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Abstract: This review article analyzes the influence of recycled glass (as sand and powder) beyond the
durability, rheology and compressive strength of plain UHPC, even exploring flexural and direct ten-
sile performance in fiber-reinforced UHPC. Interactions with other mineral admixtures like limestone
powder, rice husk ash, fly ash, FC3R, metakaolin and slags, among others, are analyzed. Synergy
with limestone powder improves rheology, reducing superplasticizer usage. Research highlights
waste glass-UHPC mixtures with reduced silica fume and cement content by over 50% and nearly
30%, respectively, with compressive strengths exceeding 150 MPa, cutting costs and carbon footprints.
Furthermore, with the proper fiber dosage, waste glass-UHPC reported values for strain and energy
absorption capacity, albeit lower than those of traditional UHPC formulations with high cement,
silica fume and quartz powder content, surpassing requirements for demanding applications such as
seismic reinforcement of structures. Moreover, durability remains comparable to that of traditional
UHPC. In addition, the reported life cycle analysis found that the utilization of glass powder in
UHPC allows a greater reduction of embedded CO, than other mineral additions in UHPC without
jeopardizing its properties. In general, the review study presented herein underscores recycled glass’s
potential in UHPC, offering economic and performance advantages in sustainable construction.

Keywords: waste glass; ultra-high-performance concrete (UHPC); life cycle analysis; circular economy;
mineral admixtures; compressive strength; rheology; durability; post-cracking behavior; sustainability

1. Introduction

Over the past few years, notable advancements in concrete technology have oc-
curred, leading to the creation of innovative concretes, like ultra-high-performance concrete
(UHPC) [1,2]. With water-to-binder ratios (w/b) ranging from 0.15 to 0.25, UHPC show-
cases exceptional mechanical and durability properties that outperform standard concrete
(SC) and high-performance concrete (HPC) [3,4]. According to the ACI-239 guidelines [5],
UHPC features compressive strengths (CS) of over 150 MPa, along with an elastic modulus
(MoE) within the range of 40 to 50 GPa. In addition, UHPC has exceptional durability
features, which marks it as a promising construction material [6,7]. Despite its inherent
brittleness, the practice of incorporating fibers, which has become widespread, successfully
provides ductility and toughness to UHPC [8-13].

As observed in previous studies, a typical UHPC formulation encompasses Portland
cement, reactive powders (such as silica fume (SF)), polycarboxylate-based superplasticiz-
ers, water and fine quartz sand (QS) [3,14,15]. Balancing the arrangement of the constituents
is crucial to achieving this specialized cementitious material’s outstanding mechanical and
durability characteristics [16-18]. For instance, it is important to note that UHPC mixture
design greatly depends on particle-packing theories to attain the optimal arrangement of
particles [9,19]. The latter is key to achieving a microstructure that exceeds that of typical
or even high-performance concrete [14,20].
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For a thorough analysis of the unique properties displayed by UHPC, it is essential to
consider three crucial factors: (a) the cementitious matrix reinforcement, (b) the porosity
reduction and (c) the interfacial transition zone (ITZ) narrowing and densification [1,21,22].
Therefore, the approach of new UHPC formulations, such as those that incorporate recycled
glass, must be carried out with care not to harm these three balances previously considered.
Moreover, it is important to notice that with a reduced w/b, the cement hydration in
UHPC is restricted, resulting in only partial calcium silicate hydrate (C-S-H) and calcium
hydroxide (CH) formation [12,14,21]. By utilizing highly reactive pozzolanic mineral
admixtures, like SF, the hydrated cement paste can be strengthened through the formation
of secondary C-S-H by its reaction with CH [21]. Therefore, it is essential to find the perfect
equilibrium between cement quality and content and pozzolanic materials in UHPC to
effectively enhance its strength [1]. One important aspect is to decrease the porosity of
the concrete by using a low w/b and achieving an enhanced packing density [23]. This
way, one must meticulously choose micro- and nano-sized components that can effectively
fill the gaps between larger particles, resulting in an improved packing arrangement [22].
It is worth mentioning that certain materials, like SF, quartz powder, slags, fly ash and
others, are frequently utilized in this application owing to their fine particle size and
pozzolanic features [2,3,6,23-29]. Understanding the achievement of optimal density in
concrete relies on the use of particle-packing models, like the modified Andreasen and
Andersen (A&Amod) or the Compressive Packing Model (CPM) [19]. The optimal packing
density plays a crucial role in lessening interparticle gaps, constraining the space for
portlandite crystal growth. In order to obtain the requisite low porosity in UHPC, it is
essential to include superplasticizers, which help reduce the w/b to a minimum [20,30].
Due to its unique properties, UHPC has a lower porosity of approximately half of that of the
average porosity found in standard concrete [5]. Furthermore, enhancing the strengthening
properties of the UHPC matrix can be accomplished by decreasing the maximum aggregate
size, encouraging compact particle arrangement and utilizing a low w/b. This improves
the ITZ that separates the bulk paste and aggregate [14]. However, the removal of coarse
aggregates results in a higher amount of powders, such as cement and SF, being needed.
This can have negative effects on cost and sustainability, as will be explored in later
sections [25,28].

With its exceptional properties, UHPC proves to be incredibly beneficial in a broad
variety of structural and infrastructure uses. The exceptional mechanical properties of this
special concrete can be leveraged to create structures with reduced weights by designing
reduced cross-sectional areas. Moreover, the exceptional durability of the material extends
its lifespan and minimizes the requirement for maintenance, resulting in decreased ex-
penses [21]. Therefore, UHPC is widely used in different areas of the construction industry,
such as footbridge construction, retrofitting of existing structures, pavement restoration,
tunnel boring machine segments, the ABC bridge construction system, facades and urban
furniture [4,12,31-38]. These examples of various applications demonstrate the flexibil-
ity and potential of UHPC in addressing the changing requirements of contemporary
construction projects.

However, as previously stated, UHPC production requires large amounts of cement,
SF and quartz powder, leading to higher costs and a greater impact on the environment [23].
As a result, these limitations have impeded an even more widespread utilization of UHPC
around the world [23]. The global research community has been diligently working on
addressing this challenge by investigating the potential of alternative components for
making UHPC. These components can be employed as cement and SF partial replacements
in new formulations. Hence, through extensive research and analysis, most scholars strive
to minimize expenses and improve the material life cycle, narrowing the knowledge gap
and exploring new avenues for creating UHPC mixtures that are both sustainable and
economically viable [12,24,34,39].

For its part, the utilization of glass powder (GP) in UHPC has garnered considerable
attention in recent years, yielding substantial advancements in both understanding its
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properties and practical implementation in construction [40-42]. As a substitute for tra-
ditional fillers and pozzolanic materials, glass powder offers unique advantages within
concrete mixes [43,44]. Concurrently, the proliferation of waste glass (WG) worldwide has
escalated dramatically, resulting in significant environmental pollution [44—46]. This surge
in WG underscores the urgent need for sustainable solutions. Furthermore, rising costs and
carbon emissions associated with conventional high-strength concrete production have
underscored the demand for alternative supplementary cementitious materials [26,47,48].

Chemically, glass comprises inorganic compounds fused at high temperatures and
cooled to a solid state, typically consisting of calcium oxide, sodic oxide and non-crystalline
silica, though composition varies based on application [40,49-51]. Historically, waste glass
has found utility in hydraulic concrete production as a supplementary cementitious ma-
terial and fine aggregate, owing to its high silica content. Effective recycling strategies
are pivotal in preserving the purity and quality of glass [40,49-51]. In this context, GP,
obtained by milling WG, emerges as a promising candidate for partially replacing cement
in alternative UHPC formulations, leveraging its pozzolanic properties to enhance mechan-
ical characteristics while allowing for substantial cement, silica fume or quartz powder
reductions [51-53]. However, careful attention must be directed towards mitigating the
potential alkali-silica reaction (ASR) risk introduced by GP particles [54].

This convergence of research underscores the potential of GP as an environmentally
friendly solution in UHPC formulations, offering both environmental benefits and economic
viability in the construction sector. This review is the first to provide a global perspective,
spanning from microstructure to real-world applications. It covers the most relevant
mechanical properties, such as the direct tensile behavior of recycled-glass UHPC reinforced
with fibers, and examines the effects on costs and carbon footprint. Additionally, it presents
a comprehensive overview of UHPC properties containing waste glass in both fresh and
hardened states, while also analyzing the advantages, opportunities and risks of using such
supplementary cementitious waste material in UHPC formulations. Figure 1 puts forward
a scheme of the structure of the review study presented herein.

Waste glass powder Waste Glass in UHPC Formulations

* Glass Classification
¢ Production * GP as Supplementary
Cementitious Material

¢ Chemical and Physical Properties o s e e EEETE o
* Chemical Reactions Qs

Effect of WG Addition on UHPC’s
Features

Impact of WG Inclusion on the LCA
of UHPC
coati licati * Hydration Kinetics
OF MNPICEHOnS * UHPC’s Microstructure
¢ Mechanical Properties

* Rheological Properties

¢ Durability Properties

Case study of a field application
Conclusions and Future Research

Figure 1. Structure of the review study presented herein.

2. Research Significance

In recent years, there has been a concerted scholarly effort focused on harnessing
the potential of GP as a substitute for conventional UHPC-making materials [1,47,55-59].
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This approach is driven by the need to address stringent environmental impacts and the
escalating costs associated with typical UHPC mixtures, due to their high amount of ex-
pensive and/or high carbon footprint raw constituents, like SF, cement or QP. On the one
hand, it is imperative to recognize that all materials, including glass, have a finite lifespan
and must be recycled or repurposed to mitigate environmental risks [44,60]. Therefore,
by incorporating waste glass into concrete production, even UHPC, researchers aim to
minimize solid waste, maximize recycling efforts, conserve natural resources and miti-
gate environmental hazards associated with landfilling [41,44,60]. On the other hand, the
employment of WG in concrete offers multifaceted benefits, encompassing the reduction
of landfill tipping fees, which typically range from $40 to $100 per ton in the USA [61].
Moreover, the integration of WG as a replacement for typical UHPC-making components in
alternative formulations can significantly lower material costs, enhance sustainability and
reduce environmental impacts [24,62]. Particularly, by replacing quartz powder, cement
and even silica fume with ground glass powder, substantial cost reductions can be achieved
in traditional UHPC [63,64]. Waste glass presents a notably lower cost compared to quartz
powder, with a price approximately one-third less expensive. Moreover, the utilization of
locally sourced waste glass for UHPC production contributes to decreased transportation
expenses for materials [41], and also reduces glass waste disposal and, therefore, its asso-
ciated costs [44]. Furthermore, WG incorporation into concrete production helps reduce
CO; emissions, energy consumption and air pollution associated with conventional cement
clinker production [61]. In addition, incorporating glass powder in UHPC formulations
eliminates the need for quartz powder, a known carcinogen, thereby enhancing the safety
of the UHPC production process [1,52]. Hence, the strategy of using recycled glass in
UHPC production aligns with the broader goal of promoting environmental stewardship
and fostering a more sustainable and safer construction industry.

