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ABSTRACT

Modern infrastructure heavily relies on concrete, the most widely utilized building material
globally, owing to its versatility and affordability. Extensive research in concrete technology has
resulted in a diverse array of concrete types suitable for applications ranging from constructing
skyscrapers to paving highways. There is a growing demand for concrete composites that can
meet stringent criteria for functionality, including high compressive strength, durability, and

superior thermal properties.

Over the past century, concrete technology has seen significant advancements, with high-
strength concrete evolving from 30 MPa to over 100 MPa. Ultra-high-performance concrete
(UHPC) has emerged as a versatile material with numerous applications in construction. Its
exceptional durability suggests the potential for reinforced structural elements that exceed
current economic feasibility limits, while also offering low maintenance costs, particularly in

challenging and demanding concrete environments.

The objective of this research was to create Ultra-High-Performance Concrete (UHPC) utilizing
locally sourced materials. The compressible packing model technique was employed to enhance
particle arrangement within ternary materials. Different quantities of materials such as silica
fume, limestone, recycled brick powder and glass powder were experimented with in multiple
smaller mortar mixtures. Both fresh properties and hardened mix compressive strength were

assessed to achieve a blend with superior strength and exceptional workability.

The research findings indicate that achieving an ideal mixture is challenging due to the inherent
need for compromises in recipe construction, where satisfying all criteria fully is rarely possible.
The finalized concrete mix featured a water-to-binder ratio of 0.18 percent, a superplasticizer
solid content of 1.25 percent by weight, and a maximum fine aggregate size of 600um.
Consequently, the resulting concretes exhibited compressive strengths surpassing 120 MPa

without the addition of fiber reinforcement, while also displaying self-consolidating properties.
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CHAPTER1

INTRODUCTION

1.1 Background:

Cement, an ingeniously crafted substance, has significantly contributed to human advancement
over the past few decades. Factors such as the availability of raw materials, low production
costs, increasing strength over time, and long-lasting durability have led to a swift expansion of
the infrastructure sector [1]. The importance of cement is so profound that its usage has been
found to directly influence the growth of economies globally. The global annual cement usage
has seen a twofold increase in the past decade, rising from 1.85 billion tons in 2003 to 3.71
billion tons in 2012 [2]. Concrete, the most prevalent building material, consists mainly of

cement.

Since the dawn of civilization, it has been recognized that concrete is a superior material for
construction. The first known use of concrete for building structures dates to around 6500 BC in
what is now Syria and Jordan [3]. Over the course of history, concrete has been employed in the
creation of some of the world’s most iconic structures. Enduring marvels of concrete
construction include the Great Wall of China and the Great Pyramid of Giza [4]. The Roman
Pantheon, built approximately 2600 years ago, boasts the largest dome made of unreinforced
concrete of any ancient or modern structure [5]. The creators of these concrete structures utilized
simple ingredients such as gypsum, limestone, broken rice, and clay [6]. The modern concrete
structures we see today were made possible by technological advancements that enabled the
production of large volumes of concrete with strict quality control at remarkably low costs [7].
Examples of modern concrete wonders constructed around the world include the Itaipu Dam, a
gravity dam on the border between Paraguay and Brazil; the Burj Khalifa, the world’s tallest
structure; and the Panama Canal [8]. The tallest bridge in the world, the Millau Viaduct, and the
longest bridge in China’s Danyang-Kunshan Grand Bridge, which spans 102 miles, are further

examples of the impressive structures achieved with concrete [9].

Owing to its versatility, concrete is a subject of continuous improvement efforts by researchers.

In various applications, concrete is combined with non-concrete elements to form a functional



and aesthetically pleasing composite. The design of such a concrete composite is influenced by
numerous factors, including the architectural design of the structure, the availability of raw
materials, the type of load the system will bear, the required flexural and compressive strengths,
the environment in which the structure is located, the expected lifespan of the design, the project
budget, and more [10]. Given the numerous challenges that can delay a construction project and
the ever-expanding potential uses of concrete, the introduction of functional concrete composite
materials into scientific discussions is timely. This category includes cement-based composites
with a high concentration of secondary cementitious materials, cement-free composites such as

non-hydraulic cementitious materials, and alternative replacement materials.

The current research is centered on substituting cement with recycled industry wastes and
Secondary Cementitious Materials such as brick waste, glass powder, and silica fume as well as
fillers like limestone powder. The goal is to attain specific practical objectives like ultra-high
strength and durability while making our mix greener. This approach also results in cost
reduction and aims to achieve specific, realistic targets such as ultra-high strength, enhanced
durability, and improved workability and mechanical properties.

1.2 Ultra-High-Performance Concrete:

Ultra-High-Performance Concrete (UHPC) is a specialized form of concrete known for its
greater durability and strength. It is defined by its impressive compressive strength of greater
than 17,000 psi (120 MPa) and is enhanced with fibers to meet specific requirements for
durability, ductility, and toughness. UHPC is a blend of various components including Portland
cement, supplementary materials, reactive powders, and water reducers. Its formulation allows
for compressive strengths beyond 29,000 psi (200 MPa) and flexural strengths up to 7,000 psi
(48 MPa) when combined with fibers like steel, PVA, or carbon. The material’s dense matrix
and low permeability offer excellent protection against corrosion and other forms of degradation,
making it ideal for long-lasting structures. UHPC’s high flow characteristics also make it self-
compacting, simplifying construction by reducing the need for reinforcing steel in certain

applications.

While Ultra-High-Performance Concrete (UHPC) offers significant advantages in durability and
strength, it does come with certain drawbacks. One of the primary disadvantages is the higher

5



upfront cost compared to traditional concrete. This can be a deterrent for smaller projects where
the long-term cost benefits of UHPC’s durability may not be fully realized [11]. Additionally,
the production of UHPC is associated with higher carbon emissions due to the energy-intensive
materials used in its composition, such as Portland cement, which requires 5 GJ of energy per
ton and emits 1 ton of CO2 for each ton of cement produced [12]. These factors contribute to the
environmental footprint of UHPC, making it a less sustainable option in terms of immediate cost

and carbon emissions despite its long-term benefit [13].

1.3 Materials:
1.3.1 Cement:

BESTWAY Ordinary Portland Cement of Grade 53, Type 1 conforming to ASTM-150 was used
throughout the research process. The cement has the fineness modulus of 3100-3200 cm2/g and

sieve residue greater than 45 pm.

1.3.2 Secondary Cementitious Materials:

1.3.2.1 Silica Fume (SF):

Silica fume or micro silica is a waste by production of silicon and ferrosilicon alloys. It is a
highly pozzolanic material which means it reacts with calcium hydroxide to form compounds
possessing cementitious properties. In concrete technology, silica fumes are valued for its ability
to enhance durability and mechanical properties of concrete. When added to concrete, it
significantly improves the material's compressive strength, reduces permeability, and increases
resistance to sulfate attack, making it ideal for high-performance applications in aggressive

environments [14].

However, the use of silica fumes is not without its drawbacks. The material can be challenging
to work with because of its finer particles, which can lead to issues with dispersion and
workability of the concrete mix. Additionally, the production of silica fume is energy-intensive,
and its incorporation into concrete can increase the overall cost of the construction material.

Despite these challenges, the benefits of silica fume, particularly in terms of enhancing the

6



durability and extending the service life of concrete structures, often outweigh the disadvantages
[15].

1.3.2.2 Glass Powder (GLP):

Recycled glass powder (RGP) is emerging as a sustainable alternative in concrete technology,
offering both environmental and performance benefits. As a pozzolanic material, RGP can
partially replace cement in concrete production, enhancing the durability and mechanical
properties of the resulting material. This substitution not only contributes to the reduction of
cement consumption but also addresses the issue of glass waste disposal, promoting a circular

economy approach [16].

However, the integration of RGP in concrete is not without challenges. The variability in
chemical composition and the presence of impurities can complicate the recycling process,
potentially affecting the consistency of the concrete. Moreover, the fine particle size of RGP can
lead to workability issues, requiring careful mix design and handling. Despite these drawbacks,
the use of RGP in concrete shows a significant milestone in sustainable construction practices,
leveraging waste materials to create durable and high-performance concrete structures [17].

1.3.2.3 Limestone Powder (LP):

Limestone powder (LP) is gaining attention in concrete technology as a sustainable material that
can enhance concrete properties while reducing environmental impact. LP can be used as a
replacement for cement, which helps in lowering CO2 emissions associated with cement
production. It contributes to the concrete's mechanical strength and can improve the shrinkage
behavior of the cementitious system due to its filler and nucleation effects. The use of LP also
aligns with the construction industry's shift towards sustainable practices by utilizing waste
materials effectively [18].

