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Abstract: Additive manufacturing technologies are becoming more popular in various industries,
including the construction industry. Currently, construction 3D printing is sufficiently well studied
from an academic point of view, leading towards the transition from experimental to mass large-
scale construction. Most questions arise about the applicability of construction 3D printers for
printing entire buildings and structures. This paper provides an overview of the different types of
construction 3D printing technologies currently in use, and their fundamental differences, as well
as some significant data on the advantages of using these advanced technologies in construction.
A description of the requirements for composite printing is also provided, with possible issues that
may arise when switching from lab-scale construction printing to mass large-scale printing. All
printers using additive manufacturing technologies for construction are divided into three types:
robotic arm printers, portal-type printers, and gantry 3D printers. It is noted that gantry printers are
more suitable for large-scale printing since some of their configurations have the ability to construct
buildings that are practically unlimited in size. In addition, all printers are not capable of printing
with concrete containing a coarse aggregate, which is a necessary requirement in terms of the strength
and economic feasibility of 3D printing material for large-scale applications.

Keywords: large-scale 3D printing; structural application; concrete 3D printing; metal 3D printing;
composite 3D printing

1. Introduction

Using 3D printing in the construction industry is gaining attention as a high-potential
means of digitalization and automation of the construction process. This new level of tech-
nology is often referred to as Construction Industry 4.0. In many industries, additive manu-
facturing technologies has already gone beyond laboratory research and is used in real-life
applications, such as industrial use [1-3] in the pharmaceutical industry [4-6], food indus-
try [7,8] and even in the textile industry and the fashion world [9]. Additive manufacturing
technologies are used, for example, in medicine of printing implants [10,11], in the mechanical
industry to create parts [12,13] and moulds for casting metal products [14,15].

The growth of automation since the beginning of the 21st century has prevailed in
most production domains with the exception of the building and construction sector, in
which the use of automatic tools is still challenging and requires further development to im-
plement in real-life applications. The main challenge is due to some particular aspects in the
construction sector: (i) building and construction produces extremely large-scale products
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requiring customization of conventional automated fabrication technologies; (ii) conven-
tional design approaches are not tailored for automation; (iii) there is a significantly smaller
ratio of production quantity to type of final product as compared with other industries;
(iv) limitations in the materials that can be employed by an automated system [16]; (v) each
instance of automotive manufacturing has a specific manufacturing process [17]. Only
in the last few years, the fast development in digital fabrication techniques is leading to
applications, as seen, for example, in the structural and civil engineering field, Additive
Manufacturing (AM)-based technologies are commonly used in other sectors, such as
aerospace, automotive and biomedical engineering [18-20]. Meanwhile, a large number
of tests was carried out on the use of concrete 3D printing technologies in construction to
create non-formwork structures [21,22]. Many tests on building materials for 3D printed
structures were also carried out. The requirements for freshly mixed and hardened compo-
sitions for structures [23-26] were conducted, including eco-friendly materials [27].

Despite the fact that 3D printing in construction has already been studied sufficiently
in the laboratory, there are still no regulatory documents in this area of application for
additive manufacturing technologies. Currently, all known research has been carried out
using existing test methods to adapt concrete for 3D printing [28]. Therefore, while the
amount of research conducted on large-scale printing is not great at this stage [29], the
introduction of regulatory documents would be the first step towards the transition from
experimental construction to its use in the mass construction of buildings and structures.
Moving from lab to large-scale printing comes with inevitable challenges, as printing large
scale can dramatically change even a well-studied technology [30].

The most widely used 3D printing technology for construction is the layer-by-layer
extrusion technique [22,23,31-35]. This technology is suitable for large-scale mass con-
struction [36] and can be functional for concrete and metal; these two are the most widely
adopted in the construction materials market. Additionally, these two materials can be
combined to provide reinforced concrete 3D printed structures [37-42] or alternatively, as
composite concrete 3DP structures.

This paper provides an overview of the state of large-scale construction 3D printing, by
focusing on concrete 3D printing and metal 3D printing extrusion processes, or combined
methods as a composite 3DP process. The review provides an overview of the main types of
printers and describes the materials used, and shows the differences between a laboratory
perspective and large-scale 3DP in the construction industry.

2. Overview of 3DP in Construction
2.1. Methodology

A systematic methodology for the literature review is adopted in this review paper
which includes three main stages: types of printer, materials and the printing process.
The compilation of these stages involves identifying and shortlisting the best research
papers in this field. Figure 1 showed the detail of the methodology in this review paper.
The search involved using keywords in the Scopus database which is publishes papers in
this field.