Hence, this review article’s purpose is to offer a thorough analysis of the technical,
economic and environmental implications, as well as the limitations and possible risks
surrounding incorporating recycled waste glass in UHPC production. To that end, the
findings of a total of 157 research papers, dissertation theses and proceedings articles
including information about rheological, mechanical and durability characteristics, besides
costs and carbon footprint implications, were analyzed, organized and presented.

3. Waste Glass Powder
3.1. Glass Classification

This section offers a succinct overview of the primary classifications of waste glass,
examining two classification methods while providing detailed insights into their chemical
composition and application. On the one hand, concerning chemical composition, WG may
be categorized into four main classes: soda-lime glass, lead glass, borosilicate glass and
electric glass, also known as E glass [65]. Soda-lime glass finds widespread application
in various glass products, including containers and plates. Hence, more than 90% of
the glass produced in the European Union corresponds to this type of glass [65]. Even
though the chemical compositions across different glass types primarily comprise silica
(S5103), sodium oxide (NapO) (derived from soda ash (Nay;COj3)) and lime (CaCOj3), among
others, there are some differences in their proportions [66]. On the other hand, in terms
of application, glass can be broadly classified into several categories, each serving distinct
purposes. These categories encompass container glass, plate glass (e.g., window glass),
continuous filament glass (including roving, mat, textile and optical fiber), domestic glass or
tableware, insulation mineral wool and specialty glass (such as high-temperature domestic
glass). Each type of glass corresponds to specific applications; for instance, soda-lime
glass and plate glass are commonly employed in container and window manufacturing,
respectively. Continuous filament glass predominantly consists of electric glass, while
domestic glass can vary between soda-lime glass and lead glass. Insulation mineral wool is
derived from borosilicate glass, whereas specialty glass typically comprises soda-lime glass
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or borosilicate glass [65,67]. Table 1 provides a comprehensive breakdown of the chemical
compositions associated with various types of glass [67].

Table 1. Major components of the different classes of glass regarding their chemical composition [67].

Soda-Lime Lead Borosilicate E-Glass
SiO, 71-75% 54-65% 70-80% 52-56%
AL, O3 1-1.5% 7% 12-16%
B,0O3 7-15% 0-10%
CaO 9-15% 16-25%
PbO 25-30%
NazO+ 12-16% 13-15% 4-8% 0-2%

K,0

Moreover, glass can be categorized into three types based on color: (i) clear/flint glass,
(ii) green glass and (iii) brown/amber glass. These color variations are attributed to distinct
chemical compositions, each with specific thresholds for color impurities. The acceptable
range for color contamination is 4-6% for clear glass, 5-30% for green glass and 5-15% for
amber glass [65]. When it comes to glass aggregate, green glass exhibits superior resistance
to ASR reaction due to its high concentration of Cr,O3, which effectively mitigates ASR
growth [68]. However, due to the particularities of UHPC, other factors such as the particle
glass size and the presence and dosage of high pozzolanic supplementary cementitious
materials such as SF play more crucial roles in determining ASR formation [50,68,69]. The
chemical compositions of different colored glasses are detailed in Table 2 [65].

Table 2. Different color glass chemical compositions reported in the scientific literature [65].

Glass Color

Green Brown/Amber Clear/Flint
SiO, 71.3% 71.9-72.4% 73.2-73.5%

Al,O3 2.20% 1.70-1.80% 1.7-1.9%
SO;3 0.05 0.12-0.14% 0.20-0.24%
CaO + MgO 12.20% 11.60% 10.7-10.8%
Fe, O3 0.56% 0.30% 0.04-0.05%
Na,O + K,O 13.10% 13.8-14.4% 13.6-14.1%

Cry,03 0.43% 0.01% -

3.2. Production

WG is found in municipal solid waste (MSW) as containers, cullets and plate residues.
While the majority of the data focus on glass containers, several evaluations also include
glass components used in long-lasting items including furniture, appliances and consumer
electronics. In 2018, the United States and Europe consumed 12.25 and 16.36 million tons of
glass and recycled 3.1 and 12.92 million tons, respectively, for a recycling rate of 31.3% in the
case of the USA and 76% in Europe [70,71]. For this part, China generated approximately
20 million tons of glass waste in the same year, with 53% being recycled [72]. In the case of
Australia, about 1.1 million tons of WG were produced in 2018, with the recycling rate in
the range between 54 and 61% [73]. In contrast, Sweden has achieved a remarkable glass
recycling rate exceeding 90% for the same period of time, ranking among the highest in the
world [74].

3.3. Chemical and Physical Properties

Table 3 depicts the chemical characterization of the glass in different studies about its
use in UHPC formulations carried out previously. As all of the below are soda-lime class, it
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is observed that the percentages have values close to each other. In other words, although
they are different glass powders, their chemical composition is similar. Some interesting
findings observed in Table 3 are the high amount of silica oxide (over 79% in all cases)
and the alkali content (in the range of 12.4-13.5%). These values have a relevant impact
on the concrete’s properties and potential damages, as will be seen in future sections of
this document.

Table 3. Chemical composition of glass powder reported in UHPC research.

Glass Powder References

Components

[29] [75] [76] [77] [48] [64]
5i0, 72.89 75.47 722 73.00 71.4 72.76
Al,O3 1.67 1.09 1.54 1.5 1.4 1.67
Fe, O3 0.81 0.79 0.48 0.4 0.2 0.79
CaO 9.73 9.02 11.42 11.3 10.6 9.74
MgO 2.08 1.97 0.79 1.2 2.5 2.09
SO3 0.01 - 0.09 - 0.1 0.10
Na,O 12.54 11.65 12.85 13 12.7 12.56
KO 0.76 0.75 0.43 0.5 0.5 0.76
TiO, 0.04 0.04 - 0.04 - 0.04

Figure 2 presents the X-ray diffraction (XRD) analysis conducted on WG particles
utilized in UHPC research [12,49]. As can be observed, the reported XRD analysis of
recycled glass particles reveal their amorphous nature, characterized by a minor presence
of long-range atomic order. This amorphous phase, typical of soda-lime glass materi-
als [47,49,50,59,78], is a key factor in their pozzolanic activity when used as glass powder
in concrete [79,80]. The absence of crystalline structure allows for greater reactivity with
calcium hydroxide during cement hydration, resulting in the creation of secondary C-S-H
gel. This gel enhances the binding and strengthening properties of concrete, contributing to
improved mechanical performance and durability [46,81]. Therefore, confirming the amor-
phous nature of recycled glass particles through XRD analysis is essential for evaluating
their suitability as supplementary cementitious materials and predicting their effectiveness
in enhancing concrete properties [50].

Recycled glass powder
6000

5000
2000 -
] —Recycled Glass 40001
£
P ] § 3000
= ]
s 10le E 2000 -
Q
1000 -
0 - 0 T T T T T T T |
10 30 40 50 60 70 10 20 30 40 50 60 70 80 90
2Theta 2 Theta (degrees)

Figure 2. XRD analyses of milled waste glass used in UHCP formulations [12,49].

For its part, Table 4 presents some physical properties of recycled glass particles
utilized in UHPC mixtures [24,42,59,64,75].
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Table 4. Physical properties reported for milled waste glass particles utilized in UHPC [24,42,59,64,75].

Physical Feature Value
Specific gravity 2.19-2.60
Water absorption (%) 0.19-0.4

Moreover, Figure 3 puts forward the SEM (Scanning Electron Microscopy) analysis of
the particles of recycled waste glass utilized in several UHPC formulations [29,47,82,83]. As
can be observed in Figure 3, these particles are characterized by their irregular shapes and
angular edges, resulting from the mechanical grinding action applied during production.
Their smooth surface and lack of porosity correlate well with the low water absorption
depicted in Table 4.

20KV # X1,000

Figure 3. SEM analysis of milled waste glass used in UHPC formulations: (a) recycled glass powder
(dsp: 7 um) used as partial cement replacement [82], and (b) recycled glass flour (dsg: 28 um) utilized
as total QP replacement [29].

3.4. Chemical Reactions

Figure 4 illustrates the reactions of GP within concrete. Initially (Figure 4A), solid
amorphous silica is depicted, followed by its dissolution in water (Figure 4B). The silica
reactivity is contingent upon its amorphous silica rate and the pH of the pore solution,
which dictates the dissolution rate. Equation (1) [84] describes this process.

=S5i—0—Si= + H0 — 2(= Si — OH) 1)

When dissolved silica interacts with hydroxide ions OH™ in mixed concrete (see
Figure 4C), three types of gel are produced, each contingent upon the environment. The
first type is calcium silicate hydrate (Figure 4D), characterized by a pH range of 12-13 and
an abundance of calcium ions (Ca?"). The second type is calcium aluminate silicate hydrate
(Figure 4E), which shares a similar pH range of 12 or 13 and is rich in both calcium ions
(Ca**) and aluminum ions (Al3+). Lastly, alkali silica gel (Figure 4F) exhibits a higher pH
exceeding 13 and is enriched with sodium ions (Na ™) and potassium ions (K™) [84]. These
three types of gel are expounded on in more detail in the next subsections.
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Figure 4. Glass reactions as a UHPC-making component [85]: (A) Solid amorphous silica;

(B) Amorphous silica dissolution in water; (C) Dissolved silica interaction with hydroxide ions

OH™; (D) Calcium silicate hydrate structure; (E) Calcium aluminate silicate hydrate structure

(F) Alkali silica gel structure.

3.4.1. Calcium Silicate Hydrate Gel

7

The main product of Portland cement hydration is C-5-H gel, which plays a crucial
role in providing strength. This gel is characterized by its extensive and disordered atomic
structure, contributing to the formation of a family of solubility curves within the CaO —
S5i0Oy — HyO system. Structurally, most layers resemble tobermorite, while others exhibit
imperfections akin to jennite. In addition to cement hydration, this gel can be produced by
the pozzolanic reaction between CH and a material with amorphous silica, like GP, in the
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presence of water [65,86]. Equation (2) [84] illustrates the pozzolanic reaction responsible
for C-S-H production, where the coefficients x1 and x; represent variable numbers [84].

SiOy + Ca? +20H~ — x1Ca0 x SiOy x x,H,O 2)

Figure 5 represents graphically that the pozzolanic reaction occurs when the SiO;
reacts with CH and creates C-S-H gel. Investigations showed that the pozzolanic reactivity
of WG as a replacement for several percentages of the weight of cement (0, 15, 30, 40
and 60%), and this demonstrated that CS was not reduced by the substitution cement for
WG. The pozzolanic reaction between waste glass or glass powder and cement hydration
products allows the concrete not to lose strength. In the majority of replacement percentages,
the compression resistance is 85% and allows for enhancements in durability owing to the
refined microstructures of GP [51].

Figure 5. Pozzolanic reactions [85].

3.4.2. Calcium Aluminate Silicate Hydrate

Calcium aluminate silicate hydrate (C-A-S-H) is a calcium silicate hydrate, but this is
incorporating aluminum into its structure, as depicted in Figure 4A. Its usual atomic ratio
of Al: Si is under 0.25. As can be seen in Figure 4E, the C-S-H adds an aluminum and this
gel is shaped during Portland cement hydration in the presence of AI** ions [87].

