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INTRODUCTION

Concrete is the most widely used construc-
tion material worldwide, with production ex-
ceeding tens of billions of tonnes annually. How-
ever, its extensive use is associated with signifi-
cant environmental impacts. Ordinary Portland 
cement (OPC) production alone accounts for 

approximately 8–10% of global anthropogenic 
carbon dioxide emissions due to limestone calci-
nation and the combustion of fossil fuels during 
clinker manufacturing (Suomie et al., 2025). At 
the same time, continuous extraction of natural 
aggregates depletes non-renewable resources, 
while the construction and demolition (C&D) 
sector generates enormous quantities of waste. 
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ABSTRACT 
The growing environmental burden of cement manufacturing and natural-aggregate extraction has driven interest 
in concrete that simultaneously valorises agricultural and construction wastes. This study investigates the mechan-
ical performance and life-cycle environmental impact of sustainable concrete incorporating rice husk ash (RHA) 
and recycled coarse aggregate (RCA). Three mixtures were evaluated: a control mixture, a mixture with 50% RCA 
and 20% RHA (50%RCA+20%RHA), and a mixture with 100% RCA and 20% RHA (100%RCA+20%RHA). 
The compressive strength, axial stress–strain behaviour, peak stress and strain, static modulus of elasticity, and 
toughness were determined and compared with the Popovics and Carreira and Chu constitutive models, while the 
environmental performance was quantified through a cradle-to-gate life-cycle assessment (LCA) covering em-
bodied energy (EE), global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), 
and photochemical ozone creation potential (POCP), each normalised by compressive strength and analysed using 
multi-criteria decision-making (MCDM). The compressive strength decreased from 27.35 MPa for the control to 
25.93 and 22.55 MPa at 50% and 100% RCA, and the modulus of elasticity fell more sharply than the strength, 
while moderate (50%) RCA combined with 20% RHA produced the highest toughness and toughness index. Be-
cause the Popovics and Carreira & Chu models share the same three-parameter formulation, fitting the peak-strain 
and shape parameters to each curve makes the two models coincide; the resulting unified model reproduced the 
measured stress–strain response of all three mixtures with a coefficient of determination R² ≥ 0.993 and a root-
mean-square error of 0.23–0.78 MPa. The 100%RCA+20%RHA mixture achieved the largest reductions in EE, 
GWP, AP, EP, and POCP (about 18.3%, 18.5%, 30.7%, 6.8%, and 85.1%, respectively) relative to the control, 
whereas the 50%RCA+20%RHA mixture offered the most balanced impact-to-strength ratios. The MCDM analy-
sis ranked the 100%RCA+20%RHA mixture highest under the adopted weighting scenario, confirming that the 
combined use of RHA and RCA can deliver structurally viable, markedly lower-impact concrete when the RCA 
replacement level is appropriately selected. As the assessment is limited to 28-day mechanical and cradle-to-gate 
environmental performance, durability and cost validation remain necessary before structural deployment.
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Recent estimates indicate that more than 3 bil-
lion tonnes of C&D waste are produced annu-
ally worldwide, with China contributing over 2 
billion tonnes, the United States approximately 
600 million tonnes, and the European Union 
around 850 million tonnes (Patil, 2024; Euro-
stat, 2022). In Indonesia, rapid urbanization and 
infrastructure development have increased de-
molition waste generation, leading the govern-
ment to classify C&D waste as “specific waste” 
under Government Regulation No. 27 of 2020. 
Nevertheless, recycling rates remain limited, 
and most waste is still disposed of in landfills 
or open dumping sites (Government Regulation 
No. 27/2020). These challenges have stimulated 
research into sustainable concrete systems ca-
pable of reducing raw-material consumption 
and environmental impacts while maintaining 
adequate structural performance.

One promising approach is the replacement 
of natural coarse aggregate (NCA) with recycled 
coarse aggregate (RCA) derived from crushed 
C&D waste. The use of RCA diverts waste from 
landfills and reduces dependence on virgin ag-
gregate resources (Suomie et al., 2025). How-
ever, RCA differs from NCA because it contains 
adhered mortar from the original concrete. This 
residual mortar is porous and micro-cracked, re-
sulting in higher water absorption, lower densi-
ty, and inferior mechanical properties compared 
with natural aggregates. Consequently, RCA 
generally reduces workability and may nega-
tively affect hardened concrete performance 
(Ahmad et al., 2023).

The presence of adhered mortar also creates 
an additional and weaker interfacial transition 
zone (ITZ) between the old mortar and the new 
cement paste. These weak ITZs facilitate crack 
initiation and propagation, leading to reductions 
in compressive strength and modulus of elasticity 
while increasing peak strain and post-peak brittle-
ness. Previous studies have shown that moderate 
RCA replacement levels of up to approximately 
50% can still satisfy structural requirements, 
whereas higher replacement levels tend to cause 
more significant losses in strength and stiffness, 
with reductions in elastic modulus often exceed-
ing those in compressive strength (Shah et al., 
2021; Plaza et al., 2021; Suomie et al., 2025).

In addition to aggregate recycling, replacing 
a portion of cement with supplementary cementi-
tious materials (SCMs) is an effective strategy for 
reducing the environmental footprint of concrete. 

Rice husk ash (RHA), an agricultural by-product 
generated from rice husk combustion, is particu-
larly attractive in rice-producing countries such 
as Indonesia (Suomie et al., 2025). Global rice 
production generates millions of tonnes of RHA 
annually, while Indonesia alone produces ap-
proximately 54 million tonnes of paddy each year 
(BPS-Statistics Indonesia, 2024). Much of this 
biomass waste remains underutilized despite its 
considerable potential as a cement substitute.

When produced under controlled combus-
tion conditions and finely ground, RHA contains 
a high proportion of amorphous silica, which 
exhibits strong pozzolanic reactivity. This silica 
reacts with calcium hydroxide released during 
cement hydration, forming additional calcium 
silicate hydrate (C–S–H) gel that refines the pore 
structure and strengthens the ITZ. As a result, 
RHA incorporation generally improves mechani-
cal and durability properties up to an optimum 
replacement level of approximately 10–20%, be-
yond which dilution effects may reduce strength 
(Suomie et al., 2025).

