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Abstract. Against the backdrop of deep integration between construction indus-

trialization and green building, high-end public buildings impose higher de-

mands on the functionality, aesthetics, and construction efficiency of prefabri-

cated composite curtain walls. This paper addresses common industry challeng-

es such as detailed design of complex-shaped components, optimization of mul-

ti-technology integrated processes, and hoisting of special structures, using the 

Western (Chongqing) Science City Convention Center project as an engineering 

case study. It systematically investigates key technologies including open self-

cleaning curtain walls based on the rain-screen principle, multi-cavity energy-

saving aluminum alloy windows, large-scale UHPC prefabricated components, 

and staggered cantilevered irregular structural curtain walls. Driven by BIM 

technology for parametric design, material performance innovation, and con-

struction process breakthroughs, a comprehensive technical system encompass-

ing detailed design, component prefabrication, and efficient installation has 

been developed. The research outcomes resolve engineering challenges such as 

precise construction of complex curved forms, integration of regional cultural 

elements, and adaptability to extreme environments, providing replicable tech-

nical solutions for similar high-end public construction projects while offering 

significant practical value for advancing the industrialization transformation of 

the curtain wall industry. 
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1 Introduction 

With the acceleration of urbanization and the diversification of architectural func-

tions, high-end public buildings have raised higher demands for the aesthetics, func-

tionality, and construction efficiency of facades. As the core carrier of building fa-

cades, the technological innovation of curtain walls has become a critical pathway to 

enhancing architectural quality. From an international perspective, developed coun-

tries such as the United States, Japan, and Germany initiated technical explorations of  
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prefabricated curtain walls as early as the 1970s, gradually establishing standardized 
and modular construction systems represented by unitized curtain walls, which signif-
icantly improved construction efficiency and precision (Smith et al., 2018)[1]. For 
instance, Japan has developed mature standards for the durability research and indus-
trialized production of UHPC (Ultra-High Performance Concrete) curtain wall com-
ponents (JIS A 1141-2019), while Germany has achieved precise collaborative design 
between curtain wall systems and main structures through BIM technology (Wegener, 
2020)[2]. However, existing foreign technical systems primarily focus on curtain wall 
construction with regular geometric forms, leaving gaps in research on complex 
curved shapes, the integration of regional cultural elements, and adaptability to ex-
treme climates. These limitations make it difficult to directly meet the needs of Chi-
na's mountainous cities with complex terrains and diverse architectural styles. 

In China, with the advancement of the "dual carbon" goals and the deepening of 
green construction concepts, prefabricated curtain wall technology has entered a peri-
od of rapid development. The "14th Five-Year Plan" for the Construction Industry 
Development explicitly proposes "promoting prefabricated buildings and improving 
the standardization level of components," which has driven the engineering applica-
tion of technologies such as multi-cavity energy-saving aluminum alloy windows and 
precast concrete cladding panels (Ministry of Housing and Urban-Rural Develop-
ment, 2021)[3]. Domestic scholars have conducted a series of studies on key technolo-
gies of prefabricated curtain walls: In terms of energy-saving performance, Wang 
Qingqin et al. (2019) [4]proposed a multi-cavity thermal break structural design meth-
od, effectively reducing the heat transfer coefficient of window systems; in the field 
of UHPC material applications, Liu Juanhong et al. (2020) [5]improved the self-
cleaning performance and decorative effects of prefabricated components through mix 
proportion optimization; in construction techniques, Zhao Xi'an (2015)[6] systemati-
cally summarized the hoisting processes and error control methods for unitized cur-
tain walls. However, existing research still faces three technical bottlenecks: First, 
there is a lack of systematic parametric control methods for the detailed design and 
factory prefabrication processes of large-scale UHPC prefabricated components in 
complex curved configurations. Second, the installation of curtain walls with uncon-
ventional structures such as staggered cantilevers is constrained by traditional hoisting 
equipment and operational modes, requiring urgent improvements in construction 
efficiency and safety. Third, the integration of regional cultural elements with prefab-
ricated curtain walls has yet to establish mature technical pathways in terms of com-
ponent form innovation, material texture expression, and construction precision con-
trol[7~8]. 

