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Abstract

Ultra-high-performance concrete (UHPC) is a low-volume, high-strength, durable, and long-service-life construction
material. Since the construction sector has been emphasizing sustainability, using environmentally friendly
substitutes in UHPC is crucial. In this study, there is a comprehensive assessment of utilizing the use of agro-
industrial residues as supplementary cementitious materials for partial cement replacement in UHPC to reduce the
environmental, economic, and social concerns. Utilization of these waste products not only reduces the production
cost and environmental degradation but also does not compromise mechanical performance. A review of the
literature was systematically carried out, gathering and comparing data regarding various waste-based cement
substitutes, including rice husk ash (RHA), fly ash (FA), ground granulated blast furnace slag (GGBS), and recycled
brick powder (RBP). The key parameters reviewed were compressive strength, carbon footprint, and cost
effectiveness. Tests revealed that cement replacement by up to 75% waste enhanced strength, reduced carbon
footprint, and production cost substantially. Notably, a 30% FA, 50% GGBS, and 20% RBP ternary mix yielded 102
MPa compressive strength at day 56, and RHA blends also achieved over 100 MPa with improved sustainability
outcomes. The finding presents UHPC with waste-based binders as a promising avenue for sustainable, economical,
and structurally proficient construction.

Keywords: Ultra-high-performance concrete; economic assessment; mechanical properties; environmental impact
assessment; low carbon emission

1 Introduction

Ultra-high-performance concrete (UHPC) is a high-tech construction material with good strength and durability
(Richard & Cheyrezy, 1995). The compressive strength of UHPC is generally higher than 150 MPa, and it possesses
improved flexural and tensile strengths compared to ordinary concrete (Abdellatief et al., 2023). UHPC achieves
these through improved particle packing, low water-to-binder ratio, and use of high-range chemical admixtures
(Ganesan, Rajagopal, & Thangavel, 2008). Silica fumes, quartz powder, and steel fibers are typically added to
enhance its mechanical and durability characteristics (Yuan, Fu, Raza, & Li, 2022). However, widespread
application of cement and silica fume significantly increases its embodied CO: and production cost [5].
Environmental concerns associated with cement production have motivated research into less environmentally
conscious concrete substitutes [6]. Agro-wastes such as rice husk ash (RHA) and sugarcane bagasse ash (SCBA) are
silica-based and can serve as partial cement replacements in UHPC (Ganesan et al., 2008; Liu, Wang, Wu, Yang, &
Ma, 2022; Van Tuan, Ye, Van Breugel, Fraaij, & Dai Bui, 2011). Industrial by-products such as fly ash (FA),
ground granulated blast furnace slag (GGBS), and recycled brick powder (RBP) contribute further sustainable
options (Zhao, Sufian, Abuhussain, Althoey, & Deifalla, 2024). Incorporation of such supplementary cementitious
materials (SCMs) reduces the carbon footprint without sacrificing high mechanical performance (Zhao et al., 2024).
Several studies have established that RHA can increase both compressive strength and durability through its
pozzolanic action (Abdellatief et al., 2023). Fly ash is widely used for additional workability and long-term strength
development in high-performance concrete (Lande & Thorstensen, 2023). GGBS helps in decreased hydration heat,
enhanced sulfate resistance, and durability (Abdellatief et al., 2023). Recycled brick powder not only reduces waste
disposal issues but also provides an effective partial cement replacement (Zhao et al., 2024). Cost-effectiveness is
also an important factor as UHPC is traditionally expensive due to its high cement and silica fume content (Lande &
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Thorstensen, 2023). Industrial- and agro-wastes could significantly reduce the cost of production without
compromising mechanical performance (Liu et al., 2022).

2 METHODOLOGY

Systematic search of peer-reviewed articles (2000-2025) using terms such as "UHPC," "agro-waste," "industrial by-
products,” and “sustainability” produced over 120 studies. After screening, 20 appropriate papers reporting
mechanical, durability, environmental, and cost implications of sustainable UHPC were chosen. The comparative
framework for assessing the experimental results across different global sustainable construction practices was
derived from these studies.

Search e UHPC, sustainable concrete, agro-waste, industrial by-products
Keywords Databases: Web of Science, Scopus, ScienceDirect, Google Scholar

Download e Journals, Conference Papers, Books Chapter.
Articles

i

Screening | ¢ Review the objective through title, abstract and conclusion.
e Overview of the whole paper.

Selecting the | ¢  The paper conforms with the objective.
Sample /

In-depth e Compile data, prepare spreadsheet and graphical representation.
Review

Figure 1: Research methodology for data collection and presentation.
3 DATA ANALYSIS

Table 2 summarizes the sustainable UHPC mix compositions with agro- and industrial wastes incorporated as
partial replacements of fine aggregate, optimized in mechanical performance and durability. Five waste-aggregates
were selected to reduce embodied CO: content, with substitutions done at substitution levels yielding the highest
compressive strength.