Figure 1 displays the main categories of this overview paper; under types of printer,
both non-mobile and mobile robotic arm 3DP were discussed in one section. Materials and
3DP process are the other two sections.

The methodology for writing this review article was to search, systematize and analyze
relevant information on the topic of large-scale 3DP. The scientific research of leading
scientists on construction additive technologies, as well as technological developments of
universities and private manufacturing companies, were taken as the basis. The scientific
studies analyzed in this review are published in high-ranking scientific journals and have
a large percentage of citations, which confirms the relevance of the chosen review topic
and the reliability of the information sources. Particular attention was paid to the review of
projects in the field of concrete 3D printing and steel 3D printing (and in particular Wire-and-
Arc Additive Manufacturing, which is the most promising for large-scale metal 3D printing
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applications), implemented around the world. Both classical prototypes of the first building
3D printers and the latest developments in this area, the number of which is increasing
every month, are presented. The main purpose of this review was to systematize current
developments, that is, to present the most popular methods of large-scale construction 3DP,
to determine their advantages and disadvantages, to state the problems that must be solved
for the successful implementation of large-scale construction 3D printing, and to describe
the materials used and their characteristics. The review includes only successfully realized
projects that give an idea of the rapid development of concrete 3D printing technology
and WAAM.

Non-mobile 3DP
robotic arm

Mobile 3DP
robotic arm

Gantry 3DP

Cementitious
material

3D PRINTING IN Steel
CONSTRUCTION

Composite 3DP
material

Robotic arm
concrete 3DP

Gantry concrete
3DP

Wire-and-Arc Additive
Manufacturing

Composite material

printing

Figure 1. Concrete 3DP methodology categorization.

The method of studying a large number of sources of information and comparing
various technologies used in this review article allowed us to combine data from nu-
merous studies and come to a single conclusion that is statistically stronger than that of
individual studies.

2.2. Significance of 3DP in Construction

The development of additive manufacturing technologies in construction is associated
with many advantages for the construction industry. Firstly, there is the progress of
digitalization and the general automation of the production process, which also affects
construction. There is a reduction in working labour required due to the introduction of
automation, and programming equipment to perform certain types of work. Thus, for
the construction of a small building using 3D printing technologies, a group of workers is
not necessary; a few qualified specialists are enough to run a printed project, develop the
project itself and select the types of materials that are crucial. Secondly, there is a reduction
in construction time. There is a well-known example of the Apis Cor company who created
a small building in only 24 h [40]. Another example is building with a CONPrint3D printer.
The 3DP method was compared with the traditional construction method, and it is 25%
cheaper to build one floor of a building with a printer. The printing of one floor with an
area of about 130 m? can be made in one day. The current printing speed is 150 mm/s with
a layer height of 50 mm. The printing process requires only two people: a specially trained
machine operator and a professional skilled worker [36]. Thus, by using construction 3D
printing, it is possible to build houses in a very short time, particularly where it is urgently
needed. For example, to build hospitals after devastating earthquakes, fires, and other
natural disasters such as spreading viruses, or for the urgent resettlement of a large number
of people such as refugees.

According to many researchers, 3D printing technology in construction is accompanied
by a reduction in material consumption and less generated construction waste [29,43,44].
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Accordingly, it would be logical to assume that this also reduces the cost of construction.
However, this issue still remains controversial, since the ingredients of construction 3D
printing contain an increased amount of cement, which leads to an increase in the cost
of the material. In addition, a large amount of cement has a negative impact on the envi-
ronment, since the production of cement is harmful due to the release of huge amounts
of carbon dioxide, and the high amount of energy required to produce it. The solution
for this issue could be use of industrial waste to reduce the amount of cement, or using
alternative materials such as geopolymer or earth-based materials such as calcined clay.
Large-scale construction usually uses large amounts of coarse aggregate in concrete. The in-
gredients of concrete contains less cement, which is more environmentally friendly and less
expensive [45,46], in comparison with concretes and mortars for additive manufacturing
technologies in construction. Despite the fact that a lot of research has been carried out in
the field of construction 3D printing, the use of such a technique in large-scale construc-
tion is still under development, due to reasons including the high cost of the technology
itself [47,48]. In addition, it is necessary to study this technology from the point of view
to its impact on the environment, that is, to assess its life cycle. The Life Cycle Assess-
ment method is a method to assess the impact of producing products and their processes
on the environment, this method has been used in the construction sector over the past
20 years [49]. This method includes two approaches—firstly, a comprehensive assessment
of the environmental impact of a building throughout its entire life cycle, including all
associated processes and materials. The second approach evaluates and compares only the
environmental impact of construction materials and/or construction methods. When it
comes to 3D printing, researchers mainly focus on the environmental impact of printing
small objects. For example, it is estimated that 3D printing with geopolymer has less impact
on the environment when building elements with a complex structure, while printing with
ordinary concrete is more environmentally friendly when creating structures with ordinary
walls. Recently, scientists have been interested in materials for 3D printing which are earth-
based such as cob, which is obviously more environmentally friendly than concrete, since
it consists mainly of natural materials (water, earth, straw, additionally clay and sand) [49].

