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Abstract

This study investigates the durability challenges of 3D-printed concrete (3DPC) and exam-
ines the effect of silica fume (SF) on its performance, focusing on mechanical properties and
selected durability tests as key indicators of mix suitability for 3D printing applications.
Five low-carbon mixes were prepared with 50% GGBS replacement and varying silica
fume contents (2.5–10%), and were evaluated through slump, compressive strength, rapid
chloride migration, and accelerated carbonation tests. The addition of GGBS reduced the
concrete’s shape retention, but incorporating silica fume improved flow behaviour, result-
ing in a more stable mix. The inclusion of GGBS and silica fume initially reduced 1-day
strength but led to significant gains by 28 days, with the 5% SF low-carbon mix achieving
the highest compressive strength. The low-carbon mixes showed superior chloride resis-
tance, further enhanced by silica fume, though their carbonation resistance decreased with
GGBS and SF addition. Overall, the 5% SF low-carbon mix demonstrated the best balance
of strength, chloride resistance, and carbon reduction, despite minor trade-offs in early
strength and carbonation resistance.

Keywords: 3D-printed concrete; silica fume; GGBS; low-carbon binders; durability
performance; embodied carbon

1. Introduction
Concrete structures are vulnerable to various forms of degradation, including corro-

sion, cracking, spalling, and damage from environmental exposures such as freeze–thaw
cycles, carbonation, and chloride penetration [1]. Three-dimensional-printed concrete
(3DPC) may be more susceptible to these conditions because in 3D printing, concrete is
deposited in successive layers to build the desired form, enabling the constructional process
to complete the structure [2]. However, this method may compromise durability compared
to conventional construction techniques, as the interfaces between layers are more prone to
deterioration from environmental exposure [3,4]. Developing a more durable concrete mix
can help mitigate this issue, improving the performance of the structures in aggressive en-
vironments [5]. Enhanced durability also reduces the frequency of repairs, leading to lower
maintenance costs and contributing to the long-term safety of the structure [6].Developing
a concrete mix that not only enhances durability and performs well during the printing pro-
cess but also promotes sustainability through the use of low-carbon binders is important to
balance all the experimental and environmental aspects [7]. This can be achieved by using
industrial by-products and some admixtures. “The addition of admixtures can change the
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properties (including flowability, buildability and viscosity) of 3DPC to some extent” [8].
Another property that can be influenced by admixtures is durability. This project will exam-
ine the durability performance of a low-carbon concrete with GGBS and using silica fume
(SF) as an admixture to improve both printability and durability. Reducing the amount
of clinker in cementitious systems through the use of GGBS and SF has shown promise
in lowering the embodied carbon in the production of concrete. Recent studies have ex-
tensively examined the role of GGBS in improving the performance and sustainability of
conventional concrete. Its incorporation refines the pore structure, enhances secondary
C-S-H formation, and reduces permeability, thereby improving durability and lowering
embodied carbon [7]. Some previous works have involved low-carbon binders [9–13],
and while these benefits are well established in traditional concrete, limited research has
explored the application of GGBS in 3D-printed systems. Extending its use to 3D printing
offers potential for developing low-carbon binders with enhanced strength, durability, and
printability [14–18]. When added in the right proportions to cement, these elements can
enhance the durability of concrete in addition to its environmental advantages. Potential
areas that could contribute to the durability criteria include freeze–thaw resistance, chlo-
ride penetration resistance, carbonation resistance, sulfate resistance, etc. When assessing
the durability of concrete while changing its composition, it is common to examine the
resistance to these processes [19]. An example of this is Zhou et al.’s 2024 study, “Durability
and hardened properties of 3D-printed concrete containing bauxite tailings” [20]. It is also
important to ensure that the mix still performs well in terms of printability; slump and
rheology testing will help determine this prior to testing the mix in the printer [21,22].

It is known that 3DPC has significant potential to enhance sustainability in the con-
struction industry. One of its key advantages is the precision it offers in material usage, and
accurate digital modelling enables concrete to be placed exactly where it is needed, reduc-
ing overproduction and minimizing onsite waste. This efficiency not only cuts down raw
material consumption but also lowers energy demands related to transport and formwork
fabrication, as 3DPC eliminates the need for traditional moulds [23]. The environmental
benefits can be further amplified by incorporating low-carbon concrete mixes. The impor-
tance of this research lies in the development of 3DPC, which is more viable and can have
huge social, economic, and environmental benefits for the construction industry. Several
parts of the world are experiencing a shortage of housing. Three-dimensional printing can
offer a reduction in production time in the construction by 50% to 70%, which would help
to construct more houses faster [24]. One Irish example of using 3D printing for housing is
the social housing development at Grange Close in Dundalk, seen during construction in
Figure 1 [25]. In terms of economic benefits, there is a 50% to 80% reduction in labour costs
associated with 3D-printed construction when compared to traditional construction tech-
niques [24,26]. Lastly, there is a possible 30% to 60% reduction in construction waste [24].
As a technique, 3DPC is precise and prevents excess concrete from being produced and
going to waste; it also reduces waste related to the formwork used in traditional concrete
construction methods. Moreover, 3DPC can also utilize low-carbon mixes with reduced
cement content, compounding the reduction in carbon emissions [27,28]. Using these
low-carbon binders in 3D printing concrete mixes is a potential innovative step in creating
durable and environmentally friendly building materials.
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Figure 1. A completed 3D-printed house in Grange Close, Dundalk [29].

