ﬂ buildings

Article

Demonstration of 3D-Printed Concrete Containing Fine Recycled
Concrete Aggregates (fCAs) and Recycled Concrete Powder
(RCP): Rheology, Early-Age, Shrinkage, Mechanical,

and Durability Performance

Pawel Sikora 1'*

, Karol Federowicz

1 1 2

, Szymon Skibicki 1@, Mateusz Techman 1©, Marcin Hoffmann 2,

Joao Nuno Pacheco #, Mehdi Chougan 5, Daniel Grochata 2(”, Krzysztof Cendrowski !, Daniel Sibera 109,

Jarostaw Blyszko (7, Bartosz Budziriski 1, Guan Lin ¢ and Aleksandra Ludwiczak-Sarzata ’

check for
updates

Academic Editor: Salvatore Verre

Received: 24 August 2025
Revised: 14 November 2025
Accepted: 15 November 2025
Published: 25 November 2025

Citation: Sikora, P.; Federowicz, K.;
Skibicki, S.; Techman, M.; Hoffmann,
M.; Pacheco, ].N.; Chougan, M.;
Grochata, D.; Cendrowski, K.; Sibera,
D.; et al. Demonstration of 3D-Printed
Concrete Containing Fine Recycled
Concrete Aggregates (fCAs) and
Recycled Concrete Powder (RCP):
Rheology, Early-Age, Shrinkage,
Mechanical, and Durability
Performance. Buildings 2025, 15,4255.
https://doi.org/10.3390/
buildings15234255

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/lice
nses/by/4.0/).

Faculty of Civil and Environmental Engineering, West Pomeranian University of Technology in Szczecin,

70-310 Szczecin, Poland; karol.federowicz@zut.edu.pl (K.F.); szymon.skibicki@zut.edu.pl (S.S.);

mateusz.techman@zut.edu.pl (M.T.); krzysztof.cendrowski@zut.edu.pl (K.C.); daniel.sibera@zut.edu.pl (D.S.);

jaroslaw.blyszko@zut.edu.pl (J.B.); bartosz.budzinski@zut.edu.pl (B.B.)

Faculty of Mechanical Engineering and Mechatronics, West Pomeranian University of Technology in Szczecin,

70-310 Szczecin, Poland; marcin.hoffmann@zut.edu.pl (M.H.); daniel.grochala@zut.edu.pl (D.G.)

3 C5LAB—Sustainable Construction Materials Association, 2795-242 Lisboa, Portugal;
joaonpachecol@tecnico.ulisboa.pt

4 CERIS/IST, Avenida Rovisco Pais, 1049-001 Lisboa, Portugal

5 School of Mechanical, Aerospace and Civil Engineering, The University of Sheffield, Sheffield S1 3]D, UK;

m.chougan@sheffield.ac.uk

Department of Ocean Science and Engineering, Southern University of Science and Technology,

Shenzhen 518055, China; ling@sustech.edu.cn

7 Betotest Poland Construction and Road Laboratory Ltd., 70-028 Szczecin, Poland;
aleksandra.ludwiczak@betotest.pl

*  Correspondence: pawel.sikora@zut.edu.pl

Abstract

The paper presents a comprehensive analysis of cement-based composites incorporating both
fine recycled concrete aggregates (fRAs) and recycled concrete powder (RCP), which were used
for 3D concrete printing. The study evaluates properties ranging from fresh-state behaviour
to hardened properties, durability, and microstructural characteristics. In the final stage, a life
cycle assessment (LCA) was conducted. A study found that it is feasible to print a composite
containing up to 100% fRA as a replacement for natural river sand. Notably, an increase in fRA
content enhances the buildability of the mix, as confirmed by green strength tests. However,
the open time of mixes containing fRA and RCP was shortened. Incorporation of RCP and
fRA led to a decrease in shrinkage within the first 24 h of hydration. Mechanical studies
reported a significant reduction in compressive strength (up to 55%) when RCP and fRA were
introduced to the mix. Despite the reduction in mechanical properties in specific configurations,
all mixes—including 100% fRA and 10% RCP—exhibited compressive strengths above 30 MPa,
demonstrating their potential suitability for use in the construction industry. The durability
properties of mixes modified with fRA show that there is a statistically significant reduction
in flexural strength after 25 and 50 freeze-thaw cycles. In terms of compressive strength, cast
specimens did not exhibit any notable reduction in mechanical performance after freezing and
thawing cycles. The LCA results demonstrate the high potential for using fRA and RCP derived
from concrete waste in the additive manufacturing industry.

Keywords: additive manufacturing; 3D printing; recycled aggregates; recycled powder;
rheology; durability; construction and demolition waste; concrete
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1. Introduction
1.1. General Remarks

The cement and concrete industries are paramount for the fulfilment of the construc-
tion sector’s challenges in achieving sustainability while keeping up with the increasing
demand for housing and infrastructure caused by population growth and urbanisation.
These industries are currently facing the need to mitigate the impacts of raw clinker pro-
duction and virgin aggregate consumption, while simultaneously reducing the generation
of waste associated with their activities [1], which is becoming an increasingly relevant
problem because of the increase in construction and demolition activities in Europe and
worldwide, e.g., in 2021, the EU-27 produced approximately 840 million tonnes of con-
struction and demolition waste (CDW) [2], accounting for over 36% of its total waste
generation [3].

The construction industry is also a major consumer of natural resources, accounting
for over half of the mineral resources extracted from the environment [4]. It results in
significant environmental degradation, diminished soil fertility, and increased pollution
levels, along with the depletion of mineral reserves. To address these concerns, the EU is
shifting to circular economy models in the construction sector and has set ambitious targets
for the reuse and recovery of CDW [5]. Recovering CDW as a secondary raw material for
concrete production provides substantial environmental benefits, such as reducing reliance
on natural mineral resources and reducing the volume of CDW directed to landfills [6].

The CDW composition differs widely across regions due to variations in economic
structures, environmental conditions, and construction practices. Despite these differences,
most non-soil CDW (typically 70 to 80% of the total mass [7]) is composed of concrete,
unbound stone, ceramics, and other inorganic materials that fit into waste code W121 of
the European Waste Catalogue (Mineral C&D waste). These materials can be recovered as
recycled aggregates (RAs) for use in concrete [8]; however, recycled particles can negatively
impact concrete properties due to differences in aggregate characteristics. Unlike rounded
fine natural aggregates (sands), recycled aggregates are often angular and rough, having a
specific surface area up to 400% larger than rounded fine natural aggregates [8].

The literature on the use of fRA in concrete presents mixed findings. Some studies
have reported that incorporating fRA can adversely affect the compressive and splitting
tensile strength of concrete. For instance, Khatib [9] observed that concrete mixes containing
100% fRA experienced reductions in compressive strength of 30%. Conversely, another
study [10] reported that replacement ratios of up to 30% had no significant impact on the
compressive strength of concrete. Durability is typically affected by the incorporation of
fRA. For instance, Evangelista and de Brito [11] found that the chloride migration coefficient
increased by 34% with a complete replacement of fine natural aggregates, and resistance to
carbonation decreased (110% increase in carbonation depth). These authors [11] argue that
concrete with fRA is a sustainable alternative to natural aggregate concrete in structures
that are not exposed to aggressive environments.

To increase the market adoption of fRA, a shift towards higher-value applications is
essential. A suitable alternative is to incorporate fRA in composites meant for the additive
manufacturing (AM) of concrete.

Concrete AM can greatly reduce construction time [12] and significantly reduces
material consumption [13], while reducing workmanship and formwork use, driving
higher levels of automation and industrialisation in construction [14]. Combining AM with
sustainable construction materials that incorporate CDW provides a powerful strategy that
is resource-efficient. Research on this topic is still exploratory, and the results are promising.
In recent years, recycled aggregates have increasingly been incorporated into concrete AM
applications as substitutes for natural sand and coarse aggregates [15-19]. However, the
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direct use of recycled concrete powder in cementitious mixtures has been comparatively
less explored.

