kT buildings

Article

Microstructure and Mechanical Properties of Cost-Efficient 3D
Printed Concrete Reinforced with Polypropylene Fibers

Dragos Ungureanu 1.2,* Catalin Onutu !, Nicolae Taranu 2, Nicoleta Vornicu 300, Stefan Vladimir Zghibarcea 1
Dan Alexandru Ghiga ! and Ionut Alexandru Spiridon !

check for
updates

Citation: Ungureanu, D.; Onutu, C.;
Taranu, N.; Vornicu, N.; Zghibarcea,
S.V.; Ghiga, D.A,; Spiridon, L.A.
Microstructure and Mechanical
Properties of Cost-Efficient 3D
Printed Concrete Reinforced with
Polypropylene Fibers. Buildings 2023,
13,2813. https://doi.org/10.3390/
buildings13112813

Academic Editor: Yanping Zhu

Received: 8 September 2023
Revised: 25 October 2023
Accepted: 8 November 2023
Published: 9 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, 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/licenses /by /
4.0/).

Faculty of Civil Engineering and Building Services, “Gheorghe Asachi” Technical University of Iasi,

43 Mangeron Blvd., 700050 Iasi, Romania; catalin.onutu@academic.tuiasi.ro (C.O.);
nicolae.taranu@academic.tuiasi.ro (N.T.); stefan.zghibarcea@holcim.com (5.V.Z.);

danghiga@hotmail.com (D.A.G.); ionut-alexandru.spiridon@student.tuiasi.ro (I.A.S.)

2 The Academy of Romanian Scientists, 3 Ilfov Street, 030167 Bucharest, Romania

3 Metropolitan Center of Research T.A.B.O.R., 9 Closca Str., 700066 Iasi, Romania; cmctaboriasi@yahoo.com
*  Correspondence: dragos.ungureanu@staff.tuiasi.ro

Abstract: Studying emerging and cutting-edge digital construction techniques, especially the utiliza-
tion of 3D printing for concrete/mortar materials, holds significant importance due to the potential
benefits that these technologies might offer over the traditional approach of casting concrete in place.
In this study, a mixture composed of Portland cement, water, sand, limestone filler and polypropy-
lene fibers was utilized for 3D printed concrete production towards the sustainable constructions
approach. The benefits that sustain this statement include reduced construction time and material
requirements, diminished error and cost, increase in construction safety, flexibility of architectural
design, and improved quality with much less construction cost and waste. The microstructure,
fresh and hardened mechanical properties of the polypropylene fiber reinforced 3D concrete were
investigated. The results indicated that it is essential to attain a slump measurement of approximately
40 mm and a slump flow within the range of 140 to 160 mm, as stipulated by relevant standards
(ASTM C1437 and C230/C230 M), in order to create a 3D concrete mixture suitable for extrusion.
Also, the effects of printing parameters, fiber dosage, material composition, and other factors on the
3D printed concrete strength were discussed, and the corresponding adjustments were addressed.

Keywords: 3D concrete printing; microstructure; printability; mechanical properties; buildability
performance

1. Introduction

Projections suggest that the world’s population will reach approximately 9.7 billion by
2050 [1], leading to a significant need for infrastructure and budget housing. This scenario
imposes a tight timeframe for meeting these developmental demands. At this point, to
meet the housing demand, an annual requirement of almost 30 million houses is necessary.
As a consequence, the construction sector faces immense pressure in dealing with both
the extensive need for infrastructure and the environmental degradation associated with
concrete traditional cast in-place methods. Furthermore, there are significant concerns
that require significant attention. These include high rates of accidents and injuries, heavy
reliance on labor, low efficiency, endless increasing of the construction costs, and the
substantial cost of formwork, which, in some cases, accounts for nearly 30% to 50% of
the total construction cost [2]. In addressing these concerns, researchers are directing
their efforts toward adopting innovative and cutting-edge digital technologies. These
technologies aim to accelerate the construction process, reduce construction costs, and
promote safety while minimizing or eliminating the need for formwork. Within this context,
3D printing, a form of additive manufacturing, emerges as one of the most promising
construction techniques in recent years [3].
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The utilization of 3D printing in civil construction involves a range of methods for
producing structural elements, with a primary focus on 3D concrete printing (3DCP) [1-3].
These methods include material extrusion, binder jetting, material jetting, and powder bed
fusion. Among these techniques, 3DCP utilizing extrusion is currently the most extensively
researched.