The most attractive feature of building with a 3D printer is the ability to create complex
geometric shapes, as opposed to the process of conventional concrete casting. In a study
by [50], the authors give two examples of using 3D printing to create large-scale structural
elements. Both printed elements have a hollow structure to be filled with high performance
concrete with fiber reinforcement or an insulating material, such as foam used as a thermal
insulation. Some parts may be left unfilled for communication cables or electrical wires. In
such printed walls with internal voids, the thermal insulation properties can be increased
by up to 56% compared to classic walls. Also, printed walls with different configurations
of voids inside can provide improved acoustic insulation properties of the element by
damping acoustic waves passing through it, depending on the geometry of the wall cells
and material properties. This is also beneficial to reduce the effect of fire in complicated
geometric structures. Based on the results presented in [43,50], it can be concluded that the
main interest in the use of additive manufacturing technologies in large-scale construction
is not just in the speed of construction or cost reduction; it also improves the characteristics
of building elements (for example, thermal insulation or sound insulation), mainly due to
the smart use of the geometry in printing structural elements.

3. Types of Printers
3.1. Robotic Arm Printing for Construction Application

Large-scale 3D printers can be roughly divided into two categories: robotic arm
printers and gantry printers. Printers in the first category use a multi-axis robotic arm
with a print head [51-53] and the principle of operation of such printers is the same for all
types of applications. The choice of robotic manipulators for 3D printing seems obvious
since these industrial robots are available and not too expensive. They also provide high
accuracy and dynamics and are easy to control due to advanced software. The examples of
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concrete 3D printers with a robotic arm for construction application, described below, are
shown in Figure 2a—d.

The robotic arm system is relatively new compared to gantry printers. Such a system
makes it possible to print more accurate and detailed objects using the tangential continuity
method [54]. The tangential continuity method provides a smoother transition between
print layers, maintaining a constant rate of change in curvature, providing a more aesthetic
appearance. Robotic arm printers benefit from more flexibility with a full 6 degrees of
freedom versus 3 or 4 degrees of freedom in a traditional gantry system.

In construction applications, the advantage of these printers is their mobility; they
are suitable for printing multiple units together. There are modifications of construction
printers with a robotic arm, which are equipped with wheels for easy transport of the
printer itself before and after printing [53]. It should be noted that the size of the printer
and the weight of the printhead of such printers are limited, that is, they are not suitable for
printing large-scale monolithic buildings, only individual elements. To increase the print
space, robotic arm printers can be placed on an optional system to make the robot more
mobile. But in this case, the question arises about the control and quality of printing, since
the robot additionally moves in space [36]. It is also worth noting that only materials with
a fine aggregate are suitable for printers with a robotic arm, the use of a coarse aggregate is
problematic [47]. One type of printer with a printing robotic arm is a large on-site mobile
truck-based printer, which has an enlarged printing arm mounted on the machine. This
printer allows for the use of coarse aggregate, but this technique is still under development.

