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Abstract

Ultra-High-Performance Concrete (UHPC) is a sustainable material with high performance, but high cement
content generates high CO: emissions (900-1000 kg/m3, about 7% of all emissions). This study explores a design
methodology for the development of low-cost and green UHPC using locally available waste materials in
Bangladesh. Rice husk ash (RHA) and recycled brick powder (RBP) were utilized as cement partial replacement
due to their high pozzolanic activity. A systematic review of the literature was conducted to examine their
influence on mechanical strength, durability, water absorption, sulfate resistance, CO. reduction, and cost of
production. RHA containing high amorphous silica by controlled combustion enhanced compressive strength and
hydration, while RBP from waste buildings enhanced toughness, fiber bonding, and pore structure. Experimental
results indicated that all the mixes with RHA and RBP had compressive strengths over 140 MPa at 28 days.
Specifically, 30-40% RBP improved toughness and strain capacity, and 5-30% RHA additionally optimized
pore structure and hydration and resulting in strengthening. The combined application of these waste resources
decreased environmental burden and cost significantly while maintaining UHPC performance, and it is a good
and feasible approach for UHPC preparation in developing countries, particularly in the construction sector of
Bangladesh.

Keywords: Ultra-high-performance concrete; mechanical strength; CO, Emission; sustainable construction
materials; economic analysis.

1 Introduction

Concrete is the most common Building material on earth, and UHPC is distinguished by high durability and
strength (>150 MPa) (Mosaberpanah & Umar, 2020; Yuan, Fu, Raza, & Li, 2022). Nevertheless, standard UHPC
involves extensive cement consumption and silica fume, which are expensive and carbon-hungry (cement emits
~0.9t CO:2 per ton, ~7% of all emissions) (Yang, Deng, & Chen, 2025; Yuan et al., 2022). Its low water—binder
ratio (0.16-0.20), high cement content, high price, and inhibitive cement hydration (30—40%) make it more
expensive to use (Yuan et al., 2022).

The two most important issues in Bangladesh regarding the construction sector are: (a) overdependence on
imported cement, and (b) increasing volumes of construction and agricultural waste. Rice husk ash (RHA), a rice
mill residue, is an available material, as Bangladesh is one of the largest producers of rice in the world
(Mosaberpanah & Umar, 2020). RHA improves the physical and hydration characteristics of concrete to make it
stronger, less permeable, and chemically resistant (Van Tuan, Ye, Van Breugel, Fraaij, & Dai Bui, 2011). RHA
reacts with calcium hydroxide to form extra C-S—H gels, enhancing microstructure and compressive strength in
low water—binder concretes (RoRler, Bui, & Ludwig, 2014; Yang et al., 2025). Similarly, recycled brick powder
(RBP) from waste buildings is available because ordinary fired bricks remain the favorite building material (He
et al.,, 2021; Yuan et al., 2022). Grinding of RBP reduces particle size and smoothens the particles, with
increased surface area, pozzolanic activity, and early hydration, with decreased setting time (Yuan et al., 2022).
Replacing up to 40% gives compressive strength >140 MPa with optimal tensile and flexural strength (He et al.,
2021; Yuan et al., 2022)[1,3]. RHA is rich in silica, and RBP contains silica and alumina; together, they promote
the pozzolanic reaction and generate more C-S—H gels and increase UHPC mixes (Yuan et al., 2022)[1,5].
Replacing 10-20% of cement with RHA and RBP can match or exceed regular UHPC strength, and the micro-
filler effect of them enhances fiber bonding and flexural toughness (Mosaberpanah & Umar, 2020; Van Tuan et
al., 2011; Yang et al., 2025; Yuan et al., 2022)[. Usage of RHA (10-20%) and RBP (10-30%) decreases cement
use and CO., conserves waste, and improves sustainability. Total replacement above ~50% can potentially
reduce UHPC (YYang et al., 2025; Yuan et al., 2022).

423


mailto:samirmazumder073@gmail.com

N. H. M. K. Serker, M. N. Bari & M. M. Sazzad
ICCEI 2025

The present work investigates the strategic application of RHA and RBP in UHPC mixing based on mechanical
performance and savings in embodied CO:. The objective is to develop a cost-effective, environmentally friendly
UHPC for the building industry in Bangladesh.

