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Preface to “Sustainable Structures and Construction

in Civil Engineering”

With the development of society and the economy, sustainable structures and construction

are becoming increasingly necessary in civil engineering. Sustainability in construction refers to

eco-friendly and economical practices that occur throughout the life cycle of structures, including

their design, construction, service and demolition. Sustainable structures include fabricated and

modular structures, structures constructed using bio-based materials, as well as others. Specifically,

timber, bamboo and light steel have become increasingly popular building materials. Additionally,

wall panels made from eco-friendly materials can be used to reduce buildings’ energy consumption

and carbon emissions. Sustainable construction necessitates prefabricated construction and the

recycling and reuse of materials, structures, etc. Key problems have been proposed and solved for

sustainable structures and construction in practice.

This Special Issue book provides an international forum for the presentation and discussion of

the latest developments in sustainable structures and construction in civil engineering.

We appreciate all the authors of the articles and contributors to this book. We also thank

the Chinese National Key Research and Development Program (Grant No. 2019YFD1101000) for

sponsoring some of the research in this book. We wish to thank the 23rd National Symposium on

Modern Structural Engineering conference for supporting this special issue.

Zhihua Chen, Qingshan Yang, Yue Wu, and Yansheng Du

Editors
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Abstract: Many manual calculations and repeated modeling are required during the traditional
structural design process. However, due to the high cost, rural buildings in China cannot be profes-
sionally designed and verified by designers as urban buildings, and their safety and economy cannot
easily meet the requirements. Building Information Modeling (BIM) technology and intelligent
optimization algorithms can effectively improve the structural design process and reduce design
costs, but their applications in the field of rural residential buildings in China are limited. Therefore,
this paper presents an innovative framework that realizes the structural design of rural light steel
frame structures on the BIMBase platform (widely used BIM software in China, BIMBase 2023R1.3).
Based on the parametric library of structural components built on standardized component coding,
the framework completes the rapid modeling of rural light steel frame structures and the interaction
between the BIMBase platform and structural analysis software, SATWE. The improved two-stage
simulated annealing (SA) algorithm is applied to the structural design of rural buildings to obtain a
design scheme that meets the design requirements and reduces the material consumption as much
as possible. Two prefabricated rural light steel frame structures were analyzed to evaluate the ef-
ficiency of the proposed framework. The results show the feasibility of the proposed framework.
Compared with traditional manual design methods, the design period can be reduced by six times
while maintaining comparable levels of material consumption and structural design indicators.

Keywords: optimum design; rural light steel frame structure; building information modeling;
simulated annealing algorithm

1. Introduction

In recent years, the rural economy in China has grown by leaps and bounds. Under
the impetus of the residential construction boom, the development of rural buildings
has shifted from quantitative increase to qualitative improvement. The improvement of
construction quality and living conditions has become an inevitable requirement for the
next stage of the development of rural buildings [1,2].

However, the current design and construction of rural buildings in most parts of China
are mostly carried out in accordance with experience, and there are common key problems
such as outdated construction techniques, insufficient disaster resistance, and excessive
resource and energy consumption [3–6]. At the same time, the prevailing structural design
in China mainly depends on the experience of designers [7]. The designers give the primary
scheme by referring to similar engineering designs, then check the structural layout, and
optimize it repeatedly according to the design results until a reasonable design scheme
is obtained. Given the economic constraints in rural areas, it is impractical to conduct
precise and meticulous structural design for every rural building. Sufficient validation

Sustainability 2023, 15, 9000. https://doi.org/10.3390/su15119000 https://www.mdpi.com/journal/sustainability
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of the safety and economic viability of the structural design of rural buildings cannot be
provided by relying solely on engineers’ experience. Consequently, there is a need to
explore a cost-effective and high-quality structural design process that is suitable for rural
buildings in China.

In rural areas of China, it is common for households to reside in single-family homes
with two stories. In comparison to the prevalent use of concrete and masonry structures,
light steel frame structures offer several advantages, including simple structural forms, they
are lightweight, have high strength, good ductility, and have a convenient construction [5,6].
In consequence, it is necessary to promote their application in rural areas. The application of
building information modeling (BIM) technology and optimization algorithms to realize the
automatic design of rural light steel frame structures can effectively improve the efficiency
of the traditional structural design while ensuring the safety and economy of the optimized
structure [8]. To our best knowledge, these technologies have been extensively applied in
urban buildings, but they have not been integrated with rural buildings. Thus, it is of great
significance to study the automatic design method of light steel frame structures to ensure
the rapid development of the rural construction industry.

BIM, the cornerstone of digital transformation in the architecture, engineering, and
construction (AEC) industry, has been widely used in infrastructure construction in recent
years [8]. A BIM model can be perceived as a data repository that consolidates all building
information throughout various project lifecycle stages, emphasizing the sharing and
transmission of model information [9–11]. Therefore, BIM can be integrated into the
structural design of rural buildings, with its advantages of automation to improve the
structural design process and reduce design costs.

Furthermore, the recent advancements in artificial intelligence have had a profound
impact on various traditional industries. The resulting effects and challenges have also
spurred the transformation of the AEC industries [12]. The intelligent optimization algo-
rithm is called a modern heuristic algorithm. It is the result of the intersection, penetration
and mutual promotion of artificial intelligence and engineering science [13]. By integrating
the intelligent optimization algorithm with structural design, an intelligent design system
and decision support system can be created. This integration not only reduces investment
costs but also ensures the accuracy and rationality of each stage in the rural building
construction process [14]. It is evident that this technology holds immense potential for
extensive application within the AEC industry.

Therefore, the objective of this research is to develop a new framework that combines
BIM and optimization algorithms for light steel frame structures in Chinese rural areas.
According to the state standard [15,16], a set of standardized components suitable for
rural buildings is established, which can be directly used for model assembly on the BIM
platform. The standardized component coding and index are studied to facilitate the
retrieval of components in the component library for rapid BIM modeling. The interaction
between BIM and other structural analysis software is realized through the secondary
development of BIM, with the component of the library serving as the basic unit. The
improved two-stage simulated annealing algorithm is applied to the structural design and
optimization of rural buildings to achieve greater material savings and economical design
solutions. Illustrative examples of two prefabricated rural light steel frame structures show
the effectiveness and efficiency of the proposed framework in providing structural design
and optimization solutions. Through the framework proposed in this paper, a simple,
economical and efficient automatic design method can be provided for rural buildings.

The remainder of this paper is organized as follows: Section 2 reviews several works
on the interworking between BIM and other software and the research status of structural
intelligent optimization algorithms. Section 3 discusses the preparatory steps taken for
the proposed framework. Section 4 presents the proposed framework for the automated
optimum design of the rural light steel frame structure. In Section 5, two illustrative
examples of prefabricated rural light steel frame structures are presented to demonstrate
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the efficiency and performance of the proposed framework. Conclusions and future work
are discussed in Section 6.

2. Research Background

In the current AEC industry, a shift toward BIM technology has been observed due
to its capability to reduce errors, wastage, and cost and also improve efficiency [17]. BIM
serves as an integrated database that represents the building and facilitates the exchange
of information between different software tools. BIM can be used as the central model
for analyzing multiple performance standards, including architectural, structural and
lighting aspects [18]. The predominant focus of current research regarding BIM as a
central data model for building performance analysis revolves around diverse energy
simulation software or tools. The common approach is to convert the BIM models into
energy input files to solve interoperability issues and create an automatic link between
the energy simulation software and BIM authoring tools [19,20]. However, there are
few studies on the integration between BIM and structural analysis software. Existing
research has highlighted potential issues with information consistency and missing data
when converting models between different BIM and structural analysis software. For
instance, when transferring model data between Tekla Structure version 13.1 and Revit
Architecture 2008, only geometric components could be successfully transmitted. However,
important cross-sectional properties were missing and had to be manually set for models
containing multiple elements [21]. Moreover, preliminary tests have revealed that in
SAP2000, the imported material information from an industry foundation class file could
not be successfully loaded into a structural model for performing structural analysis [22].
When transferred to ETABS and SAFE software (ETABS 2015 or later, and SAFE 2014 or
later), various types of boundary conditions in Revit (such as pinned, roller and fixed)
are uniformly interpreted as pinned conditions [23]. A limited number of researchers
have investigated BIM interoperability workflows between BIM and structural analysis
software. Ramaji and Memari [24] outlined three specific workflows connecting building
information models with structural analysis models. Aldegeily [23] summarized three
types of paths for data transfer between architectural and structural models. However,
there remains a deficiency in fundamental methods that facilitate smooth interoperability
between BIM and structural analysis software. Furthermore, the current software available
for model conversion operations is of limited use in the Chinese construction market due to
inadequate alignment with Chinese standards [25,26]. Thus, it is imperative to investigate
the integration of mainstream domestic structural analysis software with BIM in order to
facilitate structural design for rural buildings in China.

At present, structural engineers in China heavily rely on intuitive knowledge and ex-
perience to manually generate and optimize conceptual designs [27]. This is a cumbersome
and iterative process during which structural engineers can only consider a few possible
alternatives [28]. Restricted by construction costs, it is more difficult to perform manual
iterative checking calculations for the structural design of rural buildings in China. Over
the past few decades, a multitude of nature-inspired approaches have been developed to
optimize engineering design problems. These approaches, referred to as “Meta-heuristic
Algorithms,” are formulated based on global search techniques. They are designed to over-
come the limitations of traditional methods and tackle challenging engineering problems
more effectively. Gan [29] proposed an improved genetic algorithm to design high-rise
reinforced concrete structures based on structural topology and element optimization.
Tafraout [30] developed a genetic algorithm for the automated generation of optimal struc-
tures, incorporating seismic stability criteria from relevant design specifications. Zhou [31]
conducted an automatic optimization design of shear wall structures using an enhanced
genetic algorithm and leveraging prior knowledge. Gholizadeh [32,33] employed intel-
ligent algorithms, including a bat algorithm and dolphin echolocation algorithm for the
optimization design of planar steel frame structures. The study focused on optimizing the
structural dimensions, resulting in a successful reduction in the total mass of the struc-
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ture. Furthermore, the study investigated the optimization of shear wall locations and
obtained the optimal layout. Kaveh [34] utilized an advanced charging system search
algorithm to optimize steel frame structures, resulting in a structure that met the required
constraints and limits while significantly reducing the total material cost. Various opti-
mization algorithms have been widely used in reinforcement design [35,36] and high-rise
structure design [37–39] but few scholars have applied them to the structural design and
optimization of rural buildings. In the context of structural design for urban buildings,
optimization presents a highly complex problem involving non-convexity, non-linearity,
variable discretization, and numerous local optima. Moreover, the optimization targets
are characterized by significant structural diversity and strong interactions between com-
ponents. The quality of the optimization outcomes and the speed of convergence depend
heavily on the updating mechanisms and search capabilities of the employed algorithms.
When compared to urban buildings, the structural design of rural buildings involves dif-
ferent constraints, with smaller-scale structures and relatively simpler component types.
Given the economic limitations of rural areas, algorithms suitable for designing rural build-
ings must be simpler and more general. Further research is needed to assess the suitability
of algorithms for achieving efficient optimization design of rural housing structures.

In view of the above discussion, the aim of this paper is to address the existing chal-
lenges in the structural design of rural buildings in China by integrating BIM technology
and optimization algorithm. This framework is developed on the foundation of BIMBase, a
BIM tool widely used in China, and its programming tool. It integrates the comprehensive
information stored in parametric BIM models with structural analysis software, thereby en-
hancing the accessibility of structural optimization throughout the design process. SATWE
is an open-source structural analysis software extensively used in China. In comparison
with other structural calculation software, it demonstrates closer integration with China’s
current specifications and provides support for multi-functional software secondary devel-
opment. By utilizing an application programming interface (API) to communicate with
BIMBase, its structural analysis function can be extended to the BIMBase project level.
The structural optimization of rural light steel frame structures is solved by using the SA
optimization algorithm. Compared with particle swarm optimization and genetic algo-
rithm, which are widely used in the field of structural optimization, simulated annealing
algorithm does not require extensive parallel computing. The calculation speed of each
iteration step is faster, which is more suitable for the optimization design of rural buildings
with fewer variables and dimensions. The improved two-stage SA algorithm used in this
framework is essentially based on the improvement of the technique as formulated by
Tort et al. [40]. It has been shown to effectively solve the problem of poor convergence
characteristics and inefficient search processes of the traditional simulated annealing algo-
rithm. The significant potential values of this proposed framework lie in its ability to save
time and cost through the automation of processes, which are derived from rigorous and
reliable analysis. Furthermore, it aims to achieve better quality and higher performance in
buildings, further enhancing its value proposition.

3. Preparation for the Proposed Framework

3.1. Parametric Structural Component Modeling

In the context of structural design for rural buildings, the geometry of the components
plays a crucial role as a design parameter that requires iterative testing and optimization
to achieve the most reasonable design results. BIMBase is based on the Python language
and its own pyp3d database for parametric modeling. Compared with Revit, which uses
“family” as the graphic element for “class”, modeling in a programming language is
more flexible and allows for the more accurate and efficient modeling of more complex
geometric components, as well as the accurate expression and transmission of model
information. Using the model operation commands provided in the pyp3d database, the
parametric component code is written in the Python programming language to generate
corresponding parametric components in the BIMBase platform. For a given type of
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component, the variable parameters should first be determined; afterward, the equation
of the geometric logic is determined using the model basic body and the model basic
command functions with the variable parameters as variables; finally, the initial values
of each variable parameter are set to generate the parametric component in the BIMBase
platform. It should be noted that although the various parameters of the component are
variable, they still adhere to standard components, and the fixed modulus required by the
state standard still must be met. Taking a parametric H-beam component as an example,
the process of parametric component modeling is shown in Figure 1.

Figure 1. Process of parametric component modeling.

3.2. Parametric Library of Structural Components for Rural Buildings

The integrated management of structural components through the establishment of a
BIM component library can greatly improve the efficiency of BIM applications. The key
to integrated management is the coding method of the components. Once the component
modeling is completed, component coding is added based on a standardized classification,
following a unified standard. This process results in the formation of component infor-
mation coding in a specific format. Combined with the characteristics of rural buildings,
the components in the component library are encoded at five levels with a total length of
12 digits:

• Two digits at the first level represent the professional type.
• Two digits at the second level represent the structural system.
• Two digits at the third level represent the component category.
• Three digits at the fourth level represent the sectional dimension.
• Three digits at the fifth level represent the component length.

Taking a column with a height of 3000 mm in the �150 × 6 component class as an
example, its coding is 020101007007, as shown in Figure 2.

After determining the coding rules of the components, the components can be stored
as model folders in sequence according to the coding sequence and saved in the component
library folder. With a reasonable folder level and coding index, the location path of the
corresponding component model file can be quickly and conveniently found. After the
compilation of structural components of rural buildings is completed, it is packaged and
imported into the component library management platform of BIMBase 2023R1.3, facilitat-
ing the creation of a parametric library for rural building structural components (Figure 3).
Relying on the versatility of the BIMBase platform, the components can be imported for
modeling through a user-friendly visual interface, or their model information can be di-
rectly accessed from the component library using Python code. This integrated component
management greatly improves the efficiency of modeling rural building structural models
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while providing a solid foundation for subsequent structural design and optimization,
which is the fundamental work of the framework proposed in this paper.

Figure 2. Example diagram of BIM component coding.

Figure 3. Construction of the parametric library of structural components for rural buildings.

4. The Proposed Framework for the Structural Design of the Rural Buildings

The structure of the proposed framework with BIM and optimization algorithm for the
structural design of the rural buildings is explained in this section. As shown in Figure 4,
four modules are consisted in the proposed framework: (1) Model generation, (2) Model
transformation I, (3) Structural optimization, (4) and Model transformation II, which will
be discussed in the following sections.

6
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Figure 4. Flow chart of structural model intelligent design for rural buildings.

4.1. Model Generation Module

The structural designers can directly import components from the component library
to complete the rapid modeling of a three-dimensional structural model of rural buildings
in the BIMBase platform according to the previous design experience. The components are
organized into model folders in a specific coding sequence and stored in the component
library folders. These folders are then packaged and imported into the component library
management platform of BIMBase. Designers can directly access these component models
on the platform, which greatly improves the modeling efficiency of the model. It should
be noted that each component in the component library is indexed by a specific coding
sequence and stores its geometric and material information through Python code. Therefore,
the three-dimensional structural model can be equivalent to a Python code containing a
set of component information. Once the structural modeling of the rural buildings is
completed, the model can be further refined by specifying the behavior and physical
characteristics of the structure. The behavioral characteristics include information about
the loadings (e.g., dead load, live load and wind load) acting on the component, while
the physical characteristics include end-support information (e.g., fixed, pinned and roller
end-support). An example of a structural frame model built by the component library is
given in Figure 5.

Figure 5. The example frame structural model built by the component library.

4.2. Model Transformation I Module

SATWE software (SATWE 2022) is based on two-dimensional structural models
for structural calculation and analysis, which requires the transformation of a three-
dimensional structural model into a two-dimensional structural model. Many model
transformation plug-ins and program interfaces are based on IFC (Industry Foundation
Classes) data standards, with coordinate points, geometry and layer information as the ba-
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sic object to achieve model transformation function. However, this approach often involves
the extensive identification of coordinate information and frequently results in information
loss and deviations, making the transformed structural model inaccurate and unable to
perform the next structural calculation directly. In this framework, the components in
the component library are served as the basic unit of model transformation. The integral
BIMBase three-dimensional structural model is disassembled into component models in-
cluded in the component library, and the three-dimensional model information of each
component is extracted in turn. Through Python language, this three-dimensional model
information is transformed into two-dimensional model information of components that
can be identified by SATWE so as to generate the two-dimensional structural model of each
component. The two-dimensional structural models of these components are assembled
into a folder that can be recognized by the SATWE software (SATWE 2022), and a complete
SATWE two-dimensional structural model is finally formed. This process enables the
automatic transformation from BIMBase three-dimensional structural model to an SATWE
two-dimensional structural model.

In the BIMBase three-dimensional structural model, two types of three-dimensional
model information can be extracted from any component. The first type of three-dimensional
information is standardized component coding. Through this coding, the key information,
such as the cross-sectional parameters, material properties and length of the component,
can be searched from the component library. The second type of three-dimensional model
information is the three-dimensional position coordinates of the component in the BIMBase
three-dimensional model, which determines the position of the component in the overall
model. When generating components in the SATWE two-dimensional model, it is crucial
to first determine the appropriate standard layer and axis network where the components
will be situated. Subsequently, the components are positioned on the corresponding nodes
or axes based on their type (section information) and two-dimensional position within
the standard layer. In order to realize this component generation process, it is neces-
sary to transform the three-dimensional model information extracted from the BIMBase
model into the two-dimensional model information required by the SATWE model, as
shown in Figure 6. The process of extracting and transforming model information through
component-based methods avoids the loss of data and errors in data conversion. This
enables smooth collaboration among different software systems during the design process.
Furthermore, additional structural behavior and physical information extracted from BIM-
Base three-dimensional models are packaged into a compatible data format for structural
analysis. Based on the above-mentioned model transformation method, in conjunction
with the API interface of the BIMBase platform, a program for the mutual transformation
of BIMBase and SATWE is developed to realize the collaborative design of the two pieces
of software.

4.3. Structural Optimization Module

Considering that the structural design scheme selected by experience is often conserva-
tive, this excessive structural redundancy design will lead to a waste of resources and high
construction costs. Therefore, further optimization design of the primary structural scheme
is required. Due to the limited budget of rural buildings in China, it is difficult for designers
to complete a large number of structural trials. Therefore, the optimization algorithm
is applied in this framework to the structural design optimization of rural buildings. A
number of variations and enhancements of the SA algorithm have been proposed in the
literature to improve its performance [40–45]. The two-stage SA algorithm employed in this
framework is based on the improvement of the technique, as formulated by Tort et al. [40].
The basic elements involved in this algorithm are outlined briefly in the following.
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Figure 6. Model transformation diagram based on parametric library of structural components.

4.3.1. Mathematical Model and Boundary Conditions of Intelligent Structural Optimization

The objective of structural intelligent optimization is to ensure that the structural
design scheme meets the limit state of bearing capacity and the limit state of normal use
while the steel consumption of the structure reaches the lowest possible value. For any
SATWE two-dimensional model of rural buildings, the structural design scheme can be
simplified as the mathematical model represented by Equation (1):

⎧⎪⎪⎨
⎪⎪⎩

P =
[
C1, C2, C3, . . . , Ci, . . . , Cm, B1, B2, B3, . . . , Bj, . . . , Bn

]T

Ci = [Fci, Tci, Sci]

Bj =
[

Fbj, Tbj, Sbj

] (1)

In Equation (1), P represents the structural design scheme imposed on m column
components and n beam components. Ci represents the i-th column component and Bj
represents the j-th beam component. Their structural two-dimensional model information
is determined using three variables: standard layer number, F, type of component, T, and
two-dimensional position of the components, S, which correspond to the three modules of
the standard layer, type of component and two-dimensional position of the components in
SATWE two-dimensional model information, respectively.

In general, for a given component, S, the standard layer number F and two-dimensional
position will be determined during the design of the building scheme. That is, in this math-
ematical model, F and S are constants, and T is the design variable to be optimized. Then,
the structural design scheme P can be simplified as a function related to the variable T:

P = g
(

Tc1, Tc2, Tc3, . . . , Tci, . . . , Tcm, Tb1, Tb2, Tb3, . . . , Tbj, . . . , Tbn

)
= g(T) (2)

For a specific standardized component, the material consumption of the component
is constant, as its cross-sectional dimension and length of component are constant. For
an overall structural design scheme, the total material consumption of the structure, Q, is
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related to the component type of all components. Therefore, the objective function of the
algorithm can be organized as follows:

Q = h(T) =
m+n
∑

i=1
h(Ti) = h

(
g−1(P)

)
= f (P) (3)

According to the state standard [15,16], the following structural constraints need to be
considered in the optimal design of rural light steel frame structures.

Normal stress constraint:

gs,k =
|σk |
σu

≤ 1(k = 1, 2, . . . , m + n) (4)

Overall stable stress constraint:
In-plane stability:

gstax,k =
Nk

ϕxk Ak f
+

βmxk Mxk

γxkWxk

(
1 − 0.8Nk

N′
Exk

)
f
+

ηkβtyk Myk

ϕbykWyk f
≤ 1(k = 1, 2, . . . , m + n) (5)

N′
Exk = π2Ek Ak/1.1λ2

xk (6)

Out-plane stability:

gstay,k =
Nk

ϕyk Ak f
+

βmyk Myk

γykWyk

(
1 − 0.8Nk

N′
Eyk

)
f
+

ηkβtxk Mxk
ϕbxkWxk f

≤ 1(k = 1, 2, . . . , m + n) (7)

N′
Eyk = π2Ek Ak/1.1λ2

yk (8)

Maximum interlayer displacement angle constraint:

gdr,χ =
|drχ|
dru

≤ 1(χ = 1, 2, . . . , χs) (9)

Period ratio constraint:

grp =

∣∣rp
∣∣

ru
≤ 1 (10)

In Equations (4)–(10), σk represents the maximum stress of the k-th component, σu
represents the yield strength of the steel. Ek, Ak, Wxk, Wyk, Nk, Mxk, Myk, f represent elastic
modulus, cross-sectional area, x-direction gross cross-section modulus, y-direction gross
cross-section modulus, axial force, x-direction maximum bending moment, y-direction
maximum bending moment and strength design value of k-th component, respectively.
λxk, λyk represent the slenderness ratio of k-th component to x axis and y axis. γxk, γyk
represent the overall stability coefficient of k-th component to x axis and y axis under axial
compression. βmxk, βmyk, βtxk, βtyk represent the in-plane and out-plane equivalent bending
moment coefficients of k-th component. ηk represents the sectional influence coefficient,
drχ represents the interlayer displacement angle of χ-th layer, dru represents the limit of
the interlayer displacement angle, rp represents the period ratio, ru represents the limit of
the period ratio.

The external penalty function method is used to calculate the total steel consumption
of the structure after punishment, and the auxiliary function is constructed to deal with the
constraints. The expression is:

f (gi) =

{
0, gi ≤ 1
1, gi > 1

(11)

In Equation (11), gi represents the constraint value, which can be calculated by
Equations (4)–(10).

10
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Through the auxiliary function, the constraint conditions are taken into account in the
objective function, and the pseudo-objective function after punishment is obtained. The
mathematical expression is:

F = Q(1 + λ1
t

∑
i=1

f (gi))(i = 1, 2, . . . , t) (12)

In Equation (12), λ1 represents the penalty coefficient, and t represents the total number
of constraints.

4.3.2. Intelligent Structural Optimization Based on the Two-Stage Simulated
Annealing Algorithm

A number of variations and enhancements of the annealing algorithm have been
proposed in the literature to improve its search performance. The two-stage SA algorithm
employed in the present study is based on the improvement of the technique as formulated
by Tort et al. [40]. The generated flow chart of the initial solution is shown in Figure 7. In
the first stage of this method, only the size of the frame columns in the primary structural
scheme obtained from the engineer‘s experience is optimized by the annealing algorithm,
while the frame beams are sized with a fully stressed design based on the heuristic approach.
The initial design is rapidly improved in a relatively small number of iterations. In the
second stage, the previously obtained optimal design is utilized as the initial solution,
and under a set of new annealing parameters, the structural component size variables
are iteratively optimized until the structural design scheme, satisfying both safety and
economy, is obtained. The main process of the algorithm (Figure 8) is as follows.

Stage 1:

Figure 7. The generation process of initial solution.
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Figure 8. Flowchart of the two-stage simulated annealing algorithm.

Step 1. Initialization and setting of a cooling schedule:
The first step is initialization and setting of an appropriate cooling schedule, including

the starting temperature Ts, the finial temperature Tf and the cooling factor η.

Ts = − 1
ln Ps

(13)

Tf = − 1
ln Pf

(14)

η =

[
ln Ps

ln Pf

]1/Nc−1

(15)

In Equations (13)–(15), Ps represents the starting acceptance probability, Pf represents
the final acceptance probability and Nc represents the number of cooling cycles.

Step 2. Generation of an initial design:
The structural model built by the engineer based on experience is set as the preliminary

scheme. The structural mechanics analysis of the initial design is completed by the model
transformation module, and the calculation results of the structure are extracted and sorted
based on the Python language. The pseudo-objective function of the initial design is
calculated using Equation (12).

Step 3. Creating and resizing of candidate designs:

12
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The new structural arrangement is obtained by randomly perturbing the cross-sectional
dimensions of one or more frame columns in the initial design. Under the new structural
design scheme, the sectional dimensions of all frame beams are adjusted using the heuristic
method based on a complete stress design to generate candidate designs.

(1) Set the size variable of all frame beams to 1. It should be noted that the dimension
variables of each component are represented by the index numbers corresponding to the
selected sections in the component library. That is to say, the section of all frame beams is
set to the smallest section type in the component library.

(2) Analyze each candidate design.
(3) Only check the stress constraints of each component, including normal stress

constraints and stable stress constraints. For components with stress exceeding the limit,
by increasing the size variable of the component, a larger cross-section is used from the list
of component library and other variables are kept unchanged.

(4) Repeat (2) and (3) until all components meet the stress constraints or the section
size of all components is set to the maximum section in the component library.

Step 4. Evaluating the candidate design and Metropolis test:
Each time a candidate design is generated, it will compete with the pseudo-objective

function of the current design. If the candidate design provides a better design, the
current design is automatically accepted and replaced; otherwise, Metropolis tests are
performed using the acceptance probability P of bad candidate designs determined by
Equations (16)–(18). Metropolis generates a random number r between 0 and 1. If r ≤ p, the
candidate design is accepted and the current design is replaced. Otherwise, the candidate
design will be rejected, and the current design will be maintained.

ϕ(k) = ϕ(k−1)
3

√
−
Pt

(k−1)
/

−
Pp

(k−1)
, 0.9 ≤ ϕ ≤ 1.1 (16)

Δ∅tra = tanh(
0.35Δ∅

K
) (17)

P = ϕexp(−Δ∅tra

KT(k)
) (18)

In Equations (16)–(18), ϕ represents the correction factor introduced to ensure that the
actual average acceptance probability follows the theoretical average acceptance probability,
−
Pt

(k−1)
and

−
Pp

(k−1)
represent the theoretical and practical average acceptance probability

for the k − 1-th cooling cycle, Δ∅ represents the pseudo-objective function difference, Δ∅tra
represents the change value of Δ∅, T(k) represents the temperature at the k-th cooling cycle,
K is a Boltzmann parameter and its value is the average of ∅. The basic principle and more
details of Equations (16)–(18) are given in Tort et al. [40]. For the sake of simplicity, they are
not repeated here.

Step 5. Iterations of a cooling cycle:
Cooling cycle iteration refers to the case where the cross-sectional dimensions of all

frame columns are selected to be perturbed once and the corresponding candidate designs
are generated. The cooling cycle is generally iterated a certain number of times in the same
way, thereby ensuring that the pseudo-objective function is reduced to a reasonable value
related to the cooling cycle temperature. The number of cooling cycle iterations ic can be
determined as follows:

ic = int

[
i f + (i f − is)(

T − Tf

Tf − Ts
)

]
(19)

In Equation (19), is, i f represent the starting and final cooling cycles, both of which
were taken as 1 to reduce the computation time.

Step 6. Reducing temperature:

13
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When the iteration of a cooling cycle is completed, the temperature is reduced by the
cooling factor and the temperature of the next cooling cycle is set, as shown in Equation (20).

T(k+1) = ηT(k) (20)

Step 7. Termination criterion:
Steps 3–6 are repeated until the whole cooling cycles are finished.

Stage 2:

In the second stage, the simulated annealing algorithm is iteratively implemented
for all component sizes, and the optimal design obtained in stage 1 is used as the initial
design for stage 2. Therefore, the search in stage 2 starts with a more reasonable design,
eliminating the need for a highly detailed cooling schedule. A milder cooling schedule is
chosen that makes the algorithm under a reduced number of cooling cycles with a new set
of annealing parameters. The results of the examples show that stage 2 produces a solution
comparable to the simulated annealing algorithm. However, it employs a milder cooling
schedule and requires much less computation time, thereby reducing design costs.

4.4. Model Transformation II Module

This module can be regarded as the reverse operation of model transformation I
module, through the component of the component library as the basic unit to complete the
model transformation. Each component in the SATWE two-dimensional model contains
the standard layer, the type of components and the two-dimensional position of compo-
nents. In the BIMBase three-dimensional model, the component is only determined by
its component type (standardized component coding corresponding to the component
library) and the three-dimensional position coordinates of the components. Through the
mapping relationship shown in Figure 6 and leveraging the Python language, the extracted
information of each component from the SATWE two-dimensional model is transformed
and packaged into a BIMBase-compatible data format. This process involves matching
the components in the component library to complete the modeling of the corresponding
three-dimensional model in BIMBase.

5. Illustrative Examples

In this section, a complete description of the considered design examples was provided
that utilized for performance evaluation of the proposed framework. Two kinds of design
examples of rural buildings were considered in this paper with different plans in order to
evaluate the efficiency of the proposed framework.

5.1. Example I

The first example is a two-story light steel frame with 14 column components and
17 beam components. The three-dimensional model of the structure built from the compo-
nents in the component library selected by the designer based on experience is shown in
Figure 5. The standardized component coding, the three-dimensional position coordinates
of the components and the structural global parameters were extracted from the BIMBase
three-dimensional model. The algorithm program corresponding to the Model transfor-
mation I of this framework was used to transform and package the data into a format
compatible with the structural calculation software SATWE and generated the SATWE
two-dimensional model corresponding to this example. It should be noted that the beam
and column components in this example were smaller in section type compared to the
primary scheme in the component library, as the conservative structural design scheme was
chosen based on experience. This building was designed using both the SA and two-stage
SA algorithms by performing three independent runs. Tables 1 and 2 display the results of
the runs in terms of the optimized weight of the design scheme and the computation time
in each run of the SA and two-stage SA algorithms, respectively. It can be seen from this
example that the average performance of the two-stage SA algorithm is slightly better than
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that of the SA algorithm, even though the former located the optimum approximately two
times faster. The comparison of structural design layout schemes of example I is shown in
Figure 9. The comparison of key design indexes of example I is presented in Table 3. The
results show that the steel consumption of the optimized structure is saved by 12.66%. The
calculation results of the scheme are similar to those of the manual optimization scheme,
which has an obvious optimization effect while meeting the calculation efficiency. The
stress ratio of the structural components of example I is presented in Figure 10. It can
be concluded that for the optimized design obtained by the proposed framework, the
stress ratios of the structural components have high values and are close to the allowable
value while retaining a certain safety reserve. This also verifies that the provided opti-
mum design has less accessible cross-sections, thereby reflecting an economically favorable
design perspective.

Table 1. Optimization results of simulated annealing algorithm of example I.

Run
Optimized
Weight (kg)

Time (min)
Mean Standard Deviation

Weight (kg) Time (min) Weight (kg) Time (min)

1 2440.13 51
2426.17 52 21.00 62 2410.57 48

3 2427.81 56

Table 2. Optimization results of two-stage simulated annealing algorithm of example I.

Run
Weight (kg) Time (min) Mean Standard Deviation

Stage 1 Stage 2 Stage 1 Stage 2 Weight (kg) Time (min) Weight (kg) Time (min)

1 2590.43 2382.29 7 19
2371.55 27 15.48 22 2583.17 2371.95 6 21

3 2575.84 2360.41 6 22

Figure 9. Comparison of structural design layout schemes of example I.
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Table 3. Comparison of key design indexes of example I.

Key Design Indexes
Empirical Primary Selection
Scheme

Manual Optimization
Scheme

Algorithmic Intelligent
Optimization Scheme

Total steel consumption (kg) 2702.70 2335.07 2360.41
Maximum interlayer
displacement angle under
X-directional earthquake

1/738 1/715 1/722

Maximum interlayer
displacement angle under
Y-directional earthquake

1/642 1/631 1/633

First mode and cycle X-directional side vibration
(0.5601 s)

X-directional side vibration
(0.5849 s)

X-directional side
vibration (0.5823 s)

Second mode and cycle Y-directional side vibration
(0.5372 s)

Y-directional side vibration
(0.5586 s)

Y-directional side
vibration (0.5547 s)

Third mode and cycle Torsional vibration (0.4307 s) Torsional vibration (0.4503 s) Torsional vibration
(0.4491 s)

Figure 10. The stress ratio of the structural components of example I.

After the structural design scheme was optimized, the final module of the proposed
framework was executed. The optimized SATWE two-dimensional model was returned to
the BIM platform to generate a BIMBase three-dimensional model for subsequent detailed
design. Both geometric and material information were correctly extracted and mapped, as
demonstrated above. The process of implementing the proposed framework of example I
is shown in Figure 11. The overall running time of the entire framework for this example is
a little over half an hour. In contrast, the conventional structural layout scheme completed
by experienced designers takes about 3 h, which is six times longer than the intelligent
structural design enabled by the proposed framework. This shows that the proposed
framework is an effective approach.
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Figure 11. The process of implementing the proposed framework of example I.

5.2. Example II

The second example is a two-story light steel frame with 35 column components and
50 beam components. The three-dimensional model of the structure is shown in Figure 12.
Again, this building was designed using both the SA and two-stage SA algorithms by
performing three independent runs each. The results are reproduced in Tables 4 and 5 in
terms of the optimized weight of the design scheme and the computation time in each
run of the SA and two-stage SA algorithms, respectively. For this example, the two-stage
SA algorithm shows slightly better performance than the SA algorithm on average, with
a significant reduction in computation time. The comparison of structural design layout
schemes of example II is shown in Figure 13. The comparison of the key design indexes
of example II is presented in Table 6. After example II is intelligently optimized by the
proposed framework, the steel consumption of the algorithm optimization scheme is
significantly reduced by 11.67% compared with the empirical primary scheme. Compared
with the design scheme given by manual optimization, the difference between the two
results is 2.75%. The stress ratio of the structural components of example II is presented
in Figure 14. It can be concluded from the comparison results of the three schemes that
for example II, the proposed framework can better optimize the structure of the empirical
primary scheme. After the cooling calculation, the steel consumption is significantly
reduced, and the given structural design scheme can meet the design requirements of the
ultimate state of bearing capacity and the ultimate state of normal use. Compared with
the results of the manual optimization scheme, the key design indexes of the algorithm
optimization scheme are close to the manual optimization scheme.
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Figure 12. BIMBase three-dimensional structural model diagram of empirical primary scheme.

Table 4. Optimization results of simulated annealing algorithm of the example II.

Run
Optimized
Weight (kg)

Time (min)
Mean Standard Deviation

Weight (kg) Time (min) Weight (kg) Time (min)

1 3079.82 127
3072.58 127 11.69 72 3074.36 133

3 3063.57 124

Table 5. Optimization results of two-stage simulated annealing algorithm of the example II.

Run
Weight (kg) Time (min) Mean Standard Deviation

Stage 1 Stage 2 Stage 1 Stage 2 Weight (kg) Time (min) Weight (kg) Time (min)

1 3220.38 3049.25 12 57
3054.54 70 3.93 32 3215.47 3054.49 14 55

3 3198.72 3059.89 11 61

Table 6. Comparison of key design indexes of the example II.

Structural Design Key
Indicators

Empirical Primary Selection
Scheme

Manual Optimization
Scheme

Algorithmic Intelligent
Optimization Scheme

Total steel consumption (kg) 3535.11 2959.91 3049.25
Maximum interlayer
displacement angle under
X-directional earthquake

1/323 1/300 1/323

Maximum interlayer
displacement angle under
Y-directional earthquake

1/385 1/367 1/385

First mode and cycle X-directional side vibration
(0.5183 s)

X-directional side vibration
(0.5473 s)

X-directional side
vibration (0.5392 s)

Second mode and cycle Y-directional side vibration
(0.5074 s)

Y-directional side vibration
(0.5334 s)

Y-directional side
vibration (0.5310 s)

Third mode and cycle Torsional vibration (0.4342 s) Torsional vibration (0.4535 s) Torsional vibration
(0.4480 s)
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Figure 13. Comparison of structural design layout schemes of example II.

Figure 14. The stress ratio of the structural components of example II.
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The optimized SATWE two-dimensional model was returned to the BIM platform to
generate a BIMBase three-dimensional model. Other professional designers could conduct
the detailed design based on the existing optimized structural design model to guide the
detailed design and construction of rural buildings. The results showed a 100% precision
rate in generating the BIMBase three-dimensional model, and both geometric and material
information were correctly extracted and mapped, as demonstrated above. The process of
implementing the proposed framework of example II is shown in Figure 15. The running
time of the whole framework for this example is about one and a half hours, while the
conventional structural layout scheme completed by experienced designers takes about
8 h, which is almost six times longer than the intelligent structural design facilitated by
the proposed framework. This demonstrates the promising practical applications of the
proposed framework.

Figure 15. The process of implementing the proposed framework of example II.
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6. Conclusions

The structural design of rural buildings in China is limited by economic conditions. It
is not realistic to carry out accurate and detailed structural design for each rural building.
While only in accordance with the experience of rural building design, its safety and
economy cannot be fully verified. Therefore, this paper presents a new framework with
BIM and an optimization algorithm for the automated optimum design of rural light steel
frame structures. The developed framework integrates BIM technology with structural
analysis applications and an improved two-stage SA algorithm to automate and simplify
the structural design process of rural buildings. Two different rural light steel frame
structures are used to verify the applicability and efficiency of the developed framework.
Based on this study, the following conclusions are obtained:

(1) Under the guidance of the corresponding standardized component coding, the para-
metric library of structural components for rural buildings based on the state standard
established on the BIM platform can realize the integrated management of BIM com-
ponents, which is convenient for the subsequent retrieval of components and rapid
modeling of structure.

(2) The model transformation method based on the component as the basic unit prevents
data loss and conversion errors. It realizes the transformation of the BIMBase three-
dimensional model and SATWE two-dimensional model and provides a data basis
for subsequent structural intelligent optimization.

(3) An optimization method for rural light steel frame structures based on a two-stage SA
algorithm is proposed. The example results show that the material consumption and
key structural indexes of the algorithm optimization scheme are comparable to those
of the manual optimization scheme. The proposed optimization algorithm reduces
the iteration time of the simulated annealing algorithm to search for the optimal result
and has good convergence and better optimization performance.

(4) The intelligent structural design reduces the computational time by six times com-
pared to the conventional design for both example I and example II (i.e., 0.5 h versus 3
h/1.5 h versus 8 h). The proposed framework requires less adjustment and is shown
to be automated, effective and efficient.

In addition, this study has some limitations for which recommendations are suggested
for future work. The intelligent design method proposed in this paper still requires engi-
neers to intervene in terms of data input and information transmission and is limited to light
steel frame structures. In future research, joint connections and the seismic performance of
the structure and multi-objective optimization should also be addressed.
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Abstract: With the worldwide dissemination of the “green development” concept and the advance-
ment of China’s new rural construction, the sustainable development of rural residences has gained
significant attention within the construction industry. This article focuses on large-scale prefabricated
insulation block houses used in China’s cold regions, specifically examining the case of Defa Village in
Nenjiang City, Heilongjiang Province. By utilizing thermal imaging cameras, the thermal bridge parts
of these houses are detected, and a finite element model is established to optimize the comprehensive
heat transfer coefficient of these areas. This optimization is achieved by expanding the insulation
layer and implementing low thermal bridge structures, ultimately enhancing the insulation and
energy-saving efficiency of the houses. Simultaneously, an energy-saving analysis is conducted based
on an optimized enclosure structure scheme, considering seven key design factors that influence
building energy consumption: span, depth, clear height, and window-to-wall ratio in all four direc-
tions. Through a comprehensive experimental method, the building energy consumption is evaluated,
and a scheme with optimal values is proposed. The results demonstrate that the insulation block
walls and the main structures with expanded insulation layers and low thermal bridge structures
are easier to construct. When compared to the original scheme, the comprehensive heat transfer
coefficient of the walls is reduced by 54.82%, while that of the beams and columns is reduced by
97%. Implementing the optimal value scheme leads to a reduction of 66.83% in the building’s overall
energy consumption. This research provides valuable guidance for the design and construction of
large-scale insulated block rural residences, revealing the substantial potential of rural residences in
terms of energy-saving and emission reduction.

Keywords: sustainable architecture; rural prefabricated housing; climate analysis; structural thermal
bridges; energy optimization

1. Introduction

With the advancement of society and the growth of the economy, the principles of
green and eco-friendly design, energy efficiency, and low-carbon construction have become
crucial factors influencing architectural design. Prefabricated housing, characterized by
its efficiency and high level of industrialization, has progressively assumed a significant
role in the construction industry. In China, the rural population constitutes 40% of the
total population, while rural residences account for 38% of the national construction area.
Furthermore, rural housing contributes to 24% of the overall energy consumption in the
country [1]. As the new rural development initiatives gain momentum, the demand for
rural housing will continue to rise, necessitating more stringent energy-saving standards.
Therefore, prefabricated rural housing faces unprecedented opportunities for development
as well as new challenges.

This article delves into the thermal bridge optimization and energy optimization of
large insulated block rural residences in the cold regions of China. Using the Northeast
region as a case study is characterized by a climate with long and extremely cold winters,
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which poses significant challenges for architectural design. Analysis reveals that heat
loss from the building envelope is substantial, accounting for over 50% of the total heat
loss. Thermal bridges, in particular, tend to be concentrated areas of heat loss. Therefore,
enhancing the insulation performance of the building envelope and mitigating the impact
of thermal bridges are essential strategies to achieve energy efficiency in construction.
Presently, many rural dwellings in the Northeast have adopted simplistic construction tech-
niques. These measures encompass the utilization of higher-quality insulation materials,
double-glazed and energy-efficient windows, sloping roofs, and wall air gaps, as well as
the application of polyurethane materials for sealing. These initiatives have effectively
improved insulation performance and elevated heating levels [1]. Nevertheless, despite
meeting indoor comfort requirements, they still result in significant energy resource con-
sumption. As a result, this article focuses on analyzing insulation design for the building
envelope and optimizing the energy source for heating systems.

Currently, there have been significant advancements in both theoretical and practical
research regarding insulation and energy-saving in rural residences. These achievements
primarily concentrate on two key areas:

The first aspect pertains to the investigation of thermal performance within building
envelope structures. This involves the identification of thermal bridge areas within the com-
ponents of the building envelope based on their specific construction forms. Furthermore,
it entails conducting measurements and analyses to assess the thermal performance, heat
loss, and effects of thermal bridging under specific environmental conditions. Ultimately,
the aim is to enhance the construction forms to mitigate the impact of thermal bridging and
minimize heat loss. For instance, Laura et al. [2] utilized numerical simulation methods
to analyze the two-dimensional heat transfer characteristics at the junction of walls and
floors, as well as the L-shaped corners within a building. Ascione [3] carried out measure-
ments to evaluate temperature distribution and heat flow fields within masonry structures.
Through the analysis of the obtained results, they were able to identify areas influenced by
thermal bridging based on changes in temperature and heat flow. They also investigated
the variations in temperature distribution and heat flow fields in masonry structures under
two-dimensional transient conditions while considering different insulation thicknesses
and mortar joint thicknesses. Baldinelli et al. [4,5] employed an enhancement algorithm to
optimize thermal images of three thermal bridges present in a concrete structure. These
optimized images were then validated against measured temperature fields, leading to the
identification of the thermal bridge areas. Zalewski [6–8] analyzed steel structure walls,
performing tests to observe the dynamic changes in heat flow and temperature at various
positions along the walls. By comparing the results obtained from measurements and
simulations, they assessed the impact of heat loss.

The second aspect involves the analysis and optimization of energy consumption levels
for the entire building over a specific period. This encompasses calculating the heating load,
cooling load, electrical usage, domestic hot water, and other energy consumption levels
under specific climatic conditions. The primary objective is typically to achieve energy
efficiency while ensuring comfort levels. The optimization design of the building focuses on
architectural geometric parameters and the thermal performance of the building envelope.
For instance, Mithraratne et al. [9] conducted a comprehensive analysis of a group of
individual buildings in New Zealand, with a specific emphasis on energy consumption
during the building maintenance phase. They compared the energy consumption costs of
buildings with different envelope structures. Sartori et al. [10] examined 60 case studies
from the literature and determined that operational energy constitutes the majority of the
total energy demand throughout the building lifecycle. Fang et al. [11–13] investigated the
relationship between design parameters and performance in buildings, including variables
such as geometric shape, window and skylight sizes, and positions. They employed
mathematical methods to explore the impact of these variables on daylighting performance
and energy efficiency, ultimately proposing optimization strategies. G. Verbeeck [14]
assessed the economic feasibility of five types of insulation measures, glass selection,
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and renewable energy in Belgian residential buildings. They proposed a hierarchical
approach to energy-saving measures. Payyanapotta et al. [15] integrated lightweight
building systems with passive house concepts to achieve energy efficiency and thermal
comfort. They identified limitations in lightweight steel systems, encompassing issues such
as overheating, airtightness, thermal bridging, moisture transfer, and solar control.

The design of building envelope structures and the optimization of overall energy
consumption levels play a crucial role in achieving energy-saving and emission-reduction
goals in buildings. However, existing research has predominantly focused on concrete
and steel structures, with limited investigations into large-scale thermal insulation blocks.
This study addresses this gap by conducting thorough tests and analyses on the thermal
performance and energy consumption levels of large-scale thermal insulation block sys-
tems in severe cold climate environments. Our research aims to optimize the building
envelope structures and architectural forms to achieve a comprehensive wall heat transfer
coefficient of 0.24 W/(m2·K) and a comprehensive building energy consumption value of
43.8 kWh/(m2·a). The outcomes of this research can serve as a valuable reference for the
design of large-scale thermal insulation block buildings in severe cold regions, facilitating
the achievement of ultra-low energy consumption standards.

2. Materials and Methods

2.1. Project Overview
2.1.1. Site Selection and Layout

This study chooses a single-story rural residence constructed with large-scale thermal
insulation blocks, situated in Defa Village, Nenjiang City, Heilongjiang Province, China
(Figure 1), as the target for on-site measurements and analysis of energy consumption. The
enhancements made to the thermal performance of the building envelope structure and the
energy-saving optimization measures discussed in the paper are all derived from this rural
residence serving as the reference model.

(a) (b)

Figure 1. Benchmark building in real life. (a) South elevation of the building; (b) North elevation of
the building.

For testing and analysis, the selected benchmark building in this study exhibits char-
acteristics of a small-scale and uncomplicated spatial composition. The residential exterior
is unobstructed by any other buildings, and the surrounding environment is open. The
layout of the residence follows the traditional “one bright, two dark, three open spaces”
arrangement commonly seen in the northeast region. It comprises two bedrooms and one
living room, all interconnected (Figure 2). The house has a depth of 5 m, a span of 10 m, an
interior clear height of 2.8 m, and a total floor area of 50 square meters. The south-facing
windows come in two sizes: 2200 mm × 700 mm and 600 mm × 1700 mm, resulting in a
window-to-wall ratio of 0.34. The north-facing windows measure 1500 mm × 1600 mm,
with a window-to-wall ratio of 0.26.
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(a)

(b)

(c)

Figure 2. Design drawings of the benchmark building. (a) Architectural floor plan; (b) South
elevation; (c) North elevation.

2.1.2. Materials of Walls

The building envelope structure of the benchmark building is composed of large-scale
thermal insulation blocks. These blocks comprise expanded polystyrene foam boards (EPS
boards), a protective layer of uniformly coated polymer insulation mortar, and a thermal
bridge insulation layer made of extruded polystyrene foam boards (XPS boards). They
are constructed as composite insulation modules with integrated construction grooves
(Figure 3). The thermal insulation blocks have dimensions of 600 mm × 600 mm × 300 mm.
The detailed construction sequence from the interior to the exterior includes a 10 mm layer
of polymer insulation mortar, followed by a 230 mm layer of EPS, another 10 mm layer of
polymer insulation mortar, and, finally, a 50 mm layer of XPS. The construction grooves
surrounding the blocks have a depth of 30 mm. The exterior wall finish consists of a
detailed construction sequence from the interior to the exterior: a 45 mm three-coat two-
mesh system comprising 15 mm of phenolic board adhesive, mesh fabric, another 15 mm of
phenolic board adhesive, additional mesh fabric, and a final 15 mm layer of cement mortar.
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This is followed by a 2 mm sealer and a 2 mm layer of exterior wall latex paint. The thermal
parameters of the materials can be found in Table 1.

(a) (b)

Figure 3. Thermal insulation block construction diagram. (a) Photograph. (b) Illustration.

Table 1. Thermal performance parameters of building materials.

Name
Density
(kg/m3)

Thermal
Conductivity

(W/m·K)

Specific Heat
Capacity
(J/Kg·K)

Heat Storage
Coefficient W/(m2·K)

XPS 30 0.03 4455 0.54
EPS 20 0.04 1380 0.29

Thermal insulation
mortar 800 0.29 1050 4.44

Phenolic foam
adhesive 350 0.07 1380 1.57

Cement mortar 1800 0.93 1050 11.37
C20 2300 1.51 920 15.24
C30 2420 1.62 970 15

2.1.3. Construction Methods

The thermal insulation blocks used in the benchmark building incorporate EPS and
XPS as insulation core materials. These blocks are joined together using insulation mortar
and feature 30 mm construction grooves. During block assembly, square holes measuring
60 mm by 230 mm are formed between the blocks. Horizontal and vertical HPB300 steel
bars with a diameter of 6 mm are inserted within these square holes created via the module
grooves. Subsequently, C20 concrete is poured to finalize the block assembly, resulting in
a concrete mesh structure inside the wall that enhances its rigidity (Figure 4). Once the
wall construction is complete, formwork is installed, and structural columns are cast at the
L-shaped corners. Additionally, formwork is employed at the top of the wall to cast the ring
beam (Figure 5). This construction method bears resemblance to traditional masonry tech-
niques while incorporating rural construction practices and improved efficiency. It offers
several advantages, including superior insulation performance, lightweight characteristics,
and ease of construction.
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(a) (b) (c)

Figure 4. On-site construction of the wall. (a) Construction diagram of block assembly; (b) steel
reinforcement placement within construction grooves; (c) pouring concrete into construction grooves.

(a) (b)

Figure 5. On-site construction of beams and columns. (a) Pouring of columns. (b) Pouring of beams.

2.2. Methods for Environmental Analysis

Before conducting tests and analyses on building envelope structures and optimizing
building energy consumption, it is essential to assess the climate and environmental con-
ditions at the location of the reference building. This study focuses on Nenjiang County
in Heihe City, Heilongjiang Province, situated in the northeastern region of China, which
falls within the severe cold climate zone. The analysis was based on globally representative
meteorological year data (specifically for the Nenjiang region) provided by the National
Renewable Energy Laboratory of the U.S. Department of Energy. Using the meteorological
data analysis model developed on the Grasshopper platform (Figure 6), statistical analysis
methods were employed to examine the annual temperature, humidity, and wind direction,
as well as the time range that satisfies the comfort requirements for annual temperature,
humidity, and wind speed in Nenjiang City. This analysis allowed for the extraction of the
fundamental climate characteristics of the region and the calculation of boundary condi-
tions, facilitating a preliminary summary of sustainable measures that can be incorporated
into the architectural design of the region.
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Figure 6. Meteorological data analysis model.

2.3. On-Site Methods for Identifying Thermal Bridges in Building Envelope Structures

Given the presence of residential occupants in the building being examined, this study
utilizes the infrared thermography method to identify thermal bridges and capture the
surface temperatures of the walls (Figure 7). These measurements are conducted in a
manner that does not disturb the residents’ daily routines.

Figure 7. Infrared thermography camera.

A thermal bridge refers to an area within a building where thermal insulation per-
formance is weakened, often caused by the uneven thermal conductivity of materials or
insulation defects. Thermal bridges can lead to energy loss and waste, thereby diminishing
the overall energy efficiency of the building.

The FLIR-E6-XT infrared thermal imager was utilized for data collection in this study.
Data were gathered from the northwest wall of a reference building situated in Defa
Village, Nenjiang City, Heilongjiang Province, China. The testing was conducted on
22 December 2020 at 11:35 a.m. At that time, the outdoor temperature was recorded as
−13.0 ◦C, with a humidity level of 23.0% and wind speed ranging from 0.3 to 1.5 m/s.
Inside the testing room, the temperature measured was 22.4 ◦C, with a humidity level of
49.3% and an indoor wind speed of 0.1 m/s. The captured thermal images were directly
stored in the thermal imager and later analyzed and temperature-extracted using the
accompanying FLIR-E6-XT-Tools software (version 6.0, FLIR Systems, Inc., Wilsonville,
OR, USA).
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2.4. Numerical Simulation Methods for Evaluating the Thermal Performance of Building
Envelope Structures

Based on the results of climate analysis and thermal bridge identification in build-
ing envelope structures, the boundary conditions and analysis models for finite ele-
ment analysis of building thermal bridges are determined. This study aims to utilize
steady-state heat transfer calculation methods and utilize ABAQUS-6.14 finite element
software to analyze and compare the heat flow fields of building thermal bridges at
various locations and with different constructions. The finite element analysis was per-
formed using ABAQUS/Standard (version 6.14, SIMULIA, Dassault Systèmes, Vélizy-
Villacoublay, France).

The calculation of heat flux density follows the principles of steady-state heat transfer
in solids, assuming a temperature difference between the two sides of the building wall,
where heat transfers from higher to lower temperatures. This process encompasses heat
conduction, convective heat transfer, and radiative heat transfer. According to the second
law of thermodynamics, the heat flow passing through the wall is equal to the heat flow
passing through the surface, which can be expressed as the following equation:

q = −λ·[(∂t)/(∂n)] = (te − θe )·(αc + αr), (1)

q is heat flux (W/m2); λ is thermal conductivity (W/m·K); αc is convective heat transfer
coefficient (W/m2·K); αr is radiative heat transfer coefficient (W/m2·K).