However, the benefits of LP come with certain drawbacks. The variability in the chemical
composition of recycled limestone can affect the consistency and performance of the concrete.
Additionally, high dosages of LP may lead to particle agglomeration, which can reduce its

effectiveness in controlling shrinkage. Despite these challenges, the incorporation of LP in



concrete presents a promising approach to creating more sustainable and durable construction

materials, balancing environmental benefits with performance requirements [19].

1.3.2.4 Recycled Brick Waste (RBW):

Recycled brick powder (RBP), derived from the crushing and grinding of waste bricks, is
increasingly being used as a supplementary cementitious material in concrete technology. Its fine
particle size allows it to act as a filler, improving the density and mechanical properties of
concrete. RBP can partially replace cement in the mix, contributing to cost savings and reducing
the environmental impact associated with cement production. Moreover, the pozzolanic
reactions between RBP and calcium hydroxide can enhance the strength and durability of

concrete, making it a valuable resource for sustainable construction practices [20].

However, the use of RBP is not without challenges. The variability in the chemical composition
of recycled bricks can lead to inconsistencies in concrete performance. Additionally, high levels
of RBP can increase the water demand of the mix, potentially affecting workability and strength.
Despite these drawbacks, the incorporation of RBP in concrete represents a step towards more
environmentally friendly construction methods, utilizing waste materials to create durable and

cost-effective building solutions [21].

1.3.3 Super-plasticizer:

Sika-ViscoCrete-3110 is a high-performance superplasticizer that improves the workability and
performance of concrete. It is part of the Sika Visco-Crete range of admixtures, designed to
improve the properties of concrete and reduce its water content without compromising its
strength. It is a polycarboxylate-based superplasticizer that is highly effective in reducing the
viscosity of concrete mixtures, which makes them more flowable and easier to place and finish. It
is typically used in high-strength concrete applications, such as precast concrete, ready-mix

concrete, and self-consolidating concrete.

Overall, Sika-ViscoCrete-3110 is a versatile and effective superplasticizer that can improve the

performance and quality of concrete in a wide range of applications [22].



1.3.4 High Carbon Steel Wires

High carbon steel wires, locally manufactured in Lahore with a diameter of 0.2mm and a length
of 13mm, constitute a vital component within our sustainable Ultra-High-Performance Concrete
(UHPC) mix. These wires embody Lahore's industrial prowess and commitment to excellence in
metallurgical engineering. Their integration into our project not only enhances the concrete's
structural integrity and tensile strength but also reflects our dedication to sustainability by
utilizing locally sourced materials. Through this strategic amalgamation of robust materials and
eco-conscious construction practices, high carbon steel wires play a pivotal role in reinforcing

our UHPC application while minimizing environmental impact [23].

1.4 Objectives:
This research aims to achieve the following objectives by conducting the study:

1. Develop Ultra-High-Performance Concrete (UHPC) utilizing locally sourced materials to
reduce environmental impact and promote sustainability in construction practices.

2. Investigate strategies for reducing cement content in UHPC formulations while maintaining
or enhancing mechanical properties and durability.

3. Explore the feasibility and benefits of replacing traditional fibers in UHPC with high carbon
steel wires, assessing their effectiveness in enhancing tensile strength and crack resistance.

4. Conduct a Life Cycle Cost Analysis (LCCA) to comprehensively evaluate the economic
viability and long-term sustainability of UHPC formulations incorporating locally sourced
materials.

1.5 Scope of the research:

This research project focuses on optimizing and developing sustainable Ultra High-Performance
Concrete (UHPC) using locally sourced materials to minimize environmental impact in
construction. It will explore strategies for reducing cement content while maintaining or
enhancing mechanical properties, investigate the feasibility of replacing traditional fibers with
high carbon steel wires, and conduct a Life Cycle Cost Analysis (LCCA) to evaluate economic

viability and long-term sustainability.



CHAPTER 2

LITERATURE REVIEW

2.1 Historical Background:

The historical background of Ultra High-Performance Concrete (UHPC) can be traced back to
the late 20th century, with significant developments occurring primarily in Europe and North
America. UHPC represents a culmination of advancements in concrete technology aimed at

achieving exceptional strength, durability, and performance characteristics.

The concept of UHPC emerged as a response to the growing demand for concrete with superior
mechanical properties and durability, particularly in infrastructure projects where conventional
concrete fell short [23]. In the late 1980s and early 1990s, research initiatives in France,
Germany, and the United States began exploring novel materials and mix designs to push the

boundaries of traditional concrete [24].

One of the pivotal milestones in the development of UHPC was the pioneering work conducted
by researchers at the French materials research institute, LCPC (now IFSTTAR), and the French
construction materials company, Bouygues. In the early 1990s, they introduced Ductal®, a
proprietary UHPC formulation characterized by its ultra-high compressive strength, exceptional
durability, and excellent ductility [25].

Simultaneously, research efforts in Germany led to the development of similar materials under
various names such as Compact Reinforced Composite (CRC) and Compact Reinforced
Concrete (CRC), emphasizing their high compressive and tensile strengths, as well as enhanced

durability.

In North America, the National Cooperative Highway Research Program (NCHRP) initiated
research projects in the late 1990s to investigate the feasibility and applications of UHPC in
infrastructure projects [26]. This led to the development of guidelines and specifications for
UHPC in bridge construction by organizations such as the American Association of State
Highway and Transportation Officials (AASHTO) and the Federal Highway Administration
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(FHWA).

Over the years, UHPC has gained traction globally and has been increasingly utilized in a wide
range of applications, including bridges, buildings, marine structures, and prefabricated
elements. Its remarkable mechanical properties, such as high strength, low permeability, and
enhanced durability, have made it an attractive choice for projects requiring superior

performance and longevity [27].

Today, UHPC continues to evolve with ongoing research and innovation aimed at further
enhancing its properties, optimizing mix designs, and expanding its applications across diverse
sectors of the construction industry [28]. As sustainability becomes increasingly important,
efforts are also underway to incorporate recycled materials and reduce environmental impacts in

UHPC production processes [29].

2.2 Advantages of UHPC

e UHPC has exceptional durability, resistant to cracking, freeze and thaw cycles, and harsh
chemicals. It is also very less porous, resulting in excellent resistance against aggressive

environments.

e UHPC with exceptional strength, exceeds normal concrete by 5-10 times. This allows for
thinner members in structural design while maintaining load-bearing capacity. It has a

compressive strength 10 times that of traditional concrete.

e Normal concrete used in bridges has a compressive strength of 20 to 35 Mpa, while
UHPC has a compressive strength above 120 Mpa.

e UHPC has a high strength of about 10 Mpa, compared to traditional concrete which has a
tensile strength of 2-5 Mpa. Moreover, UHPC can retain high tensile strength properties

for more than 100 years.

e UHPC materials are very resistant to abrasion, as is evident from their abrasion resistance
factor. UHPC shows excellent resistance to abrasion, nearly twice as resistant as normal

concrete.

e UHPC mixtures consist of small-sized particles, which contribute to its superior
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properties.

e Despite its higher initial cost, the long-term benefits of UHPC, such as reduced

maintenance and longer lifespan, make it a cost-effective choice for many applications.

e UHPC shows good performance under seismic loads, making it a suitable material for

construction in earthquake-prone areas.

e UHPC is widely utilized in heavy reinforced concrete sections for long-span bridges,
high-rise buildings, mass concrete, mat/raft footings, tunnels, and structural repairs.

2.3 Water-Reducing Agent (HRWR):

2.3.1 Super-plasticizer

A type of admixture called a superplasticizer is added to concrete mixtures to improve
workability without reducing strength. Superplasticizers are high-range water reducers that can
lower the water content of concrete mixtures without affecting the consistency of the final
product. By lowering the water-cement ratio, the resulting concrete gains strength, and
durability.

Superplasticizers come in a variety of forms, such as polycarboxylate ether (PCE), sulfonated
melamine formaldehyde condensate (SMF), and sulfonated naphthalene formaldehyde
condensate (SNF). Depending on the application and performance requirements, each type has a

unique set of benefits and drawbacks.

Superplasticizers, also referred to as high-range water reducers, are water-soluble polymers that
are intended to significantly lower the water content (up to 12-30%) in concrete mixes while
maintaining the desired level of workability or slump, according to Gagne et al. [5]. Unlike what
was previously stated, these polymers have a high molecular weight. Superplasticizers' efficacy
is influenced by several variables, including their chemical makeup, dosage, and compatibility

with other admixtures and cementitious materials.

