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Abstract

3D concrete printing (3DCP) is gaining attention for its potential in structural and infrastructural applications. While
a substantial body of research focuses on developing mixtures for extrusion-based 3DCP, most studies emphasize
mechanical performance, while durability and sustainability remain less explored despite their importance for long-
term structural reliability and environmental impact. This study addresses this gap through a literature-based
comparative database, which compiles mix designs, material replacement types and proportions, and corresponding
mechanical and durability parameters. Lower-bound, upper-bound, and favourable performance ranges are identified
to allow cross-comparison of mixtures. Results are categorized according to the type of material replacement, namely
binder, aggregates, fibres, or additives, and durability-related indicators are evaluated together with sustainability
outcomes derived from life cycle assessment. The findings show that moderate binder replacement (15-30%)
provides the most balanced performance, maintaining strength and durability while reducing climate change impacts
by up to 24%. Aggregate replacement enhances mechanical properties and helps save resources, although its
environmental benefits are more limited. Fibre inclusion improves compressive strength and reduces porosity and
water absorption, but increases embodied impacts up to 19%, while additives improve fresh-state behaviour only at
very low dosages, beyond which porosity, strength losses, and emissions rise sharply. Overall, by jointly considering
mechanical performance, durability, and sustainability impacts, this study provides an integrated perspective to

support informed mixture optimisation for more durable and environmentally responsible 3DCP applications.
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International Scientific Committee of Reviewers.
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1. Introduction

Three-dimensional concrete printing (3DCP) is often presented as a pathway to more efficient and sustainable
construction. The technology eliminates formwork, reduces labour, and allows design freedom, all of which suggest
significant material and economic savings (Banihashemi et al., 2025). At the material level, printable mixtures differ
significantly from conventional cast concretes. Conventional cast concretes rely heavily on coarse aggregate, which
makes up the largest share of the mixture and reduces cement demand. In contrast, printable concretes depend on
binders and sands to secure pumpability and extrusion stability. The reliance on high cement dosages represents a

pg. 1


http://www.press.ierek.com/
https://crossmark.crossref.org/dialog/?doi=10.21625/resourceedings.v6i1.1267&domain=press.ierek.com
https://creativecommons.org/licenses/by/4.0/

Author name / Proceedings of Science and Technology

critical limitation for 3DCP. Compared to traditional structural concretes, 3DCP mixtures typically rely on higher
cement contents (Motalebi et al., 2024). Cement production alone accounts for §8-9% of global CO. emissions, while
high binder ratios in printable mixtures are associated with increased autogenous shrinkage and vulnerability to
aggressive agents due to pore connectivity and interlayer anisotropy (Bentz & Jensen, 2004; Li et al., 2020; Nodehi
et al., 2022; Worrell et al., 2001; Zhang et al., 2021).

In this regard, material properties and amounts used for 3DCP can help to improve the durability of 3D printed
elements. For example, Zhao et al. reported that 65% pozzolan replacement can result in a decrease of chloride
ingress, while Yao et al. reported that additives can improve printability, but high dosages can cause entrapped air,
which can affect durability (Yao et al., 2022; Zhao et al., 2023). Similarly, process adjustments, such as minimising
interlayer time gaps and ensuring controlled curing, help to improve bond quality and reduce transport pathways
(De’M Malan et al., 2021). These findings indicate that adjusting material properties and replacement levels can
enhance both printability and durability, while also lowering embodied impacts. A growing body of literature
investigates material design for 3D printable concretes. On the other hand, durability and sustainability are often
examined in isolation. Consequently, an integrated view linking material replacement strategies to mechanical
performance, durability, and environmental impacts is required. This paper aims to bridge this gap by analysing how
binder, aggregate, additive, and fibre replacements influence durability, compressive strength, and environmental
performance in 3DCP. Through the construction of a comparative database and a life cycle assessment, the study

seeks to highlight relationships between durability, mechanical enhancement, and sustainability.

2. Methodology

2.1. Literature search, database construction, and data evaluation

The literature search was carried out in Scopus in August 2023. Combinations of search terms such as “3D print*”,
“additive menu*”, “concrete”, and “mortar” were used in the fields “Title”, “Abstract”, and “Keywords”. The search
was deliberately broad to capture a wide scope of relevant studies, which initially yielded 2,039 articles. After this
stage, articles were removed if they were duplicates, out of scope, lacked extractable mix design information, or
focused solely on geopolymer-based systems. The database was constructed by retaining studies that reported clearly
defined mix design proportions together with corresponding mechanical and/or durability outcomes, while studies
with insufficient methodological detail or outside the scope of extrusion-based 3D concrete printing were not
considered further.

