International Core Journal of Engineering Volume 12 Issue 4, 2026
ISSN: 2414-1895 DOI: 10.6919/ICJE.202604_12(4).0056

Design of Lightweight Composite Thermal Insulation Structural
Components for Civil Air Defense Projects
Yingwen Hu?, Jinxin Hou?, Yixuan Liul*, Jiaxi Wang?, Yu Zhul, and
Xuanming Fengl*

1 College of Civil and Architectural Engineering, North China University of Science and
Technology, Tangshan 063210, China

2 College of Mechanical Engineering, North China University of Science and Technology,
Tangshan 063210, China

Abstract

This study involves a lightweight composite insulation structural component for civil air
defense construction, aiming to solve the problems of alignment accuracy control and
leakage prevention at the board joints during the installation of insulation boards. This
structural component includes a shell, positioning module, sensing module, anti-
misalignment module, closure module and leak-proof module. It assists in positioning
and installing adjacent insulation boards and senses their alignment in real time. When
the insulation board is misaligned, the anti-misalignment module automatically blocks
the screw holes and forcibly interrupts the installation process. Fixation can only be
carried out when the alignment meets the standard and the anti-misalignment piece is
detached from the through hole, thereby ensuring the positional accuracy after
installation. In addition, the structural components adopt the TG mortise and tenon type
butt joint method. Compared with the flat head butt joint, it can effectively slow down
the seepage of liquid through the board joints. Combined with the anti-leakage module,
it can absorb the already seeped liquid, maximizing the delay of liquid erosion on the
insulation system and extending the service life of the entire system. The present
invention provides a reliable solution for the rapid, precise and durable installation of
insulation structures in civil air defense projects and other construction fields by
integrating positioning, error-proofing and leak-proofing functions.
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1. Introduction

With the acceleration of urbanization and the continuous improvement of building energy
conservation standards, civil air defense projects, as important infrastructure that combines national
defense security and social service functions, have increasingly drawn attention to the energy
conservation, comfort and durability of their internal environment. Among them, the thermal
performance and air tightness of the envelope structure are the key factors affecting the energy
consumption and environmental quality of civil air defense projects. In the installation and
construction of traditional insulation boards, there are common problems such as difficulty in
ensuring the alignment accuracy of board joints, low efficiency in manual visual calibration, and the
resulting loose joints leading to cold and hot bridge effects and liquid leakage risks. This not only
weakens the overall efficiency of the insulation system and increases long-term maintenance costs,
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but also falls short of the current strategic requirements for energy conservation, emission reduction,
and improvement of building quality.

To address the above issues, this study designed and developed a lightweight composite thermal
insulation structural component for civil air defense construction. This structural component
integrates multi-functional modules such as positioning, sensing, fool-proofing, closure and leakage
prevention, aiming to achieve precise, automated and reliable installation process of insulation boards.
The core innovation lies in: real-time monitoring of alignment through the sensing module and
physical intervention through the anti-misalignment module - only when the alignment between the
plates meets the standard are the fixing screws allowed to be inserted, eliminating performance
defects caused by misaligned installation from the source. Meanwhile, the structural components
adopt an innovative TG mortise and tenon type butt joint method, combined with an active anti-
leakage mechanism, which significantly enhances the sealing and weather resistance of the joints,
effectively delaying water erosion. Thus, on the basis of ensuring installation accuracy, it further
strengthens the long-term thermal stability and service life of the insulation system.

This article aims to provide a detailed introduction to the design principle, module functions, working
process of this lightweight composite insulation structural component and its application advantages
in civil air defense projects. Through this research, it is expected to provide a practical and innovative
solution for improving the construction quality of the envelope structure of civil air defense projects,
achieving higher standards of energy conservation and emission reduction targets, and promoting the
development of building insulation technology towards intelligence and integration.