Previous studies on 3DPC have predominantly concentrated on mixtures based on
conventional Portland cement, with significant attention given to optimizing mix designs to
ensure printability and mechanical performance [30–32]. There has been minimal research
on incorporating low-carbon binders into 3DPC, especially with respect to analyzing their
fresh and mechanical properties [33,34]. However, there is a noticeable research gap in the
application of low-carbon binders in 3DPC, particularly concerning their long-term dura-
bility characteristics. Considering the shift toward environmentally responsible building
practices, a comprehensive evaluation of the durability of 3DPC with sustainable binder
alternatives is both relevant and necessary. This study addresses this gap by introducing
a novel approach to 3D-printable concrete using low-carbon binders. Specifically, CEM
II-based concrete was used as a reference mix, and its performance was compared with
mixes in which 50% of the cement was replaced with GGBS. To further enhance the proper-
ties of the mix, SF was incorporated in varying dosages of 0%, 2.5%, 5%, 7.5%, and 10%.
Traditional 3D concrete printing primarily relies on ordinary Portland cement as the main
binder. In contrast, this study adopts low-carbon materials such as SF to develop a more
sustainable matrix. Additionally, SF contributes to improved flow characteristics, which
is essential for printing. These findings underscore the importance of incorporating SF
in low-carbon 3D-printable binders to achieve both environmental benefits and printing
performance. The water-to-binder ratio was maintained constant across all mixes, and the
influence of SF on durability was assessed. This research primarily focuses on two critical
durability parameters; these are resistance to chloride ion penetration, assessed through the
Rapid Chloride Migration test, and carbonation resistance, evaluated using the Accelerated
Carbonation Penetration Test. This integrated approach not only provides insights into the
viability of low-carbon binders for the potential application of 3DPC but also contributes to
advancing sustainable construction practices through innovative material solutions.

2. Methodology
2.1. Materials and Mix Composition

The different binders used for 3DPC were cement (CEM), ground granulated blast
furnace slag (GGBS), and Silica Fume (SF). The CEM used was Irish Cement Type II Portland
cement compliant with I.S. EN 191-1 [35]. The GGBS was provided by Ecocem, which was
compliant with I.S. EN 15167-1 [36]. The SF was provided by Sika Ireland Ltd and was
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compliant with I.S. EN 13263-2 [37]. The aggregate consisted of sand, crushed rock fine
(CRF), and a coarse aggregate. Sand and CRF were provided by Roadstone. Limestone rock
with a maximum particle size of 10 mm was used for the coarse aggregate, also provided
by Roadstone. Sika ViscoCrete-10 from Sika Ireland Ltd was the liquid-based admixture
used as a superplasticiser (SP) [38]. The coarse aggregate ratio (coarse aggregate/(coarse
aggregate + CRF + sand)) was 0.4. After trial mixing, a water-to-binder ratio (w/b) of 0.45
was selected, and an SP dosage of 1% of the mass of the binder was added. Table 1 gives
a summary of the mixes used for 3DPC. Two control mixes were used: C100 with a 100%
cement binder and CG with a 50% cement, 50% GGBS binder. The test mixes had a binder
of 50% GGBS and an SF content ranging from 2.5% to 10% as a replacement for cement.
The structured methodology for assessing the properties of the low carbon concrete is as
shown in Figure 2.

Table 1. Mix compositions.

Unit C100 CG CGS2.5 CGS5 CGS7.5 CGS10

CEM Kg/m3 350 175 166.25 157.5 148.75 140

GGBS Kg/m3 0 175 175 175 175 175

SF Kg/m3 0 0 8.75 17.5 26.25 35

Water Kg/m3 157.5 157.5 157.5 157.5 157.5 157.5

Sand Kg/m3 850 850 850 850 850 850

CRF Kg/m3 283.3 283.3 283.3 283.3 283.3 283.3

C10 Kg/m3 750 750 750 750 750 750

SP Kg/m3 3.5 3.5 3.5 3.5 3.5 3.5

W/B 0.45 0.45 0.45 0.45 0.45 0.45

SP/B 0.01 0.01 0.01 0.01 0.01 0.01

Figure 2. Methodology of this study.