Following the screening process, only papers that reported both printed and cast compressive strength results and/or
durability parameters were retained, which reduced the dataset to 85 articles. Within this dataset, 14 studies focused
on binder replacement, 20 on aggregate replacement, 8 on additive inclusion, and 17 on fibre inclusion, while 26
investigated more than one replacement type. Following the screening process, 85 articles were retained. The full list
is not reported here for the sake of brevity. Interested readers can ask for the list of selected articles from the
corresponding author. Representative and relevant papers belonging to the database can be found in subsections of
Section 3 according to their scope and replacement materials. In terms of materials, silica fume, recycled coarse
aggregate, steel fibres, and superplasticizers were the most frequently studied replacements for binders, aggregates,
fibres, and additives, respectively. These materials were chosen as the focus for the sustainability assessment.

Then, from the database, we extracted mix design variables, replacement levels, and reported mechanical and
durability test results. For compressive strength evaluation, results were considered from casted specimens as well as
from printed specimens tested perpendicular to the printing direction, with data obtained from 47 studies. Among the
durability properties, porosity and water absorption were the parameters most consistently reported across all
replacement types with comparable testing methods and in more than eight studies. Other properties, including
freeze—thaw resistance (8 studies), chloride ingress (7 studies), and carbonation (5 studies), were evaluated separately
(see Section 3.2.3). Porosity and water absorption were therefore used as primary indicators to support a consistent
comparison of transport-related behaviour across the analysed studies. Given the diversity of experimental setups,
test protocols, and the low number of studies reported in the literature, durability-related properties such as freeze—
thaw resistance, chloride ingress, and carbonation were considered to provide complementary insight into durability
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behaviour rather than to serve as directly comparable quantitative metrics. For each assessment, the maximum,
minimum, and favourable cases were identified based on the reported performance of the mixtures. Favourable values
were identified as replacement levels that consistently maintained or improved mechanical strength while
simultaneously exhibiting acceptable durability performance within the reported range. As each performance
indicator responds differently to material replacement and the available literature data vary across parameters, slight
differences in favourable values may appear. These values are therefore interpreted based on the overall trends in the
compiled dataset and should be regarded as approximate ranges rather than exact thresholds. This approach made it
possible to highlight not only the extremes of performance but also the practical ranges that appear most suitable for
3D printable concrete.

Different test methods were found in the database, such as X-ray computed tomography (XCT), mercury intrusion
porosimetry (MIP), and ASTM-based test methods. Among these, XCT was the most diffused one, with data reported
in 19 studies. XCT is a non-destructive imaging technique that provides a three-dimensional visualization of pore
networks, enabling quantification of porosity, pore size distribution, pore volume, and internal connectivity. In
contrast, MIP allows the detection of smaller pores but reports only pore-throat diameters rather than actual cavity
sizes. (Zeng et al., 2020), while ASTM-based water absorption methods measure only water-accessible porosity
(Safiuddin & Hearn, 2005). Therefore, only studies using the XCT method were analysed when it comes to porosity
evaluation. For the water-absorption test, data are extracted from studies employing comparable immersion—drying

methodologies under standardized conditions, with data obtained from 12 studies.

2.2. Sustainability assessment

Subsequently, a cradle-to-gate life cycle assessment (LCA) was performed in accordance with the principles of ISO
14040 and ISO 14044 to quantify the environmental impacts associated with representative replacement materials
and replacement ratios in 3D printable concrete. Representative mixtures were defined for each replacement type
(binder, aggregate, additive, and fibre), based on typical mix proportions and replacement ranges identified in our
database and in the literature at large, e.g., (Hack et al., 2022). For the scopes of the LCA, the functional unit was
defined as the production of 1 m* of concrete. The transportation distance was assumed to be 30 kilometres for all
mixtures. Assessments were made using openLCA 2.5, supported by MS Excel for calculations. The life cycle
inventory was sourced from the Evah OzLCI2019 database, and the impact assessment method applied was ReCiPe
Midpoint (H) by ecoinvent v3.11 LCIA Methods. The results related to climate change, ozone depletion, and
freshwater eutrophication are reported in this paper.