A large-scale concrete 3D printer, CONPrint3D, was created in Germany by the col-
lective work of three institutes at TU Dresden [36], this printer is shown in Figure la.
Its main difference from smaller-scale 3D printers used in construction is the adaptation of
concrete 3D printing to modern architecture and building design. This means that such
a printer is not designed for printing thin parts with complex geometry, which is rarely
used in ordinary construction. CONPrint3D is designed for monolithic structures with
sharp corners and predominantly straight walls. Also, to create such a printer, conven-
tional construction equipment is used as much as possible, which means that there is no
need to create new expensive equipment. CONPrint3D envisions retrofitting conventional
construction machines with a mobile concrete pump for use as a 3D printer. The concrete
conveyor is on board the machine and the boom serves as a robotic arm controlled by the
printing algorithm. Regarding the materials used, in such a printer it is possible to use
a concrete composition that meets existing concrete standards. That is, CONPrint3D uses
concrete with a coarse aggregate, up to 8-10 mm in size. In addition, printing can be done
with high-performance concrete, aerated concrete, and concrete with fiber reinforcement.
It prints with good surface quality and accuracy/tolerances, in line with current regula-
tions, which is especially important for printing flat walls and sharp corners in general
mass construction. The increased size of the nozzle makes it possible to print a layer with
a cross-sectional size of 150 x 50 mm at a printing speed of up to 10 m/min. The print head
is equipped with forming plates, which produce an even and smooth surface of the printed
layer. Regarding reinforcement, CONPrint3D developers are still working on this issue.

An interesting example of a concrete printer with a robotic arm from the Russian
company Apis Cor [44,55] is shown in Figure 2b. A robot with a swivel arm, which is
installed in the center of the printed object, has variable dimensions in height and width
due to sliding mechanisms. The outreach of the printing mechanism is up to 8.5 m. By
using of such a printer, it is possible to print an object with an area of up to 130 m?. To print
buildings one floor at a time, the printer is capable to move to the next floor. Such a printer
provides good controllability and printing accuracy. The Apis Cor printer printed a two-
story office building in Dubai [56] 9.5 m in height and 640 m?, which was the largest printed
building in 2019 [57]. At the moment, the company is aiming at creating buildings beyond
the Earth, developing new spaces and using extraterrestrial materials for construction [58].

As already mentioned above, the main obstacle to the mass use of 3D printing technology
in large-scale construction is the limitations on the size of printable objects due to printer
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configurations. When using robotic-arm printers, the size of the object is limited by the reach
of the robotic arm with the print head. Zhang, Li, Lim, Weng, Tay, Pham and Pham [54]
propose the following approach to address this scalability problem. Printing is carried out
by a team of several mobile robots, whose work is strictly coordinated (Figure 2c). Such
a system could potentially print an object of arbitrary size, depending on the number of
robots. Some other challenges arise, such as ensuring that all robots work together to ensure
full compatibility of printed elements, synchronous mixing and delivery of print media, and
collision-free planning of robots. Each robotic arm in the setup consists of a mobile platform,
a six-axis robotic arm equipped with an extruder, a stereo camera, and a pump. The system
allows the use of two separate materials, which demonstrates the system’s adaptability to
print multiple materials if required. The printed materials used are ordinary fine-grained
concrete and concrete reinforced with fiber. The operation and settings of such a printing
system are described in detail in [54].

There are other approaches to increasing the productivity and mobility of robotic
arm printers. For example, Keating, Leland, Cai and Oxman [59] describe the design of
a concrete 3D printer with a robotic arm, which was installed on a tracked mobile platform
for on-site fabrication of printed structures. In the paper, the authors describe the printing
of an element with a diameter of 14.6 m and a height of 3.7 m, which was successfully
manufactured at the construction site using additive manufacturing; the production time
spent was less than 13.5 h. Among other things, such a system has solar panels to recharge
its electric drive system, that is, it is completely autonomous and not dependent on external
energy sources (Figure 2d).

Industrial robotic arms are also implemented in metal 3D printing processes such as
Wire-and-Arc Additive Manufacturing (WAAM). For this technology, the basic set-up consists
of multi-axis robotic systems integrated with off-the-shelf welding equipment (Figure 2e).

CONPrint3D= -~ '\‘\

APIS COR

Figure 2. Examples of robotic arm 3d printers (with permission from [36,54,59-61]). (a) Printer
CONPrint3D, (b) Printer Apis Cor, (¢) 3D printing by a team of mobile robots, (d) Tracked mobile
platform 3D printer, (e) MX3D printer for WAAM.
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3.2. Gantry Concrete 3D Printing for Construction Application

