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Abstract

This study investigates the performance, sustainability, and economic viability of 3D printable ultra-high-
performance concrete (UHPC) incorporating different supplementary cementitious materials (SCMs) such as
metakaolin (MK), metakaolin—silica fume mixture (MKSF), slag, fly ash (FA), and calcined salt mud (CSM).
Life cycle-based evaluation was conducted on mechanical properties, CO. uptake, embodied energy,
environmental emissions, and cost-effectiveness. Results show that MKSF has the highest compressive (84.8
MPa) and flexural strength (8.12 MPa), which is best suited for high-strength structural applications. Slag and
FA are best in flexural-to-compressive strength efficiency and carbonation utilization efficiency, while FA has
the least embodied energy (3650.8 MJ/m?®) and CO: emissions (556.7 kg/m?). MK demonstrates more CO:
absorption efficiency in flexural strength, enhancing long-term durability, while CSM has the highest level of
carbonation but is more expensive. Economically, slag and FA provide the lowest cost of production (=11,000—
11,700 Tk/m3), while MKSF, while incurring higher material costs, demonstrates the best strength-to-cost ratio.
Overall, MKSF is the most balanced mix for structural performance and sustainability, FA is the most
environmentally friendly and cost-effective, slag is the most cost-effective in strength ratio, and CSM is a
suitable option for CO: optimization techniques.

Keywords: 3D printable ultra-high-performance concrete; embodied energy; mechanical evaluations; sustainability; cost
performance analysis.

1 Introduction

Concrete is the most prevalent building material on earth, but with its high cement reliance, it is a source of CO:
emissions. As there is rapid urbanization and increasing demand for long-life infrastructure, there is a need for
new materials that not only have great strength but are also sustainable (Aitcin and Mindess 2011). Ultra-high-
performance concrete (UHPC) has been drawing attention due to its elevated mechanical strength, durability, and
extended period of service. At the same time, the evolution of 3D printing in the construction sector offers the
ability to produce complex geometries at reduced material consumption. Combining UHPC with 3D printing,
hence presents a significant future outlook for structural applications (Jia et al. 2024).

Raw material sustainability is very important in UHPC. Cement production is energy-consuming with
greenhouse gas emissions, and therefore, alternatives are needed (Randl et al. 2014). SCMs like metakaolin
(MK), silica fume (SF), fly ash (FA), slag, and calcined salt mud (CSM) are alternatives to use in place of
cement partially to enhance environmental sustainability and cost savings. These industrial waste materials and
recovered materials not only lower the cement consumption but also promote the circular economy through
recycling waste that otherwise ends up as landfill.

For this research, a life cycle-based assessment of 3D printable UHPC using various SCMs is performed. The
research focuses on mechanical performance, sustainability metrics such as embodied energy and CO: balance,
and economic analysis in terms of production and transportation costs. By comparing the performance of various
SCMs, the study identifies the best strength equity, environmental benefit, and economic ratio. The method can
be applied to guide the application of sustainable UHPC in reality, especially in developing countries where
affordability and efficiency are paramount.

2 Related Work

In order to fill the gap, this study compares MK, MKSF, slag, FA, and CSMin terms of mechanical
characteristics, embodied carbon, energy indicators, and cost-effectiveness. For improved accuracy, TG-based
CO: assessment is used. A comparison of this work with earlier research is shown in Table 1.

Table 1. Comparison of existing & this study on 3D printable UHPC incorporating different SCMs
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Gap

MK+SF
CSM+RCA
RWTB

FA + MK

MK, MKSF, Slag, FA,
CSM (This study)

3 Methodology

3D-print trials, rheology,
mechanical tests
Mechanical testing,
microstructure on
recycled-aggregate mixes
Microstructure,
mechanical performance,
and durability
Mechanical testing,
printability, and durability
indicators
CaCOs, CO: uptake,
blended Cpax & DoC, E.E
& CO> (MJ/kg,
kgCO:/kg), full cost
(production + transport),
FCR, FCEI, multi-metric
comparison

MK+SF improves printability and

early strength for printable mixes

CSM can improve the mechanical

properties of mixes with recycled

aggregates

Recycled blade waste can be used
in printable UHPC with
acceptable performance

Hybrid SCMs can balance

strength and printability

mechanical, carbonation (DoC +
CaCO:s), CO: uptake, LCA (EE &
CO2), and economic efficiency
per mix; introduces CO:-to-
strength efficiency metrics (FCEI,
uptake/MPa)