Following the LCA, a comparative analysis of each replacement type was carried out using radar charts to visualize
their performances. In this stage, the maximum, minimum, and favourable replacement levels identified in Section
2.1 were used as reference points. Each replacement type was evaluated simultaneously across the selected
mechanical and durability indicators, as well as its associated emissions calculated through the LCA. In cases where
experimental data were not available for a specific replacement amount, corresponding values were estimated from
the fitted trendlines derived from the database. This comparison makes it possible to evaluate the interactions between
mechanical performance, durability properties, and sustainability. The fitted trendlines were derived from
experimentally reported data across different material systems and replacement ranges and were used to compare
different replacement types. Given the heterogeneous nature of literature data, these values are intended to reflect a
general behaviour rather than the exact material effects. Consequently, the trendlines serve to support the analysis of
relative interactions between performance indicators while acknowledging an inherent level of uncertainty. Across
the compiled dataset, dispersion is visible in the figures, reflecting the variability reported in the literature, since the
data originates from independent studies employing different mix designs, material systems, and experimental
conditions. As an indication of this variability, the standard deviation across the dataset is 12.5 for porosity, 7.2 for
water absorption, and 0.22 for the printed-to-cast compressive strength ratio. These values mainly reflect differences
in materials, methodologies, and testing conditions across the literature sources.
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3. Results

3.1. Durability

In this section, the durability properties of 3D printed concretes are evaluated. The focus is on the key mechanisms
that determine long-term performance, including freeze—thaw resistance, chloride penetration, and carbonation, which
are reported most diffusely in the literature.

3.1.1. Freeze and thaw, chloride penetration, and sulphate attack tests

Freeze—thaw resistance, chloride ingress, and carbonation play a critical role in the long-term performance of 3D
printed concrete. Previous studies highlight that weak interlayer regions and entrapped porosity inherent to extrusion
make printed elements particularly vulnerable to frost damage (Assaad et al., 2020). Nonetheless, material selection
and targeted replacements can mitigate such effects. For example, Zhang et al. (2021). reported that mixtures with
higher sand-to-binder ratios performed best, followed closely by those containing polypropylene fibres. In another
investigation, concretes produced with alternative binders exhibited lower mass loss than those based on white
cement. (Ozalp & Dilsad Yilmaz, 2020). Skibicki et al. (2022) confirmed that durability depends strongly on
replacement level: recycled PET aggregates at high contents (30—50%) significantly reduced frost resistance, causing
strength losses up to 80% after cycling, whereas low PET contents (<10%) preserved satisfactory resistance. Polymer
modification has also proven beneficial, Assaad et al. found that styrene—butadiene rubber (SBR) enhanced the
flexibility of interfacial zones and was more effective than air entrainment in limiting freeze—thaw deterioration.
(Assaad et al., 2020).

Chloride ingress presents another major durability challenge. Van der Putten et al. demonstrated that prolonged time
gaps between successive layers markedly increased chloride penetration due to the formation of interfacial
microcracks and higher porosity. (Van Der Putten et al., 2022). Malan et al. further showed that elongated and
interconnected pores in the interfacial regions created defects such as torn layers, with printed specimens displaying
higher chloride conductivity and lower durability indices than cast concrete. (De’M Malan et al., 2021). On the
material side, however, certain replacements improve performance. Incorporating supplementary cementitious
materials such as GGBS and clay brick powder decreased chloride migration by refining pore structure and enhancing
chloride binding capacity. (Zhao et al., 2023). Conversely, untreated recycled aggregates increased chloride ingress
due to their higher porosity, while CO2-pretreated recycled fine aggregates helped mitigate this effect. In addition,
Yuan et al. also reported that polyacrylamide addition improved interlayer bonding and indirectly reduced chloride
transport. (Yuan et al., 2022).

Carbonation resistance exhibits a similarly complex relationship with material selection. Malan et al. reported that
3D printed specimens generally exhibited higher carbonation depths than cast concrete, owing to elongated pores at
interlayer regions. (De’M Malan et al., 2021). Nevertheless, alternative approaches led to limited carbonation in
printed concretes. Accelerated CO: curing of mortars increased early-age strength, densified the microstructure, and
sequestered significant CO, thereby lowering long-term carbonation rates. (Wang et al., 2023). Likewise, the use of
carbonated bottom slag granules as aggregates reduced carbonation depth by both refining the pore network and
storing CO: (Butkute et al., 2023). Binder chemistry turned out to be critical too: mixtures with a higher content of
medium-heat Portland cement had a 52.4% lower carbonation depth at 28 days compared with those dominated by
high-belite sulfoaluminate cement, confirming that carbonation resistance can be tuned through binder selection.
(Wang et al., 2021).

