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ABSTRACT 
This research advances the development of eco-friendly high-performance 
concrete (HPC) by integrating tire rubber powder and waste wire, focusing 
on both enhanced mechanical properties and reduced environmental 
impact. Substituting up to 40% of silica sand with rubber powder helps 
maintain the compressive strength necessary for high-strength concrete 
applications. The addition of waste wire is designed to improve ductility. A 
comprehensive evaluation includes mechanical and microstructural analy
ses, such as compressive, splitting tensile, and flexural strength assess
ments, in addition to Scanning Electron Microscopy (SEM) and Differential 
Thermal Analysis (DTA). Environmental implications are assessed by meas
uring the embodied carbon footprint. Findings indicate that the absence of 
rubber powder allows for a compressive strength peak of 95 MPa, while 
50% rubber content leads to a decrease to 25 MPa, establishing a 40% rub
ber threshold for optimal strength. Conversely, 3% waste wire reinforce
ment enhances the strength to 106 MPa. Microstructural investigations 
reveal that increased rubber content adversely affects compressive strength 
by weakening the cement matrix, and reducing calcium-silicate-hydrate (C- 
S-H) formation. Significantly, the study reveals that replacing silica sand 
with rubber powder, along with waste wire reinforcement, substantially 
reduces the carbon footprint of the material, contributing to more sustain
able construction methodologies.
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1. Introduction

The development of high-strength concrete (HSC), specifically High-Performance Concrete (HPC), has rev
olutionized the construction industry by offering superior mechanical properties and durability (Bahmani 
et al., 2020b; Bahmani & Mostofinejad, 2022; Van Deventer et al., 2012; Van Jaarsveld et al., 1997). 
However, the significant environmental impact associated with the high cement content in HPC has 
raised concerns, prompting the exploration of sustainable alternatives. The use of waste materials such as 
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tire rubber and steel fibers in concrete mixtures has emerged as a promising solution to mitigate these 
environmental effects (Bahmani et al., 2020a; 2022; Bahmani & Mostofinejad, 2023c; Shi & Day, 1996).

Life Cycle Assessments (LCAs) have been conducted to evaluate the environmental impacts of HPC, 
considering factors such as resource depletion, energy consumption, greenhouse gas emissions, water 
usage, and waste generation (Hossein et al., 2022; Mostafaei et al., 2023a; 2023b; 2023c). To mitigate 
these impacts, researchers have explored the substitution of cement with pozzolans and waste materials 
(Li et al., 2023; Xing et al., 2022). One promising approach is the utilization of waste rubber in concrete. 
Techniques such as compression casting encourage the use of waste rubber in concrete. This not only 
aids in waste management but also improves the tensile strength and ductility of the concrete 
(Aghamohammadi et al., 2024; Yadav, 2023; Yadav et al., 2022; Yadav & Tiwari, 2019).

In addition to waste rubber, materials like limestone powder and zeolite have been investigated as 
potential cement substitutes in UHPC (Bahmani et al., 2023; Bahmani & Mostofinejad, 2024). These find
ings offer promising avenues for reducing the environmental impact of HSC production.

The concept of reinforcing brittle mixtures with fibers to enhance their limited tensile strength has 
been traced back to ancient times (Afroughsabet et al., 2016; Meng & Khayat, 2017; Şanal et al., 2016). 
Despite its inherent fragility, concrete is one of the most extensively employed materials in the construc
tion industry. Researchers have explored the implementation of industrial metal fibers, including recycled 
steel fiber waste derived from tires, to fortify concrete (Ali et al., 2020; Bahmani & Mostofinejad, 2023b; 
2023c; Mostofinejad et al., 2023b; 2023c).

Recognizing the vast quantity of waste and its detrimental impact, researchers across various disci
plines have explored the potential of utilizing recycled steel fiber waste derived from tires (Saikia & De 
Brito, 2012; Siddique et al., 2008; Yadav et al., 2008). Rubber concrete exhibits notable advantages such 
as exceptional wear resistance and high toughness, making it suitable for application in hydraulic struc
tures, pavement, and bridge coverings.

Recent studies have demonstrated the potential of waste rubber powder as a partial replacement for 
traditional aggregates like silica sand. This substitution not only addresses waste management issues but 
also improves the tensile strength and ductility of concrete, making it a viable option for various struc
tural applications. Additionally, the incorporation of waste steel fibers, specifically recycled tire wire, has 
shown to enhance the mechanical properties of concrete, offering a sustainable alternative to conven
tional reinforcement methods.

Despite the promising results, there is a need for a more comprehensive understanding of the effects 
of high-volume rubber powder and tire wire on the mechanical and microstructural properties of HPC. 
This study aims to bridge this gap by investigating the use of up to 50% rubber powder as a substitute 
for silica sand and varying percentages of waste tire wire as reinforcement in HPC. Through a series of 
mechanical tests, including compressive, tensile, and flexural strength assessments, along with microstruc
tural analysis using Scanning Electron Microscopy (SEM) and Differential Thermal Analysis (DTA), this 
research seeks to evaluate the performance and sustainability of the developed HPC mixtures.

Moreover, the study conducts a carbon footprint analysis to assess the environmental impact of incor
porating these waste materials into HPC, offering insights into the potential of these sustainable practices 
to reduce the carbon emissions associated with concrete production. By addressing both the mechanical 
and environmental aspects, this research contributes to the ongoing efforts to develop more sustainable 
construction materials.

2. Methodology

2.1. Raw materials

Type 1 cement, as specified in the ASTM-C150 standard, was carefully selected for this study due to its 
compliance with the desired properties outlined in Table 1. In line with previous research findings, silica 
sand with a particle size range of 50–150 mm was chosen as the aggregate for HPC with the desired 
properties outlined in Table 1. The micro-silica employed in the present study was sourced from the Iran 
Ferroalloy Company and conforms to the chemical characteristics described in Table 1. It is important to 
note that this micro-silica adheres to the ASTM C1240 standard (ASTM C1240-15,15, 2015), ensuring its 
quality and suitability for the research. To ensure that the mechanical properties of the HPC samples 
remained unaffected, rubber powder with a granulation size matching that of the silica sand was 
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carefully selected. This meticulous selection process aimed to mitigate any potential impact on the over
all mechanical performance of the HPC. In order to achieve the necessary fluidity and workability of the 
concrete samples, a polycarboxylate-based superplasticizer was incorporated. Table 2 shows the mixture 
proportions used in this research.

2.2. Sample preparation

Per ACI 363 R (Russell et al., 1997), cylindrical specimens of 100� 200 mm or 150� 300 mm can be used 
for compressive strength testing. Considering the marginal variation in results obtained from these sam
ple sizes, this research employed cylindrical specimens of 100� 200 mm for the compressive strength 
test (three individual replications for each specific mix design). To execute the test, a robust 2000 kN 
hydraulic jack, as depicted in Figure 1a, was utilized. Testing was carried out at a loading speed between 
0.2 and 0.4 MPa/s to ensure consistent and controlled force application.

Using the Brazilian tensile strength test, based on the ASTM C469 standard, 100� 200 mm cylindrical 
samples were analyzed (three individual replications for each specific mix design). Figure 1b illustrates 
the implementation of a hydraulic jack to conduct the test on the cylindrical specimens, ensuring precise 
and accurate measurement of tensile strength (ASTM C496/c496m, 2004).