To yield C-A-S-H gel the ions OH~ broke the bonds of Al-O and Si-O with a nec-
essary high pH (between 12-13) to form SiO,(OH)s , SiOz(OH)227 and Al(OH), .
Equation (3) [88] expresses the situation when the dissolved aluminate and silica react with
OH~ and Ca*" to produce C-A-S-H gel.

Ca®t + Si0,(OH), 2~ (orSiOz(OH)3 ‘) +AI(OH),” -C—A-S—H (3

3.4.3. Alkali Silica Gel

The third and last gel, the alkali-silica gel, is the one that is formed during the ASR
reaction [79,89,90]. The alkali-silica reaction is considered a concrete disease because it is
one of the main risky chemical reactions that is generated between aggregates with some
reactive silica content alkalis of the cement (sodium hydroxide and/or potassium sodium)
in the concrete. This consists of the generation of an expansive gel that meets water and
produces an increase in the matrix volume, which yields the concrete mass to crack and
destroy itself. Equation (3) [84] describes how the silica amorphous network becomes more
reactive due to high pH (greater than 13) causing the siloxane chemical bond to be broken
with the presence of OH™ to form new ions [85].

=5i—-0-S5i=+0H —-=S5—-0H+=5-0" 4)



Sustainability 2024, 16, 5077

10 of 40

Once crystalline silicates bonds are formed (= Si — OH) they can react with OH~ and
produce new ions, as presneted in Equation (5) [85].

=Si—-OH+0OH — =5 -0 +H,0O ®)

As shown in the Equation (5), the = Si — O~ which in turn reacts with potassium (K™)
and sodium (N a+) also, with OH ™ to produce alkali silica gel (N-S-H).

=Si— O~ +2Na" (K*) +20H — Nay(K,)SiO3-H,0 (6)

To mitigate the risk of ASR, several factors need careful control, including the water-
cement ratio, aggregate size, alkali solubility, type of cement, alkali content, utilization of
supplementary cementitious materials and the presence of reactive aggregates [88]. In this
regard, the employment of WG powder in concrete composition offers high amounts of
amorphous silica (see Table 3 and Figure 2) as well as alkalis (Table 3). Thereby, special care
should be taken when incorporating this waste into concrete formulations. However, recent
investigations consider that the GP should pass a 325-mesh sieve because the particles
smaller than 300 microns do not present a risk for alkali-silica reaction [91].

4. The Use of Waste Glass Powder in UHPC Formulations
4.1. GP as Supplementary Cementitious Material

Various pieces of research have been conducted to define the role of milled WG as
a replacement for typical UHPC-making powdered materials like cement, silica fume or
quartz powder [3,44,52,75,92]. Results have pointed out how various properties of glass
powder, such as particle size, impact the characteristics of UHPC [75,77]. These studies
have examined the effects of glass particle size from fine powder (ds¢: 3.8 um), powder
(dsp: 7 um) or flour (dsp: 28 um) [75,77]. Depending on the particle size, these pieces of
research have utilized this waste material for substituting (totally or partially) SF, cement
and quartz powder [47,75]. As packaging density and particle-size distribution of compo-
nents determine UHPC design, Soliman & Tagnit-Hamou [77] employed fine glass powder
(dsp: 3.8 pm) to partially replace SF in UHPC formulations. The findings of their research
showed that substituting 30% and 50% of SF with this fine GP may obtain compressive
strengths of 235 and 220 MPa after 2 days of heat curing, in comparison with 204 MPa
for the control UHPC formulation. Moreover, the study also depicted that when SF par-
ticles were replaced with nonabsorptive glass particles, the fresh UHPC rheology was
enhanced [77].

For their part, Abellan et al. [75] achieved CS over 150 MPa with more than 50% of
replacement percentages in traditional materials like cement and quartz powder (QP) with
glass powder (GP) and glass flour (GF). Their findings revealed that specific combinations
led to a reduction in cement content, identifying a mixture comprising 603 kg of cement
and over 0.5 kg/m? of glass powder (GP) and glass fibers (GF) per kg of cement. This
formulation achieved a CS of 152 MPa within 28 days under standard curing.

Tagnit-Hamou et al. [52] studied the implication of the curing temperature and the
amount of water in CS of waste glass—-UHPC at 2, 28 and 91 days. The tests pointed out
that the inclusion of GP as a cement partial replacement increases the spread flow, a factor
that allows it to work with a lower w/b [27,75]. Also, with more than 20% of cement
replacement with GP, the CS at 28 days was slightly lower than the control [52], but this
pattern changes with 91 days of normal curing and with hot curing. This can be considered
because of the pozzolanic reaction from the GP particles which need more time to react than
SF due to their larger size and, therefore, smaller specific surface area. Other researchers
confirm this behavior, pointing out that the key to reaching a faster pozzolanic reaction is
the GP particle size [3,75], an outcome that reacts better with CH.

The synergy between milled waste glass powder and other mineral admixtures in
UHPC has been extensively explored in various studies. Table 5 summarizes some of
these endeavors.
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Table 5. Reported research utilizing waste glass combined with other mineral admixtures in UHPC

formulations.
P(;fxglirs % Cement % SF % WGP Other Mineral Admixture ~ Other Mineral Admixture wib Cg::epnr;lslive Reference
(kg/m?) Type % Type % (MPa)
1180-1727  59.88-90.00  6.83-10.00  0.00-27.03 Rej;j\ted' 0.00-31.67 - - 0.15 148-158 [48]
1147-1246 58.99-88.13 0.00-11.87 0.00-33.06 QP 0.00-15.42 - - 0.15-0.25 153-221* [42,64]
1151-1282 47.26-63.38 8.76-17.63 19.03-37.73 - - - - 0.15-0.20 100-177 [1]
1035-1052 78.23-78.31 0.00-21.74 0.00-21.77 - - - - 0.21 100-175 [77]
1131-1147 50.05-58.72 8.76-8.84 7.83-13.92 Limestone 20.37-21.01 FC3R 4.38-4.40 0.16-0.18 132-156 [27]
1158-1210 48.80-56.84 8.26-8.63 25.52-31.66 Limestone 7.60-11.25 - - 0.14-0.16 101-162 [75]
1287 37.95-48.17 7.70 24.08 Limestone 19.98 MK 0.00-10.21 0.16-0.18 129-159 [3]
1190 56.80 11.93 31.26 - - - - 0.18 155 [15]
1282 46.02 7.80 26.13 Limestone 20.05 - - 0.15 156 [9,10,18,93]
1165-1195 43.24-59.15 8.36-8.58 3.85-18.04 Limestone 21.79-35.96 EAFS 2.19-14.29 0.14-0.16 100-163 [29]
1205-1280 45.55-57.01 7.65-7.80 26.01-33.02 Limestone 10.15-30.22 - - 0.14-0.21 142-156 [58]
1259 38.80-49.25 7.94 25.23 Limestone 17.58 RHA 0.00-10.45 0.16-0.18 139-159 [94,95]

* Heat curing conditions.

A multi-criteria optimization technique was carried out to design two eco-friendly
UHPCs incorporating micro-limestone powder and two different sizes of GP as cement
and SF partial replacements [47,59,75]. The UHPC formulations analyzed, which included
a Control dosage without alternative binders, as well as their scheme of pastes’ packing
density, are presented in Table 6 and Figure 6, respectively. The optimized mixtures
exhibited excellent workability and rheological properties, achieving high compressive
strength with reduced cement content. Furthermore, new research has corroborated the
synergy between glass waste and limestone powders [47,59,96]. Particularly, their joint use
demonstrated an improvement in rheology that allowed a reduction in the superplasticizer
content and water-to-binder ratios with respect to conventional UHPC dosages. The
reductions mentioned carry significant positive implications for the material properties
due to two main reasons [94,97]:

(i). Lowering the w/b ratio drives reduced porosity within the material.
(ii). Decreasing the superplasticizer content mitigates the risk of potential incompatibility
with cementitious materials.

Table 6. Control, Optimized 1 and Optimized 2 UHPC formulations [47,59].

Control Optimized 1 Optimized 2

OPC (kg/m?) 852 590 603

SF (kg/m?) 272 100 100

Waste glass powder (kg/m?3) - - 169
Waste glass flour (kg/m?) - 335 199
LP (kg/m?) - 257 118

SS (kg/m3) 889 778 834
HRWRA (kg/m?) 26.5 21.5 20.0
w/b 0.218 0.165 0.163

Slump flow (mm) 260 253 258
VPD * 0.83 0.81 0.79

* Virtual Packing Density as per the Sedran & Larrard theory [19,98,99].
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Waste glass flour OPC  Waste glass powder ~ Limestone Powder  Silica fume

Figure 6. Scheme of paste packing density for three UHPC formulations (a) Control mixture without
alternative binders; (b) Optimized 1 mixture with micro-limestone powder and waste glass flour
(dsp: 28 um); (c) Optimized 2 mixture with micro-limestone powder, waste glass powder (dsp: 7 um)
and waste glass flour (dsp: 28 um) [82].

Similarly, [29] investigated the factorial design of an ultra-high strength mortar contain-
ing Electric Arc Slag Furnace (EASF) along with milled waste glass. The study highlighted
the importance of incorporating supplementary cementitious materials for enhancing both
the mechanical strength and sustainability of UHPC. The effect of high reactive aluminosili-
cates cementitious materials, like metakaolin (MK) and Fluid Catalytic Cracking Catalyst
Residue (FC3R), in waste glass—-UHPC was explored [3,27]. Due to the reaction of the
high alumina-silicate components of FC3R and MK, yielding ettringite formation, those
cementitious materials showed potential for enhancing early-age strength, but their impact
on long-term strength and workability was observed to vary based on substitution levels.
Hence, the findings of these investigations illustrate the collaborative effect of limestone
and glass powder in alleviating rheological issues in mixtures containing FR3C or MK.
Thereby, with the optimal dosage of these high alumina materials, the effect of glass and
limestone allows the UHPC to exhibit beneficial properties for early strength development,
all the while maintaining cost-effectiveness, a proper rheology feature in the fresh state,
and reducing the carbon footprint [3,27].

The literature review, as depicted in Table 5, highlights another significant aspect
concerning the utilization of GP in these specialized concrete formulations. Specifically,
UHPC compositions incorporating GP as a partial or complete substitute for QP have
exhibited impressive compressive strengths exceeding 200 MPa [42,64]. This threshold
value is crucial for ensuring strong fiber-matrix adherence [100,101], emphasizing the
promising potential of glass powder in enhancing the performance of UHPC formulations.