Presently, numerous research teams worldwide are actively engaged in this topic, and
several have made notable progress. The majority of these investigations have primarily
concentrated on assessing the properties of fresh materials or properties during the early
stages (typically within hours) of development [4-6]. The primary objective has been to
successfully manufacture elements or structures. As a next step, it was mandatory to
ensure that the 3DCP has convenient mechanical properties. Thus, numerous studies
have been undertaken, aiming to incorporate reinforcement into 3DCP elements. These
efforts include the use of additive concrete, which involves materials like limestone filler,
calcium sulfoaluminate cement, and cellulose fiber to enhance the overall strength and the
interlayer properties of the 3DCP elements [7,8]. Additionally, heightening the mechanical
performance of concrete has been explored by embedding fiber reinforced polymer bars,
laminates, or micro-cables during the printing process [9-11]. Furthermore, the optimiza-
tion of 3DCP workability has been pursued by incorporating solid waste materials such as
gypsum, biochar, carbide slag, red mud, aluminum ash, and ashes from municipal solid
waste incineration into the mixtures [12,13].

Although they have provided solutions to the performance requirements of 3D printed
concrete, the methods mentioned above have significantly contributed to the increase in
the cost per cubic meter of printed concrete. The incorporation of carbon, aramid, or basalt
fibers, combined with the addition of silica fume, are just a few of the aspects that have led
to rising costs. In this context, the savings achieved in construction time, formwork, and
labor become irrelevant. On the other hand, using polypropylene fibers as an alternative to
incorporating carbon, aramid, or basalt fibers in 3D printed mortars presents a highly viable
and advantageous choice. Polypropylene fibers offer a range of benefits, making them an
attractive option for reinforcing mortars. First, polypropylene fibers are readily available
and cost-effective, making them an economical choice for construction projects. They also
provide excellent resistance to chemical corrosion and are highly durable, ensuring the
longevity of the 3D printed structure. Additionally, polypropylene fibers have a low density
and are lightweight, which can improve the workability of the mortar mix and reduce
the overall weight of the printed components, without compromising structural integrity.
Moreover, they enhance crack resistance and reduce shrinkage, leading to a more robust
and reliable end product. Their ease of handling and compatibility with the 3D printing
process make polypropylene fibers a practical and sustainable solution for reinforcing 3D
printed mortars, without the expense and complexity associated with other fiber types.

This study underscores the considerable potential of 3D printed concrete as a cost-
effective alternative for construction projects. It also presents a comprehensive analysis
of 3D printed concrete, encompassing the formulation and preparation method, morpho-
logical and microstructural examinations, evaluations of the properties of freshly mixed
3D concrete, and assessments of the properties of hardened 3D concrete. Furthermore, it
underscores the critical importance of optimizing concrete mixtures, demonstrating that
achieving cost-efficiency is not exclusively dependent on prefabrication but is significantly
influenced by the selection of materials. These findings pave the way for new possibilities in
sustainable, economical, and high-performance construction practices in the years to come.

2. Materials and Mix Proportioning

The materials selected for the study were natural quartz sand with a particle size of
0-1 mm, CEM II/A-S 52.5 R Portland slag cement, and limestone filler extracted from a
nearby quarry basin (Figure 1). The mixture incorporated two types of additives: a viscosity-
modifying agent in the form of an aqueous solution combined with a high-molecular-weight
synthetic copolymer, and a super-plasticizer designed to accelerate strength development