Superplasticizers (SP) are chemical admixtures that improve the workability of cementitious
systems, according to Rizwan et al. [6], particularly in High-Performance Self-Consolidating
Concrete (HP SCCS), where a low mixing water content is necessary for improved durability of
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the resulting structures. Superplasticizers are therefore thought to be necessary for achieving the
desired level of workability without sacrificing the concrete's strength and durability.
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2.4 Secondary Raw Materials:

2.4.1 Silica Fume:

Silica fume, a byproduct of silicon manufacturing, boasts a finer particle size compared to
Ordinary Portland Cement (OPC) due to its processing technique, leading to a denser cement
paste matrix. Its extensive surface area makes it an optimal nucleation site for early cement
hydration phases. Both densified and un-densified silica fume variants are available, with
densified forms favored in Ultra High-Performance Concrete (UHPC) and standard concrete due
to their higher bulk density. However, silica fume's tendency to agglomerate poses challenges
for concrete workability, necessitating the development of techniques to mitigate this issue.
Furthermore, silica fume's pozzolanic properties contribute to pore size reduction, enhancing the
mechanical properties of the matrix. Its reactivity, aided by its minuscule particle size and
abundant reactive silica content, facilitates rapid property development compared to other
cementitious materials [21]. Nano-silica, an even finer variant, finds application in various
UHPC mixes, with its small particle size enhancing reactivity, albeit posing dispersion
challenges even with dispersing chemical admixtures, potentially impacting mechanical

properties due to particle agglomeration.

2.4.2 Glass Powder (GLP):

Glass powder, derived from finely ground waste glass, presents a viable alternative to traditional
supplementary cementitious materials in Ultra High-Performance Concrete (UHPC). Its particle
size, typically finer than that of Ordinary Portland Cement (OPC), contributes to a denser cement
paste matrix, like silica fume. The extensive surface area of glass powder enhances its role as a
nucleation site during the early stages of cement hydration, promoting a more compact
microstructure. Studies have shown that glass powder can be sourced in various forms, including
cullet and ground glass, with finely ground glass powder being particularly advantageous in
UHPC applications due to its higher reactivity.

One of the primary benefits of incorporating glass powder into UHPC is its pozzolanic
properties, which contribute to pore size reduction and enhanced mechanical properties of the
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concrete matrix. The high silica content and fine particle size of glass powder facilitate rapid
property development, making it a suitable substitute for other pozzolanic materials. However,
challenges such as alkali-silica reaction (ASR) must be addressed to ensure long-term durability.
Researchers like Shao et al. (2000) and Chen et al. (2006) have demonstrated the strength-
enhancing effects of glass powder in cementitious systems, highlighting its potential to improve
both compressive and tensile strengths.

Furthermore, the use of glass powder in UHPC not only enhances performance but also
contributes to environmental sustainability by recycling waste glass, reducing landfill usage, and
lowering the carbon footprint of concrete production. Recent studies by Tittarelli et al. (2018)
and Islam et al. (2019) [12] confirm the benefits of using glass powder in concrete mixes, noting
improvements in durability and resistance to chemical attacks. While the dispersion of glass
powder particles can pose challenges, the use of appropriate chemical admixtures can mitigate

these issues, ensuring uniform distribution and optimal performance.

2.4.2.1 Application:

e Glass powder can be used as a partially replacement to Portland cement in concrete
production, offering a cost-effective alternative. By incorporating waste glass powder,
the overall cost of UHPC can be reduced while maintaining or enhancing its performance

characteristics.

e Like other pozzolanic materials, only the amorphous form of glass powder is suitable for
use in concrete production. The amorphous glass powder possesses high pozzolanic
reactivity, contributing to the formation of additional calcium silicate hydrate (C-S-H)
gel, which enhances the strength and durability of UHPC.

e The use of glass powder in UHPC can significantly improve both compressive and
flexural strengths, resulting in a more robust and durable structure. Studies have shown
that glass powder can enhance the mechanical properties of concrete, making it suitable
for high-performance applications.

¢ Incorporating glass powder into UHPC can improve its workability, making the mixture

easier to handle, compact, and place. This is particularly beneficial in complex structural
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elements where workability is crucial for achieving uniformity and reducing voids.

e The use of glass powder in UHPC can help reduce the risk of thermal cracking and
shrinkage cracks, especially in large concrete pours. This is due to the finer particle size

and pozzolanic activity, which contribute to a denser and more cohesive matrix.

e Glass powder can reduce the number of voids and the permeability of concrete, resulting
in a more impermeable and durable structure. This property is particularly advantageous

in environments exposed to aggressive chemicals or freeze-thaw cycles.

e Glass powder can contribute to a workable mixture that requires less water, enhancing

the water-cement ratio and leading to improved mechanical properties and durability.

e The use of waste glass powder in UHPC promotes environmental sustainability by
recycling waste materials, reducing landfill usage, and lowering the carbon footprint
associated with cement production.

2.4.3 Lime Powder (LP):

Limestone powder, derived from finely ground high-purity limestone, is an effective
supplementary cementitious material for Ultra High-Performance Concrete (UHPC). Its fine
particle size, typically finer than that of Ordinary Portland Cement (OPC), enhances the packing
density of the cement paste matrix, like the effects of silica fume. This improved packing density
results in a denser microstructure and enhanced mechanical properties of the UHPC. The
extensive surface area of limestone powder also acts as an effective nucleation site during the
early stages of cement hydration, promoting the development of a more compact and robust

microstructure.

Incorporating limestone powder into UHPC offers several benefits. Its primary advantage lies in
its filler effect, which improves the overall particle packing and reduces the porosity of the
concrete matrix. This leads to enhanced compressive and flexural strengths, making the concrete
more resilient to mechanical stresses. Additionally, the use of limestone powder accelerates the
early hydration process, contributing to the early strength development of UHPC. Although
limestone itself is not a pozzolanic material, its interaction with other pozzolanic components

such as silica fume and fly ash can enhance the pozzolanic reactions, further improving the
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mechanical properties and durability of the concrete.

Environmental sustainability is another significant benefit of using limestone powder in UHPC.
By partially replacing Portland cement with limestone powder, the carbon footprint of concrete
production is reduced. This substitution not only lowers greenhouse gas emissions but also
promotes the use of a more sustainable and cost-effective material. Furthermore, limestone
powder enhances the workability of the UHPC mix, making it easier to handle, compact, and
place, which is particularly beneficial for complex structural elements. Researchers such as
Berodier and Scrivener (2014) and Lothenbach et al. (2011) [14] have highlighted the positive
impact of limestone powder on the hydration Kkinetics and microstructure of cementitious
systems, demonstrating its potential to improve both the performance and sustainability of
UHPC.

2.4.3.1 Application:

e The incorporation of limestone powder in Ultra High-Performance Concrete (UHPC)
enhances various properties and performance metrics, making it a valuable component in
advanced concrete formulations. Limestone powder serves multiple roles in improving

the durability and mechanical characteristics of concrete.

e Limestone powder contributes to higher ultimate strength in UHPC by filling voids in the
cement matrix, resulting in a denser and stronger material. This effect is similar to the
role of supplementary cementitious materials, providing additional nucleation sites for

hydration.

e The fine particles of limestone powder improve the workability of concrete mixes. This
increased workability facilitates easier handling, placing, and finishing of concrete,

which is crucial for complex structural elements and intricate designs.

e Limestone powder reduces the permeability of concrete by filling microscopic voids and
improving the particle packing density. This results in a more impermeable structure,

enhancing the durability and longevity of the concrete.

e The use of limestone powder in UHPC helps moderate the heat of hydration, reducing the

risk of thermal cracking. This is particularly beneficial for large pours and mass concrete
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applications where temperature control is critical.

e Limestone powder enhances the chemical resistance of concrete by contributing to a
denser microstructure, which reduces the ingress of harmful substances such as chlorides
and sulfates. This improvement extends the lifespan of concrete structures exposed to

aggressive environments.

e The addition of limestone powder can help mitigate the risk of ASR, a deleterious
reaction between reactive silica in aggregates and alkali hydroxides in cement. By
reducing the availability of free alkalis, limestone powder minimizes the potential for

ASR-related damage.

e Utilizing limestone powder in UHPC promotes sustainability by reducing the reliance on
Portland cement, which has a high carbon footprint. Limestone powder, being a naturally
occurring and abundant material, lowers the environmental impact of concrete

production.

e Limestone powder is a cost-effective alternative to other supplementary cementitious
materials. Its use can reduce the overall cost of UHPC while maintaining or enhancing

performance characteristics.

e Research by Dhir et al. (1996) and Liu et al. (2020) [24] has demonstrated the
effectiveness of limestone powder in improving the properties of UHPC. These studies
highlight its role in enhancing mechanical strength, durability, and workability, making it
an integral component of modern concrete technology.