2. Structure Composition and Functional Design

The lightweight composite thermal insulation structural component for civil air defense construction
takes the shell as the core bearing structure, and integrates five functional modules including a
positioning module, an induction module, a fool-proof module, a closing module and an anti-leakage
module. Each module is arranged in the corresponding area of the shell according to the preset
position, and cooperates to complete the butt joint, positioning, installation and anti-seepage
protection of the thermal insulation board. The structural composition and functional design are as
follows.

2.1 Overall Structure and Shell Design

The core bearing structure of the structural component is the shell, which is made of lightweight
composite materials and has a TG tenon-and-groove cross-section. The interior of the shell is
designed as a hollow cavity, and screw through-holes are evenly opened on the surface of the shell.
Accommodating grooves are symmetrically opened at the upper and lower ends of the shell.

The screw through-holes are arranged in a staggered manner, with the middle screw through-holes
and the upper and lower screw through-holes arranged non-collinearly. The middle screw through-
holes are used for the preliminary fixation of the structural component, and the upper and lower screw
through-holes are used for the final fixation of the structural component. The accommodating grooves
of the shell are used to store the relevant components of the positioning module, and the hollow cavity
of the shell provides space for the arrangement and movement of each functional module.

2.2 Structure and Working Mechanism of the Positioning Module

The positioning modules are symmetrically arranged at the upper and lower ends of the shell, and
consist of extrusion blocks, plate frames, clamping grooves, L-shaped positioning plates and limiting
mechanisms. The limiting mechanisms include movable rods, square blocks and support rods. A
spring 1 is connected between the extrusion blocks and the shell, a spring 2 is connected between the
plate frames and the shell, a spring 3 is connected between the movable rods and the rotating shafts,
and a spring 4 is connected between the support rods and the movable grooves of the positioning
plates.
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The extrusion blocks can slide left and right along the side walls of the shell, and the plate frames can
slide up and down along the end side walls of the shell. The positioning plates are rotatably arranged
on the plate frames through rotating shafts, and the movable rods are symmetrically arranged inside
the rotating shafts in a front-back sliding manner. The square blocks are installed at the outer ends of
the movable rods and can slide along the sliding grooves on the side walls of the accommodating
grooves. The support rods can slide up and down along the movable grooves of the positioning plates,
and their two ends are in contact with the movable rods. In the initial state, the positions of the plate
frames and the clamping grooves are staggered, and the extrusion blocks form a limit on the plate
frames.

When the thermal insulation board is clamped with the shell, the extrusion blocks shrink towards the
inner side of the shell under the extrusion force of the thermal insulation board. When the plate frames
are aligned with the clamping grooves, the plate frames are inserted into the clamping grooves under
the action of the spring 2, and the plate frames drive the positioning plates to fit the upper and lower
end faces of the thermal insulation board. During this process, the square blocks are always located
in the sliding grooves, forming a limit on the movable rods and preventing the positioning plates from
rotating around the rotating shafts.

2.3 Structure and Cooperative Working Mode of the Induction Module and the Fool-proof
Module

2.3.1 Structure of the Induction Module

The induction modules are symmetrically arranged on the rear side walls of the positioning module
in an up-down manner, and consist of mounting shells, movable parts, linkage rods, balance plates,
rotating shafts, major arc grooves and pressure plates. A spring 5 is connected between the movable
parts and the mounting shells, and a spring 6 is connected between the linkage rods and the movable
parts.

The mounting shells are fixed on the rear inner walls of the shell, and the movable parts can slide up
and down along the inside of the mounting shells. The linkage rods can slide up and down along the
inside of the movable parts, and their outer top ends are arc surfaces. The balance plates are rotatably
arranged at the outer ends of the movable parts through rotating shafts. The major arc grooves are
opened in the middle of the rotating shafts and correspond to the positions of the linkage rods. The
pressure plates are installed on the side walls of the plate frames and correspond to the positions of
the balance plates.