Table 2 below contains the carbon factors (kg of CO2/tonne) of each of the materials
used for concrete mixes in this paper. The carbon factors of CEM, GGBS, SF, 10 mm
aggregate and SP were obtained from the Environmental Product Declarations (EPDs)
under the module cradle-to-gate (A1–A3). The carbon factor for the CRF and the sand was
selected based on literature [39]. The carbon factor of water was deemed insignificant and
was consistent across the mixes; thus, it was not included in the calculation. These factors
were used to calculate the quantity of carbon dioxide emissions associated with one tonne
of each of the mixes. All laboratory work was conducted under strict safety protocols.
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Table 2. Carbon factor of each mix constituent.

Constituent Cement GGBS SF Sand CRF C10 SP

Carbon Factor
(kgCO2/tonne) 698 [40] 43 [41] 28 [42] 7.7 [39] 8.5 [39] 6.89 [43] 1260 [44]

2.2. Mixing

Mixing was carried out using the Concrete Mixer 56/40 Litre Capacity (forced action
pan mixer), ELE International, Leighton Buzzard, UK. Firstly, the dry constituents were
added in layers: coarse aggregate, CRF, sand, GGBS, CEM and then SF. The layered
materials were dry-mixed for 60 s. Water and superplasticiser were premixed and gradually
added to the mix. The wet mixing was carried out for 300 s based on optimal flow behaviour
determined from trial batches. Then, the mixing was intermittently paused to remove
adhered material from the blades, followed by a final 60 s mixing cycle.

2.3. Casting and Curing

It was found from the trial mixes that the mixes were flowable and did not require
tamping or vibration during casting, as this could cause over-vibration or bleeding of the
sample. Prior to casting, the moulds were coated with a layer of strike release oil. The
100 mm cube moulds were half-filled with concrete before being raised and dropped from
10 cm for self-compaction. The mould was then filled to the top, and excess concrete was re-
moved. The same process for self-compaction was carried out to remove air voids from the
concrete. Similarly, the 100 mm Ø × 50 mm disk moulds and 75 mm × 75 mm × 200 mm
prisms were filled with concrete by the same procedure. However, due to the weight of the
metal moulds, one side was lifted and dropped at a time for self-compaction before filling
the moulds and repeating the process. Figure 3 shows the samples in the moulds directly
after casting. Once the moulds were cast, they were covered to avoid loss of moisture. A
small piece of plastic was used for each sample, then a layer of hessian cloth, and finally a
large layer of plastic covering all samples. The samples were removed from the moulds
approximately 16–24 h after casting in line with I.S. EN 12390-2 [45]. The cube samples
were removed from the moulds using an air compressor, and the disks and prism moulds
were disassembled. After the samples were removed from the moulds, they were placed in
a water tank, as shown in Figure 4. They were kept at 20 ± 2 ◦C until the desired curing
age, compliant with I.S. EN 12390-2 [45].

 

Figure 3. Cast samples.
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Figure 4. Samples curing in the water tank.

2.4. Testing Procedures
2.4.1. Slump Test

The slump test was conducted immediately upon completion of the mixing process.
Prior to testing, the mould was wetted and placed on a flat surface. Concrete was filled
into the top of a mould, and this was carried out within 2 min as recommended for high-
flowability mixes in ISO 1920-2:2016 [46]. Due to the high flowability of the concrete, the
cone was filled in one layer, and tamping was deemed unnecessary. The mould was then
lifted vertically, and the slump height was recorded to the nearest 5 mm.

2.4.2. Compressive Strength Test

A total of nine cube samples were made for each mix. This allowed three samples to be
tested in 1, 7 and 28 days. The Controls Automax5 50-C56V2 automatic compression tester,
Controls Group, Milan, Italy was used. The samples were placed in a proper orientation
for reliable results.

A constant loading rate of 0.6 ± 0.2 MPa/s was applied to the samples, as per I.S.
EN 12390-3:2019 [47]. A satisfactory cube failure after testing is identified by the large
vertical cracks at the corners of the sample. The average of the results from testing the three
samples gives the compressive strength of the mix during each curing period.

2.4.3. Rapid Chloride Migration Test

The chloride migration test was carried out 28 ±1 days after the samples of each
mix were cast with a 100 mm diameter and 50 mm height. The samples were left in the
water bath until immediately before testing. The samples were fitted at the bottom of the
rubber sleeves, and stainless steel clamps were fitted around the outside of the sleeve and
tightened to the top and bottom of the samples to ensure the solution only had contact
with the top and bottom of the sample. The anolyte solution consisted of 0.3 M NaOH
solution, and the catholyte solution consisted of 5% NaCl solution. The catholyte solution
was added to the catholyte reservoir, the plastic container. The anolyte solution was then
added to the rubber sleeve until it reached a minimum of 10 mm above the sample.

