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Abstract: This study aims to investigate the bending performance of Ultra-High-Performance
Lightweight Concrete (UHPLC). By utilizing micro-expansion agents and high-performance materials,
we prepared a lightweight concrete to enhance its mechanical properties while reducing its self-weight.
In the experiments, we employed standard bending test methods to analyze the bending strength, strain
behavior, and failure mechanisms of UHPLC at different ages. The research results demonstrate that
UHPLC exhibits outstanding characteristics in terms of bending performance, offering potential for
wide-ranging applications.
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1. Introduction

Ultra-High-Performance Lightweight Concrete (UHPLC) is a structural material known for its
exceptional mechanical properties and lightweight characteristics, widely used in bridges, buildings,
and foundation engineering. In practical applications, the bending performance of UHPLC is a crucial
research area as it directly relates to the durability and reliability of structures. This study delves into
the bending performance of UHPLC, aiming to further enhance its performance through improved
formulations and production processes, providing a scientific basis for its engineering applications.

2. Materials and Methods
2.1 Selection and Characteristics of Raw Materials

2.1.1 Characteristics of Fly Ash

The application of fly ash in concrete is influenced by its physical and chemical properties. Firstly,
the fineness of fly ash directly affects the workability and flowability of concrete. Finer fly ash
contributes to improved concrete flowability, facilitating construction and casting. Secondly, the
chemical composition of fly ash plays a crucial role in the strength and durability of concrete.
Appropriate fly ash content and chemical composition can enhance the compressive strength of
concrete and improve its durability against sulfate attack and other factors. Therefore, in the
preparation of UHPLC, highly active fly ash with suitable chemical composition is essential to ensure
excellent concrete performance.[

2.1.2 Mechanism of Micro-Expanding Agents

Micro-expanding agents are commonly used additives in UHPLC, serving multiple purposes in
concrete. Firstly, micro-expanding agents can help disperse particles like fly ash in concrete, enhancing
the uniformity and flowability of the concrete mix. Secondly, micro-expanding agents exhibit
micro-expansion properties, contributing to improved concrete ductility and crack resistance. A deeper
understanding of the mechanism of micro-expanding agents can aid in better controlling concrete
properties and optimizing their application.”!

2.1.3 Selection of High-Performance Cement

High-performance cement plays a crucial role in UHPLC. Its selection must take into account its
chemical composition and hydration characteristics. High-performance cement typically exhibits high
early and long-term strength, which is vital to ensure the performance of UHPLC.P! Furthermore, the
hydration characteristics of high-performance cement must be compatible with other raw materials to
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ensure excellent workability and durability of the concrete.
2.1.4 Performance of Lightweight Aggregates

The application of lightweight aggregates in UHPLC can reduce the density of concrete while
maintaining its strength. Performance characteristics of lightweight aggregates include density, water
absorption rate, and particle shape, among others. The selection of lightweight aggregates needs to
consider these properties to ensure that the concrete achieves the desired lightweight properties.
Additionally, the performance evaluation of lightweight aggregates is a crucial step in optimizing
concrete mix designs, allowing for adjustments in aggregate types and quantities to achieve the best
lightweight performance.™

2.2 UHPLC Preparation Process

2.2.1 Formulation Design

The formulation design of UHPLC requires comprehensive consideration of the proportions of
various raw materials and the use of additives. Through rational formulation design, the desired
high-performance and lightweight characteristics can be achieved. Different application scenarios and
performance requirements may necessitate different formulation design strategies, making formulation
design a crucial step in the preparation of UHPLC.!!