Focus on printability & rheology; limited
life-cycle / carbonation/cost analysis
Good mechanical focus; limited LCA,
CO: uptake, and economic comparison
across SCMs
Emphasis on waste-material feasibility;
lacks full cradle-to-gate environmental &
cost accounting
Did not include TG-based carbonation,
CO: uptake, or combined cost-energy
metrics
combining TG-based carbonation
metrics, rigorous blended Cpax
calculation, CO: uptake per MPa, and
unified mechanical + LCA + cost
comparison for multiple SCMs in
printable UHPC

The study evaluated the mechanical performance and environmental sustainability of 3D printable ultra-high-
performance concrete (UHPC). The detailed procedure of this study is graphically depicted in the
methodological flowchart in Figure 1(a). These formulas were used to calculate this study:

Carbonate content

Different mixtures of 3D
printable UHPC

!

| Mechanical properties

|

[ Identification of studies via databases ]

P ——
E Articles collected Searching keywords:
] from Web of 3D printed UHPC, TG
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= \_an poogle sc! r FA. CSM
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| Sustainability evaluation Embodied CO, ‘
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[ Material cost El the objectives were selected
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_ (@ . . (b)
Figure 1. (a) Methodology flowchart; (b) literature review flowchart
CaCOs content = % x mass loss due to CO2 1)
%) = Mass of CaCO3
CaCOs content (%) Viass of total sample. x 100 )
0L — Mass of CO2
CO: content (/0) ~ Mass of total sample * 100 (3)
. 0L\ — Actual mass of CaCO3
Degree of carbonation, DOC (%) = T R — R 100 4
Theoretical maximum CaCOz or C,,4, = 0.785(Ca0 — 0.7S03) + 1.09MgO + 1.42Na20 + 0.93K20 (5)
.Chlend = o of OPC x COPC + % of SCMs x CSCMs (6)
CO: uptake = % x CaCOs content @)
Embodied energy, EE; .y = 2(Quantity of material x EE factor) ()]
Embodied CO2.yq; = Y:(Quantity of material x CO2 emission factor) 9)
Net CO2 balance = Embodied COz — CO: uptake (10)
Flexural-to-compressive strength ratio, FCR (%) = ——2ural strength 4 (11)
Compressive strengt h
Flexural carbonation efficiency, FCE| = Fexural strengt h (12)
CO2 uptake
Total production cost = ), (Quantity of materials X unit cost of materials) (13)
Total transportation cost = },(Quantity of materials X distance X transport cost per km) 14
Cost efficiency = 79t h (15)
Total cost

The study conducted a comprehensive assessment of 3D printable UHPC that covered several SCMs using a
variety of databases, including Web of Science, Scopus, and Google Scholar. Relevant keywords were 3D
printable UHPC, TG analysis, cost, sustainability, MK, MKSF, slag, SF, and CSM. After screening, a review and
analysis were conducted, taking into consideration the various SCMs used in 3D printed UHPC. This literature
review presents each article that underwent peer review and was incorporated into the final collection, as shown

in Figure 1(b).
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3.1 Materials
Slag, SF, CSM, MK, and MKSF partially replaced cement. Tables 2 and 3 present the chemical composition and
mix ratios, which were obtained from the literature.

Table 2. Chemical composition (%) of OPC, MK, SF, slag, FA, and CSM
(Zhang et al. 2025; Wang et al. 2024; Thajeel, Kopecsko, and Balazs 2025)

SiO2 | ALO | Fe,O | CaO Mg SOs | K0 Cl Na, | TiO2 | LO | P2Os | Cr:O | MnO | CuO | ZnO

3 3 O O | 3
OPC 20.5 5.55 3.21 65.02 144 | 288 | 0.78 0.00 - - - - - - - -
9 48
MK 52- 43- 15 0.5 0.4 - 2 - 0.1 1 15 - - - - -
53 44 9
SF 96.4 0.7 0.073 0.78 0.70 | 0.03 1.28 - - - 2.8 - - - - -
3 8
OPC 248 - 6.08 57.73 | 257 | 555 1.55 0.07 | 0.40 0.64 - 0.14 - 0.07 - 0.05
1
Slag 324 13.7 1.15 38 925 | 1.36 | 0.60 0.08 | 0.72 1.26 - 0.06 0.07 0.65 - -
6 8
FA 434 36.9 6.07 5.21 115 | 210 | 0.95 0.08 | 0.40 1.90 - 0.53 - 0.09 0.03 0.04
9 8
OPC 27.6 10.3 3.39 4898 | 232 | 185 | 0.65 - 0.21 0.47 3.6 - - - - -
1 4
CsSM 3.72 0.94 2.39 49.76 | 205 | 059 | 0.10 - 6.71 | 0.167 | 6.8 - - - - -
2 6 2 4 4