Previous studies have examined the influence of recycled concrete powder on flow
behavior of mortar samples [20], leading to further investigations on mechanical properties,
workability, and printability of mortars containing up to 30% cement replacement with
recycled concrete powder [21]. These studies indicated that, while recycled concrete
powder incorporation reduced flowability, it enhanced early-age strength and structural
buildability during the printing process. The improvements were strongly linked to the
higher hydration heat observed in the initial hours of curing. Moreover, the significant
water absorption capacity of recycled concrete powder, due to rapid saturation upon
mixing, contributed to the loss of flowability in printable mixtures [22]. For instance,
Cavalcante et al. [23] investigated 3D printable pastes incorporating recycled concrete
powder (RCP) as a partial replacement for cement at levels of up to 50%. Their study
assessed rheological properties, printability, and life cycle performance. The results showed
that the addition of RCP led to as much as a threefold increase in static yield stress, along
with elevated dynamic yield stress values. Variations in viscosity were linked to differences
in particle packing density. However, the increased yield stress posed potential challenges
to both extrudability and buildability. In a recent study, Qian et al. [24] investigated
the incorporation of RCP and recycled concrete aggregate in 3D printable cementitious
composites. Specifically, the addition of 10% RCP increased the yield stress from 1423 Pa
to 1573 Pa, while the viscosity was largely maintained. A study conducted by Robayo-
Salazar et al. [25] explored the potential use of RP (<75 um) and fRA (<1.18 mm) derived
from the production of 3D printable pastes and mortars. Their research demonstrated the
feasibility of replacing 30% (by weight) of Portland cement (PC) with recycled powders
(<75 pum). Another study [26] found that incorporating fRA can be practical for 3D-printed
fibre-reinforced mortars. The findings indicated that, when suitable fibres are incorporated
in the concrete mix, the 3D-printed mortar incorporating 100% recycled fine aggregates
exhibited superior mechanical properties and enhanced deformation capacity compared to
their fibre-free counterparts containing 100% natural fine aggregates.

1.2. Significance

Current research on 3D-printed concrete with fRA and RCP is largely limited to evalu-
ating fresh-state properties (e.g., flowability, buildability) and mechanical performance (e.g.,
compressive and flexural strength) [13]. Systematic studies investigating the combined use
of fRA and RCP in 3D-printable mixes, as well as their effects on mechanical performance,
interlayer bond strength, durability, microstructural development, and life cycle assess-
ment (LCA), are still scarce. This highlights a significant research gap and underscores
the need for more comprehensive investigations addressing printability, performance, and
sustainability of such mixes. Due to specificities (such as different raw materials and
compositions, different types of fRA), inferences from different experimental campaigns
addressing different topics may not be scientifically sound. To address this issue, this paper:

e Investigates the influence of fRA and recycled concrete powder (RCP) on the printabil-
ity of 3DPC.

e Analyses the influence of fRA and RCP on several key fresh and hardened state
properties of 3DPC.

e  Presents a comparative life cycle assessment in which the economic and environmental
impacts of the production of 3DPC with and without fRA and RCP are compared.

To the best of the authors” knowledge, no prior publication has provided such an
extensive analysis of the influence of RCP and fRA on the properties of 3DPC.
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2. Materials and Methods
2.1. Raw Materials and 3DPC Mix Design

The mix design of 3DPC is presented in Table 1. Mix MOF is exclusively made with
primary raw materials and is used as a reference in the analysis of results. Its total binder
content is 830 kg/m3 (70% CEM I 42.5R according to EN 197-1 [27], 20% fly ash, and 10%
silica fume), and the aggregate-to-binder ratio is 1.57. The specific gravities of OPC, FA,
and SF, determined using a helium pycnometer, were found to be 3.07 g/cm?, 2.28 g/cm?,
and 2.22 g/cm?, respectively. The fine natural aggregate (fNA) used is river sand with a
siliceous nature. The effective water/binder ratio is 0.24, and the 3DPC is also composed of
a superplasticiser (2.7 kg/m?) and 6 mm glass fibres with an aspect ratio of 40, nominal
diameter of 15 um, and apparent density of 380-480 kg/m3. The other concretes were
defined by: (i) replacement of 10% of cement by RCP, aiming at reduction of clinker content
(RACO); (ii) 10% replacement of cement by RCP and 50% replacement of fNA by fRA;
(iii) 10% replacement of cement by RCP and full replacement of {NA by fRA.

Table 1. Concrete mix design.

) MOF RACO RAC-50 RAC-100
Material ke/m3
g/m

Cement CEM 142.5R 580 522 522 522
Fly ash 166 166 166 166

Silica fume 83 83 83 83

fNA (river sand) 1300 1300 650 -

RCP - 48.2 48.2 48.2
fRA - - 644 1289
Superplasticizer 2.70 2.70 2.70 2.70
Glass fibres 6 mm 3.86 3.86 3.86 3.86
Effective water 200 200 200 200
Compensation water - - 46.75 93.51

All replacements of primary raw materials by secondary ones were made by volume,
and compensation water was added when fRAs are used to account for their water ab-
sorption. Both options were taken to ensure a scientifically fair comparison, since both the
water absorbed by the RA and the differences in density between fRA and fNA would
reduce the ratio between aggregates and binder (and, in the case of the water absorption,
the free water and the w/c ratio).

The fNA has a grading of 0/2 mm and the properties presented in Table 2. This
table also presents the properties of the fRA. Both fRA and RCP were produced from the
same source of concrete waste: samples of C30/37 specimens, with ages well over 1 year,
produced for conformity testing of different production days of ready-mix concrete. This
concrete waste is pure, without any contamination with other materials (e.g., ceramics,
clay-like fines, wood, glass, and others), therefore representing a scenario in which concrete
rejects are collected at their production site specifically for 3D printing. The concrete waste
was crushed with a jaw crusher due to its suitability as a primary crusher for CDW [28];
afterwards, the samples were sieved, and secondary crushing with a hammer mill was
carried out for particles above 2 mm. Sieving separated particles between 0 and 0.125 mm
(RCP) and particles between 0.125 mm and 2.0 mm (used as fRA). Concerning shape, since
the fNA is rolled sand while the RCP is mostly primary crushed with a jaw crusher, the fRA
are expected to be more elongated and flakier than the fNA [28], as observed in another
publication in which the same protocol and equipment were used to crush fRA [6] (and
in which the fNAs are the same as those of this paper). The nature of the materials also
implies that the fRAs are rougher than the fNA [29].
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Table 2. Properties of the fine aggregates used. Test data: average of two samples.
Property fNA fRA
pa—Apparent particle density (kg/m?>) 2650 2682
pra—Oven-dried particle density (kg/m?) 2620 2246
pssq—Saturated and surface-dried particle density (kg/ m?) 2630 2408
WA ;—Water absorption 24 h 0.40% 7.25%

As expected, the fRAs used in this research have: (i) worse properties than the fNA
(with a water absorption that is 6.85% larger in absolute terms) and lower density (this is
relevant since the replacement of {NA by fRA was carried out by volume) and (ii) better
properties (lower water absorption and higher density) than the average properties ex-
pected from fRA produced from concrete waste [30]. It is a consequence of these fRAs being
produced from well-controlled concrete waste. Particle size distribution of used materials
is presented in Figure 1.

100

—e— Cement
Fly ash
—<— Silica fume

801 _a—tNa

Jl-—o—fRa

60

40-

Total passing [vol.%]

204

T T T RIS | T T T T T T
0.1 1 10 100 1000 10000
Particle size [um]

Figure 1. Particle size distribution of cement, fly ash, silica fume determined using laser diffraction
method and aggregates determined using sieve analysis.

2.2. Rheological Tests

In this study, rheological measurements were conducted using an MCR 72 compact
rheometer equipped with vane geometry. A ribbed cup with a 120 cm?® capacity was
utilised to mitigate wall slip effects. Additionally, the flow table was utilised to determine
the workability of prepared mixes.

2.2.1. Static Yield Stress Test

The static yield stress (ts) was determined over 5 min intervals over 20 min after
mixing. The peak value (Tmax) obtained from the shear stress curve, was used for the
analysis. The assessment of static yield stress started five minutes after the completion of
the mixing process. First, the samples underwent pre-shearing at a rate of 100 s~! for 60's,
followed by a rest period of 4 min. A consistent shear rate of 0.1 s~! was then applied for
60 s, followed by a further resting interval of 4 min. ts was defined as equivalent to Tmax,
with s values at each interval recorded to understand the time-dependent rheological
behaviour of the samples.

2.2.2. Dynamic Yield Stress Test

A two-stage testing protocol was designed. The first stage involved pre-shearing
the material at a fixed shear rate of 100 s~! for 30 s. After pre-shearing, shear stress
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measurements were conducted covering a shear rate (+y) range from 100 s~ ! to 55~ . The
full explanation of the rheology evaluations has already been presented in the authors’
previous studies [31].

Regarding the rheological model, since cement-based composites typically exhibit
non-Newtonian and pseudoplastic properties, the modified Bingham model (MBM) was
chosen (refer to Equation (1)) due to the resulting correlation coefficient (R?) of virtually
1.0 (0.9896).

The values of yield shear stress (tp) and plastic viscosity (17,) for each composite were
calculated using Equation (1).