2 Methodology

A systematic review of literature was conducted using Web of Science, Google Scholar, Scopus, and
ResearchGate using the primary source as Google Scholar (Figure 1). Using the keywords UHPC, rice husk ash,
recycled brick powder, low-cost concrete, compressive strength, embodied CO-, and sustainability, over 100
English articles were retrieved. After screening the relevance based on mechanical performance, environmental
properties, and economy, 11 articles were shortlisted for detailed analysis of replacement levels, strength, and
sustainability.

Selecting the database

Web of science, Scopus and google scholar -

UHPC with Rice Husk Ash and Recycled 0

Brick Powder, sustainability, low carbon =~ d====-mc-mcmmm——————a AL

emission, Mechanical properties etc. >
Screening

Review the objective through the title and
abstract

Overview of the whole paper ~  p==================== \

The paper conforms with the objective S, I

In-depth review

Figure 1. The five-step workflow for reviewing the literature
2.1 Materials
This study contrasted embodied CO2 and compressive strength of UHPC with RHA and RBP through qualitative
and quantitative approaches. The data were given in a different paper, and CO: intensity was calculated for
multiple mix compositions and 28-day strength. The chemical characteristics of the materials are shown in Table
1, and the mix proportions are listed in Table 2.
Table 1. Chemical compositions of RHA, RBP, SF, and SS (Trinh, Fernando, Tran, & Pham, 2024; Yuan et al.,

2022
MgO Al20s3 Fe203 SiO2 CaO : K20 Na20 P20s SO3 LOI  TiO:
RHA 0.77 0.46 0.43 90.00 1.10 4.60 - 2.43 - 3.90 -
RBP 0.94 16.51 7.20 68.15 1.80 - 0.65 - - - -
SF 0.41 0.50 0.06 94.58 154 0.64 0.23 0.11 0.14 1.79 -
FS 0.1 222 - 65.8 0.1 35 1.0 - - - 0.3

Table 2. Compositional Details of UHPC Mixes with RHA and RBP

MIX ID OPC RHA RBP SF FS FA WATER SP STEEL REFERENCE
FIBER
REF 780 0 0 162 246 0 190 18.8 78 (Yang et al., 2025;
Yuan et al., 2022)
UHPC-5RHA 741 39 - 162 246 0 190 18.8 78 (Van Tuan et al.,
2011; Yang et al.,
2025)
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UHPC-10RHA 702 78 - 162 246 - 190 18.8 78 (Van Tuan et al.,
2011; Yang et al.,

2025)
UHPC-10RBP 663 117 70 162 246 100 190 18.8 - (Yang et al., 2025;
Yuan et al., 2022)
UHPC-15RBP 468 312 140 162 246 100 190 18.8 - (Yang etal., 2025;
Yuan et al., 2022)

UHPC-14RHA-7 700 120 60 200 900 - 200 20 - (Ro6Rler et al.,

RBP 2014; Yang et al.,
2025; Yuan et al.,

2022)
UHPC-18RHA- 650 150 75 200 900 - 200 20 - (Mosaberpanah &
9RBP Umar, 2020; Yang

etal., 2025; Yuan
et al., 2022)

3 RESULT AND DISCUSSION
3.1 Evaluation of Mechanical Strength of Optimum Mix
Mechanical performance of the UHPC mixes was evaluated at 3, 7, and 28 days. Comparison of mixes with
varying percentages of RHA and RBP is shown in Table 3. Combined mixes, specifically UHPC-14RHA-7RBP
and UHPC-18RHA-9RBP, had the best compressive and flexural strength balance, verifying the effectiveness of
RHA-RBP synergy.

Table 3. Mechanical Strength of Optimum UHPC Mix

Optimum Compressive Strength (MPA) Flexural strength (MPa)
Replacement 3d 7d 28d 3d 7d 28 d (MPa)
REF 0% 110 146 170 12.0 16.0 20.0 (Yuanetal.,
2022)
UHPC- 5% RHA 115 140 155 11.0 15.0 19 (Ro6Rler et al.,
5RHA 2014; Yang et
al., 2025)[
UHPC- 10% RHA 110 138 150 10.0 14.0 18 (Ro6Rler et al.,
10RHA 2014; Yang et
al., 2025)
UHPC- 10% RBP 115 138 154 114 15.2 19.0 (He et al., 2021,
10RBP Yuan et al.,
2022)
UHPC- 15% RBP 110 132 156 9.9 13.2 16.5 (He et al., 2021,
15RBP Yuanetal.,
2022)
UHPC- 14% 115 142 155 13.6 18.2 25.5 (He et al., 2021,
14RHA-7 RHA+7% RoRler et al.,
RBP RHA 2014; Yang et
al., 2025; Yuan
et al., 2022)
UHPC- 18% 120 148 165 15.9 20.2 30 (He etal., 2021,
18RHA- RHA+9% RoBler et al.,
9RBP RBP 2014; Yang et
al., 2025; Yuan
et al., 2022)