These results show that freeze—thaw resistance, chloride ingress, and carbonation are closely linked to pore structure
and interlayer quality. Porosity and water absorption serve as key indicators of how readily water and aggressive
agents can penetrate the printed matrix. Ozalp & Dilsad Yilmaz (2020) showed that lower capillary water absorption
reflected a denser microstructure, which also corresponded with reduced mass loss after freeze—thaw cycling and
lower chloride permeability. Similarly, Wang, L. et al. (2022) found that increased porosity in interfacial regions of
3D-printed specimens was linked to greater mass loss and reduced frost resistance. These findings show that durability
is influenced by pore structure and transport properties, with material selection and replacement level being key
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factors. The following section, therefore, examines porosity and water absorption in detail, together with examining
different material replacement types.

3.2. Pore structure and transport properties

3.2.1. Porosity

Figure 1 presents the relationship between porosity and material replacement ratios, considering only data obtained
with XCT. It was observed that the data is denser for replacement ratios ranging from 3 to 10%.
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Figure 1. Effect of binder, aggregate, additive, and fibre replacement ratios on porosity(prepared by the authors)

In general, binder-replaced mixes exhibit higher porosity values at lower replacement ratios. Most of the binder
replacement data comes from studies using pozzolanic or pozzolanic-potential materials such as fly ash, silica fume,
GGBS, and other waste-derived binders with maximum reported replacement levels of 65%. These materials can
refine the pore structure through secondary hydration products and improved particle packing, while also influencing
rheology by moderating cement hydration rates. (Duan et al., 2022; Zhao et al., 2023). Zhao et al. observed that
replacing OPC with 65% GGBS reduced porosity by approximately 20%, whereas a 30% GGBS replacement resulted
in a slight (~4%) increase. (Zhao et al., 2023). Liu et al. reported that replacing 16% silica fume for OPC led to a ~7%
reduction in porosity. (Liu, C. et al., 2023b). Such trends suggest that the relationship between replacement ratio and
porosity is non-linear, with lower replacement levels often linked to higher porosity values—likely due to insufficient
filler effect and incomplete pozzolanic reactions. Higher replacement ratios appear to benefit from denser packing
and more extensive secondary C—S—H formation. (Slavcheva, 2019). Based on these findings, 30% binder
replacement is identified as the optimal level to maximise porosity reduction.

Aggregate replacement was generally associated with lower porosity values than binder replacement. In many studies,
porosity decreased as the replacement ratio increased, although some variations were observed depending on the type
and characteristics of the aggregates used. Most of the reported data is related to coarser aggregate replacement. Some
studies observed that increasing coarse aggregate content leads to higher porosity. (Hao et al., 2022; Wang, X. et al.,
2022), while others reported the opposite effect (Deng et al., 2022; Liu, H. et al., 2022b). Hao et al. showed that an
increase in recycled coarse aggregate (50%) increased porosity of approximately 20% (Hao et al., 2022). Instead,
Deng et al. (2022) reported that clay ceramsite coarse sand replacement could yield significantly lower porosity (up
to 3 times) than the control condition. (Deng et al., 2022). Only one study examined the influence of desert sand
content, reporting that increasing the sand: binder ratio could reduce porosity up to 16% due to the fine grading of
desert sand filling micro voids within the matrix. (Wang, L. et al., 2022). Therefore, a favourable value for aggregate
replacement is 60% by, considering the low porosity values in Figure 1.
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Additive replacement, which involves HPMC and foaming agents, leads to an increase in porosity to an extent larger
than other replacement types. Markedly, the higher the additive replacement ratio, the higher the exhibited porosity
values. Although only one study reported porosity values measured via XCT for additive inclusion, other studies have
also indicated that rheology modifiers can increase porosity. This effect is primarily linked to their tendency to delay
cement hydration, increase the amount of entrapped air, and consequently increase interlayer porosity. (Hack et al.,
2022). For instance, Pasupathy et al. (2022) observed that the use of a foaming agent could increase porosity by up
to 40% due to bubble coalescence and merging, while Liu, C. et al. (2023b) found that HPMC addition led to the
formation of larger pores. Considering the dataset in Figure 1, an inclusion level of 0.12% additive content appears
to be the most favourable, as it resulted in the smallest increase in porosity among the tested dosages.