Buildings 2023, 13, 2813

3of 14

during the initial stages of hydration, even when exposed to low environmental tempera-
tures and heat curing. The super-plasticizer is a high-range water-reducing admixture that
enables a significant reduction in water content without sacrificing the workability of the
3D concrete mix. This means that the cement particles are more efficiently dispersed in the
mix. Better dispersion enhances the contact between water and cement particles, which
promotes more rapid and uniform hydration. Additionally, the use of the super-plasticizer
reduces the size and number of capillary pores in the 3D concrete printed elements. Smaller
capillaries limit the ingress of water and the movement of aggressive substances, helping
to densify the 3D concrete matrix and enhance early strength development. The water-
to-cement ratio was consistently maintained at 0.457, a ratio previously determined to
yield the optimal compressive strength progression [3]. These additives were incorporated
into the 3DCP mix to tailor and optimize the workability /rheological properties (i.e., ex-
trudability, pumpability, and thixotropy) to meet the 3DCP performance requirements.
Monofilament polypropylene fibers of considerable length (12 mm), whose characteristics
are detailed in Table 1, were introduced into the 3DCP mixture [14]. This addition served
the purposes of mitigating plastic shrinkage cracking, enhancing resilience, and bolstering
post-cracking performance in both tensile and flexural situations [15,16].

Cement Sand Limestone filler Fibers

Figure 1. Raw materials.

Table 1. Properties of the monofilament polypropylene fibers.

Tensile Strength

Filament Type L[irlllit]h Equlvalin:n]]Dlameter (According to the Manufacturer)
# [N/mm?]
mono 12 21-34 >300

The concrete mix was prepared using a handheld electrical mortar mixer with ad-
justable speed in a controlled laboratory setting. The procedure aimed to achieve a ho-
mogenous and robust concrete mix while avoiding material trapping at corners, as crucial
steps in ensuring the mix’s quality and performance (Table 2). The mix design is shown in
Table 3.

Table 2. Mixing method.

Mixing Sand, Limestone Filler, and Polypropylene Fibers (5 min)

° The first step involved placing sand, limestone filler, and polypropylene fibers into a
cylindrical tank.

° A handheld electrical mortar mixer, equipped with an adjustable speed setting, was
employed.

. Initially, the mixer was set to a low speed, and the mixture was blended for 5 min to ensure
an even distribution of the components.

Gradually Increasing Mixer Speed (Up to 350 RPM)

Mixer speed was progressively increased to 350 RPM to uniformly integrate all components.
The choice of a cylindrical tank was critical to prevent material entrapment in corners,
thereby enhancing the mix’s consistency.
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Table 2. Cont.

Adding Half of the Water (5 min at 500 RPM)

Half of the required water was added to the mixture.
Mixer speed was elevated to 500 RPM for an additional 5 min, enhancing workability and
consistency.

Incorporating Cement and the Remaining Water (5 min at 700 RPM)

Cement was introduced into the mix, followed by the addition of the remaining water.
Mixer speed was raised to 700 RPM for 5 min.

Introducing Viscosity-Modifying Agent and Plasticizer (7 min at 700 RPM)

The next stage involved introducing the viscosity-modifying agent and plasticizer.
Mixer speed was maintained at 700 RPM for 7 min to optimize concrete viscosity and
workability.

Table 3. Mix design.

Cement Sand Limestone Fibers Viscosity Modifying . . o
kel Water [L] [ke] Filler [kg] kel Agent [%] Superplasticizer [%]
580 265 1358 200 1 0.4 1.1

3. Printing Stage

The chosen printing method is extrusion-based and employs a 3D piston system
printer with three translational degrees of freedom [17]. This printer offers a full 360-degree
printing capability through continuous rotation and is fitted with circular nozzles of varying
diameters (3 mm, 5 mm, and 20 mm). Following nozzle attachment, the extruder was
filled with the concrete mixture and primed meticulously to ensure the extrusion process
occurred without any trapped air (voids) or tearing at the nozzle. A consistent printing
speed of 60 mm/s was selected, and the layer thickness was adjusted between 3 mm
and 20 mm based on the specifications of the printed project. With these settings, the
printer successfully produced various items, including wall panels (to evaluate the mix’s
buildability), (Figure 2a), architectural elements (to assess its capacity for intricate model
manufacturing), and specimens (to test the mix’s mechanical strength), (Figure 2b). The
layer height for the wall panel illustrated in Figure 2 is 15 mm. Each layer was 500 mm long.
In total, over 100 layers were printed without showing any sign of premature collapse.

(a)

Figure 2. 3D printing: (a) wall panel, (b) specimen for the three-point bending test.