Given that the analyzed objects consist of complex structures with non-homogeneous
and multi-layered configurations, it is essential to consider the impact of thermal bridge
areas and conduct a quantitative evaluation of the overall thermal insulation performance
of the components. To achieve this, the method outlined in the “Code for Thermal Design
of Civil Buildings” (GB50176-2016) [16] will be employed to calculate the thermal resistance
of the building envelope structures. By extracting the average heat flux density from the
outer surface of the analysis model, the overall thermal resistance of the structure will be
determined, enabling the subsequent calculation of the overall heat transfer coefficient. The
thermal insulation performance of the analyzed objects will then be assessed and compared
based on the overall heat transfer coefficient. The indoor calculation temperature is set at
18 ◦C, while the outdoor calculation temperature is set at −25 ◦C.

R = [(ΔT)/qw] − Ri − Re (2)

K = 1/R (3)

R is overall thermal resistance of the structure (m2·K/W); K is overall heat transfer coeffi-
cient of the structure (W/m2·K); ΔT is indoor–outdoor temperature difference (K); qw is av-
erage heat flux density (W/m2); Ri is internal surface convective resistance [0.11 (m2·K/W)];
Re is external surface convective resistance [0.04 (m2·K/W)].

2.5. Building Energy Analysis and Energy-Saving Optimization
2.5.1. Comprehensive Calculation of Building Energy Consumption

In this study, the comprehensive building energy consumption of the target building
is simulated and calculated using the DesignBuilder-6.1 software (version 6.1, Design-
builder Software Limited, Gloucestershire, UK). The term “comprehensive building energy
consumption” refers to the total energy consumed by the building over a specific period,
usually one year, encompassing heating, cooling, electricity, and fuel consumption. Design-
Builder is a specialized building energy simulation software that employs EnergyPlus as its
computational engine and provides a wide range of energy simulation calculation modules.
To facilitate the comparison of energy performance among different scenarios, the annual
specific energy consumption (kwh/m2·a) is adopted as the benchmark for comparison.
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2.5.2. Single-Parameter Analysis of Building Energy Consumption

After conducting optimization of the building envelope structure, this study examines
the geometric design factors that impact building energy consumption. These factors
encompass building orientation, window-to-wall ratios in the four primary directions,
building aspect ratio, depth, net height, and other relevant design considerations. By
employing single-parameter analysis, this study investigates the correlation between these
design factors and building energy consumption. Specifically, the research focuses on
examining the influence of design parameters on the building’s winter heating load, taking
into account solar radiation gains. The goal is to explore the relationship between design
parameters and energy consumption and establish an initial range of optimal variable
values for each parameter, considering their individual effects. The initial value for each
design parameter can be found in Table 2.

Table 2. Range of design parameter values.

Parameter Name Range of Parameter Values

Building Orientation 0~3.1 rad
Window-to-Wall Ratio 0~0.9

Building Depth
6~20 mBuilding Span

Building Height 2.8~4.4 m

This study utilizes the integrated Grasshopper platform (Figure 8) for the parametric
analysis process. Unlike the comprehensive calculation of building energy consumption,
the primary focus of the parametric analysis is to investigate the relationship between
design elements and design objectives. Consequently, the residential building is simplified
into a box model, where the roof, walls, floor, and glass are identified as vital components
of the building envelope system. The material properties of these components are defined
based on real-world conditions. The windows are chosen with a heat transfer coefficient
of 2 W/m2·K, utilizing triple glazing. For insulation, the roof incorporates lightweight
composite gray limestone panels with a thickness of 150 mm and a thermal conductivity
of 0.022 W/m·K. The floor is composed of a 100 mm crushed stone concrete layer and a
100 mm sand bedding layer. The occupancy rate, calculation temperature, and equipment
efficiency are set to ideal values, while the indoor temperature is constrained within the
range of 18 ◦C to 25 ◦C. The equipment’s coefficient of performance (COP) is set to 1, and
the operation time is 24 h.

(a)

Figure 8. Cont.
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(b) (c)

Figure 8. Grasshopper computational model. (a) Proprietary parametric modeling plugin and simpli-
fied analysis model; (b) parametric modeling of the building envelope structure; (c) configuration of
additional boundary conditions.

2.5.3. Analysis of Building Energy Consumption Sensitivity and Optimization of
Energy-Saving Measures

Based on the results of the single-parameter analysis, the value ranges for the key
design parameters are determined, and the subset with lower energy consumption levels
under each factor is chosen as the range of values. These key parameters include window-
to-wall ratios in the four cardinal directions (N/W/S/E), as well as the length (X), width
(Y), and height (Z) of the building envelope structure (Table 3).

Table 3. Design parameter value range.

Name X/m Y/m Z/m N W S E

Range 7–10 6–9 3–4 0–0.2 0–0.3 0.3–0.6 0–0.3

A computational model is established using the Grasshopper analysis platform to
calculate the cooling load, heating load, total load, and solar gains (Figure 9) for the
target building. Comprehensive simulation calculations are conducted for all possible
combinations of the seven variables, and the results are recorded in the Design-Explorer
visualization platform.

  
(a) (b)

(c)

Figure 9. Grasshopper computational model. (a) Solar radiation heat gain calculation model;
(b) Building load calculation model. (c) The Design-Explorer visualization platform for captur-
ing and documenting models.
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Once all simulation calculations are completed, this study will produce operational sce-
narios for all variables and various combinations of values. The Pearson correlation analysis
method will be used to examine the correlation between each variable, including building
aspect ratio, depth, net height, and window-to-wall ratios in the four cardinal directions,
and each calculation objective, including cooling load, heating load, total load, and solar
heat gain. This analysis aims to provide a comprehensive assessment of the strength and
variability of the influence of different design elements on building energy consumption.

The Pearson correlation analysis method employed in this study is based on the
Pearson correlation coefficient, which is a statistical measure that quantifies the strength
and direction of the relationship between two variables. Correlation analysis utilizes
covariance to evaluate the overall relationship between the variables and determine if
they demonstrate synchronous changes, indicating whether they increase or decrease
simultaneously. To mitigate the impact of units, the covariance is standardized, resulting in
the correlation coefficient. This standardization enables comparisons and interpretations of
the correlation independent of the specific units used.

The Pearson correlation coefficient is a widely used statistical measure for evaluating
the strength and direction of the relationship between two variables. It falls within the
range of −1 to +1, with the following interpretations:

• A coefficient close to +1 indicates a strong positive correlation, suggesting that the two
variables change in the same direction, either increasing or decreasing simultaneously;

• A coefficient close to 0 signifies no correlation, indicating that there is no apparent
relationship between the two variables;

• A coefficient close to −1 signifies a strong negative correlation, indicating that when
one variable increases, the other variable decreases.

Subsequently, the correlation between different design elements and building energy
consumption is assessed and ranked. Among all the operational scenarios, the optimal de-
sign solution is chosen based on the objective of achieving the lowest energy consumption.

3. Results

3.1. Climate and Environmental Characteristics

The Nenjiang region experiences a maximum annual temperature of 36 ◦C, with the
lowest temperature dropping to −38.4 ◦C (Figure 10). In the driest period of winter, the
relative humidity reaches a low of 6%. However, for the majority of the time, the relative
humidity stays around 65% (Figure 11). Additionally, the maximum wind speed during
winter can reach 15 m/s (Figure 12).

Figure 10. Annual temperature distribution map of Nenjiang City.
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Figure 11. Annual humidity distribution map of Nenjiang City.

Figure 12. Annual wind speed distribution in Nenjiang City.

An analysis of the climate comfort in the Nenjiang region reveals significant findings.
The recommended temperature range for human comfort is between 15 ◦C and 25 ◦C,
while the optimal range for relative humidity falls between 45% and 65%. Wind speed
is considered comfortable below 5 m/s. The results of this analysis have been presented
visually and summarized in Table 4. It is noteworthy that the time spent in outdoor
temperatures within the comfort range accounts for only 22.4% of the entire year, with no
comfort time during the winter season (Figure 13). The duration within the comfortable
range for relative humidity amounts to 26.2% of the year (Figure 14). Moreover, the period
spent within the comfortable range for wind speed constitutes 59.9% of the year (Figure 15).
Interestingly, the overlap of temperature, humidity, and wind speed falling within the
comfortable ranges is merely 3.2% of the entire year, with no comfort time during the
winter season.

Table 4. Outdoor environmental comfort time analysis table for Nenjiang City.

Min-T Max-T Comfort Min-H Max-H Comfort Min-Wind Max-Wind Comfort Overall Comfort

All year −38.4 ◦C 36 ◦C 22.4% 6% 100% 26.2% 0 m/s 12 m/s 59.9% 3.2%
Winter −38.4 ◦C 2.2 ◦C 0% 26% 96% 31.4% 0 m/s 12 m/s 28.9% 0%

Summer 4.3 ◦C 36 ◦C 76.3% 19% 100% 20.6% 0 m/s 12 m/s 29.8% 74.9%
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Figure 13. Annual distribution of comfortable temperatures in Nenjiang City.

Figure 14. Annual distribution of comfortable humidity in Nenjiang City.

Figure 15. Annual distribution of comfortable wind speed in Nenjiang City.

The data indicate that the region’s uncomfortable environment is primarily due to the
combination of low temperatures and strong winds experienced during winter. Therefore,
ensuring high-quality insulation in housing is a critical factor to be taken into account
during architectural design to mitigate these challenges. Furthermore, considering the
region’s favorable climate conditions in summer, it is advisable to minimize the reliance
on cooling equipment and instead promote the utilization of natural ventilation from the
southwest and northeast directions as an effective means to achieve optimal comfort levels.
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3.2. Thermal Bridge Identification in Buildings

During the test, the outdoor temperature was −13 ◦C, and the indoor temperature was
21 ◦C. To mitigate the impact of solar radiation, the test was conducted at the northwest
corner of the building.

The thermal imaging conducted at the northwest corner provides a clear visualization
of the temperature distribution within the interior wall of the building envelope (Figure 16),
offering insights into the wall composition and its relationship with the main structure. The
analysis of the results reveals that the insulation blocks exhibit a main body temperature
of approximately 12 ◦C, while the temperature at the joints of the blocks is around 7.6 ◦C.
Furthermore, the beam positions exhibit temperatures of approximately 6.8 ◦C, the column
positions record temperatures of around 5.2 ◦C, and the intersection of beams and columns
shows temperatures of approximately 3.7 ◦C. These findings highlight significant tempera-
ture variations among different structural positions, with lower temperatures indicating
higher heat loss and inferior insulation performance. Moreover, larger temperature differ-
entials indicate greater disparities in insulation effectiveness across various locations. Even
in walls with an overall higher insulation performance, notable temperature differences
persist across different positions (Figure 17). When considering the interior as a whole, the
maximum temperature difference on the inner wall can reach up to 11.3 ◦C, underscoring
the non-uniformity of the building envelope’s thermal performance. This non-uniformity
directs the flow of heat towards areas with lower insulation performance, exacerbating
heat loss and leading to the formation of thermal bridges.

Figure 16. Thermal imaging of the benchmark building’s northwest position.

Figure 17. Thermal imaging of the west side wall of the benchmark building.
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Based on the aforementioned analysis, it can be deduced that the benchmark building
exhibits three primary types of thermal bridges: the joint thermal bridge generated via
the concrete sections between blocks (Figure 18a), the thermal bridge caused by concrete
columns (Figure 18b), and the thermal bridge resulting from concrete beams (Figure 18c).
The temperature differential between the surfaces of these three types of thermal bridges
and the building envelope ranges from 4 ◦C to 11.3 ◦C. By creating structural models
at the locations of the thermal bridges, it can be concluded that the primary cause of
their formation is the considerably lower thermal insulation performance of concrete in
comparison to the insulation materials employed in the benchmark building, in addition to
the substantial volume of concrete used.

(a) (b) (c)

Figure 18. Construction of different thermal bridges. (a) Thermal bridge at block joints; (b) thermal
bridge at column positions; (c) thermal bridge at beam positions.

3.3. Analysis and Optimization of Building Thermal Bridges

Calculation analysis was performed on the three thermal bridges of the benchmark
building, and the comprehensive heat transfer coefficient was determined using the calcu-
lation method outlined in Section 2.4 (Table 5). The column position exhibits the poorest
thermal insulation performance, whereas the beam position shows better insulation per-
formance compared to the column position. The wall section demonstrates the highest
insulation performance, aligning with the findings from the thermal imaging analysis.
Notably, there is a significant disparity in heat loss between the joint of the blocks and
the main body of the blocks, indicating a considerable loss of heat energy on a different
scale (Figure 19a). At the column position, a substantial heat loss is observed compared to
the surrounding building envelope structure (Figure 19b). Conversely, in the case of the
beam position, the presence of a single concrete beam facilitates the smooth dissipation of
relatively large heat flow through the beam (Figure 19c).

Table 5. The comprehensive heat transfer coefficients of various thermal bridge sections.

Name Wall Column Beam

Value-W/(m2·K) 0.54 10.24 7.25

To further enhance the insulation performance, structural modifications have been
implemented for the three types of thermal bridges.

To mitigate the thermal bridge problem at the block joints, structural enhancements
have been introduced during the block assembly phase. By incorporating XPS insula-
tion strips and utilizing spray polyurethane foam for sealing, heat loss has been effec-
tively reduced. For the horizontal joints of the walls, XPS insulation strips measuring
600 mm × 40 mm × 20 mm have been implemented (Figure 20a). Likewise, for the vertical
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joints of the walls, XPS insulation strips measuring 640 mm × 40 mm × 20 mm have been
employed (Figure 20b).

(a) (b) (c)

Figure 19. Thermal flow cloud maps of different thermal bridges. (a) Thermal flow cloud map at the
joint of blocks; (b) thermal flow cloud map at the column; (c) thermal flow cloud map at the beam.

(a) (b)

Figure 20. Mitigation techniques for thermal bridges at block joints. (a) Strategies for addressing
horizontal joints in walls; (b) strategies for addressing vertical joints in walls.

To address the thermal bridge issue at the beam position, several methods have been
implemented. Firstly, galvanized steel pipes with a thickness of 1.5 mm and a cross-section
of 20 mm × 40 mm have been utilized to replace the longitudinal reinforcement of the
beam (Figure 21a). This substitution helps minimize heat transfer. Secondly, XPS boards
with a uniform application of 75 mm thick magnesium oxychloride cement on the outer
surface have been employed as removable formwork (Figure 21b). These XPS boards
act as insulation and provide support during the construction process. They are firmly
secured on both sides of the beam reinforcement cage using self-tapping screws. To further
enhance the insulation performance, XPS blocks measuring 40 mm × 40 mm × 20 mm
have been strategically placed at the anchor points of the self-tapping screws (Figure 22).
This additional insulation layer helps reduce heat loss. Finally, concrete is directly poured
between the removable formwork, ensuring proper structural integrity and achieving the
desired shape.

To mitigate the thermal bridge problem at the column position, we employ galvanized
steel pipes with matching specifications as alternatives to the longitudinal reinforcement of
the columns. Taking a corner column as an illustration, we utilize removable formwork
and insulation blocks of identical specifications. These components are firmly attached
to the outer side of the column reinforcement cage using self-tapping screws (Figure 23).
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Ultimately, concrete is poured directly between the removable formwork to attain the
desired structural configuration.

(a) (b)

Figure 21. Enhanced reinforcement cage and removable formwork. (a) Improved reinforcement cage
for beams; (b) improved XPS formwork for easy removal.

Figure 22. Thermal bridge treatment methods for beam positions.

Figure 23. Thermal bridge treatment methods for column positions.
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Following the aforementioned structural improvements, detailed construction draw-
ings were generated for the block joints, column positions, and beam positions, incorporat-
ing the design principles of low thermal bridges (Figure 24).

(a) (b) (c)

Figure 24. Design solutions for minimizing thermal bridges at various locations. (a) Measures to
mitigate thermal bridges at block joints; (b) measures to mitigate thermal bridges at column positions;
(c) measures to mitigate thermal bridges at beam positions.

By conducting a calculation analysis on the improved thermal bridges of the three
types and utilizing the calculation method outlined in Section 2.4, the comprehensive
heat transfer coefficients (Table 6) were determined. The results demonstrate a significant
reduction in the overall heat transfer coefficients, indicating a substantial enhancement
in insulation performance following the implementation of measures to mitigate thermal
bridges. Specifically, the overall thermal resistance of the walls increased by a factor of
2.25 compared to the original design, while the thermal resistance at column positions
increased by a factor of 38 and at beam positions by a factor of 36. In comparison to
the original design, the overall heat transfer coefficient of the walls decreased by 54.82%,
and the heat transfer coefficient at beam and column positions decreased by 97%. These
improvements align with the requirements specified in the “General Specification for
Building Energy Efficiency and Renewable Energy Utilization” (GB55015-2021) [17].

Table 6. The optimized overall heat transfer coefficients have been obtained.

Name Wall Column Beam

Value-W/(m2·K) 0.24 0.27 0.20

Based on the thermal flow map, it is apparent that there has been a substantial re-
duction in heat loss at the three types of thermal bridges (Figure 25). Thermal imaging
tests were carried out on a residential building in Nenjiang, which was constructed with
the implemented improvement measures (Figure 26). A comparison with the reference
building showed that the wall surface temperatures in the original thermal bridge areas
have become more uniform, resulting in a significant decrease in temperature differentials.
These findings indicate excellent insulation performance.

3.4. Single-Parameter Analysis of Building Energy Consumption

A comparative analysis was conducted to evaluate the solar radiation received on
the surfaces of residential blocks with improved insulation in the Nenjiang region, taking
into account different orientations (Figure 27a). The vertical axis represents the amount of
winter/summer radiation, while the horizontal axis denotes the angle between the normal
of the south-facing facade and the north–south axis (with a clockwise direction as positive).
It is hypothesized that positioning the building in a north–south orientation would be
advantageous if it leads to higher radiation during winter and lower radiation during
summer (Figure 27b).
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(a) (b) (c)

Figure 25. The thermal flow maps of the improved thermal bridges. (a) Thermal flow cloud map at
the joint of blocks; (b) thermal flow cloud map at the column; (c) thermal flow cloud map at the beam.

Figure 26. Thermal images showcasing the thermal bridges after the implementation of improve-
ment measures.

(a) (b)

Figure 27. Analysis of solar radiation heat. (a) The correlation between building orientation and solar
radiation heat per unit area; (b) good solutions versus bad solutions.

Based on the initial thermal imaging analysis, it is apparent that the transparent enve-
lope structure often exhibits weaker thermal insulation characteristics. A comparison was
conducted to assess the impact of different window-to-wall ratios (south, west, east, north)
on winter heating loads (Figure 28). The findings indicate that the south-facing facade
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achieves the lowest specific heating energy consumption per unit area when the window-
to-wall ratio is 0.3. In cases where the window-to-wall ratio is less than 0.5, the energy
consumption increment is negative compared to having no windows. On the other hand,
for the remaining three orientations, the winter heating energy consumption demonstrates
a nearly linear increase as the window-to-wall ratio rises. Specifically, opening windows
on the north-facing side exerts a greater influence on energy consumption compared to the
east and west sides. It is noteworthy that when the window-to-wall ratio is below 0.25 for
the west-facing facade, 0.2 for the east-facing facade, and 0.1 for the north-facing facade, the
incremental energy consumption remains below 5% in comparison to having no windows.

Figure 28. The impact of window-to-wall ratio on winter heating load in buildings.

Finally, a study was conducted to examine the impact of length, width, and height on
heating load per unit volume by maintaining a fixed window-to-wall ratio of 0.5 on the
south side and 0.1 on the north side (Figure 29). The results revealed a consistent decrease
in heating load per unit volume as the dimensions of the building envelope increased.
This reduction can be attributed to the exceptional thermal insulation performance of
the structure, which effectively limits the increase in energy consumption relative to the
expansion in volume. In the absence of windows, both the building’s depth and span
exhibited similar effects on energy consumption. However, in the presence of windows,
an increase in the building’s span resulted in a larger external window area and increased
solar heat gain, thereby causing a slower decline in energy consumption compared to an
increase in depth. Conversely, an increase in building height consistently led to a decrease
in energy consumption, albeit at a slower rate than the scenario without windows. This can
be attributed to the fact that an increase in height also enlarges the external window area,
contributing to additional solar heat gain and moderating the rate of decrease in energy
consumption. Overall, in terms of the influence on heating energy consumption per unit
volume, the order of significance is height > depth > span.

3.5. Sensitivity Analysis of Building Energy Consumption and Optimization for Energy Savings

Based on the results, it is clear that p < 0.01 signifies a significant correlation between
each variable and the analysis objectives. The absolute values presented in Table 7 reflect
the strength of the correlation, where larger absolute values indicate a stronger correlation.
The building’s span and depth exhibit a negative correlation with the analysis objectives,
whereas the remaining design parameters show positive correlations. When the objective
is winter heating, the influence of building scale surpasses that of the window-to-wall ratio.
Notably, building height exerts the most significant impact, followed by depth (which
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outweighs span). The effect of the window-to-wall ratio on the south-facing facade is
relatively weak, as it is compensated via solar radiation for heating purposes. The impacts
of other factors are relatively similar. In terms of solar radiation heat gain, the opening of
windows on the south side yields the greatest influence, while building height also plays a
substantial role due to its ability to widen the incidence angle. Regarding summer cooling,
the presence of west-facing windows has a pronounced effect, indirectly highlighting the
importance of addressing the impact of western sun exposure during this season.

(a) (b)

Figure 29. The correlation between building geometric variables and energy consumption. (a) The
influence of building span and depth on winter energy consumption; (b) the influence of building
height on winter energy consumption.

Table 7. Pearson correlation analysis (** p < 0.01).

Cooling (kwh/m2) Heating (kwh/m2) All Energy (kwh/m2) Solar (kwh/m2)

X −0.203 ** −0.317 ** −0.303 ** −0.122 **
Y −0.351 ** −0.441 ** −0.435 ** −0.398 **
Z 0.426 ** 0.629 ** 0.606 ** 0.410 **
N 0.100 ** 0.293 ** 0.265 ** 0.107 **
W 0.618 ** 0.299 ** 0.365 ** 0.389 **
S 0.449 ** 0.178 ** 0.233 ** 0.620 **
E 0.132 ** 0.273 ** 0.253 ** 0.292 **

We analyzed the relationship between the window-to-wall ratio and both winter heat-
ing load and solar radiation heat gain for the four distinct orientations while maintaining a
constant building scale (Table 8). The focused parameters employed in this analysis provide
a more comprehensive understanding of the disparities in window placement compared to
the previous round. Notably, there is a strong correlation between south-facing window
openings and solar radiation heat gain, suggesting that variations in the window-to-wall
ratio have minimal influence on winter heating. Conversely, the north-facing window open-
ings, which receive minimal sunlight, exert the greatest impact on the heating load among
the orientations, while the effects on the heating load for the east and west orientations
are similar.

Table 8. Pearson correlation analysis (* p < 0.05, ** p < 0.01).

Heating (kwh/m2) Solar (kwh/m2)

N 0.796 ** 0.061 **
W 0.404 ** 0.174 **
S 0.025 * 0.965 **
E 0.425 ** 0.163 **
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Based on the aforementioned analysis, clear directions can be identified for selecting
optimization strategies. In cold regions, the primary focus should be on winter heating
and solar radiation heat gain. Firstly, it is crucial to control the building height to prevent
excessive height while also considering an appropriate increase in the building span.
Secondly, the window-to-wall ratio on the south side can be moderately increased, but
strict control is necessary for window openings on the north side. Careful consideration
should be given to the design of window openings on the west side to mitigate heat gain
during summer.

Consequently, a selection of optimal solutions was made among the 9216 simulated
cases (Figure 30) that exhibited lower energy loads. After careful comparison, it was
determined that a design with a length of 10 m, width of 9 m, height of 3 m, a window-to-
wall ratio of 0.4 on the south side, and a window-to-wall ratio of 0.1 on the north or east
side is more favorable (Table 9). There are two groups of optimization schemes. (Figure 31)
This optimized solution, with an energy load of 165 (kWh/m2·a), achieved a significant
66.83% reduction compared to the original design’s energy load of 497.38 (kWh/m2·a).

Figure 30. Visualization processing of cases using the Design-Explorer platform.

Table 9. Refined optimal solutions.

X Y Z N W S E Energy (kwh/m2) Solar (kwh/m2)

10 7 3 0 0 0.3 0 168 86
10 9 3 0 0 0.4 0 162 89
10 9 3 0.1 0 0.4 0 166 94
10 8 3 0 0 0.3 0.1 167 86
10 9 3 0 0 0.4 0.1 165 100

Note: The bold number is the recommended value for the optimal solution.

Figure 31. Optimal solutions.

It is important to note that the simulation calculations focused on optimizing building
load and did not consider the presence of partition walls within the building. Additionally,
the equipment was assumed to operate 24 h a day, which may have slightly overestimated
the data. Nevertheless, the results still provide valuable insights into the impact of various
design elements on building load.
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4. Discussion

• This article offers a comprehensive analysis of the climatic conditions in the Nenjiang
region and provides pertinent suggestions for integrating local climatic characteristics
into architectural design. The proposed strategies, including harnessing winter solar
radiation and leveraging summer natural ventilation, possess broad applicability.

• This article presents structural enhancements to the thermal bridging areas of large-
scale insulated block buildings, resulting in a significant improvement in insulation
performance and a reduction in thermal bridging effects. Furthermore, the refined
construction methods have effectively increased construction efficiency. In practical
applications, the proposed enhancements were implemented by the authors, and the
primary structural elements were constructed using demountable formwork, achieving
a remarkable completion time of just one day with a 100% formwork utilization rate.
Additionally, the load-bearing capacity of the beams was enhanced by 3–6 times. The
construction of the enclosure structure was efficiently accomplished in a mere three
days, significantly expediting the overall construction process.

• Furthermore, there is still room for further improvement in this type of insulated block.
In practical applications, the authors have replaced the EPS (expanded polystyrene)
in the blocks with XPS (extruded polystyrene), resulting in a thermal resistance of
10 m2·K/W. Considering actual energy usage conditions (equipment not running all
day), simulated calculations indicate a comprehensive energy consumption value of
43.8 kWh/m2·a, which is 73.45% lower than the ideal load value mentioned in this
article (assuming equipment runs all day). This design achieves a 32.62% energy
savings compared to the requirements outlined in the “Heilongjiang Province Ultra-
Low Energy Residential Building Energy Efficiency Design Standard” (DB23/T 3337-
2022) [18], thus fully meeting the standard’s requirements.

• In comparison to the ultra-low energy consumption residential system utilizing porous
bricks and EPS insulation boards [19], the rural housing system proposed in this study
exhibits a thermal load of 29.3 kwh/m2·a, representing a 51.32% reduction compared to
the thermal load of 60.19 kwh/m2·a, observed in such ultra-low energy consumption
rural housing with porous bricks. Moreover, compared to ultra-low energy consump-
tion rural housing equipped with a solar-air source heat pump coupled heating system,
the annual cumulative thermal load index achieves a similar level [20]. This demon-
strates that in practical applications, houses built with these improved insulated blocks
will deliver even better performance and possess significant energy-saving potential.

5. Conclusions

This article provides an analysis of a particular type of insulated block residential
housing in extremely cold rural areas of China, focusing on three aspects: the climate
environment, thermal bridging in the enclosure, and energy consumption. It thoroughly
examines the design requirements, construction characteristics, thermal performance, and
energy consumption characteristics of the housing and proposes optimization strategies.
Based on the analysis, the following conclusions are drawn:

• The cold climate conditions in the Nenjiang region play a crucial role in the absence
of comfort during winter, resulting in a 0% comfort time. Conversely, summer offers
a relatively higher comfort time, constituting 76.3% of the total annual comfort time.
Hence, it is essential to prioritize the utilization of natural ventilation during the
design phase, particularly in the summer. While ensuring effective insulation in the
enclosure structure for winter, equal attention should be given to maximizing solar
radiation heat gain to reduce the building’s energy demand.

• Corresponding solutions have been proposed for three types of thermal bridging
in large-scale insulated block residential buildings, leading to a remarkable 54.82%
reduction in the overall heat transfer coefficient of the walls compared to the original
design. Moreover, the overall heat transfer coefficient at the beam and column locations
has been significantly reduced by 97%. These solutions have not only enhanced the

47



Sustainability 2023, 15, 11015

construction efficiency of the main structure and enclosure but also yielded significant
improvements in thermal performance.

• The impact of building scale on energy consumption load surpasses that of window
size. In the case of residential buildings in extremely cold regions, ample solar radiation
aids in reducing the building load. Hence, it is recommended to incorporate larger
windows on the south side. Conversely, smaller windows with a window-to-wall ratio
of approximately 0.1 are advisable on the north side. Windows on the west side are
not recommended.

• To improve energy-saving effectiveness in building forms like insulated blocks, which
already exhibit good insulation performance, it is essential to use more efficient
insulation materials, implement measures to reduce thermal bridges, adopt a more
suitable architectural exterior design, and establish a rational energy utilization plan.
These collective efforts will contribute to further enhancing energy efficiency on the
existing foundation.
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Abstract: With the growing worldwide attention towards environmental protection, the rational
utilization of rice straw (RS) has gradually attracted the attention of scholars. This paper innovatively
puts forward a solution for rational utilization of RS. A rice straw fiber concrete (RSFC) with good
physical and mechanical properties and a rice straw concrete-light steel keel wall panel (RS-LSWP)
with low comprehensive heat transfer coefficient and inconspicuous cold bridge phenomenon was
designed. Firstly, the preparation method and process of RSFC is described in detail. Then, the
physical and mechanical properties of RSFC, such as strength, apparent density, and thermal con-
ductivity were tested. Finally, the thermal properties of the four new types of cold-formed thin-wall
steel panels were analyzed using finite element simulation. The results show that the RSFC with
a straw length of 5 mm, mass content of 12%, and modifier content of 1% is the most suitable for
RS-LSWP. The standard compressive strength, tensile strength, and thermal conductivity of the RSFC
are 2.2 MPa, 0.64 MPa, and 0.0862 W/(m·K), respectively. The wall panels with antitype C keel have
a low comprehensive heat transfer coefficient and the best insulation effect. This study innovatively
provides a technical method for the rational utilization of RS, promotes the application of RS and
other agricultural wastes in building materials and the development of light steel housing.

Keywords: bio-based materials and structures; sustainable structures; plant fiber concrete; light steel
keel wall panel; thermal performance

1. Introduction

Rice straw(RS) is one of the crop straw, whose annual output can reach billions of
tons around the world [1]. Asia, one of the major rice-producing regions, produces about
620 million tons of straw every year [2]. However, only a small part of these straws are
properly handled by livestock farming, construction materials, etc., and most of them is
still burned directly, which not only wastes resources but also has a bad impact on the
ecological environment [3].

Rice straw ash contains a lot of silica [4]. To reasonably solve the problem of RS,
some scholars have tried to use straw ash as a building material. In 1983, Mehta used
rice RS ash for cement concrete [5]. Josefa et al. characterized the ash from different parts
of the RS and showed that the reuse of RS ash in the cement system is promising [6].
Blessen et al. have also confirmed the feasibility of using biomass ash from RS as cement
concrete materials [6,7]. Rehman, Abou Sekkina, et al. studied how to increase the content of
silica in straw ash [4,8]. Agwa et al. studied the use of rice husk ash in cement and showed
that RHA-modified cement exhibits better mechanics and durability. Some scholars have
studied the effects of RS ash applied in concrete on the setting time, workability, strength,
water absorption, porosity and density of concrete [9–13].
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As a straw fiber, RS has the advantages of low thermal conductivity and high sound
insulation ability, there are many cases where it is directly used to make houses [14].
Some building materials, such as gypsum board and environmentally friendly brick, are
also made by mixing straw with cement-based cementitious materials [15–17]. In addi-
tion, some scholars used rice husk, sugarcane bagasse ash (SBA), and other agricultural
wastes to develop clay bricks [18]. Rice straw fiber reinforced concrete (RSFRC) devel-
oped by mixing RS with Portland cement is one of the ways of rational utilization of RS
in recent years. Feraidon Ataie et al. studied the effects of adding rice straw fiber (RSF)
on the compressive strength and bending strength of concrete, drying shrinkage rate,
and heat of hydration of cement [19]. Chinh Van Nguyen et al. studied the properties of
rice straw-reinforced alkali-activated cementitious composites (AACC) and found that
RS had a very significant positive effect on the performance of AACC, and that alkali
treatment was also an effective method for enhancing the bond between the RS and
the matrix [20]. In the study of Liu et al., RS were pretreated with NaOH and grafted
with Nano-SiO2 [4]. The modified rice straw fiber reinforced concrete (RSFRC) pre-
pared by them also promoted the application of plant straw fiber in civil engineering [6].
However, some scholars have proven that the plant fiber in Portland cement’s strong
alkaline environment (pH > 13) will be decomposed and mineralized, which will cause
plant fibers to lose their strengthening effect [21–24]. In addition to Portland cement,
Sorel et al. [25] developed a magnesium oxychloride cement (MOC) (pH: 8–9.5) with
lower alkalinity suitable for mixing with RS. The cement is composed of light-burned
magnesium oxide, magnesium chloride hexahydrate, water, and other proprietary ma-
terials [26]. MOC has outstanding advantages such as fire resistance, low cost, high
strength, fast curing, high wear resistance, and low thermal conductivity [27]. However,
low toughness and poor water resistance limit the application of MOC. To improve the
performance of MOC, modified MOC have been prepared using fly ash, phosphoric acid,
silica powder, silicone acrylic emulsion, and granite waste. All of these additives can
improve the water resistance of MOC [28–31]. Xiao et al. invented the foam lightweight
MOC material (MOCL) by adding an appropriate amount of H2O2 and MgSO4 in the
process of producing MOC. It is lighter, waterproof, and heat-resistant than traditional
MOC materials, but the defects of poor toughness and easy cracking have not been com-
pletely solved [32]. Wang et al. combined MOC with straw treated with H2O2 foaming
to develop straw/magnesium lightweight composite (SMLC). Compared with MOC,
the production of SMLCS are more energy-saving and environmentally protected. The
compressive strength and bending strength of SMLCS are up to 12.5 MPa and 4.8 Mpa,
respectively, and the thermal conductivity is 0.06 W/(m·K). However, the additional
amount of RS in SMLCS is not very large, amounting to only 0.9% [32].

Meanwhile, with the development of the social economy, houses in rural areas
are changing from traditional brick and concrete structures to light and efficient ther-
mal insulation structures. Therefore, light steel structure has gradually received the
attention of researchers. The light steel structure is a low-rise and multi-story build-
ing structure with a large number of light insulation materials. It takes cold-formed
thin-wall steel, light welding or high-frequency welding steel, and light hot rolled steel
as the main stress components [33]. Since the 1950s, with the development of the steel
structure industry, the characteristics of different types of light steel wallboards have
been studied [34–40]. Light steel keel wall panels are mostly filled with glass fiber, rock
wool, foamed concrete and other materials, which make the wall panels have a “hollow
feeling”, which seriously limits the popularization and application of cold-formed
thin-wall steel structure buildings in China. Glass fiber cotton dust produced by
rock wool will also directly enter the respiratory system of residents, causing res-
piratory tract related diseases. In addition, light steel keel have extremely poor thermal
insulation performance, as such, scholars have proposed some measures to improve the
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thermal insulation and prevent the cold bridge phenomenon of wall panels at keel
position [39,40].

Although previously scholars have proposed a better scheme of straw fiber com-
bination with magnesium oxychloride cement (MOC), there are still some problems,
such as the small amount of RS, the complicated processing process of straw, cracks
appearing after combination; additionally, they do not consider the case of combining
straw concrete with light steel wall panels. In this study, rice straw fiber was pulverized
and combined with magnesium oxychloride cement (MOC) to produce a kind of RSFC
with high content of straw and suitable for light steel keel wall panels. It is found that the
mass content of RS in the RSFC used in the wall panel can reach about 12%. The rice straw
concrete-light steel keel wall panels (RS-LSWP) proposed provides a technical means
for rational utilization of RS and can promote the development of light steel residential
buildings. The research results promote the application of straw and other agricultural
wastes in building materials and also provide a way for the green, coordinated, and
healthy development of rural areas.

2. Materials and Methods

2.1. Rice Straw Fiber Concrete
2.1.1. Raw Materials and Preparation Process

The rice straw fibers used are non-rotting, dried and crushed straw. To alleviate the
problem of straw clumping, RS and husk were mixed in a mass ratio of 3:1 (Figure 1).
Light-fired magnesium oxide powder (industrial magnesium oxide powder) with a content
of 73.8% and magnesium sulfate crystal heptahydrate (chemical formula MgSO4•7H2O)
as the main compelling materials were used. The compound acid modifier, mainly com-
posed of phosphoric acid, is provided by Shenyang Tianque Building Materials Co., LTD,
Shenyang, China. The modifier can be used to improve the comprehensive performance
of RSFC.

  
(a) (b) 

Figure 1. Raw material: (a) rice straw; (b) husk.

The tool used to stir RSFC is the industrial electric mixer. Before preparing the
specimen, MgSO4•7H2O was mixed with warm water at 40 ◦C at a mass ratio of 1:1 to
form a magnesium sulfate solution. The preparation of RSFC begins by mixing rice straw
with lightly burned magnesium oxide powder through the mixer. Next, the compound
acid modifier was added to the magnesium sulfate solution and then added to the mixture
of RS and magnesium oxide. The mixture was thoroughly stirred and then poured into the
test mold to vibrate. Finally, it was cured under natural indoor conditions. Figure 2 shows
the preparation process of RSFC.
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Figure 2. Flow chart.

2.1.2. Test Method

The apparent density, compressive strength test and tensile strength test of RSFC were
measured according to the standard test method for mechanical Properties of ordinary
Concrete GBT50081-2019 [41]. An MTS microcomputer-controlled electro-hydraulic servo
universal testing machine with a range of 1000 kN was used to carry out the corresponding
test, and the loading speed was 0.3 kN/s. Formulas (1)–(3) are the calculation formulas of
apparent density, compressive strength and splitting strength of concrete, respectively:

ρa =
md
Va

(1)

ρa is the apparent density of concrete, md is the mass of the specimen under dry
conditions, and Va is the apparent volume of the specimen.

R =
P
A

(2)

R is the standard compressive strength of RSFC(MPa), P is the ultimate load (N) at
the time of failure, and A is the compression surface area (mm2) of the RSFC.

Rt =
2P
πA

(3)

Rt is the standard value of splitting tensile strength (MPa), P is the ultimate load (N)
at the time of failure, and A is the area of the splitting surface of the cube test block of the
RSFC (mm2).

The hot-wire method (Figure 3) was used to measure the thermal conductivity of the
test block. To improve the measurement accuracy, the average value of the test block was
calculated after multiple measurements. The hot-wire method is an analytical method based
on the proportional relationship between temperature rise ΔT and logarithmic heating time
(ln(t)) within a long enough time (300 s) [42].
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Figure 3. Thermal conductivity test.

2.1.3. Mix Ratio

Considering the influence of straw length, straw content, modifier content, and ce-
menting material ratio, seven experimental material ratio schemes were designed for the
material ratio of straw fiber concrete (Table 1).

Table 1. Material mix ratio.

Number MgO/MgSO4/H2O 1© Modifier 2© (%)

C05H08(0.5) 8/1/20 0.5
C10H08(0.5) 8/1/20 0.5
C15H08(0.5) 8/1/20 0.5
C05H08(1.0) 8/1/20 1.0
C05H10(1.0) 8/1/20 1.0
C05H12(1.0) 8/1/20 1.0
C05H12*(1.0) 9/1/20 1.0

1© means molar ratio, 2© mass ratio.

In Table 1, the letter C represents RS length (5 mm, 10 mm, and 15 mm), and the letter
H represents RS mass content (8%, 10%, and 12%). The symbol "*" represents the ratio of
MgO:MgSO4:H2O at 9:1:20, and the ratio of MgO:MgSO4:H2O is 8:1:20 without the symbol
"*". The numbers 0.5 and 1.0 in brackets represent the total mass ratio of the acid modifier
used to the active magnesium oxide. For example, C05H08(1.0) means that the length of RS
is 5 mm, the mass content of RS and husk is 8%, the proportion of MgO:MgSO4:H2O of
cementing material is 8:1:20, and the modifier content accounts for 1% of the total mass
ratio of active magnesium oxide. The cementitious material in RSFC is proportioned by
the molar mass ratio. All letters and symbols have the same meaning unless otherwise
stated below.

2.2. Thermal Performance of RS-LSWP
2.2.1. Computational Theory and Model Verification

Code for thermal design of civil building GB50176-2016 [43] uses the comprehensive
heat transfer coefficient of wall panels obtained by steady-state heat transfer to evaluate the
thermal performance of building wall panel construction. Although ANSYS can analyze
steady-state and transient heat transfer problems under various boundary conditions, it
cannot directly calculate the comprehensive heat transfer coefficient of the wall panel. It is
necessary to convert according to the relationship between the average heat flux and the
heat transfer coefficient of the inner (outer) surface of the wall. In this study, ANSYS2019
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was used to calculate the heat flux of the wall panel, and then the heat flux of each node
on the inner (outer) surface of the wall panel was extracted and the average value was
calculated. Formula (4) was used to calculate the comprehensive heat transfer coefficient of
the wall panel.

K =
q

Δt
(4)

K is the wall comprehensive heat transfer coefficient (W/m2·K), q is the average heat
flux of the inner (outer) surface of the wall (W/m2), and Δt is the temperature difference
between the inner and outer surfaces of the wall (K or ◦C).

In the finite element model, PLANE55 is used to simulate steel keel, RSFC, wood strip,
and rock wool. Because the thermal contact resistance between various materials of the
enclosure structure has little influence on the thermal performance of the wallboard, this
study does not consider this influence.

To verify the accuracy of model simulation results, taking Harbin as an example,
the finite element calculation results of a 500 mm thick single material layer and
125 mm + 250 mm + 125 mm two material layers (Figure 4) were compared with
the theoretical calculation results recommended by Chinese national specification
GB50176-2016. The calculated temperatures indoors and outdoors are 18 ◦C and
−26 ◦C, respectively. The surface heat transfer coefficients of interior and exterior walls
are found to be 8.7 W/(m2·K) and 23.0 W/(m2·K), respectively, taking into account
convective heat transfer and radiation heat transfer. The thermal conductivity of
steel keel is 58.2 W/(m·K), that of rock wool is 0.05 W/(m·K), that of straw concrete
is 0.086 W/(m·K) and that of OBS is 0.17 W/(m·K). Unless otherwise specified in
the following section, the related parameters are the same as those in this section.
Table 2 shows the comparison results. The calculation error of the model is within 2%,
indicating high accuracy of the simulation.

  
(a) (b) 

Figure 4. Finite element model scheme: (a) 0.5 m single-story wooden structure; (b) Double timber
construction with rock wool.

Table 2. Comparison of finite element simulation and theoretical calculation.

Computational Model
Theoretical Calculation

(W/m2·K)
Finite Element Simulation

(W/m2·K)
Error (%)

0.5 m single-story wooden structure 0.322 0.327 1.5
Double timber structure with rock wool 0.1509 0.1509 0

2.2.2. Parameterization

Four different light steel keel structural forms, including type C, antitype C, type Z
and inverted type Z, were designed (Figure 5). Considering the effects of the height of
the web depth, the width of the flange, and the offset distance of the opposite keel, the
parametric analysis was carried out. To ensure the principle of single-variable analysis
parameters, the walls used in this paper are all in the form of 12 mm OSB + 300 mm
RSFC + 12 mm OSB.
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(a) (b) 

  
(c) (d) 

Figure 5. Parameterized model: (a) Type C; (b) Antitype C; (c) Type Z; (d) Inverted type Z.

3. Results and Discussion

3.1. Rice Straw Fiber Concrete
3.1.1. Compressive Strength

The compressive strength of the RSFC was measured after curing it for 1, 3, 7, 14 and
28 days under natural indoor conditions. The standard compressive strength of RSFC was
obtained by multiplying the compressive strength of the cube by the conversion coefficient
of strength size 0.95. It can be found that with the increase in RS length, the standard com-
pressive strength of RSFC first decreases and then increases, and the standard compressive
strength of RSFC reaches the maximum when the RS length is 0.5 cm (Figure 6a). The
higher the content of RS, the lower the strength of RSFC (Figure 6b). When the content
of the modifier increases from 0.5% to 1.0%, the standard compressive strength of RSFC
increases (Figure 6c). When the ratio of MgO:MgSO4:H2O changes from 8:1:20 to 9:1:20,
the standard compressive strength of RSFC decreases (Figure 6d). In addition, the standard
value of the 14-day compressive strength of RSFC reached about 85% of the standard value
of the 28-day compressive strength.

 
(a) (b) 

Figure 6. Cont.
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(c) (d) 

Figure 6. Standard compressive strength of RSFC with different proportions: (a) Different RS lengths;
(b) Different RS content; (c) Modifiers with different contents; (d) Cementitious materials with
different proportions.

3.1.2. Tensile Strength

Table 3 shows the 28-day tensile strength results of the RSFC specimen. It can be found
that the increase in the content of the modifier has a certain effect on the standard tensile
strength of RSFC. The higher the content of RS, the lower the standard tensile strength
of RSFC. When the ratio of MgO:MgSO4:H2O changes from 8:1:20 to 9:1:20, the standard
tensile strength of RSFC decreases.

Table 3. Standard tensile strength of RSFC with different proportions.

Number Strength (Mpa)

C05H08(0.5) 1.74
C05H08(1.0) 1.98
C05H10(1.0) 1.68
C05H12(1.0) 1.42
C05H12*(1.0) 0.64

3.1.3. Thermal Conductivity

Table 4 shows the thermal conductivity of three groups of RSFC with different mix
ratios. It can be found that when the molar mass ratio of MgO:MgSO4:H2O is 8:1:20, the
thermal conductivity of RSFC is larger, and the different proportions of cementing materials
have a great influence on the thermal conductivity of the straw concrete. The thermal
conductivity of the straw concrete with the molar mass ratio of 9:1:20 MgO:MgSO4:H2O
is 0.0862 W/(m·K), which meets the requirements of the thermal conductivity of thermal
insulation materials stipulated by the national code (GB50176-2016).

Table 4. Thermal conductivity of RSFC.

Number Thermal Conductivity (W/(m·K))

C05H08(1.0) 0.617
C05H10(1.0) 0.600
C05H12*(1.0) 0.0862

3.1.4. Density and Surface Cracks

This study measured the apparent density and observed the surface cracks of RSFC
with different proportions after 28 days of curing. The results show that the higher the
RS content, the lower the RSFC density. When the ratio of MgO:MgSO4:H2O changed
from 8:1:20 to 9:1:20, the density of RSFC decreased to a large extent (Figure 7). Figure 8
shows the surface cracks of the straw concrete specimen. It can be found that when the RS
content is less than 10%, the surface of the RSFC is easy to crack, which may be related to
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the volume expansion of the RSFC caused by the reaction of the active magnesium oxide
with water which forms magnesium hydroxide during the condensation and hardening
process of magnesium oxide and magnesium sulfate. However, when the straw content is
12%, the volume expansion generated by the magnesium hydroxide in the test block can be
released in the gap due to the increase in RS content, and there are almost no cracks on the
concrete surface. Thus, to avoid cracks, the content of RSFC should be more than 12%.

 

(a) (b) 

Figure 7. RSFC density: (a) Different RS content; (b) Different proportions of cementitious materials.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

 

 

(g) 

Figure 8. Surface crack(red box): (a) C05H08(0.5); (b) C10H08(0.5); (c) C15H08(0.5); (d) C05H08(1.0);
(e) C05H10(1.0); (f) C05H12(1.0); (g) C05H12*(1.0).
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Based on the above analysis, considering the RSFC cost, surface crack, density and
insulation performance, it is recommended to adopt the RS ratio of 5 mm straw length,
12% mass content, 8:1:20 mass ratio of MgO:MgSO4:H2O, and 1% conditioner content for
RS-LSWP. The standard compressive strength, tensile strength, and thermal conductivity
of the mixture are 2.2 MPa, 0.64 MPa, and 0.0862 W/(m·K), respectively. The mass content
of various materials per cubic meter of concrete under this mix ratio is shown in Table 5.

Table 5. Straw concrete ratio.

Composition Content (kg/m3)

Rice straw 81
Husk 27

Magnesium oxide 340
MgSO4•7H2O 235

Modifier 2.65

3.2. Thermal Performance of RS-LSWP
3.2.1. Type C

• Influence of different web widths on the thermal performance of RS-LSWP

The structure diagram of the RS-LSWP is shown in Figure 5a. Figure 9 shows the
temperature field of the RS-LSWP when the web width of the steel keel is 100 mm,
150 mm, 200 mm, 250 mm and 300 mm, respectively. When the web width of the steel keel
is below 150 mm, the influence range of the cold bridge effect of the steel keel gradually
expands with the increase in web width. When the web width of the steel keel is greater
than 200 mm, the cold bridge effect decreases with the increase in web width. Hence, the
keel flange spacing should be more than 200 mm.

 
(a) (b) 

 
(c) (d) 

 

 

(e) 

Figure 9. Temperature field of RS-LSWP: (a) 100 mm; (b)150 mm; (c) 200 mm; (d) 250 mm (e) 300 mm.

Figure 10 shows the variation rule of wall panel internal surface temperature with
different web widths. It can be found that with the increase in the web width in the wall
panel, the difference between the temperature of the inner surface of the wall and the

60



Sustainability 2023, 15, 8109

surrounding temperature also gradually increases. When the height of the web width
is 300 mm, there is a significant difference between the temperature at the cold bridge
position and the surrounding temperature, which can reach 7~8 ◦C. Hence, the cold bridge
effect can be significantly reduced by using a steel keel structure that does not penetrate
the wall panel.

Figure 10. Internal surface temperature variation curve of type C wall panel in different insula-
tion forms.

• Influence of different insulation forms on the thermal performance of RS-LSWP

The thermal performance of the RS-LSWP was analyzed considering the insulation
forms of internal and external insulation and whether the steel keel and OSB board were
padded with battens. It can be found that compared with external insulation, the internal
surface temperature variation rule of the internal insulation wall panel is not affected by
the keel cold bridge effect. The internal surface temperature variation trend of steel keel
walls is almost the same as that of straw concrete internal insulation and batten internal
insulation. This indicates that the keel cold bridge effect of steel keel does not influence the
temperature change in the inner surface of the wall. In addition, the results show that the
insulation effect of RS is better than that of batten (Figures 11 and 12).

  
(a) (b) 

  
(c) (d) 

Figure 11. Temperature field of RS-LSWP in different insulation forms: (a) RS internal insulation;
(b) RS external insulation; (c) Fill battens for internal insulation; (d) Fill battens for external insulation.
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Figure 12. Internal surface temperature variation curve of type C in different insulation forms.

• Comprehensive heat transfer coefficient of RS-LSWP with different web widths and
different insulation forms

GB50176-2016 requires that the comprehensive heat transfer coefficient of the external
wall in different cold areas is not higher than a certain value. The influence of different web
widths of steel keel on the comprehensive heat transfer coefficient is analyzed. Figure 13
shows that the comprehensive heat transfer coefficient of the wall panel increases with
the increase in the web depth. When the steel keel does not penetrate the wall panel, the
comprehensive heat transfer coefficient of the wall panel increases slowly, but when the
keel penetrates the wall panel, the heat transfer coefficient increases. The effect of external
insulation is better than that of internal insulation, but the distinction is not obvious. Battens
will degrade the thermal performance of the wall panel. Hence, considering the indoor
living comfort of the occupant and to prevent the condensation phenomenon, for this kind
of wall panel, the internal insulation scheme should be preferred.

Figure 13. Comprehensive heat transfer coefficient curves of type C with different web depths and
different insulation forms.

3.2.2. Antitype C

• Influence of different flange heights on the thermal performance of RS-LSWP

Considering the steel keel flange heights of 40 mm, 50 mm, 60 mm, and 70 mm, the
thermal performance of the RS-LSWP was analyzed and parameterized. The structure
diagram of the wall panel is shown in Figure 5b. The results of the temperature field
calculation show that the influence range of the cold bridge effect of the steel keel expands
gradually with the increase in flange height, but the influence range of the cold bridge
effect of one side of the steel keel does not extend to the other side. The cross-section form
of the antitype C steel keel can effectively reduce the transmission of the keel cold bridge
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effect in the thickness direction of the wall panel (Figure 14). Meanwhile, with the increase
in the height of the steel keel flange, the minimum temperature of the inner surface of
the wall panel decreases gradually. However, the phenomenon of the cold bridge is not
obvious; the temperature of the inner surface of the wall panel is less than 2 ◦C, which is
lower than the temperature around the wall. This means that an increase in the width of
the steel keel flange does not change the range of temperature in the inner surface of the
wall panel (Figure 15).

  
(a) (b) 

  
(c) (d) 

Figure 14. Temperature field of different flange heights in antitype C: (a) 40 mm; (b) 50 mm;
(c) 60 mm; (d) 70 mm.

Figure 15. Internal surface temperature curves of different flange widths in antitype C.

• Influence of different offset distances on the thermal performance of RS-LSWP

The thermal performance of the RS-LSWP is analyzed considering that the opposite
offset distance of the steel keel is 0 mm, 30 mm, 60 mm and 90 mm, respectively. The
calculation results of the temperature field show that the cold bridge displacement of the
steel keel is also offset by the increase in the opposite displacement distance of the steel keel.
The offset of the opposite side of the steel keel has reduces the cold bridge effect of the keel
(Figure 16). In addition, with the increase in the offset distance of the opposite side of the
steel keel, the inner surface of the wall panel hardly changed. The phenomenon of the cold
bridge effect of steel keel is not obvious, and the lowest temperature on the inner surface of
the wall panel is only less than 2 ◦C lower than the temperature around (Figure 17).
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(a) (b) 

 
(c) (d) 

Figure 16. Temperature field with different offset distances in antitype C: (a) 0 mm; (b) 30 mm;
(c) 60 mm; (d) 90 mm.

Figure 17. Internal surface temperature curves of different offset distances in antitype C.

• Comprehensive heat transfer coefficient analysis of wall panels with different flange
heights and different offset distances

Figure 18 shows the influence of different flange heights and different offset distances
on the comprehensive heat transfer coefficient of the steel keel. It can be found that the
comprehensive heat transfer coefficient of the wall panel is not related to the opposite offset
distance but to the flange height. The comprehensive heat transfer coefficient of the wall
panel increases obviously with the increase in flange height. When the flange height of the
steel keel is 40 mm, the comprehensive heat transfer coefficient of the wall panel is about
0.28 W/(m2·K). However, when the flange height of the steel keel increases to 70 mm, the
comprehensive heat transfer coefficient of the wall panel is about 0.31 W/(m2·K).

Figure 18. Comprehensive heat transfer coefficient curve in antitype C.
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3.2.3. Type Z

• Influence of different web widths on the thermal performance of RS-LSWP

The thermal performance of the internal thermal insulation wall panel was analyzed
considering that the web width is 100 mm, 150 mm, 200 mm, 250 mm, and 300 mm,
respectively. The structure diagram of the wall panel is shown in Figure 5c. The results of
temperature field calculation show that when the web width of the steel keel is less than
150 mm, the influence range of the cold bridge effect of the steel keel gradually expands
with the increase in web widths. When the height of the steel keel web is greater than
200 mm, the influence range of the steel keel cold bridge effect decreases gradually with
the increasing distance of the keel flange. This is mainly because with the increase in the
flange distance of the steel keel, the cold bridge effect of the keel gradually can only be
transmitted by the web. Therefore, the flange distance should be more than 200 mm. This
is consistent with the temperature variation law of type C (Figure 19). The temperature
curve shows that with the increase in steel keel web height, the minimum temperature
of the inner surface of the wall panel decreases gradually, and the influence range of the
cold bridge effect temperature of the steel keel expands gradually. When the web height of
the steel keel is 300 mm, the inner surface temperature of the steel keel decreases, and the
influence range of temperature expands. The use of a non-penetrating steel keel structure
is conducive to reducing the cold bridge effect of the keel and increasing the inner surface
temperature of the wall panel (Figure 20).

 
(a) (b) 

 
(c) (d) 

 

 

(e) 

Figure 19. Temperature field with different web heights in type Z: (a) 100 mm; (b) 150 mm; (c) 200 mm;
(d) 250 mm; (e) 300 mm.
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Figure 20. Internal surface temperature curves of different web heights in type Z.