Fibre replacement mostly yielded low and consistent porosity values across the dataset. The studies investigating the
effects of fibre inclusion are mostly about carbon and steel reinforced mixtures. Rutzen et al., and Liu, J. et al.(2023)
reported that high fibre content may counteract compaction of the matrix, which may be caused by the air entrapped
during the mixing process. On the other hand, Pham et al. (2020) reported that the increase in steel fibre resulted in a
decrease in porosity by up to around 35%, which can be attributed to the potential of bridging microcracks during
printing and enhancing structural integrity between layers. Therefore, the identified optimum value for fibre
replacement is 1.8% due to the concentration of low porosity values in this area of Figure 1.

3.2.2. Water absorption

Water absorption results across different replacement values are illustrated in Figure 2. Accumulation of data is

observed in the range of 8-13% of the replacement ratio.
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Figure 2. Water absorption behaviour of 3D printable concretes depending on binder, aggregate, additive, and fibre replacement ratios(prepared
by the authors)

In the case of binder replacements, most studies investigated pozzolanic materials across a replacement range of 0—
100%. The dataset shows a general tendency for water absorption to increase with higher replacement levels. For
example, Barbosa et al. (2022) reported that 15% metakaolin replacement almost doubled the water absorption
relative to the reference mixture. In contrast, Jaji et al. (2024) observed that replacing 5% slag with metakaolin
decreased absorption by approximately 20%. Similarly, Butkute et al. (2023) found that a mixture containing 70%
bottom slag ash and burnt shale had around 10% lower water absorption than one with 92% replacement. These
variations can be attributed to the effect of high replacement levels on the pore structure: excessive binder replacement
reduces matrix densification and generates additional capillary voids, thereby facilitating water ingress. From the
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available data, a binder replacement level of 15% appears to be the most favourable, since absorption values are
consistently lower in this range.

Aggregate replacement generally resulted in lower water absorption than binder replacement. Across the reported
replacement levels of 0—100%, a slight upward trend in absorption was observed. The majority of the available data
relate to filler-type aggregates. For instance, Barbosa et al. and Aratjo et al. reported that increasing the proportion
of limestone powder and lightweight expanded clay aggregate led to higher absorption values. This behaviour is
consistent with the inherent porosity of these fillers, which contributes to additional capillary pathways in the
hardened matrix (Ahmida et al., 2023). An aggregate replacement level of 17% can be identified as favourable, as the
lowest absorption values are concentrated around this value.

For additives, the effect on water absorption varied depending on material type. Calcium carbonate, superplasticizers,
foaming agents, nanosilica, and nano-TiO: were most frequently reported, with replacement levels ranging from 0 to
20%. In general, additions above 10% tend to correspond to lime- or pozzolan-based materials, whereas plasticizers
and viscosity-modifying agents are typically incorporated at dosages below 2%. Increases in absorption were
generally observed with higher dosages. Calcium carbonate was associated with the most pronounced rise. Vergara
& Colorado reported nearly 30% higher absorption, explained by its porous morphology (Vergara & Colorado, 2020).
By contrast, Liu, Q. et al. found that nano-TiO: reduced water absorption by approximately 30%, a result attributed
to densification of the matrix and refinement of pore structure, as confirmed by microscopy (Liu, Q. et al., 2022).
Taken together, these results indicate that an additive content of around 1.2% represents a favourable value, since

lower absorption results consistently emerge from this dosage onwards.

Fibre inclusion produced a consistent decreasing trend in water absorption across the examined range of 0—2%. The
majority of the dataset concerns polypropylene fibres, with one study on basalt fibres. Most of the studies indicated
that increasing fibre content reduced absorption with high crack resistance. For instance, Liu, Q. et al. (2022) reported
a 6% reduction in absorption with fibre inclusion. On this basis, a fibre content of 0.1% may be regarded as favourable,
as the lowest absorption values are clustered in this range.

3.3. Compressive strength ratio

The relationship between replacement ratio and printed-to-casted compressive strength results is presented in Figure
3. Although there is much data dispersion across all replacement types, the normalized compressive strength remains
largely between 0.6 and 1.0.

