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Abstract: On another hand, in the construction field, enhancement of
concrete technology has played a vital role in meeting the needs of better
performance, sustainability, and durability of the infrastructure. In this
article we will provide a detailed comparison of five of the most advanced
concrete materials used today: Ultra High Performance Concrete (UHPC),
Self-Healing Concrete, Geopolymer Concrete, High Performance
Concrete (HPC) and Fiber Reinforced Concrete (FRC). These materials
have unique characteristics that make them suitable for specific forms of
engineering applications. Self-Healing Concrete is an experimental
technique that involves the remarkable concept of healing structural
integrity over a long time, while Ultra High Performance Concrete is well
known for exceptional strength and accuracy. Being a low carbon
footprint, eco-friendlier alternative Geopolymer Concrete uses about
50% to 90% less energy than the traditional cementitious binding matrix.
Because of its high strength and durability, HPC is suitable for
demanding applications, whereas FRC enhances concrete’s resistance to
cracking and dynamic loads. This review, therefore, delves into the
specific attributes, advantages, obstacles, and wide-ranging use cases
associated with these advanced materials with the objective of informing
the future direction of research and development in the concrete
technology industry.
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1. Introduction

Concrete is the most commonly used construction material, representing a large share of the world's
infrastructure. With demand for increased durability, performance, and sustainability, many studies have
been published on advanced concrete materials to outperform traditional concrete in strength, longevity,
and sustainability (Allen et al., 2023a). Conventional concrete is inexpensive and widely used, but it has
inherent weaknesses such as low tensile strength and high vulnerability to cracks, leading to reduced
longevity of edifices (Brown et al., 2023). New concrete technology developed to meet these challenges
has led to advanced concrete materials.

Ultra High Performance Concrete (UHPC) is one of the great innovations in this domain, offering
compressive and flexural strengths many times higher than that of conventional concrete. This material
is one of the most researched for structures requiring extreme strength and load-bearing elements, for
example, scaffolding and high-rises (Green et al., 2023). Though the great strength of UHPC also raises
guestions about its high cost and environmental impact that have yet to be investigated in detail (Smith
etal., 2022).
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Simultaneously, Self-Healing Concrete technology has emerged, which incorporates the ability of
concrete to self-heal cracks over time, thus significantly improving the durability and longevity of
concrete structures (Carter et al., 2023). This self-healing action is typically beneficial by embedding
healing agents (e.g., bacteria, encapsulated polymers) in materials to lower maintenance costs and
increase the service life of infrastructure (Anderson et al., 2023a).

Geopolymer Concrete (GPC) represents another innovation in the field, replacing conventional cement
with industrial by-products like fly ash and slag and activated by alkaline solutions. This new-generation
concrete with a significantly lower carbon footprint and similar strength and durability as moderate- or
high-strength concrete has been in the spotlight (Green et al., 2024). Since conventional cement
production raises environmental concerns, geopolymer concrete is perceived as a more sustainable
alternative (Walker et al., 2024).

Furthermore, High-Performance Concrete (HPC) focuses on enhanced durability, strength, and
workability compared to traditional concrete. HPC is utilized in applications behind a strong
presentation for demanding applications such as heavy-duty pavements, bridges, and exceeding
structures. Supplementary cementitious materials (SCMs) can improve the durability against chemical
attack and shrinkage of HPC (Hall et al., 2023).

Last but not least, Fiber-Reinforced Concrete (FRC), where fibers like steel, glass, or synthetic materials
are integrated into the mix used for building, has emerged as a crucial material for applications
demanding superior resistance to cracking, fatigue, and impact. The addition of fibers improves the post-
cracking behavior of concrete (Liu et al., 2023). This also leads to an increase in the use of FRC in
industrial flooring, pavements, and tunnel linings under dynamic loads (Lee et al., 2023a).

This paper discusses, compares, and explains five of the most innovative advanced concrete materials:
Ultra High Performance Concrete (UHPC), Self-Healing Concrete, Geopolymer Concrete, High
Performance Concrete (HPC), and Fiber Reinforced Concrete. This study aims to offer a comprehensive
overview of their key properties, performance metrics, ecological impact, and applications that could
inform the selection of suitable concrete materials for contemporary infrastructure projects.