For its part, several investigations have focused on the utilization of rejected fly ash
along with recycled glass powder in UHPC formulations [28,48]. On the one hand, the
research presented in [28] explored the utilization of local high unburned carbon fly ash
as a mineral admixture in waste glass-UHPC. On the other hand, research presented
in [48] depicted the utilization of fly ash with particles larger than 45 microns along
with recycled glass in alternative formulations of UHPC. Despite challenges in achieving
optimal substitutions owing to the elevated content of rejected fly ash, these studies
emphasized the potential of utilizing local pozzolans for sustainable UHPC production.
Lastly, recent studies [94,95] analyzed the effect of rice husk ash (RHA) as a cement partial
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replacement for UHPC containing waste glass powder. Despite a decrease in workability,
attributed to the high surface area and porous nature of RHA particles which increases
water demand [102,103], and a slight reduction in CS, the studies highlighted the potential
of RHA for enhancing sustainability and reducing the carbon footprint of UHPC.

Overall, these studies summarized in Tables 5 and 6 underscored the significance
of synergistic interactions between waste glass powder and other mineral admixtures in
enhancing the sustainability and performance of UHPC formulations. A deeper analysis of
the influence of these interactions on each of the material characteristics is presented in the
following subsections.

4.2. Waste Glass as a Replacement for QS

UHPC formulations traditionally incorporate quartz sand (QS) as the aggregate, with
quartz powder (QP) enhancing mixture density [14,104]. However, QS and QP are known
carcinogens, posing health risks to workers and impacting the environment [69,105]. As
reported in published research, the replacement of these materials with recycled glass sand
(GS) could offer a safer and more sustainable solution [1,49,69,106]. These findings are sum-
marized in Table 7. As can be seen, these studies have explored different replacement ratios
and particle size distributions of recycled glass sand, aiming to balance workability and
mechanical properties [41,69]. Notably, UHPC formulations with GS have demonstrated
exceptional compressive strengths exceeding 200 MPa under thermal curing conditions [1].
These results suggest the potential of GS in UHPC as a viable alternative for even the
highest levels of improved microstructure (identified by CS greater than 190 MPa) which
indicates a possible exceptional fiber-matrix adhesion [100,101].

Table 7. Results of compressive strength of UHPC with glass sand.

Quartz Sand Compressive Compressive
Glass( S;Sd dso Glass (Sa::)d dmax Replacement Strength Normal Strength Heat Reference
H H Percentage (%) Curing (MPa) Curing (MPa)
275 630 50 171 *** 196 * [69]
275 630 100 157 *** 182 * [69]
350 630 100 128 *** 153 * [69]
225 630 100 127 *** 164 * [69]
300 600 100 124 ** - [50]
- 800 25 175 *** 200 * [1]
- 800 50 165 *** 190 * [1]
- 800 50 162 *** 175* [1]
275 630 50 140 *** 150 * [106]

* After 2 days of heat curing; ** after 28 days of normal curing; *** after 91 days of normal curing.

Additionally, research on alternative glass UHPC formulations revealed that varying
combinations of glass components, such as GP, fine glass powder (FGP) and GS, sig-
nificantly influenced workability and mechanical performance, with CS values of up to
171 MPa observed even under normal curing conditions [77].

Moreover, the study conducted by [49,50] showcased the highest proportion of recy-
cled glass utilization in UHPC formulations. These formulations replaced 100% of quartz
sand with GS and incorporated various sizes of GP, resulting in up to 52% of the mixture by
weight being comprised of recycled glass (both sand and powder). Finally, it is important
to note the risk of ASR associated with glass sand [91], which will be addressed in a specific
section of the review article.

5. Effect of WG Addition on UHPC’s Features
5.1. Rheological Properties
Concrete’s rheological properties are a measure of its ability to flow and resist de-

formation. In the case of UHPC, rheological properties are especially important due to
the high particle density and low w/b [97,107]. The utilization of GP as a supplementary
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cementitious agent can significantly improve these properties of UHPC [40,62,96]. In this
sense, the research conducted by [75] revealed that replacing some of the cement with GP in
UHPC formulations leads to a higher spread flow due to the glass powder’s minimal water
absorption and the consequently higher alkaline content resulting from the recycled glass’s
elevated Na,O levels [75]. The high-level alkali essence and the low water absorption of
glass particles are well known, and they are depicted in Tables 2—4 of the present document.
On the one hand, utilizing GP in cement partial replacement capitalizes on its significantly
lower water absorption [1,69], thereby liberating more free water to effectively contribute
to the material’s rheological behavior in its fresh state [58,75]. On the other hand, the
alkalinity provided by GP can enhance the performance of superplasticizers in cement
pastes by facilitating the dispersion of cement particles and reducing their agglomeration.
This improved dispersion allows the superplasticizer molecules to effectively adsorb onto
the cement particles, leading to better fluidity and workability of the paste [108].

The impact of incorporating GP into the mixture on UHPC’s rheology is evident in
Figure 7 [12]. On the left, the slump flow of a blend devoid of recycled glass is depicted,
whereas the image on the right illustrates the outcome following the substitution of 13.5%
of the cement with GP. It is notable that the mixture lacking GP exhibits a slump flow
of 210 mm, while the addition of GP results in a higher slump flow of 250 mm, despite
maintaining the same w/b ratio and dosage of high-range water-reducing polycarboxylate-
based superplasticizer (HRWR) (w/b = 0.165 and HRWR dosage of 23 kg/m?).

Figure 7. Impact of GP on UHPC’s rheology. The left image shows the slump flow of a GP-free
mixture, contrasting with the right image depicting the effect of replacing 13.5% of cement with
GP [12].

Other studies have assessed the UHPC mechanical and rheological features incorpo-
rating varying proportions of glass powder as a pozzolanic mineral admixture [1,41,63].
Their findings indicated that the GP addition enhanced workability and flowability with-
out compromising strength and durability. Notably, the incorporation of glass powder
mitigated exudation and bleeding, thereby improving bonding capacity and resistance
to segregation. Finally, the positive influence of recycled glass together with limestone is
observed in Table 6, which shows that thanks to the incorporation of these components
in cement and SF partial replacement, the optimized dosages achieve the same value of
slump flow as the Control mix, but with a lower w/b value and lower superplasticizer
content [47,59].

5.2. Hydration Kinetics

Comprehending the hydration is vital for understanding the behavior of cementitious
materials, particularly in the context of advancing UHPC [41]. The study delved into
the cement hydration kinetics, focusing on the influence of GP addition, using isother-
mal calorimetry to examine the pozzolanic reaction during the cement hydration early
stages [41]. The investigation scrutinized the rate at which UHPC emits heat during hy-
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dration and the cumulative heat curves of hydration for varying levels of glass powder
replacement (0%, 20%, 40% and 50%) within the initial 48 h of water-cementitious material
contact, normalized to the total binder weight in the mixture. It became apparent that
both the maximum heat flow and total heat decreased with increasing GP replacement
ratios. Moreover, the study revealed that the maximum value of the second exothermic
peak decreased by 35%, 32% and 50% for the mixtures containing 20%, 40% and 50% glass
powder, respectively, in comparison with a typical UHPC. The decrease in heat release
was attributed, on the one hand, to the dilution effect caused by the incorporation of glass
powder, which, in the reported research, possessed a lower specific surface area than ce-
ment [41]. On the other hand, the GP pozzolanic reaction produces less heat than ordinary
Portland cement due to its similarity to a C2S reaction [109]. This lower heat of hydration
aided in minimizing cracking as a consequence of the elevated temperatures [41].

Moreover, when GP replaced 20% of the cement, the end of the induction period and
the acceleration period ascribed to the major peak were shorter [41]. This acceleration was
explained by the ability of fine GP to expedite the hydration of cement by adsorbing calcium
ions and acting as nucleation sites for hydrate formation. Additionally, the high alkali
content in GP was probed to catalyze the early formation of C-S-H [41]. Conversely, with
GP replacement of over 20%, the periods of induction and acceleration were delayed. For
instance, at the end of the induction period for typical UHPC formulation, and formulations
with 40 and 50% cement replacement by GP were about 9.1, 9.7 and 11.2 h, respectively.
This delay was attributed to increased levels of GP replacement, resulting in higher water-
to-cement ratios and superplasticizer dosages, as is common in UHPC manufacturing [41].
This, according to Jansen et al. [110], could lead to the complexation of Ca2* ions by the
superplasticizer, impeding the early hydration of cement and delaying the pozzolanic
process owing to the insufficient CH presence in the concrete.

5.3. UHPC'’s Microstructure

The cement-based materials” mechanical properties are influenced by various factors,
such as their chemical characterization, microstructure, aggregate features and the ITZs char-
acteristics [21,111]. Understanding the microstructure of these matrices is key to unraveling
their mechanical behavior. Although UHPC presents a highly heterogeneous and intricate
microstructure, efforts to create realistic models remain challenging [112-114]. Nevertheless,
delving into the microstructure of UHPC allows for the determination of optimal mix compo-
sitions, which in turn yield desirable fresh and mechanical properties and enhanced durability,
thereby reducing production costs and related CO, emissions [56,113,115].

Therefore, microstructure analysis procedures like X-ray diffraction (XRD), scan-
ning electron microscopy/energy-dispersive spectroscopy (SEM/EDS), mercury intrusion
porosimetry (MIP), 2Si magic-angle sample-spinning nuclear magnetic resonance (*’Si
MAS NMR) analysis and thermogravimetric/differential thermal analysis (TG/DTA) have
been extensively reported in the literature as methodologies to gain insights into the mi-
crostructure of UHPC [41,64,116]. In this sense, studies on UHPC microstructure indicate
that incorporating cement partial replacements like limestone and granulated blast furnace
slag not only reduces unhydrated cement content and the C25/C3S ratio but also dimin-
ishes CH levels while promoting the creation of C-5-H, resulting in a more compact and
homogeneous cementitious matrix. Among the various pozzolans assessed, silica fume
stands out for its ability to decrease porosity, lower the calcium/silicon (Ca/Si) ratio and
maintain minimal CH levels, all contributing to defining optimal mechanical specifications
for UHPC. Furthermore, the inclusion of blast furnace slag, electric arc furnace slag and
limestone powder as mineral admixtures aids in further reducing UHPC matrix porosity
and allows for a reduction in cement consumption. While each substitute offers specific
advantages, their optimized use strengthens the mechanical or maintains (depending on
the case) the final properties of UHPC while supporting sustainable waste management
practices [21,29,56,117].
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Additionally, integrating nano-silica as a cement replacement presents a promising
avenue to enhance the mechanical characteristics of UHPC further. Nano-silica fosters the
formation of a denser matrix with reduced porosity and increased C-S-H content [117].
Hence, considering the properties of recycled glass discussed in earlier sections (e.g., chem-
ical composition and crystallography), it is reasonable to anticipate that the addition of GP
in UHPC formulations would yield a beneficial influence akin to that of reported mineral
admixtures. Soliman & Tagnit-Hamou [41] conducted some research to analyze the influ-
ence of the cement and/or quartz powder partial replacements with glass powder- with
dsp equal to 50 um—on the UHPC’s microstructure by utilizing SEM approaches. Three
samples were evaluated: (i) a control one, which represented a typical UHPC formulation;
(ii) 80C/20GP formulation in which the 20% of the weight of cement was replaced by
GP; and (iii) 0QP/100GP in which QP was totally replaced by GP. Their findings using
backscattered electron (BSE) images revealed that the ITZ in the control mix was thin, and
the addition of GP did not significantly affect it. Moreover, owing to the low w/b value, a
considerable amount of unreacted cement, QP particles and GP particles were observed
in the matrix. The study also revealed that the absence of portlandite (CH) indicated
its consumption by the SF plus GP pozzolanic effects. Another conclusion that can be
drawn from their BSE research is that the design of the UHPC promoted a dense and
homogeneous matrix with reduced porosity, with the presence of spherical air voids being
a consequence of the high superplasticizer content. Moreover, BSE images after thermal
treatment revealed the formation of a C-S-H hydration layer around the cement and GP
particles, demonstrating the pozzolanic reaction of GP and its contribution to the improved
microstructure [118-120]. Regarding the characteristics of GP particles, it was observed
that their appropriate fineness prevented the formation of microcracks associated with the
ASR reaction. Their study proved that the incorporation of GP yielded the formation of
more C-S-H, thereby improving the microstructure of UHPC. In addition, their findings
also revealed that the presence of GP particles did not adversely affect the ITZ or increase
porosity, suggesting adequate compatibility between GP and the cement matrix. This high-
lights that GP can be an effective additive for enhancing the properties of UHPC without
compromising its internal structure [41].