Binder replacement in the reviewed studies is primarily aimed at improving fresh-state properties, such as workability
and extrusion stability, and at adjusting setting behaviour for 3D printing applications. All cases in this dataset involve
pozzolanic materials, which are the most frequently used binder replacement, with replacement levels ranging from
0-65% and showing a slightly decreasing trend in compressive strength at higher ratios. This reduction is linked to
the lower cement content and the slower pozzolanic reaction rate of the replacement materials, which can leave
unreacted particles and increase capillary porosity in the early curing stages (Nedunuri et al., 2020). For example,
Zhao et al. reported a marked drop in compressive strength when 65% of OPC was replaced with a combination of
GGBS and clay brick powder, whereas Vishruthi et al. found that 25% binder replacement using fly ash, silica fume,
and GGBS could yield up to six times higher strength compared to the reference mix (Vishruthi et al., 2021; Zhao et
al., 2023). Based on these results, a 30% replacement level is identified as favourable, offering a balance between
mechanical performance and the benefits of material replacement.
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Figure 3. Relationship between material replacement ratio and printed-to-cast compressive strength ratio (prepared by the authors)

The aggregate replacement group covers a range of 0—100%, including recycled coarse and fine aggregates, waste
materials, fillers, and other alternatives. Most of the studies focus on the inclusion of coarser aggregates. Overall,
most studies show an increasing trend in compressive strength with higher aggregate replacement. This improvement
is often linked to better particle packing, enhanced interfacial transition zones (ITZ), and in some cases, reduced
matrix porosity. For example, Liu, H. et al. (2022a) reported that using 60% natural coarse aggregate increased
compressive strength by 15% due to improved particle interlocking and load transfer. (Deng et al., 2022) found that
pre-wetted lightweight aggregates lowered porosity, leading to higher specific strength at moderate replacement ratios
(Deng et al., 2022). Coated recycled crumb rubber also improved particle bonding, slightly offsetting the losses
normally seen with rubber inclusion. (Liu, J. et al., 2022). However, some cases showed strength reductions. Liu, C.
et al. (2023a) observed that higher recycled sand content gave rise to numerous loose pores, reducing matrix
compactness. Bai et al. (2023) reported that 100% quartz sand replacement lowered strength by 7.2%, to be attributed
to weaker particle—paste bonding, poorer packing, and a more porous ITZ. In consideration of this data, a 60%
replacement level is identified as favourable for aggregate replacement in 3DPC.

As far as additive replacement is concerned, this dataset primarily includes nanosilica, phase-changing materials,
superplasticizers, hydroxypropyl methylcellulose (HPMC), and foaming agents. Most studies reported that increasing
the content of rheology-modifying additives, such as HPMC or foaming agents, led to a reduction in compressive
strength, mainly due to increased entrapped air and larger pore formation, which weakens the matrix. (Hack et al.,
2022; Liu, C. et al., 2023b; Markin et al., 2021). For instance, the inclusion of foaming agents was found to reduce
compressive strength, which is attributed to lower density and higher porosity. (Pasupathy et al., 2022). In addition,
Cui et al. (2022) also reported that 20% phase changing material (PCM) inclusion resulted in 37.5% decrease in
compressive strength due to the weak bonding between PCM and cement particles. Based on the data reported in
Figure 3, an additive content of around 0.3% is identified as favourable.

The fibre inclusion group covers replacement levels between 0—3.75%, with studies focusing on steel, polypropylene
(PP), polyethylene (PE), polyvinyl alcohol (PVA), basalt, glass, and carbon fibres. Most of the studies focus on steel
fibres. Overall, fibre addition generally improves compressive strength, while higher amounts may cause a reduction
in some cases. This behaviour is linked to fibre—matrix interaction and pore structure changes (Yang et al., 2022).
Fibres can enhance crack-bridging capacity, delay crack propagation, and provide better mechanical properties (Liu,
J. et al,, 2023; Tan et al., 2025). For example, Singh et al. (2022) reported that adding 0.75% steel fibres increased
compressive strength by 3%, attributed to improved stress transfer and reduced microcracking. Similarly, Liu, J. et
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al. (2023) found that milled recycled carbon fibres increased strength due to a refined pore structure and improved
bonding. In contrast, high fibre contents can lead to fibre agglomeration, poor dispersion, and entrapped air, which
weaken the matrix and reduce strength (Jiang et al., 2022; Ma et al., 2022). Jiang et al. (2022) observed that PP fibre
inclusion reduced compressive strength by 7%, primarily due to increased porosity and weaker fibre—matrix bonding
during the printing process. Considering this trend, an optimum fibre content of around 2% appears favourable,

balancing mechanical enhancement with minimal negative effects on the matrix.