3.1.1 Compressive Strength

The compressive strength of UHPC at different ages was analyzed in Table 3. The 28-day compressive strength
is 150 MPa using RHA alone and 143.2 MPa using 50% RBP (He et al., 2021; Van Tuan et al., 2011). High
UHPC strength is due to dense particle packing and pozzolanic activity: RHA reacts quickly to form additional
C-S—H gel while RBP fills voids and gains strength gradually (Yuan et al., 2022). When combined with cement,
silica fume, fly ash, fine sand, steel fibers, a low wi/b ratio, and superplasticizer, RHA accelerates early reactivity,
and RBP enhances long-term packing (Trinh et al., 2024; Yuan et al., 2022). The reference mix (REF) reaches
170 MPa; single replacements UHPC-10RHA and UHPC-15RBP achieve 150-156 MPa, while combined mixes
UHPC-18RHA-9RBP and UHPC-14RHA-7RBP reach 165MPa, indicating that optimized RHA-RBP
incorporation improves UHPC strength in Figure 2.
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Figure 2. Compressive strength comparison of UHPC mixes with RHA and RBP(He et al., 2021; Mosaberpanah & Umar,
2020; RoBler et al., 2014; Trinh et al., 2024; VVan Tuan et al., 2011; Yang et al., 2025; Yuan et al., 2022)

3.1.2 Flexural Strength

The flexural strength of UHPC at different ages was analyzed in Table 3. RHA achieves a 28-day compressive
strength of 150 MPa, whereas only 50% replacement by RBP achieves 143.2 MPa (He et al., 2021; RoRler et al.,
2014). Strength in UHPC is attributed to compact particle packing and pozzolanic activity. Fine, silica-rich
particles of RHA quickly react with calcium hydroxide to produce extra C-S—H gel for early and 28-day strength
(Trinh et al., 2024). RBP, being coarser and less reactive, fills the pores and later gains strength by alumino-
silicate reaction (Yuan et al., 2022). By addition of cement, silica fume, fly ash, fine sand, steel fibers, low w/b
ratio, and superplasticizer, RHA increases initial reactivity, and RBP increases long-term packing with very high
strength at below 30% replacement (Trinh et al., 2024; Wu, Shi, & He, 2017; Yuan et al., 2022). The reference
mix (REF) is 170 MPa at 28 days; single replacements like UHPC-10RHA and UHPC-15RBP are 150-156 MPa,
and blended mixes like UHPC-18RHA-9RBP and UHPC-14RHA-7RBP are 165 MPa, showing optimized RHA—
RBP combinations to enhance UHPC performance in Figure 3.
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Figure 3. Flexural strength comparison of UHPC mixes with RHA and RBP (He et al., 2021; Mosaberpanah & Umar, 2020;
RoRler et al., 2014; Van Tuan et al., 2011; Yang et al., 2025; Yuan et al., 2022)

3.2 Sustainability assessment.
3.2.1. Environmental impact:
The embodied CO: analysis shows clear variations among UHPC mixes (Table 5). REF blend has the greatest
footprint (770.27 kg-CO2/m?), and RHA-only blends achieve very low reductions. In contrast, RBP-based blends,
such as UHPC-15RBP (435.78 kg-CO:/m?), decrease emissions by ~43%. Hybrid blends, such as UHPC-
14RHA-7RBP (609.38 kg-CO2/m?) and UHPC-18RHA-9RBP (571.65 kg-CO2/m?), reach a balance between low
carbon and high strength. Overall effectiveness in reducing embodied CO: in UHPC is best met by using RBP
(Figure 4).
The embodied CO- of mix IDs was calculated by formula (1),
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Figure 4. Embodied Carbon Indices of UHPC with RHA and RBP
3.2.2 Cost-Benefit Assessment
The cost evaluation shows substantial variations in efficiency (Table 5). The REF mix is the most expensive
(24,830 tk/m3; 1,241.50 tk/MPa), followed by the increasing cost of RHA-only mixes with no gain. RBP-based
mixes, especially UHPC-10RBP (820.16 tk/MPa) and UHPC-15RBP (892.30 tk/MPa), are the most economical.
The hybrid blends possess balanced cost and strength with the lowest cost index for UHPC-18RHA-9RBP
(704.73 tk/IMPa). Overall, RBP use greatly improves cost efficiency in UHPC (Figure 5).
The production cost of mix IDs was calculated by formula (2), PC of Mix
(CementxPCcement)+(SFXECsg)+(FAXPCra)+(RHAXECrua)+(FSXPCrs)+(RBPXECgrgp)+(WaterxPCyyater) +(SPx
ECsp)+(FiberX ECsteel Fiber) ....................................................................................... (2)

