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Abstract: The integration of Ultra-High-Performance Concrete (UHPC) with 3D printing technology provides innovative
solutions for the field of digital construction, combining ultra-high mechanical performance with design freedom. However,
there is an inherent contradiction between the characteristics of UHPC—such as its low water-to-binder ratio and high fiber
content—and its printability, which constitutes the core challenge in this research area. This article systematically reviews the
current research status of 3D printed UHPC (3DP-UHPC), summarizing the latest achievements from the perspectives of material
rheological property control, fiber reinforcement mechanisms, characteristics of mechanical anisotropy, progress in large-scale
applications, and green, low-carbon development. Studies show that through nanomaterials modification, mixture proportion
optimization, and printing process control, a synergistic improvement in the printability and mechanical properties of UHPC can
be achieved. While the extrusion process-induced directional alignment of fibers can enhance strength in specific directions, it
also exacerbates the structural anisotropy. The development of low-cement-content UHPC and geopolymer systems provides
new pathways for the sustainable development of 3DP-UHPC. Existing research still faces challenges such as a lack of
standardization, weak interlayer bonding, and insufficient long-term performance data. Future efforts should focus on
establishing dedicated standard systems, developing intelligent process control methods, and deepening multi-scale performance
research.
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1. Introduction 2. Material Design and Rheological

Ultra-High Performance Concrete (UHPC), as a new- Property Control
generation cement-based material, exhibits unique

advantages in complex application scenarios such as bridges, 2.1. The Contradiction and Solutions for

thin-shell structures, and marine engineering, due to its UHPC Printability
compressive strength exceeding 120 MPa, excellent Traditional UHPC mix design aims for dense packing and
toughness, and durability. Simultaneously, 3D Printed ultra-high strength, utilizing a low water-to-binder ratio, high
Concrete (3DPC) technology, with its formwork-free cement content, and fine aggregate systems. This design
construction, design flexibility, and construction efficiency, is philosophy results in fresh UHPC exhibiting self-leveling
driving the construction industry towards intelligence and characteristics, with good fluidity under static conditions but
digitalization. Integrating UHPC with 3D printing technology low yield stress, making it difficult to meet the 3D printing
to form 3D printed ultra-high performance concrete (3DP- requirement for materials to maintain shape stability after
UHPC) holds the potential to break the limitations of  extrusion. Therefore, the mix design for 3DP-UHPC needs to
traditional construction on complex structures, achieving reconstruct the rheological property system while
synergistic innovation between high-performance materials maintaining mechanical performance.
and advanced manufacturing processes [1]. Research indicates that the rheological properties of 3DP-
However, the development of 3DP-UHPC faces a UHPC need to satisfy the dual requirements of "shear-
fundamental Challenge: the low water-to-binder ratio of thinning" and "rapid structural rebuﬂding"; during pump]ng
UHPC (typically 0.15-0.25), high binder material content, and extrusion stages, the material should have low plastic
and steel fiber incorporation significantly reduce its fluidity, viscosity to ensure smooth flow; after extrusion, it must
while the 3D printing process imposes stringent requirements rapidly develop sufficient static yield stress to support the
on the materials extrudability and buildability. How to endow weight of subsequent layers [2].

UHPC with good rheological properties while maintaining its . . . .
mechanical advantages has become the core issue in this 2.2. Nanomaterial Modification Strategies

research field. The incorporation of nanomaterials provides an effective
In recent years, scholars worldwide have conducted pathway to resolve the contradiction between UHPC rheology
extensive research on the material design, process and printability. Research teams at Purdue University
optimization, and structural performance of 3DP-UHPC. This successfully transformed the self-leveling characteristics of
article aims to systematically review the progress in this field, UHPC into high viscoplasticity using nanoclay modification,
summarizing developments in terms of rheological property and the addition of nanoclay showed no adverse effects on the
control, fiber reinforcement mechanisms, mechanical hardened mechanical properties.
performance characteristics, large-scale application, and The application of nano-silica demonstrates more
green sustainable development, analyzing existing challenges, comprehensive modification effects. Studies found that an

and outlining future research directions.
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appropriate amount of nano-silica can not only optimize the
printability of 3DP-UHPC but can also enhance mechanical
properties by promoting cement hydration and refining pore
structure. When using a Low-Cement UHPC (LC-UHPC)
system, the addition of nano-silica can further increase the 28-
day compressive strength, while the drying shrinkage
deformation is only 70% of that of ordinary UHPC[3].