2.2.2 Mixing of Raw Materials

Thorough mixing of concrete raw materials is essential to ensure the uniformity of the concrete mix.
Choosing suitable mixing processes and equipment can ensure that raw materials are evenly distributed
in the concrete, thereby enhancing concrete performance. The mixing process requires precise control
of mixing time and speed to ensure thorough blending of raw materials.[®

2.2.3 Mixing and Casting

Mixing and casting are critical stages in concrete preparation. During the mixing process, mixing
time, speed, and methods need to be accurately controlled according to the specific formulation design
and raw material characteristics. Casting techniques also have a significant impact on the uniformity
and density of UHPLC. Proper mixing and casting operations can ensure that concrete performance
meets requirements while reducing the occurrence of cracks and defects.

2.2.4 Curing

Curing is a crucial stage in the hardening and strength development of UHPLC. The proper
selection of curing conditions and duration is essential to ensure that UHPLC achieves optimal
mechanical performance and durability. The curing process must ensure that the concrete remains
adequately moist to promote cement hydration and reduce early-age cracking and shrinkage.

2.3 Testing Methods and Standards

2.3.1 Bending Test

Bending tests assess the flexural strength and ductility of UHPLC, particularly suitable for
structures subjected to bending loads. This method helps understand the performance and failure mode
of concrete under bending conditions.

2.3.2 Compression Test

Compression tests evaluate the compressive strength of UHPLC by subjecting samples to vertical
pressure to determine the maximum compressive strength. Sample preparation and testing follow
relevant standards, and stress-strain curves are analyzed to understand concrete performance.

2.3.3 Density Determination

Density determination methods and equipment are used to determine the density and porosity of
concrete, assessing lightweight characteristics and performance. Additionally, it serves as a quality
control measure for the production process, ensuring performance requirements are met.

2.3.4 Relevant Standards

Reference to international and national standards ensures test comparability and reliability, guides
test operations, and ensures that data have broad applicability and credibility.
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3. UHPLC Bending Performance
3.1 Analysis of Bending Strength at Different Ages

When assessing the performance of UHPLC, bending strength is a critical parameter, particularly
with a focus on its performance at different ages. Early-age Bending Strength: Early-age bending
strength is crucial for construction operations such as formwork removal. During the early age period,
the bending performance of UHPLC is influenced by the internal hydration reactions within the
concrete. Studies have shown that during the early age period, the bending strength of UHPLC
gradually increases, but the rate of increase gradually slows down. This is related to the gradual
weakening of hydration reactions and changes in the internal structure of the concrete. Mid-term and
Long-term Bending Strength: Mid-term and long-term bending strength are closely related to the
durability and longevity of structures. Through long-term testing, we have studied the bending strength
performance of UHPLC at different ages. Mid-term bending strength shows a trend toward stabilization,
indicating that the internal structure of the concrete gradually reaches a relatively stable state. However,
over an extended period, bending strength may slightly decrease, which could be attributed to the
extended age and material aging. This research provides important references for the bending
performance of UHPLC at different stages of use.

3.2 Strain Performance Study

3.2.1 Stress-Strain Relationship

The stress-strain relationship of UHPLC is one of the key parameters for assessing its bending
performance. We conducted comprehensive stress-strain tests to gain in-depth insights into the strain
performance of UHPLC. The test results show that UHPLC initially exhibits linear elastic behavior
under stress, then enters the yield phase, and eventually reaches the failure point. UHPLC has a
relatively high yield strength and excellent post-yield performance, demonstrating outstanding ductility.
This characteristic is crucial for resisting crack propagation under bending loads, thus enhancing
structural durability.

3.2.2 Crack Development Characteristics

The formation and propagation of cracks have a significant impact on the performance and
durability of UHPLC structures. We conducted in-depth research on crack development characteristics
in UHPLC through strain monitoring and microscopic observations. The research findings reveal that
microcracks in UHPLC primarily propagate along the aggregate-matrix interface, exhibiting typical
tensile failure characteristics. This crack propagation characteristic is closely related to the distribution
of aggregates and matrix mechanical properties of UHPLC, and it is of significant importance for
understanding crack formation mechanisms and controlling crack propagation.