T = tn, T + i M)

2.2.3. Three-Interval Thixotropy Test

The three-interval thixotropy test (3ITT) was used to measure thixotropic recovery.
While other calculation methods, such as measuring the hysteresis loop area, have been
widely applied in research on cementitious composites, these traditional approaches have
limitations. The conventional thixotropic loop method continuously applies shear stress,
preventing the undisturbed recovery of the material’s static structure. As a result, the 3ITT
method is suggested as a more effective alternative to the standard hysteresis loop area
approach for assessing thixotropy [32,33].

The 3ITT protocol consists of three distinct stages: initially, the fresh cementitious
material undergoes a low, constant shear rate (static stage). Subsequently, the sample is
subjected to a substantial and constant shear force during the shear stage. Finally, the
sample experiences the same low shear force as the first stage (structural recovery stage).
To quantify the thixotropic recovery percentage based on 3ITT, Equation (2) was employed.

/
Recovery

G
Thixotropic recovery(%) = —,—— x 100 )
Ginitial
where: G'recovery is the storage modulus value at the end of the third stage and G'jpjgal
represents the storage modulus value at the end of the first stage.

2.3. Adiabatic and Isothermal Calorimetry Tests
2.3.1. Adiabiatic Calorimetry Tests

The concrete mix was prepared using a planetary concrete mixer. It was then placed
into an insulated mould and compacted. The specimen was weighed and subsequently
placed in the measurement chamber of the calorimeter.

An adiabatic calorimeter (Controls S.p.A., Italy) was used to monitor the temperature
rise of the concrete mix during the first 48 h of the hardening process. The measurements
were performed on 150 mm cubic specimens following EN 12390-15 [34]. Four concrete
mixes—MOF, RAC0, RAC50, and RAC100—were prepared and tested. All materials were
conditioned at an ambient temperature of 20 °C £ 2 °C prior to testing.

Equation (3) was used to measure the cumulative development of heat of hydration
based on the test results. X
_ CeonAT, ()
B Meon

q(t)

where: qt is the heat release at a time, Ccon is the total heat capacity of the concrete specimen

(3)

alone, AT, (t) is the intrinsic temperature rise, mqon is the mass of a concrete sample. The
total heat capacity of the mix was determined using the specific heat capacity of the mix
constituents following the EN 12390-14 [35].
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Results of heat development were normalised against the mass of cement in the sample

using the following Equation (4): o
norm = fot 4)

cem

where g,0rn—value of normalised heat, Q,s—total heat, #1..;,—mass of cement.

2.3.2. Isothermal Calorimetry Tests

All materials used in the experiment were conditioned at a temperature of 20 °C prior
to mixing. Calorimetric test mixtures were prepared using these pre-conditioned materials.
The dry components were first accurately weighed and homogenised, followed by the
addition of water containing a plasticiser. The total batch size for each mixture was 500 g,
prepared using a laboratory mixer to ensure uniform consistency.

From each batch, 50 g of the fresh mix was weighed and transferred into calorime-
ter containers. To ensure proper compaction and eliminate air voids, the samples were
subjected to vibration using a vortex vibrating shaker.

The heat of hydration and heat flow were measured using a three-channel isothermal
calorimeter (TAM AIR, TA Instruments, New Castle, DE, USA). The system, equipped with
dual channels, enabled simultaneous measurement of the sample and a reference sample.
The calorimeter software facilitated continuous data acquisition over extended periods,
with a thermal accuracy of £0.02 °C. The calorimetric measurements were conducted for
96 h. The cumulative heat release values were normalised relative to the total mass of each
sample [36], using the following formula:

Q(t)

Mot

Gnorm (t) = ()

2.4. Flow Table

The flow table test was conducted according to EN 1015-3 [37] to determine the
flowability of the mixes. The test was performed 15 min after water-cement contact.

2.5. Green Strength

The preliminary buildability performance of the mixes was evaluated using an uncon-
fined uniaxial compression test, similar to the method used in [6,38,39]. This test measures
the stress—strain relationship of the mix at early ages. The primary outcomes of the test are
the maximum green strength and the green Young’s modulus.

The tests were conducted at a constant displacement rate of 15 mm/min and per-
formed either 30 min or 60 min after the water-cement contact. After mixing, specimens
were moulded into cylindrical plastic forms measuring 60 mm in diameter and 120 mm in
height. After curing until the test age, the specimens were demoulded and placed on the
test apparatus.

During the test, the specimen’s deformation was recorded using linear variable dif-
ferential transformer (LVDT) displacement transducers with an accuracy of 0.01 mm. The
transducers were connected to an HBM QuantumX strain gauge bridge (MX840A, HBM,
Darmstadt, Germany).

2.6. Early-Age Shrinkage

The effect of RCP and fRA on the total shrinkage development within the first 24 h
was examined for all composites. Previous research [40] has indicated that this time frame
is critical for the deformation of 3D-printed concrete, primarily due to increased water
evaporation and the lack of traditional formwork. Shrinkage testing was performed using
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a)
Laser
gauge 2

Sample——

Mould ==

the shrinkage-cone apparatus manufactured by Schleibinger (Buchbach, Germany). The
testing concept and measurement setup are depicted in Figure 2.

b) 100% 80%
-0 =

100%

Figure 2. Early-age shrinkage measuring setup: (a) configuration; (b) sample geometry; (c) sample
during test. Reprinted from [40].

A steel mould, lined with a friction-reducing foil, was filled with the sample and
compacted, with a flat reflective measurement point placed on the upper surface. The
distance to the reference point was measured with an accuracy of 2 um at 5 min intervals.
Given the geometry of the sample, the change in height measured by the cone corresponds
to the volume change.

The shrinkage measured according to this protocol evaluates the performance of the
3DPC but does not include pumping or printing. It means that the tests do not account for
the deformation of the printed element due to the differing surface-to-volume ratios of the
sample, nor the tribological and rheological phenomena that occur during pumping and
printing. However, it does allow assessing the impact of changes in the binder composition
on overall shrinkage.

2.7. Hardened Properties
2.7.1. Strength Development (Cast vs. Printed Samples)

The hardened 3DPC strength properties were tested according to EN 1015-11 [41]
on both standard and printed samples. The printed samples were extruded through a
rectangular nozzle (50 x 8 mm) and consisted of six layers. After 20 h of hardening, they
were trimmed into prismatic specimens with dimensions of 40 x 40 x 160 mm. Until
cutting, the samples remained covered; afterwards, they were trimmed, labelled, and
cured by full immersion in water at 20 °C. The tests were conducted in two orientations:
top, where the load was applied vertically to the printing direction, and side, where the
sample was loaded horizontally to the printing direction (Figure 3). For flexural and
compressive strength testing, 3 and 6 specimens were taken, respectively, with the mean
value considered representative.

"printing dirgctibyr'\"

Figure 3. Layer orientation in strength tests.
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2.7.2. Elastic Modulus

The initial and stabilised elastic moduli of prepared 3DPC were determined in accor-
dance with EN 12390-13 [42] on 100 x 200 mm samples after 1, 2, and 28 days of curing.
Three samples were tested in each set, using a Zwick Toni Technik hydraulic press and a

set of three electronic gauges.

2.8. Freeze—Thaw Resistance

Freeze—thaw resistance testing was conducted on both standard samples of 40 x 40
x 160 mm and 3D-printed, multi-layered samples cut to fixed dimensions. The printing
conditions and size of the specimens were those presented in Section 2.7. For each mix and
sample type (3D-printed or conventionally cast), six specimens were tested as control, along
with two test sets in which samples underwent 25 and 50 freeze-thaw cycles, respectively.
The testing followed a modified method based on ASTM C666 [43]. The modified cycles
are illustrated in Figure 4.

%9

18 +

-
N
1

1 F-T cycle

[e)]
1

Temperature [°C]
o
l

S,
N o
1 1

N
I

Time [h]
Figure 4. Freeze-thaw resistance test—scheme [44].

2.9. Interlayer Adhesion

The interlayer adhesion was tested by the splitting test method according to European
Standard EN 12390-6 [45]. A similar method was performed in [39]. The tests were
conducted on cubical specimens with edges of 40 = 5 mm after 1 day of curing. The
splitting tensile strength (f.; [MPa]) was calculated according to the EN 12390-6 [45] as

shown in Equation (6):
2F
fa=—75 (6)
The symbols represent:
F—maximum force recorded by an electromechanical press [N];
[—the length of the line contact of the specimen [mm];

d—the designated cross-sectional dimensions [mm].