An initial voltage of 30 V based on I.S. EN 12390-18 [48] was applied to the sample
using a power supply. The test voltage and duration for each sample were determined
based on the voltages and corresponding currents as per the guidelines given in I.S. EN
12390-18. Through this procedure, it was determined that 25 V would be applied to mix
C100 for 24 h and that 30 V would be applied to all other mixes for 48 h.
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Once the test was completed, the samples were removed from the apparatus, and
they were split lengthwise while still wet. The split samples were placed with the chloride-
exposed side facing down. The fractured surface was covered with silver nitrate solution.
The silver nitrate solution was applied a second time after 10 min. The samples were then
left for 30 min to allow the penetration depth to become more visible. Figure 5 shows how
the penetration depth was measured at 9 points, excluding 10 mm in from each edge, as
described in I.S. EN 12390-18:2021+A1:2024 [48].

 

Figure 5. Method for measuring chloride depth.

The average of the penetration depth from both halves of each sample was used as xd

in mm. Equation (1) below was used to calculate the migration coefficient, Mnss. T is the
absolute temperature in K, h is the height of the sample in mm, U is the voltage applied to
the sample in V, and t is the test duration of the sample in h.

Mnss =
0.0239(T)h

(U)t

(
xd − 0.0186

√
(T)hxd

(U)

)
(1)

2.4.4. Accelerated Carbonation Penetration Test

Two 75 mm × 75 mm × 250 mm prism samples were cured in water for 28 ± 1 days
for each mix. A shortened preconditioning process based on GB T50082-2009 was carried
out [49]. The samples were subjected to 2 days at 60 ◦C as opposed to the 14 days condi-
tioning at 20 ◦C as per I.S. EN 12390-12:2020 [50]. The shortened pre-conditioning step can
accelerate carbonation kinetics. As a result, the absolute carbonation depths measured in
this study may not directly represent natural exposure conditions. An AUTOFLOW IR
Water-Jacketed CO2 Incubator was used as the carbonation chamber. Although the trays
of the carbonation chamber were perforated, each sample was placed on top of Perspex
spacers to allow unobstructed airflow to all faces of the sample, as shown in Figure 6. The
trays were then placed in the carbonation chamber, as shown in Figure 7a.
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Figure 6. Layout of carbonation samples.

(a) (b) 

Figure 7. (a) Samples in carbonation chamber and (b) controls in carbonation chamber.

Once all samples were in the carbonation chamber, the carbon dioxide concentration
was increased to 3% using the controls shown in Figure 7b, as per I.S. EN 12390-12:2020 [50].

The samples were removed from the carbonation chamber at 7, 14, and 28 days. A 50
mm slice was split from the end of the sample of each sample at each exposure period, and
the sample was returned to the carbonation chamber. A solution of 0.8 g of phenolphthalein
dissolved in 70 mL of ethanol and 30% deionized water was made. It was applied to the
split face of the sample. The carbonation depth was recorded at five points on each of
the four faces in accordance with I.S. EN 12390-12:2020. The five points were selected by
dividing the length of the face into four sections, as shown in Figure 8. The carbonation
depth was measured at each point to the nearest 0.5 mm. The carbonation depth was taken
as the average depth across the two samples. Equation (2) below shows the formula used to
calculate dk, the average carbon penetration depth. The average carbon penetration depths
are graphed against exposure time in days t. The y-intercept is in mm, and the slope is the
carbonation rate KAC in mm/

√
days.

dk = a + KAC
√

t (2)
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Figure 8. Method for measuring carbonation depth.

3. Results
3.1. Carbon Footprint Assessment

The carbon footprint of each concrete mix was calculated based on the embodied
carbon values derived from Environmental Product Declarations (EPDs) as described in
Section 3.1. Among the materials used, CEM exhibited the highest embodied carbon at
698 kgCO2e/tonne, whereas GGBS had a considerably lower value of 42 kgCO2e/tonne,
and SF further reduced emissions at just 28 kgCO2e/tonne. This substantial variation in
carbon intensity plays a critical role in the overall environmental performance of the mix
designs. The mixes that used 50% GGBS replacement have much lower carbon emissions,
as CEM has more than 16 times the embodied carbon of GGBS. Table 3 below shows the
embodied carbon of one tonne and one cubic metre, as well as the density of each of the
concrete mixes used in this research. The reference mix C100, composed entirely of CEM,
showed the highest carbon emissions at 285.9 kgCO2e/m3, as depicted in Figure 9. In
contrast, the progressive incorporation of GGBS and SF led to a significant reduction in
emissions. The CG mix, which includes 50% GGBS as a binder replacement, resulted in a
notable 41% reduction, bringing emissions down to 168.0 kgCO2e/m3. Further enhance-
ment was achieved through the partial replacement of GGBS with SF in the CGS series,
where carbon emissions dropped incrementally from 161.8 kgCO2e/m3 in CGS2.5 to just
143.4 kgCO2e/m3 in CGS10.

Table 3. Embodied carbon of each mix.