Table 3. Mix proportion for the different UHPC mixtures in Kg/m?
(Thajeel, Kopecskd, and Balazs 2025; Wang et al. 2024; Zhang et al. 2025)

SCMs | Cement MK Sand water SP SF FA slag Water | HPMC | GBFS | EVA | NA | CSM

reducer
MK 740.9 105.8 | 1270.1 | 2794 | 3.81 - - - - - - - - -
MKSF 720 84.7 | 1270.1 | 2794 | 3.81 | 423 - - - - - - - -
Slag 525.2 - 1260.4 | 336.1 - - 210.1 | 63.0 4.41 0.47 - - - -
FA 534.7 - 1283.2 | 342.2 - - 128.3 | 106.9 4.5 0.48 - - - -
CSM 343.9 - 763.0 435.7 - - - - - - 8025 | 13.7 | 344 6.0

4 Results

Table 4 demonstrates that CSM is marginally more effective than CSS due to its maximum DOC (70.75%), though MKSF
shows the maximum COz2 (1.58%), and CaCOs (3.58%) content. This is because CO2 reacts more with the Ca(OH)2 and C-S-
H gel, assisting in the reduction of porosity and permeability (water, chloride, sulphate). However, MKSF is lowering its
carbon impact by achieving maximal carbon sequestration (37.82 Kg/m3 COy).

Table 4. Calculation of CaCOs content, CO, content, degree of carbonation, and CO, uptake
(Thajeel, Kopecskd, and Balazs 2025; Wang et al. 2024; Zhang et al. 2025)

SCMs Total Mass loss Optimum CaCOs CaCO3 CO: Blended DoC CO; uptake
mass (Kg/m?) replacement | content | content | content | Cumax (%0) (%) (Kg/m® CO»)
(Kg/m®) (%) (Kg/m®) (%) (%)
MK 2400 161.52 12.5% 71.07 2.96 1.30 16.11 2.83 31.31
MKSF 2400 195.36 MK10+SF5 85.96 3.58 1.58 15.68 2.54 37.82
Slag 2400 120 5% 52.8 2.20 0.97 12.89 40.7 23.23
FA 2400 96 10% 42.24 1.76 0.78 11.84 5.63 18.59
CSM 2400 168 - 73.92 3.08 1.36 31.05 70.75 32.52

4.1 Mechanical Properties
4.1.1 Compressive strength
The highest compressive strength (84.8 MPa) of MKSF is displayed in Table 5 due to its superior hydration and
densification, making it perfect for high-load 3D printed UHPC applications. Additionally, MK exhibits a little
lower compressive strength than MKSF (81.5 MPa). However, the lowest compressive strength (45.6 MPa) is
displayed by SF.
4.1.2 Flexural strength
The MKSF particle structure, which has the maximum flexural strength (8.12 MPa), makes it essential for
durability and crack resistance. Furthermore, the CSM flexural strength (6.7 MPa) is higher than the SF (6.5
MPa).
Table 5. Calculation of flexural to compressive ratio, and flexural carbonation efficiency index
(Thajeel, Kopecskd, and Balazs 2025; Wang et al. 2024; Zhang et al. 2025; Marczyk et al. 2021; Ibrahim, van Zijl, and
Babafemi 2023)
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SCMs Compressive Flexural FCR (%) FCEI (Mpa.m®kg)
strength (MPa) strength (MPa) | (Fs/Cs)x100 Fs/CO2 uptake

MK 815 4.96 6.09 0.158
MKSF 84.8 8.12 9.57 0.215

Slag 46.0 7.6 16.52 0.327

FA 45.6 6.5 14.25 0.350

CsSM 51.2 6.7 13.09 0.206

Despite MKSF having higher both compressive and flexural strength, slag shows higher flexural efficiency per
strength (16.52%). It is ideal for crack resistance or ductility due to its higher tensile efficiency. Besides, FA
(0.350 MPa.m®/Kg) is the most efficient SCM, which uses absorbed CO, more efficiently to produce flexural
strength than slag (0.327 MPa.m%kg), MKSF (0.215 MPa.m%/kg), CSM (0.206 MPa.m%kg), and MK (0.158
MPa.m%/kg). Although MKSF has higher CO, uptake and flexural strength, it is not so efficient.