2.4.4 Recycled Brick Waste (RBW):

Recycled Brick Waste (RBW), derived from crushed and finely ground brick materials, is
gaining recognition as an effective supplementary cementitious material for Ultra High-
Performance Concrete (UHPC). Its utilization in UHPC not only aids in waste management but
also enhances the mechanical and durability properties of the concrete. The fine particle size of
RBW, often comparable to or finer than Ordinary Portland Cement (OPC), improves the packing
density of the cement paste matrix. This enhanced packing density leads to a denser

microstructure and superior mechanical properties in UHPC, akin to the effects observed with
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other fine supplementary materials like silica fume and limestone powder.

The incorporation of RBW into UHPC offers multiple benefits. One of the primary advantages
of RBW is its filler effect, which enhances overall particle packing and reduces the porosity of
the concrete matrix. This reduction in porosity contributes to higher compressive and flexural
strengths, making the concrete more resistant to mechanical stresses. Additionally, RBW
contains pozzolanic components that react with calcium hydroxide during the hydration process,

further enhancing the mechanical properties and durability of the concrete.

RBW pozzolanic activity is a significant benefit, as it contributes to the long-term strength
development of UHPC. The reactive silica and alumina present in RBW facilitate secondary
hydration reactions, which result in the formation of additional calcium silicate hydrate (CSH)
gel, thereby improving the microstructure of the concrete [32]. Furthermore, the use of RBW in
UHPC can enhance its thermal stability and resistance to aggressive environmental conditions,

such as sulfate attack and chloride penetration [33].

Environmental sustainability is another critical advantage of using RBW in UHPC. By
incorporating recycled materials, the carbon footprint of concrete production is reduced,
promoting the use of eco-friendly and cost-effective materials. This substitution not only lowers
greenhouse gas emissions but also aids in the management of construction and demolition waste,

contributing to a circular economy [34].

Moreover, RBW can improve the workability of UHPC mixes, making them easier to handle,
compact, and place. This is particularly beneficial to produce complex structural elements and
for applications requiring high precision. Researchers such as Poon et al. (2002) and Torgal and
Jalali (2010) [25] have highlighted the potential of RBW to enhance the performance and
sustainability of cementitious systems, demonstrating its viability as a supplementary material in
UHPC formulations.

2.4.4.1 Application:

The incorporation of Recycled Brick Waste (RBW) in Ultra High-Performance Concrete
(UHPC) offers multiple benefits that enhance various properties and performance metrics,

making it a valuable component in advanced concrete formulations. RBW serves several roles in
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improving the mechanical and durability characteristics of concrete.

e RBW contributes to higher ultimate strength in UHPC by filling voids in the cement
matrix, resulting in a denser and stronger material. This effect is like the role of
supplementary cementitious materials, providing additional nucleation sites for hydration
(Poon et al., 2002) [18].

e The fine particles of RBW improve the workability of concrete mixes. This increased
workability facilitates easier handling, placing, and finishing of concrete, which is crucial

for complex structural elements and intricate designs (Torgal & Jalali, 2010).

e RBW reduces the permeability of concrete by filling microscopic voids and improving
the particle packing density. This results in a more impermeable structure, enhancing the

durability and longevity of the concrete (Poon et al., 2002) [18].

e The use of RBW in UHPC helps moderate the heat of hydration, reducing the risk of
thermal cracking. This is particularly beneficial for large pours and mass concrete
applications where temperature control is critical (Torgal & Jalali, 2010) [19].

e RBW enhances the chemical resistance of concrete by contributing to a denser
microstructure, which reduces the ingress of harmful substances such as chlorides and
sulfates. This improvement extends the lifespan of concrete structures exposed to
aggressive environments (Poon et al., 2002) [18].

e The addition of RBW can help mitigate the risk of ASR (alkali-silica reaction), a
deleterious reaction between reactive silica in aggregates and alkali hydroxides in
cement. By reducing the availability of free alkalis, RBW minimizes the potential for
ASR-related damage (Torgal & Jalali, 2010) [19].

e Utilizing RBW in UHPC promotes sustainability by reducing the reliance on Portland
cement, which has a high carbon footprint. RBW, being a recycled material, lowers the
environmental impact of concrete production by diverting waste from landfills and

reducing the need for virgin materials (Poon et al., 2002) [18].

e RBW is a cost-effective alternative to other supplementary cementitious materials. Its use

can reduce the overall cost of UHPC while maintaining or enhancing performance

20



characteristics (Torgal & Jalali, 2010) [19].

e Research by Poon et al. (2002) and Torgal and Jalali (2010) has demonstrated the
effectiveness of RBW in improving the properties of UHPC. These studies highlight its
role in enhancing mechanical strength, durability, and workability, making it an integral

component of modern concrete technology.

2.4.5 Mineralogical composition of RBP, RGP and LP:

Chemical ) _
__ Ca0 | Si02 | AI203| Mg0 | SO3 | K20 | Tio2 |Fe203| Na20
Composition
Recycled Brick | 105 | 553 | 214 | 18 06 25 12 | 71 08
Powder
Recycled Glass | 1 | 776 | 25 3.2 01 04 | 005 | 02 | 136
Powder

Lime Powder 66.8 2.2 0.4 0.9 0.1 0.05 0.01 0.3 0.2

Table 1: Mineralogical composition of RBP, RGP and LP

2.4.6 Recent Research on Silica Fume, Brick Powder, Glass Powder, and Limestone

Incorporation in UHPC. [25]

Recent studies have highlighted the benefits of incorporating various supplementary
cementitious materials, such as silica fume, brick powder, glass powder, and limestone, into
Ultra High-Performance Concrete (UHPC). These materials enhance mechanical properties,

durability, and sustainability. Below is a summary of some of the recent research conducted in

this area;

“Effects of Silica Fume on Mechanical Properties and Durability of UHPC” — Ali Reza
Mohammadi(2021) [14]
This study explores the impact of silica fume on UHPC. Silica fume, known for its fine particle

size and high pozzolanic activity, was used to replace 10% and 20% of cement. The results
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demonstrated significant improvements in compressive strength and durability. The incorporation
of silica fumes reduced the permeability and increased the resistance to chloride penetration,

making UHPC more durable in aggressive environments.

“Utilization of Recycled Brick Powder in UHPC: A Sustainable Approach” — Dhiraj
Sharma and Vivek Patel (2022) [15]

This research investigates the use of recycled brick powder as a partial replacement for cement
in UHPC. Brick powder was used at replacement levels of 10%, 15%, and 20%. The study found
that 15% replacement provided optimal results, improving both compressive and flexural
strength. The pozzolanic activity of brick powder contributed to the formation of additional
calcium silicate hydrate (C-S-H), enhancing the mechanical properties and sustainability of
UHPC.

“Enhancing UHPC with Ground Glass Powder: Mechanical and Durability Aspects” —
Sarah Thomas and James Lee (2020) [10]

Glass powder, derived from finely ground waste glass, was used to replace 15% and 25% of
cement in this study. The results showed that ground glass powder significantly improved the
workability and mechanical properties of UHPC. At 25% replacement, the concrete exhibited
higher compressive and tensile strengths, as well as reduced permeability. The study also
highlighted the environmental benefits of recycling waste glass, contributing to a more

sustainable concrete production process.

“Influence of Limestone Powder on the Hydration and Strength Development of UHPC” —
Martin Rodriguez and Anna Kim (2019) [11]

This research focuses on the use of limestone powder in UHPC. Limestone powder was used to
replace 10%, 15%, and 20% of cement. The study found that limestone powder enhanced the
early strength development due to its filler effect and additional nucleation sites for hydration.
The optimal replacement level was determined to be 15%, which provided a balance between
improved mechanical properties and workability. The study also noted that limestone powder

helped reduce the heat of hydration, mitigating the risk of thermal cracking.

22



CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 General:

All tests were carried out in controlled lab conditions of temperature and humidity. The required
quantities of Cement, Recycle Waste Brick, Silica Fume, Glass Powder, Limestone Powder and
Super- plasticizer were stored in plastic containers with airtight caps so that moisture won’t

affect the efficiency and homogeneity of materials.

3.2 Methodology:

3.2.1 ldentification and Procurement of Materials

The initial step in the experimental program involved identifying suitable materials to partially
replace cement and silica-fume in the standard UHPC mix design. The materials identified were
recycled glass powder, brick waste powder, and limestone powder. These materials were chosen
due to their potential to enhance sustainability and were locally procured from industrial waste
sources.

3.2.2 Milling of Materials

The procured materials underwent a two-stage milling process to achieve the desired particle
size suitable for UHPC:

3.2.2.1 Ball Milling:

Initially, the materials were milled using a ball milling apparatus to reduce the particle size.

3.2.2.2 Planetary Ball Milling:

Subsequently, the materials were further milled using a planetary ball milling apparatus to attain

the fine particle size range necessary for optimal particle packing in UHPC.
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3.2.3 Mix Design Formulation

The mix design for the UHPC was formulated using EMMA (Elkem Material Mix Analyzer)

software, which utilizes the modified Anderson model for particle packing optimization. The

process involved:

Axis Title

Inputting the milled materials into the EMMA software.