The combination of RCA and RHA is particu-
larly attractive because both materials address 
complementary sustainability challenges. RCA 
promotes the recycling of construction waste and 
reduces natural aggregate consumption, while 
RHA utilizes agricultural waste and lowers ce-
ment demand. Furthermore, the pozzolanic reac-
tion of RHA can improve the quality of the ITZ 
surrounding RCA particles, partially compensat-
ing for the weaknesses associated with adhered 
mortar. Consequently, the combined use of RCA 
and RHA has the potential to produce concrete 
with improved sustainability and acceptable 
structural performance (Suomie et al., 2025). Re-
cent studies have confirmed that reactive SCMs 
can recover a significant portion of the mechani-
cal performance lost due to RCA incorporation 
while simultaneously reducing environmental 
impacts (Ma et al., 2024).

Despite these advantages, research on con-
crete containing both RHA and RCA remains 
limited. Most existing studies focus primarily on 
compressive strength, while comparatively little 
attention has been paid to the complete stress–
strain response, modulus of elasticity, and tough-
ness characteristics that are important for struc-
tural applications. According to the recent review 
by Suomie et al. (2025), the combined use of 
RHA and RCA is still underexplored, and many 
investigations evaluate these materials separately 
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rather than examining their synergistic effects. In 
addition, the applicability of established constitu-
tive models such as those proposed by Popovics 
(1973) and Carreira and Chu (1985) has not been 
extensively verified for concrete containing both 
RHA and high levels of RCA. Environmental as-
sessments are also often conducted independently 
from mechanical evaluations, despite sustainabil-
ity being the primary motivation for incorporat-
ing these materials.

Despite the growing number of studies on 
RCA and RHA, previous investigations have pri-
marily focused on either mechanical performance, 
durability behaviour, or environmental assess-
ment as separate research topics. In addition, the 
applicability of existing constitutive stress–strain 
models to concrete incorporating both RCA and 
RHA has received limited attention, while the in-
tegration of mechanical performance, constitutive 
modelling, life-cycle environmental assessment, 
and multi-criteria sustainability evaluation within 
a single experimental framework remains scarce.

Accordingly, this study provides a compre-
hensive assessment of concrete containing 20% 
RHA and up to 100% RCA by combining experi-
mental mechanical characterization, evaluation of 
existing constitutive stress–strain models, cradle-
to-gate life-cycle assessment, and multi-criteria 
sustainability analysis. Through this integrated 
approach, the study seeks to evaluate the potential 
of agricultural and construction-demolition waste 
valorization through the simultaneous assessment 
of structural performance and environmental im-
pacts. It is expected that the findings will con-
tribute to the development of a decision-support 
framework for selecting sustainable concrete 
mixtures that balance engineering performance 
with environmental benefits within a circular-
economy context.

EXPERIMENTAL PROCEDURE

Materials

PCC conforming to the relevant national 
standard was used as the primary binder. River 
sand was used as the natural fine aggregate, and 
crushed stone was used as the natural coarse ag-
gregate (NCA), both satisfying the grading re-
quirements of ASTM C33. The RCA was pro-
duced by crushing laboratory waste concrete and 
was used to replace the natural coarse aggregate 

on a mass basis at the prescribed substitution lev-
els. RHA, obtained from the controlled combus-
tion of rice husks and ground to a fineness suit-
able for pozzolanic use, was employed as a partial 
replacement for cement. A polycarboxylate-based 
superplasticizer (Sika ViscoCrete) was added to 
maintain adequate workability at the low effective 
water content, and clean potable water was used 
for both mixing and curing. To compensate for 
its high-water absorption and to prevent it from 
withdrawing water from the fresh paste, the RCA 
was conditioned to a saturated surface-dry (SSD) 
state prior to batching. The constituent materials 
used in this study are shown in Figure 1.

The physical characteristics of the constitu-
ent materials are summarized in Table 1. The re-
cycled coarse aggregate exhibited a substantially 
higher water absorption (13.02%) than the natural 
coarse aggregate (1.53%), together with a slightly 
lower bulk specific gravity (2.41 versus 2.58 on 
an SSD basis), reflecting the porous adhered mor-
tar that characterizes RCA. The fineness modulus 
of the recycled and natural coarse aggregates was 
comparable (7.49 and 7.44, respectively), con-
firming that the RCA was processed to a grading 
similar to that of the NCA. The particle-size dis-
tributions of the fine aggregate, NCA, and RCA 
are presented in Figure 2; all three gradings fall 
within the corresponding ASTM C33 upper and 
lower limits.

The chemical composition and physical prop-
erties of the PCC and RHA are presented in Table 
2. The cement was dominated by calcium oxide 
(CaO, 58.45%), consistent with its primary role 
in the formation of calcium silicate hydrate dur-
ing hydration. The RHA was composed mainly of 
silica (SiO₂, 51.12%) together with a substantial 
proportion of iron oxide (Fe₂O₃, 29.26%), the sili-
ca providing the reactive phase responsible for its 
pozzolanic behaviour. The contents of other ox-
ides, including MgO (0.67%), K₂O (0.16%), TiO₂ 
(0.09%), MnO (0.79%), and SO₃ (0.76%), were 
comparatively lower. The specific gravity of the 
RHA (2.08) was appreciably lower than that of 
the PCC (3.20), reflecting the porous, lightweight 
nature of the ash.

Mix proportions and specimen preparation

Three concrete mixtures were designed 
in this study: a control mixture without re-
cycled materials (control), a mixture con-
taining 50% RCA as a coarse-aggregate 
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replacement together with 20% RHA as a ce-
ment replacement (50%RCA+20%RHA), and a 
mixture containing 100% RCA with 20% RHA 
(100%RCA+20%RHA). In all mixtures the 
RHA replacement was fixed at 20% by mass of 
cement, while the RCA replacement level was 
varied so that its effect on mechanical and en-
vironmental performance could be isolated. The 

detailed mix proportions of the constituent ma-
terials are summarized in Table 3.

For each mixture, three cylindrical specimens 
(n = 3) measuring Ø100 × 200 mm were cast 
for compressive-strength evaluation. The fresh 
concrete was placed into the cylindrical moulds 
and compacted to ensure adequate consolida-
tion. The specimens were kept under ambient 

Figure 1. Constituent materials used in this study

Figure 2. Particle-size distribution of the fine aggregate, natural coarse aggregate, and recycled coarse aggregate 
relative to the ASTM C33 grading limits

Table 1. Physical characteristics of constituent materials

Material Apparent 
specific gravity

Bulk specific 
gravity

(OD basis)

Bulk specific 
gravity

(SSD basis)

Fineness 
modulus

Moisture 
content (%)

Water 
absorption (%)

RCA 2.91 2.14 2.41 7.49 5.79 13.02
Coarse aggregate 

(NCA) 2.67 2.55 2.58 7.44 1.82 1.53

Fine aggregate 2.54 2.37 2.44 1.99 2.21 2.81
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laboratory conditions for 24 h before demould-
ing, after which they were immersed in water and 
cured for 28 days prior to testing.