Gantry concrete 3D printers are the most common and have been more extensively
researched than robotic arm printers. The gantry robot printing method is characterized
by simple linear axis control and high precision. These relatively simple handling sys-
tems provide good access to the printable object while making the most of the available
workspace. The advantage of gantry printers is the increased size of the print area, which
allows the construction of small buildings as a whole, as well as the use of concrete with the
inclusion of coarse aggregate [47]. The disadvantage of gantry 3D printers in comparison
with robotic-arm printers is limited mobility and the need for assembly/disassembly of at
each construction site. Due to the design of gantry printers, they should always be larger
than the object to be printed, since the printing takes place within the area of the printer
frame. This means that before starting the printing process, a printer must be installed, and
its dimensions must be larger than the entire building. This causes issues when printing
buildings on a large scale. In addition, gantry printers are stationary systems, so the pro-
duction of even a small building requires a lot of effort in assembling and disassembling
the printer itself. Therefore, some projects use gantry printers to print individual building
elements, which are then assembled at the construction site or in a factory. This can have
a negative effect on economic efficiency, as there are additional costs for transportation and
assembly of individual elements [36].

Below there are examples of well-known gantry concrete 3D printers; their images
are shown in Figure 3a—e. The most famous examples of gantry printers are Contour
Crafting and Concrete Printing [54,62,63]. These printers use a layer-by-layer extrusion
method [54,64]. The pioneer in construction 3D printing is the Contour Crafting company,
which developed a construction 3D printer back in 2004 [16,65], shown in Figure 3a. Printing
is based on the creation of two layers of material for the construction of a kind of formwork.
Such a printer uses a number of gantries, since the print head of the 3D printer is installed
on an overhead crane. The developers of this printing method also propose to use the
printer not only for ordinary construction on Earth, but also outside it, for example, when
exploring the Moon or Mars [66].

The printer developed at Loughborough University [67], Figure 3b, has the same printing
principle. This project, unlike contour crafting, uses high-performance concrete. The high
mechanical properties of such a material in combination with a relatively small nozzle diameter
(4-6 mm) give good control in terms of the geometry of the printed element [50,63]. The gantry
frame of the printer measures 5.4 m(L) x 4.4 m(W) x 5.4 m(H) [68], which also limits the size
of the printable elements, that is, this printer is not designed to print entire buildings, but only
individual elements and small architectural forms.

A classic example of a gantry concrete 3D printer for large-scale construction is the
product of the Russian company Spetsavia [69]. The company presents a line of construction
3D printers of various configurations, from small printers for laboratory printing and
printing of small architectural forms, to large-scale printers capable of printing an entire
building. The company claims that the AMT S-500 configuration printer, Figure 3c, is
the largest construction printer in the world, capable of erecting buildings up to 80 m
high. The base printer is 14 m high, which can print a 5-story building; the height can be
increased if necessary. The maximum area of a printed building is 340 m?2. The size of the
print head allows printing with ready-mixed concrete with an aggregate size of up to 6 mm.
The maximum dimensions of the printed layer are 30 x 80 mm, with positioning accuracy
of up to 2 mm.

Another example of large-scale construction printers are the crane printers from the
Italian company WASP [70]. The history of the company begins with small printers for
printing with bioplastics; at the moment the company has in its arsenal a construction
3D printer for printing large-scale objects, shown in Figure 3d. It is a modular printer
consisting of a metal frame that can change its configuration. The printing area in the first
configuration is 50 m?, and in the extended one, more than 100 m?. Printing can be done by
several modules connected together. The size of one module is 6.6 m in diameter and 3 m in
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height. Additional WASP modules when working together have a potentially infinite print
area. The diameter of the nozzle hole is from 18 to 30 mm; printing can occur both with
cement mortar and geopolymers and even with an earth-based material. The company is
currently building sustainable housing in a new circular shape made entirely from recycled
and recyclable materials sourced from local soil. This material has zero carbon emissions
and is adaptable to any climate and conditions [71].

The development of concrete 3D printers from the Danish company COBOD looks
quite promising. Their construction gantry 3D printer BOD2, Figure 3e, also has a modular
system that allows creating objects of any size [72]. The developers claim that the largest
configuration of printing units can build a multi-storey building with an area of more than
1000 m2. The company also offers smaller printers with a printable area of up to 50 m?,
depending on the customer’s requirements. Each module is 2.5 m long and can move
along any of three axes. The advantage of the modular system is that, in addition to the
practically unlimited print area, it makes it possible to customize the printer for each project,
regardless of the size and shape of the building being erected. In the printer specification,
the maximum print length is indicated as: “as long as you like” [73]. The light weight
combined with the incredible rigidity of the truss ensures a tough, robust construction
that will withstand rough handling and ensure consistent and reliable printing year after
year. As a material, the developers offer ordinary concrete with coarse aggregate. Recycled
materials such as broken roof tiles can be used as coarse aggregates.