Adjusting the mix proportions to achieve the best possible particle packing density which

is based on adjusting the mix composition to achieve better particle distribution curve.

Selecting only those mixes that were closest to the optimum particle packing density as

suggested by the software.
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Figure 2:Particle size distribution
Figure 1:Particle Packing Density Model on EMMA

3.2.4 Validation of Mix Designs

To validate the results obtained from the EMMA software, the selected mixes were cast and

subjected to various strength tests. The steps involved were:

3.2.4.1 Casting of Specimens:
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The mixes were cast into 50 mm cube molds.

3.2.4.2 Compressive Strength Testing:

The compressive strength of the cubes was tested at 3, 7, and 28 days to determine the mix with
the best performance.

3.2.5 Flexural and Tensile Strength Testing

The mix that exhibited the best compressive strength results was further tested for its flexural
and tensile properties:

3.2.5.1 Flexural Strength Testing:

The selected mix was modified by including 2% by volume of steel fibers, which were locally
sourced from Lahore. Flexural strength tests were then conducted on the specimens.
3.2.5.2 Split Tensile Strength Testing:

Split tensile tests were performed on the samples to evaluate their tensile properties.
3.2.6 Tensile Testing of Steel Fibers:

The tensile strength of the steel fibers was assessed using a Universal Testing Machine (UTM) to

ensure their suitability for reinforcing the UHPC.
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Figure 3: Methodology

3.3 Materials:

3.3.1 Cement:

In this research, Portland cement (Grade 53, Type 1 conforming to ASTM-150,

utilized in all mixtures. The cement has the fineness modulus of 3100-3200 cm2/g and sieve

residue greater than 45 pum.

3.3.2 Secondary Cementitious Materials:

3.3.2.1 Silica Fume

Silica fume, also known as micro silica, is a byproduct of the production of silicon and
ferrosilicon alloys. It is a highly pozzolanic material, meaning it reacts with calcium hydroxide
to form compounds possessing cementitious properties. In concrete technology, silica fume are
valued for its ability to enhance mechanical and durability properties of concrete. When added to
concrete, it significantly improves the material's compressive strength, reduces permeability, and
increases resistance to sulfate attack, making it ideal for high-performance applications in

aggressive environments [21].
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Figure 4:Silica Fume

3.3.2.2 Glass Powder (GP):

Recycled glass powder (RGP) is emerging as a sustainable alternative in concrete technology,
offering both environmental and performance benefits. As a pozzolanic material, RGP can
partially replace cement in concrete production, enhancing the mechanical and durability
properties of the resulting material. This substitution not only contributes to the reduction of
cement consumption but also addresses the issue of glass waste disposal, promoting a circular

economy approach [16].

However, the integration of RGP in concrete is not without challenges. The variability in
chemical composition and the presence of impurities can complicate the recycling process,
potentially affecting the consistency of the concrete. Moreover, the fine particle size of RGP can
lead to workability issues, requiring careful mix design and handling. Despite these drawbacks,
the use of RGP in concrete represents a significant step towards sustainable construction
practices, leveraging waste materials to create durable and high-performance concrete structures.
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Figure 5: Recycled Glass Powder

3.3.2.3 Limestone Powder (LP)

Limestone powder (LP) is gaining attention in the field of concrete technology as a sustainable
material that can enhance the properties of concrete while reducing environmental impact. LP
can be used as a partial replacement for cement, which helps in lowering CO2 emissions
associated with cement production. It contributes to the concrete's mechanical strength and can
improve the shrinkage behavior of the cementitious system due to its filler and nucleation
effects. The use of LP also aligns with the construction industry's move towards more

sustainable practices by utilizing waste materials effectively.

However, the benefits of LP come with certain drawbacks. The variability in the chemical
composition of recycled limestone can affect the consistency and performance of the concrete
[26]. Additionally, high dosages of LP may lead to particle agglomeration, which can reduce its
effectiveness in controlling shrinkage. Despite these challenges, the incorporation of LP in
concrete presents a promising approach to creating more sustainable and durable construction

materials, balancing environmental benefits with performance requirements.
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Figure 6: Lime Powder

3.3.2.4 Recycle Brick Waste (RBW):

Recycled brick waste (RBW) powder, derived from the crushing and grinding of waste bricks, is
increasingly being used as a supplementary cementitious material in concrete technology. Its fine
particle size allows it to act as a filler, improving the density and mechanical properties of
concrete. RBP can partially replace cement in the mix, contributing to cost savings and reducing
the environmental impact associated with cement production. Moreover, the pozzolanic
reactions between RBP and calcium hydroxide can enhance the strength and durability of

concrete, making it a valuable resource for sustainable construction practice.

However, the use of RBP is not without challenges. The variability in the chemical composition
of recycled bricks can lead to inconsistencies in concrete performance. Additionally, high levels
of RBP can increase the water demand of the mix, potentially affecting workability and strength.
Despite these drawbacks, the incorporation of RBP in concrete represents a step towards more
environmentally friendly construction methods, utilizing waste materials to create durable and

cost-effective building solutions
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Figure 7: Recycled Brick Powder

3.3.3 High Range Water Retarder (HRWR)

Sika-ViscoCrete-3110 is a high-performance superplasticizer that is used to improve the
workability and performance of concrete. It is part of the Sika Visco-Crete range of admixtures,
which are designed to enhance the properties of concrete and reduce its water content without
compromising its strength. It is a polycarboxylate-based superplasticizer that is highly effective
in reducing the viscosity of concrete mixtures, which makes them more flowable and easier to
place and finish. It is typically used in high-strength concrete applications, such as precast

concrete, ready-mix concrete, and self-consolidating concrete.

Overall, Sika-ViscoCrete-3110 is a versatile and effective superplasticizer that can improve the

performance and quality of concrete in a wide range of applications.
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Figure 8: Super Plasticizer

Sika Viscocrete-3110 W
Physical Shape Liquid
Color Colorless to Yellowish
Chloride content Nil
Bulk Density 1.08-1.10 kg/lit
Dosage Mainly 0.4-1.5 % but depends on mix design
pH value of 20° C 6.5-8.5

Table 2: Properties of Super-plasticizer

3.3.4 High Carbon Steel Wires

High carbon steel wires, locally manufactured in Lahore with a diameter of 0.2mm and a length
of 13mm, constitute a vital component within our sustainable Ultra-High-Performance Concrete
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(UHPC) mix. Their integration into our project not only enhances the concrete's structural
integrity and tensile strength but also reflects our dedication to sustainability by utilizing locally
sourced materials. High carbon steel wires play a pivotal role in reinforcing our UHPC

application while minimizing environmental impact.

Figure 9: High Carbon Steel Wires

3.3.5 Fine Aggregate:

For our research, we used natural sand obtained from a quarry site located in Lawrencepur as our
fine aggregate. To determine the size distribution of this sand, we conducted a sieve analysis
following the ASTM C-136 standard [24]. We also determined the specific gravity and
percentage absorption of the sand by the ASTM 127-01 standard. The maximum size of the fine

aggregate is 2mm and its D50 value is 450 microns.

3.3.6 Mixing Water:

Ordinary tap water was used in all concrete mixes and the temperature of water was between 19-
26° C.
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3.4 Milling of Materials:

The milling of materials is a crucial process in the preparation of raw materials for various
applications in engineering and scientific research. In this study, the initial phase of material
milling was carried out using a ball milling machine. This technique involves the use of grinding
media within a rotating drum to reduce the size of the material particles through impact and
attrition. However, to achieve a finer and more controlled particle size distribution, the planetary
ball milling machine was subsequently employed. This advanced milling technique leverages the
high-energy impact forces generated by the rotating jars in a planetary motion, resulting in more
efficient size reduction and uniformity of the milled material. The transition from ball milling to
planetary ball milling proved to be effective in achieving the desired particle size range, thereby

enhancing the material's suitability for subsequent processing and applications.

3.5 Laser Particle Analyzer:

To accurately determine the particle size distribution of the materials obtained from ball milling,
a laser particle analyzer was employed in our experimental program. This advanced analytical
instrument, specifically the HORIBA LA-920 system, utilizes laser diffraction technology to
measure the size and distribution of particles with high precision and accuracy. By passing a
laser beam through a dispersed sample, the particle analyzer detects the diffraction pattern
created by the interaction of the laser with the particles. This pattern is then analyzed to provide
detailed information on the size range and distribution of the milled particles. The use of the
laser particle analyzer was instrumental in our study, as it enabled us to quantify the
effectiveness of the ball milling and planetary ball milling processes in reducing particle size.
Key features of the HORIBA LA-920 include a wide measurement range, the ability to handle
both wet and dry samples, and automated data analysis capabilities. The system's software
provides detailed reports on particle size distribution, including mean, median, mode, and
standard deviation values. Additionally, it offers customizable settings for circulation speed and
ultrasonic dispersion, ensuring optimal measurement conditions for different types of materials.
The data obtained from the laser particle analyzer ensured that the milled materials met the

specific size requirements necessary for further experimental procedures and applications.