Compressive strength

The compressive-strength test was carried out 
in accordance with ASTM C39 using a universal 
testing machine (UTM) with a maximum loading 
capacity of 2000 kN (Figure 3). The axial load 
was applied to the end surface of each cylinder 
at a constant rate of 0.2 MPa/s until failure. The 
compressive strength was determined by divide 
maximum load to its surface area of specimens.

Axial stress–strain behaviour and constitutive 
modelling

During the compression test, the applied load 
and the corresponding axial deformation were re-
corded continuously to construct the complete ax-
ial stress–strain curve of each mixture, capturing 
both the ascending and the descending branches. 
The axial stress at each instant was obtained by 
dividing the load by the specimen cross-section-
al area, and the axial strain was obtained from 
the measured axial deformation over the gauge 
length. The experimental curves were then com-
pared with two widely used uniaxial constitutive 
models for concrete in compression, the Popov-
ics (1973) model and the Carreira & Chu (1985) 
model to assess their applicability to RHA–RCA 
concrete. The two models describe the normalised 
stress–strain relationship in the forms given by 
Equations 1 and 2. Both expressions reduce to the 
same three-parameter function of the peak stress 
f′c, the peak (reference) strain ε₀, and a curve-
shape parameter. For each mixture, f′c was fixed 

at the measured peak stress, while ε₀ and shape 
parameter were obtained by least-squares regres-
sion of the model to the complete experimental 
curve using the Levenberg–Marquardt algorithm. 
The quality of the fit was then quantified by the 
coefficient of determination (R²), the root-mean-
square error (RMSE), and the mean absolute error 
(MAE) computed between the measured and pre-
dicted stresses at the experimental strain points.

	 σ = f′c · n(ε/ε₀) / [ n − 1 + (ε/ε₀)n ]	 (1)

	 σ = f′c · β(ε/ε₀) / [ β − 1 + (ε/ε₀)β ]	 (2)

Table 2. Chemical composition and physical properties of PCC and RHA
Material 
property CaO SiO₂ Al₂O₃ Fe₂O₃ SO₃ MgO K₂O TiO₂ MnO LOI Others Specific 

gravity
PCC 58.45 13.41 3.47 3.52 2.29 0 0.4 0.25 0.21 17.89 0.11 3.2

RHA 1.57 51.12 2.84 29.26 0.76 0.67 0.16 0.09 0.79 10.43 2.31 2.08

Table 3. Mix proportions of the concrete mixtures by weight per m3

Mix ID Water PCC Fine Agg. NCA RCA RHA ViscoCrete

Control 197 469.34 652.63 1003.28 0.00 0.00 3.06

50%RCA+20%RHA 197 375.46 652.63 501.63 468.58 61.01 3.06

100%RCA+20%RHA 197 375.46 652.63 0.00 937.18 61.01 3.06

Figure 3. Compressive-strength test setup
on the universal testing machine (UTM)
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The dimensionless shape parameter (n for 
the Popovics model and β for the Carreira & Chu 
model) can be estimated from the secant relation-
ship between strength, peak strain, and modulus 
of elasticity, as expressed in Equation 4 and 5.

	 n = 1 + 0.058 f′c	  (3)

	 β = 1 / [ 1 − f′c / (ε₀ · Ec) ]	 (4)

where:	σ is the axial stress, f′c is the peak (com-
pressive) stress, ε is the axial strain, ε₀ is 
the strain corresponding to the peak stress, 
Ec is the modulus of elasticity, and n and 
β are dimensionless parameters that con-
trol the shape of the curve, particularly 
the steepness of the post-peak descending 
branch. The peak-stress strain ε₀ and the 
shape parameters were determined from 
the experimental curves and used to eval-
uate how closely each model reproduced 
the measured behaviour of the control and 
recycled mixtures.

Modulus of elasticity

The static modulus of elasticity of each mix-
ture was determined from the initial, approxi-
mately linear portion of the ascending branch of 
the axial stress–strain curve, following the chord-
modulus concept defined in ASTM C469. For 
comparison, the modulus was also extracted from 
the fitted Popovics and Carreira & Chu curves, 
allowing the model predictions to be evaluated 
directly against the experimental values.

Toughness and toughness index

Toughness, taken as a measure of the energy-
absorption capacity of the concrete, was evalu-
ated as the area enclosed under the axial stress–
strain curve, as expressed in Equation 5.

	 T = ∫ σ dε	 (5)

The toughness index (TI) was defined as the 
ratio of the energy absorbed up to a specified 
post-peak strain to the energy absorbed up to the 
peak-stress strain, as given in Equation 6.

	 TI = Tpost-peak / Tpeak	 (6)

A higher toughness index indicates greater 
post-peak ductility and a more gradual loss of 
load-carrying capacity beyond the peak. Both 
the toughness and the toughness index were 

computed from the experimental curves and from 
the Popovics and Carreira & Chu model predic-
tions in order to evaluate the influence of the RCA 
replacement level on the energy-absorption be-
haviour of the RHA–RCA mixtures.

Life cycle assessment (environmental impact)

The environmental performance of each mix-
ture was evaluated using a life-cycle assessment 
(LCA) approach at the cradle-to-gate stage, which 
includes the impacts associated with raw mate-
rial extraction, processing, manufacturing, and 
transportation of constituent materials (Guinée et 
al., 2002). Five impact categories were assessed, 
namely embodied energy (EE), global warming 
potential (GWP), acidification potential (AP), eu-
trophication potential (EP), and photochemical 
ozone creation potential (POCP).

Embodied energy represents the total energy 
consumed throughout the material life cycle, 
including extraction, processing, manufactur-
ing, transportation, and construction activities 
(Dixit et al., 2010). In concrete production, EE 
is strongly governed by Portland cement con-
sumption because clinker manufacturing requires 
high-temperature calcination and intensive fossil 
fuel combustion (Flower and Sanjayan, 2007). 
Consequently, cement production contributes 
significantly to the overall environmental burden 
and carbon emissions of concrete (Cabeza et al., 
2014; Habert et al., 2011).

Global warming potential reflects greenhouse 
gas emissions, particularly CO₂, CH₄, and N₂O, 
expressed in kg CO₂-equivalent (Stocker et al., 
2014). Acidification potential is associated with 
emissions such as SO₂, NOₓ, and NH₃ that con-
tribute to acid rain and ecosystem degradation. 
Eutrophication potential describes the enrich-
ment of water bodies caused by excessive nu-
trient emissions from industrial and extraction 
activities (Bare et al., 2002). Meanwhile, POCP 
refers to ground-level ozone formation resulting 
from photochemical reactions between VOCs and 
NOₓ under sunlight exposure (An et al., 2024). 
In concrete manufacturing, these impacts mainly 
originate from cement production, transportation, 
electricity consumption, and aggregate process-
ing (Flower and Sanjayan, 2007).