4. Morphology and Microstructure

Analyzing the morphology and microstructure of 3D printed concrete is essential for
optimizing its quality, performance, and durability. X-ray Fluorescence (XRF) spectroscopy
is a powerful tool for characterizing the elemental composition of 3D printed concrete,
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aiding in the assessment of its microstructural properties. By combining morphological
and microstructural insights with XRF analysis, researchers and engineers can enhance the
design, production, and performance of 3D printed concrete structures, further advancing
the potential of this innovative construction technology.

The specimens subjected to the microscope analyses were prepared by cutting 10 x 10 mm
sections from larger prism specimens measuring 100 mm x 100 mm x 500 mm. These
larger specimens were originally printed and subjected to the three-point bending tests
at 28 days of age. The layer height used for printing these specimens was 15 mm, and a
20 mm nozzle was used.

Through microscopic analysis of the 3D printed concrete samples, several key features
have been elucidated. These include the shapes and dimensions of the aggregates, the
presence of microcrystalline carbonate binder, as well as the existence of small spherical
pores and xenomorphic pores (Figure 3a). Additionally, in detailed microscope images, an
exceptionally strong cohesion between the aggregate and the calcitized binder has been
observed, with minor remnants of Portland cement clinker (Figure 3b). The pores appear
to be spherical and isolated.

0.1 +0.15mm

Figure 3. Microscopic analysis of 3D printed specimens (500 X): (a) shapes and dimensions of the
aggregates, (b) strong cohesion between the aggregate and the calcitized binder.

The morphology of the materials was examined using an isotope-free XRF spectrom-
eter from GP Technical Equipment, Georgia, USA, specifically the Innov X model, in
conjunction with a mini-PC. This setup was utilized to ascertain the chemical properties
and validate the chemical composition of particles, as depicted in Figure 4.

ding #4 16-Feb-2023 E
Sr L b |MnKa |ZpKa SrK;
s00. | SrUhCalKal [FEKa| |ZnKb SrKb
K4 Tilkb |Fe Kb
Kb || Nin Kif
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400
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50 10.0 150 200
Energy kev
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Ca 54% 1%
K 9022 669
T 1076 159
Mn 445 29
Fe 7656 223
Zn 426 20

Figure 4. X-ray spectrum and elemental composition of the 3D printed concrete.
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Under microscopic examination, it is obvious that the adhesion between the aggregate
and the binder is exceptionally strong, and that the polypropylene fibers are arranged
in a parallel pattern (Figure 5). This adhesion boundary is often prominently marked
by microcrystalline calcite, indicating excellent cohesion between the components. The
morphology and microstructure analysis revealed the following findings:

Natural Aggregate:

The natural aggregate is polymictic, consisting of both grainclast and lithograins;
Morphologically, it exhibits angular, subangular, and rounded shapes, with grain sizes
ranging from approximately 0.1 to 1 mm;

e  Grainclasts are predominant and comprise the following minerals: quartz (in abun-
dance), feldspars, frequently perthitic microcline, biotite, and muscovite;

e Lithoclasts are rare.

Binder:

The analysis identified a microcrystalline calcite binder, resulting from carbonation;
The CaCOj; (calcite) and CaFe(COs3), carbonates were identified in the binder;
Hydroxylated cryptocrystalline calcium silicates and minor un-hydrated remnants of
Portland cement clinker are present.

Pores:

The pores exhibit both spheroidal and xenomorphic characteristics;

Spherical pores come in varying sizes: very small pores (0.1 + 0.18 mm) are the
most common and can be found paired together, while larger pores (0.3 < 0.5 mm)
are isolated;

Xenomorphic pores vary in size and are infrequent;

All pores are finely lined with microcrystalline calcite.

(@)

Figure 5. Reinforcements: (a) Orientation of the polypropylene fibers, (b) 500 X—View.