3.3 Failure Mechanisms and Fracture Behavior

3.3.1 Failure Modes

UHPLC typically exhibits a tensile failure mode under bending loading. We provided detailed
descriptions of the failure modes of UHPLC at different ages, including the characteristics and
mechanisms of tensile failure. The study reveals that the failure modes of UHPLC exhibit similar
features at different ages, but with increasing age, the toughness of failure gradually improves. This
indicates that UHPLC demonstrates excellent tensile performance at different ages, which is crucial for
resisting failure under bending loading.

3.3.2 Fracture Behavior

The fracture behavior of UHPLC is essential for understanding its failure mechanisms. We
conducted an in-depth study of the fracture behavior of UHPLC, analyzing its fracture process, fracture
surface morphology, and fracture mechanisms. The research findings show that the fracture behavior of
UHPLC exhibits characteristics of ductile fracture, with flat inclined surfaces on the fracture surfaces.
The fracture mechanism primarily involves the interaction between tension and the aggregate-matrix
interface, which helps explain the tensile performance of UHPLC under bending loading.
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4. Impact of Microexpansive Agents
4.1 Mechanisms of Microexpansive Agents

Microexpansive agents are additives primarily responsible for improving the microstructure and
properties of concrete. The following is an in-depth discussion of the mechanisms of action of
microexpansive agents:

4.1.1 Crystal Morphology Control

Microexpansive agents can improve concrete performance by influencing the crystal morphology of
hydration products. These agents act as crystal seeds, guiding the growth of hydration products in
crystal structures more favorable for mechanical properties. This control can enhance concrete's
strength and crack resistance.

4.1.2 Optimization of Microscopic Pore Structure

Microexpansive agents can also create microscopic pore structures within concrete, and these
structures have a significant impact on concrete properties. By controlling the dosage and dispersibility
of the agents, the pore structure of concrete can be optimized, enhancing its density and resistance to
permeability.

4.1.3 Promotion of Chemical Reactions

The chemical components of microexpansive agents can facilitate beneficial chemical reactions
within concrete. For example, they can react with hydration products to form gel-like substances that
fill microcracks, thereby enhancing concrete's toughness and durability.

4.2 Influence of Agent Dosage on Performance
The dosage of microexpansive agents significantly affects the performance of UHPLC. The
following is a detailed analysis of how different agent dosages impact performance:

4.2.1 Strength and Toughness

The appropriate use of microexpansive agents can significantly enhance the compressive and tensile
strength of UHPLC. However, excessive dosage may increase the porosity within the concrete, leading
to a reduction in compressive strength. Therefore, precise control of agent dosage is required in
practical engineering.

4.2.2 Permeability Resistance

Optimal use of microexpansive agents can improve the permeability resistance of concrete,
reducing the chances of penetration by permeating media. This contributes to improved durability,
especially in harsh environmental conditions.

4.2.3 Microscopic Pore Structure

The dosage of agents directly affects the microscopic pore structure of concrete. Appropriate
amounts of expansive agents can form favorable microscopic pore structures for performance, while
excessive usage may result in excessive porosity, reducing concrete's density.

4.3 Microstructural Analysis

To gain a deeper understanding of the impact of microexpansive agents on the performance of
UHPLC, microstructural analysis is necessary. The following are some commonly used methods for
microstructural analysis:

4.3.1 Scanning Electron Microscopy (SEM) Analysis

SEM analysis is employed to observe the microstructure of concrete, including the morphology of
hydration products and pore structures. SEM images allow for the quantitative analysis of how
microexpansive agents influence concrete's microstructure.

4.3.2 X-ray Diffraction (XRD) Analysis

XRD analysis can determine the crystalline phase composition in concrete, aiding in understanding
the role of expansive agents as crystal seeds and their influence on crystal structure.
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4.3.3 Nuclear Magnetic Resonance (NMR) Analysis

NMR analysis can be used to study the distribution and mobility of water within concrete, revealing
the impact of microexpansive agents on the hydration process.