Because cement production is highly energy-
intensive, the incorporation of supplementary 
cementitious materials (SCMs) has been widely 
recognized as an effective strategy to reduce EE, 
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GWP, AP, EP, and POCP while maintaining sat-
isfactory mechanical performance (Habert et al., 
2011). The reference impact factors for water, 
PCC, fine aggregate, coarse aggregate, RCA, 
RHA, and ViscoCrete superplasticizer were ad-
opted from published studies and environmental 
product declarations, as summarized in Table 4.

For each mixture, the total value of a given 
impact category was obtained by summing the 
products of the reference impact factor and the 
corresponding mass of each constituent, as ex-
pressed in Equation 7.

	 E = Σ ( Ni · Wi )	 (7)

where: E is the environmental impact for a 
given category (EE, GWP, AP, EP, or POCP), Ni 
is the reference impact factor of constituent-i for 
that category, and Wi is the mass of constituent i 
in the mixture (kg/m³). To evaluate environmen-
tal efficiency relative to structural performance, 
each impact value was normalized by the aver-
age 28-day compressive strength of the mixture 
to obtain the environmental impact-to-strength 
ratio, as defined in Equation 8.

	 Environmental
	 impact-to-strength ratio = E / f′c	

(8)

The resulting EE/f′c, GWP/f′c, AP/f′c, EP/f′c, 
and POCP/f′c ratios provide a consistent basis 
for comparing the mixtures while accounting for 
differences in compressive strength. Finally, the 
overall environmental–mechanical performance 
of the mixtures was ranked using the Technique 
for Order of Preference by Similarity to the Ide-
al Solution (TOPSIS), one of the most widely 

applied multi-criteria decision-making (MCDM) 
methods for sustainable-concrete mix selection 
(Hwang and Yoon, 1981; Rashid et al., 2020). 
The five impact-to-strength ratios were arranged 
in a decision matrix and treated as non-beneficial 
(cost) criteria, since lower values denote bet-
ter environmental efficiency. Each criterion was 
vector-normalised by dividing every entry by the 
square root of the sum of squares of its column, 
and equal weights (w = 0.20) were assigned in the 
absence of a stakeholder-derived weighting. The 
positive ideal solution was taken as the minimum 
and the negative ideal solution as the maximum 
of each weighted normalised criterion. The Eu-
clidean separation of each mixture from the two 
ideal solutions, d⁺ and d⁻, was computed, and the 
relative closeness coefficient Cₕ = d⁻ / (d⁺ + d⁻) 
was used as the ranking score, where a higher Cₕ 
denotes a more favourable overall performance. 
A radar chart of the same normalised indicators is 
retained solely as a visualisation, not as the rank-
ing criterion, and a one-criterion-at-a-time sen-
sitivity check was performed to identify which 
indicator governs the ranking.

RESULTS AND DISCUSSION

Compressive strength

Figure 4 illustrates the 28-day compressive 
strength of the concrete mixtures containing rice 
husk ash (RHA) and recycled concrete aggregate 
(RCA). The control mixture exhibited the high-
est compressive strength, reaching approximately 

Table 4. Environmental impact parameters for each concrete constituent

Material EE (MJ) GWP (kg CO2 eq) AP (kg SO2 eq) EP (kg PO4 eq) POCP (kg C2H4 eq)

Water 1.00E-02
(Kina and Turk, 2025)

1.89E-04
(Shi, 2021)

5.16E-03
(Huang, 2025)

6.57E-05
(Kim, 2016)

4.86E-07
(Kim, 2016)

PCC 4.73E+00
(Kina and Turk, 2025)

9.48E-01
(Kim, 2016)

1.62E+00
(Huang, 2025)

1.34E-04
(Kim, 2016)

2.43E-03
(Kim, 2016)

Fine 
aggregate

3.70E-02
(Kumar et al., 2021)

9.87E-03
(Ohemeng and 

Naghizadeh, 2023)

1.01E-02
(Huang, 2025)

1.92E-03
(Kim, 2016)

1.07E-04
(Kim, 2016)

Coarse 
aggregate

4.00E-01
(Cherian et al., 2020)

1.43E-02
(Park et al., 2019)

1.63E-01
(Huang, 2025)

7.27E-06
(EPD MD-25171-

EN, 2025)

2.52E-02
(EPD MD-25171-EN, 

2025)

RCA 3.00E-01 (Hammond 
and Jones, 2011)

2.94E-02
(Park et al., 2019)

3.02E-02
(Huang, 2025)

5.44E-06
(Park, 2019)

1.25E-05
(Park et al, 2019)

RHA 2.20E-02 (Tejeswara 
et al., 2026)

2.70E-03 (Fernando 
et al., 2021)

2.22E-01
(Ro et al., 2024)

2.50E-05
(Zhao et al., 2024)

4.10E-02
(Zhao et al., 2024)

ViscoCrete 3.68E+01 (Hammond 
and Jones, 2011)

7.39E-01
(Saade et al., 2020)

2.92E-03 
(Mohammad et al., 

2025)

1.03E-03 
(Mohammad et al., 

2025)

2.12E-04 
(Mohammad et al., 

2025)
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27.35 MPa, followed by the mixture incorporat-
ing 50%RCA+20%RHA with a compressive 
strength of around 25.93 MPa. Meanwhile, the 
100%RCA+20%RHA mixture showed the low-
est strength value, approximately 22.55 MPa. 
The results indicate that the partial replacement 
of natural aggregate with RCA led to a gradual 
reduction in compressive strength, particularly at 
higher RCA substitution levels. Nevertheless, the 
mixture containing 50% RCA still demonstrated a 
relatively comparable strength to the control mix-
ture, suggesting that moderate RCA incorpora-
tion can maintain acceptable mechanical perfor-
mance. The error bars also reveal relatively small 
variability among specimens, indicating good 
consistency in the experimental results.