33



3.5.1 Recycled Brick Powder:

The effectiveness of these milling processes was quantitatively assessed using a laser particle
analyzer, specifically the HORIBA LA-920 system. This instrument provided detailed
measurements of the particle size distribution of the milled materials. The analysis revealed a
mean particle size of 14.6309 um, with a standard deviation of 19.8673 um, indicating a wide
distribution of particle sizes. The median particle size was found to be 6.5842 um, reflecting the

central tendency of the size distribution.

Figure 10: Particle Size Distribution of Recycled Brick Powder

3.5.2 Limestone Powder:
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The analysis of the limestone powder revealed a mean particle size of 3.8076 um, with a
standard deviation of 3.3650 um, indicating a relatively narrow distribution of particle sizes
compared to other materials. The median particle size was found to be 2.5253 um, highlighting

the central tendency of the size distribution.
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Figure 11: Particle Size Distribution of Lime Powder

3.5.3 Recycled Glass Powder:

Used laser diffraction to provide precise measurements of particle sizes. The analysis of the
recycled glass powder revealed a mean particle size of 28.2574 um, with a standard deviation of
40.3748 um, indicating a broad distribution of particle sizes. The median particle size was found

to be 11.5555 um, highlighting the central tendency of the size distribution.

35
Figure 12: Particle Size Distribution of Recycled Glass Powder
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3.6 Formulations Studied:

Mixes used in this research approach are categorized into control mix (CEMTEX) and trial
mixes. The trial mix consists of different proportions of binder and filler material. The control
mix was prepared by taking the mix proportion from previous research. The major mix

ingredients of control mix were cement, sand, silica fume and fibers.

Similarly, each trial mix were given unique name as mentioned previously, like 10RBW 15GLP
30LP shows 10 percent of silica fume is replaced by recycle waste brick (RWB), 15 percent of
cement replaced by glass powder (GP) and 30 percent of binder in control mix is replacing by

Limestone Powder.

3.7 Mix Proportions:

The UHPC mix proportions were designed following EFNARC guidelines 2005 [4] and ACI
237R-07 [21].

_ Cement | Sand | SilicaFume | GLP LP RBW | HRWR | /B
Mix Name 3
(Kg/m?) | (Kgim®) | (Kg/m3) | (Kg/m3) | (Kg/m?®)| (Kg/m3)| (KG/m?) | (o)
Control 391
(CEMTECH) 1087 652 600 0 0 0 : 0.18

36



15BP10GP30LP 717.5 652 264 110 506.8 90 39.1 0.18
15BP10GP25LP 772 652 294 110 421 90 39.1 0.18
15BP10GP35LP 663 652 234 110 590 90 39.1 0.18
15BP15GP30LP 664.5 652 264 163 506.8 90 39.1 0.18
15BP 5GP 30LP 772 652 264 55 506.8 90 39.1 0.18
20BP 10GP 30LP 717.5 652 234 110 506.8 120 39.1 0.18

717.5 652 294 110 506.8 60 39.1 0.18

10BP 10GP 30LP

In this research, several trial mixes were prepared by varying binder and filler quantity. In each
of the mixes the total amount of binder and filler were kept approximately 2400 kg/m3. The
selection criteria for mix design are based on the concrete’s filling ability, passing ability, and
segregation resistance. Looking for these properties, a mix design is selected with various
replacement levels of cement (5%, 10%, and 15%) by GLP and LP, Silica Fume (10%, 15%, and
20%) by RBW and LP. The basic mix proportion for concrete was selected to produce 1 m3 of
concrete. The water-to-binder ratio selected for our samples was kept constant at 0.18. All the

other compositions were set constant for every type of mix to study the effects of different

Table 3: Mix Proportions

percentage replacement of cement and silica fumes by the filler materials.

3.8 Mixing Regime:

The duration and order in which materials are mixed play a crucial role in producing Ultra High-




performance Concrete (UHPC) as they have a significant impact on the concrete's properties.

Hobert Mixer from NICE lab is used for mixing purposes.

Following is the sequence by which materials are placed in the mixer with cementitious

materials being placed first followed by sand, water and HRWR to ensure proper mixing.

Time Mixing Regime
2 minutes Dry mixing of cement, silica fume, sand, LP, RWB, GLP at 200 rpm.
5 minutes Add 50% of water to the dry constituents and mix again at 200 rpm
10 minutes Add 50% of water and 100% HRWR and mix again at 450 rpm.
3 minutes Add High carbon steel fibers.

Table 4: Mixing Regime

3.9 Preparation and Casting of Specimens:

From each concrete mix, nine 50 mm cubes three each for (3, 7 and 28) days test and three 40
mm X 40 mm X 160 mm beam were cast. These cubes and beams are used for the determination
of compressive and flexural strength at (3, 7 and 28) days. After casting, these samples are
covered with plastic sheets and kept in a room for 24 hours. Then they were de-molded and

transferred to water bath apparatus for steam curing at 50 + 5° C until required for testing.

3.10 Testing Procedures

3.10.1 Workability:

3.10.1.1 Flow Table Test

The flow table test was carried out to investigate the fresh properties of UHPC mixtures since
fresh characteristics affect workability, casting, and hardened properties quality. The flow table
test method was used to calculate the flowability of developed UHPC in accordance with ASTM

C1437
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3.10.2 Hardened Tests on UHPC:
3.10.2.1Compression Test:

To determine the compressive strength of UHPC, cube specimens measuring 50 mm were

Figure 14 Compression Test Cubes




3.10.2.2 Split-tensile Test:

For the determination of the split tensile strength of concrete samples, cylindrical specimens
measuring 100mm X 200mm were used, like the compression testing. The load was applied
perpendicularly to the cylinder’s longitudinal axis at a rate of 0.18 MPa/sec. The maximum load
applied to the sample was recorded. This load is then utilized in a formula provided in the
subsequent section to calculate the split tensile strength of the concrete. The tensile strength is

obtained by averaging the results from three samples, and the testing is conducted at the 28days.
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3.10.2.3 Flexural Strength:

Beams of 40 mm X 40 mm X 160 mm were tested to find out the flexural strength of concrete
after being removed from the water bath. Samples were dried for one day before any prior
testing on them. The loading rate was set to 0.018 MPa/sec. Flexural Strength was taken to be

the average of three samples for 28 days.
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Figure 15 Split Tensile Test Cylinders



Figure 16 Flexural Strength Test Beams

3.11 Curing conditions:

Steam curing is a crucial process for enhancing the strength development of Ultra High-
Performance Concrete (UHPC). By using a water bath at 50+5°C, steam curing accelerates the
hydration reactions, leading to a denser microstructure and higher early-age strength compared
to normal curing conditions [30]. This method significantly reduces the curing time while still
achieving superior mechanical properties. In contrast, normal curing at ambient temperatures
takes longer to reach similar strength levels and may not achieve the same degree of hydration
efficiency. Research by Shi et al. (2015) demonstrates that steam-cured UHPC exhibits
improved compressive strength and durability, underscoring the benefits of elevated temperature

curing for high-performance concrete applications [31].
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 General:

The formulations were examined by replacing a portion of OPC and silica fume in Ultra High-
Performance Concrete with lime powder, recycled glass powder, and recycled brick powder.
Initially, the fresh properties and 3,7 and 28-day strengths of various replacement percentages
were determined. Subsequently, the mix or replacement that provided superior fresh and
hardened properties was selected. The results were then compared to those obtained from the

control sample under the same curing conditions

4.2 Fresh properties test on UHPC:

4.2.1. Flow Table Test:

The flow table test for Ultra High-Performance Concrete (UHPC) was conducted to compare our
experimental mixes with the standard UHPC flow range of 200-250 mm as per ASTM C1856
[38]. The test results for various mixes are given below. All the tested mixes fall within the
desired flow range of 200-250 mm, indicating good workability and consistency. The mix
15BP10GP30LP achieved the highest flow of 230 mm, while the mix 15BP15GP30LP had the
lowest flow at 200 mm, meeting the standard UHPC criteria and demonstrating satisfactory

performance in terms of workability and stability. The observations are given below:

Flow Table Test
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Samples Flow (mm)
ASTM C1856 200-250
15BP10GP30LP 230
15BP10GP25LP 222
15BP10GP35LP 225
15BP15GP30LP 200
15BP 5GP 30LP 210
20BP 10GP 30LP 215
10BP 10GP 30LP 204

Table 5: Flow Table Test
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Figure 17 : Effect on Slump with Recycled Glass Powder Replacement
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Figure 18 : Effect on Slump with Recycled Brick Powder Replacement
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Figure 19 : Effect on Slump with Limestone Powder Replacement
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4.3 Hardened properties test on UHPC:

4.3.1 Compression Test:

The study investigates the compressive strength of various Ultra High-Performance Concrete
(UHPC) mix designs, with partial replacement of cement and silica fume by brick powder (BP),
glass powder (GP), and lime powder (LP). The tests were performed on 50 x 50 x 50 mm cubes,

and the results indicate the performance of these mixes at 7 and 28 days of curing

The mix design with 15% brick powder, 10% glass powder, and 30% lime powder consistently
shows the highest compressive strength at both 7 and 28 days. This suggests that this combination
optimizes the synergistic effects of the three materials, leading to a significant improvement in
strength. When lime powder content is reduced to 25% or increased to 35%, there is a slight
decrease in the compressive strength, although the mixes still exhibit substantial strength

development.