The construction 3D printing company ICON is actively developing in the USA.
The ICON Vulcan gantry construction 3D printer, Figure 3f, is capable of producing reliable
single-storey houses faster than traditional methods, with less waste and more design
freedom [74]. The printer is capable of erecting buildings up to 3.2 m in height and 11 m
in width, the length of the printed object is not limited. The undoubted advantage of this
printer is controllability through an intuitive and simple application from a smartphone or
tablet, which definitely brings the construction industry of the 21st century into the era of
digitalization. The printing material is the so-called Lavacrete, a high-strength concrete that
can withstand extreme weather conditions and significantly reduce the impact of natural
disasters while ensuring maximum efficiency. The composition of this material has not
been disclosed. Among the latest news from this company was the announced construction
and sale of a complex of four highly efficient individual houses using the construction
3D printer ICON Vulcan [74]. The home sale announcement was posted in March 2021,
with two out of four homes sold within days of the start of sales. The company notes the
overwhelming consumer demand for such houses, which is proof of the relevance of the
entry of construction 3D printers into the large-scale printing market. It is also noted that
using construction 3D printing technologies, such an acute social problem as the housing
crisis can be solved in the country. In addition, the company is involved in two projects
for the development of territories outside the Earth—the construction of dwellings on the
Moon and Mars [74], using the soil available on these space objects as a printing material.

The German company PERI has been engaged in efficient, fast and safe construction
since 1969 [75], and has recently been using construction with 3D printers. This once again
confirms the relevance of using construction 3D printing in the world market, when such
large construction companies keep up with the times and switch to new technologies.
In November 2020, the company announced the construction of the first multi-storey apart-
ment building in Europe, thus proving that 3D printing is also suitable for the construction
of large-scale housing [76]. The company firmly believes that the use of concrete 3D print-
ing technologies will revolutionize the construction industry with its ability to accelerate
the industrialization of the construction process.

Probably the most famous and recognized company in the world concrete 3D con-
struction market is WinSun from China, which has existed since 2003. It was they who
implemented a number of buildings using a 3D printer in the period from 2008 to 2014,
before anyone else in the world [77]. The company has more than 20 projects implemented
using 3D printing not only in China, but also abroad [78]. Among the company’s achieve-



Buildings 2022, 12, 2023

9 of 26

ments are the construction in 2015 of the highest 3D printed house at that time [78], the
development of the first material and nozzles for construction 3D printing, the development
of a 3D printer that can continuously print construction products, and the development
of the world’s largest architectural 3D printer [78]. Currently, the company is engaged in
printing not only buildings (Figure 3h) and small ancillary structures, but also water con-
servancy facilities [79], sound barriers, fences with green spaces, and elements for coastal
development [80]. The characteristics of the 3D printer used, as well as the composition of
the print material, are not disclosed.

(d)

(h)

Figure 3. examples of gantry 3D printers (with permission from [62,69,70,72,74,80-82]. (a) Printer
Contour Crafting, (b) Printer of the Loughborough University, (c) Spetsavia’s AMT S-500 printer,
(d) WASP crane 3d printer module system, (e) BOD2 printer, (f) ICON Vulcan printer, (g) Peri 3D
concrete printer, (h) WinSun 3D printed building complex.
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4. Materials
4.1. Cementitious Materials

Materials for construction 3D printing with concrete can be: 3D printed cement concrete,
3D printed geopolymer, 3D printed concrete reinforced with fiber, fast hardening 3D printed
material, and 3D printed material based on earth [54]. For 3D printing concrete, the following
basic concepts are introduced: extrudability, buildability, and open time [47,83,84].

e  Extrudability—the ability of a material to be extruded through a nozzle with minimal
energy consumption. It depends on yield stress, plastic viscosity, and the resistance of
concrete to drainage/filtration of mixing water.

e  Buildability is the ability of the formed layer of print material to maintain its geometry
(shape and size) in a fresh and transient state under increasing load [85]. For this, the
concrete for printing must exhibit sufficient static yield strength and curing rate during
settling. In addition, the material must develop mechanical strength and plasticity
modulus in accordance with the selected printing speed.

e  Open time of 3D printed concrete—a limited period between the beginning of cement
hydration and the moment when the mixture becomes too hard for extrusion [86].