The reduction in compressive strength ob-
served in mixtures with higher RCA content can 
be attributed to the weaker interfacial transition 
zone (ITZ) and the presence of adhered old con-
crete attached to recycled aggregates. RCA gener-
ally possesses higher porosity and water absorp-
tion compared to natural aggregates, which may 
increase internal microcracking and reduce the 
overall density of the concrete matrix. In addition, 
although RHA contributes to pozzolanic reactions 
through the formation of additional calcium sili-
cate hydrate (C–S–H) gel, its beneficial effect ap-
pears insufficient to fully compensate for the me-
chanical deficiencies introduced by the complete 
replacement of natural aggregates with RCA. 
Consequently, the 100%RCA+20%RHA mixture 
exhibited the most pronounced strength reduction. 
These findings suggest that the combined utiliza-
tion of RHA and RCA can still produce structur-
ally viable concrete when the RCA replacement 

ratio is properly controlled, thereby supporting the 
development of more sustainable concrete materi-
als with reduced environmental impact.

Stress-strain curve

The axial compressive stress–strain be-
haviour was measured for the control, 
50%RCA+20%RHA, and 100%RCA+20%RHA 
mixtures, and the curves of the individual speci-
mens together with their averages are presented 
in Figures 5(a)–(c). For all mixtures the response 
began with an approximately linear ascending 
branch up to about 40–50% of the peak stress, 
followed by a gradually flattening curve until the 
peak was reached, and then a descending (soft-
ening) branch. As the RCA replacement level 
increased, the peak stress decreased and the de-
scending branch became progressively steeper, 
indicating a more rapid loss of load-carrying ca-
pacity beyond the peak. This behaviour is char-
acteristic of recycled aggregate concrete and is 
associated with the weaker, more porous interfa-
cial transition zone (ITZ) introduced by the ad-
hered mortar of the RCA, which promotes earlier 
micro-crack coalescence under load (Liu et al., 
2022; Ma et al., 2024).

An analytical model based on the stress–strain 
relationships proposed by Popovics and Carreira–
Chu was developed for RCA–RHA concrete. 
Since the Popovics and Carreira–Chu models are 
algebraically identical, differing only in the nota-
tion of the dimensionless shape parameter (n in 
the Popovics model and β in the Carreira–Chu 
model), both can be represented by the unified 
three-parameter relationship given in Equation 9:

Figure 4. Compressive strength of concrete mixtures
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	 σ = (f’c × k × (ε/ε0)) / (k − 1 + (ε/ε0)
k)	 (9)

where:	σ is the axial stress, ε is the axial strain, 
f′c is the measured peak compressive 
stress, ε₀ is the strain at peak stress, and 
k (≡ n ≡ β) is a dimensionless param-
eter governing the curvature of the as-
cending and descending branches of the 
stress–strain curve. 

In this study, ε₀ and k were obtained for 
each mixture through least-squares regression 
of the unified model to the complete experimen-
tal stress–strain data, while f′c was fixed at the 
measured peak stress. The fitted parameters and 
corresponding goodness-of-fit values are pre-
sented in Figure 6 and Table 5.

The fitted model reproduced the complete as-
cending and descending response of every mixture 
(Figure 6), with R² = 0.993, 0.997 and 0.999 and 
RMSE = 0.78, 0.51 and 0.23 MPa for the control, 
50%RCA+20%RHA and 100%RCA+20%RHA 
mixtures, respectively (Table 5). The correspond-
ing fitted parameters were ε₀ = 2184, 2539 and 
2095 µε and k = 2.761, 2.292 and 2.672, with the 
fitted ε₀ falling within 91–99% of the measured 
peak strain because the experimental peak is 
comparatively flat. These results confirm that the 
established uniaxial formulation remains applica-
ble to combined RHA–RCA concrete without de-
veloping a new model, and that neither classical 
model is intrinsically superior once their common 
parameters are fitted to the data (Ma et al., 2024).

Figure 5. Stress-strain relationship of: (a) control, (b) 50%RCA+20%RHA, and
(c) 100%RCA+20%RHA specimens

Figure 6. Experimental versus fitted unified uniaxial constitutive model for (a) control, (b) 50%RCA+20%RHA, 
and (c) 100%RCA+20%RHA mixtures (f′c fixed at the measured peak; ε₀ and k regression-fitted)

Table 5. Fitted unified uniaxial constitutive model: parameters (f′c fixed at measured peak; ε₀ and k regression-
fitted) and goodness of fit for each mixture

Mixture f’c (MPa) ε₀ (µε) k R² RMSE (MPa) MAE (MPa)

Control 27.35 2184 2.761 0.993 0.78 0.65

50%RCA+20%RHA 25.93 2539 2.292 0.997 0.51 0.38

100%RCA+20%RHA 22.55 2095 2.672 0.999 0.23 0.19
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Peak stress

The experimental and model-predicted peak 
(compressive) stresses of the three mixtures are 
compared in Figure 7 and summarized in Table 
6. The control mixture developed the high-
est peak stress (27.35 MPa), followed by the 
50%RCA+20%RHA mixture (25.93 MPa) and 
the 100%RCA+20%RHA mixture (22.55 MPa), 
corresponding to reductions of approximately 
5.2% and 17.6% relative to the control. 

The progressive decrease with increasing 
RCA content is consistent with the lower strength 
and higher porosity of the recycled aggregate 
and the weaker ITZ, which cannot be fully offset 
by the pozzolanic contribution of the 20% RHA 
(Shah et al., 2021; Suomie et al., 2025). Both con-
stitutive models predicted the peak stress almost 
exactly, with the Popovics values (27.35, 25.89 
and 22.51 MPa) and the Carreira & Chu values 
(27.31, 25.93 and 22.54 MPa) deviating from the 
measured results by less than 0.2%, since the peak 
stress is an input anchor common to both models.

Peak strain

Figure 8 presents the axial strain at peak stress 
(ε₀, in microstrain) for the three mixtures together 
with the model predictions. The measured peak 
strain increased from 2400.59 µε for the con-
trol to 2737.65 µε for the 50%RCA+20%RHA 
mixture, before decreasing to 2126.13 µε for the 
100%RCA+20%RHA mixture. The higher peak 
strain of the 50% RCA mixture reflects the greater 
deformability imparted by the more compliant re-
cycled aggregate and its porous adhered mortar, 
whereas the lower value at full replacement is 

associated with the markedly reduced strength and 
the more brittle, micro-crack-dominated response 
of the 100% RCA matrix (Ma et al., 2024). The 
Popovics model predicted peak strains of 2228.22, 
2241.77 and 1894.49 µε, and the Carreira & Chu 
model predicted 1955.87, 1853.90 and 1894.49 µε; 
both models tended to underestimate the measured 
peak strain, the deviation being largest for the 50% 
RCA mixture, which indicates that the strain ca-
pacity of the recycled mixtures is slightly greater 
than that implied by the empirical strain expres-
sions calibrated on natural aggregate concrete.