To assess the energy absorption capacity of the samples containing rubber powder and wire waste, a 
four-point bending test was conducted. This test, performed according to the ASTM C1018 standard 
(ASTM C 1018-97,97, 1998), employed a specialized device as depicted in Figure 1c. The samples were 
positioned between two cylindrical supports, maintaining a distance of 25 mm between the end of the 
sample and the support. The loading speed was meticulously determined to ensure that the first crack 

Table 1. Chemical composition of the materials.

Chemical composition:  
% by weight ASTM C 1240 (2015) limits Silica fume ASTM C 150 (2009) limits Cement Silica sand

Al2O3 – 0.6-1.2 – 0 0.4-1.7
SiO2 �85 90-95 – 22.0 97.0-99.0
Fe2O3 – 0.3-1.3 – 3.0 0.2-0.6
CaO – 0.5-1.5 – 64.0 0.07-0.2
MgO – 0.5-2.0 �6.0 1.0 0
SO3 – – �3.5 1.0 –
LOI �6.0 0.4-3.0 �3.0 0 –
Moisture content �3.0 0.01-0.4 – 0 –
K2O – – – – 0.02-0.06
Na2O – – – – 0-0.01
Cl – – – – –
S2 – – – – –
Mn2O3 – – – – –
TiO2 – – – – –
I.R – – – – –
P2O5 – – – – –
MgCO3 – – – – –
CaCO3 – – – – –

Table 2. Mixture proportions (kg/m3).

Designation Cement Silica fume Rubber Silica sand Water SP Waste wire

HPC 950 285 – 863 171 19 –
HPC (10% R) 990 285 27 767 171 22 –
HPC (20% R) 990 285 54 690 171 22 –
HPC (30% R) 990 285 81 604 171 26 –
HPC (40% R) 990 285 108 518 171 28 –
HPC (50% R) 990 285 135 432 171 30 –
HPC (1.5% WW) 990 285 27 767 171 22 118
HPC (2% WW) 990 285 27 767 171 22 157
HPC (2.5% WW) 990 285 27 767 171 22 196
HPC (3% WW) 990 285 27 767 171 22 235
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occurred between 30 and 60 s from the initiation of loading. This controlled loading speed facilitated the 
evaluation of the samples’ energy absorption performance.

By employing these standardized testing methods and utilizing appropriate equipment, we aimed to 
obtain accurate and reliable data on the compressive strength, tensile strength, and energy absorption 
capacity of the concrete samples containing rubber powder and wire waste. These tests provide critical 
insights into the mechanical properties and structural behavior of the developed concrete, enabling a 
comprehensive assessment of its performance and suitability for practical applications.

2.3. Carbon footprint analysis

Carbon footprint analysis stands as a crucial tool, serving to evaluate and quantify the greenhouse gas 
emissions linked to specific activities, processes, products, or organizations (Ali et al., 2020; Garces et al., 
2022; Nilimaa, 2023; Saffari et al., 2019; Taghikhah et al., 2022). It offers a holistic view of the environmen
tal impact by quantifying the release of carbon dioxide equivalents (CO2e) into the atmosphere. This ana
lysis considers a range of factors, such as energy consumption, fuel usage, transportation, waste 
generation, and resource extraction, providing a thorough understanding of the overall impact on the 
environment (Shi et al., 2021; Xing et al., 2022). By measuring and scrutinizing these emissions, organiza
tions and individuals gain the insight needed to pinpoint areas of high impact and implement strategies 
to curtail their carbon footprint (Chamasemani et al., 2023).

When it comes to High-Performance Concrete (HPC), the carbon footprint analysis delves into assess
ing and quantifying the greenhouse gas emissions entwined with the entire lifecycle of HPC. This encom
passes raw material extraction, production, transportation, construction, and end-of-life disposal (Bajpai 
et al., 2020; Scherz et al., 2023). The analysis initiates by identifying the key components of HPC, notably 
cement, aggregates, water, and admixtures. The carbon footprint of cement, the most significant con
tributor to HPC emissions, is determined by considering the emissions generated during raw material 
extraction, fuel combustion in kilns, and the calcination process (Stengel & Schießl, 2008; 2014). 
Aggregates, which typically constitute a large portion of HPC, are evaluated for their transportation- 
related emissions and energy consumption during extraction and processing.

To calculate the carbon footprint, the emissions associated with each stage are quantified and con
verted into carbon dioxide equivalents (CO2e) using emission factors. CO2e accounts for the different glo
bal warming potentials of various greenhouse gases. The analysis may follow established guidelines and 
standards, such as ISO 14040 and ISO 14044 (ISO 14040:2006, 14040:2006, 2006), to ensure a systematic 
and consistent approach.

By conducting carbon footprint analysis of HPC, researchers can identify the major contributors to 
emissions and evaluate the environmental impact of HPC production and use. This information can guide 
the development and implementation of strategies to reduce the carbon footprint of HPC. These strat
egies may include optimizing the cement composition, incorporating alternative cementitious materials 
with lower emissions, improving energy efficiency during production, and promoting recycling or reuse 
of concrete waste (Du et al., 2022; Guo et al., 2023; Xia et al., 2023).

Figure 1. Test setup (a) compressive strength, (b) splitting tensile strength, (c) flexural strength.
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The aim of carbon footprint analysis in the context of HPC is to enhance the sustainability and envir
onmental performance of concrete construction (Dong, 2018; Ji et al., 2022; Sameer et al., 2019). By iden
tifying opportunities for emissions reduction and implementing best practices, the industry can minimize 
its carbon impact and contribute to global efforts to mitigate climate change. Moreover, carbon footprint 
analysis can assist in comparing different concrete formulations and construction techniques, enabling 
stakeholders to make more informed decisions based on environmental considerations.

The transportation phase involves assessing the emissions associated with the transportation of raw 
materials to the production facility, as well as the delivery of HPC to construction sites. The energy con
sumption during the production of concrete, including mixing, curing, and quality control, is also taken 
into account. Additionally, the carbon footprint analysis considers the emissions generated during the 
construction phase, such as equipment usage and waste generation. The system boundary for producing 
1 m3 of different concrete types is presented in Figure 2.

3. Data analysis and results

This section presents the mechanical properties of the samples, including compressive, flexural, splitting 
tensile strengths, and density. Moreover, SEM and TGA results of the optimized samples are scrutinized. 
Additionally, a detailed examination of the environmental impact linked to the mix design occurred 
through a comprehensive carbon footprint analysis.

3.1. Mechanical properties

3.1.1. Density
Figure 3 illustrates the results of the density of samples containing different percentages of rubber pow
der as a substitute for silica sand. The data reveals an interesting trend: as the replacement percentage 
of silica sand with rubber powder increases, the density of the samples decreases noticeably. For 
instance, in samples containing 30% rubber powder, the density decreases by approximately 500 kg/m3. 
Based on this observation, the cement matrix becomes less compact as rubber powder is replaced with 
sand, resulting in increased porosity. There is less interlocking and cohesion between cementitious matrix 
constituents, causing this phenomenon.

Moreover, the density of samples incorporating various percentages of wire waste in conjunction with 
a constant 10% rubber powder content is presented in Figure 4.

Notably, the data highlights a direct correlation between the percentage of waste wire used and the 
density of the samples. As the proportion of wire waste increases, the density of the concrete samples 

Figure 2. System boundary for producing 1 m3 of different concrete types.
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also rises. This outcome can be attributed to the relatively higher density of the wire waste as compared 
to the cement matrix. It becomes apparent that samples containing 3% waste wire exhibited the highest 
density, measuring approximately 2533 kg/m3. Conversely, the lowest density was recorded in samples 
devoid of any wire waste, registering at 2324 kg/m3.