5. Properties of Freshly Mixed 3D Concrete

In a general context, non-extrudable mixtures display a notably higher frequency
of surface defects on the extruded filament compared to mixtures that can be extruded.
However, in the context of this research, we evaluated the extrudability of the specific 3D
concrete under study by quantifying the visible surface defects present on the top surface
of the extruded filaments during the printing process. These evaluated defects are only the
ones that are discernible to the naked eye (Figure 6).
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\Start

1000 mm

End

o 500 mm LE

Figure 6. Printing path to determine extrudability: (a) appearance and texture during printing,
(b) appearance and texture 10 min after printing, (c) appearance and texture of hardened 3D concrete,
(d,e) appearance and texture of some mixes tested in the design process, which exposed visible defects.

As can be observed in Figure 6a—c, the concrete printing along the established path was
carried out without detecting any visible defects in the filament. In the case of other mixes,
tested by the authors prior to the development of the final recipe, visible defects were
indeed detected. These defects are depicted in Figure 6d,e for comparative purposes in
order to underscore the extrudability of the material presented in this study. The parameters
imposed during the testing are outlined in Table 4.

Table 4. Printing parameters.

Printing Speed [mm/s] Layer Height [mm] 1\[1::12;11‘3
60 15 20

It is worth noting that a previous study conducted by the authors [3] demonstrated
that this particular mix can also be utilized with a 3D printer lacking an extruder. However,
under such circumstances, the technology is primarily suitable for manufacturing projects
with simple geometries involving linear paths, and it may face limitations when attempting
to create complex architectural models.

Flowability, in the context of 3DCP, is defined as the material’s capacity to effortlessly
flow and occupy a given space under its self-weight. Within 3DCP, the concept of flowability
holds significance as it plays a pivotal role in ensuring a consistent manufacturing process,
contributing to the reduction of printing anomalies and the prevention of blockages. In
this study, the flow characteristics of the mix were assessed by slump measurements, as
per the guidelines specified in the European Standard EN 12350-2:2019 [18]. The slump
measurement (40 mm) was determined by calculating the average difference in height
between the initial height of the cone and the height of the 3D concrete after deformation.
The obtained value (40 mm) is also indicated by previous research, which concluded that
3D concrete mixtures should ideally exhibit slump values falling within the range of 40 to
60 mm [19].

The slump test exhibits certain constraints, particularly when applied to the context of
3DCP. This test does not adequately address the material’s shear-thinning behavior, leading
to potentially inaccurate measurements. Consequently, slump flow tests were conducted,
as they are better suited for assessing the flowability of 3D concrete materials, taking into
consideration their shear-thinning behavior. These tests were performed following the
guidelines specified in the ASTM C1437 and C230/C230 M standards [20,21], and the
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resulting measurement (160 mm) holds significance within 3DCP applications, as indicated
by previous research [19].

Buildability stands as the primary criterion when assessing a printable concrete mix-
ture. In fact, a printed concrete material possessing adequate buildability must maintain
its form without undue distortions and exhibit tolerable settling in its lower layers. The
buildability assessment is a widely used method for evaluating 3D-printed materials, en-
abling researchers to ascertain the maximum number of layers that can be stacked without
causing the structure to collapse. Using the mix detailed in this study, more than 100 layers
were printed without any discernible indications of instability or structural breakdown
(Figure 2a), employing the identical printing parameters as those outlined in Table 4. The
layer height for the wall panel was 15 mm. Each layer was 500 mm long.

6. Properties of Hardened 3D Concrete

The assessment of the development of compressive strength (f.) in printed concrete
cubic samples (100 mm on each side), with an average density spanning from 2131.5 kg/m?3
to 2249.8 kg/ m?3, was conducted following 24 h, as well as 7, 14, and 28 days of curing,
in accordance with the SR EN 12390-3:2002 standard [22]. The tests were performed at a
loading rate of 0.5 mm/min and preceded by a pre-load of 20 N before commencement. It
is worth noting that the study referenced in [15] has validated these parameters specifically
for the compressive strength testing of 3D concrete/mortar materials. This research [15]
demonstrated that when these parameters are applied, the tests consistently yield reliable
and replicable results.

Three-point bending tests were performed on prism specimens (100 mm x 100 mm X
500 mm) at four different time intervals, 24 h, 7 days, 14 days, and 28 days, adhering to the
guidelines outlined in SR EN 12390-5:2019 standard [23]. The tests were conducted using a
crosshead loading rate of 0.25 mm/min, with data acquisition occurring at a constant rate
of 10 Hz.