Modulus of elasticity

The static modulus of elasticity of the three 
mixtures, determined from the initial linear por-
tion of the stress–strain curve, is compared with 
the model predictions in Figure 9 and Table 6. The 
experimental modulus decreased steadily with in-
creasing RCA content, from 20473.90 MPa for 
the control to 18408.26 MPa (−10.1%) for the 
50%RCA+20%RHA mixture and 17211.62 MPa 
(−15.9%) for the 100%RCA+20%RHA mixture. 
The reduction in stiffness exceeded the correspond-
ing reduction in peak stress, confirming the well-
established observation that RCA lowers the elas-
tic modulus more severely than the compressive 
strength, owing to the low stiffness and high porosi-
ty of the adhered mortar (Plaza et al., 2021; Suomie 
et al., 2025). In contrast to the experimental trend, 
both models predicted only a mild decrease in mod-
ulus with RCA content, Popovics giving 19841.18, 
19687.41 and 19401.64 MPa and Carreira & Chu 
giving 22623.44, 21400.22 and 20270.46 MPa 
because the modulus in these formulations is gov-
erned primarily by the compressive strength and 

Figure 7. Peak stress of control, 50%RCA+20%RHA, and 100%RCA+20%RHA mixtures
with existing constitutive models
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assumed density. As a result, the models slightly 
underestimated the stiffness of the control mixture 
but increasingly overestimated that of the high-
RCA mixtures, the largest discrepancy occurring 
for the 100%RCA+20%RHA mixture.

Toughness and toughness index

The toughness, taken as the area under the ax-
ial stress–strain curve, and the toughness index of 
the three mixtures are summarized in Table 7. The 
experimental toughness was 73.995 kJ/m³ for the 

control, increased slightly to 77.556 kJ/m³ for the 
50%RCA+20%RHA mixture, and then decreased 
to 63.381 kJ/m³ for the 100%RCA+20%RHA 
mixture. The improvement at 50% RCA reflects 
the greater energy absorbed during the more 
gradual, ductile softening of that mixture, where-
as the reduction at full replacement follows from 
its substantially lower peak stress. The experi-
mental toughness index showed the same rank-
ing, rising from 1.69 for the control to 1.94 for 
the 50%RCA+20%RHA mixture and then easing 
to 1.80 for the 100%RCA+20%RHA mixture, 

Figure 8. Peak strain of control, 50%RCA+20%RHA, 100%RCA+20%RHA with existing constitutive models

Figure 9. Modulus of elasticity of control, 50%RCA+20%RHA, 100%RCA+20%RHA with
existing constitutive models

Table 6. Comparison of experimental results and predictions from the Popovics and Carreira–Chu models for 
RHA–RCA concrete

Mixtures Experimental f’c 
(MPa)

Peak Strain Modulus of elasticity 
(MPa) β e0

Popovics Carreira 
& Chu Popovics Carreira 

& Chu Popovics Carreira 
& Chu Popovics Carreira & 

Chu
Control 27.35 0.93 0.81 0.97 1.10 2.59 2.74 2204.98 1874.19

50%RCA 
+20%RHA 25.93 0.82 0.68 1.07 1.16 2.50 2.78 2145.77 1864.10

100%RCA 
+20%RHA 22.55 0.89 0.89 1.13 1.18 2.31 2.44 1991.39 1840.11
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indicating that moderate RCA replacement com-
bined with 20% RHA yields the most favourable 
post-peak ductility. This enhanced energy-absorp-
tion capacity is consistent with reports that poz-
zolanic RHA promotes a more ductile, energy-
dissipating fracture pattern through progressive 
micro-cracking rather than abrupt failure (Ma et 
al., 2024). The Popovics and Carreira & Chu mod-
els reproduced the experimental ranking reason-
ably well: the Popovics toughness indices (2.05, 
1.88 and 1.92) and the Carreira & Chu indices 
(1.94, 2.27 and 1.95) bracket the measured values; 
because the two models share the same functional 
form, they coincide once their parameters are fit-
ted to each curve, so neither yields a systematically 
closer estimate of the energy-absorption behaviour.

Life-cycle assessment (environmental impact)

Figure 10 presents the LCA results of the 
concrete mixtures, including both the absolute 
environmental impact indicators and the cor-
responding impact-to-strength ratios. The envi-
ronmental indicators quantify the total environ-
mental burden associated with concrete produc-
tion, whereas the impact-to-strength ratios pro-
vide a measure of environmental efficiency by 
relating each impact category to the compressive 
strength achieved by the mixtures.

Embodied energy and energy-to-strength ratio

Figure 10(a) shows that incorporating 20% 
RHA and RCA significantly reduced embod-
ied energy (EE). The control mixture record-
ed the highest EE (968.140 MJ/m³), while the 
50%RCA+20%RHA and 100%RCA+20%RHA 
mixtures achieved values of 810.595 and 791.152 
MJ/m³, representing reductions of 16.3% and 
18.3%, respectively. This improvement is attrib-
uted to the lower energy demand of RCA pro-
cessing and the partial replacement of PCC with 
RHA, which reduced clinker consumption (Ham-
mond and Jones, 2011).

A similar trend was observed for the EE/f’c 
ratio. The 50%RCA+20%RHA mixture exhibited 
the lowest EE/f’c value (31.265 MJ/MPa), com-
pared with 35.398 MJ/MPa for the control, indi-
cating the most efficient balance between energy 
demand and compressive strength. Although the 
100%RCA+20%RHA mixture achieved the low-
est EE, its EE/f’c value (35.084 MJ/MPa) was 
comparable to the control due to the greater re-
duction in compressive strength. Therefore, mod-
erate RCA replacement provided the most favor-
able energy-to-strength performance.

Global warming potential and GWP-to-strength 
ratio

Figure 10(b) shows that incorporating RHA 
and RCA significantly reduced the global warm-
ing potential (GWP) of concrete. The control 
mixture exhibited the highest GWP (149.429 
kg CO₂/m³), while the 50%RCA+20%RHA and 
100%RCA+20%RHA mixtures achieved values 
of 124.636 and 127.572 kg CO₂/m³, correspond-
ing to reductions of 16.6% and 14.6%, respec-
tively. This reduction is primarily attributed to the 
lower PCC content resulting from RHA substitu-
tion, which decreased clinker-related CO₂ emis-
sions (Suomie et al., 2025).