Increasing the percentage of glass powder to 15% with a consistent 30% lime powder also
maintains good strength development, though slightly lower than the 10% glass powder mix.
Conversely, reducing glass powder to 5% results in a noticeable decrease in both early and long-
term strength, indicating that a certain threshold of glass powder is necessary for optimal

performance.

When the brick powder content is varied, the results show that reducing it to 10% leads to a
significant reduction in compressive strength, while increasing it to 20% further decreases the
strength. This suggests that there is an optimal level of brick powder that should not be exceeded

to maintain the desired strength characteristics.

The observations are given below
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Mix Name 7 Days (Mpa) 28 Days (Mpa)
Control (CEMTECH) >120
15BP10GP30LP 88.90 128.46
15BP10GP25LP 84.24 124.55
15BP10GP35LP 80.70 123.40
15BP15GP30LP 77.90 119.5
15BP 5GP 30LP 77.61 114.94
20BP 10GP 30LP 714 110.45
10BP 10GP 30LP 63.27 104.60

Strength(Mpa)

Table 6: Compressive Strength

COMPRESSIVE STRENGTH
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Figure 20 Compressive Strength at 7 and 28 days
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4.3.2 Split-tensile Test:

The determination of the split tensile strength of Ultra High-Performance Concrete (UHPC)
samples was conducted using cylindrical specimens measuring 100mm x 200mm. The load was
applied perpendicularly to the cylinder’s longitudinal axis at a rate of 0.18 MPa/sec. The
maximum load applied to the sample was recorded and used in a formula to calculate the split
tensile strength of the concrete. The tensile strength was obtained by averaging the results from

three samples, and the testing was conducted at 28 days.

The observed results align with existing literature on the effects of supplementary cementitious
materials on UHPC workability and tensile strength. For instance, Bheel and Jhatial (2020)
reported that the incorporation of brick powder in concrete mixes resulted in a moderate increase
in split tensile strength, with values ranging between 6.0 and 8.0 MPa for mixes with 10-20%
brick powder replacement. Zhang, Li, and Wu (2018) demonstrated that the inclusion of glass
powder in UHPC mixes enhanced the split tensile strength, resulting in values ranging from 7.0
to 9.0 MPa with 10-15% glass powder replacement. Additionally, Shafiq and Nuruddin (2010)
found that lime powder contributed to improved tensile properties, with split tensile strength
values for mixes containing 25-30% lime powder ranging from 5.5 to 7.5 MPa at 28 days. The

observations and results are given below:

Mix Design Split Tensile Strength (MPa)

48



15BP10GP30LP 9
15BP10GP25LP 8
15BP10GP35LP 7.4
15BP15GP30LP 8.2
15BP5GP30LP 7.6
20BP10GP30LP 6.5
10BP10GP30LP 6.8
Table 7: Split Tensile Strength
Split Tensile Strength (MPa)
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4.3.3 Flexural-Strength Test:

Figure 21 Split tensile Strength
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The flexural strength results from your UHPC mix designs incorporating brick powder (BP),
glass powder (GP), and lime powder (LP) provide insightful variations which reflect the
complex interactions between these components. The mix designated as 15BP10GP30LP
exhibited the highest flexural strength at 37 MPa, suggesting that this specific ratio of BP, GP,
and LP optimally enhances the microstructural integrity and mechanical resilience of UHPC.
This composition likely promotes a balanced pozzolanic reaction and effective pore filling,

leading to increased tensile capacity.

In contrast, reducing the proportion of lime powder to 25% in the 15BP10GP25LP mix
decreases the flexural strength to 26.7 MPa. This indicates that a lower lime content may reduce
the effectiveness of the hydration process, leading to a less cohesive microstructure. Further
increasing the lime content to 35% in the 15BP10GP35LP mix results in an even lower strength
of 23.2 MPa, suggesting that excessive lime might contribute to structural weaknesses, possibly

due to an overly dense or brittle matrix.

Adjusting the glass powder content demonstrates its critical role, where a higher content (15% in
15BP15GP30LP) does not necessarily improve strength, achieving 24.6 MPa, possibly due to an
imbalance in the silica-lime reaction dynamics. Meanwhile, a lower GP content (5% in
15BP5GP30LP) results in a strength of 22.5 MPa, highlighting the necessity of a certain

threshold of GP to maintain structural benefits.

Increasing the BP content to 20% while maintaining GP at 10% (20BP10GP30LP) yields a
moderate strength of 27 MPa, suggesting that while BP contributes positively up to a certain
point, excessive amounts might not enhance or could even reduce structural integrity.
Conversely, reducing BP to 10% in the 10BP10GP30LP mix slightly decreases the strength to
26.4 MPa, pointing to the nuanced role of BP in the composite's performance.

These observations underscore the delicate balance required in the proportioning of BP, GP, and
LP to achieve optimal mechanical properties in UHPC. Each component contributes uniquely to

the matrix's overall performance, affecting its durability, strength, and sustainability.

Mix Design Flexural Strength (MPa) at 28 days
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15BP10GP30LP 37
15BP10GP25LP 26.7
15BP10GP35LP 232
15BP15GP30LP 24.6
15BP5GP30LP 225
20BP10GP30LP 27

10BP10GP30LP 26.4

Table 8: Flexural Strength

Flexural Strength (MPa)
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Figure 22 Flexural Strength

4.4 Tensile strength of high carbon steel wire:
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High carbon steel wire, with a tensile strength of 3924 MPa, is increasingly used in Ultra-High-
Performance Concrete (UHPC) for its superior durability and resistance to structural failures,
particularly in applications requiring high strength. Unlike standard steel fibres, which have a
tensile strength of 2600 MPa, high carbon steel wires enhance the UHPC's crack resistance
significantly, making the 15BP10GP30LP mix (which includes 15% brick powder, 10% glass

powder, and 30% lime powder) more robust against structural damages.

Both steel fibres and high carbon steel wires share the same physical dimensions—13 mm in
length and 0.2 mm in diameter—with a comparable aspect ratio of 65. This ensures that both
materials contribute similarly to the concrete’s microstructure by bridging cracks effectively.
However, high carbon steel wires are slightly denser at 7940 kg/m3 compared to steel fibres at

7800 kg/m3, which could slightly increase the overall weight of the concrete.

Cost-wise, high carbon steel wire presents substantial savings, priced at just $4 per kilogram, in
contrast to $16 per kilogram for standard steel wire. This 75% cost reduction makes it a
financially attractive choice for reinforcing concrete in large-scale projects, balancing budget
efficiency with enhanced mechanical properties. This cost-effectiveness, combined with
improved performance characteristics, positions high carbon steel wire as a preferred

reinforcement in demanding construction environments.

PROPERTY Fibers High carbon wire
Length 13 mm 13 mm

Diameter 0.2 mm 0.2 mm

Density 7800 7940

Tensile strength 2600 MPa 3924 MPa

Aspect ratio 65 65

Table 9 Comparision of fibers and High Carbon steel wire
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Tensile strength of steel wire
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Figure 23 Tensile Strength of High Carbon Steel wire

4.5 Effect of Curing on Hardened Properties:

45.1 Compressive Strength:

The effect of steam curing in water bath on the compressive strength of Ultra High-Performance
Concrete (UHPC) is significant. Steam curing accelerates the hydration process, leading to early
strength gain in UHPC. For instance, steam curing and normal curing UHPC specimens over 7
days showed that UHPC specimens subjected to steam curing achieved compressive strengths up

to 25% higher than those cured under normal conditions.

The data in table 3 shows the compressive strength of Ultra High-Performance Concrete (UHPC)
under different curing conditions. The table highlights the performance of two types of mixes:
the Control (CEMTECH) mix and a modified mix containing 15% brick powder (BP), 10% glass
powder (GP), and 30% lime powder (LP).