2.10. Buildability

Buildability refers to the ability of the printed structure to maintain vertical and lateral
stability under the load of subsequent layers [46]. A 3-degree-of-freedom Cartesian robot
equipped with a pump was employed to print the material and check for buildability. The
3DPC was extruded through a screw head at a flow rate of 1.0 litre per minute, and the
printing apparatus is the same as described in [6]. To assess the buildability, a column
with a centreline diameter of 150 mm was printed. Each layer had dimensions of 10 mm
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in height and 30 mm in width, and the printing speed was set to 2500 mm/min. The
procedure for printing was similar to the procedure used in [6,47], with a 15 s interval
between consecutive layers, simulating the printing of a structure with a specified perimeter
length. The test continued until either structural failure occurred or a maximum of 40
layers was reached. Printing was conducted between 45 and 60 min after water was added
to the dry mix ingredients. Following the test, the maximum height of the printed column
was recorded.

2.11. X-Ray Micro-Computed Tomography (Micro-CT)

The incorporation of fRA affects the properties of cementitious materials, affecting
both their solid and pore characteristics. In this study, the microstructural attributes of
representative cast and printed samples, with and without fRA, were analysed using X-ray
micro-computed tomography (micro-CT) on specimens with dimensions of 20 x 20 x 20
mm that were scanned using the Waygate Technologies V | tome | xS (Bruker, Portland, OR,
USA). The operating voltage of the lamp was 170 kV and the current intensity was 300 pA
and, at a magnification of x10.6, a voxel size of 18.77 um? was obtained.

Figure 5 illustrates the micro-CT imaging process. The solid and pore structures of the
samples were analysed, with an emphasis on key aspects of the pore structure, including
porosity, pore size distribution, and pore shape [48], due to their influence on material
properties. The imaging process involved scanning the prepared specimens to produce a
series of 2D images, which were subsequently reconstructed into 3D representations, as
shown in Figure 5. These 3D images, saved in 8-bit format, utilised 256 grayscale values
(ranging from 0 to 255) to denote the relative density of different regions. To enhance the
visualisation of pore features, image segmentation was performed using a modified Otsu
method in combination with manual threshold adjustments [49]. The reconstructed 3D
images for each specimen comprised 670 x 670 x 670 voxels, with a pixel size of 2.6 um.
These 3D volume data sets were further divided into layers to facilitate detailed analysis of
the pore structures.

' 3D mesh volume by stacking the grayscale images .

Binarized CT images Grayscale 3D volume Segmented-pore volume

I 3D pore volume by stacking the binary images I

Figure 5. Micro-CT imaging procedure.

2.12. Environmental and Economic Impact

The impacts of replacing cement with RCP and natural sand with fRA are analysed
in three main categories: the content of fRA and RCP, the global warming potential (an
indicator of equivalent CO? emissions to the atmosphere), and the cost of each mix. The
content of fRA and RCP is relevant since the primary motivation for the use of recycled
aggregates in cementitious materials is the recovery of CDW and the minimisation of the
extraction of natural resources [3]. Global warming potential is assessed since it is a key
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environmental impact indicator whose reduction is being sought by society, with specific
mentions to the construction sector in the European Green Deal [50] and clearly defined
ambitious targets in the roadmaps of cement associations, including CEMBUREAU [51]
and the GCCA [52]. Cost matters since economic considerations have been stated as one of
the factors for the low uptake of recycled aggregates by the concrete industry [3], as argued
in [53], where it was found that, for some scenarios concerning a Portuguese case study,
the incorporation of recycled aggregates may decrease the GWP of ready-mixed concrete
but may not be cost-competitive—this happens because aggregates are bulk materials with
low production cost but high transport cost [54].

The cost and environmental impacts of the 3DPC were determined through life cycle
assessment (LCA), carried out according to EN15804:2012+A2:2019 [55], and include all
impacts related to the production (information module Al) of raw materials and transport
(information module A2) of raw materials to the production site of the 3DPC. The impacts
related to the production of the 3DPC itself—transport in the plant, mixing, and other
activities (information module A3)—were not included in the LCA due to three reasons:

e  The environmental and economic impacts of the production of cementitious materials
lie primarily on the production and transport of raw materials, with little impact due
to information module 3—the GWP and cost of several concrete mixes presented in
scientific publications was determined in [56] and the impacts of concrete production
are well below 5% of the impact of raw material production and transport.

e  The scope of this LCA is to assess the economic and environmental consequences of
replacing sand with fRA, and this has no consequence on the impacts of the production
of the 3DPC (e.g., fRA use has no relevant consequences on the mixing and ancillary
operations carried out at the 3DPC factory).

e  Three-dimensional printing is an innovative technology, and it is not yet clear which of
the following is the most representative production process: on-site 3DPC production
and printing of the structure, pre-cast 3DPC production and printing and on-site
assembly, dry-3DPC production, or on-site or at-factory mixing. The impacts related
to mixing will differ depending on these conditions, with scarce data available to
determine the impacts of each of these hypotheses. The methodology used in this paper
ensures a fair comparison of impacts but avoids speculative assessments regarding
mixing and printing.

The transport distances and costs of raw materials were determined from reference
values representative of the Polish construction sector in 2024 [57]. To determine the
impacts of information module A2, the transport distance of raw materials was determined
assuming that the mixes were produced in Szczecin, Poland. Different types of data were
used for the GWP of raw materials, based on the availability of information. The types
of data were: environmental product declarations (EPDs), the Ecoinvent database [58],
and peer-reviewed publications. Table 3 presents the inventory of GWP and cost for raw
materials, including the respective references.

Table 3. Inventory of cost and global warming potential per ton of raw material production.

Raw Material Cement Fly Ash Silica Fume PCE Water Fibres Sand fRA RCP
GWP 803 0.01 1.22 2732 0.246 3240 244 1.14 1.14
(kg.COqeq./ton) [59] [60] [61] [58] [58] [62] [58] See below See below
Cost 124 0.22 299 8817 0.31 7621 13.2 2.0 2.0
(€/ton) [57] [57] [57] [57] [57] [57] [57] [63] [63]

The GWP values of sand and water were determined in LCA software from the Ecoin-
vent processes [58] “Sand 0/2 mm, wet and dry quarry, production mix, at plant, undried RER S
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Temperature (°C)

90

(ELCD)” and “Tap Water [RER] market group for | cut-off, U”. The extra water included
due to the water absorption of the fRA (see Table 1) was accounted for in the models.

The environmental impact of the production of fRA and RCP was assumed to be
the same and equal to the mean impacts of the production of recycled aggregates of
several environmental product declarations (EPDs): [64-69]. This option is taken to avoid
biases caused by specific equipment and processes, since the environmental impact of the
production of a recycled aggregate depends on the specific processes and equipment used,
and the LCA presented in this paper does not concern a single production method, aiming
at wide representativity.

The GWP of transport by ton.km was sourced from the Ecoinvent database [58]
(“Transport, freight, lorry > 32 metric ton, euro6 [RER] | market for transport, freight, lorry
> 32 metric ton, EURO6 | Cut-off” and corresponds to 0.068 kgcozeq-/ton.km), while the
transport cost was assumed as the mean cost of road transportation of 20-ton cargo in
March 2024 in Europe [70] and is 0.082 EUR/ton.km.

3. Results
3.1. Adiabatic and Isothermal Calorimetry

An adiabatic calorimeter was utilised to measure the cumulative heat evolution during
the hydration of concrete over time. The specific parameters required for this determination
are outlined in Table 4.

Table 4. Results of adiabatic calorimeter test.

Value MOF RACO RAC50 RAC100
C (J/kgK) 1093.4 1094.1 1144.9 1191.9
At (C) 55.6 53.9 50.1 48.6
Q) J/kg 60,794.5 58,972 57,360.1 57,928

The temperature over time and the normalised specific heat are presented in Figure 6.
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Figure 6. Results of adiabatic calorimeter test: left—development of temperature, right—normalised heat.

The mixes with fRA and RCP had a lower amount of cement, thus exhibiting a lower
overall temperature. Similarly, replacement of fNA with fRA contributed to a further
decrease in temperature.

In each of the samples tested, the maximum temperature was reached after about
32 h. As the amount of RCP and fRA in the 3DPC increases, the maximum temperature
decreases.
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The incorporation of fRA did not significantly influence the normalised heat develop-
ment in prepared mixes, as seen in Figure 6. The normalised heat flow results (Figure 7)
acquired from the isothermal calorimeter have shown a slight delay in peak occurrence
and a decrease in its value for mixes with fRA and RCP. It is caused by lower total cement
content and the use of additional water in the mixes containing fRA.
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Figure 7. Results of the isothermal calorimetry test: left—normalised heat, right—normalised heat flow.

