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Abstract

This study investigates the mechanical performance, environmental sustainability, and economic feasibility of
ultra-high-performance concrete (UHPC) blended with three supplementary cementitious materials (SCMs):
ground granulated blast furnace slag (GGBS), silica fume (SF), and converter steel slag (CSS) under carbonation
curing. Direct measurement of CO- absorption and CaCOs precipitation by using thermogravimetric (TG) analysis
was employed to assess carbonation efficiency. According to mechanical evaluations, CSS provided the best
compressive (162 MPa) and flexural (22.8 MPa) strength, while SF offered the optimum flexural-to-compressive
strength ratio (18.76%) and flexural carbonation efficiency (5.51 MPa-m3/kg), indicating improved crack
resistance. According to sustainability analysis, GGBS provided the lowest CO: emissions (73.96 kg-CO2/m?),
while CSS demonstrated the lowest embodied energy (481.13 MJ/m?) and maximum CO: uptake (5.51 kg/m?).
Economically, SF had the lowest production and total cost (1787.1 Tk/m3) and was the most cost-effective in both
compressive (0.044 MPa/Tk) and flexural (0.008 MPa/Tk) strength. In summary, CSS was the best all-round SCM
with increased strength and sustainability, while SF was the cheapest with increased ductility. GGBS was a
mediocre performer in all categories. The CSS is the best SCM for applications requiring strength and
sustainability, whereas the SF is the best SCM for applications requiring UHPC based on economy and ductility,
per this combined study.

Keywords: Ultra-high-performance concrete; carbonation curing; mechanical evaluations; sustainability; cost
performance analysis.

1 Introduction

Ultra-high-performance concrete (UHPC) and other sustainable building materials have emerged as a result of
growing global awareness of the environmental impact, particularly CO; (Lande and Terje Thorstensen 2023).
While UHPC is well known for mechanical strength and durability, its high cement content is a cause for concern
with regard to sustainability (Abbas, Nehdi et al. 2016). The main causes of the difficulties are the expensive and
scarce supply of materials, the lack of thorough recommendations for design, and the complex production and
curing process. As a response, the present study explores the use of supplementary cementitious materials (SCMs),
namely GGBS, SF, and CSS, in UHPC under carbonation curing. The present study is different in that it applies
thermogravimetric (TG) analysis for the direct measurement of CO: absorption and carbonation efficiency rather
than the use of literature values. A comprehensive methodology was conducted to analyze and compare mechanical
properties (compressive and flexural strength), sustainability indices (embodied CO-, energy consumption, CO:
uptake efficiency), and cost-effectiveness ($/MPa, Tk/MPa) of different SCMs. Unlike earlier studies, the current
research combines mechanical, environmental, and economic performance indicators to give an overall assessment
of SCMs in UHPC. Carbonation curing was found to improve strength and durability recovery in addition to
lowering net CO2 emissions. Findings show that CSS attains the best balance of strength and sustainability, and
SF has superior flexural efficiency at reduced cost. GGBS maintains a modest performance in every category. The
outcomes are intended to advise engineers, academics, and policy-makers in the selection of SCMs with high-
performance specifications that yield lower environmental impacts and lifecycle costs and contribute towards
broader goals of carbon neutrality and resource efficiency across the built environment.

2 Related Work

This study addresses that gap by providing an integrated comparison of GGBS, silica fume, and converter steel

slag in terms of mechanical properties, embodied carbon, energy indicators, and cost-effectiveness using TG-based
CO: quantification for enhanced accuracy. Table 1 presents a comparison of this study with previous research.
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Table 1. Comparison of existing & this study on carbonation-cured UHPC incorporating different SCMs