4.2 Sustainability Evaluation

The energy-related environmental load is decreased by FA (3650.8 MJ/m3) production, where MKSF and slag
utilize the least amount of energy per MPa of compressive (46.9 MJ/MPa) and flexural (484.6 MJ/MPa) strength,
respectively, compared to other SCMs, shown in Table 7.

Table 6. Materials CO, emission factor, embodied energy factor and cost at the production stage
(Turner and Collins 2013; Shi et al. 2019; Park et al. 2021; Chiaia et al. 2014; Canada 2021; Wikipedia 2025a; Pradeep,
Purushotham, and Markandeya 2016; Ansys 2021; FRANCEY 2009; Climatiq.io 2023; ENERGY 2025; Gomes et al. 2024;
Baritto, Oni, and Kumar 2023; Exposito, Lorenzo Lopez, and Berbel 2024; Alibaba.com 2025; Pal 2019; Wikipedia 2025b;
Callaghan 2023; Accio 2025; Kemox 2025; Agency 2008; Businessanalytiq 2025; Wei et al. 2013)

Cem MK Sand Water SP SF FA Slag Water HPM GBF EVA NA Cs Small Large
ent reduce C S M truck truck
r
CO. 0.8 0.4 0.0 0.00 0.7 0.01 0.02 0.01 0.51 - 0.0 75 - 0.0 | 0.33 0.136
emission | 300 | 000 | 010 | 03 | 200 | 40 70 90 8 7 8 2
factor (kg
CO2/kg)
E. energy 4.7 34 0.0 0.00 18. 0.10 0.83 1.58 7.18 - 1.8 2.2 - 25. 4.97 1.999
factor 270 | 800 | 220 60 3 00 30 80 4 1
(MJ/Kg)
Productio | 0.1 1.3 6.6 | 0.00 25 | 030 | 002 | 0.05 | 1.00 | 220 | 0.0 1.8 | 08 - - -
n cost 3 9 4 1 0 2 8 716 8 6
($/kg) 5
Productio 15. 169 | 810 0.12 305 36.6 2.68 7.08 122. 268. 8.7 229 | 104 - - -
n cost 87 .64 .35 2 A 1 04 49 4 43 .95
(tk/kg)
Table 7. Summary of CO2 emission of UHPC with the influence of different SCMs
SCMs EE E.CO2 Net CO2 Ci Ei Fi Es CO2 uptake CO2 uptake
(MJ/m®) | (Kg-CO2/m® | balance | (E-CO2/f) | (EE/M) | (E-CO2/fr) | (EE/y) | efficiencyc efficiencyr
MK 3968.3 660.1 628.8 8.10 48.7 133.1 799 0.384 6.31
MKSF | 39825 662.7 624.9 7.81 46.9 81.6 490.5 0.452 4.66
Slag 3681.0 576.9 553.7 12.54 80.0 75.9 484.6 0.505 3.06
FA 3650.8 556.7 538.1 12.21 80.0 85.6 562.5 0.408 2.86
CSM 4890.2 740.0 707.5 14.45 95.5 110.4 730.0 0.635 4.34

However, compared to MK (8.10 Kg-CO,/MPa), MKSF (7.81 Kg-CO,/MPa), slag (12.54 Kg-CO,/MPa), and
CSM (14.45 Kg-CO2/MPa), FA (556.7 Kg-CO2/m®) emits the least amount of CO, per cubic meter of
manufacturing, but MKSF emits less CO, per MPa of compressive strength (7.81 Kg-CO./MPa). However, the
least amount of COs is released per MPa of flexural strength by slag (75.9 kg-CO,/MPa). While MK (6.31 Kg-
CO,/MPa) absorbs more CO, per MPa in flexural strength, CSM uses CO; efficiently in strength optimization
and absorbs 0.635 kg-CO./MPa in compressive strength. In terms of efficiency and sustainability, MKSF leads
the field overall.

