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Abstract

Structural system reliability design is a core component of modern civil engineering design theory, and research into its influencing factors and design countermeasures has long been a focal point in both academic and engineering communities. With the rapid development of the construction industry, the reliability of building performance has become a critical concern for ensuring safety and sustainability. The effective implementation of reliability design in building structures not only provides a rigorous, data-driven basis for optimizing a building’s functional environment, but also proactively identifies potential structural risks—such as material fatigue and load-bearing capacity degradation—prior to construction. This paper addresses the key problem that current reliability design practices often lack targeted, design-specific strategies to mitigate these risks. Through the application of reliability principles, this study strengthens the control of construction quality, avoids disruptions to the building’s functional environment, and reduces the likelihood of safety incidents. This review analyzes the critical factors influencing reliability in building structure design, including material properties, load variability, and environmental erosion, and proposes targeted architectural design countermeasures, such as adaptive load-bearing systems and corrosion-resistant material selection, to address these challenges.
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1. Introduction

With the improvement of people’s living standards, the demand for building performance and residential comfort has been growing increasingly. Therefore, it is necessary to improve the structural design of buildings to enhance their strength and stability[1]. As construction technology advances, building structures have been evolving toward greater complexity. Meanwhile, the types and functions of buildings have also tended to become more sophisticated, posing significant challenges to the engineering design of building structures. Under such circumstances, the schemes for building structural design have been developing at an accelerating pace, with many new methods emerging, which puts forward higher requirements for structural designers[2]. It is essential to prioritize structural design in architectural design, particularly by analyzing the overall structural layout, height, material selection, torsion, stiffness and key design points, so as to ensure the construction of high-quality building structures. In China’s design codes for building structures, advanced reliability theory is adopted to characterize the reliability of building structures[3]. This theory separates the effects of loads and strength through failure probability, describes the entire random process using random variables, and conducts calibration based on practical experience. It has been widely applied in the design codes for building structures[4]. Reliability theory has also been extensively promoted and applied by international engineering standardization organizations, and has become an important means to evaluate the design stability of high-rise civil building structures. Therefore, continuous efforts should be made to improve and refine the application of reliability theory in the design codes for building structures; meanwhile, more risk factors should be taken into account in the existing reliability design codes.To systematically review the research landscape in building structural reliability, this study analyzes 34 core references. Among them, 50.0% focus on structural reliability theory and design, providing direct support for the theoretical framework of this paper. Literature on building structure durability and corrosion protection, BIM technology and engineering applications , seismic and disaster prevention design , and prefabricated construction and construction technology further enriches the research by covering environmental impacts, technological applications, responses to extreme conditions, and the development of construction industrialization. Through the systematic synthesis and analysis of these references, this paper aims to provide a theoretical and practical reference for reliability design in building structures.
2. Reliability Analysis of Building Structural Design

The reliability of building structural design refers to the probability that a structure fulfills its intended functions of safety, serviceability, and durability throughout its design lifespan under normal conditions.To quantify this reliability and validate its practical implications, this study employs a multi-level analytical framework. This includes:
A systematic review of reliability standards and failure probability models to establish a theoretical basis.
A comparative analysis of case studies to correlate reliability indices with real-world structural performance.
A quantitative method for translating reliability targets into actionable design criteria.
These methods are used to ensure the theoretical underpinnings are directly linked to the practical objectives of enhancing structural safety and design rationality.

2.1 Basic Theory of Building Design Reliability

2.2.1Standardization

Standardization is a prerequisite for achieving reliability in architectural design. The entire process of implementing reliability in architectural design is constrained by industry standards. From the classification of the design service life and the definition of normal operating conditions to the standard values of reliability indicators, it is necessary to follow relevant standard requirements such as the "Unified Standard for Reliability Design of Building Structures." By unifying standards and processes, subjective deviations are avoided, providing a fundamental support for the stable achievement of reliability[5].

2.2.2Reliability

The reliability of building structure design is the core goal orientation of building design codes. The requirements of various building codes for design, construction, and operation and maintenance all ultimately serve the realization of structural reliability—that is, ensuring that buildings stably complete the three core functions of safety, applicability, and durability within a specified number of years. Codes transform reliability goals into operable design guidelines by clarifying ultimate limit state criteria and quantifying reliability indicators, achieving "probability-controlled" safety assurance[6].