SCMs Evaluated Sustainability metrics Gap Novelty of this study Ref.
properties
GGBS Lack of cost This study includes cost & energy | (Dixit, Du
CS,FS DOC, CO: uptake analysis efficiency  with mechanical | et al.
evaluation. 2021)
Steel CS only CO: content Lack of flexural This study analyzes FS, FCR, FCEI | (Li, Liu et
Slag performance al. 2021)
SF, Lack of a With  sustainability and cost | (Xi, Liu et
GGBS CS, TG-based EE, Embodied CO: combination of assessment, this study createsalink | al. 2022)
CaCOs cost-performance between mechanical performance
with sustainability | with $/MPa and Tk/MPa
GGBS TG, DOC, CO: CaCO:s %, CO: balance Lack of economic This study includes both cost and | (Shumuye,
uptake feasibility performance evaluation Zhao et al.
2021)
GGBS, DOC, CO: uptake, CaCO4 Lack of long-term For the first time, three SCMs
FS, content, TG mass loss, Net durability combined cost-effectiveness,
Steel CS, FS, FCR, FCEI CO: balance, CO: characteristics like | environmental impact, and fully | This study
Slag efficiency, EE, E. CO», chloride diffusion mechanical ~ performance  for
Cost (Tk, $), or shrinkage. pozzolanic UHPC under CO:
Performance/cost curing.

3 Methodology

The study assessed the mechanical performance and sustainability in the environment of the carbonation-cured
pozzolanic ultra-high-performance concrete (UHPC). Methodological flowchart in Figure 1(a) visually represents
the step-by-step process of this study. For the calculation of this study, using these formulas:

I Different mixtures of UHPC | [ Identification of studies via databases ]
§ Articles collected Searching keywords:
| Carbonation curing condition | g from Web of UHPC, carbonation
% science, Scopus curing, TG analysis,
Compressive strength 3 and google scholar sustainability, cost,
I Mechanical properties \ GGBS, SF, CSS
[ Carbonate content l ‘
. A o Review the articles Excluded: missing
[ Degree of carbonation Carbonation performance g title, abstract and proper chemical
; & , 8 y composition, mixture,
[ CO; uptake l b '(;:l:f:):tllt: mnsf Iofs nfT(‘..
| Sustainability evaluation Embodied CO; * Amalysix COneuring
- l Net CO; balance - Articles that aligned with
[ Material cost ‘ i R E the objectives were selected
[ = - Economic evaluation I 2 for in depth analysis
Cost performance analysis \_
| (@ _ _ (b)
Figure 1. (a) Methodology flowchart; (b) Literature review flowchart
CaCOs content = % x mass loss due to CO2 1)
CaCOs content (%) = —ass0f €aC03 _, )
Mass of total sample
Mass of CO2
”wW=——— L
CO:z2 content (%) Vass of total sample 100 ?3)
Degree of carbonation, DOC (%) = —aciual mass of €ac0s __, 4 ()
. . Theoretical maximum CaCO3
Theoretical maximum CaCOsor C,,4,= 0.785(Ca0 — 0.7S0s3) + 1.09MgO + 1.42Na20 + 0.93K20 (5)
.Chlend= o4 of OPC x COPC + 9% of SCMs x CSCMs (6)
COz uptake = % x CaCOs content @)
Embodied energy, EE;orq; = X.(Quantity of material X EE factor) (8)
Embodied CO2;,:q; = Y:(Quantity of material X CO2 emission factor) 9)
Net CO2 balance = Embodied CO2 — CO2 uptake (20)
Flexural-to-compressive strength ratio, FCR (%) = —cxuralstrength 4, (11)
Compressive strength
Flexural carbonation efficiency, FCE| = Zlextratstrength (12)
CO2 uptake
Total production cost = Y (Quantity of materials X unit cost of materials) (13)
Total transportation cost = Y:(Quantity of materials X distance X transport cost per km) (14)
Cost efficiency = Sergth (15)
Total cost

The study used a number of databases, including Web of Science, Scopus, and Google Scholar, to do a thorough
evaluation of UHPC that included multiple SCMs. UHPC, carbonation curing, TG analysis, sustainability, cost,
GGBS, SF, and CSS were among the relevant keywords. Following screening, a review and analysis were carried
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out, taking into account the different SCMs utilized in UHPC. Every article that was looked at through peer review
and included in the final collection is demonstrated in this literature review, as shown in Figure 1(b).