• Comprehensive heat transfer coefficient analysis of wall panels with different flange
heights and different offset distances

Figure 21 shows the influence curve of web widths of type Z steel keel section on the
comprehensive heat transfer coefficient of the internal insulation wall panel. The results
show that the comprehensive heat transfer coefficient of the wall panel increases with the
increase in the height of the steel web, and the comprehensive heat transfer coefficient of
the wall panel is 0.304 (W/m2·K) when the height of the web is 100 mm. When the web
height increases to 300 mm, the comprehensive heat transfer coefficient of the wall panel is
0.5381 (W/m2·K). The width of the web has a great influence on the comprehensive heat
transfer coefficient of the wall panel.

Figure 21. Comprehensive heat transfer coefficient curve in type Z.

3.2.4. Inverted Type Z

• Influence of different flange widths on the thermal performance of RS-LSWP

The thermal performance of the steel keel was analyzed with flange widths of inverted
Z section of 75 mm, 100 mm, 125 mm and 150 mm, respectively. The construction diagram
of the wall panel is shown in Figure 5d. With the increase in flange height of inverted type
Z, the influence range of the cold bridge effect of the steel keel decreases gradually. The cold
bridge effect has the largest influence range at 75 mm. With the increase in flange height,
the influence of the web on the cold bridge effect decreases gradually. Thus, the flange
height should be more than 100 mm (Figure 22). Meanwhile, with the increase in the height
of the steel keel flange, the inner surface temperature of the steel keel wall panel gradually
decreases, and the influence range of the keel flange on the inner surface temperature
gradually expands. When the total flange height reaches 300 mm, the influence range of the
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temperature of the steel keel on the inner surface temperature of the wall panel increases.
Therefore, for this form, non-penetrating steel keel sections should be selected (Figure 23).

  
(a) (b) 

  
(c) (d) 

Figure 22. Temperature field with different flange widths in inverted type Z: (a) 75 mm; (b) 100 mm;
(c) 125 mm; (d) 150 mm.

Figure 23. Internal surface temperature curves of different flange widths in inverted type Z.

• Influence of different web widths on the thermal performance of RS-LSWP

Considering that the height of the steel keel section web is 100 mm, 150 mm, 200 mm,
250 mm and 300 mm, respectively, the thermal performance of the wall panel is analyzed.
The structure diagram of the wall panel is shown in Figure 5d. The results of temperature
field calculation show that with the increase in web height of the steel keel, the influence
range of the steel keel cold bridge effect increases gradually in the web height range, but
decreases gradually in the flange width range. When the height of the web is above 250 mm,
the cold bridge effect at the flange of the keel in the wall panel significantly decreases, and
the influence range of the cold bridge effect of the keel also gradually decreases (Figure 24).
The curve shows that the influence of the cold bridge effect on the inner surface temperature
of the wall panel is unchanged because the steel keel is located outside of the wall panel.
The increase in the web height of the steel keel does not affect the temperature variation
rule of the inner surface of the wall panel (Figure 25).
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(a) (b) 

  
(c) (d) 

 

(e) 
Figure 24. Temperature field with different web heights in inverted type Z: (a) 100 mm; (b) 150 mm;
(c) 200 mm; (d) 250 mm; (e) 300 mm.

Figure 25. Internal surface temperature curves of different web heights in inverted type Z.

• Comprehensive heat transfer coefficient analysis of wall panels with different web
widths and flange heights

Figure 26 shows the influence of different web heights and flange widths of inverted
Z section steel keel on the comprehensive heat transfer coefficient of the wall panel. The
results show that with the increase in the height of the steel keel web, the comprehensive
heat transfer coefficient of the wall panel decreases gradually. The comprehensive heat
transfer coefficient of wall panels with flange widths of 75 mm, 100 mm and 125 mm
decreases slowly, while that with a flange width of 150 mm decreases rapidly. This is
mainly because the keel with a width of 150 mm flange runs through the thickness of the
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wall panel, and the keel cold bridge effect is obvious. Therefore, for such a keel arrangement
form, a non-penetrating steel keel arrangement is better.

Figure 26. Comprehensive heat transfer coefficient curve of inverted type Z with different web
heights and flange lengths.

3.2.5. Comparison of Thermal Performance of Different Steel Keel Structures

The comprehensive heat transfer coefficient and internal surface temperature of the
four different keel arrangements were studied using quantitative comparative analysis.
To ensure the principle of a single variable, the cross-section areas of different steel keel
arrangements are calculated and analyzed. The results show that the inverted type Z and
the antitype C keel structure can reduce the comprehensive heat transfer coefficient and
improve the temperature variation law of the inner surface of the wallboard. Compared
with the inverted type Z, the minimum temperature of the inner surface of the antitype C
is higher, and the cold bridge phenomenon is the least obvious. Therefore, antitype C is the
best keel arrangement scheme in the RS-LSWP (Figure 27).

 
(a) (b) 

Figure 27. Comparison of thermal performance: (a) Comprehensive heat transfer coefficient;
(b) Variation curve of inner surface temperature.

3.3. Discussion

To promote the rational utilization of crop fibers, such as rice straw, this study tries
to combine rice straw and rice husk with magnesium cementitious material to develop
an RSFC with high rice straw content and good physical and mechanical properties. The
physical and mechanical properties, such as compressive strength, tensile strength and
thermal conductivity of RSFC with different proportions were studied. In order to promote
the practical application of RSFC, four different light steel keel structural forms are put

69



Sustainability 2023, 15, 8109

forward in the light steel housing. The thermal performance of these wall panels is analyzed
and some properties are discovered.

The physical and mechanical properties of RSFC are significantly affected by the
change in RS content and length or the difference of cementing material ratio. When the
length of RS increased from 5 mm to 15 mm, the tensile strength and compressive strength
of RSFC first decreased and then increased. The higher the content of RS, the lower the
compressive strength of RSFC. When the content is 12% of RS, the tensile strength and
compressive strength of RSFC decrease. When the modifier increased from 0.5% to 1.0%,
the tensile strength and compressive strength of RSFC increased. When the ratio of MgO:
MgSO4 changes from 8:1 to 9:1, the tensile strength and compressive strength of RSFC
decrease. The 14-day strength of the RSFC reaches more than 85% of the final strength.
Also, the higher the RS content, the lower the RSFC density. The ratio of MgO:MgSO4:H2O
changed from 8:1:20 to 9:1:20, and the density of RSFC decreased to a large extent. However,
when the straw content is 12%, the volume expansion generated by magnesium hydroxide
in the test block can be released in the gap due to the increase in RS content, and there are
almost no cracks on the concrete surface.

It is recommended to adopt the RS ratio of length 5 mm, mass content 12%, the
mass ratio of MgO:MgSO4:H2O 8:1:20, and conditioner content 1% for RS-LSWP. The
standard compressive strength, tensile strength, and thermal conductivity of the mixture
are 2.2 MPa, 0.64 MPa, and 0.0862 W/(m·K), respectively. Compared with the results of
previous studies [32], the straw content in RSFC was greatly improved using a simpler
treatment method proposed in this study. Although the mechanical properties and thermal
insulation properties of RSFC are lower than those of SMLCS to a certain extent, it does
not affect the popularization and application of RSFC in certain scenarios. Rock wool and
foamed concrete are commonly used as fillings in light steel housing wall panels [26–32,44].
The thermal conductivity of rock wool is 0.04 W/(m·K), but the strength is close to zero [43].
The thermal conductivity of foamed concrete is above 0.5 W/(m·K), and the compressive
strength is about 0.65 MPa [43]. RSFC has good thermal conductivity and the highest
strength. To sum up, RSFC has certain application prospects.

Further, to study and optimize the thermal performance of RS-LSWP, four different
light steel keel structural forms, including type C, antitype C, type Z and inverted type Z
were designed. The influences of the height of the web depth, the width of the flange, and
the offset distance of the opposite keel on the internal temperature field of the wall panel, the
variation law of the temperature on the inner and outer surfaces of the wall panel and the
comprehensive heat transfer coefficient are discussed. Finally, to compare the advantages
and disadvantages of the four keel construction methods, the comprehensive heat transfer
coefficient and internal surface temperature of the four different keel arrangements were
studied using a quantitative comparative analysis. The result shows that the inverted type
Z and the antitype C keel structure can reduce the comprehensive heat transfer coefficient
and improve the temperature variation law of the inner surface of the wallboard. Antitype
C is the best keel arrangement scheme in the RS-LSWP.

4. Conclusions

To promote the rational application of RS, reduce environmental pollution, and im-
prove the conditions of rural housing, the physical and mechanical properties of RSFC with
different proportions were studied, and the suitable mix ratio of RSFC was selected in this
paper. The thermal properties of four different types of RS-LSWPs with straw concrete
were simulated using the finite element software. The main conclusions are as follows:

1. The mechanical properties of RSFC can be improved by increasing the length of RS
and the content of the modifier. The mechanical properties of RSFC decreased with
the increase in straw content and with the mix of MgO and MgSO4. When RS content
is 12%, the compressive strength, tensile strength, apparent density, and thermal
conductivity of straw concrete are reduced significantly, and the crack can be avoided
effectively. The 14-day strength of RSFC reached more than 85% of the final strength.
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2. The ratio of RSFC applied in RS-LSWP should be C05H12*(1.0). The standard compres-
sive strength, tensile strength, and thermal conductivity of the mixture are 2.2 MPa,
0.64 MPa, and 0.0862 W/(m·K), respectively.

3. The inverted type Z and the antitype C keel structure can reduce the comprehensive
heat transfer coefficient and improve the temperature curve of the inner surface of the
wall panel. The antitype C keel structure is most suitable for RS-LSWP.
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Abstract: Construction site layout planning (CSLP) that considers multi-objective optimization problems
is essential to achieving sustainable construction. Previous CSLP optimization methods have applied to
traditional cast-in-place buildings, and they lack the application for sustainable prefabricated buildings.
Furthermore, commonly used heuristic algorithms still have room for improvement regarding the search
range and computational efficiency of optimal solution acquisition. Therefore, this study proposes
an improved multi-objective optimization and decision-making method for layout planning on the
construction sites of prefabricated buildings (CSPB). Firstly, the construction site and temporary facilities
are expressed mathematically. Then, relevant constraints are determined according to the principles of
CSLP. Ten factors affecting the layout planning on the CSPB are identified and incorporated into the
method of layout planning on the CSPB in different ways. Based on the elitist non-dominated sorting
genetic algorithm (NSGA-II), an improved multiple population constraint NSGA-II (MPC-NSGA-II) is
proposed. This introduces the multi-population strategy and immigration operator to expand the search
range of the algorithm and improve its computational efficiency. Combined with the entropy weight
and technique for order preference by similarity to an ideal solution (TOPSIS), improved multi-objective
optimization and decision for the CSLP model is developed on the CSPB. Practical cases verify the
effectiveness and superiority of the algorithm and model. It is found that the proposed MPC-NSGA-II can
solve the drawbacks of the premature and low computational efficiency of NSGA-II for multi-constrained
and multi-objective optimization problems. In the layout planning on the CSPB, the MPC-NSGA-II
algorithm can improve the quality of the optimal solution and reduce the solution time by 75%.

Keywords: sustainable construction; construction site of prefabricated buildings; multi-objective
layout and optimization; MPC-NSGA-II algorithm

1. Introduction

With increasing attention to environmental protection and sustainability, the construc-
tion industry is becoming aware of its role in environmental protection and sustainabil-
ity [1]. The new intelligent construction technology is a vital instrument for achieving
energy management, environmental protection and safety, and improving the sustainabil-
ity of buildings [2]. Prefabricated buildings are an important component of sustainable
construction, and they are typically space-constrained projects. Prefabricated buildings
require adequate resources for various materials, equipment, and temporary facilities for
the extensive prefabrication operations on the CSPB [3,4]. Among these resources, hoisting
equipment and prefabricated components occupy a large space on the CSPB [5]. Unreason-
able layout planning of CSPB can cause conflict in the workspace, increase the distance of
material transportation, and increase the workload of mechanical equipment. Furthermore,
a cluttered layout of CSPB can increase the safety uncertainties on the construction site [6,7].

Relevant scholars have explored the CSPL problem of traditional cast-in-place build-
ings [8–11]. Currently, the CSPL optimization methods are mainly divided into mathemati-
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cal programming [12,13] and heuristic algorithms [14–16]. The mathematical programming
method mainly uses integer programming [17], linear programming [18], nonlinear pro-
gramming [19], dynamic programming [20], and other mathematical methods [21] to
produce a single-objective or multi-objective optimization function of the exact solution to
provide a reasonable scheme of CSPL. However, its computational complexity is large, its
solution time is long, and it is only suitable for solving small-scale problems, often making
it impractical for engineering purposes [18,19]. Heuristic algorithms emphasize solving
combinatorial optimization problems based on empirical rules. At this stage, heuristic
algorithms usually focus on simulating natural selection and the natural evolution of or-
ganisms, such as genetic algorithms [22,23], particle swarm algorithms [24], and ant colony
algorithms [25]. Heuristic algorithms are used to find the suboptimal solution of a problem
or its optimal solution with a certain probability. Their good generality, stability, and fast
convergence make them more commonly used in engineering [22,25]. Genetic algorithms
have global search capabilities and can quickly solve complex non-linear problems. How-
ever, their programming implementation can be complex, and they have a slower search
speed, which can tend to fall into prematureness [22]. The non-dominated sorting genetic
algorithm (NSGA) proposes a non-dominated ranking criterion based on the classical
genetic algorithm. The NSGA algorithm has shown significant advantages in solving
multi-objective optimization problems. However, there are also complications, including
great computational effort, lack of optimal individual retention schemes, and difficulty
determining shared parameters [26]. The NSGA-II algorithm introduces improvements
such as fast non-dominated sorting, crowding degree, and elite strategy based on the NSGA
algorithm, which can be used without setting any parameters and reduces computational
complexity. However, the NSGA-II algorithm tends to be premature in multi-constrained,
multi-objective optimization problems, making it challenging to obtain the entire Pareto
front surface and thus losing part of the optimal solution [27–29].

The heuristic algorithm commonly used in CSPL needs further improvement and
optimization. For the characteristics of CSPB, a more reasonable and improved CSPL
method is needed to achieve sustainable building construction [30,31]. The authors propose
an improved multi-objective optimization and decision-making method in Section 2. Firstly,
the construction site and temporary facilities are expressed mathematically, then three
constraints are identified. Furthermore, ten factors affecting the layout planning on the
CSPB are identified and incorporated into the method of layout planning on the CSPB
in different ways. The MPC-NSGA-II algorithm applicable to layout planning on the
CSPB is proposed. Furthermore, the solutions output from the MPC-NSGA-II algorithm is
evaluated and selected by combining the entropy weight-TOPSIS method. In Section 3, a
multi-objective optimization and decision model for layout planning of CSPB is proposed
through practical engineering cases. The parameters required for calculating the improved
algorithm are determined. The improved algorithm and the model for layout planning
on the CSPB are validated using MATLAB 2020b software in Section 4. Meanwhile, the
MPC-NSGA-II algorithm is compared with the NSGA-II algorithm in the layout planning
on the CSPB. Finally, the conclusions of this study are drawn.

2. The Improved Multi-Objective Optimization and Decision-Making Method

2.1. Construction Site and Temporary Facilities Analysis

Many factors, including site area, structure type, duration, and transportation condi-
tions, influence the CSPL. Necessary assumptions about the construction site and temporary
facilities need to be made to facilitate the construction of a multi-objective optimization
and decision model for the layout planning on the CSPB. Currently, the common assump-
tion methods used on construction sites include location distribution, continuous space,
and raster methods. The common assumptions for temporary facilities on construction
sites include the ignoring facility size method, the actual shape method, and the approxi-
mate geometric shape method (AGSM). Different expressions of the construction site and
temporary facilities can affect the process of searching for the optimal solution of the model.
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After arranging and combining the construction site assumptions and construction
site temporary facilities assumptions, all optional combinations are shown in Figure 1.

Figure 1. Construction site assumptions and construction site temporary facilities assumptions
combination arrangement diagram.

The location assignment method has a simple calculation process. However, its way of
determining the predetermined location in advance leads to the limitation of the model [32].
The continuous space method is closest to the actual site space, but its calculation process
is complex and requires much time [33]. The raster method considers the advantages of
the location assignment and continuous space methods. It balances the computational
complexity and the accuracy of the optimization results [34]. Furthermore, the raster
method is more flexible, thus, applicable to different construction sites. Representing
temporary facilities by shape center point in the ignoring facility size method can simplify
the calculation but is different from the actual situation [10]. In the actual shape method,
the horizontal projection of the actual shape of the construction site facilities represents the
temporary facilities closest to the actual site space [35]. However, it has more constraints
on the construction function and is more difficult to calculate. Considering the influence
of the facility shape on the search results and the complexity of the calculation, the basic
geometry of the temporary facility represented by the AGSM can envelop the actual edge
of the facility [31]. Therefore, the construction site of the model is assumed by the grid
method, and the AGSM represents the temporary facilities.

Considering other influencing factors, the prerequisite assumptions of the improved
multi-objective optimization and decision-making method include: (1) The construction
site space is divided by the grid method, and the AGSM represents the construction
site’s temporary facilities; (2) It is flat and even inside the construction site; (3) The south-
west corner of the construction site is considered the origin of the arrangement for later
calculations; (4) The location of the fixtures is predetermined and will not be changed;
(5) The model uses the centroid position of the field facilities to represent the real position
of the temporary facilities; (6) The model assumes that the shape and dimensions of the site
facilities remain unchanged throughout the project construction period.

2.2. Constraints Analysis
2.2.1. Site Boundary Constraints

The site boundary constraint means that temporary facilities must be placed within
the red line boundary of the construction site regardless of any construction phase of the
project. Furthermore, it should be ensured that the temporary facilities boundary of the
construction site is kept at a sufficient safety distance from the construction fence.
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Assume that the coordinates of the form center of the temporary facilities to be
arranged at the construction site are (xi, yi). The length in the x-direction is li. The length
in the y-direction is hi. The red line horizontal coordinate range of the construction site is
a1 ∼ a2. The range of vertical coordinates is b1 ∼ b2. Therefore, the coordinates of the
temporary facility i should meet Equation (1).

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

yi − hi
2 − b1 − ϕ ≥ 0

yi +
hi
2 − b2 + ϕ ≤ 0

xi − li
2 − a1 − ϕ ≥ 0

xi +
li
2 − a2 + ϕ ≤ 0

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(1)

where ϕ is the safety distance between the consideration of temporary facilities and the
construction fence. In the actual CSPB, the value of ϕ is usually taken as 3.0 m.

2.2.2. Facility Coverage Constraints

The facility coverage constraint means that there should be no coverage conflicts
between individual construction facilities. Facility coverage constraints need to be satisfied
to avoid spatial conflicts. With construction facility i and construction facility j, the required
fire distance between the two facilities is Wij. The facility coverage constraint stipulates
that at least one of the criteria in Equation (2) should be met.

{ ∣∣xi − xj
∣∣− li+lj

2 ≥ Wij∣∣yi − yj
∣∣− hi+hj

2 ≥ Wij

}
(2)

2.2.3. Tower Crane Coverage Constraints

The tower crane boom needs to cover all temporary production facilities as far as
possible. It can safety the fixed tower crane layout principles while avoiding the secondary
handling of components and raw materials in the field as far as possible.

Assume that the site coordinates of the fixed tower crane are (xt, yt) and the boom
length of the tower crane is Rt. The temporary construction site facilities and the tower
crane should be met by Equation (3).

√
(xt − xc)

2 + (yt − yc)
2 ≤ Rt (3)

Temporary living spaces and office facilities should be as far from the tower crane’s
coverage as possible to protect staff safety.

2.3. Optimization Factor Ranking Analysis

A multi-objective optimization problem is one in which multiple objectives need to be
achieved in each scenario. However, there is generally a conflict between objectives, and
the optimization of one objective is at the cost of the deterioration of other objectives, so it
is not easy to have a unique optimal solution. Therefore, the determination of optimization
objectives must be based on the importance of the influencing factors.

Before determining the optimization objectives of the model, various factors affecting
the layout of temporary facilities on CSPB need to be clarified. Through literature analysis,
16 influencing factors with high frequencies in relevant construction site temporary facilities
arrangement studies were initially summarized.

An expert scoring method distributed questionnaires to industry experts and relevant
practitioners. Based on their opinions, the importance of 16 influencing factors in determin-
ing the arrangement scheme of temporary facilities on CSPB was analyzed. The sources
and composition of the experts are shown in Table 1. The contents of the questionnaire are
in the Supplementary Materials.
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Table 1. Number and source of experts.

Institution Number of People Percentage

Construction enterprise 16 48.5%
College and universities 8 24.2%

Design institute 9 27.3%
Total 33 100%

The reliability analysis of this questionnaire was performed using Cronbach’s al-
pha coefficient method. The reliability coefficient value of 0.858 was obtained using
SPSS 26 software analysis [36]. Therefore, the data obtained from this expert scoring
is stable and reliable. The results of the questionnaire analysis are shown in Figure 2.

 
Figure 2. Statistical results of expert scores.

From Figure 2, we can see that the standard deviation of the five factors of “Natural
condition”, “Site utilization rate”, “Surrounding environmental impact”, “Noise control”,
and “Property protection” is greater than 1. It means that the expert’s opinions are incon-
sistent, so they are excluded. The average score for “Aesthetic requirements” was only 2.70.
According to the scoring rules, an average score of less than 3 is not a significant factor,
so this factor was removed. A total of 10 influencing factors were finally included in the
model consideration. In descending order of average score, they are: “Security risk”, “Eco-
nomic benefit”, “Hoisting duration”, “Stacking rationality”, “Smoothness”, “Convenience”,
“Spatial conflict”, “Management efficiency”, “Spatial adjustability”, and “Work comfort”.
Among them, the three influencing factors, “Security risk”, “Economic benefit”, and “Hoist-
ing duration”, have an average score greater than 4. Therefore, these three influencing
factors should be focused on the temporary facility layout of CSPB. The prefabricated
component combination “stacking reasonableness” is taken as the input constraint of the
model to ensure the proper stacking of prefabricated components. Two influencing factors,
“space conflict” and “working comfort”, are considered in the constraints. The rest of the
factors are incorporated into the decision factors.
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The top three influencing factors are taken as the optimization objectives. The objective
functions are minimizing security risks, maximizing economic benefits, and minimizing
hoisting durations.

2.4. Objective Functions Determination
2.4.1. Security Risk Function

Construction facilities can be divided into risk source facilities prone to security risks
and vulnerable facilities that need protection. The construction security risk value can be
quantified by analyzing the interaction process of the two types of facilities. Assuming that
the hazard transfer value of the facility is H, and the vulnerability of the facility is V. Then
the security risk interaction value R can be obtained from Equation (4).

R = H × V (4)

where H is the hazard transfer matrix and the individual element values represent the
magnitude of the hazard transfer values.

The diagonal elements in H are the hazard levels between construction site facilities,
which could be calculated from Equation (5).

H =

⎡
⎢⎣

h11
. . .

hnn

⎤
⎥⎦ (5)

The hazard generated by the source decays with distance, and the remaining elements
in H can be determined according to the law of risk decay from Figure 3 and Equation (6).

hij = max
{

hii +
dH
dd × dij × ρ

0
(6)

 
(a) (b) 

Figure 3. Risk attenuation curve and Linear fragile function (a) Risk attenuation curve; (b) Linear
fragile function.

When i = j, ρ = 0, when i �= j, ρ = 1, dij is the Euclidean distance. The relevant
research suggests that the slope of the risk attenuation curve takes the value of 0.01 at the
construction site [37].

The hazard transfer matrix is normalized in Equation (7).

hij
∗ =

hij

max[hii]
(7)
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It is assumed that the hazards do not occur simultaneously. Therefore, the total risk of
the construction site is the accumulation of the risks arising from each object. The objective
function of security risk is set to minimize the potential security risk. The objective function
of security risk can be deduced in Equation (8):

F1 = min
n

∑
i=1

n

∑
j=1

Rij = min{H∗V∗} (8)

H∗ in the equation is the normalized hazard transfer matrix and V∗ is the normalized
fragility matrix.

2.4.2. Economic Benefit Function

The economy is one of the critical concerns of decision-makers in engineering project
management. Some researchers have shown that the temporary facilities on the CSPL
significantly impact the transportation costs of components and raw materials within
the construction site. A reasonable scheme of CSPL can significantly reduce the related
costs [38]. In addition, the location of temporary facilities may change during different
stages of the project. This results in the cost of changes to the temporary facilities due to
dismantling, relocation, and installation. The second objective function F2 is to minimize the
sum of the above two costs to maximize the economic benefits of the resulting construction
site temporary facilities layout solution. The mathematical expression for F2 is Equation (9).

F2 = min

{
n

∑
i=1

i

∑
j=1

Cijdij +
n

∑
k=1

T

∑
t=1

(
CDk + Ckd(t−1,t)

k + CBk

)
zkt

}
(9)

Where Cij is the transportation cost per unit distance between construction facility i and
construction facility j; dij is the distance between construction facility i and construction
facility j; CDk is the cost of dismantling temporary facilities k; Ck is the unit distance
movement cost of temporary facility k; d(t,t+1)

k is the spatial distance between temporary
facility k in stage 1 and stage 2; CBk is the cost of installation required for the rearrangement
of temporary facilities k; zkt is the value for judging the change of location of temporary
facility k. When a change occurs, zkt takes the value of 1, otherwise, it takes the value of
0. The value of CDk, Ck, and CBk need to be determined in accordance with the relevant
standards, combined with the actual project works to determine the value of parameters.

2.4.3. Hoisting Duration Function

Prefabricated components are significant in number and individual weight, and in-
stallation machines are used frequently on the CSPB. The hoisting objective function is to
make the shortest hoisting duration for prefabricated components through a reasonable
layout of temporary facilities on the CSPB.

The hoisting process of a single prefabricated component contains six operations: tying,
hoisting, alignment, temporary fixing, alignment, and final fixing [5]. The hoisting action
can be divided into horizontal motion (horizontal tangential motion, horizontal radial
running) and vertical motion. Therefore, the hoisting duration of a single prefabricated
component can be divided into two parts: horizontal movement duration and vertical
movement duration.

Assume that the fixed tower crane position is (xt, yt), supply point position is (xs, ys, zs),
demand point position is (xd, yd, zd), and hoisting reserved safety operation height is h.
The hoisting schematic diagram is shown in Figure 4.
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(a) (b) 

Figure 4. Schematic diagram of tower crane hoisting. (a) Tower crane hoisting front view; (b) Tower
crane hoisting overhead view.

The hook horizontal movement duration can be divided into three types, including
radial travel duration, tangential travel duration, and horizontal movement duration, and
the calculation methods are shown in Equations (10)–(12), respectively.

Tr =

∣∣∣√x2
d + y2

d −
√

x2
s + y2

s

∣∣∣
Vr

(10)

Ta =

∣∣∣tan−1
(

yd−yt
xd−xt

)
− tan−1

(
ys−yt
xs−xt

)∣∣∣
Va

(11)

Th = max{Tr, Ta}+ λmin{Tr, Ta} (12)

The λ in Equation (12) considers the operator’s ability to move the hook in the radial
and tangential directions simultaneously. That is, considering the degree of overlap between
the radial and tangential movements, λ takes a value between 0 and 1.

1. The hook vertical movement duration calculation method is given in Equation (13).

Tv =
2(|zd − zs|+ h)

Vv
(13)

2. Furthermore, the total hook travel duration can be calculated from Equation (14).

Tt = μ(max{Th, Tv}+ ηmin{Th, Tv})× Q (14)

The μ parameter indicates the uncontrollable conditions of the construction site, such
as extreme weather and obstructions to the view, and the value of μ is 0.1. The smaller the
value of μ, the more favorable the site is for hoisting; the η parameter is the ability of the
operator to move the hook in both horizontal and vertical directions, and the value of Q is
the number of prefabricated components to be hoisted.

The hoisting duration objective function of F3 can be expressed as Equation (15):

F3 = min[μ(max{Th, Tv}+ ηmin{Th, Tv})] (15)
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The objective function of the multi-objective optimization problem of temporary
facilities arrangement on the CSPB can be expressed as F, and it is shown in Equation (16).
The constraints of CSPB can be summarized in Equation (17).

F =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

F1 = min{H∗V∗}
F2 = min

{
n
∑

i=1

i
∑

j=1
Cijdij +

n
∑

k=1

T
∑

t=1

(
CDk + Ckd(t−1,t)

k + CBk

)
zkt

}

F3 = min[μ(max{Th, Tv}+ ηmin{Th, Tv})]

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(16)

s.t. =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

yi − hi
2 − b1 − ϕ ≥ 0

yi +
hi
2 − b2 + ϕ ≤ 0

xi − li
2 − a1 − ϕ ≥ 0

xi +
li
2 − a2 + ϕ ≤ 0∣∣xi − xj

∣∣− li+lj
2 ≥ Wij∣∣yi − yj

∣∣− hi+hj
2 ≥ Wij√

(xt − xc)
2 + (yt − yc)

2 ≤ Rt

(17)

2.5. MPC-NSGA-II Optimization Algorithm

Premature maturity is a highly likely phenomenon in multi-constraint and multi-
objective optimization problems. In this case, the applicability of the NSGA-II algorithm is
low [39]. Therefore, this study proposes a multi-objective optimization algorithm based on
the NSGA-II algorithm with the constraint domination method to improve the initialization
population and crowding distance in the NSGA-II algorithm. It proposes that the MPC-
NSGA-II algorithm applies to the layout planning on the CSPB. The specific optimization
elements of the improved MPC-NSGA-II algorithm are: (1) Adopting the Multi-population
Strategy to expand the search range of the algorithm while achieving elite retention and
thus avoiding premature maturity; (2) Reducing the interference of subjectively determined
parameters through the constrained dominance method; (3) Introducing Harmonic distance
to determine the congestion degree.

2.5.1. Multi-Population Strategy

Multi-population strategy is practiced by introducing three populations, the immigra-
tion operator and non-dominated sorting. The introduced populations are POP-a, POP-b,
and POP-c. The POP-a population has a low variation probability and is responsible for
searching for local optimal solutions. The POP-b population has a high variation probability
and is responsible for searching for optimal global solutions. The POP-c population is
an elite population responsible for recording the optimal solutions appearing in POP-a
and POP-b populations. The formation process of the elite population POP-c is shown in
Figure 5. The advantage of introducing this strategy is that by setting populations with
different parameters, the global and local search capabilities of the algorithm are taken into
account, thus expanding the search range. The elite population control algorithm process
avoids the premature problem in the NSGA-II algorithm.

Figure 5. Elite population formation process.
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The immigration operator is a procedural operator that periodically introduces the
optimal solution in a population to other populations during the algorithm iteration, which
works as shown in Figure 6. The optimal solutions in the two populations are replaced by
the relatively inferior solutions of the other populations through the migration operator.
On one hand, it realizes the synergistic exchange between the two populations of POP-a
and POP-b to promote co-evolution. On the other hand, this exchange operation speeds up
the elimination of inferior individual solutions and drives the convergence of the algorithm.

 

Figure 6. Working principle of the immigration operator.

The relatively inferior solutions within the set are removed by non-dominated sorting.
It is possible to maintain optimal individuals without losing them and elite populations
without crossover and mutation.

2.5.2. Constraint Domination Methods

Currently, the multi-constraint optimization problem is mainly solved by the following
four methods [40]: (1) Considering feasible solution methods; (2) Penalty functions; (3) Ran-
dom ordering methods; (4) Constraint domination methods. The constraint domination
method avoids the artificial parameter interference present in the previous three methods
while dealing with the constraints; hence, the method has been applied in this research.

Compared with the crowding distance in the NSGA-II algorithm, the Harmonic
distance can better reflect the crowding level between individuals and is a more effective
method. The crowding distance is introduced and given in Equation (18).

di =
N − 1

1
di,1

+ 1
di,2

+ · · ·+ 1
di,j

+ · · ·+ 1
di,N

, i �= j (18)

where N is the population size and dij denotes the spatial Euclidean distance between
individual Xi and individual Xj. The flow chart of the improved MPC-NSGA-II algorithm
is shown in Figure 7.

Figure 7. Algorithm flow chart of MPC-NSGA-II.
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2.6. Entropy Weight-TOPSIS Decision-Making Method

After the MPC-NSGA-II optimization algorithm is used to output multiple construc-
tion site temporary facilities layout optimization schemes, the schemes are selected by a
comprehensive evaluation and decision-making method by combining other influencing
factors. To minimize the influence of human factors on the results, the entropy weight-
TOPSIS integrated decision-making method is used to evaluate the output optimization
solutions to obtain the best solution.

The entropy weight method determines the weight of indicators based on the amount
of information reflected by the data of each indicator. Compared with subjective weighting
methods (expert scoring, hierarchical analysis, etc.), the entropy weight method can reflect
the importance of each index more objectively and accurately [41].

In an evaluation system with m options to be evaluated and n evaluation indicators,
the weight ωi of the i evaluation indicator is defined in Equation (19).

ωi =
1 − Φi

n − n
∑

i=1
Φi

(19)

where the entropy value of the i evaluation indicator Φi is defined in Equation (20).

Φi = − 1
ln m

m

∑
j=1

Coij ln Coij (20)

where ωi is the entropy weight coefficient, Φi is the entropy value of the first i evaluation
index, and n represents that there are n evaluation indexes.

A larger ωi means that the greater the amount of information represented by the
indicator, the greater the effect on the comprehensive evaluation the greater the effect.

TOPSIS, also known as the “ideal solution method”, is based on calculating the
distance between the evaluation object and the optimal and inferior solutions. The basic
principle of the TOPSIS method is to calculate the distance between the evaluation object
and the optimal solution and the worst solution as the primary basis for evaluating the
merits of the solution [42]. The ideal proximity C∗ is calculated in this research from
Equation (21).

C∗ =
S−

i
S+

i + S−
i

, i = 1, 2, . . . , m (21)

where S+ is the distance scale from the target to the ideal solution and S− is the distance
scale from the target to the anti-ideal solution. After calculating C∗, each solution is ranked
according to the size of C∗. The larger C∗ means the better scheme, and the best scheme
is selected.

3. Engineering Analysis

3.1. Engineering Situations

The project has two teaching buildings with three floors. The length of the building
is 40 m, the width is 20 m, the story height is 3.9 m, and the total height is 17.05 m. The
building belongs to a Class A public building, with a total construction area of 4478 m2.
The BIM model of the building is shown in Figure 8.

The prefabricated components in the project are composite slabs and prefabricated
stairway sections. The construction site layout size is 105 × 100 m. There is a 5.0 m wide
proposed permanent circular road within the site. According to the principle of construction
road layout, it will be used as a construction road. There are two entrances to the CSPB
communication with the outside world. The main entrance is located on the south side of
the site, and the secondary entrance is located on the east side of the site. According to the
principle of fixed tower crane selection, the QTZ5010 was used on-site for hoisting work.
The initial construction site of the project is shown in Figure 9.
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Figure 8. BIM model of the building.

Figure 9. Initial construction site of the project.

3.2. Technical Analysis Route

The multi-objective optimization and decision-making model structure of temporary
facilities arrangement on the CSPB is shown in Figure 10.

 

Figure 10. Multi-objective optimization and decision-making model structure of temporary facilities
arrangement on the CSPB.
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The MPC-NSGA-II multi-objective optimization algorithm consists of three main parts:
initializing the populations, loop iteration, and loop termination.

Take the southwest corner of the site as the origin of the coordinate system of the whole
construction site based on the basic information of the construction site. Divide the grid
size (usually square grid) according to the actual situation and determine the coordinate
information of fixed facilities. From Section 2.1, the model has too many constraints. If
the initial population is randomly generated, it will increase the difficulty of searching for
feasible solutions. Constraints must be checked and passed before a valid initial population
is obtained. Therefore, the entire Pareto front surface can be obtained so that the solutions
generated by the initialized population are all in the feasible domain.

The population evolves continuously in a loop iteration, so the iterative result gradu-
ally approximates the actual Pareto front surface. The loop iteration process of the model
consists of three key components: population selection, crossover, mutation operations,
immigration operator updates, and elite population updates.

The selection, crossover, and mutation of populations give the algorithm a powerful
spatial search capability.

The selection is the operational process of transmitting good genes to the next genera-
tion by selecting high-quality individuals in the parent population. The binary tournament
selection method places randomly selected individuals into the mating pool.

The crossover is performed by exchanging chromosomal information of two individu-
als in the mating pool, forming a new individual. Assume that the parents are Xi and Xj,
respectively, and a single point of crossover is used between them to achieve the update of
genetic information. The process is shown in Figure 11.

 
Figure 11. Schematic diagram of population crossing.

The mutation is a mutation of genetic information somewhere in a chromosome that
results in the formation of a new individual. Due to the constraint relationship between
individual facilities in a feasible temporary facility layout scheme, classical variation can
easily lead to the generation of infeasible solutions. Therefore, the model does not use
the classical variation approach. A new arrangement scheme is generated when the
chromosome satisfies the mutation condition.

The model is terminated by the number of generations in which the optimal number
of individuals remains constant with the maximum number of iterations. In other words,
the model is stopped when the number of generations in which the optimal number of
individuals in the elite population POP-c remains constant, reaches a preset value or when
the maximum number of iterations is set.

3.3. Parameter Determination

The parameters to be determined are site and fixed facility parameters, temporary
facilities parameters, hazard scale division parameters, logistics intensity classification
situation, and hoisting parameters information parts.
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3.3.1. Site and Fixed Facility Parameters

The southwest corner of the project construction site is taken as the origin of the
coordinate axis, the AGSM is used to simplify the teaching building into a 40 × 20 m
rectangular block, and the circular road within the site is regarded as a combination of
four rectangular blocks to obtain the fixed facility coordinates. The length of the tower
crane tail end of QTZ5010 is 12.72 m. According to the tower crane arrangement method,
the proposed tower crane was arranged at (50, 50). Table 2 provides the relevant location
information of the fixed facilities.

Table 2. Dimensions and coordinates of fixed facilities.

Number Facility Name Coordinates Size (Unit: m)

B1 1 # Teaching building (60, 75) 40 × 20
B2 2 # Teaching building (25, 35) 40 × 20
O1 Tower crane (50, 50) 2 × 2
O2 Construction Road 1 (47.5, 7.5) 75 × 5
O3 Construction Road 2 (7.5, 45) 5 × 90
O4 Construction Road 3 (47.5, 92.5) 75 × 5
O5 Construction Road 4 (87.5, 45) 5 × 90
O6 South gate (55, 0) ——
O7 East gate (105, 50) ——

The simplified initial construction layout is shown in Figure 12.

Figure 12. Simplified initial construction layout drawing.

According to the simplified preliminary construction layout plan, combined with the
actual situation on-site, the coordinate range of the available sites for other temporary
facilities is divided.

3.3.2. Temporary Facility Parameters

The prefabricated component yard is the key consideration in the temporary facilities
layout on CSPB. Therefore, it is necessary to determine the area of the prefabricated
components yard and its size first. The two buildings in the project have the same structure.
A total of 76 prefabricated laminated panels are required for this floor, with a total of 2 types
of sizes, of which 54 are required for DBS-67-3318 and 18 are required for DBS-67-4218. The
prefabricated stairs are selected from SAT-39-25, and 2 stairs are required for each floor,
with 4 stair sections.

The dimensions of all prefabricated components are summarized in Table 3.
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Table 3. Summary of parameters of prefabricated components on the second floor.

Name Size (mm) Number per Layer

DBS-67-3318 3120 × 1800 54
DBS-67-4218 4020 × 1800 18

SAT-39-25 3660 × 1180 4

According to the construction plan and site conditions, a layer of prefabricated com-
ponents needs to be reserved at the construction site. Therefore, 10 stacks of DBS-67-3318
precast laminated panels, 3 stacks of DBS-67-4218 precast laminated panels, and 1 stack of
precast stairs were calculated. Considering the prefabricated components stacking require-
ments and the construction site space, the prefabricated laminated panels and stairs are
placed in one yard.

The schematic diagram of the temporary storage of prefabricated components is based
on the prefabricated component stacking requirements, as shown in Figure 13. The figure
shows that the interval distance between prefabricated component stacks is 1 m, as reserved
space for operation.

Figure 13. The layout of prefabricated components on the construction site.

In addition, seven temporary production facilities and two temporary living facilities
were selected according to the actual situation on-site, and the information related to the
temporary facilities is summarized in Table 4.

Table 4. Temporary facilities information.

Facilities Number Facility Name Size (Unit: m × m ) Facilities Properties

F1 Precast component yard 17.5 × 12.5 Non-fixation
F2 Steel processing shed 15 × 4 Non-fixation
F3 Steelyard 15 × 4 Non-fixation

F4 Woodworking
processing shed 5 × 10 Non-fixation

F5 Woodworking yard 4 × 10 Non-fixation
F6 Construction waste yard 10 × 5 Non-fixation
F7 Small warehouse 8 × 5 Non-fixation
F8 Dormitories 5 × 30 Non-fixation
F9 Office building 4 × 30 Non-fixation

3.3.3. Hazard Scale Parameters

The hazard scales of each facility need to be divided in advance to calculate the
objective function. Related research [37] generated the criteria for dividing the hazard
scales of construction facilities in his research. The hazard scales of the facilities in this
project are shown in Table 5.
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Table 5. Hazard scale division of temporary facilities.

Temporary Facility B1 B2 O1 F1 F2 F3 F4 F5 F6 F7 F8 F9

Hazard scale 2 2 4 3 3 3 3 3 2 4 1 1

3.3.4. Logistics Intensity Classification

We must grade the logistics intensity between the construction facilities before deter-
mining the objective function. According to the information on the engineering budget of
the Ministry of Commerce for the project, the logistics intensity grading between construc-
tion facilities is shown in Figure 14.

 

Figure 14. Logistics intensity classification.

Related research generated quantitative values of logistic intensity levels using the
fuzzy set theory [28], proving the suggested values’ validity by using practical projects [43].
Therefore, these suggested values are used in this case: A is 7776, E is 1296, I is 216, O is 36,
U is 6, and X is 1. This project is the main structure construction phase, and the temporary
facilities do not change their location during the construction period of 0.

3.3.5. Hoisting Information Parameters

The construction and installation machinery used in this project is the QTZ5010 tower
crane. To ensure smooth installation work, the tower crane is used to hoist at four times
the rate. Hook hoisting and radial and rotation speeds are 0.6 m/min, 20 m/min, and
0.5 rad/min, respectively. The prefabricated components of the proposed building are
arranged symmetrically from left to right. Considering the flowing construction, the whole
building is divided into two construction sections, and each section is considered as a whole,
as shown in Figure 15. The center of the prefabricated staircase is used as the hoisting point,
and the location of the prefabricated staircase demand point can be obtained. Because of
many prefabricated laminated panels, the centers of the two construction sections are used
as the demand point coordinates of the prefabricated laminated panels to consider the
calculation volume and accuracy.
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Figure 15. Division of construction section.

4. Results and Discussion

The computer hardware configuration for this validation simulation experiment is
Intel (R) Core (TM) i5-13600KF CPU @ 5.10GHz, 32.0G of RAM, and a 64-bit operating
system. The model was run in MATLAB 2020b. The input parameters were assigned to
the MPC-NSGA-II optimization algorithm. The POP-a, POP-b, and POP-c population
sizes were set to 150, the crossover rate was 0.9, the mutation rate was set to 0.05 and 0.7,
respectively, and the maximum number of iterations was 200. A total of 23 optimal feasible
solutions were generated from the model runs, and the results are shown in Figure 16
and Table 6.

 
Figure 16. MPC-NSGA-II model iteration results.

Table 6. The fitness value of the Pareto optimal solution set.

Serial
Number

Economic
Benefit

Security
Risk

Hoisting
Duration

Serial
Number

Economic
Benefit

Security
Risk

Hoisting
Duration

1 269,245 82.85 13,824.48 13 261,066 84.52 13,824.48
2 266,083 83.18 13,824.48 14 276,176 82.51 13,824.48
3 253,839 84.46 14,574.44 15 276,145 82.47 13,884.65
4 251,443 85.29 14,509.67 16 246,257 89.40 15,152.66
5 250,740 85.44 14,509.67 17 246,332 88.21 15,152.66
6 248,977 85.50 14,639.03 18 259,524 84.56 14,556.61
7 254,804 85.02 14,509.67 19 259,534 84.54 14,556.61
8 247,711 85.74 14,574.44 20 264,183 83.24 13,824.48
9 256,963 86.94 13,824.48 21 264,178 83.26 13,824.48
10 255,990 85.59 14,477.65 22 261,232 83.63 13,824.48
11 248,274 85.65 14,639.03 23 261,231 83.66 13,824.48
12 256,693 85.45 14,477.65
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To provide a more precise illustration of the decision part of the model, four Pareto
optimal solution schemes with significant layout differences were selected from the above
optimization results for comparison. The simple arrangement of the four schemes is shown
in Figure 17. The parameters are shown in Table 7.

  
(a) (b) 

  
(c) (d) 

Figure 17. Schematic diagram of four Pareto optimal solution layout schemes. (a) Scheme 1;
(b) Scheme 2; (c) Scheme 5; (d) Scheme 9.

Table 7. Four Pareto optimal solution layout schemes.

Scheme Coordinate F1 F2 F3 F4 F5 F6 F7 F8 F9

1
x 65 70 70 56 51 49 67 97 97
y 52 28 34 28 28 41 41 27 70

2
x 65 72 72 54 47 78 65 98 98
y 52 34 39 38 38 27 28 30 70

5
x 24 73 73 50 56 72 60 98 98
y 68 46 51 29 29 30 40 71 27

9
x 65 54 54 30 25 46 61 99 97
y 52 25 20 72 72 41 33 70 30

To choose the best solution, a comprehensive evaluation is proposed using the entropy
weight-TOPSIS method. There are four evaluation attributes to be considered: “Smooth-
ness”, “Convenience”, “Management efficiency”, and “Spatial adjustability”.

The project manager performs the fuzzy evaluation of the four judging factors of each
program. First, the set of judging index factors Uf is established in Equation (22).

Uf = {Smoothness, Convenience, Management efficiency, Spatial adjustability} (22)
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The evaluation level Ve is established in Equation (23).

Ve = {V1, V2, V3, V4, V5} = {Excellent, Good, Fair, Pass, Poor} (23)

V1 ∼ V5 correspond to 5, 4, 3, 2, and 1 scores, respectively. The initial decision matrix
is obtained by combining the fuzzy evaluation results of the three project managers and
then normalizing the decisionalization matrix.

The ideal and anti-ideal solutions are in Equations (24) and (25)

C+ =
[
0.1344 0.3334 0.1090 0.0705

]
(24)

C− =
[
0.0768 0.1192 0.0672 0.0434

]
(25)

Finally, the ideal proximity C∗ is calculated, and the results are listed in Table 8.

Table 8. Entropy weight-TOPSIS evaluation calculation results.

Evaluation Object Ideal Solution Distance Anti-Ideal Solution Distance Ideal Proximity C∗ Ranking

Scheme 1 0.1836 0.0471 0.2043 3
Scheme 2 0.2263 0.0107 0.0453 4
Scheme 5 0.0098 0.2250 0.9583 1
Scheme 9 0.0478 0.1829 0.7927 2

According to the evaluation results, scheme 5 is the best temporary facilities layout
scheme on CSPB. To visually check whether the output best scheme is reasonable, a
3D temporary facilities layout model was established in BIMMAKE 2022, and the results
are shown in Figure 18.

 
Figure 18. The layout of prefabricated components on the construction site.

To verify the superiority of the MPC-NSGA-II algorithm, the classical NSGA-II al-
gorithm in the field of multi-objective optimization is used as a control experiment. The
optimization results of the MPC-NSGA-II algorithm are compared with those of the NSGA-
II algorithm in multiple dimensions. To eliminate the influence of chance factors as much
as possible, the simulation tests were run 10 times, and the best optimization results were
selected for comparison. The test parameters of the NSGA-II algorithm in the test were set
as follows: population size N was 300, crossover probability was 0.8, variation probability
was 0.1, and the maximum number of iterations was 200 generations.

The test results in Figure 19 show that for this case, the MPC-NSGA-II optimization al-
gorithm is more computationally efficient, the number of Pareto optimal solutions obtained
is higher, and the quality is higher. In terms of computational time, the NSGA-II algorithm
takes 1702.0 s on average, while the MPC-NSGA-II algorithm takes 421.0 s on average,
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and its computational time is only 25% of that of the NSGA-II algorithm. In terms of
computational results, the number of optimal solutions obtained by the NSGA-II algorithm
is 9, and the number of optimal solutions obtained by the MPC-NSGA-II algorithm is 23.
In terms of computational quality, the optimal solutions obtained by the MPC-NSGA-II
algorithm dominate the optimal solutions obtained by the NSGA-II algorithm. Therefore,
the MPC-NSGA-II optimization algorithm obtains more and better solutions with higher
computational efficiency.

 
Figure 19. Comparison of results of two algorithms.

5. Conclusions

This study proposes that the MPC-NSGA-II algorithm applies to multi-constraint and
multi-objective optimization problems based on the basis and general principles of layout
on the CSPB. The main results of this study are as follows.

(1) The construction site and temporary facilities assumptions for the CSPB were
determined by literature analysis. It is found that the grid method assumption of the
construction site and the AGSM for temporary facilities are more suitable for CSPB analysis.
With a large workload of hoisting work on the CSPB, the tower crane coverage constraint,
site boundary constraint, and facility coverage constraint should be taken as constraints
on the CSPB. Influencing factors of temporary facilities layout on the CSPB were screened
out by literature analysis. The expert scoring method ranked the degree of importance of
the influencing factors. Ten factors to be included in the model were finally identified and
incorporated into the method of layout planning on the CSPB in different ways.

(2) The multi-objective optimization functions of CSPB were determined, and the
quantitative formulas were proposed. Combined with the characteristics of CSPB, the
Security risk function was quantified by the hazard interaction matrix and the vulnerability
interaction matrix; the Economic benefits function was quantified by the systematic layout
planning method; the Hoisting duration function was quantified by decomposing the
hoisting process and calculating the horizontal and vertical running time respectively.

(3) The MPC-NSGA-II algorithm for multi-constraint and multi-objective optimization
problems was proposed. It effectively improved the NSGA-II algorithm with disadvantages
such as premature maturity and computational inefficiency. By introducing multiple swarm
strategies, the global search and local search capabilities of the algorithm were taken into
account, thus expanding the search range. Meanwhile, introducing elite populations
avoided the loss of optimal solutions and improved the stability of the optimal solution
set. The migration operator promoted collaborative communication among populations,
sped up the elimination of inferior individual solutions, and improved the computational
efficiency of the algorithm. Adopting the constraint domination method reduced the
interference of the considered parameters. Harmonic distance improved the distribution of
feasible solutions and sets and increased the efficiency of the algorithm.
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(4) The multi-objective optimization and decision-making model of temporary facilities
arrangement on the CSPB was established. The MPC-NSGA-II algorithm combined the
entropy weight-TOPSIS decision-making method to output the best temporary facility
arrangement scheme based on a practical case. The BIMMAKE 2022 established a visualized
3D construction site temporary facilities layout to verify the rationality of the best scheme
and the theoretical model.

(5) The practical case verified the superiority of the MPC-NSGA-II algorithm and
the theoretical model. The results of the MPC-NSGA-II and NSGA-II algorithms were
compared in multiple dimensions. It was found that the MPC-NSGA-II algorithm has
3 times higher computational efficiency, 1.6 times higher number of optimal solutions, and
higher quality of optimal solutions.

(6) There are also areas for improvement in this study. Only stationary tower cranes
on the CSPB were considered. Mobile cranes also take on the critical role of transporting
components in practical applications. Subsequent studies could consider the impact of each
type of transport machinery working in concert with the temporary facility of the CSPL.
Meanwhile, only one case was used in this study for validation analysis, and different cases
should be used in future studies to demonstrate the model’s generalizability.
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//www.mdpi.com/article/10.3390/su15076279/s1, Expert Consultation Form.
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Abstract: Straw boards are the environmentally-friendly and sustainable materials used for building
envelopes. To validate a novel alternative test method of thermal conductivity (λ), temperature
control box–heat flux meter method (TCB-HFM), and better understand the thermal properties of
straw boards, experimental investigation on two types of straw boards using such a method was
carried out. Moreover, the control test via the conventional guarded hot plate method (GHP) was
conducted to provide a benchmark. Results show that the fluctuation amplitudes of the temperature
difference and heat flux density for the TCB-HFM during the steady state are much smaller than a
generally acceptable limitation of 5%, and a 5.9% deviation of λ between the two test methods is in a
reasonable range. It is indicated that the TCB-HFM can be regarded as an alternative test method to
conduct investigations on the thermal properties of materials. Furthermore, the correlation between
density and λ is explored and expressed by a linear fitting formula with the determination coefficient
(R2) of 0.9193, and the formula is verified to have the feasibility to predict the λ of different types of
straw bio-based materials.

Keywords: straw bio-based material; wheat straw strand board; paper straw board; temperature
control box—heat flux meter method; thermal conductivity

1. Introduction

As one of the most high-yield agricultural wastes, straw has many advantages, such
as low thermal conductivity, sustainability, low cost, waste reusing, and environmental
protection, which contributes to the potential use for envelopes in green buildings. The rel-
evant research about straw bio-based material shows that such material used for envelopes
can benefit indoor comfort by adjusting indoor temperature and relative humidity [1,2],
in which the straw bio-based material mainly includes straw bales and straw composites.
Consequently, thermal properties, as well as some other key physical properties relating to
building envelope performances of straw bio-based materials, have been widely concerned
in recent years [3].

Thermal conductivity is the parameter that intuitively describes the insulation capacity
of materials, which attracts most of the research attention. For the straw bales produced
from the straws in the field by compression and baling, previous studies have reported
that a range of thermal conductivity varies from 0.033 W/(m·K) to 0.19 W/(m·K), and it is
found that the variability can be caused by the types of straw, fiber orientation, ambient
temperature, relative humidity, and especially the density [4–13]. Such studies involve
straw types of wheat, rice, barley, and rice, fiber orientations including perpendicular
and parallel to the heat flow, ambient temperature ranging from 10 ◦C to 40 ◦C, relative
humidity varying from 10% to 80%, and density within the range of 35 kg/m3~350 kg/m3.
As for the straw composites manufactured from short straw fibers and binders that are
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generally molded as boards by pressing, the influence factors on thermal conductivity are
similar to those of the straw bales but with an extra factor of binder type. The densities
of straw composites cover a wider range compared with those of the straw bales, with
a maximum value of 700 kg/m3 [14]. Higher density usually results in greater thermal
conductivity. For instance, the thermal conductivity of a pozzolanic straw composite
with a density of 661 kg/m3 is 0.146 W/(m·K) [15]. On the whole, the densities of straw
bio-based materials involved in current studies are still in a small range. However, as
the straw bio-based material is gradually applied in building envelopes, the requirement
for load-bearing capacity presents, which promotes the development of such material
towards higher density. Thus, investigations on the thermal properties of high-density
straw bio-based materials are in demand to complement the gaps of the existing studies
and serve for engineering applications.