Where: PC* = Production cost of each material (tk/kg)
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Figure 5. Economic Efficiency of UHPC Mixes
Table 4. Embodied Carbon and Production Cost of Raw Materials for UHPC
Property / Cement SF FA RHA FS RBP Water Steel SP (Superplasticizer)
Material (Sand) fiber
EC (kgCO:/kg) 0.8300 0.0140 0.0270  0.1032 0.0100 0.0450 0.0003 1.4965 0.072
Production cost 12.50 18.0 5.0 6.0 8.0 4.5 0.02 120.0 65.0
(tk/kg)
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Reference (Akon, (Akon (Mazu (Akon  (Akonet (Dattaet (Akonet (Mazu (Akon et al., 2025;
Mazum etal., mder et etal., al., al., al., mder et Datta et al., 2024;
der, & 2025; al., 2025; 2025; 2024; 2025; al., Mazumder et al.,
Alim, Datta 2025; Dattaet Dattaet Mazumd Dattaet 2025) 2025)
2025; etal., Van al., al., eretal., al.,
Datta, 2024; Tuan et 2024; 2024; 2025) 2024;
Akon, Mazum al., Mazum  Mazumd Mazumd
Nayan, der et 2011) der et eretal., eretal.,
& al., al., 2025) 2025)
Ahmed,  2025) 2025)
2024;
Mazum
der,
Nayan,
Akon,
Ahmad,
&
Datta,
2025)
Table 5. Embodied Carbon and Production Cost of Raw Materials for UHPC
Property / Mix ID REF UHPC- UHPC- UHPC- UHPC- UHPC- UHPC-
5RHA 10RHA 10RBP 15RBP 14RHA-7TRBP  18RHA-9RBP
EC (kg-CO2/m) 770.27 741.92 713.58 574.35 435.78 609.38 571.65
Production Cost 24,830 24,596 24,362 15,583 14,728 21,494 21,142
(tk/m3)
fc (28 d, MPa) 170 155 150 154 156 155 165
fr (28 d, MPa) 20.0 19 18 19.0 16.5 25.5 30.0
Ci 4,53 4.79 476 3.73 2.79 3.93 3.46
(ECO2/fc)
Cost Index Cl¢ 146.06 158.68 162.41 101.19 94.41 138.67 128.13
(tk/MPa)
Ct (kg-CO./MPa) 38.51 39.05 39.64 30.18 26.44 23.90 19.05
Cost Index 1,241.50 1,294.53 1,353.44 820.16 892.30 843.10 704.73

Cl(tk/MPa)

4. CONCLUSION

Substituting RHA and RBP into UHPC enhances strength, reduces CO: emissions, and introduces a cost-
efficient, eco-friendly solution for construction. The principal conclusions drawn from the reviewed literature are

as follows:

Cost Optimization Studies: Perform rigorous cost optimization studies for determining the best ratios of
RHA and RBP for ensuring the maximum mechanical strength and durability with optimal cost and
environmental considerations. Durability Testing: Conduct long-term durability tests to assess the
resistance to carbonation, sulfate attack, and water absorption to ensure performance under different
environmental conditions.

Implementation and Scale-Up: Enable pilot activities and site applications to test the practical
applicability, durability, and workability of low-cost RHA and RBP-based UHPC in real construction
sites.

Policy and Awareness: Promote policy acceptance for the application of sustainable building materials
and increase the awareness of engineers and builders about the benefits of utilizing waste-derived
UHPC.

Environmental Impact Monitoring: Develop monitoring systems to track continuous decreases in CO:
emissions and waste consumption, which will support increased uptake of environmentally friendly
concrete technologies.

These steps can help mainstream low-cost, sustainable UHPC utilizing local waste materials, contributing to
environmentally responsible and economically feasible infrastructure in Bangladesh and similar regions.
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