3.1.2. Compressive strength
The stress-strain curve depicted in Figure 5 illustrates the behavior of samples containing varying propor
tions of rubber powder and wire waste.

As can be seen, the inclusion of rubber powder led to a noticeable reduction in compressive strength. 
This reduction is primarily attributed to the weak bonding capability of rubber powder with the cement 
paste, due to its non-polar and hydrophobic nature. The weakened bond results in a less cohesive inter
facial transition zone (ITZ), which is critical to the overall strength of the concrete. Notably, the samples 
reinforced with wire scraps exhibit a more ductile fracture behavior compared to those without reinforce
ment. The incorporation of wire waste effectively mitigated crack development, leading to an increased 
capacity to endure compressive strain up to the point of rupture.

Furthermore, the stress curve for these samples demonstrates an almost parabolic trajectory up to the 
maximum load. Post-maximum load behavior varies depending on the percentage of wire utilized, with 
steeper slopes observed in samples containing lower percentages of wire waste. This reflects an increase 
in the inherent rigidity of the cement matrix due to higher wire waste content, subsequently elevating 
their compressive stress-bearing capacity.

Moreover, following the peak load, samples with a greater proportion of wire waste exhibit a gradual 
decline in stress, indicating enhanced ductility and toughness compared to those with lower wire waste 
content. The results also highlight that samples containing higher percentages of rubber powder exhibit 
lower maximum compressive stress. This phenomenon is likely attributed to the increased porosity of the 
cement matrix resulting from higher rubber powder content.

Figure 3. Density of samples containing different percentages of rubber powder.

Figure 4. Density of samples incorporating various percentages of wire waste in conjunction with a constant 10% rubber powder 
content.
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In Figure 6, you can see the outcomes regarding the elastic modulus of specimens where various pro
portions of rubber powder have been used instead of silica sand. The findings consistently show a clear 
pattern: when the percentage of rubber powder replacement rises, there is a corresponding decrease in 
the elastic modulus of the specimens. The specimens that do not contain any rubber powder exhibit the 
highest elastic modulus, measuring at 35.8 GPa. Conversely, the specimens with 50% rubber powder 
replacement demonstrate the lowest elastic modulus, measuring at 22.7 GPa.

Figure 7 provides a visualization of the results concerning the elastic modulus from samples incorpo
rating different proportions of waste wire derived from rubber. A noticeable pattern emerges, indicating 
that as the percentage of waste wire in the samples increases, the elastic modulus also rises. This striking 
effect can be attributed to the waste wire’s ability to deter brittle failure within the samples. It’s worth 
noting that samples containing 3% waste wire exhibit the highest elastic modulus, measuring an 

Figure 5. Stress-strain curve of samples (a) containing different percentages of rubber powder, (b) incorporating different percen
tages of rubber wire waste in conjunction with a constant 10% rubber powder content.

Figure 6. Elastic modulus of samples containing different percentages of rubber powder.
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impressive 40.2 GPa. In contrast, samples devoid of waste wire display a comparatively lower elastic 
modulus of 35.8 GPa.

Figure 8 presents the results of the compressive strength of samples containing different percentages 
of rubber powder as a replacement for silica sand. The data reveals a notable trend: as the percentage of 
rubber powder substitution increases, the compressive strength of the samples decreases. The samples 
without any rubber powder exhibited the highest compressive strength, reaching 96 MPa. In contrast, 
samples containing 50% rubber powder displayed the lowest compressive strength of 25 MPa. This 
decline in compressive strength can be attributed to the weakening of the bond between the cement 
matrix and aggregates as the replacement percentage of rubber powder increases.

Based on the findings in Figure 8, it can be concluded that samples containing 50% rubber powder as 
a substitute for silica sand do not meet the required compressive strength standards for high-strength 
concrete applications. The excessive decrease in compressive strength observed when replacing more 
than 40% of silica sand with rubber powder indicates that using percentages higher than 40% of rubber 
powder is not recommended.

Furthermore, Figure 9 illustrates the compressive strength results obtained from samples incorporating 
different percentages of rubber wire waste. A discernible trend can be observed, indicating that the com
pressive strength of the samples increases as the percentage of waste wire used increases. As a result of 
the waste wire’s ability to prevent brittle failure within the samples, this noteworthy effect occurs. Waste 
wire reinforces concrete and enhances its load-bearing capacity. In samples with a high percentage of 
waste wire, rigid elements improve compressive strength as their presence increases. It can be noted 
that samples containing 3% waste wire exhibit the highest compressive strength, measuring an impres
sive 106 MPa. In contrast, samples without any waste wire display a comparatively lower compressive 
strength of 89 MPa. These findings highlight the significant influence of waste wire on the compressive 
strength of the concrete samples.

The reduction in compressive strength due to the higher proportion of rubber powder is influenced 
by several factors. The poor bonding between rubber particles and cement paste, as previously 

Figure 7. Elastic modulus of samples incorporating various percentages of wire waste in conjunction with a constant 10% rubber 
powder content.

Figure 8. Compressive strength of samples containing different percentages of rubber powder.
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mentioned, leads to a weak ITZ, initiating and propagating cracks under load. Additionally, the lower 
modulus of elasticity of rubber particles compared to traditional aggregates reduces the overall stiffness 
of the concrete, further diminishing its compressive strength. The differential deformation between rub
ber particles and the surrounding matrix creates micro-cracks that coalesce under continued loading, 
resulting in a significant loss of strength.

To address these issues, potential solutions include surface modification techniques to improve the 
compatibility of rubber particles with the cement paste. By enhancing the bonding between these mate
rials, the adverse effects on compressive strength can be mitigated. Additionally, optimizing mix propor
tions by balancing the rubber content with other aggregates or admixtures could maintain the benefits 
of using rubber powder while retaining the necessary compressive strength for HPC applications.

3.1.3. Splitting tensile strength
Figure 10 displays the results of the splitting tensile strength tests conducted on samples with various 
percentages of rubber powder as a replacement for silica sand. As the percentage of rubber powder 
increased in place of silica sand, a notable decrease in splitting tensile strength was observed. The base 
sample exhibited the highest splitting tensile strength, measuring at 7.3 MPa. Conversely, samples con
taining 50% rubber powder displayed the lowest splitting tensile strength, measuring at 2.5 MPa. This 
decline in splitting tensile strength can be attributed to the weakening of the bond between the cement 
matrix and the aggregates, which occurs with an increasing proportion of rubber powder replacing silica 
sand.

The results indicate that samples with 10%, 20%, 30%, 40%, and 50% rubber powder exhibited 
decreases in splitting tensile strength by approximately 11%, 16%, 33%, 39%, and 65%, respectively, as 
compared to the base sample. Moreover, Figure 11 presents the results of the splitting tensile strength 
tests conducted on samples incorporating different percentages of waste wire. It can be seen that as the 

Figure 10. Splitting tensile strength of samples containing different percentages of rubber powder.

Figure 9. Compressive strength of samples incorporating different percentages of rubber wire waste in conjunction with a con
stant 10% rubber powder content.
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percentage of wire used increased, the splitting tensile strength of the samples also increased. Notably, 
the samples containing 3% waste wire exhibited the highest splitting tensile strength, reaching 9.6 MPa. 
On the other hand, the samples without waste wire (with 10% rubber powder as a substitute for silica 
sand) displayed the lowest splitting tensile strength, measuring at 6.4 MPa. This observation can be attri
buted to the positive impact of waste wire reinforcement on the mechanical properties of HPC.