At present, the steady-state experimental investigations on the thermal properties
of insulation materials are mainly performed based on three test methods, the heat flux
meter method, guarded hot plate method, and hot box method, respectively [16]. The
corresponding test methods and principles have been specified in international and Chinese
standards including ISO 8301: 1991 and GB/T 10295-2008 [17,18], ISO 8302: 1991 and
GB/T 10294-2008 [19,20], and ISO 8990: 1994 and GB/T 13475-2008 [21,22]. Among the
above three methods, the guarded hot plate method (GHP) is relatively straightforward
and most commonly used for the measurement of thermal conductivity of small plate
specimens, as used in [5,23,24]. The 0.3 m and 0.5 m are the most common dimensions of
the specimen diameter or side length. For larger dimensions, it is hard to keep the specimens
attached closely to the surfaces of heating and cooling units as the initial unevenness of
the specimen surfaces is easier to happen on large-dimension specimens, and it is difficult
to match the proper apparatus for such large-dimension specimens. In addition, the
specimens with a large thickness are also not applicable to the test apparatus of GHP.
Thus, the straw bales to be tested in previous studies are usually resized to match the
requirement of the corresponding apparatus [23]. The heat flux meter method used in [4,25]
is conventionally used for thermal property measurements of boards or walls in situ since
the required temperature difference can be formed by warmer indoor environments and
cooler outdoor environments. The bigger temperature difference between the indoor and
outdoor environment leads to a more significant heat flow through the specimen and a
smaller error effect, which means such a method relies closely on the test environment.
As for the hot box method used in [8], it is usually implemented for thermal property
investigation of boards or walls in the lab. Not only the guard hot box method but also
the calibrated hot box method, the total heat flux that needs to be measured is determined
according to the heating power, so the heat flux loss error is inevitable. For the guard
hot box method, the error is reduced by setting a guard box and a metering box, but the
error cannot be eliminated completely. While for the calibrated hot box method, an error
calibration has to be performed before tests [26]. To sum up, the heat flux meter method
or the hot box method is not the first choice for carrying out the thermal property tests of
straw bio-based materials efficiently.

This study proposes an alternative test method of thermal conductivity and focuses on
the thermal properties of straw boards, including a paper straw board (PSB) and five wheat
straw strand boards (WSSBs) that can be regarded as an improved plate-shaped straw bale
and a type of plate-shaped straw composite. Compared with the straw bio-based materials
studied in previous works, the densities of the PSB and WSSBs in this study are greater,
which contributes to a larger load-bearing capacity and more possibilities in engineering
applications. The alternative test method refers to the temperature control box—heat flux
meter method (TCB-HFM), which comes from a combination of the hot box method and
the heat flux meter method with complementary advantages. The feasibility of such a
test method is validated by comparing the monitored parameters, such as temperature
difference and heat flux density, as well as the results of thermal conductivities with those
of the guarded hot plate method (GHP), which is used to provide a control test. This study
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contributes to providing an alternative test method of thermal conductivity for relevant
researchers and revealing the correlation between straw boards with different specifications
and their thermal properties, which benefits the application of straw bio-based materials.

2. Experimental Program

2.1. Test Specimens

Figure 1 shows the PSBs of a specification and WSSBs of five specifications used for
test specimen sampling. For the PSB, an improved plate-shaped straw bale, the inner
straws are stacked and compacted along the length of the board, and the slurry overflows
from the straw with the process of compaction and becomes the natural binder distributing
among the straws. To provide restraint for inner straws and enhance the board integrality,
surface strength, and smoothness, as well as protect the inner straws from the external
environment, the paper made of high-density pulp is used to implement complete cladding,
which makes the PSB more convenient to the application compared with the traditional
straw bales. As for the WSSB, it is a type of plate-shaped straw composite manufactured
from mixed smashed wheat straw fibers and the binder of isocyanate resin by compacting
along the thickness of the board [27]. The isocyanate resin is a kind of healthy binder
with no harmful gases such as formaldehyde released. The specification details of the
straw boards are listed in Table 1, and the label of the board with different specifications is
determined by the type and thickness d of it. As shown in the table, the densities of the
PSB58 and WSSB12~WSSB25 are greater than the maximum densities of the straw bale and
straw composite in previous studies [9,14], as stated in the Introduction.

 
(a) 

 
(b) 

Figure 1. Straw boards for test specimen sampling: (a) PSBs; (b) WSSBs.
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Table 1. The specification details of a PSB and five WSSBs.

Label
Dimensions: Length l × Width w × Thickness d

(mm × mm × mm)
Nominal Density

ρn (kg/m3)
Actual Density

ρ (kg/m3)

PSB58 3000 × 1200 × 58 400 379
WSSB12 2440 × 1220 × 12 1200 1209
WSSB15 2440 × 1220 × 15 1100 1092
WSSB18 2440 × 1220 × 18 1100 1175
WSSB25 2440 × 1190 × 25 1100 1094
WSSB30 2440 × 1220 × 30 620 621

The dimensions of a test specimen are 300 mm × 300 mm × d, and the test specimens
are cut from the discontinuous portions away from the edges of the boards. For the control
test conducted via GHP, only the WSSB25 specimens are tested as an example, and the
two same specimens are tested simultaneously with no additional repeated tests. As
for the tests performed via TCB-HFM, specimens covering all board specifications are
in Table 1. The number of specimens for each board specification is determined by the
error magnitude, which is introduced in detail as follows. Two specimens with the same
specification are tested first, and the error between the result of each specimen and the
average result is compared with 10%. If the errors are within that limitation, the number of
specimens is no longer increased. Otherwise, the third same specimen is tested, and the
error between the result of each specimen and the average result for three specimens is
compared with 15%. Analogously, if the errors are within the limitation, the number of
specimens is no longer increased. Otherwise, the fourth same specimen is being tested, and
so on. The WSSB specimens are labeled, for instance, “WT−t12−2”, which refers to WSSB,
thermal properties, 12 mm thickness, and the second of the same specimens. For the PSB
specimens, the label is shown as “PT−t58−1”. The label “WT−t25*” is for the specimen of
the control test.

2.2. Test Method and Apparatus

As shown in Figure 2a, the GHP tests with two specimens were conducted using
the CD−DR3030 thermal conductivity tester (Shenyang Ziwei Mechanical and electrical
equipment Co., LTD., Shenyang, China), and the test principle is presented in Figure 2b.
For the actual apparatus, the cooling units, specimens, metering and guard surface plates,
and metering and guard section heaters shown in Figure 2b are closely next to each
other from the sides to the middle. Moreover, the dimensions of the metering section are
150 mm × 150 mm in this study. The standards [19,20] that the test method is based on
have been stated in the Introduction, and the theory of the two-specimen test is expressed
by Equation (1). The total heat flux Φ is determined by the heating power of the metering
section heater, and the temperature difference ΔT is determined by the monitored values
of thermocouples on the surfaces of heating and cooling units. Those two parameters are
the items to be measured in the GHP test. The temperatures of the heating and cooling
units are set as 40 ◦C and 30 ◦C, respectively. Furthermore, the correction factor of thermal
conductivity λ for the apparatus is 0.909. After starting the apparatus, the data record
proceeds with a frequency of once a minute. As the heat transfer tends to be steady
gradually, the sampling begins automatically and is performed five times with an interval
of 5 min and lasts 20 min in total.

λ =
Φd

2Am · ΔT
(1)

where Φ is the total heat flux; d is the thickness of the specimen; Am is the metering area;
ΔT is the temperature difference between the hot-side and cold-side surfaces of a specimen.
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(a) 

(b) 

Figure 2. Test apparatus and principle for GHP: (a) CD−DR3030 thermal conductivity tester;
(b) test principle.
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Figure 3 shows the test apparatus and principle for TCB-HFM, and the arrangement
details of the heat flux meter (HFM) and thermocouples are demonstrated in Figure 4. As
shown in the figures, the specimen is embedded in a 1000 mm × 1000 mm × 150 mm rock
wool block with a 300 mm × 300 mm square perforation in the center, which is embedded
in the specimen frame, and the gaps between the specimen and the surrounding rock wool
are sealed off using the nano-silica aerogel felt and polyurethane foam. An HFM with
the resolution, measurement range, and standard uncertainty caused by the apparatus
resolution of 0.1 W/m2, 0~2000 W/m2, and 0.028867 W/m2 is arranged on the hot side
of the specimen to measure the heat flux density q through the specimen center, while
three thermocouples for each side with the resolution, measurement range, and standard
uncertainty caused by the apparatus resolution of 0.1 ◦C, −50~120 ◦C, and 0.028867 ◦C
are arranged around the center to collect the temperature differences ΔT between the two
surfaces of the specimen. Vaseline and aluminum foil tapes are used to attach and fix the
HFM and thermocouples to the corresponding monitored locations. Different from the
test theory of the hot box (Equation (2)), the heating power does not need to be measured
to determine the total heat flux Φ in this test since the hot box in Figure 3 is only used
to provide a steady and controllable temperature difference condition, while the heat
flux density is accurately determined according to the records of the HFM. To generate
significant heat flux through the specimen, the air temperatures of the hot side and cold
side chambers, which can be adjusted by the number of cooling fans in work and the power
of the heating unit, are set as Ti = 30 ◦C and Te = 5 ◦C, respectively. As the limited record
duration of the datalogger is 180 min, the data record starts when the steady state comes,
and the record frequency is once a minute, the same as that of the GHP test. The data from
the last 20 min are used for statistical analysis and comparison with the results of the GHP
test. The λ can be finally determined according to the theory of heat flux meter method
expressed by Equation (3), in which the ΔT is the average for three monitored locations of
thermocouples shown in Figure 4a. The test theory of TCB-HFM is clear, and the operation
is simple. Meanwhile, the TCB-HFM can be used for specimens that are thicker compared
with the GHP, is limited by the apparatus, and also can apply to performing the thermal
property investigation of large-dimension wall specimens, which is conducive to the full
use of experimental equipment resources.

λ = d·K (2a)

K =
Φ

A·ΔT
(2b)

λ =
d
R

(3a)

R =
ΔT
q

(3b)

where R is the thermal resistance; q is the heat flux density; K is the thermal transmittance;
A is the area of the specimen perpendicular to the direction of heat flux.
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(a) 

 
(b) 

Figure 3. Test apparatus and principle for TCB-HFM: (a) JTRG−1 hot box and JTNT−A datalogger
connected with the heat flux meter and thermocouples; (b) test principle.
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(a) 

 

(b) 

Figure 4. Arrangement details of the heat flux meter and thermocouples: (a) schematic diagram;
(b) actual arrangement.

3. Experimental Results

3.1. Validation of the Temperature Control Box—Heat Flux Meter Method
3.1.1. Experimental Results for the Guarded Hot Plate Method

The sampling results of specimen WT−t25* for the GHP test are summarized in Table 2.
Based on the data in the table, Equation (2), and the correction factor, the thermal conduc-
tivity λ of WSSB25 is determined to be 0.185 W/(m·K). The measurement uncertainty of
λ caused by the measuring apparatus resolution is 0.000263 W/(m·K). To make a better
comparison with the results of the TCB-HFM test, the monitored parameters are converted
into q and ΔT according to Equation (4), and the two parameters are taken as the uniform
items for the following analyses and comparisons, which are shown versus record time t in
Figure 5. It can be noticed that the q and ΔT sharply decrease and increase, respectively,
at the preliminary stage of the test and then gradually tend to be steady. About 70 min
after the test begins, the heat transfer comes to a steady state. The sampling starts from
the 121st minute, and we focus on the data for the last 20 min from then on. The statistical
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results for that duration, such as the coefficient of variation (COV) and maximum deviation
from the average (MDA), are listed in Table 3. It is found that the COV and MDA are very
small, which indicates that the fluctuation of q and ΔT is slight during the sampling stage.

Φd
2Am · ΔT

=
qd
ΔT

(4)

Table 2. Sampling results of specimen WT−t25*.

Sample
Number

Temperature or Temperature Difference for the
Left Specimen (◦C)

Temperature or Temperature Difference for the
Right Specimen (◦C)

Φ (W)Metering
Section Surface

Plate TL1

Cooling
Unit Surface

Plate TL2

ΔTL

Metering
Section Surface

Plate TR1

Cooling
Unit Surface

Plate TR2

ΔTR

1 39.938 29.979 9.959 40.104 29.979 10.125 3.641
2 39.947 30.009 9.938 40.060 30.002 10.058 3.642
3 39.949 30.000 9.949 40.063 29.996 10.067 3.642
4 39.949 30.019 9.930 40.064 30.011 10.053 3.642
5 39.950 30.040 9.910 40.067 30.035 10.032 3.642

Average 39.947 30.009 9.938 40.072 30.005 10.067 3.642
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Figure 5. q and ΔT versus t for specimen WT−t25*.

Table 3. Statistical results of q and ΔT for specimen WT−t25*.

Thermal Parameter Average Coefficient of Variation (COV) Maximum Deviation from the Average (MDA)

q 80.932 W/m2 0.01% 0.03%
ΔTL 9.935 ◦C 0.21% 0.33%
ΔTR 10.059 ◦C 0.19% 0.66%

3.1.2. Experimental Results for the Temperature Control Box—Heat Flux Meter Method
and Method Validation

The q and ΔT of specimens WT−t25−1 and WT−t25−2 for the TCB-HFM tests are
directly monitored by the arranged HFM and thermocouples and presented versus t in
Figure 6. To raise the comparability of the test results between GHP and TCB-HFM, the
same coordinate ranges in Figure 5 are used in Figure 6. It can be seen that significantly
greater q and ΔT of the specimens WT−t25−1 and WT−t25−2 are shown compared with
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those of the specimen WT−t25*, which attributes to the greater temperature difference
between the hot side and the cold side for the initial setting of TCB-HFM tests. In addition,
the fluctuation amplitudes of q and ΔT are slightly bigger than those shown in Figure 5,
which can be for the reason that, unlike the GHP test, the heating and cooling units are not
tightly next to the specimen for the TCB-HFM test. For further comparison, Table 4 shows
the statistical results of data recorded during the last 20 min. It is found that the COV and
MDA are small, with maximums of 0.70% and 1.41%, respectively, although slightly greater
than that of the specimen WT−t25* shown in Table 3. In addition, it is demonstrated that
the data fluctuation amplitudes are much smaller than a generally acceptable limitation
of 5%, and the fluctuations are not unidirectional (see Figure 7), which verifies the steady
state and data credibility of the sampling stage. Based on Equation (1) and the data in
Table 4, the average of λ for specimens WT−t25−1 and WT−t25−2 is finally determined as
0.196 W/(m·K), having a 5.9% deviation from the result of the GHP test. The magnitudes
of the data fluctuation and deviation from the result of the control test are in a reasonable
range, which indicates that the TCB-HFM can be regarded as an alternative test method to
conduct investigations on the thermal properties of materials.
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Figure 6. q and ΔT versus t for specimens WT−t25−1 and WT−t25−2.

Table 4. Statistical results of q and ΔT for specimens WT−t25−1 and WT−t25−2.

Specimen Thermal Parameter Average Coefficient of Variation (COV)
Maximum Deviation from the

Average (MDA)

WT−t25−1

q 105.729 W/m2 0.68% 1.39%
ΔT1 11.943 ◦C 0.50% 1.20%
ΔT2 13.167 ◦C 0.50% 1.27%
ΔT3 13.795 ◦C 0.67% 0.76%

WT−t25−2

q 108.733 W/m2 0.69% 1.26%
ΔT1 13.971 ◦C 0.40% 0.92%
ΔT2 15.214 ◦C 0.70% 1.41%
ΔT3 14.019 ◦C 0.48% 0.85%

Note: The subscript of “ΔT” corresponds to the number of the thermocouple shown in Figure 4a.
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Figure 7. Fitting curve and λ test results versus ρ.

3.2. Thermal Property of Straw Boards

Analogously, the thermal property tests of the straw boards with other specifications
were carried out via TCB-HFM. The experimental statistical results are summarized in
Table 5. It can be noticed that the data fluctuation amplitudes have no abnormalities and are
all within 3%, with the maximum MDA for ΔT and q being 1.95% and 2.77%, respectively.
Considering the densities of straw boards of different specifications shown in Table 1, it is
found that the λ of WSSB12, WSSB15, WSSB18, and WSSB25, which have higher densities, is
obviously greater than that of the low-density WSSB30 and PSB58. Thus, a linear correlation
between ρ and λ is assumed, and the proposed fitting formula is expressed as Equation (5).
Figure 7 shows the fitting curve and λ test results versus ρ. It can be seen that the data
scatters of test results evenly distribute on both sides of the fitting curve and are all in
the range of the 95% confidence band. The coefficient of determination R2 of the fitting
formula is equal to 0.9193, which demonstrates the significant correlation between ρ and
λ of straw boards in this study. Therefore, the fitting formula can be useful for relevant
researchers and designers to understand the thermal conductivities of such materials when
thermal tests are not available. It should be noted that the above λ prediction formula is
developed based on the test specimens that are conditioned in the lab environment with
the temperature and relative humidity of 19 ◦C and 29%, respectively. In the case that
the straw boards are used in an environment that is significantly different from that lab
environment, the prediction results could have some deviation from the actual values.

λ = 1.467 × 10−4ρ + 0.0298 (5)

where ρ is in kg/m3, and λ is in W/(m·K).
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Table 5. Statistical results of thermal parameters derived from the TCB-HFM tests.

Specimen MDA for ΔT MDA for q λ [W/(m·K)] λavg [W/(m·K)]

WT−t12−1 1.92% 0.99% 0.177
0.195WT−t12−2 1.79% 1.40% 0.198

WT−t12−3 1.94% 1.49% 0.193
WT−t15−1 1.67% 1.18% 0.180

0.181WT−t15−2 1.38% 1.11% 0.182
WT−t18−1 1.18% 0.77% 0.199

0.223WT−t18−2 1.95% 1.12% 0.231
WT−t18−3 1.60% 0.90% 0.215
WT−t25−1 1.27% 1.39% 0.204

0.196WT−t25−2 1.41% 1.26% 0.189
WT−t30−1 1.35% 0.97% 0.101

0.104WT−t30−2 1.02% 0.62% 0.107
ST−t58−1 1.22% 2.15% 0.095

0.097ST−t58−2 1.36% 2.77% 0.100
Note: λavg refers to the average of λ.

4. Discussion

The advantages of the proposed alternative test method, TCB-HFM, can be concluded
by comparing it with the commonly used steady-state test methods stated in the Introduc-
tion for investigating the thermal properties of insulation materials. Compared to the heat
flux meter method, the hot box used for providing a steady and controllable temperature
difference condition in the TCB-HFM tests makes the specimen in an enclosed space. This
contributes to avoiding reliance on the indoor and outdoor temperature difference and
eliminating the effect of ambient temperature and relative humidity on measuring results
of thermal conductivity. Compared to the guarded hot plate method, the TCB-HFM can
be used for measuring the thermal conductivity of plate-shaped specimens with relatively
small dimensions and applies to the thermal property investigation on large-dimension
wall specimens. Thus, such a method makes it more convenient to perform a series of
investigations on thermal properties from a material to the corresponding member and is
conducive to the full use of experimental equipment resources. In contrast with the hot
box method, the monitoring of heat flux in the TCB-HFM no longer relies on recording the
heating power but derives from the readings of the heat flux meters. Such a method leaves
out the process of considering the error between the heat flux and the heating power and is
more concise.

As for the proposed fitting formula for predicting the thermal conductivity of such
straw bio-based materials by the density, i.e., Equation (5), it is developed based on the
analysis of the material characteristics and ambient factors. The factors that affect the
thermal conductivity can be concluded as straw bio-based material characteristics and
ambient conditions, including the types of straw and binder, fiber orientation, ambient
temperature, relative humidity, and density, as stated in the Introduction. In this study, the
types of straw and binder are relatively single, the straw fibers are all scattered without a
specific direction, and the effect of ambient temperature and relative humidity is negligible
since the tests are conducted in the enclosed apparatus and the same lab environment. Thus,
the material density is the most related to the thermal conductivity of such straw bio-based
material in this study, and it is reasonable to propose a fitting formula for predicting the
thermal conductivity based on the density. Moreover, similar correlations between the
density and thermal conductivity of straw bio-based materials have also been concluded in
the relative references [7,23].

To compare the thermal conductivities of the straw boards with those of other straw
bio-based materials and investigate the applicability of the fitting formula, the data scatters
for the λ of straw bales and composites from the previous studies [4,8,9,13,15,25,28] are
shown in Figure 8 versus ρ. As stated in the Introduction, the densities of straw bales and
composites in previous studies are within a small range. It can be seen from the figure that
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most of the straw boards concerned in this study have higher densities and λ compared
with previous studies, which widens the cover range of the straw bio-based materials of
known relation between λ and ρ. In addition, the data from the references are obtained
from different lab environments that involve ambient temperatures from 10 ◦C to 35 ◦C
and relative humidity from 40% to 50%. These two variables mainly affect the moisture
content of a specimen tested with non-enclosed apparatus [5] and finally influence the
specimen’s density. The straw types include rice, wheat, bean, et al. The fiber orientation
for the straw bales is random, and the binder types of the straw composites include liquid
glass, methylene diphenyl diisocyanate resin, clay, cement, et al. The corresponding data
scatters distribute on both sides of the fitting curve and are all in the 95% confidence band
range, similar to the data scatters for the test results in this study. It is indicated that
the fitting formula has the feasibility to predict the λ of more types of straw bio-based
materials. Moreover, the density is dominant among several factors that have effects on
the thermal conductivity of straw bio-based materials. The thermal properties of straw
bio-based materials with different density specifications need to be studied in a later study
to extend the data set. Thus, the formula for λ prediction can be further perfected and used
in relevant research and engineering design.
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Figure 8. λ of straw bales and composites from the previous studies [4,8,9,13,15,25,28] versus ρ.

5. Conclusions

To validate the TCB-HFM method used for thermal property tests, understand the
thermal conductivity of two types of straw boards, and reveal the correlation between
straw boards with different specifications and their thermal properties, experimental in-
vestigations on two types of boards using both the TCB-HFM and GHP methods were
carried out, in which the experimental results of the GHP test were taken as the benchmark.
The findings of this study contribute to providing an alternative method to the thermal
conductivity test, which can be used for specimens that are thicker compared with the GHP
and can also apply to performing the thermal property investigation of large-dimension
wall specimens. The proposed λ prediction formula provides a reference for the thermal
conductivities of straw bio-based materials when thermal tests are not available to the
relevant researchers and designers. This benefits the application of such materials. The
main conclusions from this study are summarized as follows.

1. The fluctuation amplitudes of the monitored parameters, including q and ΔT, for the
TCB-HFM tests during the steady state are much smaller than a generally acceptable
limit of 5%, although slightly bigger than those for the GHP test. Moreover, the 5.9%
deviation of the λ between the two test methods is within a reasonable range. The
TCB-HFM is verified as an alternative test method to conduct investigations on the
thermal properties of materials.
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2. The λ of two types of straw boards that include six specifications in total is obtained
via the TCB-HFM tests, in which the maximum fluctuation amplitudes for ΔT and q are
1.95% and 2.77% for all specimens during the steady state. Based on the experimental
results, the correlation between the ρ and λ for such material is found and expressed
by a linear fitting formula with the determination coefficient R2 of 0.9193.

3. The test results for λ of other straw bio-based materials in previous studies are
compared with the fitting curve. It is found that the fitting formula has the feasibility
to predict the λ of more types of straw bio-based materials, and the density is dominant
among several factors that have effects on the thermal conductivity of straw bio-based
materials.
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Abstract: At present, the development of green building materials is imminent. Traditional wood
structures show low strength and are easy to crack. Steel structures are also prone to instability.
A novel rectangular-section composite beam from the welded thin-walled H-shape steel/camphor
pine was proposed in this work. The force deformation, section strain distribution law, and damage
mechanism of the combined beam were studied to optimize the composite beam design, clarify the
stress characteristics, present a more reasonable and more efficient cross-section design, and promote
green and environmental protection techniques. Furthermore, the effect of different factors such as
steel yield strength, H-type steel web thickness, H-type steel web height, H-type steel flange thickness,
H-type steel upper flange covered-board thickness, and combined beam width was investigated. The
ABAQUS simulation with the finite element software was also performed and was verified through
empirical experiments. According to the results: (1) the damage process of the composite beam was
divided into three steps, namely elastic stage, elastic–plastic step, and destruction stage, and the
cross-middle section strain met the flat section assumption; (2) additionally, the bond connection
was reliable, the two deformations were consistent, and the effect of the combination was significant.
The study of the main factors showed that an increase in the yield strength, the H-type steel web
height, the steel H-beam upper flange thickness, and the combined beam width caused a significant
enhancement in the bending bearing capacity. The combined beam led to high bending stiffness, high
bending bearing capacity, and good ductility under bending.

Keywords: composite beam; material performance test; bending performance; theoretical analysis;
numerical simulation

1. Introduction

The gradual shortage of limited resources and energy has become more and more
serious due to the rapid development of urbanization and industrialization. Traditional
reinforced concrete buildings need to dismantle after the structure expiration, which
inevitably produces a large amount of construction waste. The improper disposal of
construction waste can cause environmental pollution, low efficiency of construction waste
recovery, and difficulties in construction waste recovery. The discovery of a solution to
manage construction waste has converted into an urgent problem. Nowadays, human
societies search for green environmental protection, energy saving, ecology, and health [1–8].
Because of the need for development in the construction industry, world research for steel–
wood combinations has gradually increased. Borri et al. [9] performed 21 double-shear tests
to reinforce the bent wood beams and study the ductility, stiffness, and strength response
of reinforcement wood beams. Nadir et al. [10] performed the bending tests on carbon fiber
and glass fiber paste wood composite beams and concluded that the bending stiffness of
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the wood beam can be significantly improved, and the bending bearing capacity calculation
formula was deduced. Hassanieh et al. [11] investigated the short-term behaviour of
innovative steel-timber composite (STC) floors comprising cross-laminated timber panels
connected to steel girders by various mechanical fasteners and/or glue. The results of
four-point bending tests performed on full-scale STC beams are reported and the structural
behaviour of the proposed STC system is studied. Shekarchi et al. [12] performed a three-
point bending test on 20 strengthened beams and four un-strengthened (control) beams to
investigate the bending performance of the squeezed glass fiber reinforced polymer. Tohid
et al. [13] investigated the bending and shear strengths of lightweight composite I-beams
made of timber. The result of both experiments and simulation confirmed the carrying
capacity of the I-beam beam is greatly improved. Dar [14] performed the bending test on
a rectangular thin-walled steel box and wood-filled composite beam and concluded the
composite beam showed good bending performance. Pan et al. [15] investigated a new
structural cantilever member bolted by steel cores and wood. Moreover, an analytical model
of the cantilever members was developed using ANSYS. The result of both experiments and
simulation confirmed the desired mechanical properties of the new cantilever members.
Fujita et al. [16] performed the bending tests on steel and wood composite and concluded
that the fracture of the composite occurred because of the initial crack at the outer edge
of the wood on the tensile side of the member. Hassanieh et al. [17] performed four-
point bending tests on seven steel-timber composite (STC) beams to investigate the load–
deflection curve, stiffness diagram, maximum load curve, and failure mode of STC beams.
McConnell et al. [18] carried out four-point bending tests on unreinforced, reinforced, and
post-tensioned glulam timber beams. Compared with the unreinforced beam, the bending
strength and stiffness of the reinforced beam and the post-tensioned beam improved. Lee
Teng-hui [19] proposed a new type of steel–wood composite beam and studied its bending
performance and theoretical analysis. Li Yushun et al. [20] investigated the bonding stress
and slip distribution of steel–bamboo interface, the interface of two types of steel and
bamboo plate is designed, and the calculation method of the interface bearing capacity
under short-term load is proposed. Chen Aiguo et al. [21] proposed a new type of steel–
wood composite beam was presented and the bending performance test of 9 steel–wood
composite beams was conducted. The results show that H-shaped steel and wood boards
have good overall working performance and significant combination effects. Wu [22]
discussed the ultimate bending stiffness and the ultimate bending bearing capacity of
the combined beam of inner-filled square thin-walled rectangular steel pipe. Zhang Yi
et al. [23] took the bolt spacing and shear span ratio as the essential factor to conduct the
bending test of the I-type combined beam under the action of a concentrated load. The
results showed that the bending stiffness of the combined beam increased by 201%. Liu
Degui et al. [24] proposed a built-in thin-walled H-shape steel–wood combination beam.
The bending test was carried out with the width of the flange board, the bolt spacing,
the thickness of the thin wall steel H-beam, the thickness of the flange board, and the
height and the thickness of the board at the web. The results represented that the H-shape
steel improved the bending bearing capacity, bending stiffness, energy consumption, and
combined beam ductility. Zhang et al. [25] performed a hollow glulam beam design with
stiffening plates in a hollow rectangular cross-section with high flexural behaviour and
stability. To increase the carrying capacity, the bottom of the beam was reinforced with a
fiber-reinforced polymer. The results show that the bearing capacity of reinforced glulam
beams is slightly improved.

According to the literature review, a new type of rectangular-section combination
beam from welded thin-walled steel H-beam/camphor pine was studied. The combination
beam of three thin-walled steel plates was welded into an H-type skeleton by argon arc.
The sides of the upper flange and web were covered with pine wood using strong epoxy
resin AB glue in the rectangular section combination beam. The section of this combined
beam is shown in Figure 1.
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Figure 1. The section of steel and wood composite beam.

The green ecological steel–wood composite beam combines the advantages of wood
and steel, and the advantages of the two materials are complementary. The coordinated
work not only plays the optimal performance of the two materials, but also resists various
stresses with reasonable division of labor, enhances the strength of the structure, and
extends the span. In addition, both materials are renewable resources, showing their
advantages of sustainable development, and can be widely used in green buildings.

2. Materials and Methods

2.1. Design of Test Specimen

The main parameters for the design of the steel–wood composite beam included the
top board thickness, the flange thickness of the added steel, and the steel type on the
failure form, bending stiffness, and bending bearing capacity. The values for the thickness
of the upper flange-covered board in the steel section were 30 mm, 40 mm, and 50 mm.
The thickness of the welded thin-walled H-shape steel flange was considered 1.5 mm,
2 mm, and 2.5 mm. Table 1 represents the parameters including the dimension of spe-
cific components.

Table 1. The Parameters of the tests (mm).

Specimen
Code

tf tw h1 t1 t2 t3 b1 l b × h

L-M - - - - - - - 1700 100 × 155
L-Z-1 1.5 1.5 125 49.25 49.25 30 100 1700 100 × 155
L-Z-2 1.5 1.5 125 49.25 49.25 40 100 1700 100 × 165
L-Z-3 1.5 1.5 125 49.25 49.25 50 100 1700 100 × 175
L-Z-4 2 1.5 125 49.25 49.25 30 100 1700 100 × 155
L-Z-5 2.5 1.5 125 49.25 49.25 30 100 1700 100 × 155

Note: tf, tw, and h1 are the H-type steel flange, web thickness, and height, respectively; t1 is the thickness of the
left board of the web, t2 is the thickness of the right board; t3 is the upper flange board; b1 is the upper flange
width and the steel H-beam width; l is the total length of the test beam; b is the combined beam width; h is the
total height of the combined beam, the thickness of the upper flange board and the height of the H-shape steel.

This composite beam is light in weight. Take the L-Z-2 composite beam as an example,
the air-dry density of wood is 0.523 g/cm3, the density of Q235 steel is 7.85 g/cm3, and the
density of epoxy resin AB glue is 1.45 g/cm3. The mass of steel required for each meter of
composite beam is 3.8 kg, the mass of wood is 7.26 kg, the mass of epoxy resin AB glue is
1.57 kg, and the total mass of one running mass is 12.63 kg.

The structural adhesive used is Deyi brand E44 epoxy resin AB adhesive, in which
component A includes: epoxy resin, filler, toughening agent, etc. Group B includes amina-
tion/anhydride curing agent polythiol, coupling agent, etc. After curing, the temperature
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resistance of epoxy resin AB adhesive is 20~80. In the process of using the member, the
ambient temperature on the strength after curing can be ignored.

2.2. Test Piece Production

The steps of experiment piece production were as follows:
Stage 1: the welded thin-walled H-shaped steel and wood were polished.
Stage 2: alcohol was used to wipe the steel and wood, remove the dust, and remove

impurities, and grease from the wood surface.
Stage 3: the binder (epoxy AB glue) was mixed.
Stage 4: the binder was applied.
Stage 5: the bonding surface remained immobile for complete adhesion. The molded

member is shown in Figure 2.

 
Figure 2. The test piece of steel and wood composite.

2.3. Loading Test

The test adopts the controlled displacement loading method. The speed was
1 mm·min−1 and held the load for two minutes to read the number of each instrument.
Five linear displacement sensors were arranged on the lower side of the beam in the upper
flange middle on the side of the wood with M1, and the web with four sheets M2, M3, M4,
and M5. The two strain sheets were adjusted at the edge of the upper and lower flanges of
the H-shape steel, numbered G1 and G2. The DH3816 static strain measurement system
was used to collect the data. The strain sheets were arranged as shown in Figure 3. The
field of loading is shown in Figure 4.

Figure 3. The layout of the strain sheets.
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Figure 4. The field of loading.

3. Results and Discussion

3.1. Loading Test and Destruction Process

The beams L-Z-1~L-Z-5 showed similar destructive forms, and the final brittle fracture
in the wood on both sides of the H-type steel web reached the ultimate tensile strength. It
made the combined beam ineffective. The L-Z-2 composite beam is taken as an example
for analysis. At the beginning of loading, the L-Z-2 combination beam was deformed with
an increase in the load. When the load measurement showed 35.07 kN, the “click” sound
of the wood fiber inside the composite beam and the “crackling sound” of degassing was
heard for the first time. The greater the load, the denser and the louder the sound. After
the load of 45.19 kN, the primary crack occurred at the right end of the specimen and
gradually extended to the span of pure bending (Figure 5a). Figure 5b shows the left end
of the composite beam in this stage. When the load value represented 49.31 kN, the crack
was gradually enlarged (Figure 5c). As the load reached 56.47 kN, the composite beam
entered the elastic–plastic step. The upper flange alongside the right side of welded steel
H-beam web is shown in Figure 5d. When the load measurement represented 59.72 kN,
there was a ‘loud bang’ in the zone of the lower flange of the steel H-beam. The lower
flange of the steel H-beam reached the yield strength toward the outside, and the steel bent.
Therefore, the 45◦ inclined crack took place in the wood in the same position (Figure 5e),
and the composite beam was damaged.

3.2. Mid-Span Cross-Section Strain

Cross-section strain curves across L-Z-2 are shown in Figure 6. The maximum com-
ponent load value in the figure was taken as the corresponding yield load. The strain
value above the neutral axis was negative, indicating that the section above the neutral
axis was pressed under the load, making the strain sheet and the value to be negative.
The strain value below the neutral axis was positive, indicating that the section below the
neutral axis was pulled under the load. It straightened the strain sheet, and the value was
positive. The position of the neutral axis in the pure bend section of the component was
always unchanged throughout the whole process from the initial load to the yield load,
representing that the high-strength epoxy AB glue connection was effective.

3.3. Cross-Span Section Load–Strain Relationship

The cross-sectional load–strain curve for the combined beam L−Z−2 is shown in
Figure 7. The values of the left strain abscissa half-axis were negative, representing the
sticking position of the strain sheets M1 and G1 in the compression area of the member. The
values of the right strain abscissa half-axis were positive, indicating the sticking position of
the strain sheets M5 and G2 in the tensile area. From the figure, the strain measurement of
each point in the section increased proportionally from the initial load to the yield load.
The strain between the pressure area and tensile region was almost symmetric around the
ordinate. The strain change of steel and wood in the tensile and compression areas was
almost synchronized, showing a very reliable glue connection between the steel and wood.
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Furthermore, the two deformations could work together, and the combined effect was
significant. Furthermore, the value of strain G1 in the compression area was higher than
that of M1 in the compression area. It indicated that the steel–wood combination beam
played a complete role in the bending test of the steel.

 
(a) 

 
(c) 

 
(e) 

Figure 5. The combination beam L-Z-2 destruction process (a) the opened glue at the right upper
flange; (b) the opened glue at the left upper flange; (c) the opened glue and widened at the right
upper flange; (d) the unwelded H-shape steel web and upper flange; (e) the lower flange buckling,
wood cracking.

ε  
Figure 6. The diagram of cross-section strain for the L-Z-2 span.
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ε/

Figure 7. The diagram of cross-section load–strain for the L-Z-2 span.

3.4. Overall Deformation

The curve of overall deformation for the combined beam L−Z−2 under different loads
is shown in Figure 8. The abscissa in the figure was the net span length of the combined
beam, and the ordinate was the corresponding deflection. In the early step of loading, both
steel and wood were in the elastic stage, playing a complete role in the tensile performance
of H-shape steel and the compression performance of wood. The overall performance
was desired, and the overall deformation curve in the whole stress process of components
was basically symmetrical. In the early step of loading, the deflection enhancement in
each measurement point followed a less linear development, and the overall curve was
relatively gentle. With the further increase in the load, the steel entered the yield stage,
and the cementing surface was serious, leading to a reduction in the overall stiffness of the
combined beam. In the late step of loading, the deflection developed more rapidly than in
the early stage, and increased significantly higher, until the component was destroyed. In
the whole process of loading, the span deflection of the pure bending section was always
the largest.

Figure 8. The diagram of overall deformation.

3.5. Load–Cross Deflection Relationship

The load–span median deflection diagram of the L-M, L-Z-1~L-Z-5 specimens are
shown in Figure 9. The test period from the loading beginning to the failure was divided
into three steps: elastic stage, elastic–plastic step, and destructive stage. Among the
samples, the whole stress process of specimens L-M and L-Z-5 was the most representative.
In the elastic step, the welding of the wood from the thin-walled H-shape steel and the
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left and right sides of the web, and the wood at the upper flange, under the strength of
the high-strength binder, made the span deflection show an increasing linear trend with
the load enhancement and always remained linear before the yield load of the component.
The adhesive cracking started when the load exceeded the strength of the binder. At the
same time, the welded thin-walled H-shape steel began to yield and entered the elastic–
plastic stage. From the figure, there was a clear yield platform, after which the slope of
the curve started to decrease and became nonlinear. It meant that the bending stiffness
of the component gradually decreased, and the carrying capacity began to decrease. A
gradual increase in the load caused a gradual reduction in the stiffness, which entered
the destruction step. With an equal amount of load, the deformation expanded deflection
rather than in the previous stage. When the load increased gradually, the component was
damaged. According to the load–span medium deflection diagram, the final deflection of
the member L-M was about 8 mm, and the final damage phenomenon indicated a brittle
failure. The final deflection of the remaining combined components exceeded the final
deflection of the components L-M, and the final damage phenomenon occurred as ductility
damage. The component L-Z-5 was a typical representative component of ductile failure,
and its final deflection was 16.87 mm, which also represented that the component delayed
the damage when the steel was in the destructive stage. This kind of combined beam
resulted in a good deformation ability and ductility under the bending process.

Figure 9. The diagram of beam load–span medium deflection.

4. The Results of the Effective Factors

4.1. Effect of Welding Thin-Walled H-Shape Steel

The influence of welded thin-walled steel H-beam was studied on the bending capacity
of the combined beam, as shown in Figure 10 and Table 2. As a comparison between the
combined beam L-Z-1 and pure wood beam L-M, the bending bearing capacity of these
beams was 47.934 kN and 47.429 kN, respectively. The thin-walled H-shape steel was
welded was about 1.94%, and the bending bearing capacity was not much different. The
maximum bearing capacity increased only by 0.505 kN, and the enhancement range was
about 1.06%. The analysis reasons were that the combination beam L-Z-1 was the first
processing and assembly component, with uneven coating, uneven thickness, insufficient
bonding strength, maintenance, and not in place, so that the bending bearing capacity
was not higher than that of the pure wood beam L-M, and the effect is not obvious.
Compared with combined beam L-Z-4 and pure wood beam L-M, the bending capacity of
combined beam L-Z-4 was 67.958 kN, that of L-M beam was 47.429 kN, the welded thin-
walled H-shape steel was about 3.76%, the bending capacity significantly increased, the
maximum bearing capacity increased by 20.529 kN, the increased range was about 42.0%.
Compared with combined beam L-Z-5 and pure wood beam L-M, the bending bearing
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capacity of combined beam L-Z-5 was 79.169 kN, and that of pure wood beam L-M was
47.429 kN. Welded thin-walled H-shape steel was added to about 4.41%. Compared with
the combination beam L-Z-5 and pure wood beam L-M, the maximum bearing capacity
increased by 31.19 kN and by about 67.87%. It was known from the analysis that after
welding, the maximum bending bearing capacity of different sizes was higher than that of
the pure wood beam.

Figure 10. The diagram of load-deflection for the comparison among the beams.

Table 2. Flexural load capacity of specimens.

Specimen Number P/kN γP/%

L-M 47.429 -
L-Z-1 47.934 1.06
L-Z-4 67.958 42
L-Z-5 79.169 68.87

Note: γp is the percentage improvement of built-in thin-walled H-shaped steel and wood composite beam P
relative to pure wood beam P.

4.2. Influence of the Flange Thickness of Welded Thin-Walled H-Shape Steel

The effect of the flange thickness was investigated on the bending capacity of the
combined beam, as shown in Figure 11 and Table 3. When the thickness of the flange of the
beam L-Z-1 increased from 1.5 mm to 2 mm to the thickness of the beam L-Z-4, the bending
capacity increased from 47.934 kN of the beam L-Z-1 to 67.958 kN of the beam L-Z-4, and
the maximum bending capacity increased by 20.024 kN, with an increase of about 41.77%.
When the thickness of beam L-Z-4 increased from 2 mm to 2.5 mm of beam L-Z-5, the
maximum bending bearing capacity increased from 67.958 kN of beam L-Z-4 to 79.169 kN
of beam L-Z-4, increasing the bending bearing capacity by 11.211 kN by about 16.50%.
Consequently, the maximum bending bearing capacity of the corresponding combined
beam was also different due to the various thicknesses of the welded thin-walled H-type
steel flange. With the gradual increase in the flange thickness of the welded thin-walled
H-shape steel, the maximum bending bearing capacity was gradually enhanced, but the
increase was gradually smaller. Therefore, the optimum flange thickness was 2 mm.
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Figure 11. The load-deflection diagram for comparison among the three beams.

Table 3. Flexural load capacity of specimens with different flange thickness.

Specimen Number H-Beam Flange Thickness/mm P/kN γP/%

L-Z-1 1.5 47.934 —
L-Z-4 2 67.958 41.77
L-Z-5 2.5 79.169 16.5

Note: γp is the percentage improvement of built-in thin-walled H-shaped steel and wood composite beam P
relative to composite beam L-Z-1 P.

4.3. Effect of the Upper Flange Thickness

The combined beam load-mid-span deflection curve is shown in Figure 12. Compared
with the L-Z-1 combined beam and L-Z-2 combined beam, the thickness of the upper flange
covered-board of H-shape steel increased from 30 mm to 40 mm, and the corresponding
bending bearing capacity was enhanced from 47.934 kN to 59.720 kN, with an increase by
24.59%. Compared with the beam L-Z-2 and the beam L-Z-3, when the thickness of the
upper flange covered-board increased from 40 mm to 50 mm, the bending bearing capacity
was not much different. The reasons might be due to the processing error of the component
and the uneven coating on the adhesive surface. However, from the three curves in the
figure, the overall bending stiffness of combination beam L-Z-3 was constantly greater
than that of combination beam L-Z-2. Before the mid-span displacement reached 8.77 mm,
the bending bearing capacity of combined beam L-Z-3 was steadily higher than that of
combined beam L-Z-2. Overall, the bending bearing capacity is improved. According to
the analysis, the thickness of the flange of the steel H-beam caused a significant influence
on the bending bearing capacity of the combined beam. After the increase in the board
thickness, the overall height of the composite beam was enhanced, and the bending bearing
capacity also gradually increased.

 
Figure 12. A comparison of load-deflection curves.
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5. Finite Element Parameter and Results Comparison

5.1. Finite Element Model Establishment
5.1.1. Basic Assumptions and Material Constitutive Relationship

(1) Basic assumption

1. The wood when pulled and pressed; There was no relative sliding between;
2. Steel and wood; without considering the influence of slip;
3. The influence of residual stress and residual deformation was not considered

during steel welding;
4. The natural defects, creep, and stress relaxation of the wood itself were not con-

sidered.

(2) Steel constitutive structure

The failure of the combined beam was due to the failure of the wood on both sides of
the H-shape steel web after reaching the tensile strength, and the steel failed to play the
ultimate tensile strength role. The steel conformed to the ideal elastic–plastic model. Its
constitutive relationship is shown in Figure 13.

Figure 13. The diagram of steel constitutive relationship.

(3) Wood constitutionality

Wood constitutive followed the Chen [26] constitutive relation as an ideal elastoplastic
model as shown in Figure 14.

Figure 14. The diagram of wood constitutive relationship.

5.1.2. Material Properties

Wood belonged to the orthogonal anisotropic material. The longitudinal direction
(L) was the wood length direction, as indicated by the main direction 3. Radial (R) was
indicated by primary direction 2, and tangential (T) was represented by primary direction
1. The engineering constant was selected in the elastic type. The timber property index
parameters of the wood were inputted as shown in Table 4. The material direction of the
wood was assigned.
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Table 4. The parameters of wood materials performance elasticity.

EL
(MPa)

ER
(MPa)

ET
(MPa)

μRT μLR μLT GLT GLR GRT

11,022 1102.2 551.1 0.37 0.022 0.37 661.32 826.65 198.40

The properties included Q235B steel, elastic modulus 2.03 × 105 MPa, Poisson ratio
0.3, yield strength 285.64 MPa. The steel pad block was set as a rigid body.

5.1.3. Model Establishment

The components were divided into three categories for modeling, including wood,
steel, and pads. The overall model of the combined beam is shown in Figure 15a.

(a) 

(b) 

(c) 

(d)

Figure 15. Model establishment. (a) Overall model of the combined beam; (b) Meshing of the
combined beam; (c) The diagram of interface interaction; (d) The boundary conditions and loads.

5.1.4. Grid Division

A structured partition geometric model was used. The model grid size was 10 mm.
The components were gridded by swept-through arranging seeds on the geometric model
(Figure 15b).

5.1.5. Definition of Interface Interactions

This paper uses the overall combination beam as the research object, and the connec-
tion between the components is not the focus of this paper. The connections at different sites
used the “Tie” binding constraints. The connection of each part was made to achieve the
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purpose of common force and coordinated deformation. After the interface, the interaction
is shown in Figure 15c.

5.1.6. Boundary Conditions and Loads

The model could be reduced to boundary condition constraints in the form of simple
branch beams. Constraints at the support were Ux = Uy = Uz = 0 and URx = URy = 0 at one
end. The other end formed sliding support with Ux = Uy = 0 and URx = URy = 0. Loading
on the upper surface of the two upper steel pads was applied in an equivalent pressure
form (Figure 15d).

5.2. Results of Finite Element Calculation
5.2.1. The Stress Process of Components

Figure 16 shows a comparison of the overall deformation stress cloud map of the
combined beam and the test damage map. From Figure 16, the two deformations and
damage were consistent. Figure 17 shows the load–span deflection curve of the ABAQUS
simulation member L-Z-1. Three points A, B, and, C are important nodes during loading.
A indicates how well the lower flange at the steel pad just reached its yield. At this time,
the wood at the upper flange of the steel H-beam and the wood on both sides of the steel
H-beam web did not approach the yield strength. Point B was that after the upper and
lower flanges of H-shape steel reached the yield strength, the wood at the upper flange
of H-shape steel approached the tensile yield strength, and the wood tensile area on both
sides of the H-shape steel web did not reach the tensile yield strength. At point C, both the
upper and lower flange and the web of the H-shape steel approached the yield strength,
and the wood at the upper flange reached the smooth grain compressive yield strength. At
the same time, the wood tensile area on both sides of the H-shape steel web approached
the tensile yield strength.

 
(a) 

 
(b) 

Figure 16. A comparison between (a) the cloud diagram of combined beam overall deformation
stress; (b) the failure test diagram.
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Figure 17. The diagram of load–span medium deflection of beam L-Z-1.

Before point A, neither the lower flange nor the web of the H-shaped steel reached
the yield strength. The stress cloud chart is shown in Figure 18, and the lower side of the
H-shape steel web at the lower cushion block support did not reach the yield, and the stress
was 260.70 MPa. The reason was that with an increase in load, the H-shape steel web in
the lower pad support. Therefore, the stress was too large but did not approach the yield
stress. At the moment, only the wood at the position of the upper flange pad on the H-type
steel showed the largest compression stress, and the maximum stress was 4.20 MPa. It was
not 1/10 of the compression yield stress. The wood on both sides of the H-type steel web
did not yield and the compressive stress is much lower than that of the wood at the upper
flange pad.

(a) 

(b) 

Figure 18. The cloud diagram of the stress distribution during early loading for (a) H-shape steel;
(b) wood.
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Figure 19 represents a cloud diagram of the stress distribution for the H-type steel
and wood at point A. At point A, the H-shape steel webs of the lower flange span of the
H-shape steel and the support pad also reached the yield strength of the steel, and the
stress was 285.60 MPa. At this time, the wood at the upper flange and the wood on the
sides of the steel H-beam web did not reach the yield strength, the maximum compression
stress at the wood pad at the upper flange was 18.52 MPa, and the maximum compression
stress on the sides of the steel H-beam web was approximately 7.73 MPa. The maximum
tensile stress of the wood area on both sides of the H-type steel web was about 13.90 MPa.

 

(a) 

 

(b) 

Figure 19. The cloud map of stress distribution at point A for (a) steel H-beam; (b) wood.

Figure 20 shows a cloud map of the stress distribution for the H-type steel and wood
at point B. After the further increase in the load, the stress generated by the member also
increased immediately. When point B was reached, the overall H-type steel approached the
yield strength, and the stress was 285.60 MPa. At this time, the wood compressive strength
at the upper flange reached the yield compressive strength of 25.52 MPa, and the maximum
wood compressive stress on both sides of the H-shape steel web was about 17.02 MPa. The
maximum tensile stress of the wood area on both sides of the H-type steel web was about
19.14 MPa.

Figure 21 represents a cloud map of the stress distribution for steel and wood H-
beam. When point C was reached, the H-shape steel web and the upper and lower flange
approached the yield strength, and the stress was 285.6 MPa. The wood at the upper
flange of the H-shape steel reached the compressive strength of 25.52 MPa, and the wood
could continue to bear it despite the yield strength. The wood tensile area on both sides of
the H-shape steel web also achieved tensile yield strength, and the stress was 46.43 MPa.
According to the test phenomenon, the wood on both sides of the member H-type steel
web was a brittle fracture, and the member was damaged.
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(a) 

(b) 

Figure 20. The cloud diagram of the stress distribution at point B for (a) H-type steel; (b) wood.

(a) 

 

(b) 

Figure 21. The cloud map of the stress distribution at point C for (a) steel H-beam; (b) wood.

5.2.2. The Change in Component Deflection in the Span

Figure 22 shows the diagram of the interspan deflection of composite beam L-Z-1
as an ABAQUS simulation component under the load. Figure 22a represents the graph
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corresponding to the important node A in Figure 17, namely the cross-medium deflection
graph corresponding to the end of the elastic phase. When the component was in the
elastic–plastic phase, the span medium deflection increased nonlinearly. Figure 22b shows
the cross-medium deflection diagram corresponding to the main node of B in Figure 17. A
transmedian deflection diagram was observed at the end of the elastoplastic phase. After
the maximum bearing capacity was achieved in the damage stage, the failure occurred.
Figure 22 represents the cross-medium deflection diagram corresponding to the important
node of C in Figure 17, i.e., the cross-medium deflection diagram corresponding to the
breaking moment.

(a) 

(b) 

(c) 

Figure 22. The Medium deflection diagram of (a) the A-point span; (b) the B-point span; (c) the
C-point span.

5.2.3. The Combined Beam Load–Span Medium Deflection during the Simulation
and Experiments

The relationship between the simulation results and the experiment results is repre-
sented in Figure 23. The overall situation change of each combination beam was the same,
and the overall error was small. It showed that the simulation value confirmed the test
value and that the finite element simulation was reliable. In the elastic phase, the stiffness
of the simulated combination beam was greater than that of the test combination beam. In
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the elastic range, the curve of load and deflection was linear. After the load value reached
about 1/2 of the maximum load, the curve gradually offset the straight trend development.
The overall stiffness decreased from the elastic stage. The growth rate of the maximum
deflection in the span was gradually reduced until the ultimate tensile strength of the wood
was reached. It resulted in the overall destruction of the combined beam and the loss of
bearing capacity.

(a) (b) 

 
(c) (d) 

 
(e) 

Figure 23. The comparison of the curves of combined beam load–span medium deflection for
(a) L-Z-1; (b) L-Z-2; (c) L-Z-3; (d) L-Z-4; (e) L-Z-5.

5.3. Main Factors in the Combined Beam Bending Performance
5.3.1. Influence of Steel Yield Strength

The yield strength of steel types Q235B, Q345B, and Q355B was selected for simulation.
The remaining parameters of the combined beam remained unchanged, and the load–
cross range deflection curve is shown in Figure 24. In the elastic range, the three curves
almost coincided. When the yield strength increased from Q235B to Q345B, the carrying
capacity was enhanced by 42.22%. When the yield strength increased from Q345B to Q355B,
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the carrying capacity was enhanced by 19.22%. Therefore, the bending bearing capacity
increased with the yield strength, but the load enhancement rate showed a gradually
decreasing trend. Although the yield strength of steel improved the bearing capacity to a
certain extent, the improvement rate in the bearing capacity gradually became smaller.

Figure 24. A comparison of load–span deflection curves for different yield strengths.

5.3.2. Influence of the Flange Thickness of Type Steel H-Beam

The combined beam of three flange thicknesses of 1.5 mm, 2 mm, and 2.5 mm was
selected for simulation analysis. The effect of steel thickness on the load deflection is shown
in Figure 25. When the flange thickness increased from 1.5 mm to 2 mm, the maximum
bearing capacity was enhanced by 22.12 kN, and the maximum bearing capacity increased
by 42.38%. When the flange thickness was enhanced from 2 mm to 2.5 mm, the maximum
bearing capacity increased by 10.81 kN, and the maximum bearing capacity was enhanced
by 14.55%. Therefore, the maximum bearing capacity increased with the thickness of the
H-shape steel flange. The thickness of the H-shape steel flange improved the maximum
bearing capacity significantly.

Figure 25. The comparison of load–span medium deflection curves for different flange thicknesses.
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5.3.3. Effect of the H-Type Steel Web Thickness

The values of 1.5 mm, 2 mm, and 2.5 mm were considered to study the H-type steel
thickness influence on the bearing capacity of the combined beam. A comparison diagram
of the load versus deflection is shown in Figure 26. According to the figure, the increase
in the maximum bearing capacity was smaller. The maximum bearing capacity of the
combined beam with a web thickness of 1.5 mm and 2 mm was 52.20 kN and 64.86 kN,
respectively. The maximum bearing capacity increased by 24.25%. The load-deflection
curve of the combined beam with a web thickness of 2 mm and 2.5 mm was very close,
the deformation trend was consistent, and the maximum bearing capacity increased by
5%. From the perspective of the steel quantity of H-shape steel, the thickness of the web
was adjusted from 1.5 mm to 2 mm, the steel volume increased by 33.33%, the maximum
bearing capacity was enhanced by 24.25%, the steel volume increased by 1%, and the
maximum bearing capacity was enhanced by 0.73%. When the thickness of the web was
changed from 2 mm to 2.5 mm, the steel volume increased by 25%, and the maximum
bearing capacity was enhanced by 5%. The amount of steel used increased by 1%, and
the maximum bearing capacity was enhanced by 0.2%. Consequently, the thickness of the
H-type steel web was 2 mm as the optimized web thickness.

Figure 26. A comparison of load–span medium deflection curves under different web thicknesses.

5.3.4. Influence of the H-Type Steel Web Height

The effect of the three web heights of 125 mm, 150 mm, and 175 mm was investigated
on the bearing capacity of the combined beam. The curve of load–span medium deflection
is shown in Figure 27. According to the figure, with a gradual increase in the height
of the H-shape steel web, the maximum capacity of the corresponding combined beam
was enhanced significantly. The height of the web increased from 125 mm to 150 mm,
and the maximum bearing capacity was enhanced by 64.56%. The height of the H-shape
steel web increased from 150 mm to 175 mm, and the maximum bearing capacity was
enhanced by 27.93%. The maximum bearing capacity of the combined beam was analyzed
from the amount of type steel. When the height of the H-type steel web increased from
125 mm to 150 mm, the amount of steel H-beam of the composite was enhanced by 20.49%,
the maximum bearing capacity increased by 64.56%, the amount of H-shape steel was
enhanced by 1%, and the maximum bearing capacity increased by 3.15%. When the height
of the H-type steel web was enhanced from 150 mm to 175 mm, the amount of H-type
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steel for the combined beam increased by 17.00%, the maximum bearing capacity was
enhanced by 27.93%, the amount of H-type steel increased by 1%, and the maximum
bearing capacity was enhanced by 1.64%. Finally, an increase in the height of the H-shape
steel web significantly improved the bearing capacity of the combined beam, and the
optimum web height should be 150 mm.