3. Basic Principles of Building Reliability Design

In the architectural reliability design system, appropriate stiffness and flexibility, along with distinguishing between primary and secondary aspects, are important principles for balancing structural safety performance, adaptability, and optimal resource allocation. These two principles work together to improve the reliability level of the structure throughout its entire life cycle.The reliability design concept is applied to the building structure design to ensure the overall design quality of the building structure.

3.1 Adequate Strength and Ductility

The design of building structures must ensure adequate strength and ductility. If a building structure is designed to be excessively ductile, external actions such as earthquakes and wind loads may induce severe deformations, which will lead to serious cracking and reduced structural durability, thereby impairing the normal serviceability of the building[7]. On the other hand, if the structural design is overly rigid, the deformation capacity of the building will be compromised, making it vulnerable to sudden dynamic actions such as earthquakes and thus prone to collapse. In addition, an overdesigned rigid structure will compromise the cost-effectiveness of the project and result in a waste of construction materials.

3.2 Basic Principle of Prioritizing Primary and Secongary Factor

The principles of the reliability concept must be integrated into the key points of structural design and the main force transmission paths of structural members. Different structural members undertake distinct functions[8], and relevant structural designers must focus on the key aspects of structural design to ensure its scientificity and rationality. Even when a building is subjected to external actions, all components of the structure can still perform their respective functions and effectively resist external loads. The primary gravity transmission path proceeds as follows: from the building’s floor slabs to secondary beams, then to primary beams, followed by vertical building walls and members, and finally to the building’s foundation[9]. Horizontal loads such as wind loads and seismic actions are mainly borne by shear walls or columns, and their primary distribution rules are determined based on the structural system and lateral bracing stiffness. There are two core principles in professional structural design: strong column-weak beam[10] and strong shear-weak flexure[11].The strong column-weak beam principle ensures that the stiffness of the building’s beams is not excessively high, which would otherwise cause column failure prior to beam failure. This principle reflects the priority of vertical structural components over horizontal ones. The strong shear-weak flexure principle ensures that structural components do not undergo shear failure before flexural failure occurs. Structural damage caused by flexure is ductile, whereas shear failure is brittle[12]. Ductile failure develops gradually and is predictable, while brittle failure occurs instantaneously without any warning signs. In the process of structural design, it is imperative to prevent brittle failure to safeguard the safety of personnel and property.

4. Analysis of Main Factors Affecting the Reliability of Building Structural Design

The main factors affecting the reliability of a structural system are multifaceted, including structural design, material selection, construction quality, and environmental impacts[13]. First, structural design is one of the key factors influencing reliability. A rational structural design can reduce stress concentration in the structure, enhance its load-bearing capacity, and thus improve structural reliability. Second, material selection is also an important factor affecting structural reliability[14]. The selection of appropriate materials can ensure the strength and stability of the structure, thereby enhancing its reliability. In addition, construction quality exerts a significant influence on structural reliability[15]. Good construction quality can ensure the firmness of structural connections, reduce structural defects and potential hazards, and improve structural reliability. Finally, environmental impact is another factor affecting structural reliability[16]. Different environmental conditions exert varying effects on the structure. For instance, humid environments tend to cause corrosion of metal structures, which in turn impairs structural reliability. In conclusion, the main factors affecting the reliability of a structural system are diverse, and a comprehensive consideration of design, material selection, construction, and environmental conditions is required to ensure the reliability and safety of the structure.

4.1 Structural Design and Construction Quality

The quality of structural design is directly related to the safety and stability of the entire building[17]. Therefore, in the process of structural design, it is necessary to fully consider factors such as geological conditions and hydrological conditions, and conduct detailed calculations and analyses to ensure the rationality and reliability of the structural design. Construction quality and maintenance management are also key factors affecting the reliability of building structures. If the construction quality is substandard, or the building lacks proper maintenance and management during service, it will lead to the degradation of structural performance and even trigger safety accidents. Therefore, strengthening the control of construction quality and maintenance management is of crucial importance.

4.2 Rational Selection of Materials

The quality and performance of building materials are also key factors affecting the reliability of building structures. For instance, properties such as the compressive strength of concrete and the tensile strength of steel both exert a significant influence on the load-bearing capacity and durability of structures. Therefore, in the design of building structures, it is essential to fully consider the quality and performance of materials and make rational selections based on engineering requirements.

4.3 Variable Load

In building structural design and reliability analysis, variable loads refer to loads acting on structures that exhibit significant randomness and variability in magnitude, location, duration of action, or distribution pattern. Together with permanent loads (e.g.structural self-weight), they form the core load-bearing system of structures[18].Environmental factors such as earthquakes, wind loads, and temperature variations, which are classified as variable loads, all exert an impact on the reliability of structural systems. Therefore, structural systems shall be designed and optimized based on specific environmental conditions to enhance their disaster resistance and reliability.