Constituent C100 CG CGS2.5 CGS5 CGS7.5 CGS10

kgCO2e per tonne 109.772 61.899 59.450 57.002 54.553 52.105

kgCO2e per m3 268.915 151.035 144.890 138.760 132.644 126.542

Density (kg/m3) 2449.762 2440.042 2437.174 2434.313 2431.459 2428.611
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Figure 9. Carbon emissions per m3 of concrete.

This steady decline underscores the effectiveness of using low-carbon binders in
reducing the embodied carbon of concrete. The reductions are attributed not only to
the inherently lower carbon intensity of GGBS and SF but also to the optimized synergy
between these supplementary cementitious materials. The data reinforces the potential of
these blended systems to meet sustainability targets without compromising performance,
making them suitable for eco-friendly construction practices.

3.2. Slump Test

Figure 10 depicts the slump test performed on each mix, and the results are tabulated
in Table 4. Mix CG had the greatest measured slump at 26.5 cm. The smallest measured
slump was mix CGS10 at 19.5 cm. The control mix C100 and mix CGS7.5 behaved similarly
in both measured slump and the shape retention upon removal of the slump cone. It is clear
that using GGBS as a cement replacement greatly increases the flowability of the mix. This
is due to the reduced water demand as GGBS particles allow better packing. The addition
of GGBS improves the distribution of particles, which increases the fluidity and workability
of the mix [51]. As the percentage of SF replacement is increased, the flowability decreases
and the ability of the mix to retain its shape increases. This behaviour is attributed to the
higher water demand required to adequately disperse the finer SF particles [52].

Table 4. Average measured slump for each mix.

Mix C100 CG CGS2.5 CGS5 CGS7.5 CGS10

Measured Slump (cm) 22.5 26.5 25.5 23.5 21 19.5

The influence of the GGBS and SF on the flowability of the mixes is represented in
Figure 11. The increase in the measured slump between mix C100 and mix CG is due to
the addition of GGBS. The addition of 2.5% SF decreases the measured slump. A similar
reduction in flow due to the addition of silica fume was observed in a previous study on
3D-printed concrete [53]. As the quantity of SF continues to increase, the measured slump
decreases linearly.
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Figure 10. Slump of each mix.

 

Figure 11. Slump flow results across mixes.

3.3. Compressive Strength

Figure 12 displays the impact of SF on the compressive strength results after 1-day
curing. The results show that C100 has the highest early-age strength (1-day compressive
strength) by a notable margin, with a strength of 36.1 MPa. The addition of GGBS in CG
reduced the early-age strength to 15 MPa, which is a 58.5% reduction in strength. Among
the ternary blends (CGS series), the inclusion of SF led to only marginal improvements or
slight variations in early strength. CGS2.5 exhibited a peak of 15.7 MPa, slightly higher
than CG, likely due to the filler effect. However, further increases in SF content resulted in
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a decline, with CGS10 reaching only 14.1 MPa. The lowest strength among the CGS series
was achieved in CGS7.5 with an early-age strength of 13.9 MPa.

 

Figure 12. One-day compressive strength results across mixes.

Figure 13 compares the 7-day compressive strength and the effect of SF on this strength.
Similarly to the 1-day compressive strength, C100 had the largest 7-day compressive
strength at 48.8 MPa. Another similarity is the decrease in strength due to GGBS addition;
however, the proportion of the decrease was greatly reduced. CG had a strength of 43 MPa
at 7 days, a decrease of 12% in 7-day strength compared to C100. Among the CGS mixes,
CGS5 recorded the lowest strength at 37.3 MPa, and the further inclusion of SF continued
to cause a reduction in compressive strength.

 

Figure 13. Seven-day compressive strength results across mixes.

Figure 14 displays the 28-day compressive strength results. The trend of the results
changed significantly at 28 days compared to earlier curing periods. Unlike the 1-day and
7-day compressive strengths, the control mix C100 exhibited the lowest 28-day strength at
56.3 MPa. The addition of GGBS increased the strength moderately by 4.2% to 58.6 MPa.
Further enhancement was observed with the addition of SF. CGS5 had the highest strength
at 59.6 MPa, a 6% increase compared to C100. The compressive strength began to decrease
when the SF content reached 7.5%, which suggests that the optimum SF content lies between
2.5% and 7.5%.



Buildings 2025, 15, 3919 13 of 24

 

Figure 14. Results of 28-day compressive strength across mixes.

Figure 15 demonstrates the compressive strength trends of all mixes. The large dif-
ference between C100 and all the mixes containing GGBS is distinct in 1-day strength. At
7 days, the difference between C100 and GGBS (CG) mixes greatly diminished, and further
reductions were observed in the CGS mix series. At 28 days, all modified mixes exhibited
higher compressive strength than the control mix C100. Among them, CGS5 showed the
highest strength, followed by CGS2.5 and CGS7.5, as illustrated in Figure 14.

