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Abstract. In recent years, the rapid development of 3D printing concrete tech-
nology has become a worldwide research hotspot. This article aims to explore
the structural characteristics, performance, and potential application areas of 3D
printed concrete, and analyze the challenges faced in applying 3D printed con-
crete in practical engineering projects.
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1 Introduction

The construction industry is one of the pillar industries of the national economy, which
has long been plagued by common problems such as high waste of building materials,
low degree of automation, and aging population. The development from traditional
extensive construction to automation, intelligence, and digitization is the trend of
high-quality and sustainable development in China's construction industry. Since its
formation in the early 21st century, 3D printing technology for architecture has rapidly
emerged in fields such as construction, bridges, and infrastructure due to its advantages
of modularity, speed, and flexibility. According to data from the National Bureau of
Statistics, the production of 3D printing equipment in the first half of 2024 increased by
51.6% year-on-year, reflecting the strong growth momentum of the 3D printing in-
dustry in recent years. 3D printing technology is based on precise 3D data models and
constructs complex structures by stacking materials layer by layer, completely breaking
the limitations of traditional subtractive manufacturing models. This technology not
only greatly expands the entrepreneurial space and flexibility of design and manufac-
turing, but also significantly reduces the manufacturing cost and time of complex
shapes and high-precision products.It is an innovative technology that promotes the
development of prefabricated buildings and intelligent construction.

With the rapid development of technology, the application of 3D printed concrete
technology in the field of construction is becoming increasingly widespread, attracting
many researchers to conduct in-depth research and exploration. In the construction
industry, the most popular 3D concrete printing technology is "contour machining"
proposed by Khoshnevis, [ which utilizes computer control to produce smooth flat and
free-form surfaces. This technology, combined with computer 3D modeling, theoreti-
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cally can accurately print various complex shaped concrete structures, bringing un-
precedented changes to the construction industry.

2 Research Status of 3D Printed Concrete at Home and Abroad

The research focus of the initial stage of 3D printing construction is in the field of
mechanical equipment and material technology, which has received less attention from
architects. With the application and popularization of this technology, the connection
between architects and 3D printing has become increasingly close. In the past, due to
the lack of systematic consideration for the form and force analysis of buildings in most
research results, many experimental results were difficult to integrate with actual
construction, and the shortcomings in modeling also limited the promotion of 3D
printing construction technology to the public. In recent years, with the cooperation of
professionals in mechanics, materials, architecture, and other fields, 3D printing con-
struction has been able to achieve more complex building systems.In order to ensure
the safety of 3D printed concrete structures, researchers need to conduct specialized
printing designs for the components and conduct detailed safety assessments of the
overall structure. Although traditional structural forms can provide theoretical refer-
ences for designing 3D printed concrete, they cannot fully meet the personalized and
digital requirements of 3D printing technology.

In traditional concrete system structures, in order to improve the load-bearing ca-
pacity of components to tensile stress and the safety of seismic performance, it is
necessary to embed steel bars in the system. However, 3D printed concrete cannot use
steel bars due to its inherent characteristics, resulting in relatively poor mechanical
properties. [ The printing process is a digitally controlled additive method capable of
manufacturing architectural and structural components without formwork, unlike
conventional concrete construction methods. Le et al. ! Li et al. conducted research
and analysis on the hardening performance of high-performance fiber-reinforced fine
aggregate concrete extruded materials, and the results showed that 3D printed concrete
has low strength, high density, and can retain the inherent high performance of the
material. The team led by Xu Weiguo from Tsinghua University used a robotic arm
and concrete materials to print maze like art pieces. The pieces have a
three-dimensional curved surface shape, and the multi-directional printing of the ro-
botic arm achieves printing in the three-dimensional dimension. At the same time, the
layered staggered method is used to solve the defect of insufficient strength at the
joint position in 3D concrete printing.

In addition to the issues mentioned above, there is still no good solution found for
the structural form and reinforcement methods of 3D printed concrete components.
Domenico Aspron et al.[*)proposed a method for manufacturing reinforced concrete
components based on concrete 3D printing technology, which strengthened the printed
form beyond the material. Specifically, the reinforced concrete components are divided
into different concrete segments, and then each printed unit is combined with external
steel bars to form a system. This method helps promote free-form structural optimiza-
tion, save concrete and steel usage, and manufacture lighter structures.P!It is worth
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mentioning that some scholars draw inspiration from nature when exploring solutions.
Animals and plants in nature have diverse structures with high stability and strength,
which provide direction for structural designers.! For example, hexagonal honeycomb
and conch structures have evolved over many years to be highly adaptable to various
complex environments.

3 Traditional Structural Forms

The traditional architectural structural system, such as frame structures and shear wall
structures, occupy an important position in the construction industry. However, in the
context of 3D printed concrete technology, these traditional structural systems need to
be adjusted and optimized accordingly. According to different construction sites, 3D
printed concrete includes two types: integral printing and prefabricated printing. Inte-
gral printing is carried out directly at the construction site, while prefabricated printing
involves printing some components in the factory before transporting them to the site
for assembly. The advantage of 3D printing prefabrication method is that it can sig-
nificantly reduce on-site construction time, but at the same time, it increases transpor-
tation and installation costs. Therefore, in actual construction, the construction method
with higher cost-effectiveness can be selected based on the specific situation of the
project.