Figure 27. The comparison of load–span medium deflection curves for different web heights.

5.3.5. The Thickness of Steel H-Beam

The thickness of 30 mm, 40 mm, and 50 mm represented the maximum bearing
capacity of the combined beam. The load–cross deflection curve pair is shown in Figure 28.
The three curves changed consistently. As the thickness of the upper flange of the steel
H-beam gradually increased, the maximum bearing capacity also was enhanced. When
the board thickness of the upper flange cover of H-shape steel increased from 30 mm to
40 mm, the corresponding maximum bearing capacity was enhanced by 15.52 kN and
25.90%. The thickness of the upper flange-covered board of H-shape steel was enhanced
from 40 mm to 50 mm, corresponding to the maximum bearing capacity increase of 8.53 kN
and 12.98%. As the thickness of the flange of the H-type steel increased step by step, the
maximum bearing capacity was enhanced significantly, and the thickness of the flange
of the H-type steel indirectly increased the overall height of the combined beam, and the
maximum bearing capacity was enhanced immediately. In summary, the thickness of the
upper flange of the H-shape steel composite beam was 40 mm.

5.3.6. Effect of the Composite Beam Section Width

The influence of setting the width of 100 mm, 120 mm, 120 mm, and 140 mm was
studied. The curve of load–span deflection is shown in Figure 29. The three curves resulted
in the same trend. As the width of the combined beam gradually increased, the maximum
carrying capacity occurred. The width of the combined beam was enhanced from 100 mm
to 120 mm, corresponding to the maximum bearing capacity increased by 17.86 kN. It was
enhanced by 34.21%. The width of the combined beam increased from 120 mm to 140 mm,
corresponding to the maximum bearing capacity of 17.64 kN, and was enhanced by 25.18%.
Therefore, the maximum bearing capacity increased step-by-step with the width of the
combined beam.
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Figure 28. A Comparison of load–span deflection curves for the upper flange covered with different
board thicknesses.

Figure 29. The comparison of the load–span medium deflection curves at different widths.

In this thesis, the combination of experimental and numerical simulations of composite
beams has shown good performance, and the addition of steel sections to wood can
effectively improve the flexural load capacity of pure wood beams. In countries where
wood resources are abundant, such as Japan and Canada, the practical application of
composite beams in residential housing is gradually realized, and the research in this paper
has some value.

6. Conclusions

Based on the experimental and numerical simulation method, this paper studied the
novel rectangular-section combined beam of welded thin-walled H-shape steel/camphor
pine wood under the bending performance study The conclusions are as follows:

(1) The combined beam can be roughly divided into three stages from loading to destruc-
tion: elastic stage, elastic–plastic stage, and destruction stage. The final damage is
caused by the yielding of the steel section, the yielding of the wood in the compression
zone, and the maximum tensile strength of the wood in the tension zone, and the
wood is damaged by the tensile break.

(2) The overall deformation curve of the combined beam shows that the deflection in the
span of the pure bending section is always the largest during the loading process. The
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gluing connection between steel and wood is very reliable, the deformation of both is
coordinated, and the combined effect is significant.

(3) Improving the yield strength of steel can effectively improve the flexural load-carrying
capacity of the combined beam. the thickness of the H-beam flange has a significant
improvement in the maximum load-carrying capacity. The effect of web thickness is
smaller. the height of the H-beam web has obvious improvement on the combined
beam bearing capacity. The maximum bearing capacity is increased by increasing
the thickness of the cladding plate on the flange of the H-beam. The width of the
combined beam has less effect on the bearing capacity.

In summary, this test combination beam performs better in the test and simulation,
there will be some problems in the research, but with the depth of the subsequent re-
search, gradually overcome the shortcomings, and provide a reference for the research in
related fields.

Author Contributions: Conceptualization, C.W.; Methodology, C.W.; Software, J.D. Writing—original
draft, J.D.; Writing—review & editing, Z.Y., Z.Z. and Y.X. All authors have read and agreed to the
published version of the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China (52268029)
and the Open Fund of Shock and Vibration of Engineering Materials and Structures Key Laboratory
of Sichuan Province (Grant No. 20kfgk03).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, S. Talk about green and environmental protection building materials. Sci. Technol. Entrep. Mon. 2010, 23, 118–119.
2. Zhou, R.; Qing, L. Green environmental building materials and their application. Resour. Inf. Eng. 2017, 32, 82–83.
3. Zhang, J.; Gu, L. The development status, challenges and policy suggestions of green building in China. Energy China 2012,

34, 19–24.
4. Chau, C.K.; Hui, W.K.; Ng, W.Y.; Powell, G. Assessment of CO2 emissions reduction in high-rise concrete office buildings using

different material use options. Resour. Conserv. Recycl. 2012, 61, 22–34. [CrossRef]
5. Wang, S.; Zhou, C.; Li, G.; Feng, K. CO2, economic growth, and energy consumption in China’s provinces: Investigating the

spatiotemporal and econometric characteristics of China’s CO2 emissions. Ecol. Indic. 2016, 69, 184–195. [CrossRef]
6. Ramage, M.H.; Burridge, H.; Busse-Wicher, M.; Fereday, G.; Reynolds, T.; Shah, D.U.; Wu, G.; Yu, L.; Fleming, P.; Densley-Tingley,

D.; et al. The wood from the trees: The use of timber in construction. Renew. Sustain. Energy Rev. 2017, 68, 333–359. [CrossRef]
7. Akbarnezhad, A.; Jianzhuang, X. Estimation and Minimization of Embodied Carbon of Buildings: A Review. Buildings 2017, 7, 5.

[CrossRef]
8. Chiniforush, A.A.; Akbarnezhad, A.; Valipour, H.; Xiao, J. Energy implications of using steel-timber composite (STC) elements in

buildings. Energy Build. 2018, 176, 203–215. [CrossRef]
9. Borri, A.; Corradi, M. Strengthening of timber beams with high strength steel cords. Compos. Part B Eng. 2011, 42, 1480–1491.

[CrossRef]
10. Nadir, Y.; Nagarajan, P.; Ameen, M.; Arif, M.M. Flexural stiffness and strength enhancement of horizontally glued laminated

wood beams with GFRP and CFRP composite sheets. Constr. Build. Mater. 2016, 112, 547–555. [CrossRef]
11. Hassanieh, A.; Valipour, H.; Bradford, M. Experimental and numerical investigation of short-term behaviour of CLT-steel

composite beams. Eng. Struct. 2017, 144, 43–57. [CrossRef]
12. Shekarchi, M.; Oskouei, A.V.; Raftery, G.M. Flexural behavior of timber beams strengthened with pultruded glass fiber reinforced

polymer profiles. Compos. Struct. 2020, 241, 112062. [CrossRef]
13. Ghanbari-Ghazijahani, T.; Russo, T.; Valipour, H.R. Lightweight timber I-beams reinforced by composite materials. Compos. Struct.

2020, 233, 111579. [CrossRef]
14. Dar, A.R. An experimental study on the flexural behavior of cold-formed steel composite beams. Mater. Today Proc. 2020, 27 (Pt 1)

Pt 1, 340–343. [CrossRef]
15. Pan, F.T.; Kou, L.; Wang, C.Y. Mechanical Properties Analysis of Steel-Timber Combined Member. Adv. Mater. Res. 2012,

347–353, 1477. [CrossRef]
16. Fujita, M.; Iwata, M. Bending Test of the Composite Steel-Timber Beam. Appl. Mech. Mater. 2013, 351–352, 415–421. [CrossRef]

135



Sustainability 2023, 15, 7450

17. Hassanieh, A.; Valipour, H.R.; Bradford, M.A. Experimental and numerical study of steel-timber composite (STC) beams. J. Constr.
Steel Res. 2016, 122, 367–378. [CrossRef]

18. McConnell, E.; McPolin, D.; Taylor, S. Post-tensioning of glulam timber with steel tendons. Constr. Build. Mater. 2014, 73, 426–433.
[CrossRef]

19. Denghui, L. Study on Bending Properties of Steel-Wood Composite Beam. Master’s Thesis, Beijing Jiaotong University, Beijing,
China, 2016.

20. Yushun, L.; Jialiang, Z.; Xiuhua, Z.; Yu, W.; Jun, G. Study on bond stress and bond slip of bamboo-steel interface under static load.
J. Build. Struct. 2015, 36, 114–123.

21. Aiguo, C.; Teng-Hui, L.; Chao, F.; Qingguo, Z.; Jihui, X. Experimental study on flexural behavior of H-shaped steel-wood
composite beams. J. Build. Struct. 2016, 37 (Suppl. 1), 261–267.

22. Xianzhe, W. Study on Flexural Capacity of Thin-Walled Flitch Filled Rectangular Steel Tube Composite Beams. Master’s Thesis,
Southwest University of Science and Technology, Mianyang, China, 2018.

23. Ye, Z.; Feiyang, X.; Hongda, Y.; Xinmiao, M.; Ying, G. Experimental Study and Finite Element Analysis of Steel and Wood
Combined Beam under Centralized load. J. Beijing For. Univ. 2021, 43, 127–136.

24. Degui, L.; Yuhao, W.; Yong, W.; Wei, Z.; Tao, W. Study on the bending properties of thin-wall H-steel-wood composite beam. J.
Build. Struct. 2022, 43(05), 149–163.

25. Zhang, X.; Zhang, Y.; Xie, X. Experimental and analytical investigation of the flexural behaviour of stiffened hollow glulam beams
reinforced with fibre reinforced polymer. Structures 2023, 50, 810–822. [CrossRef]

26. Chen, Y.X. Flexural Analysis and Design of Timber Strengthened with High-Strength Composites. Ph.D. Thesis, Rutgers The
State University of New Jersey, New Brunswick, NJ, USA, 2003.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

136



Citation: Shi, G.; Liu, Z.; Xian, D.;

Zhang, R. Intelligent Assessment

Method of Structural Reliability

Driven by Carrying Capacity

Sustainable Target: Taking Bearing

Capacity as Criterion. Sustainability

2023, 15, 10655. https://doi.org/

10.3390/su151310655

Academic Editors: Zhihua Chen,

Qingshan Yang, Yue Wu and

Yansheng Du

Received: 14 March 2023

Revised: 15 May 2023

Accepted: 27 June 2023

Published: 6 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Intelligent Assessment Method of Structural Reliability Driven
by Carrying Capacity Sustainable Target: Taking Bearing
Capacity as Criterion

Guoliang Shi 1,2, Zhansheng Liu 1,2,*, Dengzhou Xian 3 and Rongtian Zhang 1

1 Faculty of Architecture, Civil and Transportation Engineering, Beijing University of Technology,
Beijing 100124, China; guoliangshi@emails.bjut.edu.cn (G.S.); zhangrt123@emails.bjut.edu.cn (R.Z.)

2 The Key Laboratory of Urban Security and Disaster Engineering of the Ministry of Education,
Beijing University of Technology, Beijing 100124, China

3 Hebei Construction Building Group Co., Ltd., Shijiazhuang 050051, China; xdz@hbjgjt.cn
* Correspondence: liuzhansheng@bjut.edu.cn

Abstract: Large-scale building structures are subject to numerous uncertain loads during their service
life, leading to a decrease in structural reliability. Real-time analysis and accurate prediction of
structural reliability is a key step to improve the bearing capacity of buildings. This study proposes
an intelligent assessment method for structural reliability driven by a sustainability target, which
incorporated digital twin technology to establish an intelligent evaluation framework for structural
reliability. Under the guidance of the evaluation framework, the establishment method of a structural
high-fidelity twin model is formed. The mechanical properties and reliability analysis mechanism
are established based on the high-fidelity twin model. The theoretical method was validated by
experimental analysis of a rigid cable truss construction. The results showed the simulation accuracy
of the high-fidelity twin model formed by the modeling method is up to 95%. With the guidance of
the proposed evaluation method, the mechanical response of the structure under different load cases
was accurately analyzed, and the coupling relationship between component failure and reliability
indicators was obtained. The twinning model can be used to analyze the reliability of the structure
in real time and help to set maintenance measures of structural safety. By analyzing the bearing
capacity and reliability index of the structure, the safety of the structure under load is guaranteed.
The sustainability of structural performance is achieved during the normal service period of the
structure. The proposed reliability assessment method provides a new approach to improving the
sustainability of building bearing capacity.

Keywords: sustainable structure; digital twin; mechanical response; reliability analysis; experimental
validation

1. Introduction

Large public buildings use spatial and prestressed structures [1] that are exposed to
wind loads and temperature effects during their service life, significantly affecting their
serviceability and bearing capacity [2]. The frequent collapse of structures poses a serious
threat to life and property. The collapse of the World Trade Center in 2001 [3] and the
unexpected collapse of a terminal building at Paris Charles de Gaulle Airport in 2004 were
examples of these events. Therefore, reliability analysis of structures has consistently been
a crucial area of research in civil engineering [4].

Regarding reliability analysis of structures, most existing studies use finite element
simulation and experimental validation [5]. Lu et al. [6] studied the failure mechanism of a
6 m-span plane trusses string structure through experiments and numerical simulations,
analyzing the effects of different cable rupture types on structural reliability. Vaezzadeh
et al. [7] discovered the progressive collapse mode of cable-net structures through exper-
imental analysis, with the main factor being constraint failure. Ozer et al. [8] conducted
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modal analysis of a bridge structure by establishing a finite element model (FEM), com-
paring frequency and vibration mode changes to judge reliability. Bojorquez et al. [9]
evaluated the impact of corrosion on the reliability of reinforced concrete structures using
Monte Carlo simulation and stochastic modeling methods, highlighting its important role
in structural failure and the necessity for consideration in reliability design.

The rapid development of smart buildings and intelligent construction has put for-
ward new requirements for the bearing capacity of structures [10]. Against this backdrop,
improving the sustainability of building bearing capacity is an urgent issue [11]. Traditional
reliability analysis methods cannot achieve continuous evaluation and rely on data gener-
ated by experiments. Real-time analysis and accurate prediction of structural reliability
are significant for improving the sustainability of buildings. Digital twin (DT) technology
plays a role in the interactive mapping of deficiency and excess and spatiotemporal evolu-
tion analysis in structural health monitoring [12]. DT technology realizes the interactive
mapping between structural entities and virtual models. The establishment of the twin
model of the structure provides a powerful tool for the intelligent evaluation of reliability.
Driven by the twin model, the sustainability of structural bearing capacity can be effectively
improved. [13].

Wang et al. [14] proposed a damage identification method for cable dome structures
by combining DT and deep learning. This method can identify damage type, location, and
degree intelligently with high accuracy and strong robustness. Ritto et al. [15] explored an
ensemble method based on finite element modeling and machine learning under the twin
concept. This method effectively integrates engineering reality with virtual models, offering
reliable decisions for structural safety control. Zhu et al. [16] proposed a DT-based safety
assessment method for dams. This assessment method makes automated and efficient
monitoring of dam conditions possible. Liu et al. [17] proposed a DT-based intelligent
evaluation method in order to enhance the constructional safety degree of prestressed steel
structures. This method ensures a safety level for structures and elevates the intelligent
level of construction safety evaluation.

Driven by sustainability goals and the DT concept, this study proposes an intelligent
assessment method for structural reliability. The safety of the structure under load is
ensured by analyzing the bearing capacity and reliability index of the structure. The
sustainability of structural performance is achieved during the normal service period of the
structure. DT uses a high-fidelity dynamic virtual model to simulate the state and behavior
of physical entities. As a link between the real physical world and the virtual digital
space, it is a key enabling technology for structural safety assessment. By establishing
an HF twin model to map the mechanical state of the structure in real time, the method
accurately evaluates the failure mode and reliability development of the structure. The
method provides decision support for structural bearing capacity maintenance. Integrating
DTs into structural reliability evaluation can allow analysis of the mechanical response
under extreme operating conditions in the twin model, reducing the cost of experimental
research. More importantly, this research method realizes real-time analysis and accurate
prediction of structural reliability, effectively improving the sustainability of structural
bearing capacity. The organizational structure of this paper is as follows.

The second section puts forward the theoretical method of reliable evaluation. In this
chapter, the framework and process of evaluation are formed. Driven by the evaluation
process, the establishment method of the twin model is first formed. Based on the estab-
lishment of the twin model, the mechanical properties and reliability of the structure are
analyzed. Analyzing the mechanical properties and reliability of the structure provides a
basis for improving the sustainability of the carrying capacity.

Based on the theoretical method in Section 2, Section 3 is verified by experiments.
During testing, a high-fidelity virtual model of the structure was first established. The
simulation ability is improved by modifying the model. The unfavorable load conditions
and failure modes are obtained in the multi-span and multi-stage loading process. Finally,
the reliability index of the structure is analyzed in different extreme load conditions.
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Section 4 is the conclusion of this study.

2. Methodology

To lift the sustainability of building bearing capacity, this study proposes an intelligent
reliability assessment method for structures. By using DT technology, an HF twin model
of structures was created, which enables analysis of structural mechanical properties
and reliability.

2.1. Intelligent Evaluation Framework Driven by DTs

During normal service life, a structure is affected by external factors such as tem-
perature and wind loads, which threaten its safety. During the lifetime of the structure,
internal causes such as component relaxation and component corrosion will also affect its
reliability. Real-time analysis and accurate prediction of structural reliability have become
essential scientific issues. The physical parameters, geometric parameters and boundary
parameters which represent the stiffness and mass of the structure are all time-varying
functions [18], making the analysis of structural reliability a multidimensional mechanical
problem that couples time and space [19]. DTs, driven by multidimensional virtual models
and integrated data, can monitor, simulate, predict, optimize, and meet practical functional
services and application requirements through closed-loop interactions between the virtual
and real worlds [20]. DTs encompass information technologies such as the IoT and AI,
fully considering the spatiotemporal evolution characteristics of structural mechanical
states, and realizing HF mapping of the structure. Multidimensional, multiple process,
multiple parallel operation time simulations, and integrated management of deficiency
and excess are achieved under the support of the five-dimensional space of DTs. The
structural reliability intelligent evaluation framework driven by DTs is shown in Figure 1.
Establishing an HF twin model based on the state of the actual structure is the first step to
achieve reliability assessment. Comparing the measured values of structural mechanical
properties with the simulated values, the basic parameters of the structure in the model are
modified to improve the simulation ability of the model. Based on the establishment of the
virtual model, the mechanical properties of the structure are analyzed. In the virtual model,
the mechanical response corresponding to the applied load of different spans is analyzed
to obtain unfavorable load conditions. The failure mode of the structure is analyzed under
the unfavorable load condition. For extreme load conditions of the structure, such as
component failure, the reliability index of the structure is analyzed in the virtual model.
The residual bearing capacity and reliability of the structure are obtained by analyzing the
mechanical properties of the structure, which provides a basis for ensuring the safety of
the structure.

Under the guidance of DT, this study achieves intelligent evaluation of structural
reliability by considering the spatiotemporal evolution of the structural system and its
interaction with the virtual reality interaction. First, an HF twin model is established for
interactive mapping in the same physical space, forming DT data for structural mechanical
performance and reliability analysis. By integrating DT technology with the effects and
mechanical performance parameters of the structure, a multiple-scale model of the longitu-
dinal dimension of the structural system is realized. Based on the real-time evolution of the
load during the service life of the structure, an operational system of structural dynamic
collaboration driven by DT is established.

Virtual models were established according to the physical structure to accurately map
the structural mechanical state. In this study, the structural mechanical performance was
analyzed through the multi-span and multi-stage distribution of loads. Extreme operating
conditions were set in the virtual model to analyze the structural failure probability and
obtain the structural reliability index ultimately. Based on the analysis of mechanical
performance and reliability, maintenance strategies were developed to effectively improve
the sustainability of structural bearing capacity.

139



Sustainability 2023, 15, 10655

Figure 1. The structural reliability intelligent evaluation framework driven by DTs.

2.2. Establishment of the DT Model

Establishing a structural HF twin model is the first step in achieving intelligent reli-
ability assessment. This section analyzes the traditional finite element modeling process
and forms a model correction method. Following the establishment of the DT model,
the structural reliability can be analyzed in real time and the development trend of the
reliability index under extreme operating conditions can be accurately predicted. With the
DT model established, it effectively reduces the dependence on experimental data.

2.2.1. Construction of FEM

Through the study of structural performance and reliability, the traditional simulation
method relies on FEMs [21]. The FEM analysis software ANSYS is used to analyze the
structural performance, with the following modeling process.

(1) Assign material properties and real constants to the corresponding components.
(2) Arrange key joints in the software, establish corresponding component units, and

form a structural model.
(3) Apply corresponding constraints to the connection joints of the structure.
(4) Apply the loads that the structure bears at the designated joints.
(5) Obtain the structural mechanical response under the action of the loads.
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2.2.2. Modification of Virtual Model

On the basis of establishing the FEM, this study proposes a physical property opti-
mization method based on a genetic algorithm [22,23]. In the optimization process, physical
attributes such as component size are used as optimization parameters. The lower and
upper limits are determined according to the machining and construction accuracy of
physical properties. The error (Δμ) between the displacement simulation value of the
structure in its formed shape and the measured value is taken as the optimization objec-
tive. The optimization process of attribute parameters in the virtual model is expressed
as Equation (1).

⎧⎪⎪⎨
⎪⎪⎩

a1 ≤ δ1 ≤ b1
a2 ≤ δ2 ≤ b2

· · ·
an ≤ δn ≤ bn

iteration⇐====⇒min(Δμ)
select
===⇒

⎧⎪⎪⎪⎨
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δ
opt
1

δ
opt
2
· · ·
δ

opt
n

(1)

where δi equals the ith optimization variable, such as the prestress of a component, and ai
and bi denote the lower and upper limits of the ith optimization variable. The optimization
algorithm is used to adjust the basic parameters of the model to minimize the error between
the simulated and measured vertical displacement values, while δ

opt
i is the optimal design

parameter corresponding to the minimum error. By modifying the structural physical
properties in the model, the accuracy of model simulation is significantly improved. In this
model, the mechanical state of the structure is analyzed in real time and the safety risk is
predicted, which provides support for the intelligent evaluation of structural mechanical
performance and reliability. The basic parameter optimization process of the virtual model
is shown in Figure 2. The parameters are optimized in Python. The minimum error between
the simulated value and the measured value is taken as the objective function, and the
value range of each basic parameter (size, prestress) is taken as the constraint condition.
Driven by the genetic algorithm, the parameters are optimized to improve the simulation
ability of the virtual model.

Optimal selection of 
basic parameters

Objective function 
: minimum error

Constraint conditions 
:value range of variables

Calculate the fitness of 
the individual

Genetic operator operation 
generates new populations

Output optimal solution

NOYES

Optimization model
Satisfy the 

convergence 
condition or reach 
the evolutionary 

algebra

Figure 2. Model modification process based on the genetic algorithm.
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2.3. Analysis of Structural Mechanical Performance and Reliability

For the analysis of structural performance under different load cases, this study
developed a twin model of the experimental model formed by the theoretical method
in Section 2.1. In the formed shape, the HF of the twin model is verified by comparing
the measured and simulated values of the structural mechanical parameters. Driven by
the genetic algorithm, the basic parameters in the model are optimized to improve the
simulation ability of the model. A variety of static load conditions are arranged in the test
model and the twin model to obtain the mechanical response of the structure. By setting
multi-span loads, the most unfavorable load on the structural performance is obtained.
Multi-stage loading is performed for the most unfavorable load to obtain the failure mode
of the structure. The reliability analysis of the structure is carried out in the twin model
for extreme loads, such as component failure. By analyzing the mechanical properties and
reliability of the structure, the bearing capacity of the structure is evaluated to improve
the sustainability of the structure. This process is shown in Figure 3. In the analysis of
structural mechanical performance and reliability, this study used a tension meter and a
total station to capture the changes in cable force and displacement. The twin model of the
structure is established by ANSYS.

Test structure

DT model

compa-
rison 

corre-
ction

working 
condition 

Multi-span load

Multi-level load

Element failure

mechanical 
response internal 

force 

displacement

failure mode

failure 
probability

reliability
 

Figure 3. Analysis process of structural mechanical performance and reliability.

This study conducted an analysis of the internal forces and displacements of the
structure under multi-stage loading to evaluate the failure mode of the structure. The
loads corresponding to the ultimate limit state (ULS) and serviceability limit state (SLS)
of the structure were obtained. The reliability analysis of the structure after component
failure was carried out in the twin model. Response surface methodology and the Monte
Carlo method were applied in the reliability analysis of the structure. Firstly, the response
equation was obtained using the response surface method, and then 1 million sampling
simulations were performed with Latin hypercube sampling (LHS) to obtain the structural
failure probability.

In the DT model, the effect of structural failure on the ULS and SLS was studied. For
the ULS, the loading condition (LS) is expressed in Equation (2) [24], and the function of
the failure is expressed in Equation (3).

L(ULS) = 1.3 × dead load + 1.5 × live load (2)

f (ULS) = [σ]− σmax (3)

where [σ] represents the limit value of the component stress, which is equal to the material
strength divided by the safety factor, σmax is the maximum stress of the components in the
structure, and f (ULS) < 0 refers to structural failure.

For the SLS, the LS is expressed in Equation (4) [24], and the failure function is
expressed in Equation (5).

L(SLS) = 1.0 × dead load + 1.0 × live load (4)
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g(SLS) = [μ]− μmax (5)

where [μ] represents the limit value of the structural displacement, which is equal to the
structural span divided by the safety factor, μmax represents the maximum displacement
of the structure, and g(SLS) < 0 represents structural failure. By analyzing the structural
failure function, the structural failure probability was obtained, and the development
trend of the structural reliability index was captured. Based on the structural mechanical
performance and reliability analysis, this study provides a basis for the safety maintenance
of the structure, effectively ensuring the sustainability of the structural bearing capacity.

3. Experimental Verification

To demonstrate the feasibility of the research method, an experimental verification
was carried out on a rigid cable truss construction. In the experimental model, the span
of the cable truss was 6 m. The model consists of 12 bays of cable truss, inner ring beam,
outer ring beam, and outer column. The radial cables include upper radial cables (URCs)
and lower radial cables (LRCs) with a diameter of 9 mm, and the cable forces of the URCs
and LRCs in formed shape are 15 kN and 16 kN, respectively. The single-bay cable truss is
connected to the radial cable by two struts, the inner ring beam includes upper and lower
ring beams, which are connected by inner struts. The height of the inner strut is 0.75 m,
and the inner radius is 0.5 m. The height of the outer column is 1.5 m. The experimental
model of this study is shown in Figure 4. The mechanical properties of cable members
are the focus of this study. Tension meters are arranged in each cable to collect the change
of cable force. The displacement of each node under self-weight condition is collected
by total station. By comparing the measured and simulated values of the displacement,
the size and prestress of the component are corrected. The modified virtual model can
accurately map the mechanical properties of the structure. The feasibility of the model
is verified by comparing the measured and simulated values of the cable force. On the
basis of establishing a high-fidelity twin model, the state of the structure under various
load conditions can be accurately analyzed in the model. By analyzing the mechanical
properties of the structure under extreme conditions, the reliability of the structure is
judged, which provides a basis for improving the bearing capacity of the structure. The
structure is formed by adjusting the sleeve in the test model. The vertical load of the joint
is applied by arranging weight blocks on the joint.

  

Figure 4. The experimental model: (� URC, � LRC, � middle strut, � outer strut, � upper ring
beam, � lower ring beam, � inner strut, 	 outer ring beam, 
 outer column, � tension meter,

collecting box).
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3.1. Structural Twin Modeling

Establishing an HF twin model is the first step of intelligent assessment. Based on
the modeling method in Section 2.2, this study first established the FEM of the structure.
The cable components in the structure are built using Link10 elements, while the rigid
components are built using Beam188 elements. The boundary conditions for the cable
components are based on three-direction articulation. The base of the structure’s columns
is a rigid constraint. The cable elements are prestressed by applying initial strain. The
vertical load is set in the model to simulate the actual structure loading process.

Based on the FEM, the structural vertical displacement in its formed shape was ob-
tained. The error between the simulation and measured values of the vertical displacement
was taken as the optimization objective. The physical properties optimized were the di-
mensions and prestress of the cables. The optimization parameters were iterated under
the drive of a genetic algorithm, as shown in Figure 5. The optimal physical properties
were obtained after 12 iterations. The error between the obtained vertical displacement in
the twin model and the measured value was within 5%. In the process of virtual model
optimization, the values of key parameters of genetic algorithm are shown in Table 1.

 
(a) The process of dimension iterations 

 
(b) The process of prestress iterations 

Figure 5. The iteration process of physical properties.

Table 1. Optimization parameters of the model.

Parameter Adjustable Range Value Meaning

η [0, 1] 0.01 learning rate
γ [0, ∞] 500 genetic algebra
ς [0, ∞] 50 population size

Based on the optimized physical properties, an HF structural twin model was estab-
lished, as shown in Figure 6. To verify the effectiveness of the twin model, the simulation
and measured values of the radial cable forces were obtained for the structure in its formed
shape. The comparison showed that the fidelity of the cable force analysis by the DT model
was also within 5%. The comparison of the cable force simulation and measured values is
shown in Table 2. Since the structure is symmetric in geometry and loading, Table 2 shows
the comparison of the radial cables of a single bay.
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Figure 6. The HF twin model of the structure.

Table 2. The comparison of cable force between simulation value and measured value.

Component No. Measured Value (N)
Simulation Value

(N)
Error Value

URC 1 12,821 13,424 4.7%
LRC 1 14,588 14,034 −3.8%

3.2. Mechanical Response of Obtained Structure Based on DTs

A DT model can accurately and effectively simulate the mechanical properties of the
results. This section analyzes the mechanical response of the structure under different span
loads using the DT model. The structure’s failure modes were obtained through multi-stage
loading according to the most unfavorable load cases. The structural reliability index was
obtained for extreme operating conditions.

3.2.1. Mechanical Performance of Different Load Conditions

Four load cases were analyzed in this study in static load analysis, as shown in Table 3.
According to the literature [25], the constant load was taken as 0.15 kN/m2, and the surface
load was converted to an equivalent joint load [26], where the joint load on the inner strut
was 33 N, on the middle strut was 92.3 N, and on the outer strut was 146 N. The specific
LSs are shown in Figure 7.

Table 3. The load cases.

Conditions of Load Combination

LS 1 1/4-span constant loads
LS 2 1/2-span constant loads
LS 3 3/4-span constant loads
LS 4 Full span constant loads
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(a) 1/4-span constant loads 

 
(b) 1/2-span constant loads 

 
(c) 3/4-span constant loads 

 
(d) Full span constant loads 

Figure 7. The specific LSs (red is 146 N, green is 93.2 N, and blue is 33 N, The number in the figure
indicates the axis position of the cable truss).

(1) Quarter-span constant loads

Quarter-span loads were applied to the first, second, and third bays of radial cables
in the experimental model to load the structure. The DT model’s simulation analysis of
internal forces and displacements is shown in Figure 8. The vertical coordinate axis in
Figures 8, 9, 10 and 11b represents the vertical displacement, which gradually decreases
from inside to outside. Under the action of load, the displacement of the external strut is
maximal, so the corresponding curve is on the inside.
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(a) Radial cable forces 

 
(b) Joint displacements 

Figure 8. Simulation analysis of the mechanical properties of the structure.

 
(a) Radial cable forces 

 
(b) Joint displacements 

Figure 9. Simulation analysis of the mechanical properties of the structure.

Compared with the structure in formed shape, when a 1/4-span load was applied,
the force in the URC increased, while that in the LRC decreased. The force in the URC
of the first and third bays increased the most, increasing from 13,424 N to 13,555 N, a
variation rate of 1%. The force in the LRC of the first and third bays decreased the most,
decreasing from 14,034 N to 13,745 N, a variation rate of 2.1%. The vertical displacement at
the loading point changed the most, and the joint displacement of the middle strut was the
largest. When a 1/4-span load was applied, the joint displacement of the middle strut in
the second bay was the largest, at −5.68 mm.
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(a) Radial cable forces (b) Joint displacements 

Figure 10. Simulation analysis of the mechanical properties of the structure.

 
(a) Radial cable forces (b) Joint displacements 

Figure 11. Simulation analysis of the mechanical properties of the structure.

(2) Half-span constant loads

One to six bays of radial cables in the test model were loaded to apply a 1/2-span
load to the structure. The internal forces and displacements obtained from the twin-model
simulation analysis are shown in Figure 9.

When a 1/2-span load was applied, the maximum force of the URC for the first and
sixth bays was 13,540 N, while the maximum force of the LRC for the third and fourth bays
was 14,168 N. Compared with the formed shape, the upward cable force of the third and
fourth bays changed the most, with a change rate of 1.6%. The LRC force of the seventh
and twelfth bays changed the most, with a change rate of 1.5%. The vertical displacement
at the loading position changed the most, and the joint displacement of the middle strut
was the largest, reaching −7.48 mm when a 1/2-span load was applied to the third and
fourth bays.
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(3) Three-quarter-span constant loads

Bays 1–9 of radial cables in the test model were loaded to apply a 3/4-span load to the
structure. The internal forces and displacements obtained from the twin-model simulation
analysis are shown in Figure 10.

When a 3/4-span load was applied, the maximum force of the URC for the first and
ninth bays was 13,599 N, while the maximum force of the LRC for the fifth bay was 14,291 N.
Compared with the formed shape, the upward cable force of the tenth and twelfth bays
changed the most, with a change rate of 2.3%. The LRC force of the tenth and twelfth bays
changed the most, with a change rate of 2.2%. The vertical displacement at the loading
position changed the most, and the joint displacement of the middle strut was the largest,
reaching −8.36 mm when a 3/4-span load was applied to the fifth bay.

(4) Full-span constant loads

When subjected to full-span constant load, the internal forces and displacements of
the test model were analyzed, and the results are shown in Figure 11 using the twin-model
simulation.

When the full-span load was applied, the force on the URC was 13,271 N, and that
on the LRC was 14,326 N. The force on the URC decreased by 1.1% as a whole, while the
force on the LRC increased by 2.1% as a whole. The maximum joint displacement of the
middle strut was −8.78 mm, and the minimum joint displacement of the inner strut was
−5.18 mm.

3.2.2. Structural Failure Mode

By analyzing the structural mechanical performance under different span LSs, it
was found that the maximum internal force and displacement of the structure occurred
under full-span constant load. The failure modes of the cable truss structure are transfinite
deformation, cable breaking, strut destabilization, and cable relaxation [27,28]. In the
twin model, multi-level loading with full-span constant load was carried out to analyze
the trend of changes in the structure’s vertical displacement and internal forces. The
mechanical response of the structure as the load increases is shown in Figure 12. Under the
full-span load, the displacement of the upper and lower joints of the same strut is the same
(Figure 12a). The same cable has the same stress in all sections (Figure 12b).

According to the cable structure technical specification [29–33], the limit value of
vertical displacement under normal service conditions is 1/250 of the span, that is, 24 mm.
In this experiment, transfinite deformation occurred when loading level 15 constant load.
The tensile strength of the cable and the strength of the steel component used in the
experiment were 1670 MPa and 345 MPa, respectively. As shown in Figure 12, when
loading up to level 95 constant load, the LRC force first reaches the breaking force. Among
the struts, the stress change in the outer strut is the most obvious. Through the analysis
of the twin model, the failure mode of the structure’s ultimate bearing capacity state is
identified as cable breaking.

3.2.3. Reliability of Components after Failure

In order to improve the sustainability of structural bearing capacity, a reliability
analysis of the structure was conducted. In this paper, the Monte Carlo method based on
response surface was used to analyze the damage situation of the cable truss structure. In
this method, the structural response surface is first fitted using the sampling method, and
then the response surface equation is used to replace the structure’s FEM. After that, the
structure is analyzed for reliability using the Monte Carlo method.
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(a) Change in joint displacements 

 
(b) Change in cable stresses 

 
(c) Change in strut stresses 

 
(d) Change in stresses of other components 

Figure 12. Structural mechanical response of multi-stage loading process.

Structural failure probability under different conditions was calculated using
Equations (3) and (5). The displacement limit value was set to 24 mm. According to
the analysis in Section 3.2.2, cable breaking is the failure mode of the ULS. In Equation (5),
the limit value of the component stress is the cable’s tensile strength divided by the safety
factor. According to the cable structure technical specification [29–33], the safety factor
is 2.0. The extreme value of stress is 835 MPa. Under the guidance of the theoretical
method in Section 2.3, this study conducted an evaluation of the structural reliability under
four typical operating conditions [34–36], as shown in Table 4.

As shown in Table 4, the failure of the LRC has the greatest impact on the structural
reliability, and the reliability index of the SLS is close to 0. Therefore, during the structural
service life, the stress state of the LRC should be closely monitored to prevent component
relaxation or excessive stress. In addition to typical operating conditions, the structural
reliability can be analyzed in real time for other operating conditions using the DT model.
Structural bearing capacity maintenance can be carried out based on the changes in the
reliability index.
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Table 4. Evaluation of structural reliability.

Components Failure
SLS ULS

Failure Probability Reliability Index Failure Probability Reliability Index

Single URC failure 3.71887 × 10−1 0.3269 7.59028 × 10−3 2.4280
Single LRC failure 4.26797 × 10−1 0.1845 8.49569 × 10−3 2.3869

Single middle strut failure 3.13185 × 10−1 0.4868 6.14143 × 10−3 2.5039
Single outer strut failure 2.81372 × 10−1 0.5788 5.79581 × 10−3 2.5243

3.3. Discussion

Using the twin-modeling method, an HF twin model of the test structure was estab-
lished. The simulation accuracy of the twin model was found to be over 95% through
comparison, which fully demonstrates the feasibility of the DT modeling method.

The structural mechanical performance was analyzed during multi-span loading. It
was found that the URC on the edge span had the maximum cable force, and the LRC
on the middle span had the greatest change in cable force. The joint displacement of the
middle strut was greater than that of the outer and inner struts, and the joint displacement
was the largest for the loading on the middle span. The sensitive areas of the structure were
determined by analyzing its response to multi-span loading.

The structural failure modes and structural bearing capacity were obtained through
multi-stage loading. The structure exceeded the deformation limit when subjected to a
constant load at level 15. When loaded to level 95, the LRC force reached its breaking point.
Under the ultimate load, the cable force of the lower radial cable is 2.2 times that of the
upper radial cable. Therefore, the stress performance of the lower radial cable should be
emphasized in the loading process. Through the analysis of multi-stage loading, it is found
that grade 15 constant load corresponds to the normal service limit state of the structure,
and grade 95 constant load corresponds to the ultimate state of the structure’s bearing
capacity.

The importance of various components was obtained by analyzing the structure’s
reliability. The order of importance was LRC > URC > outer strut > middle strut. In the DT
model, structural reliability under various conditions can be analyzed accurately, providing
the basis for improving the sustainability of structural bearing capacity. In the normal
service limit state, the reliability index of the failure structure of a single lower radial cable
is close to 0, which is the most unfavorable extreme condition of the structure. When a
single member fails, the reliability index corresponding to the lower radial cable is a third
of that of the outer strut.

4. Conclusions

This study proposes an intelligent reliability assessment method for improving the
sustainable carrying capacity of the structure by integrating DT technology. Through the
establishment of an HF twin model, real-time analysis and accurate prediction of structural
reliability were achieved. On the basis of analyzing the mechanical performance and
reliability of the structure, strategy support was provided to ensure the sustainability of the
bearing capacity of the structure. The main conclusions are as follows.

(1) The establishment method of the HF twin model was formed by combining the
genetic algorithm and finite element modeling theory. By comparing the simulated and
measured values of structural mechanical parameters, the physical properties of the model
are modified. The DT model can accurately map the structural mechanical state with
an error within 5%. Additionally, the DT model can analyze the structural mechanical
response under various operating conditions in real time, reducing the dependence on
experimental data.
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(2) Using the DT model, the analysis method of the structural mechanical performance
and reliability was formed. The DT model can accurately analyze the structural carrying
capacity and the development trend of reliability indicators. The structural safety status can
be accurately judged based on the reliability index, which provides the basis for improving
the sustainability of structural bearing capacity.

(3) During the experiment, the advantages of the proposed intelligent assessment
method were verified. Under the guidance of the theoretical method, the mechanical
behavior law of the structure under multi-span load arrangement is obtained, and the
key stress nodes and adverse conditions are captured. By analyzing the development
trend of displacement and internal force under multi-stage loads, the ultimate bearing
capacity of the structure is obtained. By reaching component failure, the reliability index
and key components are obtained by simulation in the twin model. Real-time analysis of
the structural mechanical performance and reliability effectively ensured the safety of the
structure, providing ideas for improving the sustainable bearing capacity of the structure.

This study focused on the reliability and bearing capacity of cable structures. It
provides ideas for other types of structural safety assessment. By obtaining adverse working
conditions, failure modes, and reliability indices in the twin model, it provides a basis
for improving the sustainability of structural bearing capacity. For concrete structure and
masonry structure, it is necessary to further study the influence of material ratio and
cooperative work between materials on structural reliability. The large volume of existing
buildings necessitates higher requirements for structural health monitoring. It is important
to improve the sustainability of existing building carrying capacity by updating the twin
model with the dynamic and static mechanical data of the fusion structure driven by twin
data and realizing accurate identification of structural damage. Driven by the sustainability
goal of structural carrying capacity, it is advised that future studies focus on forming
efficient maintenance measures based on the reliability index of structures. Taking into
account the whole life cycle of the building, low energy consumption in the operation and
maintenance of the structure is also a future research direction.
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Nomenclature

Formula symbol physical meaning
DT digital twin
HF high fidelity
FDT evaluation framework driven by DTs
LPSE physical structure entity
LVSM virtual structure model
LTDP twin data processing layer
LFA functional application layer
CN connections between each component
FEM finite element model
Δμ displacement error
δi ith optimization variable
ai lower limits of the ith optimization variable
bi upper limits of the ith optimization variable
δ

opt
i optimal design parameter corresponding to the minimum error

LHS Latin hypercube sampling
ULS ultimate limit state
SLS serviceability limit state
LS loading condition
[σ] limit value of the component stress
σmax maximum stress of the components in the structure
[μ] limit value of the structural displacement
μmax maximum displacement of the structure
URC upper radial cable
LRC lower radial cable
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Abstract: The buckling mechanism of diagonally stiffened plates under the combined action of shear,
bending, and compression is a complex phenomenon that is difficult to describe with simple and clear
explicit expressions. Predicting the elastic buckling coefficient accurately is crucial for calculating the
buckling load of these plates. Several factors influence the buckling load of diagonally stiffened plates,
including the plate’s aspect ratio, the stiffener’s flexural and torsional rigidity, and the in-plane load.
Traditional analysis methods rely on fitting a large number of finite element numerical simulations
to obtain an empirical formula for the buckling coefficient of stiffened plates under a single load.
However, this cannot be applied to diagonally stiffened plates under combined loads. To address
these limitations, several machine learning (ML) models were developed using the ML method
and the SHAP to predict the buckling coefficient of diagonally stiffened plates. Eight ML models
were trained, including decision tree (DT), k-nearest neighbor (K-NN), artificial neural network
(ANN), random forest (RF), AdaBoost, LightGBM, XGBoost, and CatBoost. The performance of
these models was evaluated and found to be highly accurate in predicting the buckling coefficient of
diagonally stiffened plates under combined loading. Among the eight models, XGBoost was found
to be the best. Further analysis using the SHAP method revealed that the aspect ratio of the plate
is the most important feature influencing the elastic buckling coefficient. This was followed by the
combined action ratio, as well as the flexure and torsional rigidity of the stiffener. Based on these
findings, it is recommended that the stiffener-to-plate flexural stiffness ratio be greater than 20 and
that the stiffener’s torsional-to-flexural stiffness ratio be greater than 0.4. This will improve the elastic
buckling coefficient of diagonally stiffened plates and enable them to achieve higher load capacity.

Keywords: diagonally stiffened plates; combined action; elastic buckling coefficient; machine learning;
Shapley Additive exPlanations

1. Introduction

Stiffened plates are widely utilized in various fields such as civil engineering, auto-
motive, shipbuilding, and aerospace [1–3]. The current research focuses on the buckling
stability of stiffened plates under in-plane loading [4–8]. In structural engineering, stiffeners
are used in beams, plates, shear walls, and other major structural members to improve
structural performance [9]. The common forms of stiffened plates include transverse, lon-
gitudinal, and diagonal. In 1960, Timoshenko and Gere [10] systematically studied the
buckling behavior of rectangular plates and derived the equilibrium equations of rectan-
gular plates under single loads such as compression, bending, and shear. In addition, the
relationship between flexure rigidity of stiffeners and critical buckling stress was analyzed
for transversely and longitudinally stiffened plates, and the limit of the stiffness ratio was
given, thus establishing the foundation for the research of buckling stability of stiffened
plates. Mikami [11] and Yonezawa [12] investigated the buckling behavior of diagonally
stiffened plates simply supported on four edges. Yuan et al. [13] considered the flexural
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rigidity of the open diagonal stiffeners, and studied the shear behavior of diagonally stiff-
ened stainless-steel girders using the finite element (FE) software. Martins and Cardoso [14]
also investigated how the torsional stiffness of closed-section stiffeners affects the shear
buckling behavior of diagonally stiffened plates.

Most current research focuses on the shear buckling behavior of diagonally stiffened
plates, and there is a lack of sufficient research on the combined action of multiple loads.
This discourages the design of stiffened plates. There is an urgent need to propose a
simple and convenient model for the calculation of the buckling performance of diagonally
stiffened plates under combined compression-bending-shear action.

On the other hand, new types of composite structures have emerged in recent years.
Because many variables affect their mechanical properties, it is difficult to solve their ana-
lytical solutions directly. It is also hard to fully reflect the influence of different parameters
that affect a structure’s performance when using semi-theoretical and semi-experiential
methods. Machine learning (ML) can reveal the hidden relationship between input features
and prediction results. It can be used to predict the load-bearing capacity, failure mode,
and damage assessment of members with excellent accuracy [15–17]. Using ML to predict
the bearing capacity of complex structures is one of its important research objectives, such
as the punching strength of concrete slabs [18], axial compressive strength of concrete-filled
steel tube (CFST) columns [19], buckling loads of perforated steel beams [20], material
bond strength [21], concrete splitting and tensile strength [22], and rebound modulus
properties [23]. The nonlinear hysteretic response behavior of steel plate shear walls can be
simulated using a deep learning method [24]. Furthermore, the SHAP (Shapley Additive
exPlanations) approach [25] can effectively explain how each feature contributed to the
results and increase the credibility of the ML model [26].

There is a lack of research on the performance of diagonally stiffened plates under
complex actions, especially under the coupled action of compression, bending, and shear.
There is also a lack of relevant theoretical and design basis. Therefore, the central problem
of this study is to determine the elastic buckling coefficients of diagonally stiffened plates
under the combined action of bending, compression, and shear. In this paper, the data
set affecting the buckling performance of diagonally stiffened plates was established, the
performance metrics of different machine learning algorithms in predicting the elastic
buckling coefficient were compared, and the optimal model was interpreted using the
SHAP method. The results show that integrated learning exhibits a good generalization
ability and can quickly predict the elastic buckling coefficients of diagonally stiffened plates
under the combined action of compression–bending–shear.

2. Methods

2.1. Buckling Coefficient of Diagonally Stiffened Plate

Timoshenko and Gere [10] studied the elastic stability of unstiffened plates using the
energy method and found that the aspect ratio γ of the plate significantly affects the critical
buckling stress τcr of the structure, as given in Equation (1), where kcr is a function with
respect γ. Then, according to Bleich [27], the buckling coefficients kcr for a four-edge simply
supported plate under shear and bending loads alone are calculated by the approximations
Equation (2) and Equation (3), respectively. For example, for a rectangular plate with
four-sided simple support, the shear buckling coefficient is 9.34 and the bending buckling
coefficient is 23.9.

τcr =
kcrη2D

H2t
=

kcrη2E
12(1 − ν2)λ2 , where D =

Et3

12(1 − ν2)
, λ =

H
t

(1)

For shear : kcr =

{
5.34 + 4/γ2 γ ≥ 1
4 + 5.34/γ2 γ < 1

(2)

For bending : kcr =

{
15.87 + 1.87/γ2 + 8.6γ2 (γ < 2/3)
23.9 (γ ≥ 2/3)

(3)

156



Sustainability 2023, 15, 7815

γ =
L
H

(4)

where L, H, and t are the plate’s length, height, and thickness, respectively; D is the plate’s
flexural stiffness; E is the elastic modulus of the plate; kcr is the elastic buckling coefficient;
ν is Poisson’s ratio; and λ is the slenderness ratio of the plate.

Tong [28] analyzed the buckling stability of a four-edge simply supported plate under
combined shear and non-uniform compression, resulting in the interaction formula for
the plate combined action of axial compression, bending, and shear as Equation (5). It
is possible to separate the non-uniform compression into a combined bending and axial
compression action. A coefficient is defined to represent the form of the distribution of
non-uniform axial compression. The distribution factor of non-uniform compression ζ is
shown in Equation (7). More information is detailed later in Section 3.3.

σ

σcr
+

(
σb

σbcr

)2
+

(
τ

τcr

)2
= 1 (5)

{
σ = (1 − 0.5ζ)σmax
σb = 0.5ζσmax

(6)

ζ =
σmax − σmin

σmax
(7)

where σ, σb and τ are the stress of axial compression, bending, and shear, respectively;
σcr, σbcr and τcr are the critical stresses in axial compression, bending, and shear alone,
respectively; and σmax and σmin are the maximum and minimum stresses in non-uniform
compression, respectively.

Diagonally stiffened plates can be classified as either tension-type or compression-
type, depending on the direction of the diagonal stiffeners and the shear force. Under pure
shear, stiffeners are subjected to pressure and are called compression-type, while those
subjected to tension are called tension-type. Compared to unstiffened plates, diagonally
stiffened plates have a larger buckling coefficient, with compression type having the highest
buckling coefficient. Mikami [11] assumed that the diagonally stiffened edge is ideally
restrained from out-of-plane displacement, meaning the stiffeners have infinite flexural
stiffness. Based on the resultant curves of the numerical analysis, equations were fitted to
calculate the buckling coefficients of diagonally stiffened plates in pure shear and bending
alone. The shear buckling coefficient of diagonally stiffened plates can be approximately
expressed by Equation (8), and the bending buckling coefficient of diagonally stiffened
plates can be approximated by Equation (9).

For shear : kcr =

{
11.9 + 10.1/γ + 10.9/γ2 compression
17.2 − 22.5/γ + 16.7/γ2 tension

(8)

For bending : kcr = 22.5 + 4.23γ + 2.75γ2 (9)

Considering the flexure rigidity of stiffeners, the critical elastic buckling stress obtained
from the FE analysis was compared to the structure’s theoretical buckling stress [13]. As a
result, the equation for estimating the elastic buckling coefficient of the diagonally stiffened
plate was modified as Equation (10), where Is is the moment of inertia of the stiffeners.
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kcr =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
24.2

γ − 2
)
· 3
√

Is
h·t3 +

6.57
γ2 + 4.92 f or Is

h·t3 < 1 ∧ γ < 1(
24.2

γ − 2
)
· 3
√

Is
h·t3 +

4.92
γ2 + 6.57 f or Is

h·t3 < 1 ∧ γ ≥ 1(
9
γ − 2

)
· 3
√

Is
h·t3 +

6.57
γ2 + 15.2

γ + 4.92 f or Is
h·t3 ≥ 1 ∧ γ < 1(

9
γ − 2

)
· 3
√

Is
h·t3 +

4.92
γ2 + 15.2

γ + 6.57 f or Is
h·t3 ≥ 1 ∧ γ ≥ 1

(10)

Martins and Cardoso [14] investigated the effect of the torsional rigidity of stiffeners
on the elastic buckling stress. Based on a nonlinear regression analysis of a large number of
numerical simulation results, Equations (11) and (12) were provided to predict the shear
buckling coefficients of open and closed diagonally stiffened plates, respectively. In these
equations, ηy is the relative flexural rigidity around the strong axis, ηz is the relative flexural
rigidity around the weak axis, and ϕx is the relative torsional rigidity for the stiffeners.

kcr =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

4.00 + 5.34
γ2 + 11.50

3√ηy
+ 5.23· η0.404

y ·η0.038
z

γ1.371

f or ηy ≤ 12
(
1 − v2) ∧ 0.5 < γ ≤ 1.0

5.34 + 4.00
γ2 + 4.07

3√ηy
+ 6.15· η0.428

y ·η0.020
z

γ1.434

f or ηy ≤ 12
(
1 − v2) ∧ 1.0 < γ ≤ 2.0

18.35 + 5.67
γ + 3.35

γ2 − 17.96
3√ηy

+ 10.16· η0.026
y ·η0.076

z
γ1.788

f or ηy > 12
(
1 − v2) ∧ 0.5 < γ ≤ 1.0

12.03 + 9.96
γ + 11.45

γ2 − 14.29
3√ηy

+ 6.92· η0.375
z

γ1.632·η0.036
y

f or ηy > 12
(
1 − v2) ∧ 1.0 < γ ≤ 2.0

(11)

kcr =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

4.00 + 5.34
γ2 + 5.03

3√ηy
+ 1.46

3√φx
+ 5.95· η0.344

y ·η0.086
z

γ1.557

f or ηy ≤ 12
(
1 − v2) ∧ 0.5 < γ ≤ 1.0

5.34 + 4.00
γ2

3.85
3√ηy

− 1.25
3√φx

+ 6.81· η0.395
y ·η0.011

z
γ1.083

f or ηy ≤ 12
(
1 − v2) ∧ 1.0 < γ ≤ 2.0

24.49 + 13.62
γ2 − 17.01

3√ηy
+ 56.50

3√ηz
− 64.40

3√φx
+ 2.19· η0.641

z
γ1.942·η0.211

y

f or ηy > 12
(
1 − v2) ∧ 0.5 < γ ≤ 1.0

17.34 + 16.48
γ2 − 10.70

3√ηy
+ 25.62

3√ηz
− 29.04

3√φx
+ 2.95· η0.563

z
γ1.578·η0.170

y

f or ηy > 12
(
1 − v2) ∧ 1.0 < γ ≤ 2.0

(12)

In the study of the buckling coefficient of diagonally stiffened plates, researchers have
progressed from assuming that the stiffeners are rigid to considering the flexural rigidity
and torsional rigidity. This consideration of additional factors brings the analysis results
closer to reality. Through extensive finite element parameter analysis, scholars have derived
formulas for calculating shear buckling coefficients. However, the loading conditions of
the structure, in reality, are complex and can involve the combined action of bending, shear,
and compression. Therefore, studying the buckling coefficient of stiffened plates under
combined loads is an urgent problem.

2.2. Buckling Mode of Diagonally Stiffened Plate Subjected to Pure Shear

A diagonally stiffened plate with closed cross-section stiffeners, as illustrated in
Figure 1, where L is the width of the plate, H is the height of the plate, t is the thickness of
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the plate, b is the height of the flange of closed cross-section stiffener, bs is the width of the
web of closed cross-section stiffener, and ts is the thickness of closed cross-section stiffener.

Figure 1. Diagonally stiffened plate with closed cross-section stiffeners.

The stiffener-to-plate flexural stiffness ratio η is used to quantify the relationship be-
tween the out-of-plate relative flexural rigidity of the stiffener and the plate, defined as Equa-
tion (13). The stiffener’s torsional-to-flexural rigidity ratio K is defined as Equation (14).