3.1 Materials

SF, GGBS, and CSS substituted for OPC partially. Chemical composition and mix ratios were adopted from the
literature (Dixit, Du et al. 2021, Liu, Schollbach et al. 2021, Hu, Chen et al. 2022) and normalized based on 100
kg/m3 cement content, shown in tables 2, 3 & 4.

Table 2. Chemical composition (%) of OPC, GGBS, SF and Steel slag

CaO SiO2 Al Fe2:O Mg K2 Naz TiO SOs CO; P20s LOI MnO | V205 | Cr03 Cl
Os s o o) o 2
OPC | 6648 | 1902 | 469 | 335 | 131 | 053 | 031 | 041 | 364 | -
GGB 37.44 26.05 | 149 1.25 791 0.54 0.24 0.56 1.92 8.88
s
OPC | 6353 | 1925 | 382 | 337 | 135 | 075 | 0.12 3.45 040 | 372
SF 096 | 9548 | 017 | 013 | 069 | 013 | 036 | - | 031 - 12 - - -
OPC 67.97 16.19 | 3.79 3.59 171 0.28 4.05 0.42 0.51 0.09 0.01 0.04
CSS 41.55 1147 | 2.24 | 31.35 3.78 1.56 0.03 1.30 0.72 4.78 1.14 0.35 0.01
Table 3. Mix proportion for the different UHPC mixtures
SCMs OPC GGBS SF Sand QP Water Sp PP CSS
1.0 0 0.25 1.10 0.35 0.26 0.025 - -
GGBS 0.70 0.30 0.25 1.10 0.35 0.26 0.026 -
SF 0.9 - 0.1 - - 0.25 0.01 0.0102 -
CSS 0.835 1.397 0.188 0.03 - 0.165
Table 4. Mix proportion for the different UHPC mixtures in Kg/m?
SCMs OPC GGBS SF Sand QP Water SP PP CSS
100 25 110 35 26 2.5 -
GGBS 70 30 25 110 35 26 2.6 -
SF 90 10 - - 25 1.0 1.02 -
CSs 83.5 139.7 18.8 3.0 - 16.5
4 Results

Table 5 shows SF is slightly more efficient for carbonation curing than CSS because of its maximum DOC
(10.62%), CO, (10.99%), and CaCO3 (4.83%) content, which means that CO- reacts more with the Ca(OH), and
C-S-H gel, which will help in porosity and permeability (water, chloride, sulphate) reduction. On the other hand,
CSS is doing maximum carbon sequestration (5.51 Kg/m® CQy), i.e., reducing carbon footprint.

Table 5. Calculation of CaCO; content, CO, content, degree of carbonation, and CO; uptake

SCMs | Total mass | Mass loss Optimum CaCOgscontent | CaCOs CO; Blended | DoC CO; uptake
(Kg/m?) (Kg/m®) | replacement (Kg/m?) content | content | Cua (%) | (%) (Kg/m® CO)
(%) (%) (%)
GGBS 298.6 13.64 30 6.0 2.01 4.56 48.11 4.17 2.64
SF 127.02 13.97 10 6.14 4.83 10.99 45.47 10.62 2.70
CSS 261.5 28.50 15 12.54 4.79 10.89 50.55 9.47 5.51

4.1 Mechanical Properties

4.1.1 Compressive Strength

Table 6 shows the highest compressive strength (162 MPa) of CSS, because of its excellent hydration and
densification under carbonation curing, for which CSS is ideal for high-load UHPC applications. Besides, GGBS
shows slightly lower compressive strength (148.1 MPa) than CSS. On the other hand, SF shows the lowest
compressive strength (79.40 MPa), which may be due to the lower binder content than GGBS (298.6 Kg/m?).