2. Literature Review

High-performance and sustainable concretes with better strength and durability characteristics have been
achieved due to rapid evolution of concrete materials. With rising demand for high-performance
materials in the construction industry, researchers have investigated a variety of concrete alternatives
and enhancements, each of which can be used to address specific requirements for use in contemporary
infrastructure. This literature review brings together the most significant advances presented in the
literature of these five key categories of advanced concrete materials: Ultra High-Performance Concrete
(UHPC), Self-Healing Concrete, Geopolymer Concrete, High-Performance Concrete (HPC), and Fiber-
Reinforced Concrete.Ultra High Performance Concrete (UHPC) is the highest grade of concrete so far,
which has very high compressive strength and durability. It has been found that the incorporation of fine
powders, silica fume, and superplasticizers in UHPC can lead to compressive strengths greater than 150
MPa, allowing UHPC to essentially exceed the strength limitations of traditional concrete (Allen et al.,
2023a). The increased performance of UHPC is enabling its application in a variety of areas, including
bridges, tall buildings, and infrastructure with high durability and loading requirements (Brown et al.,
2023). Despite its exceptional properties, high cost and complex production processes remain significant
challenges for UHPC. Another concern is the environmental processing of UHPC production due to the
use of high-energy materials (Green et al., 2023).Self-Healing Concrete possesses the self-repairing
capability of cracks that evolves with time. Self-healing mechanisms are usually implemented by
embedding healing agents inside the composite, e.g., using bacteria or capsules containing healing
agents like epoxy or calcium carbonate (Carter et al., 2023). These agents are dormant, and when cracks
occur, they trigger a chemical reaction that seals the cracks, thereby prolonging the life of concrete
structures. This technology has been applied with promising results that improve the lifespan of
infrastructure, especially in environments subjected to water infiltration and freeze-thaw cycles
(Anderson et al., 2023a). Nevertheless, the cost and complexity of integrating self-healing agents into
concrete during production remain significant challenges to be solved for them to become widely used
(Wang et al., 2023).
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Geopolymer Concrete (GPC) utilizes industrial by-products such as fly ash, slag, or rice husk ash as the
primary material and activates them by using an alkaline solution. This alternative has attracted interest
because of its lower environmental impact than ordinary Portland cement-based concrete (Green et al.,
2024). Studies show that GPC can provide similar or even higher strength, durability, and resistance to
high temperatures and chemical attacks than that of conventional concrete (Walker et al., 2024).
Geopolymer concrete is suggested to be an eco-friendly alternative in the construction of pavements,
structures in aggressive environments, and high-temperature applications (Martin et al., 2024). Even
though these properties give favorable results, there are still some hindrances to the production of alkali
activators and challenges found in their mix design solidification that need additional research and
investigation (Taylor et al., 2023).

High-performance concrete is defined by certain characteristics: compressive strength, durability, and
workability. HPC is typically used in applications where normal-case concrete does not fulfill the
performance criteria (Walker et al., 2024) and must be employed in heavy-duty pavements, higher-rise
constructions, and bridges (Hall et al., 2023). Researchers have found that improved performance of
HPC can be achieved with the introduction of supplementary cementitious materials (SCMs) like fly
ash, silica fume, and slag (Taylor et al., 2023). HPC outperforms ordinary concrete; however, the trade-
offs must be balanced, including significantly high material costs, as well as potential sustainability
implications associated with the use of non-renewable material for its production (Walker et al., 2023).
Fiber-Reinforced Concrete (FRC) is a composite of concrete and fibers (metallic, polymeric, or glass)
for increasing its tensile strength, ductility, and cracking resistance. FRC has been extensively used in
the construction of pavements, tunnel linings, and industrial floors that require high resistance to
bending, impact, and fatigue loading (Liu et al., 2023). Various studies (Lee et al., 2023a) have shown
that the inclusion of fibers drastically improves the crack-resisting properties and post-fracture
performance of concrete, leading to superior durability. Nevertheless, the addition of fibers increases
the material cost and complicates the mixing and placement processes (White et al., 2023).

These advanced concrete materials, including UHPC, Self-Healing Concrete, Geopolymer Concrete,
HPC, and FRC, show significant advantages over regular concrete depending on the particular
application. UHPC and HPC offer high performance in terms of strength and durability, Geopolymer
Concrete provides a green alternative material in construction, and Self-Healing Concrete may minimize
maintenance needs in the long term. FRC provides superior performance in fields exposed to dynamic
loads. Nonetheless, obstacles around price, complexity of production, and lack of standardization
continue to present major hurdles for the broader commercialization of these materials. More research
is needed to solve these problems and to advance the materials for commercial applications.

3. Methodology

The study compared five advanced concrete materials (Ultrahigh Performance Concrete, self-healing
concrete, geopolymer concrete, high-performance concrete, and fiber-reinforced concrete). The
materials were graded according to their Compressive Strength, Durability, Cost, Sustainability,
Flexural Strength, Environmental Impact, Workability, and Main Applications.
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Figure 1. Concrete Material Evaluation Process.
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Step 1: Data Collection:

Data was sourced from credible research papers and industry reports. The properties of each material
were assessed and categorized into numerical values or qualitative scales (e.g., low, moderate, high).
Step 2: Parameters and Comparison:

Each parameter was analyzed for each concrete type:

. Compressive Strength and Flexural Strength were compared using MPa values.
. Durability, Sustainability, Workability, and Cost were ranked on qualitative scales.
. Environmental Impact was assessed based on production processes and CO; emissions.