4.3 Economic Evaluation

Table 6 presents the production and transportation costs for the different UHPC materials. According to
(NOBROKER.com 2025), the cost of shipping a 6-wheeler truck is $0.029 per km/ton. According to Table 8,
slag (7.08 Tk/kg) is the most cost-effective material in terms of total mixture cost (11,336 Tk/m3), compressive
strength (0.00405 MPa/Tk), and flexural strength (0.000669 MPa/tk) per unit cost, despite having a greater
manufacturing cost than SF (2.68 Tk/kg).

Table 8. Calculation of cost performance analysis

433



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

ICCEI 2025
SC Mixture Mixture Mix. Mix.Tra Total Total Cost Cost Cost Cost
Ms | producti | producti | Transportat | nsportat cost cost efficiency. | efficiency. | efficiencys | efficiencys
on cost on cost ion cost ioncost | ($/m% | (tk/m®) (MPa/$) (MPa/tk) (MPa/$) (MPa/tk)
($/md) (tk/m?®) ($/m®) (tk/m?®)
MK 261.5 31,921 2.23 272 263.7 32,193 0.309 0.00253 0.0188 0.000154
MKS 242.2 29,865 2.37 289 244.6 30,154 0.347 0.00284 0.0332 0.000272
F
Slag 90.7 11,040 2.42 296 93.1 11,336 0.494 0.00405 0.0816 0.000669
FA 92.9 11,341 3.24 395 96.2 11,736 0.474 0.00389 0.0676 0.000554
CSM 162.1 19,796 5.42 663 167.5 20,459 0.305 0.00250 0.0400 0.000328
4 Discussion

The results are clear that all the supplementary cementitious materials (SCMs) are characterized by their
strengths and trade-offs. Mechanically, MKSF is superior, attaining the maximum compressive (84.8 MPa) and
flexural strength (8.12 MPa), and it is best suited for high-load and crack-resistant 3D printable UHPC. MK also
shows maximum compressive capacity (81.5 MPa) but inferior flexural efficiency compared to slag and FA. Slag
and FA are better in flexural efficiency: slag achieves maximum FCR (16.52%), and FA achieves maximum
flexural carbonation efficiency (0.350 MPa-m3/kg), which means they make better use of absorbed CO: in
strength gain. Sustainability evaluation indicates FA possesses the lowest embodied energy (3650.8 MJ/m3) and
CO: emissions per cubic meter (556.7 kg-CO2/m?) and thus is more environmentally friendly. But MKSF retains
its strength with sustainability since it possesses minimum CO: emission per unit compressive strength (7.81 kg-
CO2/MPa). Slag is most efficient in CO: release per unit flexural strength (75.9 kg-CO./MPa), while MK exhibits
maximum CO: absorption efficiency per flexural strength (6.31 kg-CO2/MPa), thereby increasing durability.
Slag and FA are the cost-effective mixes, with overall costs of nearly 11,300-11,700 Tk/m3, while MK and
MKSF are much more expensive. Overall, MKSF is the most balanced one with high mechanical strength,
moderate sustainability, and acceptable efficiency. FA is most economical and sustainable but of lower
mechanical strength. Slag has the best cost-strength ratio, while MK promises higher CO: absorption and
durability benefits. CSM, despite having excellent carbonation potential, lacks cost and emission efficiency.

5 Conclusion

This study comparatively assessed different SCM-based UHPC mixes from mechanical, environmental, and
economic aspects. Though every SCM has its benefits, its overall value is a function of optimizing performance,
sustainability, and affordability.

o  MKSF showed the highest compressive (84.8 MPa) and flexural strength (8.12 MPa) and consequently
was the most appropriate for high-strength structural applications. Slag and FA, on the other hand,
showed higher flexural-to-compressive efficiency, beneficial to crack resistance and ductility.

e FA had the lowest embodied energy and CO: emission per cubic meter, but MKSF was most carbon-
efficient when considering balance (7.81 kg-CO./MPa compressive) and high CO. uptake. CSM had the
highest carbonation degree and CO: absorption efficiency, making it fit for carbon-neutral strategies.

e Slag and FA were most cost-effective in production and transport cost, while MKSF was more strength-
to-cost effective despite its higher material cost. Slag and FA mixes would be more cost-effective for
large Bangladesh projects, but MKSF can be utilized when performance is of the utmost concern.

MKSF is the best overall compromise between strength and sustainability, slag and FA are best for eco-friendly,
economical mixes, and CSM is best for CO: optimization. A hybrid solution with these SCMs can be utilized to
optimize structural strength, environmental improvement, and cost.
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