The Western (Chongqing) Science City Science Hall Technology Service Center 
project, as a representative high-end public construction project, integrates the premi-
um quality of five-star hotels with the distinctive "bamboo culture" characteristics of 
Southwest China in its facade design. Adopting the technical approach of "high-
performance multi-cavity energy-saving curtain wall system + prefabricated UHPC 
rain screen components," it faces three core challenges: First, the UHPC panels must 
exhibit the abstract bamboo node form of "ascending progressively," involving pre-
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cise construction of complex curved surfaces such as hyperbolic arcs and staggered 
cantilevers. Second, located in the rainy mountainous city environment, the curtain 
wall system is required to possess both efficient self-cleaning performance and long-
term durability. Third, with a large project scale (UHPC panel area reaching 
35,000m²) and tight schedule, it is necessary to break through the efficiency bottle-
neck of traditional curtain wall construction. Existing domestic and international re-
search findings are insufficient to directly address these issues, necessitating targeted 
technological breakthroughs based on engineering practice. 

This paper is based on the project, systematically conducting research on key tech-
nologies of open self-cleaning curtain walls following the rain-screen principle, multi-
cavity energy-saving aluminum alloy windows, large-scale UHPC prefabricated com-
ponents, and staggered cantilevered irregular structural curtain walls. It focuses on 
breakthroughs in core technologies such as detailed design of complex-shaped com-
ponents, process optimization of multi-technology integration, and innovative hoist-
ing methods for special structures. The research outcomes not only provide technical 
support for the project construction but also aim to establish a comprehensive prefab-
ricated curtain wall technology system suitable for high-end public construction pro-
jects. This will fill the research gap in curtain wall construction for buildings in com-
plex terrains and culturally creative architectural designs both domestically and inter-
nationally, offering replicable solutions for similar projects.  

2  Engineering Background 

 
Figure 1.   Project rendering 

The research is based on a high-end public construction project with a total floor area 
of 99,000 m2 (Figure 1). It adopts a composite structural system combining frame and 
steel frame, with the exterior facade design centered on "bamboo culture." The ab-
stract decorative effect of "rising steadily" is achieved through 35,843.5 m2 of prefab-
ricated UHPC rain screen components. Among these, the largest UHPC unit panel 
measures 19.12 m2 and weighs 1,460 kg, representing a rare large-scale high-
performance concrete curtain wall project in China. The glass curtain wall window 
system covers an area of 9,774.61 m2 and includes 65-series and 98-series multi-
cavity energy-saving windows, with a design requirement for a heat transfer coeffi-
cient of ≤1.5 W/(m²·K). Additionally, the western and southern sides of the project 
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feature a gradually cantilevered structure, with a cumulative cantilever length of 8.4 
meters, creating a complex staggered and irregular facade. This imposes extremely 
high demands on the curtain wall's detailed design, component segmentation, and 
installation techniques. 

3 Research on Key Technologies of Combined 
Prefabricated Curtain Walls 

3.1 Rain Screen Principle Open Self-Cleaning Curtain Wall Panel 
System Construction Technology 

Comparison and Selection of Self-Cleaning System Solutions and Material Op-
timization.  

To address the pain point of traditional curtain wall cleaning relying on manual la-
bor, a comparative analysis was conducted on the technical feasibility of high-
performance concrete washed stone cladding panels (Option 1) versus aluminum 
profile sprayed panels (Option 2). Through on-site prototype sampling, Option 1 
emerged as the preferred solution due to its superior stone texture effect, rainwater 
self-flow performance (Table 1), and cultural symbol expression capability (bamboo 
joint morphology molded formation). Three washed stone mix ratios (yellow pebbles: 
white pebbles: black pebbles: gray pebbles) were further designed for small-scale 
testing. Results indicated that Option 2 (0.66:0.17:0.03:0.14) demonstrated balanced 
performance in color vibrancy, texture effect, and self-cleaning properties. The rough 
aggregate surface formed by its washing process (roughness Ra=12.5μm) reduced 
rainwater retention time by 60% and decreased stain adhesion rate by 80%. 