Figure 7 depicts the variations in compressive and flexural strengths at specific time
intervals (24 h, as well as 7, 14, and 28 days), with these variations being influenced by the
nozzle used. A total of 120 specimens were tested (5 for each nozzle size, for each test, at
specific time interval).

Average compressive strength - 3 mm nozzle  25.00

[MPa]
3 )
= Average flexural strength - 20 mm nozzle 50.00 ™M
" v
- oY
= Average flexural strength - 5 mm nozzle 45.00 —_r
o £
= Average flexural strength - 3 mm nozzle 40.00 \; =
o =
vi e
= Average compressive strength - 20 mm nozzle 35.00 o :] E =
S @ ES
a EE
= Average compressive strength - 5 mm nozzle  30.00 E - ==
+ =
o=

20.00

15.00

,,

lim 5,10

i 2.8

.00 _24_ thns_ lddays | 28days
= Average flexural strength - 20 mm nozzle 258 [MPa] 329 [MPa]
= Average flexural strength - 5 mm nozzle 312 [MPa] 481 [MPa] 6.12 [MPa]
= Average flexural strength - 3 mm nozzle 358 [MPa] 412 [MPa] 521 [MPa] 6.87 [MPa]
= Average compressive strength - 20 mm nozzle 517 [MPa] 1002 [MPa] 2470 [MPa] 36.10 [MPa]
= Average compressive strength - 5 mm nozzle 812 [MPa] 14.12 [MPa] 30.12 [MPa] 43.51 [MPa]
Average compressive strength - 3 mm nozzle 901 [MPa] 1502 [MPa] 3125 [MPa] 4538 [MPa]

Figure 7. Properties of hardened 3D concrete.
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7. Cost Calculation Approach for 3D Concrete Printing in Conjunction with the
Internet of Things

The technology of 3DCP serves as the foundational framework for implementing the
Internet of Things (IoT) in the construction sector [24,25]. The widespread adoption of
IoT in construction, facilitated by 3D printing, becomes more feasible when either the cost
of 3DCP is low or the efficiency of its output significantly outweighs the input [26]. To
achieve this, it is imperative to gain a comprehensive understanding of the costs associated
with 3DCP and strategies to minimize them. This understanding is crucial for formulating
precise development strategies for IoT in the construction industry, ensuring accessibility to
a broader spectrum of companies, rather than restricting its usage to larger entities. Thus, a
thorough examination of the cost calculation methodology and structure in construction is
indispensable. While conventional construction has well-established global standards for
cost calculation, 3DCP lacks a structured bill of quantities, budget estimates, and pricing
foundations, leading to complexities in cost assessment. Furthermore, research endeavors
aimed at enhancing the strength properties of 3D printed concrete elements tend to narrow
the range of applications for this technology. The utilization of high-performance materials
like carbon and basalt fibers or silica fume incurs substantial costs. This cost disparity
necessitates a comparative analysis between conventional construction methods and 3D
printing, as outlined in Table 5 [27].

Table 5. Cost categories. Comparison between convention constructions and 3D printing.

tional/C onal Offsite Printing
Cost Categories Tradltlcoorifstru(lrt?::;hona pri (I.’recast Members) . Onsite Printing
rinting Assembling
Labor X X X
Machine X X

Material X X X

Health and safety measurements X X X

Night shifts X X

Additional cost for the winter season X X

Equipment X X X

Equipment protection/maintenance X X X
Scaffolding X
Formwork X

Discharge (pollution fee) X X

Management X X X

Tax X X X

Profit X X X

All costs of producing 3D printed precast elements are included in the “Assembling”
category for off-site printing. In the case of offsite printing, many of the costs traditionally
associated with on-site construction are minimized or even eliminated. Labor costs encom-
pass salaries, allowances, and insurance. Taxation is determined differently, in accordance
with each country’s regulatory authorities. Calculating transportation costs for printed
components offers two practical methods. One approach entails the printing company
assuming responsibility for delivery, with the delivery cost considered part of manufactur-
ing expenses, subject to a value-added tax (VAT). The alternative involves subcontracting
transportation to a logistics company, also subjected to VAT. The applicable VAT rates are
determined based on specific circumstances.
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Onsite 3D printing of buildings remains uncommon due to its relatively recent emer-
gence as a technology. The absence of standards or technical frameworks in 3D construction
printing complicates matters. High initial investments and limited market demand make
it challenging for construction companies to undertake mass production using 3D print-
ing. In essence, only large corporations can afford to invest in onsite 3D printers, often
developing their own concrete mixes to keep final product costs as low as possible and
their profit as high as possible (even higher than the one associated with conventional
constructions). Consequently, it becomes evident that, contrary to what some scientific
articles may suggest, this technology is not a sustainable alternative for social housing but
rather a marketing term.