On a strength-normalized basis, the 
50%RCA+20%RHA mixture exhibited the lowest 
GWP/f’c value (4.807 kg CO₂/MPa), outperform-
ing the control (5.464 kg CO₂/MPa). Although 
the 100%RCA+20%RHA mixture had a lower 
overall GWP, its GWP/f’c value (5.657 kg CO₂/
MPa) was less favorable due to the reduction in 
compressive strength. Therefore, moderate RCA 
replacement provided the best balance between 
carbon reduction and mechanical performance.

Acidification potential and AP-to-strength ratio

Figure 10(c) shows that the incorporation of 
RHA and RCA significantly reduced acidifica-
tion potential (AP). The control mixture recorded 

Table 7. Experimental and predicted toughness and toughness index of the RHA–RCA concrete mixtures based on 
the Popovics and Carreira & Chu models

Mixtures
Toughness (kJ/m³) Toughness Index

Experimental Popovic Carreira & Chu Experimental Popovic Carreira & Chu

Control 73.995 99.694 77.556 1.69 2.05 1.94

50%RCA+20%RHA 77.556 73.405 63.238 1.94 1.88 2.27

100%RCA+20%RHA 63.381 59.041 55.774 1.80 1.92 1.95
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the highest AP (302.110 kg SO₂/m³), while the 
50%RCA+20%RHA and 100%RCA+20%RHA 
mixtures achieved values of 235.281 and 209.461 
kg SO₂/m³, corresponding to reductions of 22.1% 
and 30.7%, respectively. This improvement is 
mainly attributed to the reduced clinker content, 
which lowered emissions of sulfur oxides and 
other acidifying substances.

The AP/f’c results showed that the 
50%RCA+20%RHA mixture had the low-
est value (9.075 kg SO₂/MPa), compared with 
11.046 kg SO₂/MPa for the control. Although 
the 100%RCA+20%RHA mixture achieved the 
lowest overall AP, its AP/f’c value slightly in-
creased (9.289 kg SO₂/MPa) due to the reduction 
in compressive strength. Therefore, moderate 
RCA replacement provided the most favorable 

balance between acidification reduction and me-
chanical performance.

Eutrophication potential and EP-to-strength ratio

Figure 10(d) shows that the incorporation 
of RHA and RCA slightly reduced eutrophica-
tion potential (EP). The control mixture recorded 
an EP of 5.742 × 10⁻² kg PO₄ eq/m³, while the 
50%RCA+20%RHA and 100%RCA+20%RHA 
mixtures achieved values of 5.387 × 10⁻² and 
5.351 × 10⁻² kg PO₄ eq/m³, respectively. Although 
the reductions were modest, they indicate lower 
nutrient-related emissions associated with the use 
of recycled materials.

For the EP/f’c ratio, the 50%RCA+20%RHA 
mixture exhibited the lowest value (2.078 × 
10⁻³ kg PO₄ eq/MPa), comparable to the control 

Figure 10. LCA results of concrete mixtures incorporating RCA and RHA with their corresponding
impact-to-strength ratios: (a) EE, (b) GWP, (c) AP, (d) EP, and (e) POC
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(2.100 × 10⁻³ kg PO₄ eq/MPa). In contrast, the 
100%RCA+20%RHA mixture showed a higher 
EP/f’c value (2.373 × 10⁻³ kg PO₄ eq/MPa) due to 
its lower compressive strength. These results in-
dicate that moderate RCA replacement provides 
a more favorable balance between eutrophication 
impact and mechanical performance.

Photochemical ozone creation potential and 
POCP-to-strength ratio

Figure 10(e) shows that the incorporation of 
RHA and RCA substantially reduced photochem-
ical ozone creation potential (POCP). The control 
mixture exhibited the highest POCP (10.185 kg 
C₂H₄/m³), while the 50%RCA+20%RHA and 
100%RCA+20%RHA mixtures achieved values 
of 6.419 and 1.522 kg C₂H₄/m³, corresponding 
to reductions of 37.0% and 85.1%, respectively. 
This improvement is attributed to the reduced 
consumption of virgin materials and lower emis-
sions from cement and aggregate production.

A similar trend was observed for the POCP/f’c 
ratio, which decreased from 0.372 kg C₂H₄/MPa for 
the control to 0.248 and 0.067 kg C₂H₄/MPa for the 
50%RCA+20%RHA and 100%RCA+20%RHA 
mixtures, respectively. Unlike the other strength-
normalized indicators, POCP/f’c continued to im-
prove with increasing RCA content, indicating that 
the reduction in POCP emissions outweighed the 
loss in compressive strength.

Interdependence of the energy and 
environmental impact-to-strength ratios

Based on the obtained results, the relationships 
among the environmental impact-to-strength ra-
tios, including EE/f’c, GWP/f’c, AP/f’c, EP/f’c, 
and POCP/f’c, the values of which are present-
ed in Figure 10. With only three mixtures, these 
values are presented as descriptive observations 
rather than as statistically estimated correlations.

Because only three mixtures were tested (n = 
3), no correlation coefficients, p-values, or statis-
tical-significance claims are reported, as such sta-
tistics are not meaningful at this sample size. The 
indicators are therefore compared descriptively. 
EE/f’c and GWP/f’c move together across the 
three mixtures, which is expected because both are 
governed primarily by Portland-cement (clinker) 
content; reducing clinker through RHA substitu-
tion lowers both simultaneously. POCP/f’c, by 
contrast, varies independently of the energy- and 

carbon-related indicators and is dominated by the 
large difference between the natural- and recycled-
aggregate inventory factors used here (Table 4).

Multi criteria analysis of energy and 
environmental impact-to-strength ratios

MCDM analysis was conducted to evaluate 
the combined energy and environmental perfor-
mance of the investigated concrete mixtures by 
integrating multiple impact-to-strength indicators 
into a unified framework. Five indicators were 
considered, namely EE/f’c, GWP/f’c, AP/f’c, EP/
f’c, and POCP/f’c, which represent the environ-
mental impacts associated with each unit of com-
pressive strength. To enable direct comparison, all 
indicators were normalized to a common scale.

Figure 11 presents the radar chart of the 
normalized indicators of the mixtures. The ra-
dar chart serves only as a visual summary and 
was not used for formal ranking. Based on the 
enclosed areas, the Control mixture showed 
the lowest overall performance (1.261), fol-
lowed by 50%RCA+20%RHA (1.686), while 
100%RCA+20%RHA achieved the largest area 
(2.002), indicating the most balanced environ-
mental impact-to-strength performance. This re-
sult is mainly attributed to its substantially lower 
POCP/f’c and relatively low EE/f’c and GWP/f’c 
values compared with the Control mixture. 