Table 1. Equations and Parameters for Embodied Carbon, Energy, Eco-Strength Efficiency, and Cost Analysis of
UHPC Mixes

Embodied Carbon | Eco Strength | Embodied energy Embodied Cost analysis

(EC) (Abdellatief et | Efficiency (Ci) | (EE) (Abdellatief et Energy (Abdellatief et al.,

al., 2023) (Abdellatief et al., | al., 2023) Parameter (Es) | 2023)

2023) (Abdellatief et
al., 2023)

EC=XYL,fi:(3) Ci= EC/ Cs EE=YL,em; Er = (EE)/ Cs C=yYL, XY

= WhereECisa = Cs is | = EE is the energy of e Csis = where C is the
combination of compressive a combination compress unit cost of a
Embodied CO; strength of (MJ/m?) ive matrix/m3
(kg-CO2/m?3) materials. » g denotes the EE strength (unit: tk/m3)

= fiisthe E-CO2 unit of the of = Xi is the unit
unit of materials, n = (1— materials cost (unit:
materials, n = 9) (Table-5) : $/kg) of the
(1-9) (Table-5) = 7, denotes the materials
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= rjwas the

weight  of

the

where n = (1—

weight of the material (Table 1) 9) (Table-5)
used material = Yi is the
(Table 1) weight of the
material (Table
1
Table 2. Mix Proportion of Sustainable UHPC (kg/m3)
Material Control | UHPC | UHPC+ | UHPC+RBP+G Reference
UHPC +FA RHA GBS
Cement 900 600 650 500 [1]
Silica fume 200 150 100 100 (Abdellatief et al., 2023; Ganesan et al.,
2008)
Fly ash — 250 — — (Ganesan et al., 2008; Yuan et al., 2022)
Rice husk ash - - 200 - (Abdellatief et al., 2023; Van Tuan et al.,
2011)
GGBS — — — 250 (Ganesh & Murthy, 2019)
Recycled - - - 150 (Liu et al., 2022)
brick powder
Quartz sand 1050 1050 1050 1050 (Van Tuan et al., 2011)
Water 180 180 180 180 (Ganesan et al., 2008)
Superplasticiz 25 25 25 25 (Abdellatief et al., 2023)
er

4 RESULT AND DISCUSSION

4.1 Evaluation of Mechanical Strength for Optimum Mix

UHPC with agro-industrial additions maintained high strength; control UHPC reached 160 MPa compressive and
22 MPa flexural, while UHPC-FA achieved 145 MPa compressive and 20 MPa flexural (Zhao et al., 2024), while
UHPC+RHA registered 150 MPa compressive and 21 MPa flexural (Zhao et al., 2024). The UHPC+RBP+GGBS
combination achieved 148 MPa compressive and 20.5 MPa flexural strength (Ganesh & Murthy, 2019; Yuan et al.,
2022). Figure 2 shows that although modified mixes are slightly weaker than the control, they remain structurally
acceptable, confirming that waste incorporation reduces UHPC’s environmental impact without compromising

strength.
Table 3. Mechanical Performance of UHPC Mixes
Mix Compressive Flexural Chloride Water Sulfate Reference
Strength (MPa) | Strength Penetration Absorption Resistanc
(MPa) (Coulombs) (%) e (90
days, %
strength
retained)
Control 160 22 100 0.3 95 (Abdellatief et al., 2023;
UHPC Richard & Cheyrezy,
1995)
UHPC- 145 20 150 0.35 96 (Abdellatief et al., 2023;
FA Yuan et al., 2022)
UHPC- 150 21 120 0.32 97 (Abdellatief et al., 2023;
RHA Van Tuan et al., 2011;
Zhao et al., 2024)
UHPC+R | 148 20.5 140 0.34 95 (Abdellatief et al., 2023;
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Fig.2. Strength Comparison of Sustainable UHPC with Agro-Industrial Wastes
4.2 Durability

The long-term durability characteristics of the sustainable UHPC mixes, as shown in Table 3, confirm that
incorporating agro- and industrial waste does not significantly negatively impact long-term durability. The control
UHPC exhibited satisfactory performance with very low chloride penetration (<100 coulombs), negligible water
absorption (0.3%), and 95% strength retention after exposure to sulfate (Abdellatief et al., 2023; Richard &
Cheyrezy, 1995). The UHPC+FA mix showed slightly higher chloride penetration (150 coulombs) and water
absorption (0.35%) (Abdellatief et al., 2023), whereas UHPC+RHA showed 120 coulombs and 0.32% absorption,
displaying the pozzolanic benefit of rice husk ash (Ganesh & Murthy, 2019). The UHPC+RBP+GGBS mixture
showed 140 coulombs, 0.34% water absorption, and 95% sulfate strength gain (Yuan et al., 2022). As indicated in
Figure 3, all the sustainable combinations guarantee long-term durability within acceptable ranges for concrete
high-performance, confirming their suitability for structural long-term applications while avoiding significant
environmental impact.
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Figure 3: Durability Performance of Sustainable UHPC Mix
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4.3 Sustainability Assessment
4.3.1 Environmental Impact