3.2. Rheological Properties

Figure 8 illustrates the static yield stress of the mix formulations at 5 min intervals,
spanning from 5 min to 20 min of resting time following the completion of the mixing
process. The results indicate a gradual increase in shear stress across all mix formulations
as the resting time is extended.
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Figure 8. Static shear stress of mixes (excluding RAC100—description in Section 3.2).

The results indicated that substituting PC with RCP led to a reduction in the static yield
stress across all time intervals. This reduction has been reported in other research, which
indicated, for example, that the yield stress of a mix containing 10% RCP was reduced
by 11.7% compared to the mix containing 100% PC [71]. Conversely, replacing 50% of
natural sand with fRA resulted in an increase in the static yield stress across all recorded
time intervals. It is noteworthy that the mix containing 100% fRA, designated as RAC100,
due to the required resting time (after pre-shearing) prior to measurement (Section 2.2.1),
exhibited excessive stiffness that prevented carrying out the rheological test. The increase in
static yield stress observed by incorporating fRA into the mix is consistent with the findings
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of Zou et al. [72], whose research reported that a 3DPC containing 50% fRA exhibited an
average increase of 53.2% in static yield stress for every 10 min interval.

The findings (Figure 9 and Table 5) demonstrated that substituting PC with RCP (i.e.,
RACO) led to a slight increase in plastic viscosity by 5%, while reducing the yield shear
stress by 22% compared to the values registered for the MOFE.
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Figure 9. Rheology measurements of the mix formulations: dynamic shear stress (left) and three-
interval thixotropy test (right).
Table 5. Rheological properties of the mix formulations.
Mix Dynamic Yield Stress Plastic Viscosity (yp) =~ Correlation Coefficient = Thixotropic Recovery
(t0) [Pa] [Pa.s] (R2) [%]
MOF 336.1 9.1 0.9896 71.91
RACO 262.8 9.6 0.99447 78.75
RAC50 209.8 13.1 0.9942 51.49
RAC100 212.7 17.2 0.99481 43.09

The decrease in yield stress can be attributed to (i) the dilution effect of RCP in the mix
formulation and (ii) the particle size of the RCP. Previous studies [71,73] have indicated that
the fine powders in recycled concrete powder primarily comprise low-reactivity crystalline
compounds, such as SiO, and CaCOj3, which serve mainly as physical fillers in composite
materials owing to their inert nature. These compounds reduce the formation of hydration
products and the associated hydration heat in the initial stages, thereby reducing the yield stress.
Moreover, the wider particle size distribution of RCP, in comparison to PC particles, also reduces
yield stress. These findings are consistent with prior research, which reported an 8% reduction
in the fluidity of cementitious paste when 10% of PC was substituted with RCP [73].

The plastic viscosity increases due to the irregular surface morphology of the RCP
particles (see Figure 9), which enhances the likelihood of interparticle friction and adhesion
as the material begins to flow, thereby contributing to an increase in plastic viscosity [71].
As shown in Table 5, the mix formulation containing 10% RCP (i.e., RACO) exhibits a
slightly higher thixotropic recovery (79%) compared to MOF (72%). This increase can be
attributed to the angular shape and porous structure of RCP, which enhances the structural
recovery and thus promotes thixotropy.

The results demonstrate that substituting natural sand with fRA follows the same
trend as replacing PC with RCP: yield stress decreases and plastic viscosity increases.
As presented in Table 5, replacing natural sand with 50% (RAC50) and 100% (RAC100)
fRA resulted in reductions in yield shear stress of 20% and 19%, respectively, while the
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plastic viscosity increased by 36% and 79%, compared to the mix without fRA (RACO). A
remarkable decrease in yield shear stress was observed for RAC50 compared to RACO.
However, incorporating 100% fRA (RAC100) caused a slight increase in yield shear stress,
when compared to that of RAC50, although it remained below the values recorded for
RACO (i.e., 262.8 Pa). This behaviour can be attributed to the timing of the rheology
measurements, conducted approximately 15 min after mixing. During this period, the
excess water added to offset the high water absorption of fRA was not fully absorbed.
Consequently, the increased water content formed a lubricating water film around the main
components of the mix, facilitating its initial flow under shear stress. For RAC100, the
higher proportion of fRA with high water absorption diminished this lubrication effect,
leading to a slight increase in yield shear stress compared to RAC50.

The impact of aggregate replacement on plastic viscosity is more consistent, with a
gradual increase observed as the replacement ratio rises from 0% to 100%. The results
show that the plastic viscosity increased from 9.6 Pa.s for RACO to 13.1 Pa.s for RAC50
and further to 17.2 Pa.s for RAC100. This behaviour can be attributed to the irregular and
angular shape of fRA compared to the smooth, rounded shape of natural aggregates. The
angular geometry of fRA enhances the interlocking forces between particles, thereby im-
peding material flow and contributing to higher plastic viscosity. The thixotropic recovery
percentage, in contrast, gradually decreased with the inclusion of the fRA. As shown in
Table 5, the thixotropic recovery percentage declined from 79% for RACO to 51.5% and
43% for RAC50 and RAC100, respectively. It indicates that 3DPCs containing fRA exhibit
a weaker and less cohesive matrix, thereby reducing the material’s ability to recover its
internal structure after shear. This effect is particularly evident in the case of RAC100 (see
Figure 9), where the mix requires more time to reach the maximum structural recovery.

3.3. Flow Table

The results of the flow table spread determination are presented in Figure 10. As shown,
all mixes, except RAC100, had the spread flow in the printable range (135-170 mm) [6,74] at
all tested periods. In the case of RAC100, the initial spread exceeded the assumed range due to
the additional water used, which was caused by the use of fRA. As seen in Figure 10 a gradual
reduction in flow diameter over time can be observed, which reflects the natural increase in
viscosity and stiffness of the mixtures as hydration progresses. This trend corresponds to the
typical time-dependent loss of workability associated with the ongoing setting of cementitious
materials. It is also evident that the use of recycled aggregate reduces mixture flowability—
higher replacement levels of natural aggregate consistently result in smaller flow diameters at
each measurement stage.
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Figure 10. Results of the flow table test.
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3.4. Green Strength

The green strength of evaluated mixes was tested according to the procedure presented
in Section 2.5. The example of a failure pattern for a test specimen is presented in Figure 11.
It should be noted that the failure pattern observed in most specimens can be classified as a
shear failure plane (see Figure 11, left). This type of structural failure aligns with findings
reported in the literature [75,76].

Figure 11. Examples of failure patterns for tested specimens: left—specimen RAC100 after 60 min,
right—specimen 3DRACS50 after 30 min.

The results from the test are collected in Figures 12 and 13. Figure 13 illustrates
the maximum stresses (07,4x) obtained during the uniaxial unconfined compression test.
Based on the results, the highest green strength after 30 min from adding water to the
dry ingredients was observed in the MOF mix. The results indicated that 0y, for this
mix is approximately 35% higher than that of the RAC100 mix and 53% higher than the
RAC50 mix, which exhibited the poorest performance in the tests. Additionally, MOF has
the highest 0y,,x, followed by RACO and RAC100, with RAC50 having the lowest 7y4x.
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Figure 12. Stress—strain relationship of specimens: left—after 30 min; right—after 60 min.
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Figure 13. Maximum stresses 0yq (left) and green elastic modulus (right) obtained in the uniaxial
unconfined compression test.

The results obtained after 60 min indicated a reversed trend. In this case, the RAC100
and RAC50 mixes demonstrate significantly higher 0y,,¢ values compared to the MOF and
RACO0 mixes. Notably, the RAC100 mix achieves a strength of 41.8 MPa, which is 52.53%
higher than that of the MOF mix and 44.23% higher than the RACO mix. The difference
in strength between the RAC100 and RAC50 mixes is less than 5%. A similar trend is
observed for the Young’s modulus results (Figure 13); however, in this case, the pattern is
less pronounced compared to oy .

It should be noted that the MOF, RACO, and RAC100 mixes tested after 30 min exhibited
similar stiffness (based on the plotted curves—Figure 12), although their final strengths
differed, as discussed above. For the specimens tested after 60 min, clear differences in
stiffness are observed. The specimens with high amounts of recycled aggregate (RAC50
and RAC100) exhibit similar stiffness, which is significantly higher than that of RAC0 and
MOF. Notably, after 60 min, the MOF specimens show the lowest stiffness, which is the
opposite of the trend observed in the specimens tested after 30 min.

In addition, it is evident that the specimens tested after 60 min exhibit a failure mode
more characteristic of brittle solid materials (Figure 12, right—distinct peak), whereas the
specimens tested after 30 min display a more plastic response, with no post-peak stress
decrease and noticeable deformability. Although both behaviours could correspond to
solid and non-solid materials, the 60 min specimens show a more brittle-like response,
while the 30 min ones demonstrate plastic deformation typical of more ductile solids.