For their part, Vaitkevicius et al. [64] carried out a study to investigate the effects of GP
as a complete replacement for QP and SF in UHPC formulations. Through experimental
analysis using techniques such as MIP, XRD and ?’Si MAS NMR, the study elucidated
the beneficial reactions of GP with cement phases, leading to the formation of C-5-H and
subsequent enhancements in mechanical strength and microstructure. Notably, the research
highlighted the elimination of macroporosity, increased cement dissolution rate, and the
role of fast soluble alkali from the surface of GP in accelerating cement hydration.

5.4. Mechanical Properties

Building on the insights gleaned from earlier sections regarding its effects on rheology,
kinetics and microstructure, the incorporation of glass powder into UHPC is anticipated to
yield enhancements or minimal reductions in its mechanical features. Nevertheless, the
following sections of this review article will analyze the impact of the addition of GP in
the UHPC formulations on their CS, elasticity modulus, ultrasonic pulse velocity, bending
performance and direct tensile behavior.

5.4.1. Compressive Strength

The effectiveness of WG powder in enhancing the CS of concrete, particularly in UHPC
mixtures, has been extensively explored [55,58,117]. Some of these results are presented in
Table 8. The role of GP on the CS of concrete is a consequence of different mechanisms. For
instance, the implementation of a particle size of GP finer than cement particles reduces
mixture porosity due to the filler effect as a replacement for cementitious materials, leading
to a trend of increasing CS. Specially, these fine particles of glass also promote the cement
hydration in a UHPC mixture by increasing the hydration surface-volume ratio and the filler
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effect, thus producing more hydration products owing to the pozzolanic reactions of fine
glass and increasing the creation speed of hydrates that improve the concrete’s CS [40,41,51].
In addition, this pozzolanic reaction of glass is due to the amorphous silica composition (as
seen in Table 3 and Figure 2) that reacts with CH producing secondary C-5-H gel that mostly
provides this mechanical property [120]. Hence, researchers have investigated various sizes
and replacement percentages of GP, revealing notable effects on concrete strength [40,41,77].
For instance, studies have applied GP with a d5 particle diameter of 10 um, replacing
25% of the cement, leading to UHPC exhibiting compressive strength values ranging from
150 to 200 MPa after 91 days of standard curing conditions [40]. Similarly, investigations
utilizing GP with a particle size of 12 pm as a partial cement replacement in UHPC with a
water-to-binder ratio of 0.189 demonstrated a significant increase in CS, reaching up to 204
MPa at 91 days under normal curing conditions [41].

Table 8. Results of WGP application in UHPC compressive strength from 28 to 91 days of SC.

Replaced Percentage of GP Fineness djg Concrete

Material Replacement (%) (um) Strength Trend Reference
Cement 20 12 Increase of 13% [41]
Cement 50 12 Decrease of 9% [41]
Cement 25 10 Increase of 11% [40]
Silica Fume 30 3.8 Increase of 8% [77]
Silica Fume 50 3.8 Increase of 1% [77]
Silica Fume 100 3.8 Decrease of 16% [77]
Quartz Powder 100 12 Increase of 17% [41]
Quartz Powder 50 12 Increase of 11% [41]
Quartz Powder 100 10 Increase of 19% [40]

However, as shown in Table 8, substitution ratios of cement with GP exceeding 25%
were found to be ineffective, leading to a reduction in the CS [40,41,51]. This phenomenon
can be attributed to the delicate balance between two key factors in the UHPC matrix:
the creation of portlandite during cement hydration and the pozzolanic activity of glass
powder [83]. This way, when a relevant cement portion is replaced with GP, the amount
of portlandite generated may decrease due to the reduced cement content, which can
lead to several of the pozzolanic materials remaining unreacted [75]. For its part, the
lowering of cement also leads to a decrease in the primary C-S-H gel obtained by cement
hydration [61,62]. Therefore, the decrease in compressive strength observed at higher
replacement ratios of cement with GP suggests that the pozzolanic activity of the glass
powder may not fully compensate for the decrease in C-S-H from cement hydration for the
reduction in portlandite content.

Furthermore, studies have explored the use of GP as a partial or complete substitution
for SF and quartz powder QP in UHPC mixtures. When it comes to the case of silica fume,
fine GP, with dsp values of 3.8 um, was applied as a partial and complete replacement
for SF in a UHPC formulation [74]. The findings for UHPC compressive strength are
provided in Figure 8. According to the reported study results, and as can be seen in Table 8,
replacements of over 50% lead to a decrease in the CS value. The reason for that could be
explained by the following: (i) the improvement of the packing density provided by the
reduced size of SF, with dsp values of 0.15 um, can not be attained with glass particles. A
proof of the latter can be observed in Table 6, where the VPD of the Control formulation is
higher than those of the optimized values [47,59]; (ii) the improved pozzolanic nature of SF
than GP, due to its reduced size and higher amorphous silicon oxide [59,63,121].
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Figure 8. Results of UHPC CS of silica fume replacement with fine dsg 3.8 GP [77].

Moreover, in another study, glass powder (GP) was introduced as a substitute for
QP in a UHPC mixture with a w/b value of 0.189 [41]. The complete replacement of QP
with GP led to an enhancement in the compressive strength of the concrete, ranging from
30 MPa to 35 MPa after 91 days of standard curing (SC). The pozzolanic reaction between
waste glass powder and cement-hydrated products facilitated an accelerated hydration
process, consequently augmenting the strength of the UHPC [40,41].

5.4.2. MoE

The modulus of elasticity is a measure of the stiffness or ability of a material to resist
deformation under applied loads. In the case of UHPC, according to the ACI-239R, its value
evaluated after 28 days is commonly within the range of 40 to 50 GPa [122]. UHPC’s MoE
can vary depending on factors like material composition, particle size and distribution,
density and porosity [123]. However, in general, the modulus of elasticity of UHPC is
much higher than that of other types of concrete, due to its stiffness and the fact that it can
withstand larger loads before permanently deforming [123,124].

Jaramillo-Murcia et al. [58] analyzed the modulus of elasticity of two alternative UHPC
formulations that incorporated waste glass in their composition. To establish comparisons, a
typical UHPC formulation was also tested. The information on the considered formulations
can be observed in Table 6 while and scheme of their paste’s structure is presented in
Figure 6. The findings of this study, measured at different ages, are put forward in Figure 9.
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Figure 9. MoE of control and optimized UHPC formulations evaluated at 7, 18 and 90 days [58].
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Throughout their study, it was noticed that the Control formulation consistently ex-
hibited a higher Modulus of Elasticity (MoE) compared to the waste glass formulations at
each stage. Nevertheless, all examined UHPC formulations met the Modulus of Elasticity
criteria outlined by ACI 239 [5]. The rate of MoE increase over curing time varied among
formulations containing different supplementary cementitious materials [125]. Incorpo-
rating pozzolans with higher activity, such as SF, resulted in accelerated enhancement of
MOoE during the initial stages due to their smaller particle size and faster hydration kinetics.
Additionally, the improved packing density of the Control mix contributed to its improved
MoE. Nevertheless, differences observed in younger specimens were slightly less marked
in comparison with the older ones. This could be attributed to the influence of limestone
powder and GP, which, as suggested by previous studies [12,75], speeds up the hydration
process in the early stages, driving denser particle structures and enhanced mechanical
properties. Moreover, the GP addition was found to expedite the cement dissolution rate,
thereby facilitating a faster hydration process, as stated in previous sections [40,41,51].

5.4.3. Ultrasonic Pulse Velocity

Upon analyzing the ultrasonic pulse velocity data, on the same three UHPC formula-
tions presented in the previous section, Jaramillo-Murcia et al. [58] reported a consistent
upward trend in values over time. Figure 10 depicts the results obtained by [58] in relation
to this property. Notably, as Figure 10 reveals, the Control mixture exhibits the highest
response, followed by the Optimized 2 mixture. The authors attributed this increase
in velocity to the VPD of the UHPC’s formulations (see Table 6), resulting in increased
stiffness of the material and accelerated pulse wave propagation within the UHPC cylin-
der. Consequently, as per their findings, the ranking of UHPC types as per their VPD
values corresponds to the dosages determined by their ultrasonic pulse velocity at any
given age. Moreover, this research also suggests a significant correlation between velocity
enhancement and the reactive powders” hydration and pozzolanic activities [58].
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Figure 10. Ultrasonic pulse velocity findings of control and optimized UHPC formulations evaluated
at 7,18 and 90 days [58].

The study also established that concrete of superior quality typically exhibits an
ultrasonic pulse velocity exceeding 4575 m/s. As illustrated in Figure 10, the Control
dosage reaches the threshold value after seven days of curing, while Optimized 1 requires
28 days, and Optimized 2 necessitates 90 days to achieve a similar threshold value. It
is worth mentioning that the mix in Optimized 2 at 28 days achieves a UPV value of
4491 m/s [58].
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5.4.4. Flexural Behavior

The literature review shows that substituting some of the Portland cement with
GP diminishes the resistance to bending in plain UHPC formulations [15,62]. However,
while it is notable that the flexural strength lowers with increasing substitution of GP in
the case of plain UHPC, it is important to recognize that in fiber-reinforced UHPC, the
primary determinant of performance is the fiber reinforcement system [126-128]. Neira-
Medina et al. [15] researched to analyze the impact of different fiber-reinforced systems
on the flexural behavior of UHPC utilizing a GP as a cementitious material. The UHPC
cementitious matrix was characterized by a w/b value of 0.25, and glass powder with
a dsp value of 10 pm was utilized as a cement replacement at a rate of substitution by
weight of 45%. The mix design was formulated based on fractal-based particle-packing
theories [15]. The experimental campaign included four types of commercial synthetic
fibers, both macro and micro, along with high-strength steel fibers, for evaluation purposes.
In addition, the fiber reinforcement system encompassed mono and hybrid systems with
volume ratios of reinforcement from 1 to 2%, whose results are depicted in Figures 11 and 12,
respectively. Notably, only the UHPC specimens reinforced with 2% fibers demonstrated
ductile behavior, with the exception of the beam reinforced with 1% steel microfibers [15].
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Figure 11. Effect of 1% of fibers on the waste glass"-UHPC flexural behavior [15].
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Figure 12. Effect of 2% of fibers on the waste glass-UHPC flexural behavior [15].
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Moreover, it is important to note that the performance of series reinforced with 1%
and 2% high-strength steel fibers (represented as 1.00S and 2.00S in Figures 11 and 12)
achieved results comparable to those reported for the same reinforcement in traditional
UHPC matrices without recycled glass. Among these pieces of research with typical UHPC
matrices and similar limits of proportionality and modulus of rupture when using 1% or
2% of OL 13/0.20 fiber, the following references can be consulted [129-131].