Employing wire waste as reinforcement for High-Performance Concrete (HPC) at fractions of 1.5%, 2%, 
2.5%, and 3% resulted in a visible increase in tensile strength. Specifically, the tensile strength improved 
by 15%, 24%, 35%, and 50%, respectively, in contrast with the base sample. One key advantage is the 
ability of waste wire to facilitate the closure of both macro and micro cracks, thereby delaying crack 
propagation. By incorporating a higher percentage of waste wire, the samples exhibited enhanced crack 
resistance and improved load-bearing capacity, resulting in higher splitting tensile strength. The presence 
of waste wire effectively bridges the cracks within the concrete matrix, offering increased structural integ
rity and overall strength. Hence, the progressive increase in splitting tensile strength with a higher pro
portion of waste wire emphasizes its role as a reinforcement material in enhancing the mechanical 
performance of HPC.

To optimize the mechanical properties of HPC containing rubber powder and waste wire, the follow
ing strategies are proposed. Surface modification of rubber particles could enhance their bonding with 
the cement paste, potentially improving both tensile and flexural strengths. Techniques such as chemical 
treatments or the use of coupling agents could increase the polarity of rubber particles, making them 
more compatible with the hydrophilic nature of cement.

Moreover, optimizing the mix proportions by carefully balancing the amount of rubber powder and 
waste wire can lead to a more favorable outcome. For instance, using a combination of rubber powder 
with other high-strength aggregates or fibers could counteract the reduction in strength, while still 
achieving the environmental benefits associated with rubber utilization. Future research could focus on 
refining these strategies to maximize the performance of sustainable HPC formulations.

Figure 11. Splitting tensile strength of samples incorporating different percentages of rubber wire waste in conjunction with a 
constant 10% rubber powder content.

Figure 12. Stress-displacement curves of samples containing different percentages of rubber powder.
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3.1.4. Flexural test
3.1.4.1. Stress-displacement curves. Figure 12 presents the stress-displacement curves of samples with 
various percentages of rubber powder. The impact of including rubber powder is evident in the displace
ment stress curves, revealing three clear stages: the pre-cracking phase, the hardening stage (from crack
ing loads to maximum load), and the softening stage (from maximum loads to ultimate load). 
Furthermore, a noticeable trend is the decrease in the maximum load corresponding to an increase in 
the percentage of rubber powder. This trend notes that the highest load-carrying capacity was achieved 
in HPC samples without the addition of rubber, indicating the development of a more densely com
pacted cement matrix in those samples.

Besides, the results reveal that as the percentage of rubber powder increased from 10% to 50% in the 
HPC samples, the area under the stress-displacement diagram decreased. Although it was possible to 
achieve similar displacements across all replacement percentages, the load corresponding to the max
imum load diminished with higher replacement percentages. Consequently, this reduction in the load 
resulted in a decrease in the overall area covered by the stress-displacement diagram.

The stress-displacement curves for samples incorporating various percentages of used waste wire are 
illustrated in Figure 13. The results reveal that as the percentage of waste wire used increased, the sur
face area under the load-displacement diagram after the maximum load also increased. This observation 
suggests that samples with higher proportions of wire fragments exhibited a more gradual and softer 
fracture behavior, as evidenced by the larger softening area on the stress-displacement diagram. 
Furthermore, it can be observed that as the percentage of wire used increased, the maximum load in the 
load-displacement curves also increased. This indicates that the incorporation of waste wire as reinforce
ment in the HPC samples effectively delays the initiation and propagation of cracks, ultimately leading to 
an increase in the maximum load experienced by the concrete. The presence of waste wire reinforcement 
contributes to the enhanced load-bearing capacity of the HPC specimens.

3.1.4.2. Flexural strength. Figure 14 displays the flexural strength of samples with various percentages of 
rubber powder. The results reveal that the highest bending strength was observed in samples without 
any rubber powder, measuring at 8.75 MPa. Conversely, the samples containing 50% rubber powder 
showed the lowest bending strength (1.7 MPa). This discovery is in harmony with prior academic studies, 
as reported in the literature (Ali et al., 2020; Bahmani & Mostofinejad, 2023b; Mostofinejad et al., 2023b; 
Saikia & De Brito, 2012; Shi & Day, 1996; Siddique et al., 2008; Yadav et al., 2008).

The flexural strength results of samples reinforced with different percentages of waste wire are pre
sented in Figure 15. With waste wire reinforcement of 1.5%, 2%, 2.5%, and 3%, HPC flexural strength 
increased significantly. As the percentage of waste wire increased, the flexural strength improved by 
approximately 89%, 128%, 146%, and 175%, respectively, compared to samples without any wire 
reinforcement.

Moreover, the samples reinforced with 3% waste wire exhibited the highest bending strength of 
21 MPa, which is approximately three times higher than the samples without any wire reinforcement. On 

Figure 13. Stress-displacement curves of samples incorporating different percentages of rubber wire waste in conjunction with a 
constant 10% rubber powder content.
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the other hand, the samples devoid of any wire reinforcement, specifically those containing 10% rubber 
powder, demonstrated the lowest bending strength, measuring at 7.65 MPa.

3.1.4.3. Fracture energy. Bazant (Bazant, 2003) formulated the equations for concrete fracture energy, 
expressed as Equations (1) and (2).

P0 ¼
4M0
�

S (1) 

WF ¼ W0 þ 2P0l0 (2) 

where S denotes the distance between the two bottom supports, l0 represents the maximum displace
ment at the midpoint of the span. The presence of the specimen’s self-weight induces the moment M0, 

Figure 14. Flexural strength of samples containing different percentages of rubber powder.

Figure 15. Flexural strength of samples incorporating different percentages of rubber wire waste in conjunction with a constant 
10% rubber powder content.

Figure 16. Fracture energy of samples containing different percentages of rubber powder.
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and W0 corresponds to the area under the load-displacement curve. The fracture energy can be calcu
lated using Equation (3).

GF ¼
WF
�

A (3) 

By employing Equation (8), the fracture energy of the concrete specimen can be computed. This par
ameter serves as a valuable metric in assessing the material’s resistance to crack propagation and its abil
ity to absorb and dissipate energy under loading conditions.

Figure 16 depicts the fracture energy results of HPC samples incorporating different percentages of 
rubber powder. The results highlight that among the different replacement percentages of rubber pow
der with aggregates, the utilization of 10% rubber powder yields the highest fracture energy, measuring 
at 684.4 J/m2. Moreover, it can be observed that an increase in the replacement percentage of rubber 
powder from 10% to 50% leads to a significant decrease in fracture energy, amounting to approximately 
75%. This finding aligns with previous scholarly investigations (Alsheyab et al., 2023; Li et al., 2024; 
Moolchandani et al., 2024; Mostofinejad et al., 2023a).

The results of fracture energy for samples incorporating different percentages of waste wire as 
reinforcement are presented in Figure 17. The results demonstrate a notable increase in the fracture 
energy of the samples as the percentage of waste wire used for reinforcement rises. When wire waste 
was used as reinforcement for High-Performance Concrete (HPC) at dosages of 1.5%, 2%, 2.5%, and 3%, 
there was a significant enhancement in the fracture energy. Specifically, it increased by factors of 17, 19, 
21, and 23 times, respectively, as compared to the base sample. This enhancement in fracture energy is 
attributed to the role of waste wire reinforcement in retarding crack propagation within the cement 
matrix. As a result, the area beneath the load-displacement diagram after the cracking point expands, 
leading to an increase in the fracture energy exhibited by the samples.