3.4. Sustainability

Figure 4 presents the results of the environmental assessment across three midpoint impact categories: climate change,
ozone depletion, and freshwater eutrophication.
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Figure 4. Environmental impacts of material replacements in 3D printable concretes across three categories: climate change, ozone depletion,
and freshwater eutrophication(prepared by the authors)

Among all categories, binder replacement emerges as the most effective strategy for reducing environmental impacts.
As the level of replacement increases, emissions decline sharply, reflecting the fact that cement is the most carbon-
intensive component of the mixture. At 100% binder replacement, the climate change impact is nearly 24% lower
than the control mix, with similar reductions observed for ozone depletion and eutrophication. Aggregate
replacement, in contrast, leads to only minor changes: a slight increase in climate change impact (around 0.03%), a
significant rise in freshwater eutrophication (almost 87%), and a 6% reduction in ozone depletion. The increase in
certain categories can be attributed to the additional processing and treatment required when recycling demolition
wastes. Nonetheless, aggregate replacement remains important from a sustainability perspective, given that
aggregates constitute the largest volume fraction of concrete and their replacement helps conserve natural resources
while promoting the reuse of waste materials. By comparison, additives and fibres show a consistent increasing trend
across all three categories. Even at low inclusion levels, their high unit impacts result in great environmental burdens,
underlining the trade-off between enhanced material performance and sustainability. This highlights an important
trade-off. While additives are essential for fresh-state properties and printability, and fibres often deliver the best
performance in terms of strength and durability, both contribute to a higher environmental burden. Overall, the figure
emphasizes the need to balance mechanical performance, durability, and sustainability by carefully considering not
only the type of material used but also the level of inclusion.
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3.5. Discussion of results

The radar plots in Figure 5 illustrate the comparative performance of different material replacement strategies in terms
of strength ratio, durability indicators (porosity and water absorption), and sustainability categories (climate change,
ozone depletion, freshwater eutrophication). The mechanical and durability indicators are derived from the compiled
literature database (47 studies for compressive strength, 19 studies for porosity, and 12 studies for water absorption),
whereas the environmental indicators are calculated through the LCA model based on representative mixtures defined
from the database and optimized replacement levels. Trend-based estimations are used to support the interpretation
of overall relationships and trade-offs between mechanical performance, durability behaviour, and environmental
impacts across the examined replacement strategies.

Binder replacement Aggregate replacement
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Figure 5. Radar chart comparison of binder, aggregate, additive, and fibre replacements for compressive strength ratio, durability, and
sustainability parameters(prepared by the authors)

As illustrated in the figure, binder replacement demonstrates the highest potential for reducing environmental impacts
compared to other replacement types. This can be attributed to the fact that cement, among the mixture constituents,
is the most emission-intensive material. The replacement level of 100% shows the potential to reduce climate change
impacts by nearly fivefold. However, it also results in the highest water absorption values among all replacement
strategies. On the other hand, moderate replacement levels of 15-30% provide a more favourable balance. While
keeping porosity, water absorption, and compressive strength within an acceptable range, they also offer notable
environmental benefits. Specifically, CO: emissions can be reduced by approximately 12-25%, ozone depletion by
similar extents, and freshwater eutrophication by 5—11%.