 

Figure 15. Plot of compressive strength trends.
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3.4. Rapid Chloride Migration

Figure 16 shows the chloride penetration depth that was measured after the samples
were split and sprayed with 0.1 N silver nitrate solution. The penetration depths were
recorded at the edge of the silver area outlined in red. C100 had a chloride penetration
depth of 30.1 mm after experiencing 25 V for 24 h. The rest of the mixes experienced 30 V
for 48 h and had a chloride penetration depth of 15.7, 14.7, 11.2, 9.8, and 8.9 mm for mixes
CG, CGS2.5, CGS5, CGS7.5, and CGS10, respectively.

 

 

 

Figure 16. Chloride penetration depth in samples.

Figure 17 compares the chloride migration coefficient of all mixes. The control mix,
C100, exhibited the highest migration coefficient at 16.1 × 1012 m2/s. The inclusion of
GGBS in the CG mix significantly reduced this value, improving chloride resistance by a
factor of 4.7, with a migration coefficient of 3.422 × 1012 m2/s. This enhancement is likely
attributed to the denser microstructure associated with concrete containing GGBS, which
refines the pore structure through the formation of calcium silicate hydrate (C-S-H) gel
during hydration [31]. Additionally, the high aluminate content in GGBS contributes to
chloride binding by forming Friedel’s salts, thereby limiting chloride ion mobility [31].
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The incorporation of SF further improved chloride resistance, though the effect was less
pronounced compared to the addition of GGBS. The CGS10 mix demonstrated the lowest
chloride migration coefficient at 1.872 × 1012 m2/s, making it 8.6 times and 1.8 times
more resistant to chloride ingress compared to C100 and CG, respectively. The superior
performance of CGS10 relative to the control mix highlights the beneficial effect of incorpo-
rating SF into the CG mix. The synergistic effect of cement, GGBS, and SF in the ternary
blend can be attributed to their complementary particle size distribution. GGBS particles,
being relatively finer than cement but coarser than SF, help fill the intermediate voids,
while the SF occupies the micro-pores between GGBS and cement grains. This multi-scale
packing leads to a more continuous and dense particle arrangement, reducing porosity
and enhancing the solid volume fraction of the paste. Consequently, the concrete exhibits
higher compressive strength and reduced permeability, reflecting the beneficial influence of
optimized particle packing in the ternary system [51]. Furthermore, the pozzolanic reaction
occurs when SF reacts with calcium hydroxide, which forms additional C-S-H gel, further
refining the pore structure [54].

 

Figure 17. Chloride migration coefficient of each mix.

3.5. Accelerated Carbonation Penetration

Figures 18 and 19 illustrate the carbonation depth of each mix after 7 and 14 days of
carbonation exposure. Phenolphthalein solution was sprayed on the freshly split surface
of the samples as a pH indicator, which indicates pH values above 8. In non-carbonated
areas, the phenolphthalein reacts with calcium hydroxide, turning the concrete purple.
Carbonation takes place when carbon dioxide reacts with calcium hydroxide, resulting in
the formation of calcium carbonate. Since calcium carbonate has a pH lower than 8, it does
not cause a colour change with phenolphthalein. The carbonation depth was measured by
identifying the non-purple zone as the carbonated region [55].
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Figure 18. Seven-day carbonation exposure penetration depth.

 

Figure 19. Fourteen-day carbonation exposure penetration depth.

Figure 20 depicts the graph drawn for the carbonation depth and square root of time
in days to determine the KAC value of the concrete mixes, and Figure 21 compares the
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different carbonation depths after 7-day, 14-day and 28-day exposure. After 7 days, 14 days,
and 28 days, C100 had the least carbonation depth at 2.89 mm, 3.01 mm, and 3.82 mm,
respectively. The carbonation depth increased by 25.4% to 3.62 mm at 7 days, by 48.5% to
4.47 mm at 14 days, and by 6.3% to 4.06 mm at 28 days with the addition of GGBS in CG.
Zhao et al. found a similar increase in carbonation depth with the replacement of 50%
GGBS [56]. This is caused by the consumption of calcium hydroxide by the GGBS during
the formation of C-S-H gels [56]. The calcium hydroxide or portlandite gives the concrete
the ability to resist carbonation. Moreover, GGBS causes delayed hydration, which leads to
inadequate curing, and a porous microstructure decreases the carbonation resistance [57].
The addition of SF in CGS2.5 and CGS5 causes the carbonation depth to increase further to
3.89 mm and 3.87 mm, respectively, at 7 days. SF is highly reactive and reacts with calcium
hydroxide to create C-S-H gels, decreasing the ability to resist carbonation. At 28 days,
all mixes containing SF showed greater carbonation depth compared to the control mix
(C100). However, the carbonation depth gradually decreased as the SF dosage increased,
likely due to pore refinement that decreases concrete permeability, reaching its lowest at
7.5% replacement but still greater than C100. Since cement is the primary source of calcium
hydroxide, its replacement with GGBS and SF lowers initial alkalinity, and their subsequent
reactions further deplete the available calcium hydroxide, significantly compromising
carbonation resistance.