3.2. Microstructure of HPC

Figure 18 illustrates the results of SEM results of samples of HPC, wherein rubber powder was used as a 
substitute for silica sand at different percentages: 0%, 10%, and 50%. The chosen percentages were 
based on the observation that the samples without any rubber powder (0% content) exhibited the high
est compressive strength. Conversely, the samples containing 50% rubber powder demonstrated the low
est compressive strength. Notably, among the different ratios tested, the samples with 10% rubber 
powder displayed the most favorable compressive strength outcomes as compared to the base samples. 
Consequently, these samples were selected for further investigation into the bonding characteristics 
between aggregates and the cement matrix.

The weakening of the bond between aggregates and the cement matrix is primarily attributed to the 
higher proportion of rubber powder. This study delves deeper into the microstructural changes induced 
by this modification, with a focus on the implications for calcium-silicate-hydrate (C-S-H) bonds. Scanning 
Electron Microscopy (SEM) images reveal that increasing the replacement percentage of rubber powder 
relative to silica sand leads to a more pronounced presence of the CH hydration product. Concurrently, 
there is a discernible reduction in the C-S-H hydration product, which is critical for the development of 

Figure 17. Fracture energy of samples incorporating different percentages of rubber wire waste in conjunction with a constant 
10% rubber powder content.
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strength in the cement matrix. The SEM analysis also shows that the samples containing 50% rubber 
powder exhibit a weakened bond between aggregates and the cement matrix. This observation is con
sistent with the mechanical testing results, where these samples demonstrated a notable decline in com
pressive strength.

To elucidate the underlying mechanisms, we refer to recent studies that have explored the dynamic 
mechanical properties of C-S-H and its response to changes in composition and environmental conditions 
(Bahmani & Mostofinejad, 2023a; 2023d; 2024; Hajiaghamemar et al., 2022; Mostofinejad et al., 2023c). 
These studies suggest that the interlayer water in C-S-H plays a pivotal role in its mechanical properties, 
with the removal of water molecules leading to a significant reduction in volume and modulus of elasti
city (Bahmani & Mostofinejad, 2023a; 2023d; 2024; Hajiaghamemar et al., 2022; Mostofinejad et al., 
2023c). Furthermore, the interaction of calcium ions within the interlayer region of C-S-H is crucial for its 
structural integrity. It is plausible that the incorporation of rubber powder alters the hydration dynamics, 
potentially affecting the distribution and state of interlayer water in C-S-H, thereby impacting its mechan
ical properties.

The control samples, devoid of rubber powder, displayed the densest microstructure, as evidenced by 
SEM. This denser microstructure is likely responsible for the superior compressive strength observed in 
these samples. The contrast between the control samples and those with rubber powder substitution 
underscores the influence of rubber powder on the microstructure and, consequently, the mechanical 
properties of the cement matrix. Future work will aim to quantify these effects using advanced character
ization techniques and to explore the potential of modifying the rubber powder to mitigate its adverse 
impact on the C-S-H bonds.

3.3. Thermal properties

To investigate the factors contributing to the highest compressive strength in samples without rubber 
powder and the lowest compressive strength in samples containing 50% rubber powder, DTA was con
ducted. Figure 19 illustrates the DTA results which allow for a closer examination of the thermal proper
ties and weight changes in the samples.

Figure 18. SEM test results for HPC (a) without rubber, (b) with 10% rubber powder, (c) with 50% rubber powder.

Figure 19. DTA results of samples with different percentage of rubber powder.
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Previous research has indicated that the weight loss observed before 200 �C in TGA data corresponds 
to the interlayer water content within cementitious binders, particularly the C-S-H phase (Abdulkareem 
et al., 2018). Furthermore, the weight loss occurring between 300-600 �C is attributed to the decompos
ition of portlandite (Ca(OH)2). The results indicate that the samples without rubber powder exhibited the 
highest amount of C-S-H hydration products. Conversely, the samples containing 50% rubber powder dis
played the lowest quantity of C-S-H. These findings align with the results obtained from the SEM analysis, 
thus corroborating the influence of C-S-H hydration on the compressive strength trends observed in the 
samples without rubber powder.

The DTA analysis provides further insight into the interplay between the composition of the samples 
and their compressive strength characteristics. The higher amount of C-S-H hydration products in the 
samples without rubber powder signifies the presence of a more substantial binder phase, facilitating 
enhanced bonding and resulting in the highest compressive strength. On the other hand, the reduced 
quantity of C-S-H in the samples containing 50% rubber powder substantiates the weakened bond 
between the aggregates and the cement matrix, contributing to the lowest compressive strength 
observed in those samples.

3.4. Environmental impacts

Figure 20 illustrates the embodied carbon footprint for the HPC samples containing different percentages 
of rubber powder. Concrete production can be mitigated by adding rubber powder and waste wire (Li 
et al., 2021; Long et al., 2018; Shao et al., 2023; Shi et al., 2021) to concrete mixtures. Rubber powder can 
be used as a replacement for silica sand in this study, which confirms this notion.

The results indicate that carbon footprint values decrease as the percentage of rubber powder 
increases in the samples. This indicates that incorporating more rubber powder into the HPC mix reduces 
its carbon footprint. The highest carbon footprint is observed in the sample with 0% rubber powder, 
while the lowest carbon footprint is in the sample with 50% rubber powder. Moreover, by substituting 
silica sand with rubber powder, the demand for finite natural resources is decreased. Furthermore, this 
substitution also helps curtail the release of toxic chemicals into the atmosphere, promoting a cleaner 
and healthier environment.

The strength per environmental impact for the HPC samples containing different percentages of rub
ber powder is presented in Figure 21. It is observed that as the proportion of rubber powder increases in 
the HPC mixtures, there is a decline in compressive strength. However, this reduction in compressive 
strength can be counterbalanced by the corresponding decrease in embodied carbon emissions. 
Remarkably, the sample containing 20% rubber powder exhibits the highest impact resistance among all 
the samples. The strength per environmental impact values shows a trend as the percentage of rubber 
powder changes. Initially, as the percentage of rubber powder increases up to 20%, there is a noticeable 
improvement in the strength per impact. This suggests that incorporating rubber powder in the HPC mix
ture enhances its ability to withstand impact forces. However, beyond the 20% threshold, a significant 
decline in the strength per environmental impact is observed. In fact, when the rubber powder content 
surpasses 30%, the reduction in strength per environmental impact becomes even more pronounced.

Figure 20. Embodied carbon footprint of HPC samples containing different percentages of rubber powder.
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Figure 22 displays the embodied carbon footprint of HPC samples containing different percentages of 
waste wire. The sample incorporating 3% waste wire exhibits the lowest carbon footprint, whereas the 
sample without any waste wire registers the highest carbon footprint. This implies that incorporating 
waste wire as reinforcement in HPC can be an effective way to mitigate the environmental impact linked 
with concrete production. This highlights the potential of waste wire as an effective strategy for mitigat
ing the environmental impact associated with concrete production. HPC samples demonstrate a signifi
cant reduction in carbon footprint by using waste wire for reinforcement.

Furthermore, Figure 23 presents the strength per impact for the HPC samples containing different per
centages of waste wire. Notably, the inclusion of waste wire in HPC concrete not only enhances impact 
resistance but also helps in minimizing its environmental footprint. The highest strength per impact is 
observed in the sample with 3% waste wire, while the lowest value is seen in the sample with 0% waste 

Figure 21. Strength per environmental impact for the HPC samples containing different percentages of rubber powder.