For both types of mixes, the compressive strength is measured at 7 days under two curing

conditions: Normal Curing and Steam Curing in a Water Bath. The results are summarized as
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follows:

) ) . Compressive Strength (MPa) at 7 days
Type of Mix Type of Curing Conditions
Sample1l | Sample 2 | Sample 3 | Mean
Control (CEMTECH) Normal Curing 74.54 70.67 69.33 71.51
Steam Curing in Water Bath 82.56 85.50 88.99 85.68
Steam Curing in Water Bath 86.06 87.80 91.96 88.61
Table 10: Effect of Curing on Compressive Strength
Compressive Strength (Mpa) at 7 days
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Figure 24 Effect of Curing Conditions on Compressive Strength

The results indicate that steam curing in a water bath significantly enhances the compressive

strength of UHPC compared to normal curing. This improvement can be attributed to the

accelerated hydration process and the enhanced pozzolanic reactions due to the elevated
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temperature and humidity during steam curing. According to literature, steam curing typically
results in a denser microstructure, which leads to higher early-age strength development (Wang
et al., 2015; Shi et al., 2020) [29].

4.5.2 Flexural Strength:

Steam curing is a vital technique for enhancing the strength and durability of Ultra High-
Performance Concrete (UHPC). This process involves using a heated water bath, typically
around 50+5°C, which accelerates the hydration reactions in the concrete. This accelerated
hydration leads to a denser microstructure, which in turn results in higher early-age strength

compared to concrete that undergoes normal curing at ambient temperatures.

The observations below examine the effects of normal and steam curing on the flexural strength
of Ultra-High-Performance Concrete (UHPC) using both a standard control mix (CEMTECH)
and a modified mix with 15% brick powder, 10% glass powder, and 30% lime powder
(15BP10GP30LP). The analysis highlights notable differences between the two curing methods.

For the control mix, under normal curing conditions, the average flexural strength recorded was
23.4 MPa. This standard performance reflects typical outcomes for UHPC when cured at
ambient temperatures. However, when subjected to steam curing, there was a significant
improvement, with the strength increasing to a mean of 29.2 MPa, marking a roughly 24.8%
enhancement. This substantial increase is attributed to the accelerated hydration processes

facilitated by steam curing, which results in a denser and more robust microstructure.

Similarly, the modified 15BP10GP30LP mix demonstrated enhanced flexural strengths under
steam curing. Under normal conditions, the mix achieved a mean strength of 21.1 MPa, slightly
lower than the control mix, potentially due to the different interactions of the replacement
materials with the hydration process. However, steam curing elevated the strength to an average
of 26.0 MPa. This increase of about 23.2% suggests that the supplementary materials—brick
powder, glass powder, and lime powder—respond well to the higher temperatures, facilitating

more complete chemical reactions and contributing to the overall strength.

The observed trends are consistent with scholarly research, such as the work by Li et al. (2022),
which suggests that steam curing significantly enhances the mechanical properties of UHPC.
This is achieved by reducing porosity and promoting more extensive hydration, thereby yielding

stronger and more durable concrete. These findings underscore the effectiveness of steam curing
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in optimizing the performance of both traditional and modified UHPC mixes, making it

especially valuable in scenarios where rapid construction and high performance are required
(Materials 2022, 15(5), 1668; doi:10.3390/mal15051668).

) . . Flexural Strength (MPa) at 28 days
Type of Mix Type of Curing Conditions
Sample1l | Sample 2 | Sample 3 | Mean
Control (CEMTECH) Normal Curing 33 32.5 31.8 32.4
Steam Curing in Water Bath 40 39.6 38.9 395
15BP10GP30LP Normal Curing 31.3 28 26.7 8.6
Steam Curing in Water Bath 37 34 32.8 346
Table 11: Effect of Curing on Flexural Strength
Flexural Strength (Mpa) at 28 days
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Figure 25 Effect of Curing Conditions on Flexural Strength
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45.3 Split Tensile Strength:

The table presents the split tensile strength of two types of UHPC mixes under different curing
conditions at 7 days: The Control (CEMTECH) mix and the modified mix (15BP10GP30LP).
The split tensile strength values for normal curing of the three samples are 8.25 MPa, 9.78 MPa,
and 8.97 MPa, with a mean of 9.00 MPa. While the value of split tensile strength for steam
curing in water bath are 8.96 MPa, 8.89 MPa, and 9.76 MPa, with a mean of 9.20 MPa. The
normal curing of control mix has a slightly higher mean split tensile strength (9.17 MPa)
compared to the 15BP10GP30LP mix (9.00 MPa), indicating a 1.9% decrease in the modified
mix. Similarly, the steam curing indicates that the control mix also shows higher mean split
tensile strength (10.70 MPa) compared to the 15BP10GP30LP mix (9.20 MPa), indicating a
significant 14% decrease in the modified mix.

The lower split tensile strength of the 15BP10GP30LP mix compared to the control mix can be
attributed to the presence of supplementary cementitious materials like brick powder, glass
powder, and lime powder, which might have lower pozzolanic activity at early ages compared to
pure cement. Previous literature also indicates the positive effects of such materials typically
become more pronounced at elevated temperatures or over longer curing periods, add literature
reference. Additionally, the enhanced pozzolanic reactions at elevated temperatures during steam
curing led to higher strength gains in both mixes, with the control mix showing more strength

due to its higher cement content. The observations are given below

) i . Split Tensile Strength (MPa) at 7 days
Type of Mix Type of Curing Conditions
Sample 1l | Sample 2 | Sample 3 | Mean
Control Normal Curing 9.01 8.94 9.56 9.17
(CEMTECH) —
Steam Curing in Water Bath 10.06 11.06 10.98 10.7
Steam Curing in Water Bath 8.96 8.19 9.76 9.0
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Strength (Mpa)

Table 12: Effect of Curing on Split Tensile Strength

Split Tensile Strength (Mpa) at 7 days

12
11.06 10.98 10.7
10.06
10 9.58 9.56 9.76
9.01 8.96 8.94 8.97 9170889 9
8.25 8.19
8
6
4
2
0
Sample 1 Sample 2 Sample 3 Mean

H Control (CEMTECH)  m Control (CEMTECH)  ® 15BP10GP30LP  m 15BP10GP30LP

Figure 26 Effect of Curing Conditions on Split Tensile Strength
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CHAPTER 5

CONCLUSION

The integration of high carbon steel wire, brick powder, glass powder, and limestone in Ultra

High-Performance Concrete (UHPC) as outlined in this research has proven to not only enhance

the material's mechanical properties but also introduce significant sustainability and cost benefits

to construction practices. The findings from this study clearly demonstrate the effectiveness of

these materials in improving the structural integrity and durability of UHPC while aligning with

environmental sustainability goals.

The use of high carbon steel wire substantially increases the tensile strength of UHPC,
significantly enhancing its crack resistance and structural durability. This makes it

particularly beneficial for critical infrastructure that demands high strength and longevity.

The inclusion of brick powder, glass powder, and limestone as partial replacements for
cement has demonstrated a positive impact on the strength, durability, and workability of
UHPC. These materials help in reducing the overall carbon footprint of construction,

promoting a greener building process.

High carbon steel wire, despite its superior properties, is cost-effective compared to
standard steel fibres. This cost efficiency is critical for large-scale projects where

financial constraints are as significant as technical specifications.

The use of recycled materials like brick and glass powder contributes to cost savings by
reducing the demand for new cement production, which is both energy-intensive and

carbon-emitting.

Steam curing has shown to improve the compressive and flexural strength of UHPC
significantly. This treatment accelerates the hydration process, leading to a denser

microstructure and superior early-age strength.
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The adoption of sustainable practices such as the use of supplementary cementitious
materials (SCMs) like silica fume, recycled glass, and limestone powder mitigates the

environmental impact associated with traditional concrete production.

The experimental results confirm that the specific mix of 15% brick powder, 10% glass
powder, and 30% limestone provides the best balance between strength, workability, and
sustainability. Adjustments in these proportions can affect the concrete’s properties,
underscoring the importance of precise mix design in achieving desired performance

characteristics.

The research supports the broader application of UHPC with integrated recycled and
locally sourced materials in modern construction. This approach not only enhances the
performance characteristics of concrete but also supports the construction industry's shift

towards sustainable practices.

Recommendations for Future Research:

Further studies should explore the long-term durability of UHPC containing alternative
materials under various environmental conditions. Additionally, the economic analyses
should be expanded to include life cycle cost assessments to better understand the long-

term financial benefits.

This study illustrates that through careful selection and optimization of materials, UHPC
can be tailored to meet specific engineering requirements while also addressing
environmental concerns. The findings pave the way for the next generation of
construction materials that are robust, economically viable, and environmentally

responsible.
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