4.4 The seismic performance analysis is incomplete

Traditional seismic analysis is often limited to bearing capacity verification under seismic action, neglecting key factors such as site effects, material constitutive nonlinearity, structural higher-order mode response, and full life cycle performance degradation. This leads to deviations between the analysis results and the actual seismic performance. Refined seismic analysis based on structural reliability theory requires the construction of a "site-structure-material-time" four-dimensional coupling analysis system. Through multi-dimensional and multi-scenario quantitative analysis, a comprehensive assessment and optimization of the structure's seismic performance can be achieved[19].From the perspective of accurate analysis of site and ground motion input, the site category, soil layer distribution, and topographic conditions directly determine the propagation characteristics and amplification effect of seismic waves, which are indispensable preconditions for seismic analysis. A comprehensive seismic analysis needs to combine borehole exploration data of the building site, determine the site category through equivalent shear wave velocity calculation, and select multiple sets of representative ground motion records (including natural and artificial waves) based on the probabilistic reliability method. This encompasses ground motion scenarios with different spectral characteristics, peak accelerations, and durations, avoiding the one-sidedness of analysis caused by single ground motion input[20]. For example, for high-rise buildings on soft soil sites, the amplification effect of long-period ground motions needs to be emphasized. By comparing the dynamic response of the structure under different ground motion inputs through time-history analysis, the risk of site-structure resonance can be quantified, providing a reliable basis for the selection of countermeasures such as base isolation and energy dissipation.

5. Countermeasures for Improving the Reliability of Buildings Structural Design

5.1 Improving the Overall Reliability Index

In building structural design, reliability is a crucial index for evaluating the safety performance of structures. To improve the reliability of structural design, it is essential first to formulate and implement more stringent reliability indices. By rationally selecting design parameters and calculation methods, we can ensure that structural design meets more rigorous reliability criteria, thereby enhancing the overall safety performance of the structure.Improving structural reliability also requires attention to the limit states of the structure during its service life. The serviceability limit state refers to the maximum or minimum limiting state that a structure can reach under normal service conditions. Through optimizing structural design, we can improve the load-bearing capacity and durability of the structure, enabling it to withstand greater external loads during service and thus extending its service life[21].

5.2 Strictly Comply with the Relevant National Building Codes

Every industry is governed by corresponding national laws and regulations, and the construction industry, in particular, should comply with the national building codes and standards formulated by the state to ensure the rapid socio-economic development of China. Building codes and standards have legal validity; thus, legal liability must be borne for any adverse consequences arising from irregularities during the construction process, which renders them mandatory.Strictly complying with the relevant national building codes can not only ensure the safety and stability of buildings but also safeguard people’s lives and property. Adherence to building codes can also extend the service life of buildings, reduce maintenance costs, and contribute to the sustainable development of cities.As shown in Table 1, the design working life varies significantly depending on the building category. Therefore, we should attach great importance to and earnestly implement the relevant building codes to guarantee construction quality and social safety.
Table 1 Design Working Life of Building Structures
	Category
	Design Working Life (Years)

	Temporary building structures
	5

	Easily replaceable structural members
	25

	Ordinary buildings and structures
	50

	Landmark buildings and particularly important building structures
	100



5.3 Reliability Test of Building Structural Design

The reliability test of building structural design is an extremely important task, as it helps evaluate the stability and safety of building structures under diverse conditions. By conducting reliability tests, we can gain a better understanding of how building structures perform when subjected to various natural disasters and man-made damages[22], thereby providing a more reliable basis for architectural design and construction.When carrying out reliability tests, it is necessary to take into account all possible stress conditions of building structures, including static loads and dynamic loads[23]. By simulating these stress conditions, we can assess the load-bearing capacity and deformation characteristics of building structures under different scenarios, and then determine their reliability levels. This is crucial for ensuring the safety and stability of buildings throughout their service life.In addition, reliability tests can also be used to evaluate the performance and durability of construction materials[24]. Through subjecting construction materials to tests under varying conditions, we can clarify their performance in different environments, which in turn facilitates the selection of more suitable materials to guarantee the reliability of building structures.The reliability test of building structural design is a sophisticated and critical task that requires the comprehensive consideration of various factors related to building structures, along with systematic testing and evaluation[25]. Only through rigorous reliability tests can we ensure the stability and safety of building structures under all kinds of conditions, thereby safeguarding people’s lives and property. Therefore, we should attach great importance to reliability test work, continuously improve its technical level and research outcomes, and make greater contributions to the development of the construction industry and the protection of people’s living safety.