Figure 22. Embodied carbon footprint of HPC samples containing different percentages of waste wire.

Figure 23. Strength per environmental impact for the HPC samples containing different percentages of waste wire.
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wire. This suggests that the inclusion of waste wire in the HPC mixture enhances its ability to withstand 
impact and improves its overall durability.

3.5. Real-world applications and limitations

The integration of waste materials, such as rubber powder and waste wire, into High-Performance 
Concrete (HPC) offers promising avenues for sustainable construction practices. The enhanced mechanical 
properties, including improved tensile strength, ductility, and fracture energy, make these materials suit
able for a range of structural applications, from residential buildings to complex infrastructure projects 
like bridges and highways. The use of rubber powder and waste wire not only contributes to waste man
agement by recycling industrial by-products but also aligns with global efforts to reduce the carbon foot
print of construction activities.

However, the application of these materials in HPC is not without limitations. The study revealed that 
while rubber powder can reduce the density and carbon footprint of concrete, its higher proportions 
lead to a significant reduction in compressive strength, making it unsuitable for certain high-strength 
applications. Additionally, the long-term durability and performance of HPC containing these waste mate
rials require further investigation, particularly in diverse environmental conditions. The potential variability 
in the quality and properties of waste materials also poses challenges for consistent performance in real- 
world applications.

Future research should focus on addressing these limitations by optimizing mix designs, improving 
the compatibility of waste materials with cementitious matrices, and conducting long-term durability 
studies. Despite these challenges, the use of waste rubber and wire in HPC holds considerable potential 
for advancing sustainable construction practices, provided that these materials are used judiciously and 
with a thorough understanding of their effects on concrete properties.

3.6. Comparative analysis with existing literature

This section provides a contextual analysis that underscores the novelty and significance of our research 
on sustainable high-performance concrete (HPC) using tire rubber powder and waste wire.

Our approach to enhancing the mechanical properties and sustainability of HPC by substituting silica 
sand with rubber powder and reinforcing with waste wire is consistent with recent advancements in the 
field. For instance, a study published in MDPI’s Buildings journal explored the use of crumb rubber and 
mineral additions as partial substitutes for natural fine aggregates and cement in concrete (Moolchandani 
et al., 2024). They found that specific mix proportions could achieve comparable compressive and split 
tensile strength to the control mix, with an improvement in flexural strength due to the pozzolanic 
action of silica fume and the filler effects of marble slurry powder and fly ash. This aligns with our find
ings where the optimal use of waste wire significantly enhanced various mechanical parameters.

Another study in the same journal investigated the effect of waste crumb rubber aggregate propor
tions on tensile and flexural properties of ultra-high-performance alkali-activated concrete (Li et al., 2024). 
They concluded that a crumb rubber replacement ratio exceeding 35% led to a reduction in both tensile 
and flexural strengths, which is consistent with our observation that exceeding a 40% rubber powder 
substitution level resulted in a substantial decline in compressive strength.

Furthermore, findings on the environmental benefits of using rubber powder resonate with the litera
ture that highlights the potential of using waste materials to reduce the carbon footprint of concrete. 
The reduction in the embodied carbon footprint with the incorporation of rubber powder and waste 
wire as reinforcement is a significant contribution to the field, offering a sustainable alternative to trad
itional concrete formulations.

The microstructural analysis conducted in our study, which indicated a weakening of the aggregate- 
cement bond and a reduction in C-S-H gel with increased rubber content, is a novel aspect that adds to 
the understanding of the material’s behavior. While other studies have examined the durability and elas
tic properties of fiber-supported concrete with waste rubber aggregates (Alsheyab et al., 2023), our 
detailed SEM and DTA analysis provides a deeper insight into the microstructural changes occurring 
within the concrete matrix.
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In summary, this research contributes to the growing body of knowledge on sustainable concrete by 
providing a comprehensive assessment of mechanical and microstructural properties, as well as environ
mental impacts. The comparative analysis with existing literature establishes the novelty of the approach 
in optimizing the use of waste materials for sustainable construction, highlighting the delicate balance 
required for optimized concrete performance and environmental conservation.

4. Conclusion

This research focuses on the development of sustainable HPC by incorporating rubber powder and waste 
wire. To assess the mechanical and microstructural properties of the concrete, comprehensive tests were 
conducted, including compressive, splitting tensile and flexural strength as well as SEM and TGA tests. 
Moreover, the environmental impacts of the developed concrete were assessed through a carbon foot
print analysis. The findings of the research are outlined as follows:

1. Higher rubber powder content in HPC reduced density, while adding waste wire increased it; for 
example, 3% waste wire resulted in a density of 2533 kg/m3, compared to 2324 kg/m3 with no waste 
wire.

2. Compressive strength in HPC peaked at 95 MPa without rubber powder but dropped to 25 MPa at 
50% rubber content, suggesting a limit of 40% rubber for optimal strength. Conversely, 3% waste 
wire reinforcement increased strength to 106 MPa.

3. The sample containing 3% waste wire demonstrated the highest splitting tensile strength, at 
9.5 MPa. In contrast, the samples with 50% rubber powder as a substitute for silica sand exhibited 
the lowest splitting tensile strength, at only 2.5 MPa. It is worth mentioning that the sample without 
any rubber powder had a splitting tensile strength of 7.3 MPa.

4. Flexural strength in HPC was highest at 21 MPa with 3% waste wire and the lowest at 1.7 MPa with 
50% rubber powder, indicating that waste wire enhanced while rubber powder diminished flexural 
strength.

5. The utilization of higher percentages of waste wire in HPC resulted in a noticeable increase in the 
area under the load-displacement diagram after reaching the maximum load. This observation indi
cated that samples containing a greater proportion of wire exhibited a ductile failure mode. The 
incorporation of an optimal percentage of scrap wire as reinforcement in HPC led to a remarkable 
enhancement in rupture energy, with an average increase of 23 times.

6. SEM and DTA analyses indicated that increasing rubber powder in HPC weakened the aggregate- 
cement bond and reduced C-S-H gel, leading to diminished mechanical properties.

7. Substituting silica sand with rubber powder in HPC remarkably lowered the carbon footprint, with 
20% rubber offering the best balance of impact strength and sustainability. Additionally, increasing 
waste wire content further reduced the carbon footprint, with 3% waste wire yielding the lowest val
ues and highest impact strength.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Data availability statement

The authors confirm that the data supporting the findings of this study are available within the article.