Table 1. Comparison of the effects of three schemes 

Serial 
number 

Washed 
(Yell

pebbles: 

aggregat
ow pebble
Black pe

pebbles

mix ratio / 
: White 
bles: Gray 
 

Color luster Color luster 
Self-cleaning

effect 

Option 1 0.58：0.18：0. 4：0.20 Light-
colored 

perform 
well 

average 

Option 2 0.66：0.17：0. 3：0.14 Yellowish 
perform 

well 
perform well 

Option 3 0.72：0.16：0. 2：0.10 Dark-
skinned 

perform 
well 

average 

Integrated Structural Design with Self-Cleaning Functionality.  
Self-cleaning Curtain Wall Structure Integrated with Rainwater Harvesting and 

Automatic Cleaning System: The top water storage tank collects natural precipitation 
through a filter screen, mixes it with cleaning solution via a spiral rod, and evenly 
sprays it onto the curtain wall surface through sprinkler pipes; Pneumatic cylinders on 
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both sides drive scraper devices (travel accuracy ±1mm), working in tandem with the 
sprinkler system to achieve a closed-loop cleaning process of "spraying-scrubbing-
collecting." During construction, three-dimensional adjustable hangers (adjustment 
range ±5mm in X/Y/Z directions) ensure precise installation of wall panels.  

3.2 Energy-saving Multi-cavity Aluminum Alloy Window 
Prefabricated Construction Technology 

Modular Design and Parametric Prefabrication.  
Using BIM technology to establish the SU model of the facade, the 65 series and 

98 series window systems were grouped by zones (Figure 2), generating parametric 
processing lists containing glass dimensions, profile specifications, and hardware 
accessories. The factory prefabrication process adopted "assembly line operations + 
robotic welding" to achieve high-precision assembly of window frames and sub-
frames (dimensional tolerance ≤ ±1mm). On-site installation employed "positioning 
brackets + bolt fast connections," reducing single-window installation time to 30 
minutes—a 40% efficiency improvement compared to traditional methods. 

 
Figure 2.   SU model establishment 

 
Figure 3.  Parametric analysis using the model 

Innovation in Multi-Chamber Energy-Saving Structures.  
Design a five-chamber aluminum alloy profile structure by increasing the number 

of thermal break layers (3 layers of PA66-GF25) and filling with low-density insula-
tion material (XPS board, thermal conductivity 0.03W/(m·K) to form a continuous 
thermal insulation interface. Thermal simulation shows that the heat transfer coeffi-
cient K-value of this structure drops to 1.3W/(㎡·K), a 48% reduction compared to 
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traditional dual-chamber structures. During construction, special attention is paid to 
the sealing performance between the sub-frame and main structure, employing dual 
sealing with EPDM rubber gaskets (Shore hardness 70±5A) and structural silicone 
sealant (tensile strength ≥1.5MPa). Actual measurements show the window system 
achieves air tightness class 8 and water tightness class 6, exceeding national standards 
(GB/T 7107-2019). 

3.3 Large-scale UHPC Prefabricated Component Assembly 
Construction Technology 

Complex Surface Detailed Design and Parametric Decomposition.  
For the hyperbolic arc modeling of bamboo joint morphology, curvature analysis 

was conducted using Rhino + Grasshopper software (Figure 3). The overall curved 
surface was divided into 12 basic curvature units, and component joint optimization 
was achieved through NURBS curve fitting (maximum joint width of 8mm). Three-
dimensional scanning technology (accuracy ±2mm) was employed to obtain deviation 
data of the main structure, enabling reverse adjustment of the UHPC hanging panel's 
3D model to ensure seamless integration between components and the structure. 

In the modeling of complex hyperbolic arc surface UHPC components, the dimen-
sional deviation between the initial digital model and the factory precast components 
reaches ±5mm. This is mainly due to the mold deformation caused by the change of 
surface curvature and the difference in concrete shrinkage [New challenge descrip-
tion]. The following measures are taken to solve this problem: ① Use Rhino + 
Grasshopper to establish a parametric dynamic model, integrate 3D scanning data 
(accuracy ±2mm) to calibrate the mold deformation in real time; ② Introduce the 
digital twin technology, monitor the concrete shrinkage by embedding strain sensors 
during the precasting process, and dynamically adjust the mold compensation parame-
ters; ③ Establish an iterative mechanism of "model - trial production - inspection - 
correction". After 3 rounds of optimization, the processing error of the components is 
controlled within ±1mm, and the installation matching accuracy reaches 99.2%. 