The observed trend in oy is primarily attributed to the high content of fRA with
significant water absorption in the RAC100 and RAC50 mixes. In the tests conducted
after 30 min, the fRA had not yet absorbed enough water to influence the early strength
results. Under these conditions, the MOF mix, reinforced with fibres that stiffen the mix,
demonstrates the highest strength.

After 60 min, some of the water is absorbed by the fRA, leading to mix stiffening. It
directly impacts the results presented in Figure 13, where the RAC100 and RAC50 mixes
show improved performance.

3.5. Early-Age Shrinkage

The results for the first 24 h are presented in Figure 14. The partial replacement of
cement with RCP reduced the total shrinkage of the 3DPCs, primarily due to the decreased
amount of reactive binder. The gradual substitution of natural aggregates with fRA further
decreased the shrinkage at 24 h, which can be attributed to the internal curing provided
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by the water absorbed by the RA during mixing, which is released during hydration and
offsets water loss.
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Figure 14. Total shrinkage development in the first 24 h.

Figure 14 also shows that shrinkage deformations stabilise after 12 h, as confirmed
by literature data [40]. The literature suggests that the incorporation of fRA can reduce
early shrinkage. However, the results of this study indicate that this effect is not always
straightforward or unidirectional. The partial replacement of natural aggregate led to
an earlier flattening of the deformation curve; however, after about 8 h, the shrinkage
of RAC50 exceeded that of RACO. The most likely explanation for this behaviour is the
reduced stiffness of the cement matrix, particularly in the early stages of curing, which
results in a higher probability of deformation. Additionally, the influence of internal curing
can lead to such a development of shrinkage [77]. Comparing the deformation profile of the
reference 3DPC with RACO clearly shows that replacing a portion of the binder with a less
reactive material (RCP) allowed for a reduction in shrinkage while maintaining satisfactory
printing parameters and mechanical strength.

3.6. Strength Development (Cast vs. Printed Samples)

Figure 15 illustrates the flexural strength of the mixes. It was found that the addition of
fRA had a slight impact on the mechanical properties of the hardened material. For printed
samples, the effect of loading direction after 24 h of curing is negligible, with the maximum
difference due to anisotropy being just under 8%. After 48 h, the difference becomes
noticeable but remains minimal, with anisotropic effects in the reference 3DPC amounting
to 16%. In mixes incorporating fRA, fibre addition reduces the impact of testing direction
on strength. No increase in standard deviation was observed as the fRA content increased,
suggesting high homogeneity and uniform distribution of the fRA. A 50% incorporation
of fRA slightly reduced early flexural strength; however, at 100% replacement, a distinct
internal curing effect and a slight strength increase were observed. After 28 days of curing,
these trends persisted, though an increase in standard deviation was noted, particularly in
reference samples. Anisotropies measured at 28 days were 7%, 1%, and 6%, respectively,
which can be considered negligible.

Figure 16 presents the compressive strength development results for printed speci-
mens. For compressive strength, a clear directional difference is observed for the reference
3DPC. In specimens containing fRA, the addition of glass fibres, which enhance interlayer
bonding, reduces these differences, though they remain noticeable. In all tested 3DPCs,
printed samples whose compressive loading was parallel to the printing direction showed
lower compressive strength than those whose compressive load was perpendicular to
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Flexural strength (MPa)

MPa)

Compressive strength

the printing direction. For MOF, the compressive strength difference between the parallel
and perpendicular loading directions was over 40%, while for 3DPCs made with fRA, the
differences were 7% and 21%, respectively. After two days of curing, these differences
stabilised across all 3DPCs, ranging from 26% to 15%. After 28 days, the differences were
35%, 8%, and 2%, respectively. It indicates that, as strength developed, the reference sample
continued to show substantial anisotropy, albeit with slight changes. In the mixes with fRA,
the differences were within the measurement error range.
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Figure 15. Flexural strength development tested on printed specimens regarding load direction:
left—from side, right—from top.
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Figure 17 shows the flexural strength data for loading perpendicular to the printing
direction. The incorporation of fRA decreased the flexural strength. The 28-day flexural
strength of the RAC100 mix was almost half that of MOF (Figure 17b). The values of the
flexural strength of RAC50 were approximately 20% and 25% lower for the specimen
loaded from the side and top, respectively.

The compressive strength of cast samples (Figure 18) performed from the side de-
creased significantly as fRA is incorporated, with RAC100 achieving only 45% (1 day),
36% (two days), and 57% (28 days) of the compressive strength of the MOF sample. The
respective relative strengths for RAC50 were 67%, 64%, and 92%.



Buildings 2025, 15, 4255

20 of 35

T
I VIOF _side
[ RACO_side

12 [_]RAC50_side

Flexural strength (MPa)

[ JRrRAC100_side

i 12 4 [C_]RACS50_top
[_1RAC100_top

- 10 4

H— 81

4 [

- 4 4

4 24

0 -

T
B VioF _top
] RACO_top

Flexural strength (MPa)

I

Figure 17. Flexural strength development tested on cast specimen: (a) from side, (b) from top.

Days (d) Days

(@) (b)

Compressive strength (MPa

T
I VOF_side
[ RACO_side
[_]RAC50_side
[_JRrRAC100_side

T
I VioF_top

i 80 1 RACO_top i
[_1RAC50_top
[ 1RAC100_top

. ’870 . -

s
4 =60 g

£

2
o] 8504 1

®
4 240 ]

- (7]

]
- a 30 -

£

o
. 4 0204 .
4 10 4 4

0
2 28
Days (d) Days

Figure 18. Compressive strength development tested on cast specimen: left—from side, right—from top.

Similar to the specimen tested from the side, the specimen tested from the top exhibited
a negative influence of the content of fRA on the compressive strength. The RAC100
composite achieved 46%, 42%, and 56% of the compressive strength achieved by the
reference mix. The RAC50 composite performed better, achieving approximately 71%, 60%,
and 90% of the compressive strength exhibited by the reference MOF mix in the respective
curing periods. The results are similar, regardless of the direction of testing, proving the
absence of anisotropy.

The research shows that the anisotropic nature of printed specimens led to a decrease in
mechanical properties (both compressive and flexural strength), which is particularly visible
for MOE, RACO, and RAC50 specimens (the differences are up to 40%). Nevertheless, with
increasing recycled aggregate content, the differences between cast and printed specimens
decrease. In addition, for RAC100 specimens, the differences are close to the coefficient of
variation (CoV). Probably, for printed mixes with recycled aggregates, the high fRA content
led to better homogeneity of the printed mix (due to the shape of the aggregate and the
distribution curve).

The above-mentioned phenomena show that fRA is a suitable aggregate for 3D con-
crete printing, as it can reduce the negative impact of the printing process. In addition, it
should be noted that there is no coherent research on the anisotropy problem in 3D concrete
printing technology. Most research shows a reduction in mechanical properties due to the
printing process (i.e., [78,79]), while other studies report the opposite relationship [80,81].
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The available research does not provide consistent results on this issue when considering
worldwide literature.

3.7. Elastic Modulus

Results of the determination of the elastic modulus are presented in Figure 19. Both
determinations, for initial and stabilised secant moduli of elasticity, show a clear trend in
which the use of a higher amount of fRA decreases the value of this parameter. The more
significant decrease in the modulus of elasticity observed for RAC100 can be attributed
primarily to the exclusive use of fRA, which generally exhibits inferior mechanical proper-
ties compared to natural aggregate. fRAs have higher porosity, lower density, and contain
residual composite, all of which contribute to reduced stiffness and overall structural
integrity of the composite material.
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Figure 19. Results of determination of modulus of elasticity: left—initial modulus, right—stabilised
modulus.

In contrast, 3DPC containing a combination of recycled and natural aggregates
(RAC50) appears less affected in terms of stiffness. It suggests that even partial inclu-
sion of natural aggregate can mitigate the negative impact of fRA on the rigidity of the
cementitious matrix, maintaining a relatively stable modulus of elasticity despite variations
in aggregate proportions.

Moreover, RAC100 had the highest amount of additional water introduced to achieve
the desired workability (see Table 1). This elevated water content can delay early-age
strength development and stiffness gain, further contributing to the observed reduction
in the modulus of elasticity during the initial curing period. After 28 days of curing, the
results for MOF, RACO0, and RAC50 are almost identical.