When used in combination with nanoclay, hydroxypropyl
methylcellulose (HPMC) can significantly improve the water
retention and thixotropy of the material by adjusting solution
viscosity. A composite modification system combining
nanoclay and HPMC enables 3DP-UHPC to simultaneously
possess good pumpability, extrudability, and buildability,
forming a dense microstructure.

3. Fiber Reinforcement and
Mechanical Properties

3.1. Influence of Fibers on Printability

Steel fibers are a key component for UHPC to achieve
ultra-high mechanical performance, but their incorporation
significantly affects the materials rheological behavior. Fiber
length and dosage are critical parameters influencing the
extrudability and buildability of 3DP-UHPC [4].

Research shows that steel fiber length has the most
significant impact on extrudability—excessively long fibers
tend to cause clumping or clogging at the nozzle, while fiber
dosage primarily affects buildability, i.e., the ability to resist
deformation after extrusion. As the content of polypropylene
fibers increases, the green strength of the wet filament
gradually decreases, consistent with the trend of static yield
stress change.

3.2. Fiber Orientation and Anisotropy

The 3D printing extrusion process allows for the possibility
of fiber alignment within the flow field, a distinctive feature
of 3DP-UHPC compared to traditionally cast UHPC. During
the printing process, the extrusion pressure and shear forces
at the nozzle induce a preferential orientation of steel fibers
along the printing direction [5].

The effect of fiber orientation on mechanical performance
is dual. On one hand, the flexural strength along the printing
direction is significantly enhanced. Studies show that the
flexural strength of 3D printed specimens is substantially
higher than that of traditionally cast specimens. On the other
hand, this fiber orientation leads to pronounced mechanical
anisotropy: mechanical properties differ between the printing
direction and the perpendicular direction. A research team at
Southeast University developed high-performance 3DP-
UHPC based on fiber orientation design principles, achieving
improved utilization efficiency of steel fibers.

3.3. Mechanical Property Characteristics

At the material level, 3DP-UHPC exhibits excellent
mechanical properties. 3DP-UHPC modified with a
composite of nanoclay and HPMC can achieve compressive
strengths exceeding 160 MPa, which is higher than cast
specimens with the same mix proportion. This phenomenon
indicates that the printing process itself has a positive effect
on the densification of the microstructure.

Regarding impact resistance, 3DP-UHPC demonstrates
superior performance compared to traditionally cast UHPC.
In low-energy multiple-impact tests at 20J, 3DP-UHPC
withstood 4-6 and 5-7 impacts in the Z and Y directions
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respectively, higher than the 3-4 impacts for cast UHPC.
Under a high-energy single impact of 60J, although
specimens all experienced complete fracture, 3DP-UHPC
exhibited higher energy absorption capacity, primarily
attributed to the extrusion process-induced alignment of steel
fibers.

4. Large-Scale Applications and
Structural Performance

4.1. Practice of Printing Large-Scale
Components

The transition from laboratory research to engineering
application is a crucial stage in the development of 3DP-
UHPC. Utilizing an optimized UHPC mix, a research team at
Southeast University successfully printed an electric vehicle
canopy structure with a height of 2.38 meters, a base length
of 2.8 meters, and a width of 1 meter. The entire printing
process took only 201 minutes. This case demonstrates the
technical feasibility of 3DP-UHPC in manufacturing
medium-sized components [6].

Interlayer bond performance is a key issue for large-scale
printed structures. To improve interlayer bonding, researchers
have developed new interface enhancement methods,
effectively preventing interlayer failure. Simultaneously, to
address the particularities of mechanical property testing for
printed components, non-destructive surface treatment
techniques have been proposed to replace traditional cutting
or coring methods, ensuring the representativeness of test
results [7].

4.2. Structural Performance Verification

For verifying the structural performance of 3DP-UHPC
components, the combination of finite element simulation and
in-situ load testing is the primary method. Taking the 3D
printed UHPC electric vehicle canopy as an example,
researchers used a combination of finite element simulation
and "in-situ stepwise loading" tests to verify that the designed
component could meet the load requirements specified under
extreme weather conditions by the Chinese standard
GB50009-2012. Even when the upper structure was subjected
to a load of 4 kN/m?, the deflection was only 1/250 of the
cantilever length [8].