 

Figure 20. Determination of the carbonation coefficient (KAC) of concrete mixes.
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Figure 21. Carbonation penetration for each mix.

4. Discussion
4.1. Printability

A concrete mix must be considered to have a high level of printability to make it
usable as 3DPC. The two primary factors influencing printability are pumpability and
buildability [58]. Pumpability is the ability for concrete to be pumped to the printer head,
and buildability is focused on shape retention and early-age strength to support subsequent
layers, as well as ensuring adequate interlayer bonding. Tay et al. [59] evaluated the
printability of concrete based on criteria that relate slump and slump flow tests to key
performance aspects. The slump test is more indicative of shape retention [59]. However,
the determination of the interlayer bond strength through direct tensile testing and shear
bond testing is necessary to perfectly analyze the interlayers of 3D-printed elements in
the future. Slump test results indicate that CGS7.5 and CGS10 exhibit slump values of
21 cm and 19.5 cm, respectively. As shown in Figure 10, these mixes can also retain their
shape, similar to C100. The CGS5 mix shows moderate shape retention with a slump of
23.5 cm, while CGS2.5 and CG display no shape retention. However, both CGS2.5 and
CG demonstrate high flowability, suggesting their suitability for pumping, but this needs
to be verified in future through rheology. CGS5 demonstrates a high flowability with
better consistency, making it ideal for pumping. Similarly, the printability of CG, CGS7.5,
and CGS10 appears promising due to their similarity in cohesiveness to CGS5. These
observations highlight that incorporating SF into low-carbon concrete mixes enhances the
printability of 3DPC. This causes an improvement in the interlayer bond, which increases
the durability of the concrete. To further strengthen this evaluation, more quantitative
criteria for pumpability and buildability (such as rheological measurements to obtain yield
stress and plastic viscosity and buildability derived from layer deformation or height
retention tests) need to be evaluated in future.
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4.2. Mechanical Properties

The most significant mechanical property of 3DPC is the compressive strength. From
the compressive strength results, it was found that replacing cement with GGBS by 50% re-
duces the 1-day compressive strength by 58.5%. Although the strength of the fresh concrete
was not investigated, the reduced strength at 1 day suggests that all the low-carbon mixes
used are still suitable for 3DPC, as they meet the minimum early strength requirements
for structural buildability and can support subsequent layers during the printing process,
but need to be assessed in future. This highlights the adequacy of low-carbon concrete as a
blockwork replacement, without even considering the significant long-term strength gain
observed at 7 and 28 days. However, to fully assess its mechanical suitability, the fresh-state
mechanical performance of the low-carbon mix must be further investigated.

4.3. Durability Enhancements

As previously highlighted, the interlayer interface in 3DPC represents a critical zone of
weakness, as the material does not behave as a fully homogeneous solid. This discontinuity
can lead to the formation of voids and microcracks, which facilitate the ingress of air and
liquids, thereby compromising durability. Furthermore, the incorporation of additives
such as GGBS and SF, as demonstrated in this study, can significantly enhance resistance to
chemical attacks.

4.3.1. Chloride Resistance

It was evident from the results that the incorporation of GGBS significantly enhances
the concrete’s resistance to chloride penetration, as illustrated in Figure 17. The CG mix
containing 50% GGBS exhibited 4.7 times greater resistance compared to the C100 mix,
which used 100% cement as the binder. This improvement is attributed to the formation
of a denser microstructure and the generation of Friedel’s salts, which reduce chloride
permeability in the concrete [60]. Additionally, the inclusion of SF further improved the
chloride resistance of the concrete mixes. An increase in SF dosage from 2.5% to 10%
led to a corresponding increase in chloride resistance. This enhancement is likely due to
the additional refinement of the microstructure through the formation of calcium silicate
hydrate (C-S-H) gels during the pozzolanic reaction.

4.3.2. Carbonation Resistance

The carbonation exposure results, as shown in Figure 21, indicate that the incorpo-
ration of GGBS and SF adversely affects the carbonation resistance of concrete at early
ages. Specifically, the inclusion of GGBS reduced the carbonation resistance by more than
1.06 times at 28 days compared to the control mix. This is attributed to the consumption
of calcium hydroxide in the formation of C-S-H gels, which leads to a scarcity of calcium
hydroxide to react with the penetrated carbon dioxide to form calcium carbonate and slows
down the carbonation process [61]. Although SF addition reduces carbonation resistance,
this is an important factor for 3D-printed elements, as interlayer zones are more prone
to CO2 penetration and localized carbonation. This effect can be significant in aggressive
outdoor or reinforced applications but minimal in interior or non-reinforced components.
Mitigation measures such as surface treatments or interlayer densification can minimize
carbonation risk and enhance long-term durability [19]. However, it is worth noting that
during over-extended curing periods, the continued development of a denser microstruc-
ture that will be facilitated by GGBS and SF may eventually enhance carbonation resistance
by limiting carbon dioxide ingress [62]. The higher CaO content in GGBS promoted ad-
ditional C-S-H and C-A-S-H gel formation, refining pores and enhancing strength and
chloride resistance. However, increased SF reduced overall calcium availability, lowering
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the C/S ratio and producing a more silica-rich gel with less buffering capacity against CO2.
As a result, carbonation depth followed a non-linear trend, and moderate SF improved
microstructure and strength, while excessive replacement increased carbonation due to
reduced calcium content [10]. Further long-term studies in future are needed to confirm this
potential improvement. To limit the increased carbonation observed at higher SF contents,
approaches such as optimizing SCM replacement levels and incorporating small doses
of reactive nano-additives can be effective. Prolonged moist curing further reduces CO2