5.4 Optimization Design for Seismic Performance of Building Structures

The seismic performance of building structures is one of the core elements determining the reliability of the structural system. Its quality directly affects the safety reserve, damage control, and life and property protection capabilities of buildings under seismic action. Within the framework of structural reliability design, seismic performance analysis is not an isolated technical aspect but a system engineering deeply coupled with component selection, material properties, spatial arrangement, and construction measures. It requires a closed-loop process of "performance target setting - mechanical response analysis - reliability index verification - design countermeasure optimization" to achieve coordinated improvement of structural seismic performance, aesthetics, and economy[26].From the perspective of reliability setting of seismic performance goals, it is necessary to clarify the structural performance requirements under different levels of earthquake action, considering the seismic intensity, site category, and building usage function of the building's location. Under minor earthquakes, the structure should remain in the elastic stage, meeting the reliability index for normal use. Under moderate earthquakes, the structure should enter the plastic stage, dissipating seismic energy through ductile deformation of components to avoid irreparable damage. Under major earthquakes, the structure should maintain overall stability, avoid collapse, and ensure life safety. The quantification of seismic performance goals based on probabilistic reliability theory can break through the traditional qualitative description of "no damage under minor earthquakes, repairable under moderate earthquakes, and no collapse under major earthquakes[27]." Through probabilistic statistical analysis of ground motion parameters and accurate calculation of structural failure probabilities, it provides quantitative basis for seismic design. For example, for reinforced concrete frame structures in high-intensity areas, the calculation of the reliability index β can determine the reinforcement ratio and stirrup confinement zone range of beam and column members, ensuring a balance between component ductility and overall structural stability[28].

5.5 Anticorrosion Design of Building Structures

The anticorrosion design of building structures is an extremely crucial component of construction engineering, as it is directly related to the service life and safety of buildings[29]. With the continuous renewal and development of construction materials, anticorrosion design is also undergoing constant innovation and improvement.In the anticorrosion design of building structures, a variety of factors need to be taken into account, including material selection, environmental conditions, and service requirements. First and foremost, selecting appropriate anticorrosion materials is of vital importance[30]. Different building structures may require distinct types of anticorrosion materials. For instance, materials with excellent waterproof performance should be adopted in humid environments, while heat-resistant materials are preferred for high-temperature conditions. Second, specific anticorrosion design schemes should be formulated based on the environmental conditions of the construction site[31]. For example, the issue of salt spray corrosion must be addressed in coastal areas, whereas chemical corrosion should be taken into consideration in industrial zones. Finally, anticorrosion design should also be tailored to the service requirements of buildings[32]. For example, the corrosion caused by groundwater needs to be accounted for in underground structures, while the erosion from wind and rain should be considered in high-rise buildings.The anticorrosion design of building structures is a comprehensive task that requires the consideration of multiple factors[33]. Ensuring the quality of anticorrosion design can the service life and safety of buildings be guaranteed.The detailed corrosion prevention maintenance management design is illustrated in Figure 1.
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Figure 1 Corrosion Prevention Maintenance Management Design
5.6 Optimization Design of Building Detail Construction

Architectural detailing, as the "micro-unit" of a structural system, encompasses key areas such as node connections, component intersections, enclosure connections, and waterproofing, its design quality directly affecting the reliability, seismic performance, durability, and functionality of the building structure. Within the structural reliability design framework, the optimization of architectural details is not simply an adjustment of structural form, but rather "performance guarantee as the core, coordinated adaptation as the principle," through refined design to compensate for the weak links in the overall structural design[34], to achieve a deep fit between the building's macroscopic performance and microscopic construction, and to provide underlying support for building safety, aesthetics, and long-term use.

6. Conclusion

To improve the reliability and safety of buildings, this paper analyzes the factors influencing the reliability of building structural design and proposes corresponding strategies based on relevant theories. Studying the factors affecting the reliability of building structures can provide a reference for relevant personnel, thereby laying a solid foundation for formulating appropriate design schemes. Therefore, to effectively ensure the safety of building structures, on the premise of clarifying the concept of building structural reliability, it is necessary to identify the factors influencing the reliability of building structural design and effectively guarantee the safety of building structural design, so as to facilitate the rapid development of the construction industry.
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