4.1.2 Flexural strength

CSS is crucial for durability and crack resistance because of its particle morphology, which exhibits the highest
flexural strength (22.8 MPa), as shown in Figure 2(a). Additionally, SF has superior flexural strength (14.90 MPa)
in comparison to GGBS (13.9 MPa).
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Table 6. Calculation of flexural to compressive ratio, and flexural carbonation efficiency index

SCMs Compressive Flexural FCR (%0) FCEI (Mpa.m®/kg) Ref.
strength (MPa) strength (Mpa) | (Fs/Cs)x100 Fs/CO2 uptake
GGBS 148.1 13.9 9.38 5.26 (Ganesh and Murthy 2019, Dixit, Du et al. 2021)
SF 79.40 14.90 18.76 5.51 (Hu, Chen et al. 2022)
CSS 162 22.8 14.07 4.13 (Li, Liu et al. 2021, Liu, Schollbach et al. 2021)

Figure 2(b) indicate that despite CSS having higher both compressive and flexural strength, SF shows higher
flexural efficiency per strength (18.76%). It is ideal for crack resistance or ductility due to its higher tensile
efficiency. Besides, SF (5.51 MPa.m3/MPa) is the most efficient SCM, which uses absorbed CO, more efficiently
to produce flexural strength than CSS (4.13 MPa.m3/kg) and GGBS (5.26 MPa.m®kg). Although CSS has higher
CO; uptake and flexural strength, it is not so efficient.
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Figure 2. The mechanical strength of UHPC; (a) compressive strength & flexural strength; (b) Flexural
strength/compressive strength ratio

4.2 Sustainability Evaluation

Table 8 shows that CSS (481.13 MJ/m3) production is more energy efficient than GGBS (538.71 MJ/m?®) and SF

(585.83 MJ/m?®) and uses the least energy per MPa of compressive (2.96 MJ/MPa) and flexural (21.1 MJ/MPa)

strength, which reduces energy-related environmental load.

Table 7. Materials CO, emission factor, embodied energy factor and cost at the production stage

OPC Sand P Water Sp PP GGBS SF CSS
COzemission 0.912 0.006 0.065 0.00025 1.88 2.04 0.08 0.0031 0.215
factor (kg
CO/kg)
E. energy factor 5.0 0.10 0.850 0.01 9.00 79 0.31 4.6 1.362
(MJ/kg)
Production cost $0.10 $0.011 $0.40 $0.007 $0.92 $1.03 $0.03 $0.35 $1.1
($/kg)
Production cost | 122.04x0.1= | 1.34 48.81 0.85 112.27 125.7 3.66 4271 134.24
(tk/kg) 12.2 tk
N§§§§§ ?Q,Eg 2E»2 223885 §3§§§ %i ggc'g;@ .&ga%kg .-
Ref. S29co83 | 573 3835 FmE-35 | oEXES 3039 ISE3Z%3 |3sBE82g  BET
8323  RFs (B3B3 [ghEgaf EIf8s8 | Sa ;95°¢28 3IZEIEZ | B&°
228 R T 23 |7 aRe2 £33 | 2y TR BT |T§ e B 2

Table 8. Summary of CO, emission of UHPC with the influence of different SCMs

SCMs EE E. CO: Net CO2 Ci Ei Fi Er CO; uptake CO; uptake
(MJ/m®) | (Kg-COz/m® | balance | (E-CO./f) | (EE/f) | (E-CO2ffr) | (EE/y) | efficiency. efficiencyr
GGBS | 538.71 73.96 71.32 0.49 3.63 5.32 38.75 0.017 0.189
SF 585.83 86.07 83.37 1.08 7.37 5.77 39.31 0.034 0.181
CSS 481.13 86.18 80.67 0.53 2.96 3.77 21.1 0.034 0.241

On the other hand, GGBS (73.96 Kg-CO2/m?) emits the least CO, per cubic meter of production, and also emits
less CO; per MPa of compressive strength (0.49 Kg-CO,/MPa) than SF (1.08 Kg-CO,/MPa) and CSS (0.53 Kg-
CO./MPa). However, CSS (3.77 Kg-CO,/MPa) emits the least CO, per MPa of flexural strength. SF uses CO;
efficiently in strength optimization, and takes up the same amount of CO, per MPa as CSS (0.034 Kg-CO,/MPa)
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in compressive strength, although CSS (0.241 Kg-CO,/MPa) takes up more CO; per MPa in flexural strength.
Overall, CSS is the best in terms of sustainability and efficiency, followed by GGBS and SF.