η =
Es Is

DLe
, where Le = H sin αs + L cos αs (13)

K =
Gs Js

Es Is
(14)

Previous work [29] analyzed square plates with diagonal stiffeners and found the
flexural rigidity of the stiffeners affects the buckling mode of the diagonally stiffened plate
(Figure 2). For the compressive type, the buckling coefficient increases continuously with
an increasing stiffener-to-plate flexural stiffness ratio η. When η is small, the stiffened
plate buckles as a whole, and its elastic shear buckling coefficient is lower than the value
kcr0 = 32.9 calculated by Yonezawa’s formula Equation (8). As stiffener stiffness increases,
the shear buckling coefficient gradually increases, and the buckling mode shifts to local
buckling. The stiffness of the stiffeners that changes the structure from overall buckling
to local buckling is called the threshold stiffness ηTh. Designers need to ensure that the
stiffener has sufficient stiffness to avoid the overall buckling of the structure. When the
stiffener stiffness exceeded ηTh, the buckling load of the structure continues to increase, and
this contribution is provided by the stiffener. In addition, for the tensile type, the stiffener is
subjected to tensile stresses and there is no stability problem, so the threshold stiffness ηTh
is not meaningful for the tensile type diagonally stiffened plate. When the ratio η exceeds a
certain value, the structure changes from overall to local buckling and the buckling load
remains stable and stops increasing.

Previous research has mainly focused on the buckling behavior of diagonally stiffened
plates under shear loading. However, the buckling behavior of diagonally stiffened plates
under combined loading depends on several variables, such as geometrical dimensions
and loading conditions, which are difficult to express by a simple formula. For this reason,
a machine learning algorithm based on data-driven is used to solve this problem and reveal
the potential mapping relationships between the influencing factors and the target.
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(a) (b) 

 

(c) 

 

(d) 

Figure 2. Variation of shear buckling coefficient and buckling mode with η for a diagonally stiffened
plate [29]. (a) curve of the compressive type; (b) curve of the tensile type; (c) buckling mode of the
compressive type; (d) buckling mode of the tensile type.

2.3. Machine Learning Algorithms

The machine learning architecture for predicting the elastic buckling coefficient is
illustrated in Figure 3. Several machine learning algorithms were used, including decision
tree (DT), random forest (RF), k-nearest neighbor (K-NN), boosting ensemble learning
(AdaBoost, XGBoost, LightGBM, and CatBoost), and artificial neural network (ANN). The
dataset was divided into a test set and a training set. The training set was used to train
the ML models, while the test set was used to evaluate the performance. Furthermore,
the SHAP method is utilized to quantify the contribution of the features and to reveal the
pattern of their influence on the predictions.

Figure 3. Machine learning architecture.
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(1) Decision tree
A decision tree (DT) is a typical supervised machine learning algorithm, including the

root node, decision nodes, and terminal nodes. The feature space is recursively partitioned
based on a splitting attribute up until all samples correspond to the same class or there
are no features that need to be split. The depth of the tree has a significant impact on
the DT model’s computation time and complexity. Therefore, the maximum depth is
the key hyperparameter that needs to be adjusted in the DT model. Furthermore, the
maximum number of leaf nodes, the minimum number of segmented samples, and other
key hyperparameters are also included.

(2) K-nearest neighbor
K-nearest neighbor (K-NN) is a nonparametric machine learning algorithm [21]. It

predicts output values by interpolating the output values of k nearest neighbors in the
training set, and the output value can be measured by the Minkowski metric, where p = 1
and 2 correspond to Euclidean and Manhattan distances, respectively. Therefore, one
key hyperparameter that needs to be fine-tuned in the K-NN model is the number of
nearest neighbors.

(3) Artificial neural network
An artificial neural network (ANN) is a mathematical model that simulates the neural

system of the human brain [30], also called Multilayer Perceptron (MLP). It consists of one
input layer, one or more hidden layers, and one output layer. Multiple neurons are present
in each layer. The behavior of each neuron unit is defined by the weights assigned to it. The
weights of the neurons are modified by iteration over training data to minimize the error
between the predicted and the actual output. The value of the transfer function then checks
whether the node should transmit data to the output layer by an activation function. The
hyperparameters of the ANN include the number of hidden layers, the number of neurons
in each hidden layer, the type of activation function (such as sigmoid, tanh, and relu), and
the learning rate. The computational accuracy of the model can be enhanced by adding
more hidden layers and neurons, but the cost of computing also rises.

(4) Random forest
Random forest (RF) is a bagging method of ensemble learning. Ensemble learning

can generate multiple prediction models and then combine them into a strong learner
according to certain rules, which has been proven to be significantly better than single
learning methods such as K-NN and DT. RF is a method, consisting of multiple DTs, which
randomly selects features to construct independent trees and averages the results of all
trees in the forest [31]. RF can be trained more quickly than DT and also lowers the risk of
overfitting in DT.

(5) Boosting algorithm
Boosting is another ensemble learning algorithm. There are four main boosting

algorithms, namely Adaptive Boosting (AdaBoost) [32], Light Gradient Boosting Machine
(LightGBM) [33], Extreme Gradient Boosting (XGBoost) [34], and Categorical Boosting
(CatBoost) [35]. In the initial training step of AdaBoost, all instances are weighted equally.
Then, the weights of samples misclassified by the previous basic classifier are increased,
while the weights of correctly classified samples are decreased and used again to train the
next basic classifier. These single models are weighted together to create the final integrated
model. Both LightGBM and XGBoost are based on the loss of the gradient vector function
to correct DT. LightGBM performs tree splitting based on leaves, which can reduce the error
by detecting key points and stopping the computation, improving accuracy and speed. The
loss function of XGBoost adds a regularization term to the gradient boosting tree to control
the complexity of the model and avoid overfitting. The base model used by CatBoost is
an oblivious tree, which is characterized by using the same features for each layer to split
and is capable of handling gradient bias and prediction bias, hence avoiding the overfitting
problem and obtaining a higher accuracy.
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2.4. Evaluation

Machine learning is primarily used to solve classification and regression problems.
Evaluation metrics for regression focus on the difference between predicted and true values.
Common evaluation metrics for regression include root mean square error (RMSE), mean
absolute error (MAE), mean absolute percent error (MAPE), coefficient of determination
(R2), and so on. These metrics are listed in Table 1.

Table 1. Evaluation metrics for machine learning models.

Metrics Formula Equation No.

Root mean squared error (RMSE) RMSE =

√
1
n

n
∑

i=1
(yi − ŷi)

2 (15) Lower is best

Mean absolute error (MAE) MAE = 1
n

n
∑

i=1
|yi − ŷi| (16) Lower is best

Mean absolute percentage error (MAPE) MAPE = 100%
n

n
∑

i=1

∣∣∣ yi−ŷi
yi

∣∣∣ (17) Lower is best

Coefficient of determination (R2) R2 = 1 − ∑n
i=1 (yi−ŷi)

2

∑n
i=1 (yi−y)2

(18) Higher is best

adjusted R2 Adj.R2 = 1 − (1 − R2) n−1
n−p−1 (19) Higher is best

Performance index (PI) PI = 1
y

RMSE√
R2+1

(20) Lower is best

Variance account for (VAF) VAF =
(

1 − var(yi−ŷi)
var(yi)

)
× 100 (21) Higher is best

Scatter index (SI) SI = RMSE
y (22) Lower is best

where, n is the number of samples, yi is the target value, and ŷi is the predicted value.

2.5. Explanation of ML Model by SHAP

Explainable ML models can help us understand the mechanisms involved in ML
models and improve the credibility of the developed ML models [23,36]. SHAP is a game
theoretic approach to explain the output of any machine learning model [25]. SHAP
performs model explanation by calculating that each sample or feature contributes to the
corresponding predicted value. The SHAP value can be written as

g
(
z′
)
= φ0 +

M

∑
i=1

φiz′i (23)

where the value of z’ is 0 or 1, 1 means the feature is the same as the value in the explanation
and 0 means missing. φ0 is a constant, which means the average prediction. φi is the SHAP
contribution value of each feature. M is the number of input features.

3. Influencing Features

3.1. Geometric Properties

The diagonally stiffened plate’s geometric parameters included the plate’s width L,
height H, the thickness t, and the closed cross-section stiffeners’ web width b, the flange
width bs, and the thickness ts, as shown in Figure 1. If these six geometric parameters
are taken as input features, then the dimension of ML input parameters will be large.
High-dimensional datasets have a negative impact on machine learning. On the other
hand, during finite element analysis, several parameters are usually fixed as constants
and other parameters as variables. It is also convenient to get the relationship between
input and output. According to the shear buckling performance of diagonally stiffened
plates, the main influence parameters could be the aspect ratio γ, the stiffener-to-plate
flexural stiffness ratio η, and the stiffener’s torsional-to-flexural rigidity ratio K. These
three parameters are calculated by Equations (4), (13) and (14), respectively. These three
ratio features are functions of six geometric parameters, which retain the characteristic
information of geometric parameters and reduce the input feature’s dimension.
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3.2. Mechanical Characteristics

The material characteristics that affect the buckling load of the stiffened plate are the
modulus of elasticity for the plate E and the stiffeners Es, and the Poisson’s ratio ν. This
paper takes steel as an example, with E set to 206,000 MPa and Poisson’s ratio set to 0.3. The
modulus of elasticity of the stiffeners Es will change, as reflected by the stiffener-to-plate
flexural stiffness ratio η according to Equation (13).

3.3. Load Properties

The combined action of bending and axial compression can be regarded as non-
uniform compression action [10,28]. As illustrated in Figure 4, the stress distribution under
the combined action of bending and axial compression is expressed by the non-uniform
compression distribution factor ζ, as expressed by Equation (7). The factor ζ = 0.0 indicates
uniform compression and ζ = 2.0 indicates pure bending. When the factor 0 < ζ < 2.0, it
indicates the combined action of bending and axial compression with different proportions.

 

Figure 4. Shear and non-uniform compression.

It should be noted that the value range of ζ is [0.0, 2.0], which can represent any
combination of bending and axial compression. However, when the stiffened plate is
subjected to pure shear action, the bending and axial compression do not exist, so ζ does
not exist. In order to ensure the integrity and effectiveness of the dataset in machine
learning, when zeta does not exist, it is assumed to be represented by −1.0.

The relationship between the bending and the axial compression can be greatly ex-
pressed by the factor ζ. Here, a factor ψ is introduced to express the relationship be-
tween shear and axial compression, as indicated in Equation (24). The compression-to-
shear ratio ψ = −1.0 indicates compression and ψ = 1.0 indicates the pure shear action.
The factor −1.0 < ψ < 1.0 indicates the combined action of shear and compression with
different proportions.

ψ =
τ − σmax

τ + σmax
(24)

4. Database

4.1. FE Setting and Verification

Compared with the stiffeners arranged on the tension diagonal, stiffeners arranged on
the compression diagonal have a higher buckling load and have a more significant effect
on the elastic buckling coefficient [14,29]. Therefore, the subsequent study mainly focused
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on the stiffened plate over the compression diagonal. Two types of models were used to
study the four-edge simply supported plate with compression diagonal stiffener. All of
the models were built in the finite element software ABAQUS. The corners of the plate
were fixed to prevent movement and the out-of-plane displacements of the four edges were
constrained to simulate simple support. Shear and non-uniform compression loads were
applied at the edges of the plate.

The first type of stiffened plate model (called Type-1), which is simply supported
diagonally, is shown in Figure 5a. Yonezawa [12] assumed that the stiffeners were rigid and
could completely restrain the out-of-plane displacement of the diagonals. When the simply
supported edges are used to simulate the rigid stiffeners, the results are called critical buck-
ling coefficient kcr0. The plate is used shell element S4R, and S4R is suitable for analyzing
the in-plane force of the thin plate and the out-of-plane deformation of the structure. Table 2
shows the comparison between the finite element results and Equations (1)–(9). For ex-
ample, for a diagonally stiffened plate with dimensions of 3000 mm × 3000 mm × 10 mm,
the shear buckling stress calculated by finite element analysis is 68 MPa and the shear
buckling coefficient is 32.9. This result is consistent with the shear buckling coefficient
of 32.9 calculated by Yonezawa’s Equation (8). The finite element results agree with the
equation results, which shows the feasibility of the FE model.

 

(a) (b) 

Figure 5. FE model. (a) Type-1 model; (b) Type-2 model.

Table 2. Verification of finite element results.

Force Conditions Type ζ ψ
σFEA

/MPa
σTH

/MPa
σTH/σFEA

Shear Unstiffened −1.0 1.0 19.30 19.32 1.001
Axial compression Unstiffened 0.0 −1.0 8.12 8.27 1.018

Non-uniform compression Unstiffened 1.0 −1.0 16.05 16.12 1.004
Bending Unstiffened 2.0 −1.0 52.83 52.90 1.001

Combined shear and non-uniform compression Unstiffened 1.0 −1.0 15.99 16.16 1.011
Combined shear and non-uniform compression Unstiffened 1.0 −0.33 14.37 14.43 1.004

Shear (compression) Diagonally stiffened −1.0 1.0 63.6 68.0 1.069
Shear (tension) Diagonally stiffened −1.0 1.0 23.5 23.8 1.013

Bending Diagonally stiffened 2.0 −1.0 64.5 63.1 0.978

The second type of model (called Type-2) is shown in Figure 5b, and it has closed
cross-section stiffeners that are located diagonally on the plate. The dimensions of C-shaped
stiffeners are 100 mm × 75 mm × 6 mm. The stiffeners were simulated by the S4R element.
It is more elaborate than the Type-1 model. In this way, the flexural rigidity and torsional
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rigidity of the stiffeners in relation to the buckling coefficient kcr of the stiffened plate can
be considered as well.

4.2. Datasets

Based on the model of Section 4.1, the finite element parameter analysis was carried
out by changing the geometric size and other variables of the plate. The first type of model
included 2136 sets of samples. The statistical characteristics of the dataset are displayed
in Table 3. The aspect ratio γ, the non-uniform compression distribution factor ζ, and the
compression-to-shear ratio ψ were the three input features of each sample. The second
type of model contained 4198 sets of samples, as shown in Table 4. In addition to the above
three features of the Type-1 model, the Type-2 model also includes the stiffener-to-plate
flexural stiffness ratio η and the stiffener’s torsional-to-flexural stiffness ratio K, which has
a total of five input features. Figure 6 displays the statistical summary of the input features
contained in the database of Type-1 and Type-2 models.

Table 3. Statistical characteristics of features for the Type-1 dataset.

Input Feature Min Max Mean Standard Deviation

Aspect ratio γ 0.300 4.000 2.160 1.088
Non-uniform compression distribution factor ζ −1.000 2.000 0.960 0.749

Compression-to-shear ratio ψ −1.000 1.000 −0.076 0.552
Elastic buckling coefficient kcr0 3.422 285.257 17.766 24.839

Table 4. Statistical characteristics of features for the Type-2 dataset.

Input Feature Min Max Mean Standard Deviation

Aspect ratio γ 0.200 5.000 0.995 0.730
Non-uniform compression distribution factor ζ −1.000 2.000 0.416 1.078

Compression-to-shear ratio ψ −1.000 1.000 0.047 0.793
Stiffener-to-plate flexural stiffness ratio η 1.000 70.000 27.588 20.542

Stiffener’s torsional-to-flexural stiffness ratio K 0.192 0.879 0.451 0.247
Elastic buckling coefficient kcr 2.013 676.313 58.551 80.428

  
(a) (b) 

Figure 6. Cont.
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(c) (d) 

Figure 6. Distributions of variables of the dataset. (a) Distributions of variables of the Type-1 training
set; (b) Distributions of variables of the Type-1 test set; (c) Distributions of variables of the Type-2
training set; (d) Distributions of variables of the Type-2 test set.

Figure 7 shows the correlation matrix between the features and the target. A correlation
value closer to 1.0 indicates a linearly positive correlation between the two features, closer
to −1.0 indicates a linear negative correlation, and closer to 0.0 indicates either no linear
correlation or a non-linear correlation. For the Type-1 model in Figure 7a, the correlation
among these three input features was weak, and the correlation between aspect ratio γ and
target kcr0 was strong with a negative correlation. For the Type-2 model in Figure 7b, the
correlation coefficients of ζ and ψ were −0.63, indicating a strong correlation due to a large
sample of pure shear or uniform compression in the dataset, where ζ or ψ are constant
values −1.0 or 1.0. The aspect ratio γ correlates with kcr close to −0.5, indicating that the
aspect ratio is negatively correlated with the buckling coefficient kcr.

 

(a) (b) 

Figure 7. Correlation matrix heat map of features for the buckling coefficient dataset. (a) Correlation
matrix of the Type-1 dataset; (b) Correlation matrix of the Type-2 dataset.
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The dataset was divided into 70% training sets and 30% test sets. All the features
were standardized using Equation (25) to make the scales of features uniform. Then, ML
algorithms were used to train the model, and the ten-fold cross-validation method (CV10)
and random search hyperparameters were used to optimize the predicted model. The 10-
fold cross-validation is based on the original training set and divided into new training and
validation sets. The ML model was trained using multiple cycles of replacing the training
and validation sets, and the results were averaged ten times. The optimal hyperparameters
were selected to obtain better performance and generalization. There are two main methods
for hyperparameter optimization, including grid search and random search. Among them,
grid search aims to search all possible parameter ranges. It is an exhaustive search method,
with search time increasing exponentially related to the number of parameters. The random
search method takes random sampling in the appropriate parameter space and gradually
approaches the optimal parameters.

x′ = x − μ

σ
(25)

5. Prediction Results from ML Models

All established ML models were implemented in Python. Various machine learning
models were trained in the same training set. The developed ML models were obtained
by using a 10-fold cross-validation method and random hyperparameter search. Table 5
contains the hyperparameters of each ML algorithm. Figures 8 and 9 demonstrate the ML
model’s predictions for Type-1 and Type-2, and compare the prediction values with the
finite element results on the training and test datasets.

   

   

Figure 8. Performance of ML models for predicting kcr0.
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Figure 9. Performance of ML models for predicting kcr.

Table 5. Hyperparameter optimization of machine learning models.

ML Algorithm Hyperparameter
Value

Type-1 Type-2

DT
min_samples_split 2 2

max_depth 18 18

K-NN

n_neighbors 4 16
leaf_size 37 31

algorithm brute ball_tree
p 2 1

RF
n_estimators 136 136
max_depth 100 100

AdaBoost
n_estimators 110 110
learning_rate 0.6 0.6

loss square square

XGBoost

n_estimators 131 131
max_depth 7 7

learning_rate 0.1 0.1
min_child_weight 2 2

subsample 0.6 0.6

LightGBM

n_estimators 167 110
max_depth 4 6

learning_rate 0.15 0.19
subsample 0.352 0.226
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Table 5. Cont.

ML Algorithm Hyperparameter
Value

Type-1 Type-2

CatBoost

n_estimators 139 139
max_depth 5 5

learning_rate 0.16 0.16
subsample 0.226 0.226

ANN
hidden_layer_sizes 6,7,1/7,7,8,1 6,7,1/7,8,5,1

solver lbfgs lbfgs
activation relu relu

In Figures 8 and 9, if the relationship between predicted values and actual values is
close to the line y = x, and this indicates that the error between the predicted results and
the actual values is small. The majority of developed ML models can produce accurate
predictions for all data sets. However, when compared to other ML models, K-NN cannot
predict the results accurately. K-NN performed well in the training set but poorly in the
test set, suggesting that it is overfitted.

Figures 10–13 show the error frequency diagrams and error histogram distribution
for each machine-learning model. Different machine learning algorithms have different
distributions of target predictions. DT and KNN suffered from overfitting in the Type-1
training set and had large errors in the prediction results in the test set. ANN had larger
errors in the Type-2 dataset. In contrast, integrated learning algorithms such as XGBoost
had smaller and more uniform errors in both the training and test sets.

 

 

 

 

 

Figure 10. Cont.
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Figure 10. Error histogram distribution for each ML model for kcr0.

  

 

   

 

Figure 11. Frequency diagram for each ML model for kcr0.

170



Sustainability 2023, 15, 7815

 
 

 

 

 

 

Figure 12. Error histogram distribution for each ML model for kcr.

  

Figure 13. Cont.
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Figure 13. Frequency diagram for each ML model for kcr.

Figure 14 illustrates the U95 for the different models, a parameter of the uncertainty
analysis, indicating a 95 percent confidence level [21]. In Figure 14a, DT and K-NN
model’s U95-train = 0, but U95-test = 5.88 and U95-test = 20.05, respectively. The U95 of the
other models ranged from 0 to 10, among which the U95-train = 0.46 of AdaBoost and
U95-test = 2.86 of XGBoost are the lowest. In Figure 14b, U95-test = 108.98 of the K-NN model
is significantly larger than others. The U95 of the other models was under 20, among which
the U95-train = 2.55 of AdaBoost and U95-test = 11.18 of XGBoost were the lowest.

 

 

(a) (b) 

Figure 14. The U95 of machine learning models for kcr0 and kcr. (a) U95 of models for the Type-1
dataset; (b) U95 of models for the Type-2 dataset.

Tables 6 and 7 provide evaluation metrics for different machine learning models on
the training set and test set. For kcr0 in Table 6, most of the ML models showed very high
accuracy, with a CV10 greater than 0.97. However, the performance of K-NN was worse than
other models, and its CV10 was only 0.817. XGBoost and ANN (with hidden_layer_sizes
7,7,8,1) were the two models with the best performance metrics and generalization, with
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CV10 of 0.997 and 0.996 on the training set, respectively. Especially, in the predicted values
of the XGBoost model, RMSE was 1.323, MAE was 0.343, MAPE was 0.013%, and the
adjusted R2 was 0.997.

Table 6. Performance metrics of ML models for kcr0.

ML
Algorithms

RMSE
(Rank)

MAE
(Rank)

MAPE/%
(Rank)

R2

(Rank)
Adj. R2

(Rank)
PI

(Rank)
VAF

(Rank)
SI

(Rank)
CV10

(Rank)
Total
Rank

Training data

DT 0.000 (1) 0.000 (1) 0.000 (1) 1.000 (1) 1.000 (1) 0.000 (1) 100.000 (1) 0.000 (1) 0.976 (7) 15
K-NN 0.000 (1) 0.000 (1) 0.000 (1) 1.000 (1) 1.000 (1) 0.000 (1) 100.000 (1) 0.000 (1) 0.817 (9) 17

RF 1.104 (7) 0.315 (6) 0.010 (4) 0.998 (7) 0.998 (7) 0.043 (7) 99.816 (7) 0.061 (7) 0.989 (4) 56
AdaBoost 0.196 (3) 0.097 (3) 0.012 (5) 1.000 (1) 1.000 (1) 0.007 (3) 99.995 (3) 0.010 (3) 0.982 (6) 28
XGBoost 0.269 (4) 0.122 (4) 0.008 (3) 1.000 (1) 1.000 (1) 0.011 (4) 99.989 (4) 0.015 (4) 0.997 (1) 26

LightGBM 3.183 (9) 0.980 (8) 0.044 (8) 0.985 (9) 0.985 (9) 0.130 (9) 98.368 (9) 0.182 (9) 0.971 (8) 78
CatBoost 0.520 (5) 0.302 (5) 0.021 (6) 1.000 (1) 1.000 (1) 0.020 (5) 99.959 (5) 0.029 (5) 0.997 (1) 34

ANN (6,7,1) 2.026 (8) 1.051 (9) 0.069 (9) 0.994 (8) 0.994 (8) 0.080 (8) 99.377 (8) 0.112 (8) 0.987 (5) 71
ANN (7,7,8,1) 0.955 (6) 0.602 (7) 0.043 (7) 0.999 (6) 0.999 (6) 0.038 (6) 99.862 (6) 0.053 (6) 0.996 (3) 53

Testing data

DT 2.733 (6) 1.001 (6) 0.040 (4) 0.986 (5) 0.985 (6) 0.110 (6) 98.631 (6) 0.155 (6) − 45
K-NN 9.272 (9) 2.584 (9) 0.055 (8) 0.834 (9) 0.833 (9) 0.414 (9) 83.419 (9) 0.540 (9) − 71

RF 2.757 (7) 0.803 (4) 0.026 (3) 0.985 (7) 0.985 (6) 0.114 (7) 98.529 (7) 0.160 (7) − 48
AdaBoost 2.665 (5) 0.951 (5) 0.041 (5) 0.986 (5) 0.986 (5) 0.109 (5) 98.671 (5) 0.153 (5) − 40
XGBoost 1.323 (1) 0.343 (1) 0.013 (1) 0.997 (1) 0.997 (1) 0.055 (1) 99.664 (1) 0.077 (1) − 8

LightGBM 4.332 (8) 1.197 (8) 0.048 (7) 0.964 (8) 0.964 (8) 0.149 (8) 97.540 (8) 0.208 (8) − 63
CatBoost 1.573 (3) 0.468 (2) 0.024 (2) 0.995 (3) 0.995 (3) 0.065 (3) 99.525 (3) 0.092 (3) − 22

ANN (6,7,1) 2.603 (4) 1.176 (7) 0.067 (9) 0.987 (4) 0.987 (4) 0.108 (4) 98.689 (4) 0.151 (4) − 40
ANN (7,7,8,1) 1.394 (2) 0.725 (3) 0.045 (6) 0.996 (2) 0.996 (2) 0.057 (2) 99.624 (2) 0.081 (2) − 21

Table 7. Performance metrics of ML models for kcr.

ML
Algorithm

RMSE
(Rank)

MAE
(Rank)

MAPE/%
(Rank)

R2

(Rank)
Adj. R2

(Rank)
PI

(Rank)
VAF

(Rank)
SI

(Rank)
CV10

(Rank)
Total
Rank

Training data

DT 0.656 (2) 0.141 (2) 0.003 (2) 1.000 (1) 1.000 (1) 0.008 (2) 99.993 (2) 0.011 (2) 0.984 (8) 22
K-NN 0.531 (1) 0.089 (1) 0.002 (1) 1.000 (1) 1.000 (1) 0.006 (1) 99.995 (1) 0.009 (1) 0.721 (9) 17

RF 2.580 (5) 1.103 (5) 0.019 (5) 0.999 (5) 0.999 (5) 0.031 (5) 99.893 (5) 0.044 (5) 0.993 (5) 45
AdaBoost 0.922 (3) 0.369 (3) 0.016 (3) 1.000 (1) 1.000 (1) 0.011 (3) 99.987 (3) 0.015 (3) 0.991 (6) 26
XGBoost 1.204 (4) 0.722 (4) 0.018 (4) 1.000 (1) 1.000 (1) 0.015 (4) 99.977 (4) 0.021 (4) 0.998 (1) 27

LightGBM 2.730 (6) 1.524 (6) 0.035 (6) 0.999 (5) 0.999 (5) 0.039 (7) 99.839 (7) 0.055 (7) 0.996 (3) 52
CatBoost 2.797 (7) 1.776 (7) 0.044 (7) 0.999 (5) 0.999 (5) 0.035 (6) 99.869 (6) 0.049 (6) 0.997 (2) 51

ANN (6,7,1) 7.636 (9) 5.33 (9) 0.204 (9) 0.991 (9) 0.991 (9) 0.093 (9) 99.061 (9) 0.132 (9) 0.990 (7) 79
ANN (7,8,5,1) 4.753 (8) 3.007 (8) 0.087 (8) 0.996 (8) 0.996 (8) 0.058 (8) 99.636 (8) 0.082 (8) 0.994 (4) 68

Testing data

DT 9.422 (8) 3.668 (7) 0.061 (6) 0.987 (8) 0.987 (8) 0.111 (8) 98.757 (8) 0.157 (8) − 61
K-NN 46.564 (9) 16.779 (9) 0.224 (9) 0.693 (9) 0.692 (9) 0.64 (9) 69.783 (9) 0.779 (9) − 72

RF 6.536 (5) 2.714 (4) 0.044 (2) 0.994 (5) 0.994 (5) 0.077 (5) 99.401 (5) 0.109 (5) − 36
AdaBoost 7.164 (6) 2.880 (5) 0.055 (5) 0.993 (6) 0.993 (6) 0.086 (6) 99.263 (6) 0.121 (6) − 46
XGBoost 4.780 (1) 1.866 (1) 0.031 (1) 0.997 (1) 0.997 (1) 0.056 (1) 99.679 (1) 0.080 (1) − 8

LightGBM 5.508 (3) 2.273 (2) 0.044 (2) 0.996 (2) 0.996 (2) 0.068 (3) 99.53 (3) 0.096 (3) − 20
CatBoost 4.992 (2) 2.359 (3) 0.050 (4) 0.996 (2) 0.996 (2) 0.059 (2) 99.646 (2) 0.084 (2) − 19

ANN (6,7,1) 8.530 (7) 5.791 (8) 0.222 (8) 0.990 (7) 0.99 (7) 0.101 (7) 98.971 (7) 0.143 (7) − 58
ANN (7,8,5,1) 5.997 (4) 3.459 (6) 0.097 (7) 0.995 (4) 0.995 (4) 0.071 (4) 99.491 (4) 0.100 (4) − 37

For kcr in Table 7, K-NN was still the worst-performing model, while other ML models
had a CV10 of more than 0.99. The XGBoost model also showed the best performance,
with a score of 0.998 for CV10 and 0.997 for adjusted R2. The performance of different ML
algorithms varied on different datasets. The k-NN algorithm depends more on data and is
more sensitive to feature information than other algorithms because it mainly depends on a
limited number of surrounding samples. Additionally, the imbalance of samples can have
a significant effect on the performance of K-NN. In the K-NN regression model, the mean
method or weighted mean method is mainly used. For example, if the dataset was divided
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into two datasets greater than 1.0 and less than 1.0 according to the feature of aspect ratio,
the accuracy of K-NN on these two datasets improved significantly, and the score of CV10
was 0.91, but it was still lower than other ML models.

The performance metrics of the ensemble learning models with Bagging (such as RF)
and Boosting (such as AdaBoost, LightGBM, XGBoost, and CatBoost) were better than that
of single learners (such as DT and ANN). This is also the advantage of comprehensive
learning. When base learners or weak learners are combined correctly, it is possible to get
a more accurate and robust learner. On the other hand, in terms of the sample size of the
dataset, the total sample sizes of type 1 and type 2 models were 2136 and 4198, respectively.
The performance metrics of data sets with larger sample sizes are usually better, which
indicates that a large amount of appropriate sample information is conducive to the higher
prediction accuracy of the ML model. As can be seen from the ranking, XGBoost had the
highest combined ranking (lower is best) in the training and testing sets of Type-1 and
Type-2. In particular, the XGBoost model showed the best generalization performance in
the test set.

The Taylor diagrams are shown in Figure 15. Where the scatter points represent the
different machine learning models, the horizontal and vertical axes represent the standard
deviations, the radial lines represent the correlation coefficients, and the green dashed lines
represent the root mean square differences. For the training set of Type-1 and Type-2, all ML
models were more concentrated and showed good accuracy with correlation coefficients
ranging from 0.99 to 1.0. Except for K-NN, the other models also had good performance
in the test set. Although K-NN had very high prediction accuracy in the training set, it
had poor performance in the test set, and the generalization ability of this model was
significantly different from the other models.

 

 

(a) (b) 

  
(c) (d) 

Figure 15. Taylor diagram of training and testing data for kcr0 and kcr. (a) Taylor diagram of training
data for kcr0; (b) Taylor diagram of testing data for kcr0; (c) Taylor diagram of training data for kcr;
(d) Taylor diagram of testing data for kcr.
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6. ML Model Explanations

Machine learning has high accuracy and precision in regression and classification
tasks. However, the machine learning process is often difficult to explain and does not
provide a prediction mechanism or reason, which is referred to as a “black box”. This
makes it difficult for researchers to analyze how the features of a certain sample affect the
final output. If a relationship between features and predicted values can be established, it
would improve the ML model’s credibility.

The SHAP method, derived from coalitional game theory, is a way to allocate expenses
to participants based on players’ contributions to overall expenditures. SHAP is an additive
interpretation model inspired by the Shapley value. The SHAP value has the advantage
of not only reflecting the influence of the features in each sample but also showing the
positive and negative influence of the features. When used in machine learning, the SHAP
value represents each feature’s contribution to the predicted value.

According to the performance evaluation results of developed machine learning in
Section 5, XGBoost is the ML model with the best R2 and CV10 among the eight machine
learning algorithms and showed the best learning and prediction ability on the data sets of
the two types of models. Based on the results of the XGBoost model, this section uses the
SHAP method to explain the correlation between input features and output values.

6.1. Global Explanations

Figure 16 illustrates the SHAP value of global feature importance, where the impor-
tance of each feature is regarded as the mean absolute value of that feature on all given
samples. Among the three features in Figure 16a, the effect of aspect ratio γ on the critical
buckling coefficient of the diagonally stiffened plate was the most important, which was
expected. Its SHAP value was significantly higher than the non-uniform compression
distribution factor ζ and the compression-to-shear ratio ψ. The Type-2 model has two
additional features than the Type-1 model, and the two features are flexural rigidity and
torsional rigidity of stiffeners. Among these five features of the Type-2 model, the aspect
ratio γ is still the most important feature affecting the critical buckling coefficient of the
structure. Its SHAP value was significantly higher than that of the other four features. The
stiffener’s torsional-to-flexural stiffness ratio K was the lowest SHAP importance value
among the five features.

 

(a) (b) 

Figure 16. SHAP feature importance. (a) Type-1 model; (b) Type-2 model.

Each point on the SHAP summary plots represents the SHAP value of the sample in
Figure 17. The color of each dot displayed from low (blue) to high (red) represents the
corresponding feature value from small to large. The SHAP value represents the positive
and negative correlation between the feature and the output. For example, a low γ in
blue has a high positive SHAP value in Figure 17a, whereas a high γ in red has a negative
SHAP value. The trend of ζ is opposite to that of γ, indicating that axial compression
will reduce the buckling coefficient and bending will increase the buckling coefficient. In
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Figure 17b, the higher the η and K values are, the greater the positive SHAP values. The
increased stiffness of the stiffener will indeed increase the buckling load of the diagonally
stiffened plate.

  

(a) (b) 

Figure 17. Distribution of Shap values for XGBoost models. (a) Type-1 model; (b) Type-2 model.

6.2. Feature Dependence

Figures 18 and 19 are the SHAP dependence plots. These figures make it easy to
see the interaction of the two features on the SHAP values. The primary feature’s values
are given on the X-axis and the corresponding SHAP values are displayed on the left
Y-axis. In addition, the interaction between the primary feature and the secondary feature
is displayed in color on the right Y-axis. The blue dot denotes the low secondary feature
value and the red dot denotes the high feature value. It is worth noting that the SHAP
values of the samples with the same feature value on the X-axis are not the same. The
reason is that this feature interacts with other features. Moreover, the feature dependence
plot just explains how the ML model works, not necessarily how its reality works.

 
 

(a) γ (b) ζ (c) ψ 

Figure 18. Feature dependence for the Type-1 model.

In Figure 18a, there is a negative correlation between γ and the SHAP value. The
SHAP value was positive when γ less than 1.0, and the smaller the γ, the higher the SHAP
value, which means that the positive contribution is greater. On the contrary, the SHAP
value was negative when γ exceeded 1.0. The SHAP value decreased with the increase in
γ, indicating that the negative contribution is larger. Increasing the aspect ratio will reduce
the buckling coefficient of the diagonally stiffened plate.

It was assumed that the value of ζ is −1.0 when it does not exist in Section 3.3.
Therefore, in the case of excluding ζ = −1.0, the relationship between ζ and the SHAP value
is a positive correlation in Figure 18b. It means that the SHAP value increases with the
increase of ζ. It can be seen that the SHAP value was lower than 0 when ζ is less than 1.0,
indicating a negative contribution. In other words, when the uniform compressive stress
was greater than the bending, the buckling coefficient of the stiffened plate decreased. This
means that axial compression is disadvantageous to the buckling coefficient, while bending
is beneficial to the buckling coefficient.
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(a) γ (b) ζ (c) ψ 

  

 

(d) η (e) K  

Figure 19. Feature dependence for the Type-2 model.

In Figure 18c, the relationship between ψ and the SHAP value is U-shaped. The
SHAP value decreased at first and then increased with an increase of ψ. It changed from
positive values to negative values when ψ exceeded −0.5, and it had a negative maximum
contribution when ψ was 0.0. Moreover, the color of the right Y-axis indicates that the
SHAP value corresponding to ψ is low when the aspect ratio γ is high values (red), and has
a large positive or negative SHAP value when the aspect ratio γ is low values (blue).

The first three features’ (γ, ζ, and ψ) dependence graphs in Figure 19 are the same
as those in Figure 18. In addition, the trend of the feature dependence graphs of η was
the same as that of K, and their SHAP value increased with the increase of feature values.
When η was greater than 20, its SHAP value was positive, as illustrated in Figure 19d.
Similarly, the SHAP value of K was positive when K was greater than 0.4, in Figure 19e.
These two features show the contribution of flexural rigidity and torsional rigidity of
stiffeners to the buckling coefficient. To improve the buckling coefficient of a compression
diagonally stiffened plate under the combined action of compression–bending–shear, it is
recommended that K not be lower than 0.4, and η not be lower than 20.

6.3. Individual Explanation

Figure 20 displays the explanation of individual sample prediction. Two samples
are used as examples: one from Type-1 and the other from Type-2. Figure 20a shows a
sample with the input features γ = 1.0, ζ = −1.0, and ψ = 1.0. Figure 20b shows a sample
with the input features γ = 0.6, ζ = 0.0, ψ = 0.818, η = 40.0, and K = 0.24. Features with
red arrows will enhance prediction value, whereas blue arrows will decrease prediction
value. The base value is the mean prediction value obtained from the ML model on the
training set. If there is no information available for the input features, the base value is
the output value. For the first sample in Figure 20a, the base value was 18.17 and the
predicted buckling coefficient was 30.65. Feature ψ = 1.0 had the most impact on increasing
the buckling coefficient with a SHAP value of 10.40, followed by γ = 1.0 with a SHAP value
of 2.96. However, ζ = −1.0 had a negative contribution with a SHAP value of −0.88. For
this sample, the final prediction result kcr0 was derived from the base value and the sum
of the SHAP values of the three input features. For the second sample in Figure 20b, the
basic value was 58.40, ψ = 0.818, and η = 40.0 increased by 13.73 and 6.00, respectively.
While γ = 0.6, ζ = 0.0, and K = 0.24 decreased −8.56, −7.59, and −4.51, respectively. The
predicted buckling coefficient kcr of this sample is 57.47.
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(a) 

 

(b) 

Figure 20. Individual explanation by SHAP. (a) one simple Type-1 model; (b) one simple
Type-2 model.

7. Conclusions

Under the combined compression, bending, and shear loads, the buckling mecha-
nism of diagonally stiffened plates is complex. To solve the problem of calculating the
elastic buckling coefficient of the diagonally stiffened plate, data-driven machine-learning
models were proposed. With and without considering the flexure and torsional rigidity
of stiffeners, prediction models for predicting the diagonally stiffened plates’ elastic buck-
ling coefficient under combined compression–bending–shear action were developed by
using the ML algorithms in Python, including the decision tree (DT), random forest (RF),
k-nearest neighbor (K-NN), artificial neural network (ANN), adaptive boosting (AdaBoost),
light gradient boosting machine (LightGBM), extreme gradient boosting (XGBoost), and
categorical boosting (CatBoost). The main conclusions are as follows:

(1) The ML models were developed using a 10-fold cross-validation method and
random search for hyperparameters selection. These models demonstrated excellent ac-
curacy on both the training and test sets. In particular, an ensemble learning algorithm
(bagging and boosting) performed significantly better than a single learner (DT). ANN also
performed well after selecting an appropriate hidden layer and the number of neurons.
However, due to its algorithmic characteristics, the performance of the K-NN algorithm
on the test set was poorer than that of other machine learning algorithms, resulting in
overfitting. Among all models, XGBoost was found to be the best, with CV10 as high as
0.996 and 0.997 on two different datasets;

(2) The XGBoost model was further analyzed using the SHAP method to explain
the correlation between the features and the prediction target. The effects of the main
features on the buckling coefficient of diagonally stiffened plates under combined action
were ranked as follows: the plate’s aspect ratio γ, the compression-to-shear ratio ψ, the
non-uniform compression distribution factor ζ, the stiffener-to-plate flexural stiffness ratio
η and the stiffener’s torsional-to-flexural stiffness ratio K. The correlation between these
features and the prediction results was found to be inconsistent. There was a negative cor-
relation between γ and the buckling coefficient, indicating that as γ increases, the buckling
coefficient decreases. In contrast, ζ, η, and K were positively correlated with the buckling
coefficient, meaning that increasing these values can increase the buckling coefficient. The
correlation between ψ and the buckling coefficient was found to be U-shaped;

(3) Furthermore, when the plate’s aspect ratio γ is small, the other features can reach
the maximum and minimum SHAP values under the interaction of γ. This indicates that
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their positive or negative contribution to the buckling coefficient of the diagonally stiffened
plate is the largest. However, when γ was larger, the SHAP values of other features did not
obviously change, meaning that their contribution to the buckling coefficient is not obvious;

(4) The flexural and torsional rigidity of stiffeners have a certain influence on the
buckling coefficient of diagonally stiffened plates. Increasing these values can improve
the buckling coefficient. Based on machine learning and SHAP interpretation analysis,
suggested values for the flexural and torsional rigidity of stiffeners can be provided. It is
recommended that the stiffener-to-plate flexural stiffness ratio η be no less than 20 and
that the stiffener’s torsional-to-flexural stiffness ratio K be no less than 0.4. This will be
beneficial for improving the buckling capacity of diagonally stiffened plates.
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Abstract: Temperature is one of the important factors that affect the fatigue failure of the welds
in orthotropic steel desks (OSD) between U-ribs and bridge decks. In this study, a new analysis
method for temperature-induced stress in U-ribs is proposed based on multi-scale finite element
(FE) models and monitoring data First, the long-term temperature data of a long-span cable-stayed
bridge is processed. This research reveals that a vertical temperature gradient is observed rather than
a transverse temperature gradient on the long-span steel box girder bridge with tuyere components.
There is a linear relationship between temperature and temperature-induced displacement, taking into
account the time delay effect (approximately one hour). Then, a multi-scale FE model is established
using the substructure method to condense each segment of the steel girder into a super-element, and
the overall bridge temperature-induced displacement and temperature-induced stress of the local
U-rib on the OSD are analyzed. The agreement between the calculated temperature-induced stresses
and measured values demonstrates the effectiveness of the multi-scale modeling strategy. This
approach provides a valuable reference for the evaluation and management of bridge safety. Finally,
based on the multi-scale FE model, the temperature-induced strain distribution of components on the
OSD is studied. This research reveals that the deflection of the girder continually changes with the
temperature variation, and the temperature-induced strain of the girder exhibits a variation range of
approximately 100 με.

Keywords: long-term monitoring data; temperature-induced stress; multi-scale model; substructure;
state evaluation

1. Introduction

Orthotropic steel desks (OSD) are widely used in long-span steel box girder bridges
due to their lightweight and excellent bearing capacity [1]. The evaluation of OSD’s fatigue
performance, considering the coupling effect between vehicle loads and environmental
temperature effects, has become an important research topic [2,3]. The asphalt concrete
pavement on the OSD, as a temperature-sensitive material, gradually reduces its elastic
modulus and the overall stiffness of the bridge deck as the temperature rises. Consequently,
the reduced stiffness of the road will inevitably weaken the top plate ability to constrain
out-of-plane deformation on the OSD [4]. Researchers have observed that numerous
bridges, especially box girder bridges, are subject to temperature-induced stress due to
the nonlinear temperature gradient of the structure caused by solar radiation, atmospheric
temperature and other external factors [5–10]. However, there are limited studies on the
temperature effect evaluation of U-ribs on the OSD at present. Therefore, it is necessary to
analyze temperature-induced stress and evaluate the performance of the OSD on long-span
steel bridges.
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Research on bridge temperature-induced responses has a long history, dating back to
the 1960s. Zuk [11] studied the effect of ambient temperature on concrete bridge structures.
Over the years, numerous of these influencing factors (e.g., atmospheric temperature
and solar radiation) have been extensively investigated to determine their impact on
temperature-induced stress. Structural health monitoring (SHM) systems can conduct
real-time monitoring and condition assessment through sensors [12–15], unmanned aerial
vehicles (UAVs) [16], computer vision [17], mobile robots [18], and other techniques. The
first-hand field temperature and strain data sampling by the SHM system is employed to
obtain the structural performance under temperature load. Therefore, the SHM system
can be implemented for the safety evaluation of bridge structures based on temperature
and temperature-induced displacement and stress [8,9,19,20]. However, there are many
components of bridges that cannot be directly monitored due to the limited number of
sensors in the SHM system [21]. As a result, it is necessary to establish a finite element (FE)
model to evaluate the structural performance of long-span steel bridges under temperature
loads. Xia et al. [22,23] developed the FE model for structural damage identification
using temperature-induced strain data. Yu et al. [24,25] proposed a digital twin-based
structure health hybrid monitoring, which included a multi-scale FE model to analyze
the impact of pavement temperature vibration on the OSD. Research has shown that the
effect of temperature on the fatigue performance of the OSD is mainly manifested in
two aspects: the vehicle load dispersion effect and the composite stiffness effect between
asphalt concrete pavement and bridge decks. In order to achieve more accurate response
predictions and performance evaluations, FE model updating can be carried out on large-
span bridges [26,27].

The U-ribs are widely applied and are crucial components of the OSD on long-span
steel bridges. However, the in-depth investigation of U-ribs is proved to be difficult.
Especially in the conventional FE model method, bridge girders are commonly simplified
using beam elements based on the principle of equivalent cross-section, which can not be
analyzed for the temperature-induced stress of U-ribs. If a global fine FE model is used, the
element size of the FE model should be determined by U-ribs. However, the global fine FE
model requires significant computational resources, and high degrees of freedom (DOFs)
hinder an effective dynamic analysis. In order to solve the above problems, a multi-scale
FE model can be applied to provide both global and local information for the assessment of
bridge safety performance [28–32]. Existing multi-scale FE models include the sub-model,
the interface constraint method, and the substructure method.

Chen et al. [33] used the sub-model method to analyze the stress of bridge deck
pavements and considered the effect of vehicle-bridge coupling. The segment model was
analyzed separately as a sub-model, and its boundary was simulated using the finite mixed
element method. Yu et al. [24] also used a multi-scale FE model based on the sub-model
method to analyze the temperature-induced stress of U-ribs. Identifying the boundary
conditions in the sub-model analysis is key. Compared to traditional FE analysis, the
quadratic (sub-model) analysis demonstrated improved feasibility in solving the linear
problem, while errors accumulated for the nonlinear problem, may distort the results [34].

A local model is built into the global model through the interface constraint method to
directly address the distortion issues occurring in the sub-model method. In the interface
constraint method, key areas can be simulated by shell or solid elements, while other areas
can be simulated by beam or truss elements. The beam elements are connected to the
shell/solid elements using constraint equations or constraining elements. The constraint
equation or the constraint element is employed to standardize the DOFs of the global model
boundary, which are equal to the DOFs of the local model boundary [35]. Nie et al. [36] used
the constraint equation method to build a multi-scale model of a cable anchorage system
for a suspension bridge. The results demonstrated an improved reliability compared to
the traditional modeling method. Based on the multi-point constraint element MPC184 in
ANSYS, Wang et al. [37] established a multi-scale FE model for a cable-stayed steel bridge.
Despite its success, the interface constraint method is limited by the number of general
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local models. If all local models need to be concerned, the multi-scale FE model can have
similar DOFs to the global fine FE model, which reduces the potential advantage.

The aforementioned issue can be solved by implementing the substructure method.
A group of elements is condensed into a super-element based on the linear response in
the substructure method [38]. Li et al. [39] established a substructure model considering
U-ribs for the mid-span segment on Runyang Bridge. The model can be used for the
global dynamic analysis and hot spot stress analysis of local welds. Zhu et al. [40] built a
multi-scale FE model using the substructure method to simulate the concrete box and steel
box girders in a cable-stayed bridge in ANSYS. The substructures were connected by the
main DOF coupling. Comparing the other two modeling methods, the substructure method
has significant advantages when applied to structures with many repetitive geometries.
For such geometries, the super-element is generated and copied to different locations. This
advantage enables the substructure method to effectively solve the large DOFs problem
of the long-span bridge. Connected by standard segments, the girder of long-span cable-
stayed bridges contains a large number of repetitive geometric structures. Therefore, in
this paper, a multi-scale FE model based on the substructure method is used to analyze the
temperature-induced stress of U-ribs on a long-span cable-stayed bridge.

When evaluating the structural performance of the U-ribs on the Sutong Yangtze
River Bridge (STB) under the influence of temperature, the length of the girder on the
STB is 2088 m while the size of a U-rib on the girder is 300~400 mm, resulting in a scale
difference of approximately 5000 times. If the global fine FE method is used to analyze
the temperature-induced strain of the U-ribs, the model would involve a large number of
DOFs, leading to significant hardware resource consumption, long computation time and
even infeasibility of calculation. Therefore, the multi-scale FE model method is used to
address these challenges. It is the first time a multi-scale FE modeling method based on
substructure technology is used to analyze the temperature-induced stress of U-ribs on
long-span bridges through monitoring data.

The framework of U-ribs state evaluation through the multi-scale FE model and
monitoring data are shown in Figure 1. It can be seen from Figure 1 that the global response
temperature-induced displacement and the local response temperature-induced stress
can be obtained by the SHM system and multi-scale FE model. The rest of the paper is
organized as follows. The long-term monitoring data of STB are analyzed in Section 2.
In Section 3, the substructure method is used to establish the multi-scale FE model and
the thermal field and temperature-induced effects are analyzed and discussed. Section 4
provides the concluding remarks of the paper.
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Figure 1. Framework of U-ribs state evaluation through multi-scale FE model and monitoring data.

2. STB Monitoring Data and Statistical Analysis

2.1. STB and Its SHM System

The STB is located downstream of the Yangtze River of China and connects the cities
of Nantong and Suzhou. It is a double towers cable-stayed bridge with three piers arranged
on the side spans (Figure 2a). Initially, the STB held the record for the world’s largest
cable-stayed bridge with a span of 1088 m, and the total length of the girder is 2088 m. The
STB’s steel box girder is connected to different components, including the top plate, bottom
plate, diaphragms, longitudinal plates (or longitudinal trusses), top plate U-ribs, bottom
plate U-ribs, tuyeres (Figure 2b). The STB towers and piers are constructed using reinforced
concrete structures. The bridge is equipped with a total of 272 stay cables. Figure 2c
illustrates the general layout of thermometers, displacement gauges, strain gauges and
cable accelerometers of the STB SHM system. Structural thermometers are installed in the
mid-span section of the girder (section 5-5). Displacement gauges are placed at the end
of the girder (sections 1-1 and 9-9) to measure the longitudinal deformation of expansion
joints. Strain gauges are installed in three sections of the girder: the mid-span section, the
1/4 section of the main span (section 4-4), and the girder section fitted at the north tower
(section 3-3).

The schematic diagram in Table 1 depicts the sensor layout and SHM data for a day of
the mid-span section (section 5-5). The red and blue lines represent the test results of the
temperature sensors (T-5-#) and strain sensors (S-5-#), respectively.
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(b) 

(c) 

(a) 
N S 

Figure 2. The cable-stayed bridge and its SHM system. (a) bridge image (b) components of steel
girder (c) sensor layout.

Table 1. Temperature and strain time histories for a day of the mid-span section.

Top Plate Top Plate U-Rib Bottom Plate Bottom Plate U-Rib

In the data graph, X label is hour, blue Y label is strain (unit: microstrain), and red Y label is temperature
(unit: centigrade).
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2.2. Monitoring Data and Statistical Analysis of the Temperature and Structure Response

The steel box girder of the investigated bridge is longer in the longitudinal direction
compared to the lateral and vertical directions. Additionally, the longitudinal curvature is
small, and the cross-section along the longitudinal direction changes uniformly. Therefore,
it is assumed that the thermal field along the longitudinal direction of the bridge is consis-
tently exposed to solar radiation and atmospheric temperature. The lateral and vertical
temperature distribution of the STB steel box girder is focused. Previous studies have found
that the temperatures at the top and bottom plates of the bridge remain consistent along
the longitudinal direction, while the temperatures at the web, which is the vertical com-
ponent connecting the top and bottom plates, show variations between the upstream and
downstream of the bridge [41]. However, the analysis of the STB temperature monitoring
data does not reveal any temperature gradient along the lateral direction of the top plate.
The same observation holds for the bottom plate, top plate U-ribs and bottom plate U-ribs.
Moreover, the web temperatures at both sides are the same as shown in Figure 3a, which is
different from previous research results. The temperatures of diaphragms are consistent
with those of the webs. This is because the tuyere, as a non-structural component, is directly
exposed to solar radiation, while the diaphragm and the web are located inside of the tuyere
and are not directly affected by solar radiation. The girder without the tuyere component
generally exhibits a temperature gradient in the lateral direction. However, after the tuyere
is installed, the web is not directly exposed to the sun, resulting in the disappearance of
the lateral temperature gradient. Figure 3b presents the vertical temperature distribution
of the mid-span cross-section. The components are arranged sequentially from high to
low temperatures, namely, the top plate, top plate U-rib, diaphragm, bottom plate U-rib
and bottom plate, respectively. Figure 3c illustrates the cross-section temperature gradient
data, which are compared with the BS 5400 code. According to the data collected by the
temperature sensor, the measured temperatures of the top plate and the top plate U-ribs
comply with BS 5400, while the measured temperatures of the diaphragm and U-ribs of
the bottom plate exceed the values specified by BS 5400. This raises potential concerns
for the structural design of the bridge and requires more attention. Based on the above
statistical analysis, the thermal field of the STB can be analyzed using a 1D vertical thermal
field approach.

(a) (b) (c) 

Figure 3. Temperature distribution. (a) lateral direction (b) vertical direction (c) temperature gradient.

The temperature-induced displacement of the girder on the STB is typically related
to the average temperature [42]. Figure 4a shows a significant correlation between the
average displacement and average temperature. As the girder temperature increases,
the displacement also increases, and vice versa. However, this trend is not consistently
observed. There is a time delay effect in which the temperature data lag behind the
displacement data for a certain period. Perhaps this is because the temperature sensors are
installed inside the steel box girder, and it takes a certain time for the heat to transfer to the
thermometers. The time delay effect between the structural displacement response and the
temperature load on the STB is approximately one hour. Figure 4b presents the correlation
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between the average temperature difference ΔT and the average displacement difference
δu. Both values are calculated as the differences from their initial values. The correlation
does not follow a linear relationship. The nonlinear relationship is mainly attributed to the
time delay effect. By considering the time delay effect and shifting the temperature axis in
the negative direction, a linear relationship between displacement and temperature can be
observed (Figure 4c).

δ

Δ

δ

Δ

Time delay (a) (b) (c) 

Figure 4. Temperature-Displacement correlation analysis. (a) time-delay effect (b) without consider-
ing time-delay (c) considering time-delay.

It is shown in Table 1 that there is a significant correlation between temperature and
temperature-induced strain for a single day. Owing to the temperature of the top plates
being higher than the bottom plates, the top plates (S-5-2, 4 and 6) represent compression,
while the bottom plates (S-5-7 and 9) exhibit tension. The compressive strain of top plates
increases continuously with increasing temperature, and vice versa. For instance, if the
temperature rises by 20 ◦C, the compressive strain of the top plate increases to 60 με. On
the other hand, the tensile strain of bottom plates increases continuously with the rising
temperature, and vice versa. When the temperature increment of the bottom plate reaches
7 ◦C, the tensile strain of the bottom plate increases to 80 με. However, the temperature-
induced strain of the U-ribs is influenced by the combined temperature of the decks and
U-ribs. Between 10:00 and 15:00, the top plate U-ribs are under tension. In other time
periods, the top plate U-ribs are under compression. This phenomenon occurs because
the temperature of the top plates is higher than the top plate U-ribs between 10:00 and
15:00. Therefore, the top plates exhibit compression and the top plate U-ribs exhibit tension.
However, the bottom plate U-ribs are under tension throughout.

Figure 5 shows the correlation between temperature and longitudinal temperature-
induced strain of the girder under the influence of seasonal temperature variations in one
year. The temperature and longitudinal strain were obtained from the temperature sensor
T-5-5 and strain gauge S-5-5 on the top plate of the mid-span section on the STB. Firstly,
the temperature and longitudinal strain of the first three days of each month were selected
as representative data, and the data for each hour were averaged. Then, the monthly
temperature and longitudinal strain data were averaged, respectively, resulting in a total of
12 monthly average temperature and 12 monthly average strain data points. The results
indicate a sinusoidal relationship between seasonal temperature and longitudinal strain
within a year. The top plate temperature reached its maximum value in August and its
minimum value in February. On the other hand, the top plate strain reached its maximum
value in September and its minimum value in February.
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Figure 5. Temperature-induced strain correlation analysis in a year.