Conversely, offsite printing offers a considerably more cost-effective solution, with
equipment typically priced between 10,000 and 70,000 EUR. Additionally, because the print-
ing process occurs within a controlled environment, quality management is significantly
more precise, and there are no concerns about environmental factors adversely affecting
the machinery. The offsite printing method minimizes material waste as the concrete
members are printed with high precision, using only the necessary materials. Onsite 3D
printing, due to its real-time nature, may lead to material wastage and increased costs.
Furthermore, precast 3D printed concrete members can be tailored to project specifications
with ease. Design changes and customizations are more readily accommodated, offering
greater flexibility compared to onsite 3D printing, which can be more restrictive in this
regard. Offsite printing consists of two distinct phases: component printing and on-site
assembly, both associated with industrial construction products. The labor and material
expenses incurred during component manufacturing cannot be included in the labor and
material costs of the assembly stage. This is because printed components fall within the
manufacturing industry, and their labor and material costs are already incorporated into
the components themselves.

In addition to the aforementioned factors, in the case of the 3D concrete analyzed in
this study, cost optimization does not solely rely on the prefabrication of printed elements
but also on the concrete recipe itself. For this reason, the concrete mix was meticulously
designed to exclude costly additives or constituents, such as silica fume, basalt and carbon
fibers, and carbon nanotubes. Nevertheless, the physical and mechanical performances
of this 3D concrete remain comparable, if not superior, to other printable mixtures that
incorporate expensive materials.

More expensive mixes may lead to lighter structures, which can have cost implications
in the context of a whole project. However, it is essential to recognize that the mix developed
in this work is specifically intended for the construction of single-story dwellings. In
this case, the typical structural optimization strategies aimed at achieving lighter multi-
story structures, and the associated cost reductions, may not be directly applicable or
valid. Single-story dwellings have distinct structural requirements, often emphasizing
stability, load-bearing capacity, and resistance to environmental factors such as seismic
forces and extreme weather. The mix composition for such structures must cater to these
specific demands. While more expensive mixes might indeed lead to lighter structures in
different architectural contexts, the priorities of single-story dwellings may necessitate a
different approach.

Figure 8 provides a comparative analysis of the cost per cubic meter of the 3D concrete
investigated in this research in contrast to prices resulting from the addition or substitution
of various materials. The presented prices represent the average values of these materials
and were obtained through an analysis of the major retail suppliers from Romania.
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Mix with white cement, aramidic fibres and 20% silica fume
Mix with aramic fibres and 20% silica fume

Mix with white cement, basalt fibres and 20% silica fume
i with basalt fibres and 20% silica fume

Mix with white cement, carbon fibres and 20% silica fume
Mix with carbon fibres and 20% silica fume

Mix with white cement and 20% silica fume

Mix with 20% silica fume

Mix with white cement and armmic fibres

Mix with aramidic fibres

Mix with white cement and basalt fibres

Mix with basalt fibres

Mix with white cement and carbon fibres

Mix with carbon fibres

Mix with white cement

TN R R 632 €
TR 332 €
TN, 606 €
T 356 €
R RN 635 €
R - S 86 €
I, - 524 €
TR 476 €
TR - 446 €
I - 396 €
I 420 €
I 370 €
T 450 €
I 400 €

NIRRT 340 €

| Original mix

TR 290 € I

0€ 200€ 400 € 600 € 800 €

Figure 8. Comparative analysis of the cost per cubic meter of the 3D concrete.

8. Future Research Directions

Despite the significant success achieved in the development of 3DCP technology, this
study has identified several challenges that merit further consideration and exploration in
future research.