4.3 Economic Evaluation

The production and transportation costs of the various UHPC materials were given in Table 7. Transportation cost
for 6-Wheeler Truck is $0.029/km/ton (NOBROKER.com). Table 9 shows that although SF (42.71 Tk/kg) has a
higher production cost than GGBS (3.66 Tk/kg), it is the most efficient in terms of total mixture cost (1787.1
Tk/m?), compressive (0.044 MPa/Tk) and flexural (0.008 MPa/tk) strength per unit cost. CSS is second only to SF.

Table 9. Calculation of cost performance analysis

SC Mixture Mixture Mix. Mix.Tra Total Total Cost Cost Cost Cost
Ms producti | producti | Transportat | nsportat cost cost efficiency. | efficiency:. | efficiencys | efficiencyr
on cost on cost ion cost ioncost | ($/m%) | (tk/m?) (MPa/$) (MPa/tk) (MPa/$) (MPa/tk)
($/m®) (tk/m?®) ($/km) (tk/km)
GG 34.43 4201.83 | 298.6%(0.029 1.05 34.44 4202.88 4.3 0.035 0.4 0.003
BS /1000)
=0.0086
SF 14.64 1786.66 0.0036 0.44 14.65 1787.1 5.42 0.044 1.01 0.008
CSS 30.92 3773.47 0.0075 0.91 30.93 3774.38 5.23 0.043 0.73 0.006
4 Discussion

The converter steel slag (CSS) is the most balanced and perfect SCM of the 3 GGBS, SF, and CSS. CSS has the
highest compressive (162 MPa) and flexural strength (22.8 MPa), the best among them in mechanical performance.
In sustainability terms, CSS achieves the lowest EE per MPa (Er = 21.1 MJ/MPa) and one of the lowest CO:
emissions per flexural strength (Fi = 3.77 kg-CO2/MPa), indicating energy-efficient and low-carbon generation of
strength. CSS outperforms all of them in absolute CO. uptake (5.51 kg/m?) and exhibits significant carbon
sequestration, despite SF being somewhat more CO.-efficient in use. From an economic perspective, while SF is
the least expensive in $/MPa with its low mix cost, CSS is cost-efficient too (0.043 MPa/tk compressive; 0.006
MPa/tk flexural) and significantly more environmentally friendly. Overall, CSS has the best mechanical strength
and great carbon adsorption, the lowest energy demand, and a good price, making it the most effective SCM for
UHPC under carbonation curing, followed by GGBS, then SF. This study is considerably distinct from the previous
work in the sense that it uses TG-based CaCOs estimation for proper CO: absorption and correlating it with
mechanical properties and economy ($/MPa, Tk/MPa) directly, which was not much researched earlier. The
limitation of the paper is that there is no consideration of long-term durability characteristics like chloride diffusion
or shrinkage. The study has to be expanded to hybrid SCM blends, durability field tests, and lifecycle analysis for
the UHPC mixes to become optimal in terms of all dimensions of performance, sustainability, and cost.

5 Conclusion

This study comprehensively evaluated TG-based CO:. measurement combined with strength-cost-sustainability
analysis, the results provide an in-depth overview of which SCM provides the best balance between cost,
environmental sustainability, and performance.

e CSS had the best balanced performance, offering the highest compressive (162 MPa) and flexural (22.8
MPa) strength, lowest embodied energy (481.13 MJ/m?), and improved CO- absorption efficiency, thus
the most sustainable and structurally optimal SCM for carbonation curing UHPC.

e Among these choices, silica fume was the most cost-effective and had the greatest mechanical strength
for a unit cost, both in $ and Tk, and the highest carbonation rate at even 10.62% levels of compressive
strengths. This translated into fine tensile and ductile performance, particularly good for its use, where
resistance to cracks was more critical.

e GGBS had a good performance in every one of the three categories - strength, sustainability, and cost -
but produced the lowest CO2 emissions of 73.96 kg/m?, which is beneficial for eco-friendly purposes even
though its flexural strength and cost-effectiveness were the least among the three.

The study's TG-based carbonation quantification technique exclusively enhances CO- adsorption and sustainability
measurement accuracy, which, for the first time in literature, integrates cost, energy, and environmental
considerations into mechanical performance measurement in an inclusive manner.
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