiency: Spatial conflict resolution be-
tween reinforcement and steel components relies heavily on manual experience, lacking 
construction-oriented automated collision avoidance rule libraries, resulting in frequent 
clashes during detailed design phases. 3) Inadequate intelligent integration: Parametric 
modeling, mechanical analysis, and manufacturing processes have yet to form a closed 
loop, with insufficient technical systems supporting full-process digitalization, making 
it challenging to meet the high-precision demands of large-scale complex projects.  

With the advancement of China's new urbanization and the construction of science 
and technology innovation centers, complex steel structure projects such as large-scale 
exhibition buildings and super high-rise buildings are exhibiting development trends 
characterized by "super-large spans, ultra-high precision, and ultra-complex joints." 
The Western (Chongqing) Science City Science Hall project, featuring a steel 
frame+large-span truss structure, includes a 72m super-large-span truss, 57,300 tons of 
steel usage, and more than 30 types of joints, with dense spatial relationships between 
reinforcement bars and steel columns (Figures 1 and 2). Traditional manual modeling 
methods face three core challenges:  1) Contradiction between mechanical performance 
and fabrication convenience: Complex joints are prone to stress concentration under 
multi-condition loads, while traditional designs struggle to balance structural perfor-
mance and manufacturing processes (e.g., flame-cutting radius limitations, bolt instal-
lation space requirements), leading to high fabrication costs and prolonged construction 
cycles.  2) Low efficiency in spatial conflict detection: Spatial interference issues be-
tween reinforcement bars and steel column stiffeners, connection plates, and other com-
ponents are prominent, with manual collision detection error rates as high as 45%, se-
verely impacting construction progress.  3) Insufficient detailing design accuracy: The 
project's steel columns have a maximum cross-section of 1300×1300×60mm, and the 
heaviest single truss weighs 181 tons. Traditional 2D drawings struggle to accurately 
represent 3D spatial relationships, often resulting in on-site installation errors exceed-
ing 10mm and frequent rework. Traditional detailing design methods can no longer 
meet the dual demands of efficiency and precision in modern steel structure engineer-
ing. Addressing industry pain points such as "low modeling efficiency, single-dimen-
sional optimization, and frequent reinforcement layout conflicts" in complex joints, this 
paper integrates parametric modeling, intelligent algorithms, and BIM technology to 
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propose a comprehensive intelligent optimization framework for large-scale complex 
steel structures, covering "modeling-optimization-layout" workflows. By establishing 
a parametric framework for benchmark models, developing multi-objective optimiza-
tion algorithms, and creating a reinforcement obstacle-avoidance rule database, the 
study aims to achieve comprehensive improvements in the mechanical performance, 
fabrication cost, and construction convenience of complex joints, providing technical 
support for the intelligent construction of super-large steel structure projects.  

 
Figure 1.  Conference and exhibition design renderings 

 
Figure 2.  Structural Elevation Diagram of the North Zone for Meetings and Exhibitions 

2 Intelligent forward modeling technology 

2.1 Construction of a Benchmark Model for Complex Spatial Steel 
Structures 

For typical types such as steel frame joints and truss intersecting joints (Figure 3), ge-
ometric parameters (e.g., cross-sectional dimensions, angles, gusset plate thickness), 



 

 

          

        447Research on Design Optimization and Engineering Application of …     

material properties (yield strength, elastic modulus), and boundary conditions (con-
straint types, load cases) were extracted. Parametric modeling tools were employed to 
construct three types of benchmark models. 

 
Figure 3. Steel structure modeling diagram 

(1) Steel frame beam-column joint model: Define steel column section parameters 
(side length B, wall thickness t), steel beam section parameters (section height H, flange 
width Bf, web thickness tw), connection plate thickness δ, and bolt spacing s. The con-
straint condition is a beam-column angle θ=90°±5°, supporting rigid/pinned joint 
switching.   

(2) Truss intersecting joint model: For circular tube intersecting joints, extract pa-
rameters including main tube diameter D, branch tube diameter d (d/D≤0.8), intersec-
tion angle (30°≤α≤150°), and branch tube eccentricity e (|e/D|≤0.15). Based on the 
"Standard for Design of Steel Structures" (GB 50017-2017), establish the intersecting 
line geometric equation(1):   

 α
α

sin
cot22 eyxz −⋅+=

              (1)
 

(3) Hybrid structural joint model: Establish a local coordinate system O-XYZ cen-
tered on the steel column. Reinforcement positioning parameters include: anchorage 
starting point coordinates (x0, y0, z0), bending radius R (R≥4d, where d is the reinforce-
ment diameter), and bending angle β (0°≤β≤90°), supporting 3D spiral stirrup model-
ing.   