When applying traditional structural systems to the design of 3D printed concrete
structures, there is no significant change in the transmission and distribution of forces
within the two systems. In this way, the analysis and calculation methods of 3D printing
can refer to traditional structural systems. This is to some extent conducive to the rapid
promotion of the widespread use of 3D printed concrete in construction projects. Dif-
ferent from traditional construction methods, 3D printing technology relies more on
mechanical equipment, greatly freeing up labor costs, but its equipment costs are
relatively high. In addition, due to the construction characteristics of 3D printed con-
crete, it is difficult to arrange steel bars inside it, and the tensile performance of the
components is slightly inferior to traditional concrete components.

As can be seen from the above, due to the differences between 3D printed concrete
and traditional structural systems, directly using traditional structural systems for
construction will bring negative impacts such as low construction efficiency, high
production and application costs, and reduced building safety. Therefore, a new
structural system for 3D printed concrete should be designed and developed.

4 3D Printed Specific Structures

At present, there is little research on components or structural forms. Plessis's biomi-
metic advances in 3D printed concrete are exciting. Some researchers have begun to
explore specific structural designs suitable for 3D printed concrete technology based on
its characteristics. These designs fully utilize the advantages of digitization and per-
sonalization, mainly in the form of hollow structures, tree structures, and arch struc-
tures.
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4.1 Hollow Structure

Hollow forming parts refers to forming the outline of the cavity in the section of the part
by 3D printing. Hollow shaped parts are widely used, not only because of the material
savings, but also because of its advantages in thermal insulation and sound absorbing.
[l In addition, the hollow structure provides sufficient space for steel bars or other
reinforcement materials.

Daungwilailuk et al. ®! conducted uniaxial loading tests on hollow walls with in-
ternal trusses, and the results showed that the internal trusses of flat walls had a sup-
porting effect, reducing bending and preventing buckling failure. In order to study the
mechanical properties of hollow structures, Wang et al. ) compared and analyzed
different structural samples through compression tests and four point bending tests. The
results indicate that the bending performance of the truss prism structure is significantly
better than that of other structures.

4.2  Tree Structure

The tree structure simulates the growth form of trees in nature, combining the vertical
and horizontal parts to form a unique structural form. The size of this structural form is
closely related to the pressure it bears, similar to a variable cross-section cantilever
structure. Due to the complexity of its construction, it is not commonly seen in tradi-
tional architectural design, but the emergence of 3D printing technology has provided
possibilities for its widespread application in architecture. Burger et al. '/ proposed a
new construction process, known as "Eggsell," which combines melt deposition with
synchronous concrete pouring. Compared with other processes, the concrete printing
process of this method does not affect the embedding of steel bars.

4.3  Arch Structure

In traditional structures, due to the low tensile strength of concrete, cracks are prone to
occur in horizontal areas. Arched structures enhance the load-bearing capacity of the
structure and reduce tensile stress and bending moment by converting some vertical
loads into horizontal forces, which can effectively improve this defect. Due to the fact
that 3D printed concrete does not require the use of templates, it provides more possi-
bilities for the application of arch structures. Lim et al. ['') developed an unconventional
additive manufacturing method - surface layer printing technology, and applied it to
large-scale construction. Prior to this, although many scholars had studied the curved
layered melt deposition model, there were few practical applications. They used the
commonly used Grasshopper by architects as a single development environment to
generate curved layered printing paths. The results indicate that compared with existing
flat printing paths, this method has three advantages for large-scale construction ap-
plications: better surface quality, shorter printing time, and higher surface strength.
Researchers optimized the 3D printing structure design and parameters of the arch
beam based on stress distribution. The experimental results indicate that arched struc-
tures can exhibit superior bending resistance.
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5 Limitations of 3D Printing Concrete Structure Reinforcement

Although 3D-printed concrete technology offers possibilities for various new compo-
nents and structural forms, the performance of these components currently remains
inadequate, particularly in terms of tensile strength. Concrete, by nature, is a qua-
si-brittle material with relatively low tensile strength. Therefore, effectively reinforcing
3D-printed concrete structures has become an urgent problem to solve. However, due
to the layer-by-layer manufacturing method employed by 3D printing technology,
traditional methods of steel reinforcement binding and embedding cannot be directly
applied.Therefore, many reinforcement methods are proposed for 3D printed con-
crete.The tensile strength of 3D printed concrete materials is insufficient and the
printing process is limited, so reinforcement technology is used to address these issues.
Steel bars, fibers, composite materials, and waste materials are used to enhance the
performance of 3D printed concrete, making it meet higher performance requirements.
Maurya et al. [?lembedded flexible steel cables in the extruded interlayer, and com-
pared the flexural strength of 3D printed concrete with steel cables with diameters of
1.0 and 1.5 mm. They found that the flexural strength increased with the increase of the
diameter of the embedded steel cables.Domenico et al. ['3lenhances 3D printed concrete
by introducing different fibers, which can work together to suppress the development of
cracks when the concrete is under stress, thereby effectively improving the perfor-
mance of 3D printed concrete.

6 Conclusion

In summary, 3D printing technology has made significant progress in engineering
applications. The combination of 3D computer modeling and intangible architecture
can, theoretically, realize various complex curved surface shapes, breaking through the
constraints of traditional construction technologies. However, due to the generally poor
mechanical properties of 3D-printed concrete components, limited methods of rein-
forcement, and high production equipment costs, their actual production and applica-
tion have been hindered.
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