3.8. Freeze-Thaw Resistance

Figure 20 presents the residual bending strength results for all samples after the
freeze—thaw test, divided into cast and printed specimens. The results indicated that the
samples containing fRA showed less variation in flexural strength compared to those with
natural sand. This effect is more pronounced in printed samples, where internal curing
is critical. The printed samples were sealed only with foil for the first 24 h, whereas the
cast samples remained sealed in steel moulds. This technical difference significantly affects
the development of the cement matrix microstructure, as the rate of moisture loss differs
between the two methods.
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Figure 20. Residual flexural strength after freeze-thaw test.

The results (Figure 21) show that both cast and 3D-printed concretes maintained their
compressive strength after 25 and 50 freeze-thaw cycles. In several cases, the residual
values were slightly higher than those of the reference samples, but all results remained
within the range of experimental variation. The difference in the variations of results
of tested mixes can be explained by the homogeneity of aggregates, where the natural
sand tends to have lower difference in the structure and shape of the aggregate than re-
cycled aggregate. These findings indicate that the investigated concretes exhibited high
durability under freeze-thaw exposure, with no significant deterioration in compressive
performance. Similar behavior has been reported in the literature for 3D-printed con-
cretes and high-performance mortars, where specimens subjected to cyclic freezing and
thawing retained their compressive strength, confirming the robustness of well-designed
cementitious systems against frost damage [82,83].
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Figure 21. Residual compressive strength after freeze—thaw test.
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3.9. Interlayer Adhesion

The results, presented in Figure 22, indicate that all test data for printed specimens
fall within the test scatter, with no discernible effect of incorporating RCP or fRA on
this property. These findings agree with those for flexural strength obtained for printed
specimens (see Section 3.6).
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Figure 22. The comparison of the splitting tensile force for cast (left) and printed (right) specimens.

A decrease in interlayer adhesion with the amount of fRA incorporated was observed
for cast specimens. The highest splitting tensile force, 1.43 MPa, was observed in the MOF
mix. In contrast, the lowest value was recorded for 3DRAC100, which was 28% lower
than that observed for MOF and 17% lower than that observed for RACO. These results
are consistent with the flexural strength measurements for cast specimens under vertical
loading (see Figure 17b).

Additionally, for all tested specimens, the results for printed specimens were lower
than those for cast specimens. The differences ranged from 40.48% to 51.03%. This disparity
indicates that the printing process significantly affects the mechanical properties of the
material for this parameter.

3.10. Buildability

Using the methodology outlined in Section 2.10, the buildability of the developed
mixes was assessed. This process involved printing each mix in multiple layers and
observing the material’s behaviour throughout the printing duration. Figure 23 presents a
visual summary of the test outcomes. Furthermore, the compiled test data is presented in
Table 6.

The findings indicated that incorporating a high proportion of fRA into the mixes
enhanced buildability. Additionally, these results align with the green strength presented in
Section 2.5. A comparison between the green strength data and the buildability test results
is illustrated in Figure 24.

Table 6. Results of the buildability test comparison.

Mix RAC100 RAC50 RACO MOF
height [em] 52 53 35 33
height [no. of layers] 36 37 25 23

mean value of layer thickness [cm] 1.44 143 1.40 143
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Figure 23. Buildability test results for mixes: (a) RAC100; (b) RAC50; (c) RACO; (d) MOFE.
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Figure 24. Comparison between maximum green strength (07,,4x) and buildability test (height of column).

Specifically, the mixes containing fRA (RAC50 and RAC100) successfully withstood
the printing process for an average of 52.5 £ 0.5 layers, whereas the mixes MOF and RACO
collapsed after only 33 and 35 layers, respectively. These findings suggest that using
fRA instead of natural aggregate can enhance the buildability properties of the mixes,
particularly for those printed 60 min after water contact.

It is worth noting that the comparison between the buildability test and green strength
results (as shown in Figure 24) demonstrates a strong correlation between these two tests.
This comparison, based on mean values, yields an R? value close to 1. The results confirm
that incorporating fRA can positively impact buildability. The findings align with other
research (e.g., [6]), which also highlights that the use of fRA can positively influence
buildability properties. To summarise, the tests demonstrate that it is possible to print
slender structures using mixes with fRA, and the load-bearing capacity of these mixes
corresponds closely to the green strength results. This observed phenomenon supports the
use of these mixes as eco-friendly alternatives for 3D-printed materials.
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3.11. X-Ray Micro-Computed Tomography (Micro-CT)

The pore structures of samples containing fRA, both cast and 3D-printed, were anal-
ysed using micro-CT imaging, as illustrated in Figure 25. This figure highlights the pore
structures of representative samples, focusing on pores larger than the pixel resolution
(18.77 pm). In the images, different colours denote pores of varying sizes. For each sample,
the left image depicts the overall pore distribution, while the right image isolates relatively
large pores (>100 pm). Notably, the MOF series samples exhibit smaller pores compared to
the other samples containing fRA. For the RAC series, the cast specimens demonstrate an
increase in the proportion of small pores with higher fRA content. In contrast, the printed
samples not only show more small pores but also exhibit a higher prevalence of large pore
clusters as the fRA content increases.

245 um

RAC100 casted RAC100 printed

Figure 25. Visualisation of pore distribution considering the pore sizes (Note: the (left) image is of
the overall pore structure, and the (right) image describes relatively large pores.).

Table 7 provides detailed porosity values for each layer of the specimens, revealing
that porosity increases with a higher fRA content. Moreover, the cast samples generally
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exhibit lower porosity than the printed counterparts with the same fRA content. It indicates
that fRAs contribute to increased porosity, likely due to substances on their surfaces that
create additional space, facilitating pore formation within the samples.

Table 7. Porosity of each sample.

MOF RACO RAC50 RAC100
Cast 14.58% 10.98% 12.91% 13.77%
Printed 22.63% 20.34% 21.12% 26.69%

The porosity comparison between the casted and printed specimens is further de-
scribed in Figure 26, which presents the local porosity of each sample as a function of
specimen height. In this analysis, porosity was measured at eight different heights, pro-
viding a detailed comparison of local porosity across the specimens. The results indicate
that local porosity varies depending on the specimen type. For the casted specimens, the
variation in local porosity is relatively minimal. In contrast, the printed specimens display
a distinct variation in porosity with height and exhibit higher overall porosity compared to
the casted specimens, even when the RAC proportions remain constant.
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Figure 26. Local porosity of the specimens according to their height.

The pore characteristics related to pore shape were analysed using 3D pore volume
data. Figure 27 illustrates the sphericity values of the specimens. In this study, Wadell’s
sphericity was employed to assess the morphology of pores within the samples [84]. A
sphericity value of 1 represents a perfectly spherical pore, while lower values indicate
increasing deviation from sphericity, signifying greater anisotropy. The results indicate
that specimens incorporating fRA tend to exhibit more anisotropic pores compared to
the reference samples (MOF series), particularly in the printed specimens. It suggests
that a higher proportion of fRA leads to greater pore anisotropy, with this effect being
more pronounced in the printed samples. Such anisotropy in the printed specimens can
contribute to a decline in mechanical properties due to the increased likelihood of stress
concentration.
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Figure 27. Sphericity of pores in each specimen.

In addition to analysing pore structures, the overall characteristics of the solid material
can be evaluated using micro-CT data. Because the grayscale values in micro-CT images
correspond to the relative density of the material’s components, micro-CT data enables a
comparative assessment of relative material density. Figure 28 presents the average pixel
values of the specimens along their heights. As shown in the figure, the relative solid
density is consistently uniform across all specimens, demonstrating the homogeneity of
both the cast and printed samples. Notably, the relative density increases as the proportion
of fRA rises, suggesting that the fRA utilised in this study possesses a denser solid structure
compared to the reference aggregates.
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Figure 28. Relative solid density according to height.
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3.12. Environmental and Economic Impact

The transport distances are presented in Table 8. As a starting scenario, the LCA
assumes that the recycled materials (RCP and fRA) have a transport distance of 0 km. This
option assumes that the CDW plant, which receives the CDW and produces the fRA and
RCP, is very close to the location where the 3DPCs are produced. A sensitivity analysis
follows, for different scenarios of transport distance, to understand the conditions for the
incorporation of fRA to be environmentally favourable and cost-competitive.

Table 8. Transport distance of the raw materials to the 3DPC production site.

Raw Material Cement

Fly Ash Silica Fume PCE Water Fibres Sand fRA RCP

Location
Distance (km) 480

Chorula

Dolna Odra Warsaw Stuttgart ~ Szczecin Gdarisk Bielinek Szczecin  Szczecin
55 570 791 0 369 70 0 0

The content of fRA and recycled powder is presented in Table 9. The replacement
of cement with RCP dust amounts to a small relative mass of the 3DPC, and its primary
motivation is the reduction of GWP, since cement has a significant GWP by tonne (see
Table 3). The replacement of sand with fRA results in considerable content of recycled
materials, with the 3DPC with complete replacement of sand by fRA having more than half
of its weight composed of recycled CDW.