In addition, there is the concept of printability, which combines all these requirements
for printed concrete. That is, if the concrete meets all of the above requirements, then it
can be considered suitable for printing, that is, it is printable. All of these requirements
depend on the rheology of the concrete mix. Important for printing are such rheological
properties as the time-dependent static yield stress, dynamic yield stresses, structuration
rate and plastic viscosity [36]. The static yield stress is especially important as it determines
the stability, shape and size of the printed layer stack, and the ability of the printed
layers to support the weight of subsequent printed layers. Thus, high yield strength is
recommended for printed concrete. The rheological parameters of the concrete mix can be
controlled by chemical additives such as superplasticizers, viscosity modifiers, set retarders
and accelerators. By using additives, it is possible to give the concrete mixture the ideal
consistency, while maintaining workability and buildability for longer periods of time.
Superplasticizers are used in concrete production technology for 3D printing in order
to make the slurry more fluid during pumping and then quickly recover its shape after
printing to maintain the next printed layer [86].

Traditional concrete does not meet the rheological requirements for 3D printing. There-
fore, researchers are trying to optimize the properties of freshly mixed concrete to make it
printable, most often replacing coarse aggregates with fine ones (sand, clay, fly ash, silica
fume). However, due to the fact that there is no coarse aggregate in such concrete, the con-
crete is susceptible to shrinkage, as a result of which the printable concrete is susceptible to
cracking. The solution could be fiberglass or shrinkage reducing additives [86,87]. Concrete
for printing should have a thick consistency, the thicker the better, but at the same time, it
should be suitable for pumping. The easiest way to change the consistency or workability
of concrete is to measure the slump. In studies [86,88], the authors use just such a method
to determine the pumpability and buildability of a printing mix. They determined that
compositions with 4-8 mm slump and 150-190 mm slump flow show sufficient buildability
and good geometric accuracy.

According to [36], concrete is considered suitable for 3D printing if:

it is continuously and effortlessly extruded for a long time;
it is buildable to the design height, taking into account the economic viability of the
intended purpose;

e it has a sufficiently high compressive and flexural strength, also considering the
intended purpose.
Mechtcherine, Nerella, Will, Néther, Otto and Krause [36] transfer these requirements

to coarse aggregate concrete, as most research has been done on fine grained mortars, and
the rheology of 3D printed coarse aggregate concrete is still poorly understood.
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Examples of compositions for construction 3D printing with coarse and fine aggregates
are presented in Table 1. The compositions often use such diverse materials as fly ash [89,90],
silica fume [91,92], and nano-clay [93-95], as an additional binder as a replacement for part
of the cement and to give the mortar plastic properties [62].

Table 1. Examples of compositions for 3D printing.

. Mechtcherine . . I. Agusti-Juan BOD2
Material * et al. [36] Ji etal. [96] Zhang et al. [24] Kazemian et al. [97] Le et al. [62] etal. [98] Specifications [99]
Cement 1 1 1 1 1 1 1
Add. binder (fly 07 0 0.56 0.11 0.43 0.087 0
ash, silica fume)
Fine aggregate 337 32 125 251 2.14 1.41(0-4 mm) 0.57
(0-2 mm)
Coarse aggregate N .
g op 1.13 3.62 0 0 0 2.2 (4-8 mm) 1.29 (0-8 mm)
Water 0.51 0.66 0.66 0.48 0.4 0.34 0.27
Additives 0.014 0.024 0 0.0016 0 0.009 0.0098

* consumption is given in proportions relative to cement.

The use of a large amount of cement material for 3D printing in construction and the
desired requirements for fast setting and early strength development lead to increased heat
generation during hydration, which in turn can provoke the appearance of microcracks in
the printed layers due to thermal stress and shrinkage [100]. Such microcracks can seriously
affect the durability and safety of the structure. Thus, concrete material for 3D printing is
more prone to shrinkage cracking than ordinary concrete for casting [101]. In Wang, Ma,
Li, Ma and Guan [100], the authors use a mixture of high belite sulfoaluminate Portland
cement and cement with low heat release as a binder for 3D construction printing, and
study the properties of such a material for rheological stability, shrinkage and applicability
for large-scale construction printing in general. In a mixture with such a binder, a 37.8%
decrease in heat release at the early stages of hydration is noted compared to a mixture
where only ordinary Portland cement is used, which is an advantage for reducing the
occurrence of shrinkage cracks. The addition of silica fume in the amount of 10% leads to
an improvement in printability, as it increases the static yield strength and decreases the
plastic toughness. In terms of strength characteristics, the mixture can also be considered
suitable for 3D printing (compressive strength at the age of 1 day corresponds to 30 MPa).
The sulfoaluminate high belite cement is effective in improving the drying shrinkage
resistance of the composite material. A 60% reduction in drying shrinkage is observed with
the addition of 80% high belite sulfoaluminate cement as a binder. The mixture was used to
print a large-scale 9.4 m long arch element with high print quality, high volumetric stability
and no shrinkage cracks [100].