2.3.2 Structure of the Fool-proof Module

The fool-proof modules are symmetrically arranged in the screw through-holes at the outermost ends
of the shell in an up-down manner, and consist of fool-proof parts, baffle plates, release grooves and
extrusion grooves. A spring 7 is connected between the fool-proof parts and the screw through-holes.

The fool-proof parts can slide up and down along the side walls of the screw through-holes, and the
baffle plates can slide back and forth along the inner walls of the shell. Both the release grooves and
the extrusion grooves are opened on the baffle plates, the release grooves correspond to the positions
of the fool-proof parts, and the extrusion grooves correspond to the positions of the linkage rods. In
the initial state, the fool-proof parts block the screw through-holes, and the baffle plates form a limit
on the fool-proof parts.

2.3.3 Cooperative Working Mode

The plate frames drive the pressure plates to move synchronously when moving, and the pressure
plates press the balance plates. If the adjacent thermal insulation boards are butted flush, the
symmetrically arranged pressure plates move stably, the balance plates move down in a horizontal
state, and the linkage rods are not in contact with the major arc grooves and maintain the maximum
extension state. If the thermal insulation boards are butted dislocated, the moving distances of the
plate frames on both sides are different, and the uneven pressing force of the pressure plates causes
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the balance plates to tilt, the major arc grooves are aligned with the linkage rods, and the linkage rods
retract under the action of the spring 6.

During the downward movement of the linkage rods with the movable parts, if the maximum
extension state is maintained, the extrusion grooves of the baffle plates will be extruded to push the
baffle plates down. When the release grooves are aligned with the fool-proof parts, the fool-proof
parts are separated from the screw through-holes under the action of the spring 7. If the linkage rods
retract, the extrusion grooves cannot be effectively extruded, the baffle plates remain in the initial
position, and the fool-proof parts continue to block the screw through-holes.

2.4 Structure and Working Mechanism of the Closing Module

The closing module is arranged in the screw through-hole at the outermost end of the shell, and
consists of a movable plate, a take-up roller, an inserting knife, a slot, a sliding part, a traction rope
1, a traction rope 2 and a pulley. A spring 8 is connected between the movable plate and the screw
through-hole, and a spring 9 is connected between the sliding part and the moving groove of the
positioning plate.

The movable plate can slide back and forth along the screw through-hole, and the inserting knife is
installed at the bottom of the movable plate. The take-up roller is rotatably arranged on the outer
circumference of the screw through-hole, and the slot is opened on the take-up roller and corresponds
to the position of the inserting knife. The sliding part can slide left and right along the moving groove
of the positioning plate. The traction rope 1 connects the sliding part and the support rod, one end of
the traction rope 2 is connected with the sliding part, and the other end is connected with the take-up
roller through the pulley. The pulley is rotatably arranged on the inner wall of the shell.

When a screw is screwed into the screw through-hole, the movable plate is pushed down, and the
inserting knife moves down with the movable plate and is inserted into the slot, squeezing the take-
up roller to rotate. The take-up roller winds the traction rope 2 during rotation, and the tightened
traction rope 2 pulls the sliding part to slide along the moving groove. The sliding part pulls the
support rod through the traction rope 1 to separate the support rod from the movable rod. The movable
rod moves to the middle under the action of the spring 3, so that the square block is separated from
the sliding groove and the positioning plate is unlocked. The take-up roller continues to rotate, the
traction rope 2 is further tightened and pulls the positioning plate to turn around the rotating shaft,
and finally the positioning plate is stored in the accommodating groove of the shell.

2.5 Structure and Working Mechanism of the Anti-leakage Module

The anti-leakage modules are symmetrically arranged on the left and right side walls of the shell, and
consist of a propping part, an inner groove, an extrusion plate and a water-absorbing part. A spring
10 is connected between the extrusion plate and the hidden cavity of the shell.