Comparative analysis shows that compared to 3D printed
reinforced concrete structures, unreinforced 3DP-UHPC
components achieved a weight reduction of approximately
40%, an 83% reduction in cross-sectional area, a 50%
reduction in labor, and a 90% reduction in construction time,
while the consumption of solid waste increased sevenfold.
This data indicates that utilizing the ultra-high strength of
UHPC to achieve unreinforced or reduced-reinforcement
design is an important direction for leveraging the technical
advantages of 3DP-UHPC.

4.3. Mechanical Behavior of Layered
Structures

The layered structural characteristics of 3DP-UHPC
determine the complexity of its mechanical behavior.
Researchers conducted experimental studies on bidirectional
3D printed laminated plates with different layer orientations.
The results show that the mechanical performance of the
laminated plates is closely related to the orientation of the
interlayer interfaces. By optimizing printing paths and
interlayer enhancement measures, the laminated plates



exhibited excellent overall mechanical performance, even
surpassing that of traditional cast components.

5. Green and Sustainable Development

The sustainable development of 3DP-UHPC faces two
major issues: reducing the carbon emissions associated with
high cement content and utilizing industrial solid waste to
replace natural resources. The development of low-cement-
content UHPC (LC-UHPC) systems provides an effective
pathway for this [9].

Research indicates that through binder system optimization,
LC-UHPC, while achieving excellent printing performance,
reduces carbon emissions by 45.2% compared to ordinary
UHPC, with drying shrinkage being only 70% of ordinary
UHPC. The degree of cement hydration increased by 57%
compared to ordinary UHPC, and the 28-day pore structure
was superior.

6. Challenges and Outlook

6.1. Current Research Bottlenecks

Although significant progress has been made in 3DP-
UHPC research, numerous challenges remain:

Lack of Standardization: Currently, there is a lack of
unified technical standards and testing methods for 3DP-
UHPC, leading to poor comparability of results between
different studies. Dedicated standard systems are needed,
ranging from material performance evaluation to structural
design methods.

Weak Interlayer Bonding: The inherent interfacial issues
of the layered structure are key to affecting the structural
integrity of 3DP-UHPC. Although interface enhancement
methods have been proposed, their long-term performance
and reliability require systematic verification.

Engineering Significance of Anisotropy: How to account
for the mechanical anisotropy induced by fiber orientation at
the structural design level still lacks systematic design theory
and calculation methods.

Insufficient Long-Term Performance Data: Limited
data exists on the durability, long-term creep, and shrinkage
characteristics of 3DP-UHPC, constraining its application in
main load-bearing structures

6.2. Future Development Directions

Looking ahead, 3DP-UHPC research can be deepened in
the following areas:

Intelligent Design Methods: Establish an intelligent 3DP-
UHPC mix design system combining machine learning and
particle packing models to improve design efficiency and
accuracy.

Synergistic Control of Process and Performance:
Establish  quantitative relationship models between
rheological properties, printing processes, and hardened
performance to achieve precise control of fiber orientation
and mechanical properties through process parameters.

Standard System Construction: Promote the formulation
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of standards for 3DP-UHPC material testing, quality
evaluation, and structural design to provide a basis for
engineering applications.

Full Life Cycle Assessment: Conduct full life cycle
environmental impact assessments of 3DP-UHPC, from
material production to structural service, to quantify its
sustainability advantages.

7. Conclusion

Research on 3D printed ultra-high performance concrete
has progressed from preliminary proof-of-concept to
systematic material design and structural application
exploration. At the material level, through nanomaterial
modification, mix proportion optimization, and fiber
parameter control, researchers are gradually overcoming the
contradiction between the printability of UHPC and its ultra-
high mechanical performance. At the process level, extrusion-
induced fiber orientation provides a new dimension for
mechanical property control but also presents the challenge of
anisotropy. At the application level, the successful printing of
large-scale components and the verification of structural
performance demonstrate the engineering potential of 3DP-
UHPC. The development of low-cement and geopolymer
systems opens new paths for the sustainable development of
this technology.
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