5.4.5. Tensile Behavior

Mousa et al. [106] studied the tensile behavior of UHPC through the utilization of GP
and GS as replacements for cement and fine aggregates, respectively. This study compares
two distinct UHPC compositions: one incorporating GP as a cement substitute, and the
other integrating both GP and GS. Both mixtures featured a 2% volume fraction of OL
13/02 steel microfibers with an aspect ratio of 65. In addition, the research explored the
influence of two curing regimes, hot curing and normal curing, on the tensile behavior of
the recycled glass UHPC samples at the ages of 28 and 91 days. A significant experimental
factor considered was the alignment of the steel microfibers (either parallel or perpendicular
to the fracture plane). Fiber orientation was induced during the pouring procedure. The
trials were conducted following the technique known as the Double Edge Wedge Splitting
Test (DEWS) [132]. Figure 13 shows the graphs with the results obtained in the specimens
with fibers aligned perpendicular to the fracture [106]. It is noteworthy that these results
are the only ones that could be corroborated with those obtained from dogbone specimens,
as the use of dogbone specimens, owing to their gauge dimensions, promotes a favorable
orientation of the fibers [101,133].
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Figure 13. Maximum tensile stresses of UHPC mixtures with only glass powder (GP) or glass powder
and glass sand (GP+GS) after 2 days of heat curing, and 28 and 91 days of standard curing (SC) [106].

As can be observed in Figure 13, both cementitious matrices achieved excellent tensile
strength [106], in the same range as those achieved with standard UHPC reinforced with a
2% OL 13/0.2 fiber [123,133-135]. Another conclusion that can be drawn from this figure is
the improvement in the CS between 28 and 90 days of standard curing (SC) which may be
attributed to the slow pozzolanic reaction of glass powder [61,92]. Finally, it is relevant to
denote that, the results obtained in the specimens with fibers aligned parallel to the fracture
were about half of those presented in Figure 13 [106].

Nevertheless, the most relevant feature of UHPC is not its maximum tensile strength,
but its direct tensile performance [10,100,136]. The introduction of fibers not only augments
the material’s tensile strength but, with the proper dosage of adequate fibers, also facilitates
efficient force transfer even in the presence of cracks, thereby impeding or decelerating
their propagation [137,138]. Fibers within the fissures serve to convey a portion of the
matrix’s tensile strength, enabling the composite to endure greater strains under favorable
circumstances [11,138]. This state is achieved through the strategic alignment of a suffi-
cient number of fibers possessing proper properties within the cementitious matrix [139].
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In strain-hardening UHPC, the fiber-reinforced composite demonstrates the capacity to
withstand stress increments beyond its cracking stress (o¢c) until it reaches its maximum
peak stress (opc) [18,140]. Figure 14 depicts the various phases of the stress-strain curve for
a strain-hardening UHPC under uniaxial tensile loading [106]. These stages encompass
the elastic phase, multicracking phase, crack-straining phase and strain-softening phase.
Initially, the material experiences elastic deformation until it reaches the point of tension,
known as o, and attains a strain of ... Beyond this point, the material enters the inelastic
strain zone characterized by repeated micro-cracking, surpassing the o tension, with
stress levels remaining relatively stable [11,106]. Subsequently, the crack-straining phase
ensues, marked by a significant increase in crack opening as the fiber reinforcement un-
dergoes debonding and elastic straining, contingent upon the fiber type [101]. This branch
extends until it reaches the maximum stress op. and strain ep [139].
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Figure 14. Phases of the uniaxial stress-strain curve for a strain-hardening UHPC [93].

In Figure 14, the energy absorption capacity (g) of the material can be computed as
the area below the strain-stress curve until reaching the stress level denoted by o}, and
epc [18]. Subsequently, in the third step, a notable decline in the finer-reinforced UHPC
strength develops as the strain increases, a phenomenon known as the strain-softening
branch. During this phase, specimen failure is attributed to the slippage and/or rupture of
fibers within critical fissures [20,106].

Abellan-Garcia [12,93] investigated the ductility performance of uniaxial tensile be-
havior across 52 different series of recycled glass UHPC tests. His research focused on
a recycled-glass cementitious matrix, particularly examining its suitability for seismic
retrofitting applications. The experimentation encompassed various fiber types, including
both steel and synthetic options, whose descriptions are presented in Table 9. It is also
worth noticing that the S; fiber utilized in these studies corresponds to the smooth and
high-strength steel OL 13/02 fiber.

Table 9. Detailed description of the fibers reported by [93].

Notation Form dglly Material Strength (MPa)
S Smooth 65 Steel ~2600
Sy Smooth 30 Steel ~~2600
H; Hooked 70 Steel ~2000
H, Hooked 80 Steel ~1600
PP Twisted 26 Steel ~1700
PE Corrugated 75 Polypropylene ~650

PVA Fibrillated 67 Polyethylene ~550
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Figure 15 presents the multicracking pattern in a strain-hardening glass—UHPC speci-
men reported in reference [12]. Some of the strain stress curves of strain hardening glass
UHPC developed in [12,93] are presented in Figure 16.

|| Multi crack pattern
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Figure 15. Recycled glass UHPC specimens with strain hardening behavior after failure. Detail of
muli crack pattern [12].
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Figure 16. Direct traction stress-strain graphs [93]. H; represents hooked steel fiber; S; represents
smooth steel fiber; and PVA represents polyvinyl alcohol fiber.

Among the conclusions drawn from these studies, it is notable that the ductility
parameters achieved with the glass cementitious matrix closely approximate those reported
in studies employing conventional UHPC matrices [93,96]. For instance, the waste glass—
UHPC reinforced with a 2.0% volume fraction of OL 13/0.2 fibers exhibited a peak post-
cracking strength of 11.03 MPa, only marginally lower than the 11.30 MPa reported in
previous research, with a strain of 0.20% compared to 0.19%. The performance achieved,
despite reducing cement content by approximately 35% and silica fume by 50%, can be
attributed to the chemical and physical properties of micro-limestone and recycled glass
powder [10,93,96]. These materials facilitated substantial substitution of the typical UHPC-
making constituents without significantly compromising the chemical balance and packing
density of the matrix.

5.5. Durability Properties

This review investigates the effect of GP on UHPC’s durability by analyzing several
key properties reported in existing literature. These properties include voids in hardened
concrete, chloride penetration, initial surface absorption, freeze-thaw performance, ASR,
mechanical abrasion resistance, drying shrinkage and resistance to deicing salt scaling.

5.5.1. Voids in Hardened Concrete

In their study, Jaramillo-Murcia et al. [58] presented compelling findings regarding
void measurements in hardened concrete, following the ASTM C642 procedure, comparing
the results of a Control UHPC mixture, without any alternative SCMs, with two optimized
mixtures that incorporate recycled glass as mineral admixtures. More information about
these dosages can be found in Table 6 and Figure 6. The reported results, measured at
different ages, are illustrated in Figure 17. Their investigation revealed that all UHPC mixes
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consistently exhibit low void content throughout the curing process. This way, by the
seventh day of curing, samples demonstrate void content below 5%, indicating a promising
trend that persists with advancing treatment time.
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Figure 17. Findings in voids in hardened concrete measured by Jaramillo-Murcia et al. [58] at
different ages.

Of particular interest is the exceptional performance of the Optimized 2 mixture,
surpassing even the Control mixture by the 90-day mark. This noteworthy discovery high-
lights the positive impacts of the investigated admixtures, attributed to the development
of C-S-H gel facilitated by the interaction of CH crystals with SF and GP particles [58].
Furthermore, Jaramillo-Murcia et al. [58] shed light on the implications of silica fume parti-
cle content in the Control mixture, which necessitates a higher water dosage, potentially
contributing to increased internal fracturing. Their findings suggest a correlation between
reduced silica fume content and mitigated drying shrinkage, thereby minimizing the risk
of microcracking. These findings are also aligned with [12,141]. The study observes that
the Optimized 2 mixture requires the lowest water dosage, a phenomenon attributed to
the elevated alkali content in this formulation, synergistically enhanced by both types of
glass powders. The effect of alkali content in rheology was previously explained and has
been widely reported by [75,108,142], whose results underscore the intricate relationship
between material composition and superplasticizer efficacy.

5.5.2. Chloride Penetration

As per Nancy Soliman et al. [40], in the realm of UHPC, the incorporation of recycled
GP introduces a notable enhancement in resistance to chloride-ion penetration. As per
these authors, the dense matrix inherent to UHPC serves as a critical barrier against the
ingress of detrimental materials, effectively sealing the structure and bolstering its dura-
bility. Therefore, Soliman’s findings reveal that UHPC formulations containing recycled
glass powder exhibit remarkably low levels of chloride-ion penetration, with average total
Coulombs passed values of 5.0 and 3.0 at 28 and 91 days, respectively. These findings
align with the “negligible” classification as per ASTM C1202 standards, underscoring the
effectiveness of the dense matrix in mitigating chloride ingress [40]. By comparison, tradi-
tional UHPC formulations subjected to standard heat treatment demonstrate significantly
higher total charge passed values, reaching 18 Coulombs for heat-treated samples and a
staggering 360 Coulombs for untreated samples. Such stark contrasts highlight the superior
chloride-ion penetration resistance offered by UHPC formulations incorporating recycled
glass powder, positioning them as promising candidates for improving the durability and
longevity of concrete structures [40].
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In the same line, Jaramillo-Murcia et al. [58] also compared the two recycled glass
UHPC formulations with the control one but using just standard curing for the specimens.
Their results are represented in Figure 18. Notably, the findings reveal a consistent enhance-
ment in durability across different UHPC mixtures and ages. Initially, discernible differ-
ences are observed among the mixtures, particularly at the seven-day mark, attributable
to variations in packaging density. The Control mixture exhibited Coulombs values of
1161, 80 and 49 at 7, 28 and 90 days, respectively, while Optimized 1 displayed values of
1211, 488 and 75 for the same time intervals. Optimized 2, on the other hand, showed
Coulombs values of 2178, 531 and 90 at 7, 28 and 90 days, respectively. However, as the
glass content matures within the mixtures, these disparities diminish due to the activation
of its pozzolanic properties. Specifically, at 28 days, the penetration of chloride ions for
Control and Optimized 1 dosages is deemed negligible, while that of Optimized 2 dosage
is exceptionally low. Remarkably, at 90 days, all blend outcomes demonstrate negligible
chloride ion penetration, underscoring the exceptional efficacy of the mineral admixtures.
These findings not only corroborate the potential application of the investigated UHPCs
in infrastructure elements facing harsh environmental conditions, such as coastal environ-
ments but also resonate with previous studies conducted on various UHPC dosages by
multiple researchers, including Soliman’s research. The remarkable performance exhibited
by the mineral admixtures further fortifies their suitability for deployment in demanding
construction scenarios [58].
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Figure 18. Chloride in penetration results of control and optimized UHPC formulations assessed at 7,
18 and 90 days [58].