3. Analysis of Temperature-Induced Stress through Multi-Scale Modelling

3.1. STB Multi-Scale Modelling Using the Substructure Method

By providing both global and local information to assess the structural safety per-
formance, the multi-scale FE model can not only be used to perform static and dynamic
analysis at the global level but also can analyze the stress of local components such as local
strain, fatigue and the fracture of cracks.

The STB multi-scale FE model was established through ANSYS. Figure 6a shows
the division of the girder into segments on the STB. The segment among the stay cables
is selected as a segment model considering the connections between the girder, cables,
towers and piers. The diaphragm enhances the load-bearing capacity of the segment
at the end of the girder and the segment at the tower. Each segment is considered a
substructure. Accordingly, the segment with a longitudinal length of 6.7 m is divided into
a substructure GEN3, located at the end of the girder; the segment between stay cable
No.2, with a longitudinal length of 48 m, is divided into a substructure GEN2, located
at the tower; the standard segment between the adjacent stay cables, with a longitudinal
length of 16 m, is divided into a substructure GEN0 and the standard segment between
the contiguous stay cable with a longitudinal length of 12 m, is divided into a substructure
GEN01. As the longitudinal truss of the mid-span segment is designed differently from the
standard segment GEN0, it was divided into a single substructure GEN1. Overall, there
are 53 standard segment substructures GEN0, 11 standard segment substructures GEN01,
1 mid-span segment substructure GEN1, 1 segment substructure GEN2 under the tower,
and 1 segment substructure GEN3 at the end of the girder, all positioned on the side of the
symmetrical axis on the STB. Figure 6d presents the FE model of the segment substructure
GEN1 on the STB, modeled according to the design drawing. The segment, including top
plates, bottom plates, webs, diaphragms and U-ribs, is simulated through the SHELL63
shell element in ANSYS. The top and bottom flanges of the longitudinal truss are welded
with the top and bottom plates by steel plates, and thus the SHELL63 element is used to
simulate the top and bottom flanges. The diagonal braces of the longitudinal truss adopt
angle steel, and therefore, the BEAM4 element is used to simulate the longitudinal braces.

In the STB multi-scale FE model, each segment substructure model (Figure 6c) should
be condensed into a super-element (Figure 6b), which is the condensation of a group of
elements into one element using the substructure method. The purpose of this condensation
is to simplify the model and improve computational efficiency. Once the super-element
matrices have been formed, they are stored in a file and can be used as normal finite
elements in subsequent analyses. The master nodes (purple nodes in Figure 6c) are selected
to connect segment models and the other components in the multi-scale FE model. In
the substructure model, all nodes (with the exception of the master nodes) are eliminated
through the substructure technique. More specifically, a group of elements is condensed
into one super-element, with representative nodes of the segment model interface selected
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as the master nodes. In the case of segment substructure model GEN2, three additional
rows of master nodes are additionally selected based on the connection of the beam between
the substructure and tower, as well as the connection between the substructure and stay
cable No.1. The DOFs of the master nodes on the interface of each segment substructure
were then coupled.

 

 

 

 

Figure 6. Multi−scale modeling. (a) segment substructure division (b) multi−scale FE model and
super-elements (c) segment substructure models (d) modeling details of GEN1.

Owing to the length of the girder being long, the mass block was used inside the steel
box girder at the piers to endure the warping deformation of the girder at these locations.
The mass block was simulated by structural mass element MASS21 at the corresponding
master nodes. In addition, the secondary dead load exerts a great impact on the static
and dynamic performance of the bridge structures and is non-negligible. The secondary
dead load of the STB deck was also simulated via MASS21. Based on the design drawing,
the secondary dead loads of the bridge deck were converted into the mass of the MASS21
elements. The girder model was built following the completion of all the above steps.
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The tower and pier of the STB were modeled by the 3D beam element BEAM188,
which could accurately simulate the hollow cross-section characteristics of the concrete
structure. Nonlinear truss element LINK10 was employed to simulate the stay cable, which
was set to tension-only. The stay cable force of the bridge design was converted into the
initial strain to simulate the initial tension of the stay cables. The stay cable experiences
sag due to its self-weight, and cannot be calculated using the tensile truss element. In this
case, the sag effect needs to be considered by the equivalent elasticity modulus. The Ernst
formula (Equation (1)), initially proposed by German scholar Ernst in 1965, is widely used
for this purpose. The formula assumes that the cable weight is uniformly distributed along
chord length (not arc length) and neglects the cable’s ability to bear bending moments. As
a result, the shape of the stay cable follows a parabolic curve.

El =
Ee

1 + Eeγ2l2
x

12σ3

(1)

where El is the corrected elastic modulus of the stay cable; Ee is the initial elastic modulus
of the stay cable; σ is the stress of the stay cable; γ is the unit weight of the stay cable; lx is
the horizontal projection length of the stay cable.

As STB bearings in the piers constrain the transverse and vertical displacement of the
girder, these constraints were used at the joints between the piers and the girder. With the
presence of the support beam between the tower and the girder, constraints were used to
connect the support beam and the girder. The foundation at the bottom of the towers and
three piers were constrained by fixed constraints. The multi-scale FE model was developed
by coupling the master node DOFs on the girder super-elements with the nodes on stay
cables, towers, and piers. Figure 5b presents the assembly of the STB multi-scale model by
various components.

The proposed model was verified using SHM data prior to its application for the
temperature-induce response analysis. The results obtained from the modal analysis of
the multi-scale FE model were compared with measured values reported by Zhang and
Chen [43]. The first three order modes of the multi-scale FE model were identified as the
first-order longitudinal mode, the first-order symmetric lateral bending mode and the
first-order symmetric vertical bending mode, with corresponding frequencies of 0.0693,
0.1069, 0.1884 Hz, respectively. By comparing with the frequency in the reference [43], the
errors are determined as 8.1%, 5.3%, and 3.5%, respectively. The values calculated with the
proposed method are consistent with the test values, indicating the proposed modeling
strategy is reliable and the model can be adopted for further analysis.

The above models can be directly applied to stress field analysis. However, it is
necessary to investigate the thermal field analysis before analyzing the temperature-induced
displacement/stress. Since the longitudinal thermal variation of the bridge is not obvious,
only the thermal field analysis of segment substructures with different geometry features
was carried out. The thermal field was calculated using the heat-transfer analysis on
the segment substructures GEN0, GEN01, GEN1, GEN2 and GEN3, which had not yet
been condensed into super-elements. The structural elements should be replaced by
thermal elements. The 3D thermal shell element SHELL57 replaced the elastic shell element
SHELL63. Similarly, the convection link element LINK34 was used instead of the 3D elastic
beam element BEAM4. The bridge deck pavement has a great influence on the results
of thermal field analysis. Therefore, the SOLID70 thermal solid element was employed
to simulate the bridge deck pavement, which is made up of 5.5 cm thick epoxy asphalt
concrete on the bridge deck. During the thermal field analysis, the secondary dead load
was deleted. When the stress field model was analyzed, the temperature results calculated
by the thermal field were substituted into the segment substructures GEN0, GEN01, GEN1,
GEN2 and GEN3 as the element internal force, and then each segment substructure was
condensed into a super-element.

190



Sustainability 2023, 15, 9149

The advantages of the multi-scale FE model were illustrated by comparing with the
global fine FE model. As shown in Table 2, the DOFs of the global fine FE model are
11,274,550, while the DOFs of the multi-scale FE thermal field model proposed in this paper
are only 471,721. Based on the ANSYS run-time stats module, the number of the nodes,
elements and DOFs of the global fine thermal field FE model is about 22 times, 25 times and
24 times that of the multi-scale FE model, respectively, and the time required for thermal
analysis is about 25 times longer. As shown in Table 3, the DOFs of the global fine stress
field FE model are 11,274,550, while the DOFs of the multi-scale FE model proposed in this
paper are only 69,272. The number of nodes, elements and DOFs of the global fine stress
field FE model is approximately 113 times, 2280 times and 162 times that of the multi-scale
FE model, respectively, and the time required for static self-balance analysis (under the
action of gravity load and measured cable force, the calculated value of girder deformation
is consistent with the measured value) and temperature-induced stress analysis is about
1630 times and 40 times longer. Therefore, if the global fine FE method is used to analyze
the temperature-induced strain of U-ribs, the model has a significantly large number of
DOFs, leading to the consumption of extensive hardware resources and calculation time,
and in some cases, it may not even be feasible to perform the calculation. However, the
multi-scale FE model analysis can save a significant amount of computing time on the
premise of accuracy, which is convenient for subsequent parameter analysis and structural
performance evaluation.

Table 2. Comparison of calculation scale and time between thermal field models.

Nodes Elements DOFs Thermal Analysis Time (s)

global fine 1,690,000 2,359,862 11,274,550 625,920
multi-scale 78,620 94,395 471,720 25,180

Table 3. Comparison of calculation scale and time between stress field models.

Nodes Elements DOFs Static Time (s) Stress Analysis Time (s)

global fine 1,690,000 2,359,862 11,274,550 26,080 625,920
multi-scale 14,955 1035 69,272 16 15,491

3.2. Thermal Field Analysis

The thermal parameters of the steel components and deck pavement asphalt concrete,
including thermal conductivity, specific heat capacity and density, were determined as
shown in Table 4 [44–46]. Generally, the atmospheric temperature one hour before sunrise
is considered the initial temperature of the bridge. The temperature distribution inside and
outside the STB box girder at 6:00 a.m. is relatively uniform, so it is appropriate to take
the atmospheric temperature at 6:00 a.m. as the initial atmospheric temperature. The time
interval for the thermal field analysis is set to one hour.

Table 4. Thermal parameters of material.

Steel Asphalt

thermal conductivity k (W/(m·K)) 60.5 2
heat capacity c

(
J

kg·K
)

460 900

density ρ (kg/m3) 7850 2100

Thermal field analysis was performed to determine the boundary conditions, including
absolute radiation temperature Tv and overall heat transfer coefficient ho. The relation
between the radiation and reflection balance of the deck surface on the bridge is described
as Equation (2) [44]:
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qB + qk = qJ + qH + qR + qGa + qUR (2)

where qB is the structural radiation; qk is the thermal irradiation; qJ is the solar direct
radiation; qH is the scattered radiation; qR is the reflected radiation; qGa is the atmospheric
radiation and qUR is the surface effective radiation. The equations for the above parameters
can be found in reference [45].

Equation (2) is a fourth-order transcendental equation of Tv and cannot be solved
directly. Therefore, the following formula is used to simplify the equation [45]:

εblCsTv
4 = hr(Tv − Ta) + εblCsTa

4 (3)

where εbl is the structural radiation coefficient; Cs is the Stefan–Boltzmann constant,
Cs = 5.677 × 10−4 W/m2K4; Ta is the atmospheric temperature; ho = hr + hk, hr is the
coefficient of radiation heat transfer and hv is the exchange heat transfer coefficient.

The absolute radiation temperature Tv can be determined as the following formulas [45]:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Tv,top = Ta +
abk

hr+hk

(
IJsinh + IH

)− (1 − εa)
εblCs

hr+hk
Ta

4

Tv,bot = Ta +
γukabk
hr+hk

(
IJsinh + IH

)
Tv,web = Ta +

abk
hr+hk

[γuk
(

IJsinh + IH
)
cos2 β

2 + IHcos
(

π
2 + h − β

)
cos(α − αw)sinh + IHsin2 β

2 ]− (1 − εa)
εblCs

hr+hk
Ta

4sin2 β
2

(4)

where Tv includes Tv,top, Tv,bot and Tv,web. Tv,top is the absolute radiation temperature of
the top plate; Tv,bot is the absolute radiation temperature of the bottom plate; Tv,web is the
absolute radiation temperature of the web; abk is the shortwave radiation absorptivity; h is
solar altitude angle; εa is the atmospheric radiation coefficient, εa = 0.82; γuk is the ground
reflection coefficient; IJ is the direct solar radiation intensity and IH is the solar scattered
energy; β is included angle between web and horizontal plane; α is the azimuth of the sun,
which is the included angle between the projection of the line from the observer to the sun
on the ground plane and the due south direction; αw is the azimuth of the external normal
of the web. The steel and asphalt shortwave radiation absorptivity were considered to be
0.685 and 0.9, and the steel and asphalt surface radiation coefficients were assumed to be
0.8 and 0.92, respectively [44]. For more detailed information on these expressions, please
refer to [45].

Based on the measured meteorological data and calculation parameters of the ther-
mal field, the thermal boundary conditions were calculated by Equation (4). Then these
boundary conditions were applied to the segment substructures for transient thermal
analysis. Figure 7 presents the thermal field of the substructure GEN1 calculated for one
day. Through conducting statistical analysis of the errors between calculated and measured
values, it was found that the maximum error of temperature for the top plate is 8.2%, and
the weighted average error within a day is 3.9%. The maximum error and the weighted
average error for the bottom plate are 7.8% and 3.5%, respectively. For the web, corre-
sponding values are 7.1% and 3.5%, respectively. For the diaphragm, they are 5.6% and
4.1%, respectively. For the top plate U-rib, they are 9.9% and 6.2%, respectively. For the
bottom plate U-rib, they are 5.0% and 2.1%, respectively. There is an agreement between
the predicted and measured temperatures. This verifies the effectiveness of the numerical
model and the heat transfer analysis.
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Figure 7. Comparison of thermal field measured and calculated values of each component on
substructure GEN1. (a) top plate, (b) bottom plate, (c) web, (d) diaphragm, (e) top plate U-rib,
(f) bottom plate U-rib.

3.3. Temperature-Induced Structural Responses

The temperature-induced responses can be investigated by combing the temperature
time history with the multi-scale FE stress field model. In this section, the focus is on
the analysis of longitudinal temperature-induced displacements at the end of the girder
and the longitudinal temperature-induced strains on the sensor layout cross-section. First,
the results of thermal field analysis are imported into each segment substructure model
(Figure 6c) and then the temperature load is treated as the internal force, each segment
substructure model is condensed into a super-element (Figure 6b); at last, these super-
elements are applied to the multi-scale FE model for stress field analysis. The isotropic linear
constitutive model for thermal expansion is adopted. Temperature-induced displacement
can be directly calculated from the master nodes of the girder end in the multi-scale FE
model. Figure 8a,b depicts the temperature-induced displacements at the end of the girder.
The calculated values of the FE model are in agreement with the measured values of the
D-9-1 displacement gauges. However, there is a certain deviation between the temperature-
induced displacements of the D-1-1 displacement gauges and the calculated values. It
should be noted that the STB multi-scale FE model is assumed symmetry with respect to
the mid-span cross-section of the girder, resulting in consistent displacements calculated by
the FE model on both sides. However, this assumption does not match the actual situation.
Figure 8c,d displays the correlation between the temperature and temperature-induced
displacements. The statistical results indicate the accuracy of the correlation between
temperature and temperature-induced displacement based on the proposed method.
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(a)  

  

Figure 8. Comparison between calculated displacements and measured values. (a) D-1-1 displace-
ment history, (b) D-9-1 displacement history, (c) D-1-1 temperature-displacement correlation, (d) D-9-1
temperature-displacement correlation.

The temperature-induced displacement can be calculated directly. However, in order to
obtain the temperature-induced stress and strain, an additional step is required. At first, it is
necessary to reverse the displacement of the master nodes back to the segment substructure
to calculate the displacement of the slave nodes; then the element temperature-induced
stress and strain in the segment substructure are calculated based on the displacement of
the slave node. Figure 9 shows that the calculated values of decks and U-ribs are consistent
with the measured values. Equation (5) is used as an evaluation indicator to compare the
calculated and measured values of temperature-induced strain. The evaluation indicator
value ranges between 0 and 1, with a value closer to 1 indicating a better similarity between
the two sets of values.

I =
|∑n

i=1 SaiSei|2
(∑n

i=1 SaiSai)(∑n
i=1 SeiSei)

(5)

where I is the evaluation indicator, Sai is the calculated value of temperature-induced strain
for i-th sampling point, Sei is the measured value of temperature-induced strain for i-th
sampling point, n is the number of samples for one day.

The evaluation indicator values for S-5-1 to S-5-6 in the top plate or top plate U-rib
are 0.96, 0.97, 0.94, 0.95, 0.75 and 0.98, respectively. The evaluation indicator values for
S-5-8 to S-5-10 in the bottom plate or bottom plate U-rib are 0.90, 0.77 and 0.93, respectively.
Therefore, compared with the traditional FE model, the multi-scale FE model based on the
substructure method can be adopted to analyze the temperature-induced stress of the local
members (i.e., U-ribs) on long-span bridges.
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Figure 9. Calculated structural strain response.

In order to evaluate the variations in the strain distribution across the longitudinal and
vertical directions of the girder cross-section for one day, strains at different cross-sections
and positions were analyzed at 6:00 and 14:00, respectively. Figure 10a shows that the top
plates (SA-N-1, 3, 5) are subject to compression, while the bottom plates (SA-N-2, 4, 6)
suffer from tension at 14:00. Moreover, the girder exhibits an upward bending behavior.
However, the inverse phenomenon is observed in Figure 10b, whereby the top and bottom
deck are subject to tension and compression, respectively, at 6:00, and the girder exhibits
a downward bending behavior. Similar strain trends are observed at the top and bottom
plate U-ribs in Figure 10c,d, respectively. This is attributed to the greater temperature
of the top girder compared to the bottom girder at 14:00, while an inverse temperature
distribution along the vertical direction is present at 6:00. The maximum variation range of
the temperature-induced strain at the top plate and bottom plate is approximately 100 με

over the course of one day.
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Figure 10. Longitudinal and vertical distributions of strain. (a) Strain distribution of plates at 14:00,
(b) Strain distribution of plates at 6:00, (c) Strain distribution of U-ribs at 14:00, (d) Strain distribution
of U-ribs at 6:00.

4. Conclusions

The performance evaluation of OSD by considering the temperature load is very
important. In previous studies, the strain of local components needed to be analyzed
in the global fine finite FE model. In this paper, based on substructure technology, the
temperature-induced stress of U-ribs is evaluated using a multi-scale FE model on a long-
span cable-stayed bridge. The following key conclusions are obtained.

(1) The temperature-induced stress of U-ribs on the STB was analyzed based on mon-
itoring data and the multi-scale FE method. This method can be applied to other
long-span bridges to address the issue of low computational efficiency in analyzing
U-ribs in the global fine FE model.

(2) Analysis of monitoring data indicates that the long-span steel box bridge with the
tuyere components exhibits a vertical temperature gradient rather than a transverse
temperature gradient. The correlation between temperature-induced displacement
and temperature demonstrates a linear relationship once the time delay effect is
considered. The temperature-induced strain of the top plates and bottom plates
is influenced by the temperature between them. The temperature-induced strain
of U-ribs is influenced by the temperature of the decks and U-ribs. Furthermore,
the seasonal temperature and longitudinal strain over time within a year exhibit a
sinusoidal relationship.
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(3) A multi-scale FE model, which can effectively reduce the calculation time based on the
substructure method, has been established to analyze the temperature-induced stress
of U-ribs on long-span bridges. The accuracy of the multi-scale FE model results for
the temperature-induced stress of U-ribs has been confirmed through monitoring data.

(4) By evaluating the temperature-induced strain during the highest and lowest temper-
atures of one day on the multi-scale FE model, it indicates that the deflection of the
girder, a key index for bridge design and SHM assessment, exhibits dynamic changes
in response to temperature loads. The temperature-induced strain of the top and
bottom plates displays a maximum variation range of approximately 100 με.

5. Recommendation

Due to the limitations of research time, the evaluation and discussion are focused on
the longitudinal temperature-induced strain of specific segments on the bridge, specifically
the top plate, bottom plate, and U-ribs. In future research, the temperature-induced strain
of web plates, diaphragms, and diaphragms can be studied in depth, as well as more
segments of the girder. Additionally, it is recommended to investigate the influence of
temperature load on the fatigue behavior of U-ribs under varying thermal conditions.
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Abstract: Pile base resistance is an important part of the ultimate bearing capacity, and the soil within
a certain range above and below the pile end contributes to the pile base resistance. In general, pile
base resistance is calculated according to the average value of soil strength within a certain range
of the pile end in the current calculating method, so it is very important to determine the influence
range of pile base resistance. Based on the soil parameters and the results of the cone penetration test
of the LiuHua 11-1 site in the South China Sea, the difference of pile base resistance calculated by
different methods, the regularity of pile base resistance affected by calculation depth range is revealed.
Additionally, the numerical simulation method is used to analyze the distribution of a plastic zone
around the pile end in homogeneous soil and stratified soil, the results show the influence depth
range of pile base resistance is 0.12 D above the pile end to 0.83 D below the pile end in clay, and the
influence depth range is 0.9 D above the pile end to 1.3 D below the pile end in stratified soil.

Keywords: clay; pile foundation; base resistance; influence depth; cone penetration test

1. Introduction

Pile foundation is the main foundation form of offshore platform and offshore wind
power [1–4]. The ultimate bearing capacity is an important content in the design of pile
foundation, and there are two main methods to calculate the bearing capacity of pile
foundation in the current relevant specifications for marine engineering; one is based on the
undrained shear strength of soil [5], and the other is based on the results of an in situ cone
penetration test (CPT/CPTU). Regardless of the calculation method, the bearing capacity is
divided into skin friction and base resistance.

The method, which is based on undrained shear strength to calculate pile base resis-
tance, can be divided into theoretical method and empirical method based on experimental
data. Terzaghi [6], Meyerhof [7–10], Berezantzev [11], and Hu [12] proposed theoretical
calculation methods of unit pile base resistance based on limit analysis theory according
to the failure mode of soil in the pile end. Vesic [13] proposed a calculation method of
pile base resistance based on the theory of cavity expansion, and the formula for calcu-
lating pile base resistance by all theoretical methods is NcSu, where Nc is the coefficient
of pile base resistance. Wilson [14] suggested that Nc should be taken as 8.0 by the pile
base resistance tests in clay. To measure pile base resistance, six tests were conducted
by Meigh [15] and Yassin [16] in undisturbed soil and remolded soil in Imperial College
London, and Skempton [17] suggested that Nc should be taken as 9.0 based on six test
results and the theoretical analysis of Meyerhof and Mott–Gibson. Randoplh et al. [18], who
combined with the empirical coefficient of deep foundation base resistance of Skempton
and the theoretical solution of base resistance coefficient established by Vesic based on
cavity expansion theory, recommended Nc as 9.0. This coefficient was introduced into the
American Petroleum Institute (API), which is a standard method widely used in offshore
pile foundation engineering for determining unit pile base resistance based on undrained
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shear strength. The end is at least three diameters above the bottom of the layer to preclude
punch-through in layered soils, and the unit pile base resistance should be corrected if this
distance cannot be reached.

The penetration mechanism of the cone penetration test and driven pile is similar, and
with the improvement of in situ test technology and data acquisition, the measurement
results are more accurate and reliable, so the method of calculating pile base resistance
based on in situ cone penetration test results gradually emerged in recent years [19–22].
Scholars proposed a variety of methods for calculating pile base resistance based on the
cone penetration test. These methods all adopt the method of multiplying cone penetration
resistance by empirical coefficient. Each method considers the influence of soil in a certain
range above and below the pile end on the pile base resistance because the soil in a certain
range above and below the pile end contributes to the pile base resistance. However, due
to the complexity of determining the depth range of pile base resistance, the depth range
of cone penetration resistance is different when calculating pile base resistance by various
methods, which leads to the difference of calculation results. For example, the average cone
penetration resistance depth proposed by Schmertmann [23] ranges from 8 D above the
pile end to 0.7 D–4 D below the pile end. The average cone penetration resistance depth
range of European [24] is 0.7 D–4 D below the pile end. ICP [25] and LCPC [26] adopt the
depth range of ±1.5 D at the pile end. Based on the test results of the unified database,
Lehane [27] proposed to use the range of 20 times the pile wall thickness below the pile
end. Although the depth range of the Fugro [28] method also uses ± 1.5 D at the pile end,
it takes the average value of the net cone penetration resistance.

It can be seen that the influence range of pile base resistance has a great influence
on the calculation of pile base resistance, especially when the pile end is in the clay layer
with the thin sand layer. Based on the soil layer data and cone penetration test data of the
Liuhua site in the South China Sea, this paper analyzes the differences of the calculation
methods of ultimate unit base resistance, analyzes the distribution of the plastic zone of the
soil around the pile end by numerical simulation, and gives the recommended range of
influence of the pile base resistance. The research results can provide a reference for the
pile base resistance in the South China Sea.

2. Difference in Calculation Formula of Pile Base Resistance

2.1. Engineering Example

The design parameters of the pile foundation of a deep water jacket platform in Liuhua
are shown in Table 1. The sampling depth of the borehole in the site is 170 m, and the
geological data exposed are shown in Table 2.

Table 1. Design parameters of pile foundation.

Pile Length (m) Length of Embedded Pile (m) Diameter (m) Thickness (mm)

171 134 2.743 70

Table 2. Soil parameters.

Stratum Soil Description
Thickness

(m)

Submerged Unit
Weight

γ′ (kN/m3)

Internal Friction
Angle
ϕ (◦)

Design Shear Strength
Su (kPa)

1 Very soft sandy clay 0.8 8.2 — 11
2 Soft calcareous silty clay 5.8 7.7 — 12–24
3 Slightly hard calcareous sandy clay 2.5 7.0 — 28–38
4 Slightly hard to hard calcareous silty clay 36.4 7.6 — 30–75
5 Hard to very hard calcareous sandy clay 3.9 9.8 — 90–120
6 Loose to medium dense clayey sand 2.2 9.3 25 —
7 Hard to very hard calcareous silty clay 21.1 8.6 — 80–130
8 Medium dense carbonate silty fine sand 6.1 6.5 30 —
9 Very hard to hard calcareous silty clay 91.4 9.6 — 160–400
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The penetration depth of an in situ cone penetration test is 170 m, and the test results
are shown in Figure 1.

   
(a) Cone resistance (b) Sleeve Friction (c) Pore Pressure 

-2 0 2 4 6 8

Figure 1. Data of cone penetration test.

2.2. Results of Pile Base Resistance

The common methods for calculating pile base resistance include API/ISO, NGI, ICP,
LCPC, and Fugro, etc. The soil parameter types (soil shear strength Su or cone resistance)
and the empirical coefficients are different in these methods. Because the pile base resistance
has a certain range of influence above and below the pile end, the depth range of the soil at
the pile end is different when calculating the pile base resistance by various methods, and
the comparison is shown in Table 3.

Table 3. Methods for calculating unit pile base resistance.

Method Formula Kernel Parameter Range of Soil

API/ISO q = 9Su Design Shear Strength, Su Pile end
NGI q = 9SUU

u UU Shear Strength, Su
UU Pile end

Lehane q = qt[0.2 + 0.6D∗/D] qt
20 times the pile wall thickness

below the pile end

Schmertmann q = qc1+qc2
2 qc

8 D above the pile end, 0.7 D–4 D
below the pile end

European q = 9Cu ≤ 15MPa Cu = qc/Nk qc 0.7 D–4 D below the pile end

ICP

Closed: q = 0.8 qc (undrained)
q = 0.8 qc (drained)

Open (fully plugged): q = 0.4 qc
(undrained) q = 0.65 qc (drained)

Open (unplugged):
q = 1.0 qc (undrained) q = 1.6 qc

(drained)

qc ±1.5 D at the pile end

LCPC q = kqc qc ±1.5 D at the pile end
Penpile [29] q = 0.25qc qc Pile end
Takesue [30] q = qt − u2 qt Pile end

Fugro q = 0.7qn,av qn ±1.5 D at the pile end

Notes: Su is design shear strength; Su
UU is shear strength determined by UU test; D is the out diameter of pile,

D∗ =
(

D2 − D2
i
)0.5, Di is the inner diameter of pile; qc1 is average cone resistance within the range of 8 D above

the pile end, qc2 is average cone resistance within the range of 0.7–4 D below the pile end; Cu is the shear strength
of soil, Nk is empirical coefficient; qc is cone resistance; qt is corrected cone resistance, qt = qc + (1 − a)u2; qn is net
cone resistance, qn = qc + (1 − a) u2 − σv0; u2 is pore pressure; k is empirical coefficient; and qn,av is the average net
cone resistance within the 1.5 D above and below the pile end.
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The methods for calculating pile base resistance can be divided into three categories as
shown in Table 3. The first class of methods is based on the shear strength at the pile end,
including API/ISO, NGI, Penpile, and Takesue; the second class of methods is based on
the average of cone resistance within a certain range below the pile end, including Lehane
and European; and the last class of methods is based on the average of the cone resistance,
corrected cone resistance, and other parameters of the soil within a certain range above and
below the pile end. The calculation range of soil at the pile end is different, and the specific
calculation range is shown in Table 3.

The bearing capacity of pile foundation in the Liuhua site is calculated using the
method in Table 3, and the distribution of pile base resistance along the depth is shown in
Figure 2.

Figure 2. Distribution of pile base resistance along the depth.

The difference of pile base resistance calculated by each method is obvious as shown in
Figure 2; the value of Schmertmann is the largest, and the value of Penpile is the minimum.
The soil within the depth range of 49.4–51.6 m and 72.7–78.8 m is sand, so the cone resistance
increases rapidly, which results in a sudden change in the pile base resistance calculated
near this depth. In order to verify the effect of thin sand on pile base resistance, the pile
base resistance at the depth of z = 33 m, 49 m, 80 m, and 134 m of each method is taken as
shown in Figure 3.

 
(a) z = 33 m (b) z = 49 m 

 
(c) z = 80 m (d) z = 130 m 

Figure 3. Base resistance calculated by methods at different depths.
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It can be seen from Figure 3 that the base resistance calculated by each method has
large dispersion and difference. The maximum, minimum, mean, variance, and coefficient
of variation in pile base resistance at different depths are summarized in Table 4.

Table 4. Difference of base resistance at different depths.

Depth (m)
Maximum

(MN)
Minimum

(MN)
Mean (MN) Variance COV

33 7.4 1.9 3.9 1.6 0.41
49 13.4 2.5 7.9 3.8 0.48
80 22.9 5.3 12.2 5.9 0.49

130 36.0 9.5 19.6 8.3 0.42

It can be seen from Table 4 that the maximum base resistance calculated by various
methods at different depths is about 4–6 times the minimum. The differences are mainly
caused by two aspects: one is the difference of soil parameter and empirical coefficient,
and the other is the difference of calculation depth range of soil at the pile end. At the
depth of 33 m and 130 m, the calculation results of each method are similar because the
soil distribution is uniform and because of the absence of the sand interlayer. While at
the depth of 49 m and 80 m, due to the presence of the sand layer, the soil strength is
affected by the calculation depth range of the pile end, which leads to significant differences
in the calculation results of each method. It can be seen that the difference of pile base
resistance caused by the different calculation depth range of the pile end is far greater than
the difference caused by the calculation method itself.

The soil within the depth of 49.4–51.6 m of the Liuhua site is sand, and within a range
above and below the sand, the pile base resistance is calculated by each method at the
depth of 44 m, 49 m, 52 m, 57 m, and 62 m. The results are shown in Figure 4.

  
(a) (b) 

 
(c) 

Figure 4. Base resistance at representative depth. (a) Based on the parameters at the pile end, (b) based
on the average of parameters below the pile end, (c) and based on the average of parameters above
and below the pile end.
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The method of calculating the pile base resistance uses the cone resistance at the pile
end in Figure 4a. In these methods, the pile base resistance in the upper and lower clay
is not affected by sand, so it does not have a sudden change. However, the influence of
pore pressure cannot be ignored in the Takesue method, and the pore pressure suddenly
dissipates when close to the sand in Figure 1c. As a result, the pile base resistance increases
sharply when it is close to the sand, which also indirectly proves that the sand has an
impact on the pile base resistance in the overlying clay layer. The two methods in Figure 4b
are to calculate the pile base resistance by using the average of the soil parameters below
the pile end. When only considering the influence of the soil below the pile end, the base
resistance increases at a depth of 49 m near the sand layer, while the European method
increases more significantly at the position close to the sand because the large range of soil
depth is calculated downward.

The three methods in Figure 4c are the methods of calculating the pile base resistance
using the average of the soil above and below the pile end. When considering the influence
of the soil above and below the pile end, the cone resistance of the sand is much larger than
that of the clay, resulting in the pile base resistance calculated at the depth of 49 m and 52 m
being the same, with a sharp increase trend compared with the pile base resistance at the
depth of 44 m.

The difference of pile base resistance calculated by different methods is analyzed, and
the conclusions are obtained: when calculating the pile base resistance, the range of the
soil near the pile end has a significant impact on the results, and the distance between
the sand and the clay and the thickness of the sand have an important impact on the pile
base resistance.

3. Numerical Simulation on Influence Range of Pile Base Resistance

3.1. Numerical Model and Verification

The finite element method (FEM) is used to analyze the influence range of pile base
resistance in homogeneous clay and sand-layered clay. The linear model is adopted for the
pile, with the diameter D = 2.743 m, the length L0 = 85.29 m, the length of the embedded
L = 82.29 m, and the length–diameter ratio L/D = 30. The Mohr–Coulomb model is adopted
for soil, the effective The relationship between mass and mobility is often expressed with
the effective density, which is defined as the mass of the particle divided by its mobility
equivalent volume, of soil is taken, Poisson’s ratio is taken as 0.49, and the elastic modulus
is taken as 500 Su. The parameters of FEM are shown in Table 5.

Table 5. Parameters of FEM.

Model
Effective
Density
(kg/m3)

Elastic
Modulus

(kPa)

Poisson’s
Ratio

Shear
Strength

(kPa)

Internal
Friction

Angle (◦)

Pile 6850 210 × 106 0.25 — —
Clay 600 500 Su 0.49 20–100 —
Sand 900 50,000 0.3 — 30

Note: The relationship between mass and mobility is often expressed with the effective density, which is defined
as the mass of the particle divided by its mobility equivalent volume.

The diameter of soil is 20 D and the vertical height is L + 20 D in the numerical model
to avoid boundary effect. In order to improve the calculation speed, the axisymmetric
model is used in the numerical simulation. In the model, the vertical displacement U3 is
limited at the bottom, horizontal displacement U1 is limited at the right, and symmetric
boundary conditions are set on the left side of the model. The numerical model of a steel
pipe pile is shown in Figure 5.
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Figure 5. Axisymmetric model of a steel pipe pile.

The contact pair is set between pile and soil, the pile surface is regarded as the main
surface, and the soil surface is treated as the slave surface. The ‘Penalty Function’ is
established in the contact property. The friction coefficient between pile and clay is set to
0.4, and the friction coefficient between piles and sand is set to 0.3.

The lateral boundary of the soil is subject to horizontal constraints, the bottom bound-
ary is subject to horizontal and vertical constraints, and the symmetric boundary is subject
to axisymmetric constraints. The soil unit type is C3 D8R, and the soil grid is 0.05 D. The
reference point is coupled in the middle of the pile top surface, and vertical displacement
of 0.05 D is applied on the reference point to calculate the base resistance.

In order to verify the rationality of the calculation results of FEM, the undrained shear
strength of the soil is set to 40 kPa, and the load–displacement curve calculated by FEM
and API is compared, as shown in Figure 6. The trend of the load–displacement curve
calculated by FEM is basically the same as that calculated by the API, and the ultimate
bearing capacity of the pile foundation calculated by FEM is 28.1 MN, and the ultimate
bearing capacity calculated by the API is 26.5 MN, the difference between the two is 5.7%,
and the error is small, so the rationality of FEM is verified.
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Figure 6. Verification of FEM.

3.2. Results in Homogeneous Clay

The influence range of pile base resistance in homogeneous clay is studied. In the
numerical model, the undrained shear strength of homogeneous clay is set as 20 kPa,
40 kPa, 60 kPa, 80 kPa, and 100 kPa, respectively, to analyze the distribution of the plastic
zone of the pile end and determine the influence range of pile base resistance. The results
are shown in Figure 7.

It can be seen from Figure 7 that with the increase in undrained shear strength of soil,
the distribution range of the plastic zone near the pile end did not change significantly, that
is, the undrained shear strength in homogeneous clay has little effect on the development
of plastic zone. The influence range of pile base resistance is about 0.12 D at the upper part
of the pile end and about 0.83 D at the lower part of the pile end.

The undrained shear strength of homogeneous clay is taken as 40 kPa, and the distance
between the pile end and the soil bottom boundary is set as 0.5 D, 1.0 D, 1.5 D, 2.0 D, and
3.0 D. The distribution of the plastic zone at the pile end, load–displacement curve, and the
relationship between ultimate bearing capacity and distance are shown in Figures 8 and 9.

It can be seen from Figure 8 that when the distance between the pile end and the soil
bottom boundary reaches 1.0 D, the plastic zone at the pile end does not reach the soil
bottom boundary. With the increase in the distance, the development depth of the plastic
zone is unchanged. Therefore, the influence range of the pile base resistance is still 0.12 D
above the pile end and 0.83 D below the pile end.

It can be seen from Figure 9 that when the distance between the pile end and the soil
bottom boundary reaches 1.0 D, the load–displacement curve is nearly coincident. The
ultimate bearing capacity of the pile foundation is reduced with the distance between the
pile end and the soil bottom boundary, but the change is not obvious, which indicates that
the distance 1.0 D can meet the development of the plastic zone. Based on the results in
Figures 7 and 8, it can be considered that the distribution range of the plastic zone and the
range of the influence depth of the pile base resistance reflected by the load–displacement
curve have good consistency. From the results in Figures 7–9, it can be considered that the
influence range of the pile base resistance in the homogeneous clay is 0.12 D above the pile
end and 0.83 D below the pile end.
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(a) 20 kPa     (b) 40 kPa 

  
(c) 60 kPa  (d) 80 kPa 

 
(e) 100 kPa 

Figure 7. Distribution of plastic zone at pile end under the different undrained shear strength.

Figure 8. Distribution of plastic zone at pile end under the different distance between the pile end
and the soil bottom boundary.
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(a) (b) 

Figure 9. Ultimate bearing capacity. (a) Load–displacement curve, (b) relationship between ultimate
bearing capacity and distance.

3.3. Results when the Clay Is above the Sand
3.3.1. Influence of Distance between Sand and the Pile End

A sand layer is set under the pile end to analyze the influence of the sand under the
clay on the pile base resistance. Additionally, the influence of the distance between the
top of the sand and the pile end on the pile base resistance is analyzed. This distance H1
is taken as 0.5 D, 1.0 D, 1.5 D, 1.7 D, and 2.0 D, respectively. The results are shown in
Figure 10b.

 
(a) Schematic Diagram (b) Base resistance–displacement curve 

H

Figure 10. Influence of the distance between the pile end and top of the sand on pile base resistance.

It can be seen from Figure 10 that the pile base resistance is enhanced when the distance
between the top of the sand and the pile end is 0.5 D, increasing by about 10.8%. With the
increase in the distance, the pile base resistance decreases gradually. When the distance
exceeds 1.5 D, the sand under the clay has little effect on the pile base resistance.

3.3.2. Influence of Sand Thickness

The influence of sand on pile base resistance is mainly within the range of the distance
between the top of the sand and the pile end and is less than 1.5 D in the above analysis.
Therefore, the distance is set to 0.5 D, and the thickness of the sand is changed to 0.3 D,
0.5 D, 0.8 D, 1.0 D, and 1.5 D, respectively, to analyze the influence of sand thickness on pile
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base resistance; the thickness of sand T1 is shown in Figure 11a, and the result is shown in
Figure 11b.

 
(a) Schematic diagram (b) Base resistance–displacement curve 

D
T

Figure 11. Influence of sand thickness under the pile end on pile base resistance.

With the increase in the thickness of the sand, the pile base resistance gradually
increases. When the thickness of the sand exceeds 0.8 D, the continuous increase in the
thickness of sand has no effect on the pile base resistance. Compared with the pile end in
homogeneous clay, when the sand thickness is 0.3 D and 0.5 D, respectively, the pile base
resistance increases by 5.7% and 8.4%. Therefore, when there is a sandy layer under the
clay, and the distance between the pile end and the top surface of the sand is not more than
1.5 D, it is recommended that the influence range of the pile base resistance is 1.3 D.

3.4. Results when the Clay Is under the Sand
3.4.1. Influence of Distance between Sand and the Pile End

A sand layer is set above the pile end to analyze the influence of the sand above the
clay on the pile base resistance. Additionally, the influence of the distance between the
bottom of the sand and the pile end on the pile base resistance is analyzed. This distance
H2 is taken as 0.1 D, 0.2 D, 0.5 D, 1.0 D, and 1.5 D, respectively. The results are shown in
Figure 12.

 
(a) Schematic diagram (b) Base resistance–displacement curve 

H

Figure 12. Influence of distance between the pile end and bottom of sand on pile base resistance.

The pile base resistance increases when the sand is above the pile end compared with
the pile end in homogeneous clay, and the influence is very significant. When the distance
between the bottom of the sand and the pile end is 0.1 D and 0.2 D, the pile base resistance
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increases by 32.1% and 10.0%. When the distance exceeds 0.5 D, pile base resistance is not
affected by distance.

3.4.2. Influence of Sand Thickness

The distance between the bottom of the sand and the pile end is 0.1 D, and the change
in the thickness of sand to 0.3 D, 0.5 D, 0.8 D, 1.0, D and 1.5 D, respectively, to analyze the
influence of sand thickness on pile base resistance, the thickness of sand T2 is shown in
Figure 13a, and the result is shown in Figure 13b.

 
(a) Schematic diagram (b) Base resistance–displacement curve 

D
T

Figure 13. Influence of sand thickness above the pile end on pile base resistance.

As shown in Figure 13, with the increase in the thickness of sand, the pile base
resistance decreases gradually. When the thickness of sand exceeds 0.8 D, the thickness of
sand has no effect on the pile base resistance. Therefore, in the case of sand above the clay,
when the distance between the bottom of sand above the clay and the pile end is less than
0.5 D, it is suggested that the influence range of pile base resistance is 0.9 D.

4. Conclusions

In the present study, the influence range of pile base resistance is studied in homoge-
neous clay and sand-layered clay. The influence of the strength and thickness of the soil
near the pile end on the pile base resistance is revealed, and the recommended influence
range of pile base resistance is given. The following conclusions can be achieved:

The pile base resistance has a certain influence range above and below the pile end,
and the range of soil used to calculate the average strength at the pile end is different
in the current calculation methods, resulting in different pile base resistance calculated
by different methods; especially when the there is sand-layered clay, t he difference is
more significant.

The influence range of pile base resistance is 0.12 D above the pile end and 0.83 D
below the pile end when the pile end is located in homogeneous clay.

When there is sand above or below the clay where the pile end is located, the distance
between the sand and the pile end and the thickness of the sand has an impact on the
pile base resistance. When the sand is above the clay, the influence range of the pile base
resistance is 0.9 D above the pile end, and when the sand is below the clay, the influence
range of pile base resistance is 1.3 D below the pile end.
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Abstract: With changes in the city environment and advances in engineering technologies, there is an
increasing demand for the construction of super-large span city domes that can cover a large area to
create a small internal environment within a specific region. However, the structural design must
overcome various challenges in order to break the current structural span limitations. Moreover,
there is little research on structures achieving such large spans. The seismic performance of the
selected Kiewitt-type, Geodesic-type, and Three-dimensional grid-type mega-latticed structures is
further investigated upon previous studies of the model selection, static and stability analysis results
of the 800 m span mega-latticed structures. Finite element models were established with ANSYS
to analyze the modal properties and earthquake response of the structures. The study evaluated
the impact of earthquake directionality on the structural response as well as the response pattern
of the structure under frequent and rare earthquake actions. It was found that the overall integrity
of the structures is good, with strong coupling effects in three directions. The multi-dimensional
seismic input method should be applied to solve the structural response. Combining the plastic
development of the structure under rare earthquakes, the top and the circumferential trusses of the
third and fourth rings are relatively weak parts of the structures. According to this study, given the
known static analysis results, the maximum displacement and maximum stress of the structures
under frequent and rare earthquake actions can be estimated. Furthermore, the study highlights that
Three-dimensional grid-type mega-latticed structures should be prioritized designing structures with
spans of 800 m, providing helpful guidance for the practical application of this type of structure.

Keywords: super-large span; mega-latticed structure; dynamic characteristics; seismic performance;
plastic development; model selection

1. Introduction

Structural engineers in the field of space structure have been pursuing larger structural
spans. The reinforced concrete Centennial Hall in Wroclaw [1], with a span of 65 m that was
built in 1913, is still in use today. After more than a century, the structural materials have
advanced from concrete to steel [2] and aluminum alloys [3], and the structural span has
increased from tens of meters to hundreds of meters. At the same time, structural forms are
also becoming increasingly varied and complicated [4,5]. With the continuous breakthrough
of the structural span, people’s living demands and the pursuit of environmental quality are
gradually rising. In recent years, climate change has intensified, and extreme weather has
occurred frequently [6], causing many inconveniences to people’s normal lives and leading
to losses of life and property, thus prompting people to think about protecting existing
cities. Engineers are currently exploring the possibility of constructing super-large-span
structures, and such a kilometer-level “city dome” could create many new challenges [7].
The “city dome” could reduce the huge costs of air conditioning and snow removal in
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winter, while creating a comfortable indoor environment. Additionally, because of the
considerable interior space, the dome may experience uplift due to the hot air inside,
which will offset some of the gravity loads of the structure. Although there are already a
few structures that exceed 300 m [8–10], the development of kilometer-level “city domes”
requires continuous exploration and innovation of structural systems.

The increase in span leads to more complex structural forms having an increasing
number of structural members and a greater weight. As a result, structural designs en-
counter new challenges to increase the bearing capacity against static and dynamic loads
and improve structural stability. The mega-latticed structure proposed by He and Zhou [11]
has a dual force transmission system of the main structure and substructure, which is more
reasonable when the span reaches more than 200 m. He and Zhou first studied cylindrical
mega-latticed structures with a double-layer grid shell as the substructure [12], providing a
preliminary understanding of their static performance and buckling modes. Then, they in-
vestigated the cylindrical mega-latticed structure with a single-layer-latticed membranous
shell substructure [13] and a cylindrical mega-latticed structure with the single-layer inter-
sectional grid cylindrical shell substructure [14] and gave a range of values for the rise/span
ratio of the substructure and the main structure. When the rise/span ratio for both the main
structure and substructure is 1/6, the ultimate bearing capacity of the structure reaches its
peak [14]. It is also noted that the buckling mode of the structure depends on the stiffness
ratio between the main structure and the substructure, and for safety considerations, the
instability of the main structure should occur after that of the substructure [13]. By studying
the stability during the construction process of the spherical mega-latticed structures [15],
it was concluded that the geometric nonlinearity of the structure should be considered in
the stability analysis during construction. However, their studies on this structural form
have primarily been concentrated on spans between 80 m and 160 m, without delving
into even larger spans. Zhang [16,17] carried out studies on the optimization and model
selection of spherical mega-latticed structures with a span of 800 m, as well as the static and
stability performance of the structures. It is shown that at the span of 800 m, the maximum
displacement and the structural steel consumption under static forces of the Kiewitt-type,
Geodesic-type, and Three-dimensional grid-type mega-latticed structures are smaller than
those of the Ribbed-type, Schwedler-type, and Sunflower-type mega-latticed structures,
and their stability capacity is higher, making them suitable as structural forms for spans
up to 800 m [17]. The mega-latticed structure has better light transmittance and requires
less steel than traditional double-layer-reticulated shell structures, which can effectively
reduce the carbon emissions of the structure and play an important role in energy saving
and emission reduction.

Earthquakes are sudden natural disasters that can have significant impacts on personal
safety, the natural environment, and human society. Both high-rise structures and large-
span space structures are voluminous architectural structures which often accommodate a
high concentration of people. If they suffer damage during an earthquake, it could result
in unpredictable and devastating consequences. Thus, it is essential to conduct seismic
research on them. Research on the seismic resistance of high-rise buildings is relatively
mature, with current efforts focused on energy dissipation and vibration reduction in
structures. Wang [18] and Zhang [19] conducted research on the seismic performance of
steel-truss-reinforced concrete core walls and steel frames with replaceable energy dissi-
pation elements, respectively. The steel truss reinforcement significantly improved the
load-bearing capacity, ductility, and energy dissipation capability of reinforced concrete core
walls, while the replaceable energy dissipation elements effectively reduced the structural
damage and maintenance cost. Applying the numerical simulation method, Barkhordari
compared the performance of different types of passive damping systems under seismic
action [20]. The results showed that friction-based and viscous-based damping systems
were the most effective type of passive damping systems. In terms of seismic research on
large-span space structures, Abdalla [21] analyzed the dynamic characteristics of spher-
ical and parabolic reinforced-concrete domes and obtained the relationship between the
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structural frequency and dome height as well as thickness. Feizolahbeigi [22] discussed the
seismic performance of double-shell spherical domes in Iran during the 16th to 18th cen-
turies. Through the study of many cases, it was found that rational geometric shapes and
proportions can improve the overall stability of the structure, while appropriate construc-
tion techniques can reduce the structure’s seismic response. Research on isolation systems
for large-span spatial structures is also being conducted. The use of hybrid three-directional
isolation systems can significantly reduce the seismic response of dome structures while
possessing a good energy dissipation capacity and control effect [23].

The seismic analysis of super-large-span structures becomes more complex as the span
increases. The significant increase in the number of rods increases the number of low-order
vibration modes [24], and the relatively dense structural frequencies and the similarity
of the periods of the different modes reflect the complexity of the dynamic properties
of the structure due to the existence of multiple symmetry axes [25]. In addition, the
height of the structure increases at the same time as the span of the structure increases,
resulting in the dual characteristics of large-span and high-rise structure. Therefore, it
is necessary to conduct research on the dynamic performance of the structures based on
the previous static and stability studies [17]. The analysis of the dynamic characteristics
of the structures and the discussion of the influence of the earthquake direction on their
response can help to understand the overall stiffness. The calculation of the structures’
response under frequent and rare earthquakes provides a rough estimate of the response at
a specific seismic intensity with known static results. Studying the plastic development
of the structure under rare earthquakes contributes to identifying weak parts and enables
appropriate design measures. Finally, we propose the optimal structural model for an
800 m span spherical mega-latticed structure based on the structures’ dynamic performance,
providing guidance for practical applications.

2. Spherical Mega-Latticed Structure Model

2.1. Geometric Model of the Spherical Mega-Latticed Structure

Based on the static calculation results by Zhang [17], a spherical mega-latticed struc-
ture can be adopted with three structural forms: Kiewitt-type, Geodesic-type, and Three-
dimensional grid-type, as shown in Figure 1a, for spans of up to 800 m. These three
structural forms all divide the sphere into relatively uniform triangular grids, exhibiting
good and similar mechanical performances. The primary geometric parameters that need
to be determined to establish a structural model include structural span L, rise/span ratio
H/L (Figure 1b), the number of circumferential divisions nK, the number of radial divisions
nN, the height of the truss h, the width of the truss b, and the length of the truss internodes
m (Figure 1c). At the same time, all members in the structure are classified into eight
categories, including upper chord, lower chord, web member, cross rod between upper
chords, diagonal rod between upper chords, and members at the pyramid position, as
well as pyramid adjacent lower chords and pyramid adjacent webs listed separately in
consideration of the stress characteristics of the structure. The positions of the rods are
shown in Figure 1d, and the size of the section is identical for the same rod type in the
same ring.

2.2. Finite Element Model Parameters

In this study, ANSYS [26] was used to model, calculate, and analyze the structure.
The element selection of the finite element model, the number of element mesh divisions,
model materials, and load value are described as follows:

a. Element selection: The overall stress state of the mega-latticed structure is between
that of the single-layer reticulated shell and the double-layer reticulated shell. To improve
the structural safety while considering a simplified calculation model, it is assumed that
the connections between the structural members are rigid; meaning that the rods not only
bear the axial force but also the bending moment, the torque, the shear force, etc. [27]. In
addition, to consider the subsequent analysis of the plastic development of the structure
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under the rare earthquake excitation, the PIPE20 element that specifically simulates the
pipe structure was selected.

b. The number of element mesh divisions and support form: To achieve a balance
between computational accuracy and efficiency, it is necessary to determine the number
of element mesh divisions. Fan [28] studied the ultimate bearing capacity of the structure
with the rods divided into different element numbers. The results show that the bearing
capacity remained stable when the rod was divided into more than three elements, as
shown in Figure 2. Therefore, the rods of the structures were divided into three elements
along the length. The three-direction-hinged supports were set at the lower chord nodes of
the outermost ring.

 
(a) 

   
(b) (c) (d) 

Figure 1. Schematic diagram of the mega-latticed structures (a) Three types of spherical mega-latticed
structure models; (b) Geometric parameters of mega-latticed structure; (c) Geometric parameters of
truss; and (d) Location of mega-latticed structure members.
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Figure 2. Comparison of the bearing capacity of different number of divided elements [28].

c. Materials: All members in the research structures were made of Steel Q420, which
has a yield strength of 420 MPa. Additionally, the ideal elastoplastic model was used as the
constitutive model. Considering that the structural members may enter the plastic stage
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under the rare earthquake excitation, the Bilinear kinematic (BKIN) hardening [29] was
adopted to calculate the structural response. The material’s elastic modulus, the Poisson’s
ratio, and the density are 210 GPa, 0.3, and 7850 kg/m3, respectively.

d. Gravity standard value: In accordance with the Code for Seismic Design of Build-
ings (GB50011-2010) [30], the representative value of the gravity load is composed of the
standard value of the dead load and 0.5 times the standard value of snow load, where the
standard value of snow load is 50 kg/m2, and the combined representative value of the
gravity load is 120 kg/m2. The load is converted into concentrated mass and applied to the
node of the finite element model in the form of the MASS21 element.

To obtain the influence of different structural forms on the seismic performance more
intuitively, the geometric parameters of the structures in Figure 1 were kept the same. After
selecting the member section under the static action, the steel consumption of the Kiewitt-
type, the Geodesic-type, and the Three-dimensional grid-type mega-latticed structures was
201.90 kg/m2, 165.58 kg/m2, and 157.21 kg/m2, respectively.

3. Structural Dynamic Characteristic Analysis

This section conducted a modal analysis on three spherical mega-latticed structures
of Kiewitt-type, Geodesic-type, and Three-dimensional grid-type. The first 3000 modes
of frequencies, periods, and vibration modes of the three structures were calculated. The
frequency and period distribution diagrams of the modes that cause the structure’s cu-
mulative effective mass coefficient to exceed 90% were plotted, and the vibration modes
were analyzed to understand the basic dynamic characteristics of the three spherical
mega-latticed structures.

3.1. Analysis of Structural Spectral Characteristics

Spectral analysis of the three spherical mega-latticed structures was performed to
obtain their spectral characteristics. Figure 3a shows the frequency and period distributions.
The fundamental frequency f 1 and fundamental period T1 of Kiewitt-type, Geodesic-type,
and Three-dimensional grid-type mega-latticed structures are 0.426 Hz and 2.35 s, 0.429 Hz
and 2.33 s, and 0.407 Hz and 2.46 s, respectively. The fundamental period exceeds that of
the ordinary-span-reticulated shell and is far from the predominant period of the ground.
Taking the Three-dimensional grid-type mega-latticed structure as an example, Figure 3b
shows the frequency change rate pi% (pi = 100 × (fi+1 − fi)/fi) of the first 1000 modes.
About 71.8% of the values fall in the interval [0.01–1%], and only 3.9% of the values are
distributed in [1–10%]. The mega-latticed structure of the Kiewitt-type and the Geodesic-
type exhibit similar distribution laws. It shows that the frequency changes of the structure
are not significant, and the distribution is uniform, reflecting the complexity of the dynamic
characteristics of such super-large-span structures.
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Figure 3. Spectral characteristics of the structures (a) Distribution of structural frequency and period;
(b) Frequency change rate of Three-dimensional grid-type mega-latticed structure.
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3.2. Characteristic of Structural Mode

Since the three spherical mega-latticed structures studied in this paper are similar in
many respects, the Three-dimensional grid-type structure is taken as an example. Figure 4
shows the first 6 modes of the structure. Due to the presence of multiple axes of symmetry,
the frequency and period of two adjacent modes are the same, such as Mode-II and Mode-III,
Mode-IV, and Mode-V.