References

Abdulkareem, O. M., Fraj, A. B., Bouasker, M., & Khelidj, A. (2018). Effect of chemical and thermal activa
tion on the microstructural and mechanical properties of more sustainable UHPC. Construction and 
Building Materials, 169, 567–577. https://doi.org/10.1016/j.conbuildmat.2018.02.214

Afroughsabet, V., Biolzi, L., & Ozbakkaloglu, T. (2016). High-performance fiber-reinforced concrete: A 
review. Journal of Materials Science, 51(14), 6517–6551. https://doi.org/10.1007/s10853-016-9917-4

416 H. MOSTAFAEI ET AL.

https://doi.org/10.1016/j.conbuildmat.2018.02.214
https://doi.org/10.1007/s10853-016-9917-4


Aghamohammadi, O., Mostofinejad, D., Mostafaei, H., & Abtahi, S. M. (2024). Mechanical properties and 
impact resistance of concrete pavement containing crumb rubber. International Journal of 
Geomechanics, 24(1), 04023242. https://doi.org/10.1061/IJGNAI.GMENG-7620

Ali, B., Kurda, R., Herki, B., Alyousef, R., Mustafa, R., Mohammed, A., Raza, A., Ahmed, H., & Fayyaz Ul-Haq, 
M. (2020). Effect of varying steel fiber content on strength and permeability characteristics of high 
strength concrete with micro silica. Materials, 13(24), 5739. https://doi.org/10.3390/ma13245739

Ali, B., Qureshi, L. A., & Khan, S. U. (2020). Flexural behavior of glass fiber-reinforced recycled aggregate 
concrete and its impact on the cost and carbon footprint of concrete pavement. Construction and 
Building Materials, 262, 120820. https://doi.org/10.1016/j.conbuildmat.2020.120820

Alsheyab, M. A. T., Khedaywi, T., & Ogiliat, O. (2023). Effect of waste Tire rubber on properties of asphalt 
cement and asphalt concrete mixtures: State of the art. International Journal of Pavement Research and 
Technology, 1–12. https://doi.org/10.1007/s42947-023-00361-4

ASTM C 1018-97. (1998). Standard test methods for flexural toughness and first crack strength of fiber 
reinforced concrete, pp. 506–513.

ASTM C1240-15. (2015). Standard specification for silica fume used in cementitious mixtures, ASTM 
International, West Conshohocken, PA, USA.

ASTM C496/c496m. (2004). C496/c496m standard test method for splitting tensile strength of cylindrical 
concrete specimens. In American Society for Testing and Materials.

Bahmani, H., & Mostofinejad, D. (2022). Microstructure of ultra-high-performance concrete (UHPC)–a 
review study. Journal of Building Engineering, 50, 104118. https://doi.org/10.1016/j.jobe.2022.104118

Bahmani, H., & Mostofinejad, D. (2023a). A novel high-performance concrete based on calcium oxide-acti
vated materials reinforced with different fibers. Developments in the Built Environment, 15, 100201. 
https://doi.org/10.1016/j.dibe.2023.100201

Bahmani, H., & Mostofinejad, D. (2023b). A review of engineering properties of ultra-high-performance 
geopolymer concrete. Developments in the Built Environment, 14, 100126. https://doi.org/10.1016/j.dibe. 
2023.100126

Bahmani, H., & Mostofinejad, D. (2023c). High-performance concrete based on alkaline earth metal ions- 
activated slag at ambient temperature: Mechanical and microstructure properties. Journal of Materials 
Research and Technology, 24, 8703–8724. https://doi.org/10.1016/j.jmrt.2023.05.119

Bahmani, H., & Mostofinejad, D. (2023d). Strength development and microstructure properties of slag acti
vated with alkaline earth metal ions: A review study. European Journal of Environmental and Civil 
Engineering, 27(15), 4497–4527. https://doi.org/10.1080/19648189.2023.2194352

Bahmani, H., & Mostofinejad, D. (2024). Comparative analysis of environmental, social, and mechanical 
aspects of high-performance concrete with calcium oxide-activated slag reinforced with basalt, and 
recycled PET fibers. Case Studies in Construction Materials, 20, e02895. https://doi.org/10.1016/j.cscm. 
2024.e02895

Bahmani, H., Mostafaei, H., Ghiassi, B., Mostofinejad, D., & Wu, C. (2023). A comparative study of calcium 
hydroxide, calcium oxide, calcined dolomite, and metasilicate as activators for slag-based HPC. 
Structures, 58, 105653. https://doi.org/10.1016/j.istruc.2023.105653

Bahmani, H., Mostofinejad, D., & Dadvar, S. A. (2020a). Effects of synthetic fibers and different levels of 
partial cement replacement on mechanical properties of UHPFRC. Journal of Materials in Civil 
Engineering, 32(12), 04020361. https://doi.org/10.1061/(ASCE)MT.1943-5533.0003462

Bahmani, H., Mostofinejad, D., & Dadvar, S. A. (2020b). Mechanical properties of ultra-high-performance 
fiber-reinforced concrete containing synthetic and mineral fibers. ACI Materials Journal, 117(3), 155–168.

Bahmani, H., Mostofinejad, D., & Dadvar, S. A. (2022). Fiber type and curing environment effects on the 
mechanical performance of UHPFRC containing zeolite. Iranian Journal of Science and Technology, 
Transactions of Civil Engineering, 46(6), 4151–4167. https://doi.org/10.1007/s40996-022-00911-z

Bajpai, R., Choudhary, K., Srivastava, A., Sangwan, K. S., & Singh, M. (2020). Environmental impact assess
ment of fly ash and silica fume based geopolymer concrete. Journal of Cleaner Production, 254, 120147. 
https://doi.org/10.1016/j.jclepro.2020.120147

Bazant, Z. P. (2003). Fracture mechanics of concrete structures. Proceedings of the First International 
Conference on Fracture Mechanics of Concrete Structures (FraMCoS1), held at Beaver Run Resort, 
Breckenridge, 1–5 June 1992. CRC Press.

EUROPEAN JOURNAL OF ENVIRONMENTAL AND CIVIL ENGINEERING 417

https://doi.org/10.1061/IJGNAI.GMENG-7620
https://doi.org/10.3390/ma13245739
https://doi.org/10.1016/j.conbuildmat.2020.120820
https://doi.org/10.1007/s42947-023-00361-4
https://doi.org/10.1016/j.jobe.2022.104118
https://doi.org/10.1016/j.dibe.2023.100201
https://doi.org/10.1016/j.dibe.2023.100126
https://doi.org/10.1016/j.dibe.2023.100126
https://doi.org/10.1016/j.jmrt.2023.05.119
https://doi.org/10.1080/19648189.2023.2194352
https://doi.org/10.1016/j.cscm.2024.e02895
https://doi.org/10.1016/j.cscm.2024.e02895
https://doi.org/10.1016/j.istruc.2023.105653
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003462
https://doi.org/10.1007/s40996-022-00911-z
https://doi.org/10.1016/j.jclepro.2020.120147


Chamasemani, N. F., Kelishadi, M., Mostafaei, H., Najvani, M. A. D., & Mashayekhi, M. (2023). Environmental 
impacts of reinforced concrete buildings: comparing common and sustainable materials: a case study. 
Construction Materials, 4(1), 1–15. https://doi.org/10.3390/constrmater4010001

Dong, Y. (2018). Performance assessment and design of ultra-high performance concrete (UHPC) struc
tures incorporating life-cycle cost and environmental impacts. Construction and Building Materials, 167, 
414–425. https://doi.org/10.1016/j.conbuildmat.2018.02.037

Du, J., Liu, Z., Christodoulatos, C., Conway, M., Bao, Y., & Meng, W. (2022). Utilization of off-specification 
fly ash in preparing ultra-high-performance concrete (UHPC): Mixture design, characterization, and life- 
cycle assessment. Resources, Conservation and Recycling, 180, 106136. https://doi.org/10.1016/j.rescon
rec.2021.106136

Garces, J. I. T., Beltran, A. B., Tan, R. R., Ongpeng, J. M. C., & Promentilla, M. A. B. (2022). Carbon footprint 
of self-healing geopolymer concrete with variable mix model. Cleaner Chemical Engineering, 2, 100027. 
https://doi.org/10.1016/j.clce.2022.100027

Guo, P., Meng, W., Du, J., Stevenson, L., Han, B., & Bao, Y. (2023). Lightweight ultra-high-performance con
crete (UHPC) with expanded glass aggregate: Development, characterization, and life-cycle assessment. 
Construction and Building Materials, 371, 130441. https://doi.org/10.1016/j.conbuildmat.2023.130441

Hajiaghamemar, M., Mostofinejad, D., & Bahmani, H. (2022). High volume of slag and polypropylene fibres 
in engineered cementitious composites: microstructure and mechanical properties. Magazine of 
Concrete Research, 75(12), 607–624. https://doi.org/10.1680/jmacr.22.00128

Hossein, A. H., AzariJafari, H., & Khoshnazar, R. (2022). The role of performance metrics in comparative 
LCA of concrete mixtures incorporating solid wastes: A critical review and guideline proposal. Waste 
Management (New York, NY), 140, 40–54. https://doi.org/10.1016/j.wasman.2022.01.010

ISO 14040:2006. (2006). Environmental management – life cycle assessment – principles and framework, 
International Organization for Standardization.