Step 3: Visualization:

The data was presented in a table and visualized using separate bar plots for each parameter to aid in the
comparison of the materials' performance.

Step 4: Analysis:

The results were analyzed to highlight each material’s strengths and weaknesses, considering factors
like performance, cost, and sustainability.

The methodology helps identify the most suitable material for specific construction needs based on
performance requirements and environmental goals.

4. Results and Discussion

The comparative study of the tested five advanced concrete materials with respect to their different
properties clearly shows the difference between them. Concrete composite materials to those people, are
truly remarkable, including (but not limited to) Ultra High-Performance Concrete (UHPC), Self-
Healing Concrete, Geopolymer Concrete, High-Performance Concrete (HPC) and Fiber-Reinforced
Concrete. All these materials were compared on parameters like Compressive Strength, Durability, Cost,
Sustainability, Environmental Impact, Flexural Strength, Workability, and Main Applications.

Flexural Strength (MPa)

Figure 2. Comparison of Advanced Concrete based on Flexural Strength.

Environmental Impact

Figure 3. Comparison of Advanced Concrete based on Environmental Impact.
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Durability

Figure 4. Comparison of Advanced Concrete based on Durability.

Cost
4

Figure 5. Comparison of Advanced Concrete based on Cost.

Compressive Strength (MPa)

Figure 6. Comparison of Advanced Concrete based on Compressive Strength.
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Sustainability

Figure 7. Comparison of Advanced Concrete based on Sustainability.
Workability

K

Figure 8. Comparison of Advanced Concrete based on Workability.
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Figure 9. Comparison of Advanced Concrete based on Main Applications.
1. Compressive Strength (MPa):
The analysis finds UHPC to have the maximum compressive strength in the range of 150 MPa to 200
MPa. For applications where load-bearing capacity as per the requirement is high, UHPC can be used
in high-rise buildings, bridges, etc. (Green et al., 2023). Conversely, Self-Healing Concrete and
Geopolymer Concrete have compressive strengths lower than 100 MPa (40 MPa to 90 MPa and 40 MPa
to 80 MPa respectively), both of which can be used for moderate to high-performance infrastructure
(Carter et al., 2023; Green et al., 2024). Also, High-Performance Concrete (HPC) strength lies between
60 MPa and 100 MPa, and Fiber-Reinforced Concrete showed a range of 50 MPa to 120 MPa, with high
performance at moderate cost (Hall et al., 2023; Liu et al., 2023). (Refer to Figure 6.)
2. Durability:
Ultra High-Performance Concrete (UHPC) ranks among the very best in durability, characterized by a
high resistance to both cracking and chemical attack (Allen et al., 2023a). Its superior durability lends
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itself to demanding environments. Another advantage is that Self-Healing Concrete also exhibits high
durability, thanks to its self-healing capabilities; microcracks can be repaired over time, thereby
improving the longevity of structures (Carter et al., 2023). Due to its resistance to heat, acid, and alkali,
Geopolymer Concrete is formulated for extreme durability and works in aggressive environments
(Walker et al., 2024). In terms of moderate durability, High-Performance Concrete (HPC) does have
good environmental exposure resistance, but Fiber-Reinforced Concrete stands no chance against
chemical attacks (Taylor et al., 2023; White et al., 2023). (Refer to Figure 4.)

3. Cost:

The cost analysis reveals that Ultra High-Performance Concrete (UHPC) and Self-Healing Concrete are
the most expensive materials, primarily due to the specialized mix designs and production methods
required for these concrete types (Green et al., 2023; Wang et al., 2023). Geopolymer Concrete offers a
moderate cost advantage, as it utilizes industrial waste materials such as fly ash or slag, which are often
cheaper than traditional cement (Martin et al., 2024). High-Performance Concrete (HPC) and Fiber-
Reinforced Concrete are relatively more affordable, especially in terms of materials used, but the
addition of fibers in the latter can increase costs depending on the type of fibers chosen (Walker et al.,
2023; White et al., 2023). (Refer to Figure 5.)

4. Sustainability:

On the scale of sustainability, Geopolymer Concrete stands as the most eco-friendly material. Very low
carbon is achieved through the use of industrial by-products instead of cement, making the product a
revolutionary sustainable alternative (Green et al., 2024). A sustainable material by nature, Self-Healing
Concrete minimizes maintenance, thus reducing material waste over the years (Anderson et al., 2023a).
HPC and Fiber-Reinforced Concrete (FRC) offer moderate sustainability levels. Though both can help
reduce waste and enhance the durability of the material, they still depend on conventional cement, which
is problematic from an ecological perspective (Walker et al., 2023; White et al., 2023). Among the
sustainable concrete mixes, Ultra High-Performance Concrete (UHPC) is the least sustainable concrete
mix due to cement-intensive and energy-consuming production processes (Green et al., 2023). (Refer to
Figure 7.)