One of the primary future research directions is to extend the applicability of 3DCP
technology by designing innovative methods for retrofitting masonry structures using 3D
printed materials. While 3DCP has shown promise in building construction, it has the
potential to revolutionize the restoration and reinforcement of historical and aging masonry
structures. Our goal is to develop techniques and materials that enhance the structural
integrity and durability of these heritage buildings while preserving their architectural
significance [28-30].

The construction industry is continually evolving, and the demand for efficient and
sustainable road infrastructure is on the rise. To meet these demands, we aim to design
and produce 3D printed prefabricated elements that are compatible with road construction
projects. These elements will incorporate the latest advancements in material recycling
technologies, contributing to environmentally friendly and cost-effective road construction
practices [31-34].

Concrete, even in its 3D printed form, remains a fundamental construction material.
To further improve its structural performance and versatility, we intend to develop novel
reinforcement systems akin to the composite systems used in strengthening applications
of reinforced concrete structures [35-37]. These systems will optimize the mechanical
properties of 3D printed concrete, ensuring it can withstand a wide range of loads and
environmental conditions.

Sustainability is a central concern in modern construction practices. Therefore, we
plan to explore ways to integrate recycled materials into the recipe for 3D printed concrete.
By doing so, we aim to reduce the environmental footprint of construction and promote
circular economy principles [38—40].

To advance the understanding of 3D printed concrete and its behavior under various
conditions, we intend to develop dedicated numerical models [41,42]. These models
will facilitate in-depth analysis and simulations, enabling us to predict and optimize the
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performance of 3D printed structures. These simulations will also guide the development
of new construction techniques and materials.

9. Conclusions

This study has demonstrated the feasibility and potential of 3D printed concrete made
from affordable materials, showcasing comparable or even superior mechanical properties
when compared to their expensive counterparts. Based on the experimental program
described in this work, the following conclusions can be drawn:

e In printed 3D concrete, which can have complex geometries, polypropylene fibers
help control and mitigate cracks that may develop due to various factors, such as the
layering process.

e In 3D concrete printing, where precise layering is critical, polypropylene fibers help
reduce plastic shrinkage cracking during the printing process. This contributes to the
quality and appearance of the 3D-printed concrete surface.

e  Polypropylene fibers improved the workability of the 3D concrete mix, making it easier
to extrude and shape during the printing process while maintaining its structural
properties.

e  The mechanical strengths continued to improve over time, with positive trends ob-
served at 24 h, 7 days, 14 days, and 28 days for all nozzle sizes studied.

e  The use of 3D printing nozzles of different diameters resulted in notable improvements
in mechanical strength. The tensile strength at 28 days increased by 19.61% for the
5 mm nozzle and by 34.12% for the 3 mm nozzle compared to the 20 mm nozzle.
Similarly, the compressive strength at 28 days exhibited a 20.66% increase for the 5
mm nozzle and a 25.26% increase for the 3 mm nozzle compared to the 20 mm nozzle.

e  Microstructural analysis revealed exceptionally strong adhesion between aggregates
and binders, with polypropylene fibers aligned in a parallel pattern, contributing to
the material’s strength and durability.

e  The study identified optimal fresh concrete properties, with a slump of 40 mm and a
slump flow of 160 mm, values consistent with previous research in the field.

e  Costanalysis demonstrated significant cost savings with the use of affordable materials.
The cost per cubic meter of the original mix (290 EUR) was compared with various
modified mixes. The highest cost was achieved with the addition of 20% silica fume,
resulting in a 34.83% cost increase (476 EUR). Other cost increases include 29.31% for
white cement (340 EUR), 21.38% for carbon fibers (400 EUR), 19.14% for basalt fibers
(370 EUR), 22.07% for aramid fibers (396 EUR), and combinations thereof.

This research highlights the promising potential of 3D printed concrete as an economi-
cally viable alternative for construction projects. Moreover, it emphasizes the importance
of optimizing concrete mixes, showcasing that cost-efficiency is not solely reliant on prefab-
rication but is significantly influenced by the choice of materials. These findings open up
new avenues for sustainable, cost-effective, and high-performance construction practices in
the future.
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