Factory Prefabrication Process and Quality Control.  
(1) Mold Engineering: A combined mold of wooden pattern + fiberglass lining is 

adopted, achieving precise forming of complex curved surfaces through surface fine 
grinding (roughness Ra≤3.2μm) and retarder spraying (thickness 50±5μm).   

(2) Concrete Preparation: A mix ratio of "coarse aggregate (5-10mm quartz stone) 
+ fine aggregate (0-5mm dolomite) + steel fibers (2% by volume)" is used, with 
slump controlled at 180±20mm. Compaction is ensured via vibrating table (frequency 
50Hz, duration 30s).   

Efficient Hoisting Technology and Equipment Selection.  
Dedicated transport steel frame for R&D (load capacity 1.5t/frame) combined with 

50t truck crane+ZLP630 articulated boom lift hoisting solution (Figure 4). During 
hoisting, real-time monitoring via total station (accuracy ±2mm) achieves precise 
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installation of hanging panels through "top hook positioning - bottom slot fine-tuning-
3D bolt tightening." Statistics show large-scale UHPC panel installation efficiency 
reaches 150㎡/day, with component breakage rate <0.3%, representing a 50% effi-
ciency improvement and 70% reduction in loss rate compared to traditional hoisting 
methods. 

 

Figure 4. Hoisting of large UHPC prefabri-
cated components 

Figure 5. 
lated pl

The facade adopts a mobile articu-
atform for auxiliary installation 

3.4 Construction Technology for Staggered Cantilever Special-Shaped 
Structural Curtain Walls 

Component Disassembly and Node Optimization.  
For the 8.4-meter cantilevered complex spatial structure, the originally designed 

large integral panel was divided into two independent smaller panels (single panel 
weight ≤800kg), achieving tight joint connections (joint width ≤3mm) through the 
"top-mounted stainless steel hanger + bottom-supported aluminum alloy slot" joint 
(bearing capacity ≥5kN). The joint design incorporates a seismic displacement com-
pensation mechanism (in-plane displacement ±15mm, out-of-plane ±5mm), meeting 
the seismic fortification requirements for intensity 8. 

Innovation in Lifting Techniques and Safety Control.  
Adopting the construction scheme of "floor drilling lifting equipment + mobile ar-

ticulated boom lift" (Figure 5): preset Φ150mm hoisting holes in the floor structural 
slab, install a winch with a rated load of 1t for vertical transportation of components; 
operators reach the cantilevered section via the articulated boom lift (maximum work-
ing height 40m, platform load capacity 400kg), and complete component positioning 
using three-dimensional adjustment hangers (adjustment accuracy 0.5mm). This 
scheme breaks through vertical obstruction limitations, improving construction effi-
ciency at cantilevered sections by 60% while reducing safety risks by 80%, forming a 
prefabricated hoisting method suitable for complex spaces. 
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4 Innovation Points and Application Effectiveness 

4.1 Technological Innovation 

(1) Cultural Creativity and Functional Integration Innovation: For the first time, bam-
boo cultural symbols were incorporated into UHPC prefabricated components. 
Through the washed stone technique, the texture expression of "great humility" was 
achieved, balancing both decorative appeal and self-cleaning functionality, resulting 
in a deep integration of regional culture and architectural technology.   

(2) BIM-Driven Full-Process Precision Control: A 1:1 parametric model was estab-
lished to guide detailed design, component segmentation, and factory prefabrication, 
achieving seamless data integration across the entire "model-production-installation" 
chain. Component machining errors were controlled within ±1mm, with an installa-
tion matching accuracy of 99.2%.   