4.3.4 Thermal Analysis (TG-DTA)

Thermal analysis techniques can investigate the thermal properties of hydration products in
concrete, helping to understand the influence of microexpansive agents on hydration reactions.

Through these microstructural analysis methods, a more comprehensive understanding of the
mechanisms through which microexpansive agents affect the internal structure and performance of
UHPLC can be achieved.

5. Optimization of Microexpansive Agent Performance

In the research of Ultra-High Performance Lightweight Concrete (UHPLC) bending performance,
the optimization of microexpansive agent performance plays a crucial role. This chapter delves into the
types and selection of microexpansive agents, the optimization of agent dosage, and the preparation and
application of microexpansive agents, providing a more detailed and specific understanding and
practical guidance.

5.1 Types and Selection of Microexpansive Agents

5.1.1 Diversity of Microexpansive Agents

Microexpansive agents constitute a highly diverse category of materials with the common function
of forming tiny air bubbles or pores within concrete. In the process of preparing UHPLC, common
types of microscopic expansion agents include expanding clay minerals, hollow microbeads, organic
expansion agents, etc.

5.1.2 Selection of Microexpansive Agents

The selection of microexpansive agents is crucial in influencing the performance of UHPLC. When
choosing microexpansive agents, factors to consider include:

Bending performance requirements:

Different types of microexpansive agents have varying effects on the bending performance of
UHPLC, so the choice of agent should align with specific engineering requirements.

Cost-effectiveness: A balance needs to be struck between the cost of microexpansive agents and
their performance to ensure economic viability.

Sustainability: Consideration should be given to the sustainability and environmental friendliness of
microexpansive agents, favoring options with minimal environmental impact.

5.2 Optimization of Agent Dosage

5.2.1 Impact of Dosage on Performance

The dosage of microexpansive agents directly impacts the performance of UHPLC, and both
excessive and insufficient dosages may lead to performance degradation. Therefore, dosage
optimization is necessary.

5.2.2 Optimization Methods

Determining the optimal dosage of microexpansive agents can be achieved through experimental
studies and computational simulations. Through a series of tests and analyses, the required dosage of
microexpansive agents under different circumstances can be determined to achieve optimal
performance.
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5.3 Preparation and Application of Microexpansive Agents

5.3.1 Preparation Methods

The methods for preparing microexpansive agents vary depending on their type. Preparation
methods include but are not limited to:

Heat expansion: For certain materials like expanded clay, particles can be expanded through
heating.

Physical treatments: Physical methods, such as particle spraying, can alter particle shape and
structure.

Chemical reactions: Organic expansive agents typically require chemical reactions within concrete,
releasing gas and forming microscopic pores.

5.3.2 Application Methods

Microexpansive agents can be added to UHPLC through different methods, including premixing
and surface treatment. Selecting the appropriate application method ensures even distribution of
microexpansive agents within the concrete, maximizing their performance. Through these
considerations and optimization strategies, the use of microexpansive agents can be optimized to
enhance the performance of UHPLC.

6. Potential Value of UHPLC in Engineering Applications
6.1 Engineering Application Fields of UHPLC

Ultra-High-Performance Lightweight Concrete (UHPLC) demonstrates extensive potential value in
various engineering application fields due to its exceptional performance. Here are some key
engineering application areas:

Building Structures: UHPLC can be used in various building structures such as floor slabs, support
columns, and walls. Its high strength and lightweight properties make it an ideal choice for large-span
structures and high-rise buildings. Additionally, UHPLC can be utilized for repairing and strengthening
existing building structures, enhancing their seismic resistance and durability.

Bridges and Highways: In bridge and highway construction, UHPLC can be used to manufacture
lightweight beams, bearings, and bridge decks, reducing structural loads and improving durability. Its
excellent corrosion resistance also makes it an ideal choice for use in saline environments.

Tunnel Engineering: UHPLC excels in underground tunnel engineering. Its high strength and
resistance to permeability allow it to withstand groundwater pressure and chemical erosion, thereby
extending the tunnel's service life.