The propping part can slide back and forth along the hidden cavity opened inside the side wall of the
shell, and the inner groove is opened on the extrusion block and corresponds to the position of the
propping part. The extrusion plate can slide along the hidden cavity, the water-absorbing part is
installed on the inner wall of the hidden cavity, one side of the water-absorbing part is connected with
the outside through a through-hole groove opened on the inner wall of the hidden cavity, and the other
side is in contact with the extrusion plate. In the initial state, the extrusion plate presses the water-
absorbing part tightly under the action of the spring 10.

When the extrusion block shrinks towards the inner side of the shell under extrusion, the propping
part is gradually separated from the inner groove and moves towards the extrusion plate under
extrusion force, pushing the extrusion plate to slide along the hidden cavity and separate from the
water-absorbing part. When liquid seeps along the plate joint in the later stage, the liquid contacts
with the water-absorbing part through the through-hole groove, and the water-absorbing part absorbs
and stores the liquid.
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3. Implementation Process and Engineering Application Analysis

3.1 Standard Installation Procedure

The on-site construction process of this structural component can be divided into five steps: The first
step is to connect one side of the structural component shell with the fixed insulation board through
tenon and groove. The second step is to connect the insulation board to be installed with the other
side of the shell. At this point, the positioning module will automatically clamp, completing the initial
fixation. In the third step, the system automatically detects the flatness of the two insulation boards
through the sensing module. If it is qualified, the anti-misalignment module unlocks the screw holes.
If it is not qualified, the construction personnel need to adjust the position of the boards until the
system allows installation. The fourth step is to insert and tighten the bolts in sequence. During this
process, the closing module will be automatically triggered, and the positioning component will be
retracted into the housing. The fifth step is that after installation is completed, the anti-leakage module
enters the working state, providing long-term water seepage protection. The entire process has
achieved semi-automation from alignment, detection, adjustment to fixation and storage, significantly
reducing the reliance on the experience of construction personnel.

3.2 Performance Advantages and Applicability

Compared with the traditional connection methods of insulation boards, this structural component
has the following prominent advantages: Firstly, it achieves active control of installation accuracy
through the combination of mechanical and inductive methods, avoiding human errors. Secondly, the
modular design makes the installation process logically clear and easy to operate, which is conducive
to improving construction efficiency. Secondly, the leak-proof design alleviates the common quality
problem of water seepage at the board joints from the source. Finally, the overall structure is
lightweight and of high strength, making it suitable for the installation of insulation boards on walls,
ceilings and other parts in various civil air defense projects. Especially in civil air defense facilities
with high standards and high durability requirements, this structural component can effectively
enhance the overall reliability and service life of the insulation system.

4. Literature References

Recent advancements in Civil Air Defense (CAD) engineering and building envelope technologies
demonstrate a significant evolution towards integrated, high-performance, and intelligently managed
systems. This review synthesizes contemporary research to highlight key developments in these
interconnected fields.

The paradigm of CAD engineering has shifted from isolated protective structures to multifunctional
components of urban infrastructure. The efficient dual-use of underground space is now a central
design consideration, with architectural strategies focusing on enhancing peacetime utility while
maintaining wartime readiness[1]. This evolution necessitates robust frameworks for evaluating the
core protective function. Research by Chen et al. (2025) addresses this by developing comprehensive
evaluation systems for assessing the protective effectiveness of entire urban CAD engineering
networks, emphasizing systemic resilience over individual structural performance[2]. Ensuring the
long-term reliability of these critical infrastructures has brought quality and risk management to the
forefront. Studies have investigated strategies for strengthening quality supervision and management
throughout the construction phase[3], while also proposing innovative approaches such as research-
oriented auditing to empower risk prevention and control across the entire project lifecycle, from
planning to maintenance[4].