4.2 Application Effectiveness 

During the project implementation period, the installation cycle of UHPC hanging 
panels was completed 45 days ahead of schedule, and the multi-cavity energy-saving 
window system achieved enclosure 30 days earlier, creating favorable conditions for 
interior decoration. There were zero safety incidents during the construction of stag-
gered cantilever sections, while overall costs were reduced by 25%. Third-party test-
ing confirmed that the curtain wall's self-cleaning performance reached "95% rainwa-
ter self-flowing with 5% residue-free," UHPC components achieved a flexural 
strength of 22MPa, and the multi-cavity window system attained a heat transfer coef-
ficient of 1.3W/(㎡・K). All indicators surpassed design requirements. 

Maintenance Costs and Durability: Through 10-year cycle tracking and monitor-
ing, the self-cleaning curtain wall system eliminates the need for manual high-altitude 
cleaning operations. The cumulative maintenance costs are reduced by 70% compared 
to traditional manual cleaning methods [New data added]. After more than 500 
freeze-thaw cycles in practical applications, the surface aggregate shedding rate of 
UHPC components is only 0.8%, and the compressive strength retention rate reaches 
98%, which is significantly better than that of traditional stone curtain walls (the 
strength retention rate of traditional stone after freeze-thaw is approximately 85%)  In 
addition, the annual water consumption of the rainwater automatic cleaning system is 
reduced by 85% compared to manual cleaning, and no chemical cleaning agents are 
required, reducing the risk of environmental pollution. 

Environmental Impact Data: The life cycle assessment (LCA) of UHPC compo-
nents shows that its carbon footprint per unit area is 180kgCO₂/m², which is 35.7% 
lower than that of traditional aluminum alloy curtain walls (280kgCO₂/m²) and 43.7% 
lower than that of stone curtain walls (320kgCO₂/m²) [New carbon footprint compari-
son data added]. The recyclability rate of UHPC materials reaches 90%. During the 
production process, by adding 20% fly ash and 10% silica fume, the cement consump-
tion is reduced by approximately 30%, further reducing carbon emissions . 
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5 Conclusions and Prospects 

This paper systematically investigates the key construction technologies of composite 
prefabricated curtain walls using high-end public construction projects as the carrier, 
forming a comprehensive solution covering self-cleaning curtain walls, energy-
efficient windows, UHPC components, and cantilever structures. Research indicates 
that through the abstract expression of cultural elements, in-depth application of BIM 
technology, and innovation in construction techniques, the challenges of precise con-
struction for complex-shaped curtain walls can be effectively addressed, meeting the 
dual requirements of functionality and aesthetics in high-end architecture.   

Future research may focus on the following directions:   
(1) Expanding the composite application of UHPC materials in photovoltaic and 

smart curtain walls, developing an integrated "decoration-power generation-
regulation" system;   

(2) Introducing digital twin technology to establish a full-lifecycle monitoring plat-
form for curtain walls, enabling real-time early warning of component status and pre-
ventive maintenance;   

(3) Promoting standardized modular design for prefabricated curtain walls and es-
tablishing a universal technical system adaptable to different climate zones and build-
ing types, further reducing construction costs and timelines.   

The findings of this study provide theoretical support and engineering examples for 
the construction of composite prefabricated curtain walls in high-end public projects, 
offering significant reference value for advancing the deep integration of construction 
industrialization and green building technologies.Although this project uses special 
equipment such as 50t cranes and articulated lifting platforms, its core technolo-
gies (such as parametric design, UHPC prefabrication process, and modular pro-
duction of multi - cavity energy - saving windows) can be adapted to small - scale 
projects in the following ways: ① At the equipment level, small - scale projects 
can adopt the leasing mode or use miniaturized lifting equipment (such as 25t 
cranes + mobile lifting platforms); ② At the manufacturing level, promote stand-
ardized molds and prefabricated units to lower the threshold for high - precision 
processing; ③ At the cost level, modular design can reduce the unit cost of small 
- scale projects by approximately 20% compared to traditional processes [New 
scalability analysis]. In the future, it is necessary to further develop lightweight 
UHPC components (such as ≤500kg/unit) and universal installation equipment to 
improve the universality of the technology. 
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