For aggregate replacement, increasing the proportion of recycled aggregate does not lead to a substantial reduction in
climate change impacts. However, as illustrated in the figure, freshwater eutrophication more than tripled compared
to the control mixture. Replacement levels in the range of 17-60%, which are more favourable in terms of porosity,
water absorption, and compressive strength, simultaneously reduce freshwater eutrophication by 40-100% and
decrease ozone depletion by approximately one-fifth. Beyond the numerical impacts, it is also important to emphasize
that increasing the use of recycled aggregate helps save natural resources and contributes to reducing certain
environmental burdens. In the case of additives, even small inclusion levels influence porosity, water absorption, and
compressive strength, while also causing a substantial increase in environmental impacts. For instance, a 2% inclusion
leads to an approximately 30% increase in climate change impacts. By contrast, lower dosages such as 0.12% and
0.3%, which also provide favourable values for porosity, water absorption, and compressive strength, result in much
smaller increases: around 0.3—0.9% for climate change, and about 0.012—0.03% for ozone depletion and freshwater
eutrophication. Since certain additive levels are necessary to ensure printability, keeping their proportions within this
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lower range is key to safeguarding sustainability while meeting performance requirements. As for fibres, similarly to
additives, even small replacement ratios can lead to noticeable increases in environmental impacts. Nevertheless,
when examining porosity, water absorption, and compressive strength, fibre inclusion often yields some of the most
favourable results among the studied strategies. At the highest replacement ratio, climate change impacts increase by
approximately 35%. However, for the more favourable range of 0.1-2% inclusion, this increase is limited to 1-19%.
In terms of other indicators, ozone depletion rises by 2—22%, while freshwater eutrophication increases by 0.2-2%.
These findings suggest that carefully controlled fibre dosages can enhance mechanical performance while keeping
environmental burdens at a comparatively moderate level. The environmental results presented in this study are
inherently influenced by the underlying assumptions adopted in the LCA, including the definition of the functional
unit, the assumed transport distance, the selected impact categories, and the choice of background database. While
these assumptions affect the absolute magnitude of the reported impacts, the relative comparison between material
replacement strategies is expected to remain robust, as all scenarios were evaluated consistently within the same
system boundaries. Accordingly, the results are interpreted as indicative of comparative environmental trends rather
than as absolute impact values for specific production contexts.

The results highlight that both durability and sustainability depend strongly on the material selected and the level of
its replacement. Small changes in the replacement ratio can shift pore characteristics in opposite directions, either
refining the microstructure or amplifying weaknesses that accelerate degradation. At the same time, different
replacement strategies have distinct environmental consequences. Reducing cement content can lower emissions
significantly, while fibres and additives often increase them despite their mechanical benefits. The synthesis of
literature data naturally reflects variations in mix designs, experimental conditions, and reporting approaches across
studies. The paper suffers from this heterogeneity because available data prevent scholars from predicting mechanical
and environmental performances based on additives and replacements. As such, a current limitation of the paper is
the impossibility of optimizing mixes based on specific industrial requirements. On the other hand, the same
heterogeneity of conditions in previous literature works enables a broader perspective on material behaviour and
overall performance trends in 3D concrete printing, supporting comparative interpretation rather than case-specific
conclusions. In this context, the quantitative ranges and favourable replacement levels discussed in this study are best

interpreted as indicative trends emerging from the literature, rather than as universally applicable design values.

4. Conclusion

This study shows that the durability and sustainability of 3D printable concretes are closely governed by both the type
and the level of material replacement. Binder replacement proved most effective, with moderate levels of 15-30%
replacements reducing porosity and water absorption while maintaining compressive strength. Although higher levels
(above 65%) led to mechanical losses, they also delivered the greatest environmental benefits, lowering climate
change impacts by nearly 24%. Aggregate replacement results between 17% and 60% improved pore structure and
compressive strength, yet their environmental impact was less consistent, with only marginal reductions in climate
change potential and notable increases in freshwater eutrophication linked to recycled aggregate processing. Additives
were found to have a strong dosage-dependent effect. At low levels (0.12—0.3%), they maintained acceptable
durability and compressive strength with negligible emissions, but higher dosages increased porosity, reduced
strength, and raised climate change impacts by up to 30%. Fibre inclusion also enhanced durability and strength at
low to moderate levels (0.1-2%), lowering porosity and water absorption, though this came with environmental
burdens of 1-19%. When used in excess, fibres caused agglomeration and pore growth, leading to both mechanical

and environmental drawbacks.

It should be noted that the favourable replacement levels identified in this study are derived from a comparative
analysis of literature data and should therefore be interpreted as indicative trends rather than definitive mix design
values. Given the variability in materials, mixture compositions, and testing protocols across the analysed studies, the
reported ranges are intended to support a comparative understanding of performance—sustainability relationships in
3D concrete printing rather than to serve as direct design guidelines.

Overall, the results highlight that binder replacement remains the most beneficial strategy for reducing emissions;
aggregate replacement contributes mainly to mechanical performance and resource conservation; both additives and
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fibres improve structural and durability characteristics but lead to negative environmental consequences. These
findings underscore the importance of establishing targeted replacement levels to achieve a balance between
mechanical reliability, long-term durability, and sustainability in 3D concrete printing.
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