Parallel to management innovations, technological enhancements within CAD engineering are
evident. Wen (2025) explores the construction of technological innovation and quality management
systems specifically for CAD engineering in residential buildings[5]. A critical aspect of habitability
in enclosed CAD spaces is indoor air quality; consequently, research into advanced air quality
monitoring and optimal control technologies has emerged as a vital area of study[6].
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In the broader domain of building construction, external wall insulation systems have undergone
substantial innovation driven by demands for energy efficiency, durability, and safety. Research into
improving material performance is active, with studies focused on enhancing the durability of
external thermal insulation systems[7], analyzing effective construction techniques[8], and evaluating
the structural and seismic performance of novel prefabricated composite systems that integrate
insulation[9]. The pursuit of sustainability has also spurred material science research, including the
development of insulation boards from recycled waste materials[10] and the analysis of new
materials' hygrothermal characteristics[11]. The market and application of various insulation
materials continue to be reviewed and expanded[12], with specific case studies demonstrating the
successful application of advanced materials like STP vacuum insulation panels in retrofit
projects[13].

The performance and safety of these insulation systems are subject to rigorous scrutiny. Key research
areas include the critical role of combustion performance testing in building fire protection[14], the
mastery of key construction technologies for reinforced concrete walls[15], and the examination of
how different detection methods and equipment can influence the accuracy of thermal conductivity
measurements, which is fundamental to performance validation[16]. Furthermore, comparative
analyses of different external wall insulation methods (e.g., external versus internal insulation)
continue to inform best practices by elucidating their respective advantages and disadvantages[17].
This body of work is increasingly framed within the overarching concept of green energy
conservation, driving the optimization and innovation of construction technologies[18].

In summary, contemporary research in both specialized CAD engineering and general building
insulation reveals converging themes: a strong emphasis on lifecycle management and quality control
[3, 4, 5], the integration of advanced materials and technologies to enhance performance [6, 9, 10,
13], and the indispensable role of rigorous testing and evaluation to ensure safety, durability, and
efficacy [2, 14, 16]. These parallel advancements contribute to the broader goals of creating resilient,
sustainable, and high-performance built environments.

5. Conclusion

This study focuses on the problems of difficult control of alignment accuracy and insufficient leak-
proof performance of board joints in the installation of thermal insulation structures for civil air
defense projects, and designs and implements a lightweight composite thermal insulation structural
component. This structural component integrates multiple functional modules such as positioning,
sensing, anti-misalignment, closure and leakage prevention. By assisting in the positioning and real-
time sensing of adjacent insulation boards, it precisely controls the alignment during the installation
process. When the insulation board is misaligned, the anti-misalignment piece automatically blocks
the screw holes, forcing the installation operation to be interrupted. Fixation can only be carried out
after alignment meets the standards, thereby ensuring the accuracy of the installation position. In
addition, the structural components adopt the TG mortise and tenon type butt joint method, combined
with the built-in anti-leakage module, which can effectively slow down and absorb the liquid seeping
through the board joints, significantly delay the erosion of the insulation system by leakage, and
improve the overall sealing performance and long-term durability of the system. The results of
structural design and functional verification show that this structural component has significant
effects in terms of installation accuracy control and leak-proof performance, and possesses good
engineering adaptability.

This research, through structural integration and functional coordination, provides a solution for
insulation systems in civil air defense projects and other construction fields that is controllable in
installation quality and reliable in long-term leakage prevention. It has practical significance for
improving the construction quality of the envelope structure, enhancing the energy-saving effect of
the project and prolonging the service life of the system. This achievement also provides a feasible
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technical path for promoting the development of building insulation structures towards intelligence,
integration and high reliability, and has certain application and promotion value.

Acknowledgments

As the writing of this thesis and related research work are about to be completed, I would like to
express my most sincere gratitude to all the teachers, colleagues, peers and relatives and friends who
have guided, supported and helped me during this research process.

This study also referred to the research results of many scholars at home and abroad. We would like
to express our gratitude to all of them here. Due to the author's limited ability, there may be omissions
and deficiencies in the text. We sincerely invite all experts and readers to offer their criticism and
corrections.

References

[1] Zhai Lei. Research on Architectural Design of Civil Air Defense Projects and Strategies for Efficient
Utilization of Underground Space [J] Stone, 2026, (02) : 44-46.