To confirm that the ranking was not an ar-
tifact of the radar-area representation, the same 
indicators were re-evaluated using TOPSIS with 
equal weights as depicted in Table 8. The TOPSIS 
procedure involved normalization of the decision 
matrix, weighting of the normalized values, deter-
mination of the positive- and negative-ideal solu-
tions, calculation of separation distances, and es-
timation of the relative closeness coefficient using 
Equations 10–14. Treating all indicators as cost cri-
teria, the relative closeness coefficients were 0.098 
for the Control, 0.451 for 50%RCA+20%RHA, 
and 0.832 for 100%RCA+20%RHA, produc-
ing the identical ranking: 100%RCA+20%RHA 
> 50%RCA+20%RHA > Control. How-
ever, indicator-level analysis showed that 
50%RCA+20%RHA performed best for EE/f’c, 
GWP/f’c, AP/f’c, and EP/f’c, whereas only 
POCP/f’c favored full RCA replacement. Sen-
sitivity analysis further revealed that POCP/f’c 
strongly influenced the final ranking. When 
POCP/f’c was excluded, the ranking changed 
to 50%RCA+20%RHA > 100%RCA+20%RHA 
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> Control, indicating that the preference for full 
RCA replacement depends on the adopted weight-
ing scheme and POCP inventory assumptions.

	 rᵢⱼ = xᵢⱼ / √( Σᵢ xᵢⱼ² )	 (10)

	 vᵢⱼ = wⱼ · rᵢⱼ, Σⱼ wⱼ = 1	 (11)

	 A⁺ = { minᵢ vᵢⱼ }, A⁻ = { maxᵢ vᵢⱼ }	 (12)

	 dᵢ⁺ = √[ Σⱼ ( vᵢⱼ − vⱼ⁺ )² ],
	 dᵢ⁻ = √[ Σⱼ ( vᵢⱼ − vⱼ⁻ )² ]	

(13)

	 Cᵢ = dᵢ⁻ / ( dᵢ⁺ + dᵢ⁻ )	 (14)

where: xᵢⱼ is the value of criterion j for mixture 
i, wⱼ is the weight of criterion j, vⱼ⁺ and 
vⱼ⁻ are the positive- and negative-ideal 
weighted values of criterion j, and a high-
er closeness coefficient Cᵢ denotes a more 
favourable overall performance.

The resulting separation distances and 
closeness coefficients are summarised in Ta-
ble 9. Under equal weighting the procedure 
yields Cᵢ = 0.832, 0.451 and 0.098 for the 
100%RCA+20%RHA, 50%RCA+20%RHA and 
Control mixtures, respectively, giving the rank-
ing 100%RCA+20%RHA > 50%RCA+20%RHA 
> Control. These values reproduce the close-
ness coefficients reported above and confirm that 
the ranking obtained from the formal TOPSIS 

computation is consistent with the descriptive 
radar-chart visualisation.

The radar chart also demonstrates that the 
50%RCA+20%RHA mixture exhibited relatively 
high normalized values for EE/f’c and GWP/f’c, 
which resulted in a larger environmental burden 
compared with the 100%RCA+20%RHA mix-
ture. In contrast, the Control mixture showed the 
smallest polygonal area due to its comparatively 
poorer performance in several environmental in-
dicators, particularly AP/f’c and EP/f’c. These 
findings indicate that the combined use of RHA 
and RCA can effectively enhance the environ-
mental sustainability of concrete when evaluated 
simultaneously across multiple criteria rather than 
through a single environmental indicator alone.

Overall, the MCDM and TOPSIS analysis iden-
tifies the 100%RCA+20%RHA mixture as provid-
ing the most favorable aggregate balance between 
energy consumption, environmental impacts, and 
compressive strength performance under equal cri-
terion weighting. This diagram outcome should be 
read together with the per-indicator results, which 
favour the 50%RCA+20%RHA mixture on four 
of the five ratios; the “best” mixture is therefore 
weighting-dependent rather than unique. Taken to-
gether, the analyses demonstrate that the incorpora-
tion of agricultural and construction waste materi-
als has considerable potential to improve the sus-
tainability performance of concrete mixtures.

Table 8. Decision matrix of strength-normalised energy and environmental indicators 

Mixture EE/f’c (MJ/MPa) GWP/f’c 
(kg CO₂/MPa)

AP/f’c 
(kg SO₂/MPa)

EP/f’c 
(kg PO₄/MPa)

POCP/f’c 
(kg C₂H₄/MPa)

Control 35.398 5.464 11.046 2.100 × 10⁻³ 0.372

50%RCA+20%RHA 31.265 4.807 9.075 2.078 × 10⁻³ 0.248

100%RCA+20%RHA 35.084 5.657 9.289 2.373 × 10⁻³ 0.067

Figure 11. Multi criteria analysis
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CONCLUSIONS 

The objective of this study was successfully 
achieved through the integrated assessment of the 
mechanical behaviour and environmental perfor-
mance of concrete RHA and RCA. The results 
demonstrated that the combined use of agricul-
tural and construction-demolition waste materials 
can substantially reduce environmental burdens 
while maintaining acceptable engineering perfor-
mance, although the extent of the benefit depends 
on the selected sustainability criteria.

The results revealed that the 
50%RCA+20%RHA mixture provided the most 
balanced compromise between mechanical per-
formance and environmental efficiency, achiev-
ing the lowest values for most strength-normal-
ized environmental indicators. In contrast, the 
100%RCA+20%RHA mixture achieved the low-
est overall environmental burdens and was iden-
tified as the preferred alternative under equal-
weight TOPSIS evaluation. However, the sen-
sitivity analysis showed that this preference de-
pends strongly on the weighting assumptions and 
the influence of the POCP indicator, highlighting 
the importance of transparent sustainability crite-
ria in material-selection decisions.

The study contributes to the existing body 
of knowledge by providing a unified evaluation 
framework that combines experimental stress–
strain characterization, constitutive modelling, 
life-cycle environmental assessment, and multi-
criteria sustainability analysis for RHA–RCA 
concrete. Overall, the findings confirm the poten-
tial of combining agricultural and construction-
demolition waste streams as a resource-recovery 
strategy for lower-impact concrete production.

This study evaluated only 28-day mechanical 
properties and cradle-to-gate environmental im-
pacts. Durability performance, economic feasibil-
ity, and the variability of field-sourced RCA were 
not considered. In addition, only three mixtures 
were tested, limiting statistical inference and the 
robustness of the TOPSIS ranking. The post-peak 

stress–strain response was also defined by a lim-
ited number of data points. Future studies should 
incorporate durability testing, cost analysis, field-
sourced RCA, and larger experimental datasets to 
validate the applicability of RHA–RCA concrete 
for structural applications.
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