ingress. Also, it is recommended to take pore-refinement measures with targeted chemistry
control by maintaining an adequate amount of Ca (OH)2 when developing low-carbon
mixes [63].

4.4. Sustainability Trade-Off

3DPC holds significant potential for enhancing sustainability in the construction in-
dustry. One of its key advantages is the precision it offers in material usage, and accurate
digital modelling enables concrete to be placed exactly where it is needed, reducing over-
production and minimizing onsite waste. This efficiency not only reduces raw material
consumption but also lowers energy demands related to transport and formwork fabrica-
tion, as 3DPC eliminates the need for traditional moulds. The environmental benefits can
be further amplified by incorporating low-carbon concrete mixes. In this study, GGBS was
used as a 50% replacement for cement, resulting in a 44% reduction in carbon emissions.
The inclusion of SF contributed to additional emission savings. This aligns with global
efforts to decarbonize the construction sector and transition toward a circular economy. A
suitable trade-off between concrete performance and carbon emission reduction is essential
to ensure its viability as an alternative [64].

To quantify the sustainability trade-off more clearly, the optimum mix (CGS5) demon-
strated a 45.5% reduction in carbon footprint compared to the control mix (C100). However,
the sustainability of 3DPC must be balanced against performance requirements. While
the early-age strength of the low-carbon mix is lower, it remains adequate for targeted 3D
printing applications, particularly in non-structural or prefabricated blocks. For larger-scale
or load-bearing structures, further mix optimization may be required. While the 5% SF mix
significantly reduced embodied carbon, its slightly higher carbonation depth may affect
the durability of 3D-printed elements in CO2-rich environments. The aim is to minimize
carbonation susceptibility through optimized mix design, curing, and protective measures
to ensure sustainable long-term performance, as reported in previous research [65]. Ul-
timately, with continued innovation and validation, 3DPC combined with sustainable
binders can play a transformative role in achieving greener construction.

5. Conclusions and Future Recommendations
This study investigates the impact of silica fume on the fresh, mechanical, and selected

durability properties of low-carbon 3DPC. Based on the results from testing, the following
conclusions can be made.

• The incorporation of GGBS and SF improved the overall durability, increasing chloride
resistance by up to 4.7 times compared to the control mix.

• Slump test results show that adding GGBS increased the measured slump by 1.2 times,
while the addition of SF caused a linear decrease in slump, indicating improved
mix cohesiveness. A 5% SF content provided the most suitable workability for 3D
printing applications.

• GGBS reduced early compressive strength by 58.5%, and adding 7.5% SF further
decreased strength by 12.7% at 7 days. However, at 28 days, the low-carbon mix (CG)
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and the 5% SF mix (CGS5) achieved 4.2% and 6% higher strength, respectively, than
the control.

• Low-carbon mixes containing GGBS showed 25.4% higher carbonation depth, and SF
addition increased carbonation up to 7.5% content, after which the rate stabilized.

• Replacing cement with GGBS and SF substantially reduced carbon emissions, pro-
ducing a more sustainable mix. The suitability of the mixes for the potential ap-
plication of 3D printing was assessed based on their slump, strength, and selected
durability performance.

• While SF slightly reduced early-age strength and carbonation resistance, these effects
were offset by a 6% gain in 28-day strength and a 6.7-fold improvement in chloride
resistance compared to C100.

• Overall, a 5% SF replacement achieved the best balance of workability, strength, and
durability for low-carbon 3D-printable concrete.

Future work will employ standard 3D printing tests, including buildability, rheological
characterization, interlayer bond, and open time measurements to optimize the balance
between pumpability and shape retention, as reported in a previous study [66]. Also,
there is a need for future work to confirm the early-age carbonation behavior observed
with GGBS/SF mixes under natural field conditions and thermal behavior at elevated
temperatures. Additionally, future work should focus on comprehensive microstructural
characterization using MIP, SEM-EDS, and XRD to provide direct evidence of chloride
binding, pore refinement, and phase evolution (e.g., Friedel’s salt formation) underlying
the observed durability performance.
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