[2] Chen Ping, Zhao Xudong, Wei Hong, et al. Comprehensive Evaluation of Protective Effectiveness of
Urban Civil Air Defense Engineering System [J]. Journal of Army Engineering University,2025,4(06):50-
55.

[3] Chen Dongjun. Research on Strategies for Strengthening the Quality Supervision and Management of
Civil Air Defense Projects and Improving Project Quality [J] Housing Industry,2025,(11):211-213.

[4] Yang Qiongyu. Analysis of the Path of Research-oriented Auditing Empowering Risk Prevention and
Control Throughout the Life Cycle of Civil Air Defense Projects [J] Audit and financial management,
2025, (10) : 9-10.

[5] Wen Shichuan. Research on Technological Innovation and Quality Management System Construction of
Civil Air Defense Engineering in Housing Buildings [J] Real Estate World,2025,(15):149-151.

[6] Wang Zhong. Research on Air Quality Monitoring and Optimal Control Technology in Enclosed Civil
Air Defense Projects [J]. Hvac,2025,55(S1):473-475.

[7] Kang Fengping. Research on Improving the Durability Performance of External Thermal Insulation
System for Building Exterior Walls [J]. China Building Decoration and Renovation,2025,(24):134-136.

[8] TaoWei long. Example analysis of exterior wall thermal insulation construction technology of
construction engineering [J]. Journal of stone, 2025, (12) : 67-69. The DOI: 10.14030 / j.carol carroll nki
scaa. 2025.0677.

[9] Wang Xueqin, Li Bingze, Liu Xuechun. Experimental Study on Seismic Performance of Prefabricated
Sandwich Insulation Panel - Embedded Steel Plate - Concrete Composite Shear Wall [J] Building science,
2025, 9 (11) : 66-76.

[10]He Ping, Hong Lei, Xu Chenxi, et al. Properties of Insulation Board Prepared by Recycling Waste Glass
Fiber and Polyurethane [J]. Plastics, 2020,54(05):36-40.

[11]Yu Shui, Cui Enning, Sun Shengkun, et al. New thermal insulation material characteristics of hot wet on
wall body heat coupling transmission [J]. Building science, 2025, 9 (10) : 272-282.

[12] Thermal insulation and heat preservation materials [J]. Architecture and Budget,2025,(09):106-111.

[13]Xu Xichen, Deng Luyang, Zhong Jianwen, et al. STP vacuum insulation board in the application of

exterior wall thermal insulation system renovation project [J]. Architectural technology, 2025, 56 (17) :
2169-2171.

[14]Yu Chunjun. Research on the Key Role of Combustion Performance Testing of Thermal Insulation
Materials in Building Fire Protection [J]. Laboratory Testing,2025,3(17):184-186.

[15]Cao Wen, Chu Yanbing, Zhang Ting. Reinforced concrete wall exterior insulation construction key
technology [J]. Journal of sichuan cement, 2025, (7) : 135-137.

[16]Zhang Lingyun, Wang Lun, Yu Jiangming, et al. Research on the Influence of Detection Equipment and
Thickness Measurement Deviation of Two Detection Methods on the Thermal Conductivity of Insulation
Boards [C]// Jiangxi Society of Automotive Engineers, Jiangxi Engineers Association. Proceedings of the

542



International Core Journal of Engineering Volume 12 Issue 4, 2026
ISSN: 2414-1895 DOI: 10.6919/ICJE.202604_12(4).0056

Academic Symposium on Engineering Technology and New Energy Economy (III). Nanjing Construction
Engineering Quality and Safety Testing Center , 2025:851-854.

[17]Chen Shutao. Analysis of the Advantages and Disadvantages of Two External Wall Insulation Methods
[J]. Construction Workers, 2020,46(07):10-11.

[18]Zhang Xing. Optimization and Innovation of Building Exterior Wall Insulation Construction Technology
under the Concept of Green Energy Conservation [J] Architecture and budget, 2025, (6) : 49-51.

543