Ji, C., Wu, Y., Zhao, Z., Chen, C., & Yao, L. (2022). Life cycle assessment of off-site construction using ultra- 
high-performance concrete. Sustainability, 14(11), 6907. https://doi.org/10.3390/su14116907

Li, C., Li, J., Ren, Q., Zheng, Q., & Jiang, Z. (2023). Durability of concrete coupled with life cycle assess
ment: Review and perspective. Cement and Concrete Composites, 139, 105041. https://doi.org/10.1016/ 
j.cemconcomp.2023.105041

Li, L., Chen, Z., Che, W., Cheng, C., Chen, Y., Li, D., Liu, L., & Guo, Y. (2024). Ultra-high-performance alkali- 
activated concrete: effect of waste crumb rubber aggregate proportions on tensile and flexural proper
ties. Buildings, 14(4), 1088. https://doi.org/10.3390/buildings14041088

Li, Y., Zeng, X., Zhou, J., Shi, Y., Umar, H. A., Long, G., & Xie, Y. (2021). Development of an eco-friendly 
ultra-high performance concrete based on waste basalt powder for Sichuan-Tibet Railway. Journal of 
Cleaner Production, 312, 127775. https://doi.org/10.1016/j.jclepro.2021.127775

Long, W.-J., Li, H.-D., Wei, J.-J., Xing, F., & Han, N. (2018). Sustainable use of recycled crumb rubbers in 
eco-friendly alkali activated slag mortar: Dynamic mechanical properties. Journal of Cleaner Production, 
204, 1004–1015. https://doi.org/10.1016/j.jclepro.2018.08.306

Meng, W., & Khayat, K. H. (2017). Improving flexural performance of ultra-high-performance concrete by 
rheology control of suspending mortar. Composites Part B: Engineering, 117, 26–34. https://doi.org/10. 
1016/j.compositesb.2017.02.019

Moolchandani, K., Sharma, A., & Kishan, D. (2024). Enhancing concrete performance with crumb rubber 
and waste materials: a study on mechanical and durability properties. Buildings, 14(1), 161. https://doi. 
org/10.3390/buildings14010161

Mostafaei, H., Badarloo, B., Chamasemani, N. F., Rostampour, M. A., & Lehner, P. (2023a). Investigating the 
effects of concrete mix design on the environmental impacts of reinforced concrete structures. 
Buildings, 13(5), 1313. https://doi.org/10.3390/buildings13051313

Mostafaei, H., Bahmani, H., Mostofinejad, D., & Wu, C. (2023b). A novel development of HPC without 
cement: Mechanical properties and sustainability evaluation. Journal of Building Engineering, 76, 
107262. https://doi.org/10.1016/j.jobe.2023.107262

Mostafaei, H., Keshavarz, Z., Rostampour, M. A., Mostofinejad, D., & Wu, C. (2023c). Sustainability evalu
ation of a concrete gravity dam: Life cycle assessment, carbon footprint analysis, and life cycle costing. 
Structures, 53, 279–295. https://doi.org/10.1016/j.istruc.2023.04.058

418 H. MOSTAFAEI ET AL.

https://doi.org/10.3390/constrmater4010001
https://doi.org/10.1016/j.conbuildmat.2018.02.037
https://doi.org/10.1016/j.resconrec.2021.106136
https://doi.org/10.1016/j.resconrec.2021.106136
https://doi.org/10.1016/j.clce.2022.100027
https://doi.org/10.1016/j.conbuildmat.2023.130441
https://doi.org/10.1680/jmacr.22.00128
https://doi.org/10.1016/j.wasman.2022.01.010
https://doi.org/10.3390/su14116907
https://doi.org/10.1016/j.cemconcomp.2023.105041
https://doi.org/10.1016/j.cemconcomp.2023.105041
https://doi.org/10.3390/buildings14041088
https://doi.org/10.1016/j.jclepro.2021.127775
https://doi.org/10.1016/j.jclepro.2018.08.306
https://doi.org/10.1016/j.compositesb.2017.02.019
https://doi.org/10.1016/j.compositesb.2017.02.019
https://doi.org/10.3390/buildings14010161
https://doi.org/10.3390/buildings14010161
https://doi.org/10.3390/buildings13051313
https://doi.org/10.1016/j.jobe.2023.107262
https://doi.org/10.1016/j.istruc.2023.04.058


Mostofinejad, D., Aghamohammadi, O., Bahmani, H., & Ebrahimi, S. (2023a). Improving thermal character
istics and energy absorption of concrete by recycled rubber and silica fume. Developments in the Built 
Environment, 16, 100221. https://doi.org/10.1016/j.dibe.2023.100221

Mostofinejad, D., Bahmani, H., & Afshar, J. (2023b). Prediction of mechanical properties of high-perform
ance concrete (HPC) reinforced with steel fibers. Iranian Journal of Science and Technology, Transactions 
of Civil Engineering, 47(4), 1971–1993. https://doi.org/10.1007/s40996-023-01126-6

Mostofinejad, D., Bahmani, H., Eshaghi-Milasi, S., & Nozhati, M. (2023c). Empirical relationships for predic
tion of mechanical properties of high-strength concrete. Iranian Journal of Science and Technology, 
Transactions of Civil Engineering, 47(1), 315–332. https://doi.org/10.1007/s40996-022-01023-4

Nilimaa, J. (2023). Smart materials and technologies for sustainable concrete construction. Developments 
in the Built Environment, 15, 100177. https://doi.org/10.1016/j.dibe.2023.100177

Russell, H. G., et al. (1997). State-of-the-art report on high-strength concrete. ACI Committee, 363, 92.
Saffari, R., Nikooee, E., Habibagahi, G., & Van Genuchten, M. T. (2019). Effects of biological stabilization on 

the water retention properties of unsaturated soils. Journal of Geotechnical and Geoenvironmental 
Engineering, 145(7), 04019028. https://doi.org/10.1061/(ASCE)GT.1943-5606.0002053

Saikia, N., & De Brito, J. (2012). Use of plastic waste as aggregate in cement mortar and concrete prepar
ation: A review. Construction and Building Materials, 34, 385–401. https://doi.org/10.1016/j.conbuildmat. 
2012.02.066

Sameer, H., Weber, V., Mostert, C., Bringezu, S., Fehling, E., & Wetzel, A. (2019). Environmental assessment 
of ultra-high-performance concrete using carbon, material, and water footprint. Materials, 12(6), 851. 
https://doi.org/10.3390/ma12060851
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