5.5.3. Initial Surface Absorption

The Initial Surface Absorption Test (ISAT) for concrete assesses the rate at which water
is absorbed by the concrete’s specimen’s surface over a specific duration, providing insights
into its permeability and potential durability. Figures 19 and 20 present the findings of
the ISAT measured during a period of 10 and 30 min respectively, conducted by [12] on
the three UHPC dosages depicted in Table 6 and whose particle packing is presented in
Figure 6. The data reveal consistently low absorption levels across all samples, with a
gradual decline as curing progresses. Notably, there is a marked reduction in absorption
values over time for the Control dosage, suggesting potential densification of the structure,
likely attributed to pore filling [58,82]. The findings from density, absorption and void
testing on hardened concrete support this observation. Figure 19 indicates that the use of
recycled glass and limestone powders as a partial cement replacement yields comparable
initial absorption rates, as evidenced at the 10-min interval. Similarly, Figure 20 depicts data
for the initial absorption rate at 30 min and across all test ages. Analysis indicates a direct
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correlation between exposure duration and water absorption, with prolonged exposure
resulting in decreased absorption due to surface pore saturation. Further examination
reveals the most notable discrepancy between the control dosage and optimized dosages

at 7 days of age, with diminishing disparities as curing time progresses. This suggests a
gradual convergence in performance as the curing duration extends [58,82].
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Figure 19. ISAT-10 results of control and optimized UHPC formulations assessed at 7, 18 and
90 days [12].
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Figure 20. ISAT-30 results of control and optimized UHPC formulations assessed at 7, 18 and
90 days [12].

In accordance with the Brithishstandard [143], concrete exhibiting absorption rates
under 0.25 mL/m?s for ISAT-10 and 0.17 mL/m?s for ISAT-30 is defined as low-absorption
concrete. As depicted in Figures 19 and 20, the recorded values across all dosages and
ages significantly surpass these thresholds. This discrepancy highlights the enhanced
microstructure of all UHPC formulations considered [12].

5.5.4. Freeze-Thaw Performance
Freeze-thaw performance represents the ability of a material to withstand the adverse
effects of repeated cycles of freezing and thawing. In the context of construction materials,
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such as UHPC, resistance to freezing and thawing is a key feature to ensure durability and
structural integrity over time, especially in regions with cold climates or subject to extreme
seasonal changes [112,144]. A recent study, based on ASTM C 666 specification, evaluated
the freeze-thaw resistance of UHPC modified with glass particles [40]. In that research, a
portion of the cement was replaced by glass particles in the mixture, resulting in a refined
microstructure that enhanced its resistance to the freeze-thaw cycle. During 1000 cycles
of freezing and thawing, the recycled glass added UHPC showed no significant signs of
deterioration, suggesting excellent freeze-thaw performance [40].

Moreover, the resistance to freeze-thaw cycles, evaluated as per ASTM C666 standard,
the aforementioned study put forward a mean dynamic MoE of 101% after 1000 cycles
for glass UHPC, with no sign of jeopardizing or cracking at the end of the experiment. In
comparison, minimal degradation was observed in traditional UHPC after 600 to 800 cycles,
while the relative dynamic modulus decreased to 90% after 1000 freeze-thaw cycles [40].

5.5.5. Alkali-Silica Reaction Resistance

When GP is utilized as a cementitious agent, as in the case of glass powder, it does not
represent a hazard of ASR expansion in the UHPC, as the pozzolanic action of the glass
is activated before the ASR [54,85,145]. The situation could change when recycled glass
is used as a substitute for sand, with particle diameters greater than when it is used as
cementitious material [91]. In a research conducted by Redondo-Mosquera et al. [49] 100%
of the sand was replaced by GS with an average diameter of particles of 300 pum in a UHPC
with a w/b less than 0.2. Three mixtures were designed with different amounts of SF (from
100 to 210 kg/m?) to evaluate the ASR expansion according to ASTM C 1260 [146]. With
an amount of 100 kg/ m?3 of SF the volume expansion of the UHPC was 0.28%, which is
higher than the 0.1% recommended in ASTM C 1260, however when using 155 kg/ m3
and 210 kg/m3 of SF the results are satisfactory (less than 0.1%). The trend shown in
Figure 21 indicated that at such a high glass replacement level it is appropriate to add
mineral admixtures with high pozzolanic reactivity to the UHPC in order to mitigate the
ASR expansion. The latter is in concordance with what was exposed in [65]. Consistent
results were reported for a UHPC with w/cm of 0.189 designed with glass (ds: 275 mm)
used as a sand replacement. The UHPC volume expansion was no more than 0.05% [69].
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Figure 21. Rapid ASR expansion test of UHPC [49,69]. UHPC 50 (SF-223): 50% sand replacement
and 223 kg/m3 of SF; UHPC 100 (SF-210): 100% sand replacement and 210 kg/m? of SF; UHPC
100 (SF-155): 100% sand replacement and 155 kg/ m? of SF; UHPC 100 (SF-100): 100% sand replace-
ment and 100 kg/m3 of SE.

5.5.6. Resistance to Mechanical Abrasion

Measuring mechanical abrasion resistance is particularly useful for evaluating the
durability of materials used in buildings, like concrete, masonry and cementitious prod-
ucts [40,147]. It helps assess how well these materials can withstand abrasive forces encoun-
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tered in real-world conditions, such as foot traffic, vehicular traffic and other mechanical
actions. Soliman et al. analyzed the influence of GP on UHPC’s mechanical abrasion [1,40].
According to the ASTM C944 standard, this resistance is determined by the relative volume
loss index [148]. In the case of waste glass—-UHPC under study, this index was measured
at 1.35 mm after 28 days of standard curing. In comparison, for conventional UHPC, this
index varied between 1.1 and 1.7 mm. It is important to note that the maximum specified
threshold in ASTM C944 is 3.0 mm [40].

5.5.7. Drying Shrinkage

The study presented by [96] delved into the impact of limestone and milled glass
powders on UHPC drying shrinkage, by considering the three dosages depicted in Table 6
and Figure 6, with and without fiber reinforcement. As previously stated, three different
dosages were examined: two with partial substitution of cement and SF, and one serving as
a reference without any substitution [47,59]. By integrating 2% (vol.) of steel microfiber into
these three UHPC dosages, fiber-reinforced UHPC samples were successfully produced.
Figure 22 depicts the findings of the tests conducted in the aforementioned research. In that
figure, 2%Control corresponds to the Control dosage depicted in Table 6 reinforced with
2% of fiber OL 13/0.2, and 2%Optimzed 1 and 2%Optimized 2 represented the same fiber
reinforcement for Optimized 1 and Optimized 2, respectively. The study demonstrated
that the inclusion of limestone and GP enhances the rheological characteristics of concrete,
thereby reducing dependence on chemical admixtures and enhancing cost-effectiveness.
Thereby, as per this study’s findings, partial substitution of cement and SF had been found
to effectively mitigate drying shrinkage in both UHPC and UHPFRC compared to Control
dosage [96]. The reported experimentation also revealed that incorporating microfibers into
reinforcement and adjusting cement and SF proportions significantly reduced UHPC drying
shrinkage by up to 40% compared to the Control UHPC formulation. The addition of 2%
straight steel fibers led to notable reductions in Control dosage shrinkage, with reductions
of 10.8%, 18.1%, 12.1% and 12.2% observed at 5, 15, 20 and 25 days, respectively [96].
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Figure 22. Reported drying shrinkage of UHPC formulations depicted in Table 6 with and without
2% volume fiber reinforcement [96].

Significantly, findings also depicted that the incorporation of a substantial volume
of fibers into the mix of limestone and GP powders (i.e., into Optimized 1 or Optimized
2) resulted in considerable shrinkage reductions of 40.4%, 28.3%, 25.0% and 18.1% at
the same ages [96]. Similar results in the same orders of magnitude were reported
by PP when analyzing mixtures with and without UHPC fibers with recycled glass
and calcium carbonate. Similar results in the same orders of magnitude were reported
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by [12,47,59] when analyzing mixtures with and without UHPC fibers with recycled glass
and calcium carbonate.

5.5.8. Resistance to Deicing Salt Scaling

The resistance to deicing salt scaling is a critical factor for assessing concrete durability,
especially in structures subjected to saltwater or in which de-icing salts are used, like
pavements and bridge decks. In the study conducted by [1,40], this resistance was evaluated
on a UHPC mixture proportion that utilized recycled glass powder for total substitution of
quartz powder. The UHPC formulation is put forward in Table 10.

Table 10. Glass UHPC formulation reported by [40] in kg/ m3.

Cement SF Glass Powder Quartz Sand PVA Fiber Water
549 204 403 888 325 224

The test was conducted by measuring mass loss on the concrete surface after 56 freeze-
thaw cycles, resulting in a scaled mass of approximately 12 g/m?, which compares favorably
with the ASTM C672 specified limit of 1000 g/m?. This measured value falls within the
range reported in the literature for traditional UHPC, which varies from 8 to 60 g/m? after
28 to 50 freeze-thaw cycles. As per the authors, these results suggested excellent durability
of the concrete evaluated in this study under freeze-thaw cycle exposure conditions, which
is promising for its application in structures exposed to marine environments or subject to
de-icing salt usage [1,40].

6. Impact of Recycled Glass Inclusion on the Life Cycle Assessment of UHPC

Life Cycle Assessment (LCA) is a pivotal methodology employed to comprehensively
assess the environmental impact of a product, material or technology by considering its
entire life cycle—from raw material extraction to manufacturing, application and disposal.
When it comes to UHPC incorporating alternative mineral admixtures, such as recycled
glass, LCA serves as a robust tool to quantify and analyze the environmental implications of
this innovative construction material [41,52,94]. The LCA analysis considers various stages
in the life cycle of UHPC, including the extraction and transportation of raw materials,
the manufacturing process, construction and end-of-life scenarios. This holistic approach
allows researchers and practitioners to assess the overall environmental footprint, providing
insights into potential environmental benefits and areas for improvement [94]. Key aspects
taken into account during the LCA analysis include [41,52,94]:

1.  Raw Material Extraction and Transportation: Examining the environmental impact
associated with the extraction of raw materials such as cement, recycled glass and
other supplementary materials, as well as the energy-intensive transportation of these
materials to the production site.

2. Manufacturing Process: Assessing the environmental consequences of the UHPC
production process, including energy consumption, emissions and waste generation.
This stage is critical for understanding the influence of incorporating recycled glass
on factors like carbon footprint and energy efficiency.