Marine Engineering: In marine engineering, UHPLC can be used to manufacture marine platforms,
dock structures, and underwater pipelines. Its lightweight characteristics make marine structures easier
to buoyantly support and install.

High-Performance Repairs: UHPLC can be employed for repairing aging and damaged concrete
structures such as bridges, dams, and reservoirs. Its high flowability and extremely low shrinkage
contribute to excellent bonding with existing concrete structures, prolonging their service life.

These application areas are just a few examples of where UHPLC can be applied in engineering. Its
outstanding performance and versatility make it an ideal material for many engineering projects,
offering higher performance and durability to various infrastructure and structures. Whether it's
improving seismic resistance in buildings or extending the lifespan of bridges, UHPLC brings new
possibilities and solutions to the engineering industry. However, to fully harness the potential of
UHPLC, challenges in engineering practice, including manufacturing costs, construction techniques,
and standardization, must be overcome.

6.2 Integration of Structural Design and UHPLC Optimization

6.2.1 Structural Design Optimization
The application of UHPLC needs to be integrated with structural design to fully utilize its
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performance. Structural design optimization includes rational selection of cross-sectional shapes,
arrangement of prestressing reinforcement, and stress analysis. These factors are closely related to the
performance of UHPLC and require careful consideration and coordination.

6.2.2 Material Optimization

Structural design optimization also involves material optimization. By selecting appropriate
microexpansive agents and dosages, the performance of UHPLC can be further enhanced to meet
specific structural requirements. This requires close collaboration between material scientists and
engineers to ensure material compatibility with the design.

6.3 Feasibility and Challenges in Engineering Practice

6.3.1 Feasibility

The application of UHPLC in engineering practice is feasible but requires addressing the following
issues to realize its potential value:

Raw Material Supply: A reliable supply chain for raw materials needs to be established to ensure
the quality and consistency of UHPLC.

Construction Techniques: Construction techniques need to adapt to the characteristics of UHPLC,
including its high strength and flowability. Workers need specialized training.

Economic Viability: The production cost of UHPLC is relatively high, necessitating a balance
between performance and economic feasibility.

6.3.2 Challenges

The application of UHPLC faces certain challenges that need to be overcome for successful
engineering practice:

Technical Training: Training of specialized engineers and workers is required to familiarize them
with the preparation and construction techniques of UHPLC.

Quality Control: Ensuring the quality and performance consistency of each batch of UHPLC is a
critical challenge that requires the establishment of an effective quality management system.

Sustainability: Environmentally friendly raw material choices and production processes need to be
considered for sustainability.

UHPLC has broad potential in engineering applications, offering durable and sustainable solutions
in various fields. When combined with performance optimization and structural design, its value can be
maximized. Despite challenges, these can be overcome through training, quality control, and
sustainability considerations, driving widespread adoption and providing efficient and sustainable
construction solutions.

7. Conclusion

This study focuses on the flexural performance of Ultra-High-Performance Lightweight Concrete
(UHPLC), which is achieved by incorporating microexpansive agents and high-performance materials
to enhance its mechanical properties while reducing its self-weight. Standard flexural tests demonstrate
that UHPLC exhibits outstanding flexural strength and strain performance at various ages, indicating its
wide potential for engineering applications. The research comprises three main sections: materials and
methods, flexural performance, and the influence of microexpansive agents. The fourth chapter
emphasizes the optimization of microexpansive agent performance, including the selection of types,
optimal dosages, and preparation methods. The fifth chapter explores the potential value of UHPLC in
engineering, encompassing applicable fields, structural design and optimization, as well as feasibility
and challenges in practical applications. In summary, this study provides a solid theoretical and
experimental foundation for the flexural performance of UHPLC, highlighting its extensive application
potential. However, actual implementation will require overcoming challenges such as raw material
supply, construction techniques, and economic considerations.
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