The BIM platform is adopted to extend model parameters, enabling rapid modeling 
of joints with different spans and cross-sectional forms, improving modeling efficiency 
by 40% compared to traditional methods. 
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2.2 Modeling the Spatial Relationship between Reinforcement and 
Steel Columns in Hybrid Structural Nodes 

To address the complex interweaving issue between steel columns and reinforcement 
bars, a spatial coordinate system is established with the steel column as the reference, 
defining parameters such as reinforcement bar diameter, bending angle, and anchorage 
length. Based on downstream construction guidance (e.g., reinforcement bars avoiding 
steel column stiffeners), constraint conditions are established, and a "Reinforcement 
Bar Avoidance Rule Library" is developed to resolve spatial conflicts, enabling para-
metric description of reinforcement bar spatial positions and laying the foundation for 
subsequent layout optimization.   

(1) Avoidance of steel column stiffeners: When the distance between the reinforce-
ment bar path and a stiffener (thickness≥16mm) is <20mm, a detour path is automati-
cally generated with a detour angle ≤45°;   

(2) Bolt hole spacing constraint: The clear distance between the reinforcement bar 
and the edge of a bolt hole must be ≥1.5d to avoid drilling damage to the reinforcement 
bar;   

(3) Anchorage length optimization: Based on the "Code for Design of Concrete 
Structures" (GB 50010-2010), the minimum anchorage length dffl tya ⋅⋅= )/(α  is 
automatically calculated, where α is the shape coefficient (α=0.14 for ribbed reinforce-
ment bars). 

3 Multi-objective Intelligent Optimization Methods 

3.1 Multi-objective Optimization Model for Complex Intersecting 
Nodes 

Taking node stress uniformity (σ≤215MPa), manufacturing cost (plate utilization rate 
≥90%), and construction convenience (number of bolts≤8 per node) as objective func-
tions, the NSGA-II algorithm was employed to solve the multi-objective optimization 
problem.   

Objective Function Formulation. 
1)Stress uniformity objective: 

min
max

minmax
1 →=

σ
f

where maxσ and minσ represent the maximum and minimum von Mises stresses at the 
node, obtained through 100 Monte Carlo simulations using ANSYS Workbench to de-
termine the stress distribution.   

2)Manufacturing cost objective: 
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min2 →=
total

waste

A
Af

where wasteA  denotes the scrap area from plate cutting, and totalA  is the total plate area 
of the node. Constraints include a minimum flame-cutting radius ≥5mm and a bevel 
angle of 30°±5°.   

3)Construction convenience objective: 

min3 →= boltf η

Where bolt  is the number of bolts per node, with a single-row bolt spacing ≥3d0 (d0 
being the bolt diameter).   

NSGA-II Algorithm Implementation.  
Population size N=100, iteration count T=200, crossover probability 0.8, mutation 

probability 0.02; crowding distance sorting and elitist retention strategies were adopted, 
preserving the top 20% optimal solutions per iteration to ultimately generate a Pareto 
frontier solution set.   

A finite element analysis model for node stress was established, incorporating man-
ufacturing process parameters (minimum flame-cutting radius of 5mm) to construct 
constraints. Iterative calculations yielded the Pareto optimal solution set. In engineering 
applications, typical node stress concentration zones were reduced by 30%, and manu-
facturing time was shortened by 25% (Table 1). 

Table 1. Comparison of Typical Intersecting Joints Before and After Optimization 

number Evaluation metrics Optimized  
before 

Optimized  
after 

Optimization 
 effect 

1 Maximum von Mises stress 
(MPa) 280 205 ↓26.8% 

2 Proportion of stress concentra-
tion area 45% 15% ↓66.7% 

3 Number of connection plates 
(units) 12 6 ↓50.0% 

4 Bolt installation time 
(min/node) 120 45 ↓62.5% 

5 Plate utilization rate 75% 92% ↑22.7% 
6 Processing cycle (h/node) 8 5 ↓37.5% 
7 Node weight (kg) 1850 1620 ↓12.4% 

3.2 Optimize the Reinforcement Layout in Two Phases 

Optimize the reinforcement layout in two stages: 
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(1) Single-rebar intelligent obstacle avoidance: Plan the rebar path using AI algo-
rithms to avoid obstacles such as column stiffeners and connection plates, achieving 
collision-free threading for individual rebars.  