3. Construction Phase: Considering the environmental impact during the construction
phase, which includes transportation of UHPC to the construction site, energy use
during placement and potential implications for construction-related activities.

4. Service Life: Evaluating the durability and performance of UHPC over its service life,
as these factors can significantly influence the overall environmental sustainability of
the material.

5. End-of-Life Scenarios: Investigating the environmental implications of various end-
of-life scenarios, such as recycling, reuse or disposal in landfills. This aspect is
particularly relevant for assessing the potential environmental benefits of recycling
glass in UHPC compared to conventional end-of-life options.
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Therefore, the LCA analysis provides a quantitative and systematic approach to un-
derstanding the environmental trade-offs associated with UHPC incorporating recycled
glass. By considering these various stages in the life cycle, researchers can identify opportu-
nities for optimization and innovation, ultimately contributing to the development of more
sustainable construction materials and practices [41,52,94]. In this sense, a comprehensive
study conducted by Tagnit-Hamou et al. [52] demonstrated the noteworthy environmental
benefits of incorporating recycled glass into concrete, including those of normal, high and
ultra-high strength, compared to conventional end-of-life scenarios such as landfilling.
In addition, Abellan-Garcia and colleagues have analyzed the carbon footprint of UHPC
dosages which incorporates other mineral admixtures such as LP and RHA in addition to
glass powder [47,59,94].

Figure 23 synthesizes the findings from various research works that analyzed the use
of alternative mineral admixtures for lowering the carbon footprint of the cement-based
material, focusing on the use of waste glass, along with several typical UHPC dosages with
higher dosages of cement in their composition. This way, Figure 23 presents a compre-
hensive view of UHPC dosages, showcasing their coordinates of compressive strength in
MPa and their corresponding CO;-equivalent emissions. Notably, the increase in CS of
analyzed UHPCs corresponded to higher embedded CO, emissions and environmental im-
pact. However, as Figure 23 depicts, the compressive strength reached by the UHPC which
utilizes waste glass in their composition as alternative SCM outperforms the compressive
strength of those with other alternative mineral admixtures, such as LP, GGBFS and FA,
for the same range of embedded CO; emissions. The reason behind the latter has been
reported to lie in the optimized particle-packing model, coupled with cement replacement
by waste glass, which emerged as a strategic approach to achieve both ‘greener’ concrete
and higher mechanical properties [24,52,63,117]. This design strategy not only reduces CO,
emissions but also facilitates the reuse of glass, minimizing the need for landfilling and
conserving natural resources [50].
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Figure 23. Correlation between the amount of embedded CO, emissions in kg/m? and the UHPC’s
CS in MPa for different formulations [41,47,59,94,130,149-156].
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7. Cost Implications

Over the past decade, considerable data have been acquired on UHPC developments
and uses, which has demonstrated that despite its superior qualities, the higher produc-
tion cost of UHPC—largely due to increased cement, quartz powder and silica fume
requirements—is among the causes that have limited its widespread adoption in the con-
struction sector [157]. Therefore, substituting typical UHPC-making ingredients, such
as QP, SF, cement and even quartz sand, with ground waste glass has the potential to
substantially reduce the expenses associated with traditional UHPC formulations [76,77].
In addition, due to the chemical features depicted in Table 3, the low water absorption (see
Table 4) and the lack of porosity of milled waste glass particles, the utilization of GP and
GS allows for reducing the necessary amount of HRWR [47,59,82], which has a significant
positive impact on the final cost of UHPC [12]. Moreover, the utilization of locally available
WG for UHPC manufacturing has the added advantage of reducing material transportation
expenses [41].

To illustrate, as per studies conducted in Canada by [41] the cost of quartz powder
exceeds that of GP by threefold. For its part, research carried out in Colombia by [12] found
that the cost of recycled glass powder after the milling process was about half the price of
cement and a tenth of the price of quartz powder. For its part, the cost of glass sand was
also reported to be half of that of UHPC typical quartz sand [50]. Moreover, as per [12],
the utilization of waste glass and limestone powders as alternative mineral admixtures in
Optimized 1 and 2 UHPC formulations (see Table 6) represents a decrease in the final prize
of about 40% with respect to the Control dosage.

Furthermore, beyond the direct cost savings, incorporating waste glass into UHPC has
several indirect economic benefits. For instance, the reduction in cement and silica fume
content not only lowers material costs but also reduces mixing times [12,47,59,82], thereby
decreasing the overall cost of mixing in plant-recycled-glass—UHPC compared to typical
UHPC formulations. This efficiency can further drive down production costs [157].

For its part, the high processing costs, as well as the energy implications of UHPC, are
partly due to the extensive use of cement, which functions as an expensive filler [157]. A
more effective method of enhancing strength involves improving binder phase packing using
cement substitute materials and fine fillers, rather than simply increasing cement content.
Recent methodologies for designing economical and efficient UHPC binders incorporate
recycled glass achieving high microstructural packing and desirable rheology for flowable
concrete, which could lessen the pouring process and formwork costs [47,75,157].

In any case, practical applications of UHPC reveal that its higher initial costs can be
offset by savings in construction supplies, labor, transportation expenses and reduced use
of lifting and moving equipment on construction sites. The smaller quantity of concrete
required, reduced reinforcement, less formwork and improved floor space utilization
due to thinner sections all contribute to lowering overall costs [41,157]. In this sense,
the properties both in the fresh state, as well as mechanical and durability reported in the
present review study, as well as the real case study in Section 8 of this document, support the
idea that waste glass—-UHPC follows the trend described above. This way, the reduction in
material costs depicted before can make UHPC more competitive compared to conventional
concretes, potentially expanding its market reach. Moreover, the environmental benefits of
using recycled materials such as waste glass could be a hook for attracting projects with
sustainability goals and enhancing the marketability of UHPC products.

8. Case Study of a Field Application

The waste glass-UHPC has not only remained in laboratory tests. In addition, real-field
applications have been reported. Among them, the construction of two similar footbridges,
replacing the University of Sherbrooke campus’s damaged wooden structures, stands out.
The bridge utilized the recycled glass UHPC formulation depicted in Table 10, which was
manufactured in the University of Sherbrooke’s laboratory [40]. More information about the
waste glass-UHPC formulation and mixing procedure can be found in the references [1,40,52].
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As per reference [40], the construction of the two pedestrian bridges met the university’s
architectural and structural requirements for pedestrian applications, as well as aligned
with its sustainability policy. The waste glass-UHPC’s mechanical properties facilitated the
creation of spans with minimal cross-sections, with each bridge weighing approximately
four tons. In addition, the concrete exhibited remarkable workability and rheological
properties [1]. This may be attributed to GP’s particles” completely non-absorbent nature
and the meticulously optimized packing density across the concrete matrix [75]. Moreover,
the extensive investigation of this material boasted robustness, exceptional abrasion and
impact resistance [1,40,52]. The bridge exhibits the following properties: the arch slab has a
length of 4.91 m, a width of 2.5 m and a thickness of 0.075 m. It is supported by longitudinal
ribs of different heights and a uniform width of 0.13 m [1]. The mid-height of the arch slab
was reinforced with welded-wire reinforcement (M10 at 300 mm in both directions), and
the bottom of each rib was strengthened with a single M20 reinforcing bar [1].

9. Conclusions

After a careful and deep review of 157 documents from the scientific literature, this
paper discusses the advantages and disadvantages of using milled WG in the form of GP
and/or GS in the manufacture of UHPC mixes, based on past and present research. The
following conclusions are drawn:

1.  Environmental and Economic Benefits: Using WG in UHPC helps preserve the en-
vironment and reduces costs by substituting traditional materials such as cement,
silica fume, quartz powder and quartz sand. Incorporating waste glass and limestone
powders in UHPC formulations substantially lowers production costs, with savings
of up to 40% compared to traditional formulations.

2. Supplementary Cementitious Material: Due to its high silicon oxide content and amor-
phous nature, GP, when properly milled, effectively acts as a supplementary cementitious
material, enhancing the formation of C-S-H and improving UHPC properties.

3. Enhanced Hydration Kinetics: The inclusion of GP improves hydration kinetics,
reduces heat of hydration and mitigates microcrack formation.

4. Compressive Strength: Substituting up to 25% of cement with GP can enhance com-
pressive strength through pozzolanic reactions. However, cement replacement ratios
over 30% may reduce it.

5. Material Efficiency: The incorporation of GP allows for significant reductions in
cement and silica fume content (up to 30% and 50%, respectively), while maintaining
critical compressive strength thresholds above 150 MPa and achieving strengths
exceeding 200 MPa in some formulations.

6.  Synergistic Effects with Limestone Powder: The combined use of GP and limestone
powder improves rheology, reduces superplasticizer demand and lowers water-to-
binder ratios, enhancing both mechanical properties and sustainability.

7. Early Strength Development: The utilization of glass and limestone powder, along
with FC3R and MK, shows promising advancements in early strength development.
Through the synergy between glass and limestone, the negative effect on the rheology
of the aluminum silicates in these components can be mitigated.

8.  Fiber-reinforced UHPC mechanical Performance: Waste glass—-UHPC exhibits bend-
ing and direct tensile performances comparable to traditional UHPC with similar
fiber reinforcement.

9.  Durability: The inclusion of milled GP in UHPC has been thoroughly analyzed,
focusing on properties such as voids in hardened concrete, chloride penetration,
initial surface absorption, freeze-thaw performance, alkali-silica reaction resistance,
mechanical abrasion resistance, drying shrinkage and resistance to deicing salt scaling.
While the addition of GP generally produces favorable results, slightly lower than
traditional UHPC without recycled glass, it demonstrates superior performance in
specific areas such as freeze-thaw resilience and drying shrinkage.
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10. Environmental Impact: Incorporating GP into UHPC formulations offers significant
environmental benefits, as evidenced by life cycle analysis studies. Revised studies
have shown that UHPC incorporating recycled glass exhibits lower carbon footprints
compared to conventional end-of-life scenarios like landfilling, contributing to sus-
tainability in construction. Furthermore, research indicates that UHPC formulations
with GP achieve higher compressive strengths at lower CO, emissions, in comparison
with other supplementary cementitious materials.

11.  Scalable Application: The successful use of WG in UHPC for constructing the foot-
bridge at the University of Sherbrooke demonstrates its potential for scalable and
practical applications.

10. Future Research Directions

Further research is essential to explore the long-term performance and durability of
UHPC incorporating various types and proportions of waste glass under diverse environ-
mental conditions. Investigating the impact of glass particle size distribution on UHPC
properties and the combined effects of waste glass with other supplementary materials
could further enhance UHPC's performance and sustainability. Large-scale field applica-
tions and pilot projects are necessary to validate laboratory findings and assess practical
implications. Expanded life cycle analyses and cost-benefit studies across different scenar-
ios and locations will provide a comprehensive understanding of the benefits. Additionally,
innovative recycling techniques and advanced processing methods for waste glass should
be explored to improve its quality and performance in UHPC formulations.
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