 

Figure 4. First 6 modes of Three-dimensional grid-type mega-latticed structure (a) Mode-I, T1 = 2.46 s;
(b) Mode-II, T2 = 2.30 s; (c) Mode-III, T3 = 2.30 s; (d) Mode-III, T4 = 2.30 s; (e) Mode-V, T5 = 2.11 s;
and (f) Mode-VI, T6 = 1.98 s.

The order of the mode occurrence can reflect the stiffness levels of the structure in
different directions. In all three types of mega-latticed structures, the vertical mode is the
first to occur, suggesting that the horizontal stiffness of these three mega-latticed structures
is greater than the vertical stiffness. Considering the relatively small rise/span ratio of
the structures, the conclusion of weak vertical stiffness is reasonable. In addition, the first
several modes are all global modes, indicating that there are no obvious weaknesses in the
stiffness of the structure.

3.3. Determination of Rayleigh Damping

Rayleigh damping [31] is commonly used in engineering applications to approximate
the damping of the structure. The damping matrix of the structure is assumed to be a linear
combination of the mass and the stiffness matrices, as shown in Formula (1), where α and β
are the mass damping coefficient and the stiffness damping coefficient, respectively. These
coefficients can be obtained by Formulas (2) and (3), which involve the frequencies of the
i-th and j-th modes (denoted by ωi and ωj), as well as the corresponding damping ratios (ξi
and ξj). For space structures, a typical value of 0.02 is often used as the damping ratio [27].
Once α and β are obtained, the damping ratio of the k-th mode can be calculated from
Formula (4).

In Formulas (2) and (3), the i-th mode is typically one of the first few modes that
contribute significantly to the effective mass coefficient, while the j-th mode is the mode
whose cumulative effective mass coefficient reaches 60–70% and has an effective mass
coefficient exceeding 5%. Figure 5 shows the damping ratio of each mode when i is the 2nd

mode, and j takes different values. Notably, the damping ratios of the modes between the
2nd and the j-th mode are typically lower than 0.02, while the damping ratios of the modes
outside this range are greater than 0.02.
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Figure 5. Damping ratios of the three types of spherical mega-latticed structure (a) Kiewitt-type;
(b) Geodesic-type; and (c) Three-dimensional grid-type.

[C] = α[M] + β[K] (1)

α =
[
2ωiωj

(
ξiωj − ξ jωi

)]
/
(

ω2
j − ω2

i

)
(2)

β = 2
(
ξ jωj − ξiωi

)
/
(

ω2
j − ω2

i

)
(3)

ξk = α/(2ωk) + (βωk)/2 (4)

Based on the results depicted in Figure 5, selecting the 130th, 100th, and 111th modes
as the j-th mode yields more suitable Rayleigh damping coefficients for the Kiewitt-type, the
Geodesic-type, and the Three-dimensional grid-type mega-latticed structures, respectively.

3.4. Earthquake Selection

To meet the requirements of seismic design, the earthquake selected should satisfy
three characteristics: spectral characteristics, effective peak value, and duration. The
spectral characteristics can be characterized by the seismic influence coefficient, and the
designed response spectrum can be obtained from the seismic fortification intensity, the site
category, and the design earthquake grouping [30]. When the seismic fortification intensity
is degree 8 (The design basic ground motion acceleration is 0.02 times the gravitational
acceleration), the site category is Class II (Cohesive soil with an allowable bearing capacity
of foundation soil [σ0] > 150 kPa), and the seismic design group is the first group, the
design response spectrum of the structure can be determined.

The selected seismic records and earthquake information are shown in Figure 6. The
seismic acceleration time history was amplitude modulated according to Formula (5), where
a’(t) is the amplitude modulated acceleration time history, a(t) is the original acceleration
time history, A’max is the maximum value of the amplitude modulated acceleration time
history obtained based on the specification [30], and Amax is the maximum value of the
original acceleration time history. Additionally, the effective duration of the earthquake
should generally be 5 to 10 times the fundamental period of the structure according to the
specification [30]. For this study, a duration of 30 s has been selected.

a′(t) =
A′

max

Amax
a(t) (5)
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Figure 6. Acceleration response spectrum and earthquake information.

4. Effect of Seismic Direction on Structural Response

According to the Code for Seismic Design of Buildings (GB50011-2010) [30], vertical
seismic should be considered for large-span structures with fortification degrees 8 and
9. Therefore, this study utilizes three-dimensional earthquakes for seismic analysis. To
illustrate the impact of earthquake direction on the structural responses, taking the Three-
dimensional grid-type mega-latticed structure as an example, the structural responses
due to one-dimensional and two-dimensional earthquakes were calculated separately
for comparison.

The structure was divided into five rings in the radial direction, designated as Ring 1
to Ring 5. In the ring direction, sectors were defined every 60◦, starting with Sector 0 in the
positive direction of the X-axis. The counterclockwise direction was considered positive,
while the clockwise direction was negative, resulting in Sector ± 1, Sector ± 2, and Sector
± 3. Notably, Sector 3 and Sector − 3 were coincident, as shown in Figure 7.

 

Figure 7. Schematic diagram of structural location.

Due to the large number of elements and nodes in the 800 m mega-latticed structure,
only specific elements and nodes were analyzed. Specifically, the elements and nodes
located at the pyramid position as well as the upper and lower chords at the mid-span,
1/4-span, and 3/4-span of each ring, were selected as the characteristic objects for analysis.

For the seismic analysis, Record 1 in Figure 6 was modulated to the effective ampli-
tudes of 70 gal for frequent earthquakes in X, Y, Z, XY, and XZ directions and input to
the structure. Subsequently, the time history analysis method was applied to assess the
coupling degree of the structural responses when two horizontal earthquakes or horizontal
and vertical earthquakes act simultaneously.
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4.1. Effect of Seismic Direction on Displacement Response
4.1.1. Effect of X, Y, and XY Direction Seismic Action on Displacement Response

This section studies the distribution of the displacement increment relative to the static
displacement of the characteristic nodes in the X, Y, and Z directions with the number
of rings and sectors under the seismic action in X, Y, and XY directions. The results are
presented in Figure 8.
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Figure 8. Distribution of displacement increment under the action of X, Y, and XY-direction earth-
quakes (a) Radial distribution in X-direction; (b) Radial distribution in Y-direction; (c) Radial distribu-
tion in Z-direction; (d) Circumferential distribution in X-direction; (e) Circumferential distribution in
Y-direction; and (f) Circumferential distribution in Z-direction.

The displacement increments in the X, Y, and Z directions are of similar magnitudes,
with the largest increment occurring in the Y direction. Figure 8a reveals that the seismic
action in the Y direction contributes significantly to displacement increments in the X
direction, especially at the 1.5 ring and the 4–5 ring, as well as the 0.5 sector and −2.5 sector
in rotationally symmetric positions. It indicates a strong coupling between the X and Y
directions. Furthermore, Figure 8c demonstrates that seismic action in the X and Y directions
considerably contributes to displacement increments in the Z direction, suggesting a strong
coupling across the three directions.

4.1.2. Effect of X, Z, and XZ Direction Seismic Action on Displacement Response

This section analyzes the coupling degree between horizontal and vertical seismic
responses by comparing the displacement increments of the structure under X, Z, and XZ
seismic action. The results, as shown in Figure 9, align with those observed in Section 4.1.1,
wherein the displacement increments in the three directions are greater under XZ seismic
action than under the one-dimensional seismic action. Furthermore, under vertical seismic
action rather than horizontal seismic action, the displacement increment in the horizontal
direction is smaller.
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Figure 9. Distribution of displacement increment under the action of X, Z and XZ-direction earth-
quakes (a) Radial distribution in X-direction; (b) Radial distribution in Y-direction; (c) Radial distribu-
tion in Z-direction; (d) Circumferential distribution in X-direction; (e) Circumferential distribution in
Y-direction; and (f) Circumferential distribution in Z-direction.

As seen in Figure 9c, the vertical displacement increment increases within the range of
0 to 0.75 ring under X-direction seismic action, whereas it decreases within the same range
under Z-direction seismic action. After 0.5 rings, the vertical displacement increment under
the X-direction seismic action exceeds that under the Z-direction seismic action. However,
the distribution of Z-direction displacement increment under XZ-direction seismic action
is consistent with that under X-direction seismic action, signifying that the influence of
X-direction seismic action is dominant when considering the coupling of the earthquakes
in the direction of X and Z.

4.2. Effect of Seismic Direction on Stress Response

To reflect the extent of the structural stress affected by seismic direction, the distribu-
tions of the equivalent stresses of the elements with the number of rings under various
seismic action directions were compared, as shown in Figure 10.
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Figure 10. Effect of seismic direction on equivalent stress increment of structural members (a) Radial
distribution of equivalent stress increment under horizontal earthquakes; and (b) Radial distribution
of equivalent stress increment under horizontal and vertical earthquakes.
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Equivalent stress increments in elements are larger than those observed under one-
dimensional seismic action, however they nevertheless have a comparable magnitude,
regardless of whether the earthquake action is XY or XZ. According to Figure 10b, the
horizontal earthquake has a greater effect than the vertical earthquake in terms of the
equivalent stress increment of the element. The stress response in the horizontal direction
is more influenced by seismic action in the Y direction than in the X direction, which is
consistent with the displacement response result. Because the X-direction seismic action
passes longitudinally through one of the primary directions of the Three-dimensional grid-
type mega-latticed structure, where the structural stiffness is comparatively high, while
the Y-direction seismic action is transversely perpendicular to the truss, causing a more
significant response from the structure.

Based on the observed effects of seismic action direction on structural displacements
and stresses, it can be concluded that there is a high degree of coupling between the
horizontal and vertical directions in the structures. Additionally, the results suggest that the
vertical seismic action does not necessarily play a controlling role in the structural response;
on the contrary, the horizontal seismic action may have a more significant impact. Therefore,
seismic analysis should consider the joint action of horizontal and vertical earthquakes
simultaneously, and the three-dimensional seismic input should be adopted to accurately
capture the structural response.

5. Response Analysis of Structures under Frequent Earthquakes

The method used to analyze the displacement and stress response of structures sub-
jected to frequent earthquakes involved the application of time history analysis. The
selected seismic records were amplitude modulated to 70 gal before being input into the
Kiewitt-type, Geodesic-type, and Three-dimensional grid-type mega-latticed structures,
respectively. Since the selected seismic motions were chosen based on the structural spectral
characteristics, each input motion can relatively accurately reflect the structures’ response.
Therefore, in the subsequent analysis, when displaying the results of a specific input motion,
they correspond to the seismic action of Record 1 in Figure 6. The maximum envelope
values at each position are displayed on the displacement and stress distribution curves.

5.1. Displacement Response under Frequent Earthquakes

Figure 11 illustrates the radial and circumferential displacement envelope of the
Kiewitt-type, Geodesic-type, and Three-dimensional grid-type mega-latticed structure
under the static force and Record 1 seismic action. Similar displacement distributions are
observed under seismic and static loads across the three structures from the comparison of
the displacement envelope. The maximum displacement in the X and Y horizontal direc-
tions increases and then decreases radially from the top of the dome to the supports. Due
to the support constraints, the maximum displacement mostly occurs within Rings 3 to 4.
The maximum vertical displacement occurs at the center of the dome and gradually de-
creases towards the supports. The distribution of the maximum displacement along the
circumferential direction shows an opposing pattern in the X direction compared to the Y
direction, as observed in Figure 11d,e.

In addition, the curves of the ratio of dynamic displacement to static displacement
along the radial direction are drawn in Figure 12. The ratios of the two horizontal directions
are relatively high within the 0–2 ring. The reason could be that the structural displacements
within the 0–2 ring are relatively small in the static case, while the seismic action leads to
a uniform increase in structural displacement. Conversely, the ratio in the Z direction is
lower than that in horizontal directions, with no significant change observed along the
radial direction.
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Figure 11. Displacement distribution of three spherical mega-latticed structures under static and
seismic action: (a) Radial distribution in X-direction; (b) Radial distribution in Y-direction; (c) Ra-
dial distribution in Z-direction; (d) Circumferential distribution in X-direction; (e) Circumferential
distribution in Y-direction; and (f) Circumferential distribution in Z-direction.
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Figure 12. Radial distribution curves of dynamic displacement to static displacement ratio of struc-
tures: (a) Kiewitt-type; (b) Geodesic type; and (c) Three-dimensional grid-type.

Due to the unique characteristics of individual seismic records, different seismic
records may result in varying responses from a structure. Therefore, the responses of the
three mega-latticed structures were calculated separately under the action of the other four
seismic records presented in Figure 6, and the statistical results are listed in Table 1. Among
them, the displacements in the two horizontal directions of the Kiewitt-type mega-latticed
structure were greater than those of the Geodesic-type and Three-dimensional grid-type.
However, the vertical displacements of the three structures were comparable magnitudes.

Based on the average displacement response of the three structures under the action
of five seismic records, the ratio of dynamic displacement to the static displacement of the
structures was estimated to be approximately 1.10~1.50, with the Z direction value ranging
between 1.10~1.15. It can be observed that the displacement ratio in all three directions of
the Three-dimensional grid-type mega-latticed structure is relatively uniform, which could
be attributed to the topology of the structure. The mega grids in the Three-dimensional
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grid-type structure are positively triangular in the horizontal projection plane, except for
the outermost ring, resulting in an equal representation of behavior in all three directions.

Table 1. Average displacement responses under the action of five seismic records of three structures.

Structure Type

Average Maximum Dynamic
Displacement/m

Maximum Static Displacement/m
Average Dynamic and Static

Displacement Ratio

X Y Z X Y Z X Y Z

Kiewitt-type 0.243 0.224 0.543 0.189 0.166 0.493 1.29 1.35 1.10
Geodesic-type 0.177 0.165 0.566 0.131 0.112 0.505 1.35 1.47 1.12

Three-dimensional
grid-type 0.169 0.171 0.557 0.155 0.137 0.469 1.09 1.25 1.12

5.2. Stress Response under Frequent Earthquake

The stress responses of the structural members were calculated based on the 8 types
mentioned in Section 2.1, and the distribution laws of the maximum stress along the radial
direction were investigated under the frequent seismic action. In consideration of the
complex stresses of the structural members, the von Mises stress is utilized to describe the
stresses levels.

Figure 13 presents the radial distributions of the maximum equivalent stress of the
upper chords, the lower chords, the web members, the cross rods between upper chords,
the diagonal rods between upper chords, and the members at the pyramid position in
the three types of spherical mega-latticed structures under the static force and Record 1
seismic action. Under frequent earthquakes, the distribution of the maximum equivalent
stress in the radial direction follows a similar pattern to that observed under the static force.
The high equivalent stresses near the structural intersection are due to the high density
of the rods at these locations, resulting in an increased stiffness. Moreover, Figure 13f
demonstrates that the equivalent stresses of the pyramid members at the intersection
position are greater than those of the other member types.
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Figure 13. Stress distribution of three spherical mega-latticed structures under static and seismic
action (a) Upper chord; (b) Lower chord; (c) Web member; (d) Cross rod between upper chords;
(e) Diagonal rod between upper chords; and (f) Member at the pyramid position.
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Furthermore, from Figure 13a,d, the equivalent stresses of the upper chord and the
cross rod between upper chords at the outermost ring near the support position are higher
than those of the nearby rods, which may be related to the separate classification of the
lower chords and web members near the pyramid when selecting the member sections.
However, when considering the overall magnitude of the equivalent stresses for each
member type, the values are evenly distributed.

The radial distributions of the ratio of the maximum equivalent stresses under the
seismic action to that under the static force for each member type in the three structures
are drawn in Figure 14. The stress ratios of the diagonal rods between the upper chords
fluctuate more strongly along the radial distribution compared to other types of members,
indicating a more significant impact on the stresses of the diagonal rods at the top of the
spherical mega-latticed structure.
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Figure 14. Radial distribution curve of dynamic equivalent stress to static equivalent stress ratio of
structures: (a) Kiewitt-type; (b) Geodesic-type; and (c) Three-dimensional grid-type.

The stress responses of the three spherical mega-latticed structures under the action of
the other four seismic records were also calculated, and the statistical results are listed in
Table 2. The ratio of equivalent stress under seismic action to that under static force ranges
from 1.10 to 1.85.

Table 2. Average stress responses under the action of five seismic records of three structures.

Type of
Member

Kiewitt-Type Geodesic-Type Three-Dimensional Grid-Type

Average
Maximum
Dynamic

Stress
/MPa

Maximum
Static
Stress
/MPa

Average
Dynamic
and Static

Stress
Ratio

Average
Maximum
Dynamic

Stress
/MPa

Maximum
Static
Stress
/MPa

Average
Dynamic
and Static

Stress
Ratio

Average
Maximum
Dynamic

Stress
/MPa

Maximum
Static
Stress
/MPa

Average
Dynamic
and Static

Stress
Ratio

Upper chord 250.92 194.91 1.29 247.79 190.15 1.30 247.80 195.68 1.27
Lower chord 189.98 171.84 1.11 186.19 164.56 1.13 197.62 180.66 1.09
Web member 213.51 188.16 1.13 228.84 192.51 1.19 185.91 162.17 1.15

Cross rod 293.79 225.59 1.30 310.67 210.12 1.48 236.15 200.51 1.18
Diagonal rod 188.36 144.91 1.30 221.18 121.01 1.83 199.11 114.21 1.74

Pyramid
member 384.62 337.32 1.14 299.80 253.77 1.18 260.76 207.28 1.26

The stresses of the Kiewitt-type mega-latticed structure are significantly larger than
those in the other two structures, indicating that the impact of the non-uniformity in the grid
is amplified by dynamic loads, particularly in the pyramid position, where the maximum
dynamic stresses have exceeded the stress ratio limit of 0.85 for the section selection in the
static case, but have not yet reached the yield stress of the material.

Based on the above analysis of the displacement and stress response in the three
800 m-span spherical mega-latticed structures under the frequent earthquakes, and con-
sidering the steel consumption obtained from the section selection in the static case, it can
be concluded that compared to the Geodesic-type and the Three-dimensional grid-type
mega latticed structures, the Kiewitt-type structure has the higher steel consumption and
member stresses under frequent earthquakes. Therefore, the Kiewitt-type structure may
not be a suitable structural scheme for 800 m-span. Thus, only the Geodesic-type and
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the Three-dimensional grid-type mega-latticed structures will be studied in analyzing
structures under rare earthquakes.

6. Response Analysis of Structure under Rare Earthquake

When the structure encounters a rare earthquake, properly designed structures should
allow certain members to yield and develop into plasticity, and the stresses redistribute
without causing damage to the structure [30]. The strategy sacrifices the secondary com-
ponents of the structure to protect the primary ones. For instance, connecting beams in
shear wall structures can have their stiffness deliberately reduced to absorb seismic energy
and protect the primary structure. Similarly, in frame-core tube structures with outriggers,
the outriggers can yield and dissipate energy while the core tube and outer frame remain
elastic. After the 2022 M6.8 Luding earthquake in China, Qu [32] conducted field research
in the disaster area and observed structures presenting this type of behavior. Therefore,
this chapter performs an elastic–plastic analysis under the action of rare earthquakes using
the Bilinear Kinematic Hardening (BKIN) model, which considers the Bauschinger effect.
The model uses the Mises yield criterion and the kinematic hardening criterion to describe
the stress–strain relationship of the material in two straight lines. The steel parameters are
consistent with the previous analysis, and the tangent modulus is about 6300 MPa, which
is 3% of the elastic modulus. Figure 15 depicts the stress–strain curve of the BKIN model.
The seismic records in Figure 6 are amplitude-modulated to a peak effective acceleration of
400 gal for this analysis.
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Figure 15. Stress–strain curve of the Bilinear Kinematic Hardening (BKIN).

6.1. Displacement Response under Rare Earthquake

Figure 16 illustrates the maximum dynamic displacements distributions in the X, Y
and Z directions along the radial and circumferential directions for the Geodesic-type
and Three-dimensional grid-type mega-latticed structures under the action of Record 1
seismic action.

In the case of rare earthquakes, the distribution of the maximum dynamic displace-
ments along the circumferential direction no longer exhibits a symmetrical shape. In the
radial direction, certain locations experience significantly higher maximum dynamic dis-
placements in the horizontal direction than under frequent earthquakes. Consequently, the
radial distribution no longer shows a relatively smooth curve but one with jagged fluctu-
ations at some positions. Conversely, the distribution of the maximum vertical dynamic
displacement from the top of the supports is similar to that under frequent earthquakes,
displaying a gradually decreasing curve.
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Figure 16. Displacement distribution of the Geodesic-type and the Three-dimensional grid-type
mega-latticed structure under the action of frequent and rare earthquakes: (a) Radial distribu-
tion in X-direction; (b) Radial distribution in Y-direction; (c) Radial distribution in Z-direction;
(d) Circumferential distribution in X-direction; (e) Circumferential distribution in Y-direction; and
(f) Circumferential distribution in Z-direction.

To compare the radial variation of the maximum dynamic displacement ratios in
the Geodesic-type and the Three-dimensional grid-type mega-latticed structures under
rare and frequent earthquakes, α represents the ratio of elastic–plastic displacement under
rare earthquakes to elastic displacement under frequent earthquakes. Meanwhile, αmax
expresses the ratio of the maximum elastic–plastic displacement response to the maximum
elastic displacement response. The curves of αmax along the radial direction are shown
in Figure 17. In the horizontal direction, the values of αmax are relatively high at the top
and the locations near the supports, indicating significant impact on nodal displacements
at these positions with increasing seismic intensity. In contrast, the αmax in the vertical
direction is smaller than in the horizontal directions, and the curves have slight fluctuations
along the radial direction.
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Figure 17. Radial distribution curves of elastic–plastic displacement to elastic displacement ratio of
structures: (a) Geodesic type; and (b) Three-dimensional grid-type.
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The displacement responses of the Geodesic-type and the Three-dimensional grid-type
mega-latticed structures under four additional seismic records were also calculated, and
the statistical results are listed in Table 3. Compared to the Geodesic-type mega-latticed
structure, the Three-dimensional grid-type has a higher αmax in the horizontal direction and
a lower αmax in the vertical direction. The significant difference between the values of αmax
in horizontal and vertical directions implies greater impact on the structure’s horizontal
direction due to the seismic intensity. The average displacement response results of both
structures under five seismic records indicate that the ratio of maximum elastic–plastic
displacement to maximum elastic displacement is about 2.5 to 3.0 in the horizontal direction
and approximately 1.5 to 2.0 in the vertical direction.

Table 3. Average displacement response results of the structures under the action of rare earthquakes.

Structure Type

Average Maximum Elastic–Plastic
Displacement/m

Maximum Elastic Displacement/m Average αmax

X Y Z X Y Z X Y Z

Geodesic-type 0.442 0.444 0.915 0.177 0.165 0.566 2.50 2.69 1.62
Three-dimensional

grid-type 0.408 0.442 0.992 0.170 0.171 0.557 2.41 2.58 1.78

6.2. Stress Response under Rare Earthquake

When the Geodesic-type and the Three-dimensional grid-type mega-latticed structures
are subjected to the rare earthquake of Record 1 in Figure 6, the radial distribution of the
maximum stresses for six types of members mentioned in Section 2.1 are shown in Figure 18.
The maximum equivalent stresses take place near the intersection of the structure under
rare earthquakes. However, the equivalent stresses at the intersection of the upper chord
and the intersection of the 3rd and 4th rings of the lower chord are particularly sensitive
to the seismic intensity and increase significantly. Compared to the Geodesic-type, the
Three-dimensional grid-type exhibits a more uniform increase in stresses, with greater
increase in the equivalent stresses observed in the web members of the innermost ring.
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Figure 18. Equivalent stress distribution of the Geodesic-type and the Three-dimensional grid-
type mega-latticed structure under the action of the frequent and rare earthquake (a) Upper chord;
(b) Lower chord; (c) Web member; (d) Cross rod between upper chords; (e) Diagonal rod between
upper chords; and (f) Member at the pyramid position.
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The ratio of the elastic–plastic stress under the rare earthquakes is denoted by β, and
the maximum ratio of elastic–plastic stress to elastic stress is represented as βmax. Figure 19
shows the radial distribution of βmax for each member type in the Geodesic-type and the
Three-dimensional grid-type mega-latticed structures. The diagonal rod between the upper
chords exhibits a larger βmax than other types of members. The distributions of βmax for
the upper chord, the lower chord and the members at the pyramid position are relatively
stable, while other member types demonstrate sharp fluctuations.
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Figure 19. Radial distribution curves of elastic–plastic equivalent stress to elastic equivalent stress
ratio of structures (a) Geodesic-type; and (b) Three-dimensional grid-type.

Table 4 provides the stress statistics of the Geodesic-type and the Three-dimensional
grid-type mega-latticed structures under rare earthquakes. The Geodesic-type has more
elements reaching the yield stress, whereas the Three-dimensional grid-type has fewer
elements entering the elastic–plastic stage. For the 800 m-span mega-latticed structures of
both types, the βmax of the structures can be taken to be 1.35 to 2.10.

Table 4. Average stress response results of the structures under the action of rare earthquake.

Type of
Member

Geodesic-Type Three-Dimensional Grid-Type

Average
Maximum

Elastic–Plastic
Stress /MPa

Maximum
Elastic

Stress/MPa
Average βmax

Average
Maximum

Elastic–Plastic
Stress/MPa

Maximum
Elastic

Stress/MPa
Average βmax

Upper chord 436.76 247.79 1.76 428.92 241.93 1.77
Lower chord 338.96 186.19 1.85 316.62 182.62 1.74
Web member 396.09 228.84 1.73 388.46 185.91 2.09

Cross rod 422.73 310.67 1.36 402.40 232.90 1.73
Diagonal rod 427.00 221.18 1.93 418.37 216.37 1.93

Pyramid
member 426.24 299.80 1.42 416.07 272.46 1.53

6.3. Structural Plastic Development under Rare Earthquake

Under rare earthquakes, numerous members in the Geodesic-type and the Three-
dimensional grid-type mega-latticed structures enter the plastic stage. Therefore, this
section studies the plastic development in the structure, including exploration of the degree
and process of plasticity in each member type to pinpoint the weak positions. The finite
element model employs the PIPE20 element with 8 integration points denoted by 1P to 7P
representing at least 1 to 7 of the 8 integration points yielding into the plastic state, while
8P indicates that the entire section has yielded into plasticity.
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The extent and distribution of plasticity in members of the Geodesic-type and the
Three-dimensional grid-type mega-latticed structures subjected to rare earthquakes were
first analyzed. Colored circles represent elements with varying degrees of plasticity, where
larger circles indicate more integral points yielding into plasticity. Figure 20 depicts the
distribution of plasticity degree of each member type in both structures, along with the
statistical results of the proportions of each plasticity status.

  
(a) (b) 

 
(c) 

Figure 20. Plasticity distribution of the two structures and the percentage of each plasticity
development degree (a) Distribution of plasticity of the Geodesic-type mega-latticed structure;
(b) Distribution of plasticity of the Three-dimensional grid-type mega-latticed structure; and
(c) Elements proportion of each plastic development degree.

The plastic development process of the Geodesic-type mega-latticed structure, which
has a relatively higher degree of plasticity of the two structures, was also analyzed. Figure 21
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shows the maximum degree of the plastic status at different moments. The cross rod
between the upper chords at the outermost ring close to the support enters the plastic phase
first, followed by the upper chords and the cross rods between the upper chords from near
the supports to the inside of the structure. However, except for the cross rods between the
upper chords at the outermost ring of the structure which quickly reach full-section yield,
the plasticity of the remaining elements develops slowly and to a limited extent. The plastic
development of the structure mainly occurs in the members at the pyramid position and
the diagonal rods between the upper chords after 10 s of the action of the rare earthquake,
progressing from the top of the structure towards the supports.

 

Figure 21. Plastic development process of the Geodesic-type mega-latticed structure.

Throughout the plastic development process of the structure, the pyramid members
and the diagonal rods at the top of the structure, along with the pyramid members and the
cross rods of the 3rd and 4th ring trusses, and the cross rods near the supports exhibit a high
degree of plasticity, which are the weak parts of the structure. Hence, particular attention
should be paid to the members at these positions in the design, and certain measures
should be taken, such as increasing the cross-section of the rods to avoid the structure from
being damaged by these positions during rear earthquakes.

7. Discussion and Conclusions

Following the results of the model selection based on the static performance of the
structure [17], this study further investigated the seismic performance of the selected
Kiewitt-type, Geodesic-type, and Three-dimensional grid-type mega-latticed structures at
800 m span by applying the time history analysis method. In this study, the method for
seismic motion input in time history analysis was determined through seismic directionality
analysis. The responses of the structure under seismic actions were calculated to determine
the response amplification factor compared to static or frequent seismic actions. The study
of the plastic development under rare earthquakes revealed the plastic development process
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and the weak areas of the structure, and gave conclusions on the model selection, which
are of guidance for the practical application of this type of structure.

The following conclusions can be drawn:

1. The fundamental periods of the three studied spherical mega-latticed structures
with 800 m spans are far from the characteristic period of the site, possessing low
fundamental frequencies and a dense spectrum. The vertical vibration modes are
primarily excited in all three structures, indicating that the vertical stiffness is smaller
than the horizontal stiffness. Strong coupling exists among the three directions of the
structures, thus multi-dimensional seismic motions should be input when calculating
the structural response.

2. The response analysis under frequent seismic actions is studied in combination with
static analysis. By comparing the maximum response of different positions of the
structure with the static results, the amplification factor of the structure under frequent
seismic actions were obtained, which can estimate the dynamic response results from
the static results. The dynamic displacement ratio ranges from 1.10 to 1.50 and the
dynamic stress ratio ranges from 1.10 to 1.85.

3. The amplification factor of the elastic–plastic response of the structure under rare
seismic actions relative to the elastic response under frequent seismic actions can be
taken as 2.50 to 3.00 for horizontal displacement ratios and 1.50 to 2.00 for vertical
displacement ratios, while the stress ratios range from 1.35 to 2.10. The deformation
of the structure is more affected by seismic intensity than stresses, and the horizontal
displacement is more sensitive to seismic intensity.

4. Under rare seismic actions, only less than 5% of the elements enter the plastic stage,
with higher plastic development degree observed in the cross rods, the diagonal rods,
and the members at the pyramid positions. The cross rods close to the support first
enter the plastic phase, and the top of the structure and the third and fourth rings
from the top to the supports show a high degree of plastic development, which are
the relatively weakness of the structure.

5. The Kiewitt-type mega-latticed structure requires a large amount of steel and expe-
riences high stress under the seismic actions, making it not applicable to the 800 m
span. Under the rare seismic actions, the number of elements entering plasticity and
the degree of plastic development of the Geodesic-type mega-latticed structure are
higher than those of the Three-dimensional grid-type. Therefore, when designing
an 800 m span spherical mega-latticed structure, priority should be given to the
Three-dimensional grid-type.
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Abstract: The vacuum drainage pipe (VDP) pile is a new type of pipe pile on which the current
research is mainly focused on laboratory tests. There is little research on bearing characteristics and
carbon emissions in practical engineering. To further explore the bearing capacity and sustainable
construction of vacuum drainage pipe piles, static load tests were conducted to investigate the
single-pile bearing capacity of ordinary pipe piles and vacuum drainage pipe piles, as well as
soil settlement monitoring around the piles. Then, the Q-S curves of the two piles, the pile-side
friction resistance under different pile top loads, and the development law of pile end resistance
were compared and analyzed. Finally, based on the guidelines of the IPCC, the energy-saving
and emission-reduction effects of VDP piles in practical engineering were estimated. The results
indicate that, after vacuum consolidation, the VDP pile basically eliminates the phenomenon of soil
compaction and does not cause excessive relative displacement of the pile and soil. VDP piles have
increased lateral friction resistance, and compared to traditional piles, their ultimate bearing capacity
is increased by 17.6%. Compared with traditional methods, the VDP pile method can reduce carbon
emissions by 31.4%. This study provides guidance for the production and design of future VDP
piles and demonstrates the potential of VDP piles for energy conservation and emission reduction in
comparison to traditional methods.

Keywords: pile foundation; sustainable construction; soft soil; compressive bearing capacity;
carbon emission

1. Introduction

Many large-scale railway, highway, port, and airport infrastructures, as well as major
industrial bases and logistics centers, are distributed in coastal soft soil areas. At present,
the commonly used treatment method is the plastic drainage board and PHC (prestressed
high-strength concrete pile) piles combined method [1,2]. This method has the following
disadvantages: (1) the consolidation process takes a long time; (2) the plastic drainage
board does not degrade easily, which is not conducive to sustainable development; and
(3) the pile driving after the foundation has hardened increases the energy consumption
during construction. Therefore, there is an urgent need to study low-carbon and sustainable
foundation treatment methods for coastal soft clay.

In the context of global “carbon neutrality”, traditional civil engineering is actively
implementing the concept of sustainable development [3,4]. To reduce construction costs
and improve the sustainability of their projects, domestic and foreign scholars have ex-
plored the feasibility of integrating foundation treatment and pile foundation engineering,
with examples including permeable concrete piles [5], perforated piles [6], drainage plate
combination piles [7,8], geotextile-encased stone columns [9], etc. However, their efforts
are limited by the following deficiencies: The pile body material is filled with voids, and
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the pile body strength is low, so it cannot be directly used as an engineering pile [10]. Small
holes open up in the pile body, and the water and soil are not separated, resulting in silting
and blocking, thus preventing water from being effectively drained for a long time. The
combination of the pile body and drainage board reduces the friction area and friction
coefficient, and the bearing capacity decreases. The energy consumption is similar to that of
common construction methods. The strength of the pile depends on the confining pressure.
Once the geomembrane is broken, the overall strength will significantly decrease [11].

To sum up, there is still a large research gap regarding the integration of foundation
treatment and pile foundation engineering. In order to further promote the green, low-
carbon, and sustainable development of foundation treatment, Tang et al. [12–14] proposed
the vacuum drainage pipe pile (VDP pile). The pile body is uniformly arranged with small
holes, and the pile body is covered with degradable geotextile for reverse filtration to
prevent the small holes from silting up and ensure the long-term stability of the drainage
channel. The VDP piles are driven when the soil is soft, and the excess pore water pressure
can be dissipated through the drainage channel. After vacuum consolidation, they can be
directly used as engineering piles. No plastic drainage boards are used for drainage, which
reduces costs and environmental pollution.

The production and construction of pile foundation engineering generate large amounts
of solid waste and greenhouse gases. Currently, most research on building carbon footprints
focuses on the operational stage rather than the production and construction stages [15].
However, during the production and construction stages, a large amount of material is
consumed, and construction machinery and transportation equipment consume a large
amount of energy, resulting in the generation of a large amount of carbon dioxide [16].
Therefore, it is necessary to conduct more accurate and comprehensive calculations of the
carbon emissions for each stage [17]. Many studies have been conducted on the life cycle
of buildings abroad, accumulating a large amount of raw data. However, research in this
field is still in its early stages and lacks a unified standard database and evaluation model.
Moreover, the extreme differences in energy composition between China and foreign coun-
tries make it impossible for foreign raw data to be directly used in China [18]. Therefore,
this article combines foreign raw data and the latest research conducted in China to adjust
the means of carbon emission factors in pile foundation engineering in order to better
understand carbon emissions and determine carbon emission trends.

Thus far, most of the new types of piles [6,19,20] used for soft foundations have
achieved good results in experimental research, but they have few applications in practical
engineering. This is also true for VDP piles, and the current research mainly focuses on
laboratory tests. The production and construction processes of the VDP pile are not clear,
and the improvement of the bearing capacity of the vacuum drainage pipe pile has not
been verified in an actual project. To further promote the sustainable construction and
application of VDP piles, field tests were carried out to compare and analyze the ultimate
single-pile bearing capacity, pile side friction, and pile end resistance of ordinary piles and
vacuum drainage pipe piles. Here, the effects of the VDP pile on energy conservation and
emission reduction in practical projects are discussed.

2. Sustainable Construction of the Vacuum Drainage Pipe Pile in Soft Soil

2.1. Production Process of the Vacuum Drainage Pipe Pile

The PHC pile is the most common pipe pile used in Chinese pile foundation engi-
neering. Due to its simple production, strong load capacity, small settlement deformation,
and high efficiency, it has been widely used in the field of construction engineering. Most
comparative studies of new types of piles use PHC piles as a reference. Therefore, the
ordinary piles used in this study were PHC piles. The main material of the VDP piles used
in the test was concrete, and the concrete strength of the pile was C80 (the compressive
strength of the cubic concrete block was 80 MPa). The outer diameter of the pipe pile was
500 mm, the inner diameter was 250 mm, and the pile length was 9 m. The number of
holes in a single layer was 2, the spacing between the layers of holes was 1 m, and the
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hole diameter was 30 mm, giving 14 holes in total. The production process of VDP piles
is the same as that of ordinary pipe piles (PHC piles), with the following differences: To
ensure the integrity of the holes, after the reinforcement cage is placed into the mold, a PVC
pipe with a length of 50 cm and an outer diameter of 3 cm is bound to the reinforcement
cage using fine steel wires to form a new mold. After concrete curing, the PVC pipes are
knocked out to form holes. A metal mesh with a filter membrane is inserted into the holes.
Airtight glue is used to fit the metal mesh with the pile body to prevent air leakage in the
vacuum process, as shown in Figure 1.

 
Figure 1. Production process of the vacuum drainage pipe pile.

2.2. Construction Process of the Vacuum Drainage Pipe Pile

Unlike the plastic drainage board and pile foundation combined method, the construc-
tion process of the VDP piles is as follows:

(1) When the soil is soft, the universal prefabricated pipe pile driver is used to drive the
vacuum drainage pipe pile. At this time, the energy consumption required for driving
the pile is low;

(2) One uses the pile driving disturbance and its own drainage channel to reduce the
soil-squeezing effect, and the other connects an external vacuum machine to accelerate
drainage and consolidation;

(3) After the soil hardens, the pile composite foundation is formed so as to jointly bear
the upper load and directly serve as the engineering pile;

(4) The plastic drainage board is not used in the process, which is environmentally
friendly.

The construction and service of the vacuum drainage pipe piles are integrated, which
improves the overall bearing capacity and greatly reduces the construction period, with
good economic benefits, as shown in Figure 2.

 

Figure 2. The construction and service of the vacuum drainage pipe pile.
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3. Field Test

3.1. Test Site and Pile Description

The soil parameters, vacuum method, and strain gauge distribution are shown in
Figure 3. The field tests were carried out on the project site of a highway to be built in
Hangzhou, Zhejiang Province. The soil layer of the site is mainly composed of plain fill,
silt, and silty clay, with a groundwater-level depth of 1.8 m. To ensure the progress of the
pile foundation project, the vacuum consolidation time was set at 10 days for this test, and
the vacuuming time was 18 h per day for a total of 180 h. During the vacuum interval,
the water inside the pile was pumped into the water storage bucket. During the vacuum
period, the vacuum degree had an atmosphere of approximately 0.5~0.7. FBG (fiber Bragg
grating) and had the advantages of high precision and real-time performance. A fiber
grating strain gauge and fiber grating thermometer from Zhixing Technology Nantong Co.,
Ltd. were used in this test. The strain gauges were arranged 500 mm below the pile top
with a spacing of 1000 mm. The thermometer was buried 5000 mm below the pile top.

 

Figure 3. Soil parameters and pile parameters.

3.2. Test Process

A single-pile static load compression test was carried out for one PHC pile and one
VDP pile. For the PHC pile, the first-level load was 300 kN, and then the load for each
following level was 150 kN. For the VDP pile, the first-level load was 400 kN, and the load
for each following level was 200 kN. The slow maintenance load method was adopted in
the test [21]. The specific process is shown in Figure 4: (1) After applying the first-level
load, one measures and records the pile top displacement at 5 min, 15 min, 30 min, 45 min,
and 60 min, respectively, and once every 30 min thereafter. (2) The next level of load can be
applied if the displacement does not exceed 0.1 mm within two consecutive hours. (3) The
loading can be terminated when the total settlement of the pile top exceeds 40 mm. The
single-pile compressive static load test device is mainly composed of a surcharge, buttress,
hydraulic jack, steel beam, and displacement meter, as shown in Figure 5.
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Figure 4. The flow chart of the slow maintenance load method.

 
Figure 5. Overview of the static load tests.

To verify that the VDP pile will not produce a large relative displacement of the pile
and soil during vacuum consolidation, it is necessary to monitor the surface displacement
and pile top displacement of the soil around the test pile. One uses a precision total station
to observe the ground settlement around the pile. The layout of the measuring points is
shown in Figure 6. A total of 6 measuring points are uniformly arranged at a distance of
0 mm~1000 mm from the pile side, and the same measuring points are arranged in four
vertical directions. Finally, the average displacement is taken as the surface displacement
of the soil around the test pile.
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Figure 6. The layout of the measuring points (unit: mm).

3.3. Test Results
3.3.1. Surface Displacement of Soil around the Piles

Figures 7 and 8 show the surface displacement curves of the soil around the PHC
pile and the VDP pile, respectively. The soil surface uplift was the highest at 20 cm from
the side of the PHC pile, and there was still an uplift after 10 days. This shows that
the soil-squeezing effect caused by pile driving has not completely disappeared. On the
4th day, the VDP pile basically eliminated the soil squeeze and even caused a settlement of
approximately 1.5 mm at the 60 cm side of the pile. From the 5th day to the 7th day, the
settlement velocity of the pile-side soil of the two types of piles decreased, and the reverse
arch phenomenon was observed. This is mainly due to the heavy rain on these two days,
which increased the amount of pore water among the soil particles. Over time, the soil
around the two types of piles continued to consolidate, and the surface uplift gradually
disappeared. This development trend of soil settlement around ordinary pipe piles is
basically consistent with the results of existing research; thus, the monitoring method
explored in this article is effective [22,23].

Figure 7. Surface displacement of the soil around the PHC pile.
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Figure 8. Surface displacement of the soil around the VDP pile.

If the settlement of the soil around the pile is greater than the settlement of the pile
itself, this will cause negative frictional resistance. The displacement of the top of the VDP
pile and the ground displacement on the 0 cm side of the pile were drawn in the same
diagram, and the relative displacement curve was added (as shown in Figure 9). It can
be seen from the relative displacement curve that the maximum difference between the
two was 0.18 mm~−0.12 mm. The relative displacement of the pile and soil caused by
the vacuum effect is almost negligible. Therefore, vacuum consolidation will not lead to
excessive pile-soil displacement or negative frictional resistance.
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Figure 9. Relative displacement curve.

3.3.2. Relationship between Pile Head Displacement and Load

The load-settlement curves of the PHC pile and the VDP pile are slowly changing
types, as shown in Figure 10. The slope of the VDP pile curve is comparatively smaller.
Throughout different stages, the VDP pile demonstrated a larger bearing capacity and
anti-deformation capacity than the PHC pile. To determine the vertical ultimate bearing
capacity of a single pile, the method outlined in the technical code [21] was employed. The
load value corresponding to a 40 mm settlement of the pile top was considered the ultimate
compressive bearing capacity. Using linear interpolation, the ultimate compressive bearing
capacities of the PHC pile and the VDP pile were calculated to be 1482 kN and 1743 kN,
respectively. The single-pile ultimate bearing capacity of the VDP pile was approximately
17.6% larger than that of the PHC pile.
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Figure 10. Load-settlement curve of pile.

3.3.3. Analysis of the Pile Side Frictional Resistance

The pile-side friction resistance can be calculated by dividing the difference between
the axial forces of two sections by the pile-side area of the section. The average pile side
friction resistance of the PHC pile and VDP pile under different pile top loads is shown in
Figures 11–13. At a depth of 1 m~2 m, as the pile top load increased from 600 kN to 1200 kN,
the friction resistance of the PHC pile and the VDP pile increased from 30 kPa~35 kPa to
55 kPa~60 kPa, but the gap between the two did not further expand. At a depth of 3 m~6 m,
the friction resistance of the two piles increased from 35 kPa~40 kPa to 65 kPa~75 kPa,
and the difference between them increased slightly. At a depth of 7 m~8 m, the friction
resistance of the PHC pile increased from 20 kPa~25 kPa to 30 kPa~35 kPa, while the
friction resistance of the VDP pile increased from 30 kPa~35 kPa to 60 kPa~65 kPa, and the
difference between the two increased from 40.40~55.32% to 81.79~98.29%.
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Figure 11. Distribution of pile side frictional resistance when the pile top load is 600 kN.
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Figure 13. Distribution of pile side frictional resistance when the pile top load is the ultimate load.

It is worth noting that when the depth was 2 m, regardless of whether the pile top
load was 600 kN or 1200 kN, the lateral friction resistance of the PHC piles was higher
than that of the VDP piles. This may be because groundwater has a greater impact on VDP
piles compared to PHC piles, as VDP piles can be permeable. According to the geological
survey report, the groundwater level was located at a depth of 1.8 m, and the frequent
flow of groundwater reduced the compaction of the soil around the pile, thereby reducing
the friction resistance at this depth. However, at a depth of 2 m, when the top load of
the pile reached its limit, the lateral friction resistance of the VDP pile was significantly
higher than that of the PHC pile. This is mainly because the ultimate load of the former
was greater than that of the latter, and the pile-soil displacement was greater. Therefore, at
a depth of 2 m, the soil around the pile provided more lateral friction resistance. Overall,
the groundwater interface will reduce the lateral friction resistance of vacuum drainage
pipe piles, but as the pile top load gradually increases to the ultimate load, this impact will
gradually decrease.

The distribution of pile-side frictional resistance under the ultimate load is shown in
Figure 13. The frictional resistance of the VDP pile mainly acts on the middle and lower
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parts of the pile, and the distribution is more uniform than that of the PHC pile. For
the PHC pile, at depths of 7 m~8 m, the pile side frictional resistance is only 30 kPa~35
kPa, while the lateral friction resistance of the VDP pile can reach 80 kPa~90 kPa. This
indicates that vacuum consolidation can greatly enhance the lateral friction resistance near
the bottom of the pile, greatly improving the load transfer efficiency of the pile body.

To further analyze the influence of the soil layers on the side friction resistance, the
average side friction resistance of different soil layers was calculated using the difference
method. The depth of the plain fill was 0 m~2.4 m, the depth of the silt was 2.4 m~6.6 m,
and the depth of the silty clay was more than 6.6 m. The distribution of pile side friction
resistance for the two piles according to the soil layer is shown in Figure 14. It can be seen
that compared with the PHC pile, the pile side friction resistance of the VDP pile to the silty
clay layer is greatly increased, with an increase of 170.69%. For the other two soil layers,
there is also an increase of nearly 40%. Therefore, the vacuum consolidation effect of the
VDP pile can improve the pile side friction resistance, and the lifting effect is more apparent
for the soil layer with a worse structure.
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Figure 14. Distribution of pile side frictional resistance according to the soil layer.

3.3.4. Analysis of the Pile end Resistance

The pile end resistance ratio can be defined as the ratio of the pile bottom resistance to
the top pile load, which is used to analyze the bearing characteristics of the pile foundation
and determine the pile type classification. In this field test, no pressure sensor was installed
at the pile end, and the pile end resistance was approximately calculated by subtracting the
total side friction from the pile top load. The relationship between the pile end resistance
ratios of the PHC and VDP is shown in Figure 15.
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Figure 15. The pile end resistance of the piles.

In the initial stage of pile top load loading, the rising slopes of the two pile types are
basically the same. When the load on the top of the pile exceeds 750 kN, the increase in
the pile-end resistance of the VDP pile levels off. At this time, further pile-side frictional
resistance develops so as to bear the load. The slope of the PHC pile is basically unchanged,
and the load is borne mostly by the pile bottom. When approaching the ultimate load, both
slopes increase, the pile end resistance of PHC changes abruptly, and the pile end resistance
ratio exceeds 50% at the last level of loading, which can be determined as the frictional
end bearing pile, dominated by end bearing. On the contrary, the slope of the VDP pile is
increased, but it is basically consistent with the initial stage of load loading. There is no
sudden change, and the final pile-end resistance ratio is less than 40%. It can be determined
as an end-bearing friction pile, dominated by pile-side frictional resistance.

4. Carbon Emission Estimation for the Whole Process of the VDP Pile

The carbon emissions of pile foundation projects refer to the total amount of green-
house gas emitted into the external environment as building materials and energy are
consumed throughout the whole life cycle, from production and transportation to the con-
struction of piles. The calculation method is the total consumption of materials or energy
multiplied by the carbon emission factor, which can be estimated according to Equation (1).
The carbon emission factors used in this paper refer to the IPCC Guidelines for the National
Greenhouse Gas Emission Inventory and the Chinese Academy of Engineering.

C =
m

∑
i=1

Mi × F(Mi) +
n

∑
j=1

Ei × F(Ei) (1)

where
C is the total carbon emission (kg);
Mi is the total consumption of the i-th material in engineering (kg);
F(Mi) is the carbon emission factor of the i-th material (kg/kg);
Ei is the total consumption of the j-th energy in engineering (kg, kW·h);
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F(Ej) is the carbon emission factor of the j-th energy (kg/unit).
The material of the pile body is mainly composed of concrete and steel; the material of

the plastic drainage board is mostly PVC; and the metal mesh for the VDP piles is steel.
The energy data required for transportation is taken from the China Transportation Yearbook
2021 [24]. The materials and energy consumption required for construction are calculated
according to the Budget Quota of Electric Power Construction Project [25] and the Quota of
Construction Machinery Shift Cost of Electric Power Construction Project [26].

Taking the working conditions of this field test as an example, for the treatment of
a 10,000 m2 soft soil foundation, if the combined method of common piles and drainage
boards is used, the pile spacing is 2.5 m, 1600 piles with a diameter of 0.5 m and a length of
9 m are required, and 1600 plastic drainage boards with a length of 15 m are added. If VDP
piles are used, the pile spacing is 3 m, and 1111 piles with a diameter of 0.5 m and a length
of 9 m are required. The bearing capacity of VDP piles is higher than that of PHC piles;
thus, the pile spacing can be appropriately increased. For soft soil, when the pile spacing
exceeds a diameter of 5, the pile group effect coefficient will be approximately 1.3 [27].

The carbon emission factor refers to the amount of greenhouse gas generated when
consuming a unit mass of substance and is an important parameter that characterizes the
greenhouse gas emission characteristics of a certain substance [28]. In the estimation of
carbon emissions, the selection and determination of carbon emission factors are crucial.
The carbon emissions of pile foundation engineering materials mainly derive from two
sources: one is direct or indirect emissions generated through the use of energy, and the
second is direct emissions generated through the chemical reactions of raw materials.
The carbon emissions from the first source can be calculated based on production energy
consumption statistics obtained by multiplying the energy usage by the carbon emission
factor. The carbon emissions from the second source can be estimated by comprehensively
considering the carbon content of the material and the chemical reaction process.

In the production of PHC piles, the steel bars and spiral bars are made of cold-drawn
low-carbon steel wire; and the circular bars, the end plates, and the pile sleeves are made
of Q235 steel. Considering the process and technical level of domestic steel production, the
carbon emission factor of the steel used for PHC piles can be taken as 2.0 (kg/kg) [29].

The concrete strength of PHC piles is generally C80, and currently, there is no carbon
emission factor for C80 concrete in the data. Therefore, according to the law of carbon
emission factors for C20, C30, C40, and C50, the carbon emission factor for C80 can be
recursively calculated to be 470 (kg/m3) [30].

The carbon emission factor of energy includes the total carbon emissions per unit
mass of energy in various stages of acquisition, processing, and use. The main types of
energy consumed in pile foundation engineering are coal, electricity, and diesel. The carbon
emission factors for energy are as follows: coal has a carbon emission factor of 0.73 (kg/kg),
electricity has a carbon emission factor of 0.28 (kg/kW·h), and diesel has a carbon emission
factor of 0.59 (kg/kg) [31].

The results regarding the carbon emissions for the common piles and drainage boards
throughout the whole process of the combined method are shown in Table 1, and the
results regarding the carbon emissions of the VDP piles throughout the whole process are
shown in Table 2. Regarding total carbon emissions, the VDP pile method can lead to a
reduction of 31.4%, and the main factor for reducing carbon emissions is the reduced use
of piles. In addition, the energy consumption of the whole process is also decreased, with
6.8 tons of diesel oil, 13.9 tons of coal, and 8678 kw·h of electricity. Therefore, compared
with traditional methods, the VDP pile treatment of soft soil foundations reduces the use of
pile foundations, which conforms to the development principles and models of a circular
and low-carbon economy. It reduces carbon emissions and helps to protect the ecological
environment. In addition, it reduces energy consumption and promotes the sustainable
development of the project.
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Table 1. Carbon emissions of PHC piles and plastic drainage boards.

Project Unit
Material or Energy Consumption Emission Factor

(kg/Unit)
Carbon Emissions

(kg)Fabrication Transport Construction Total

Concrete m3 2128 \ \ 2128 470 1,000,160
Steel kg 252,160 \ 1942 254,102 2 508,204
PVC kg 3000 \ \ 3000 6.79 20,370

Diesel oil kg \ 5704 12,862 18,566 0.59 10,953
Electricity kw·h 19,420 \ 8580 28,000 0.28 7840

Coal kg 45,431 \ \ 45,431 0.73 33,164
Total carbon emissions for the whole process 1,580,693

Table 2. Carbon emissions of VDP piles.

Project Unit
Material or Energy Consumption Emission Factor

(kg/Unit)
Carbon Emissions

(kg)Fabrication Transport Construction Total

Concrete m3 1478 \ \ 1478 470 694,660
Steel kg 175,405 \ 1942 177,347 2 354,694

Diesel oil kg \ 3960 7761 11,721 0.59 6915
Electricity kw·h 13,480 \ 5842 19,322 0.28 5410

Coal kg 31,537 \ \ 31,537 0.73 23,022
Total carbon emissions in the whole process 1,084,701

5. Conclusions

To further explore the bearing capacity and sustainable construction of vacuum
drainage pipe (VDP) piles, a VDP pile and a PHC pile with a pile length of 9 m and
a pile diameter of 500 mm were fabricated. The field test was carried out on a site com-
posed of fill, silt, and silty clay. The ultimate single-pile bearing capacity, pile side friction,
and pile end resistance of the PHC piles and VDP piles were compared and analyzed. The
effects of the VDP pile on energy conservation and emission reduction in practical projects
were discussed. This study thus provides guidance for the production and design of VDP
piles in the future. The following conclusions were drawn:

1. The monitoring results of the total station showed that, in the vacuum consolidation
stage, the relative displacement of the pile and soil for the VDP pile was less than
0.5 mm, which is almost negligible. After 4 days, the squeezing effect could basically
be eliminated, while the PHC pile still had a protrusion of 3~4 mm on the 10th day.
This indicates that VDP pipe piles can alleviate the squeezing effect;

2. In this field test, the ultimate bearing capacity of a single VDP pile was 1743 kN, and
that of the PHC pile was 1482 kN, an increase of 17.6%. The VDP pile can improve
the bearing capacity of a single pile. This is mainly because the VDP pile enhances the
side friction of the pile;

3. Compared with the PHC pile, the pile side friction resistance of the VDP pile to the
silty clay layer was increased by 170.69%, and the vacuum consolidation effect was
more apparent for the soil layer with a poor structure. When the load on the pile top
reached the limit, the pile end resistance ratio of the VDP pile was less than that of
the PHC pile, and the bearing capacity was mainly provided by friction. Vacuum
consolidation can compact the pile and soil, which increases the frictional resistance
at the pile-soil interface;

4. Regarding total carbon emissions, the VDP pile method can lead to a reduction of
31.4% compared with the traditional method, and the main factor influencing this
reduction is the reduced use of piles. The energy consumption is also less than that of
the traditional method, which conforms to the principle of low-carbon sustainable
development.
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