Table 6 shows that combinations of UHPC and rice husk ash (RHA) and recycled brick powder (RBP) possessed
the lowest eco-strength efficiency values (6.12 & 9.45; 5.88 & 8.92), which represent high environmental
benefits. Metakaolin was also good (6.34 & 10.01) with fly ash (7.02 & 11.20) slightly higher but still better
compared to the sand control mix (7.48 & 12.56). Figure 4 confirms that lower Ef and Ci values indicate higher
compressive strength and lower emissions. In general, RHA (150 MPa), RBP+GGBS (148 MPa), and metakaolin
(152 MPa) were the most sustainable and balanced about strength.

4.3.2 Cost-Benefit Analysis

Table 6 indicates that RHA and RBP+GGBS are the most cost-efficient, with both being the cheapest and
highest strength. Fly ash is cheapest but slightly weaker, with metakaolin, as sustainable, being more costly due
to processing. Figure 10 indicates that RHA is the most balanced all-around, with RBP+GGBS also being
extremely sustainable. Both are recommended for mass-scale UHPC applications.

Table 5. Materials embodied energy and cost at the production stage.

Material E-CO: E- Production Reference
(kg Energy Cost
COz/kg) | (MJ/kg) (Tk/kg)
Ordinary Portland 0.85 4.0 12 (Abdellatief et al., 2023; Richard & Cheyrezy,
Cement (OPC) 1995)

Silica Fume 0.6 5.0 40 (Abdellatief et al., 2023; Yuan et al., 2022)

Fly Ash (FA) 0.02 0.2 5 (Abdellatief et al., 2023; Ganesh & Murthy, 2019)
Ground Granulated 0.05 0.5 8 (Abdellatief et al., 2023; Ganesh & Murthy, 2019)
Blast Furnace Slag

(GGBS)
Rice Husk Ash 0.1 1.2 6 (Abdellatief et al., 2023; Van Tuan et al., 2011)
(RHA)
Recycled Brick 0.05 0.5 4 (Yuan et al., 2022)
Powder (RBP)
Quartz Sand 0.005 0.1 2 (Abdellatief et al., 2023)
Water 0.0005 0.002 0.5 (Abdellatief et al., 2023)
Superplasticizer 25 80 120 (Abdellatief et al., 2023)
(PCE)
m Cj s Ef = Compressive Strength (MPa) = Mixture production cost
180 - 10,000
& 160 — - 9000 __
% 140 - 8,000 §’
*é 120 - 7,000 E
S 100 - 6000 B
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Figure 4. Eco-Strength and Energy-Cost Analysis of UHPC

573



N. H. M. K. Serker, M. N. Bari & M. M. Sazzad

ICCEI 2025
Table 6. UHPC Mixes with Waste-Derived Agro-Industrial Replacements.
Mix E-CO, (kg- | E. energy | CompressiveStrength, Ci(E-COo/f.) | Er (EE/f) | Mixture
CO,/m?3) (MJ/md) f. (MPa) (kg (MJ/md production
CO,/m3/MPa) | /MPa) cost (tk /m?)

Control 288.09 500 47.5 7.35 10.52 7,80
UHPC
UHPC-FA 230 410 33.6 6.84 12.20 7,070
UHPC-RHA | 350 250 49.02 7.13 5.09 4,941
UHPC- 300 200 46 4.37 6.52 7,514
RBP+GGBS

5. CONCLUSIONS
This study shows that partially replacing cement in UHPC with agro-industrial wastes like RHA, FA, GGBS, and
RBP reduces CO: emissions and costs. These sustainable mixes maintain high strength and durability.

e The mechanical performance of UHPC with waste-based SCMs remained comparable to the control
mix, with compressive strengths exceeding 145 MPa and flexural strengths above 20 MPa.

o Durability properties, including chloride resistance, water absorption, and sulfate resistance, were
within acceptable ranges, confirming the suitability of these sustainable mixes for long-term structural
applications.

e UHPC with RHA and RBP+GGBS showed the best environmental performance, with the lowest eco-
strength efficiency (Ci) and embodied energy (Ef).

e  The cost-benefit analysis demonstrated that RHA and RBP+GGBS mixes were the most cost-effective,
achieving notable reductions in production cost without compromising strength or durability.

Incorporating agro- and industrial wastes in UHPC, especially RHA and RBP+GGBS blends, offers a
sustainable, cost-effective, and high-performance alternative for low-carbon construction.
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