Table 9. Content of fRA and RCP to the total mass of each 3DPC.

3DPC

Content of RCP (kg/kg) Content of fRA (kg/kg) Content of fRA + RCP (kg/kg)

MOF
RACO
RAC50
RAC100

0% 0% 0%
2% 0% 2%
2% 27% 29%
2% 53% 55%

Relative decrease of cost

16%

_.
R
ES

8%

4%

0%

Figure 29 compares the GWP and cost of the 3DPC. The GWP and cost of the 3DPC
by m? are higher than those of a regular-strength concrete—e.g., 275 kg/m? for a C30/37
concrete in [85]. This outcome was expected due to the high thixotropy demands of
composites for 3D printing, which necessitates a significant powder content and cement
content compared to conventional concretes (580 kg/m?> for MOF and 522 kg/m? for the
other composites vs. 350 kg/m3 for the concrete mix presented in [85]).

12% T T T

RACO

10% - -

8% -

6%

4%

Relative decrease in GWP

2% |-

RAC50 RAC100 0%
RACO RAC50 RAC100

Figure 29. Relative decrease due to the replacement of cement and sand by RCP and fRA. (Left) cost;
(Right) GWP.
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About 80% to 85% of the GWP and 95% of the cost of the 3DPCs are associated with
the A1 stage (Figure 30). It is primarily attributed to the significant cost and environmental
impact of cement production.
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Figure 30. Percentage of cost and GWP by information module and raw material. Mix MOF. (Left)
cost; (Right) GWP.

The replacement of 10% of cement by RCP results in a substantial reduction of GWP,
amounting to 9.3%. In contrast, replacing 50% and 100% of natural aggregate with fRA has
a marginal influence on the GWP—for instance, combining 10% cement replacement with
a 100% aggregate replacement results in a total GWP reduction of 11.1%. These findings
underscore the substantial contribution of cement production to the overall GWP of the
3DPCs.

The results for cost are more balanced, where the replacement of 10% of cement by RCP
decreases cost by roughly 5%, and each 5% aggregate replacement with fRA corresponds
to an additional 5% cost reduction. These cost reductions are partly due to the reduction in
transport distance.

Table 10 presents the relative GWP and cost of the MOF, categorised by information
module and raw material, complementing the previously discussed analysis. The GWP is
dominated by cement, with 91% attributed to its production and an additional 4% to its
transport. Similarly, cement accounts for 47% of the total cost, 11% of which is related to
transport. Other notable contributors to the cost include fibres, silica fume, and natural
aggregate production, each accounting for approximately 10% to 15% of the total cost.

Table 10. Cost and GWP of the 3DPCs by information module.

Misx Cost (EUR/m®) GWP (kgCO5eq./m5)
A1l A2 Total A1l A2 Total
MOF 166.3 35.0 201.3 488.7 29.2 517.9
RACO 159.2 32.7 192.0 442.2 27.3 469.5
RAC50 1519 29.0 181.0 440.7 242 464.9
RAC100 144.6 25.3 169.9 439.2 211 460.3

The influence of the transport distance of the fRA and RCP on cost is presented in
Figure 31. Both fRA and RCP are assumed to be produced in the same CDW plant, resulting
in identical transport distances for both materials. The results indicated that incorporating
RCP decreases cost, except in scenarios where the recycled materials are sourced from
locations over 250 km away. Therefore, due to the proximity of CDW plants to urban
centres, under realistic scenarios, it is concluded that the replacement of cement by RCP
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will decrease the cost of 3DPCs. Similar observations are noted for the replacement of sand
with fRA, as the proximity of the CDW plant to the composite production site significantly
influences cost reductions. A transport distance of at least 215 km is required for the cost of
3DPCs containing fRA (i.e., RAC50 and RAC100) to surpass that of the 3DPC without fRA
but with the same binder content (i.e., RACO).
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—— RAC50
160 ) ) ) ) —— RAC100
0 50 100 150 200 250 300

Distance from CDW plant to mortar production [km]

Figure 31. Influence of the transport distance of the fRA and RCP on the cost of the mixes.

A similar analysis for the GWP of the 3DPCs is presented in Figure 32, confirming
trends observed in Figures 20 and 21. Since the replacement of cement with RP has a more
substantial impact on GWP than on cost, a transport distance of 650 km is required for
mixes with recycled materials to exhibit a higher carbon footprint than the reference mix.
In contrast, as the reduction in GWP from the incorporation of RA is smaller than the
corresponding cost reduction, the transport distance at which replacing sand with fRA
increases the GWP of the 3DPCs is shorter than that observed for cost (108.5 km compared
to 215 km). However, as transport distances exceeding 100 km are uncommon in urban
centres, the incorporation of fRA is expected to reduce both the GWP and cost of the mixes.
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Figure 32. Influence of the transport distance of the fRA and RP on the GWP of the 3DPCs.

4. Conclusions
Based on the findings, the following conclusions were drawn:

1. It is feasible to print composites containing up to 100% fRA as a replacement for
natural river sand. Notably, an increase in fRA content enhances the buildability of
the mix, as confirmed by green strength tests. The results indicate that, due to the
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high water absorption capacity of fRA, the green strength of the RAC100 and RAC50
mixes significantly increased after 60 min. However, for samples tested within 30 min
after water contact, the highest green strength was observed in the mix with a higher
cement content (MOF) and in the RACO mix (with natural aggregate and reduced
cement content). To summarise, the timing after water contact plays a crucial role in
green strength development.

The findings show that substituting Portland cement (PC) with recycled powder
(RCP), as in the RACO mix, led to a slight increase in plastic viscosity, while yield
shear stress decreased by 22% compared to the MOF mix. The replacement of natural
sand with fRA had a more pronounced effect on rheological behaviour. Replacing
50% and 100% of natural sand with fRA reduced yield shear stress by 20% and 19%,
respectively, compared to RACO. However, RAC100 showed a slight increase in yield
shear stress compared to RAC50, likely due to limited lubrication resulting from the
higher water absorption of fRA. Thixotropic recovery also declined significantly, from
79% in RACO to 51.5% in RAC50 and 43% in RAC100, indicating a reduced ability of
the mix to rebuild its internal structure after shear. These results underline the impact
of fRA content on both the flowability and structural recovery of the mixes.

The addition of fRA led to a decrease in total shrinkage. This reduction is attributed
to the lower binder content in the mixes and the internal curing effect provided by
the fRA.

The addition of fRA influences the mechanical properties of the mixes. In terms of
compressive strength for printed specimens loaded from the side, the addition of fRA
resulted in a slight increase in strength. Conversely, for specimens loaded from the
top, as well as for cast specimens, a significant reduction in compressive strength was
observed—up to 55% for RAC100. This decline is primarily associated with increased
porosity, as confirmed by microstructural analysis.

Anisotropy in 3D-printed samples was found to be minimal in flexural strength,
with differences generally below 16% and negligible after 28 days. In compressive
strength, the reference mix showed strong directional dependence (>40%), while mixes
with fRA and fibres significantly reduced these differences to within experimental
variability. Overall, the inclusion of fRA and fibres improves interlayer bonding and
limits anisotropy, resulting in more uniform mechanical performance.

In line with the aforementioned findings, microstructural analysis revealed that poros-
ity increases with the addition of fRA, progressing from RACO to RAC100. Interest-
ingly, in cast specimens, the MOF mix (without fRA) exhibited the highest porosity.
For printed specimens, the MOF mix also showed slightly higher porosity than RACO
and RAC50.

The durability properties of mixes modified with fRA show that there is a statistically
significant reduction in flexural strength after 25 and 50 freeze-thaw cycles. In terms
of compressive strength, cast specimens did not exhibit any notable reduction in
durability. For printed specimens, a reduction in compressive strength was observed
only after 50 cycles, and only in the RAC100 and MOF mixes. However, this reduction
is minimal and falls within the coefficient of variation of the results.

The replacement of cement by RCP makes a significant contribution to reducing GWP,
whereas replacing sand with fRA leads to a greater cost decrease for short transport
distances (e.g., up to 50 km). As the transport distance of the fRA and RCP increases,
the increase in the cost of the 3DPC with fRA is more relevant than the increase in
their GWP.
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9.  To sum up, the research proves that the addition of fRA as a replacement for natural
aggregate can be beneficial for 3D printing, particularly when the printing process is
carried out approximately 45 min after water contact.
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