(2) Multi-rebar formation optimization: Establish objective functions for spacing 
uniformity (deviation ≤5mm) and stress equilibrium, using PSO to optimize rebar spa-
tial distribution and resolve congestion in densely reinforced joint areas.   

In the project, the rebar arrangement conflict rate in 520 complex joints decreased 
from 45% to 2% (Figure 4). 

 
Figure 4. Welding quality of intersecting nodes 

4 Application Effectiveness and Verification 

4.1 Comparison of Node Optimization Effects 

Selecting typical steel column-truss connection joints in the project (Figure 5), a com-
parison was made between traditional design and intelligent optimization solutions: the 
maximum stress at the optimized joint decreased from 280MPa to 205MPa, meeting 
the strength requirements of Q345B steel; the number of connecting plates was reduced 
from 12 to 6, the processing cycle shortened from 8 hours/joint to 5 hours/joint, and 
bolt installation efficiency improved by 60%.  

4.2 Reinforcement Arrangement Engineering Field Measurement 

By utilizing 3D laser scanning to detect steel reinforcement installation accuracy, the 
positioning errors of 8,605 mixed nodes were all ≤3mm with no collision occurrences. 
Compared to traditional manual arrangement, efficiency increased by 3 times, while 
the on-site rework rate decreased from 15% to 1.2% (Figure 6). 



 

 

Research on Design Optimization and Engineering Application of …             451

 
Figure 6.  On-site assembly of truss structure 

5 Conclusions and Prospects 

This paper systematically proposes an intelligent optimization technology system en-
compassing "modeling-optimization-layout" for key issues in complex spatial steel 
structure joint design, achieving the following outcomes:   

(1)Significant improvement in parametric modeling efficiency: By defining geomet-
ric parameters, material properties, and boundary conditions, three types of benchmark 
joint models were constructed and integrated with a BIM platform to achieve rapid 
modeling. Efficiency increased by 40% compared to traditional methods, meeting the 
demand for parallel multi-joint design in large-scale projects.   

(2)Outstanding multi-objective optimization results: The stress-cost-construction 
multi-objective optimization model based on the NSGA-II algorithm reduced the max-
imum joint stress to 205 MPa (a 26.8% reduction), increased plate utilization to 92%, 
and reduced bolt quantity by 50%, effectively balancing mechanical performance and 
process economy.   

(3)Breakthrough in intelligent reinforcement layout: By combining AI obstacle-
avoidance algorithms and particle swarm formation optimization, the congestion issue 
of reinforcements in dense joint areas was resolved, reducing conflict rates to 2%. In-
stallation accuracy (error ≤3 mm) was verified via 3D laser scanning, providing reliable 
technical support for complex hybrid structure construction.   

(4)Validation of efficiency in engineering applications: In the Western Science City 
Convention Center project, this technology system was successfully applied to the de-
tailed design of 57,300 tons of steel structures, shortening the fabrication cycle by 25% 
and reducing rework rates to 1.2%, demonstrating significant economic benefits. 

Although this study has achieved certain results, the following directions still require 
further exploration: 1) Refined node optimization: The current optimization model 
mainly focuses on macro structural parameters, and machine learning techniques could 
be introduced in the future. 2) Full lifecycle integration: It is necessary to establish a 
seamless data flow across the entire chain of design-manufacturing-construction-oper-
ation and develop a dynamic optimization platform based on digital twins. 3) Multi-
disciplinary collaborative intelligence: The existing obstacle avoidance rule database 
primarily targets reinforcement and steel components, which could be expanded to 
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include MEP pipelines, curtain walls, and other disciplines in the future. With the deep 
integration of artificial intelligence and IoT technologies, intelligent optimization tech-
niques for steel structures will play a greater role in resilient cities, zero-carbon build-
ings, and other fields, promoting the transformation of the civil engineering industry 
toward digitalization and sustainability. 
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