5. Flexural Strength (MPa):

Flexural strength is an essential property of concrete subjected to bending and tension. Derived with
fibers as an additional means of improvement towards flexural & tensile strength, Fiber-Reinforced
Concrete bears flexural strength of 40 MPa to 70 MPa (Liu et al., 2023). Ultra High-Performance
Concrete (UHPC) also has good performance in flexural strength, ranging from 30 MPa to 50 MPa
(Green et al., 2023). Flexural strength for normal concrete is 6 to around 20% less than compressive
strength, and for High-Performance Concrete (HPC), it is around 25 MPa to 60 MPa, which is generally
between 30% to 50% of compressive strength (Hall et al., 2023). Self-Healing Concrete and Geopolymer
Concrete exhibit lower flexural strengths of 10 MPa to 30 MPa, which could limit their applications in
structural design in scenarios where high bending resistance is required (Carter et al., 2023; Martin et
al., 2024). (Refer to Figure 2.)

6. Environmental Impact:

Geopolymer Concrete has the least environmental impacts due to its low CO: emissions during
production. These are considered one of the most eco-friendly concrete alternatives (Green et al., 2024).
The environmental impact is medium for Self-Healing Concrete because the self-healing property will
reduce the need for repair and has a low long-term environmental impact (Anderson et al., 2023a). Both
High-Performance Concrete (HPC) and Fiber-Reinforced Concrete fall into the moderate category for
environmental impact, since both still use cement and have the potential for a high carbon footprint
(Walker et al., 2023; White et al., 2023). However, due to the high cement content and energy-intensive
methods of production, Ultra High-Performance Concrete (UHPC) has the highest environmental
impact (Green et al., 2023). (Refer to Figure 3.)

7. Workability:

Workability-wise, Geopolymer Concrete has the best workability as it can be used like normal concrete
without special handling (Martin et al., 2024). When combined with fibers to improve tensile strength
and durability, Fiber-Reinforced Concrete maintains good workability (Liu et al., 2023). Self-Healing
Concrete has moderate workability as it may require special agents/additives for self-healing capabilities
(Carter et al., 2023). The dense mix designs of High-Performance Concrete (HPC) and Ultra High-
Performance Concrete (UHPC) lead to low workability, which requires meticulous handling and
specialized methods for construction (Hall et al., 2023; Green et al., 2023). (Refer to Figure 8.)
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8. Main Applications:
The properties of each type of concrete as described above largely determine its application. Ultra High-
Performance Concrete (UHPC) can be used for high-performance structures including bridges, high-rise
buildings, and applications requiring exceptional strength and durability (Green et al., 2023). Self-
Healing Concrete is primarily suited for infrastructure repair and long-lasting pavements, as its capacity
to self-repair cracks can significantly increase the lifespan of structures (Carter et al., 2023). A strong
contender for green building projects, Geopolymer Concrete is tailor-made for sustainable infrastructure
and waste reduction, as it makes use of recycled materials (Martin et al., 2024). HPC is usually used for
structures with high loads like heavy-duty pavements and other large buildings (Hall et al., 2023). Fiber-
Reinforced Concrete (FRC), which has increased flexural strength and enhanced crack resistance, is a
great option for use in pavements, precast elements, and seismic-resistant structures (Liu et al., 2023).

(Refer to Figure 9.)

Table 1 Summary of Parametric Comparison of Advanced Concreate.

Ultra High- . . Fiber-
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Durability resistance to | (depends on Ee:gth (gacsilgtan';rfg resistance to | (improved
cracking, chemical | healing alkaii) ' environmental impact
attack) efficiency) exposure) resistance)
. . Low to
Cost High High Moderate Moderate Moderate
. Moderate
Low (high energy ngh_ (reduces Very High (low Moderate (cgn (reduces
. ; = | repair costs, reduce  material .
Sustainability consumption in - energy, low CO: : cracking,
! reduces material . waste in  some | .
production) waste) footprint) cases) increases
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5. Conclusion

The analysis of these five novel concrete materials, in terms of compressive strength, durability, cost,
sustainability, and workability, reveals the potential and limitations of each material. Ultra High-
Performance Concrete (UHPC) exhibits outstanding strength and durability but is costly in terms of
environmental impact. Self-Healing Concrete is costly but provides great durability and sustainability.
Geopolymer Concrete has low environmental impact and excellent sustainability but lacks the high
strength seen in UHPC. High-Performance Concrete (HPC) is a good trade-off between performance
and cost, and so Fiber-Reinforced Concrete has the best flexural strength and impact resistance, making
it the best option for certain structural applications. Concrete used should be appropriate to the
requirements of the project in terms of load-bearing capacity, environmental impact, durability

specifications, etc.
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