4.2. Wire-and-Arc AM

In order to realize real-scale structural elements without ideally any geometrical
constraints either in size or shape, the most suitable manufacturing solution for metallic
elements is the so-called Wire-and-Arc Additive Manufacturing (WAAM) process. This
technology consists of a combination of an electric arc as heat source and wire as feedstock.
It currently uses off-the-shelf welding equipment, such as welding power source, torches
and wire feeding system, while motion is provided by either a robotic arm or computer
numerical-controlled gantries. Such a flexible building set-up allows for the realization
of elements without theoretical dimensional constraints. Thus, it appears more suitable
for structural engineering applications. The outputs requested are in the order of several
meters (typically 3 to 5 m long) (Figure 4).
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Figure 4. Applications of the WAAM process in construction: (a) MX3D Bridge; (b) Takenaka
connector; (¢) Glass swing by TU Delft; (d) WAAM diagrid column by the University of Bologna.

WAAM’s layer height is commonly in the range of 1 to 2 mm, resulting in expected
surface roughness of about 0.5 mm for single track deposits. As a result, this process is
not considered net shape, as machining is required to finish the part, thus being better
suited for low- to medium-complexity and medium- to large-scale elements, such as those
implemented in structural engineering [102-104]. Indeed, in order to obtain pieces of
large dimensions, higher printing velocities are required, resulting in larger geometrical
imperfections with respect to the digital model. Therefore, much effort is needed for
a proper assessment of both the geometrical and mechanical characterization of the outputs
from the Wire-and-Arc Additive Manufacturing (WAAM) process.

WAAM technology can be used for different types of metals, ranging from bronze to
aluminum, from titanium to steel alloys. Nowadays there is limited amount of research
concerning the influence of WAAM process parameters on the material properties [105,106].
Among WAAM-processed stainless steels, the available literature reports limited data
about maraging steel [107], 2Cr13 martensitic stainless steel [108] 316L and 304 L austenitic
stainless steels [102,103,109-112], as well as 2209 duplex stainless steel [113]. The presented
results are focused on the assessment of the influence of the orientations with respect to the
deposition layer on the tensile strength (yielding and ultimate tensile strengths) of WAAM
metallic specimens, hence confirming the interest in studying the anisotropy of the printed
outcomes. In the work done by Gordon and co-authors [110], Young’s modulus values are
reported, indicating values around 130 to 140 GPa, which are significantly lower than that
registered by the conventional wrought material (about 190 GPa). Wu, Pan, Chen, Ding,
Yuan, Cuiuri and Li [114] found a first correlation between the tensile strength and the
specimen’s orientation, in terms of grain growth orientation.
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4.3. Composite 3D Printing Materials

A composite structure consists of two or more materials, and can be composed of
different types of structures, not just for construction purposes but also for different types
of applications. In the construction sector, there are many types of concrete materials;
this material can by itself make a composite structure, such as self-compacting concrete,
normal concrete, high early-strength concrete, and ultra-high performance concrete. There
is a study that focused on the use of different types of concrete to make structural elements
using 3DP technology. For example, ApisCor [56] used hardened 3DP UHPC in normal
concrete as a reinforcement; the printed UHPC has an effect like a steel bar to improve
bending capacity inside the concrete. The result of their study shows that the flexural
strength increases by 160.5% by using UHPC as a reinforcement element.

Another study by Bhattacherjee, Basavaraj, Rahul, Santhanam, Gettu, Panda, Schlangen,
Chen, Copuroglu and Ma [23] focused on engineered cementitious composites (3DP-ECC).
An ECC usually consists of cementitious materials with a certain amount of fibers in the
materials mix. Their results showed that ECC has more ductility than conventionally printed
parts. ECC also showed a strain hardening behaviour, with a strain capacity of 3%. However,
the composite materials are not limited to fibers; it is possible to print wire steel via a robotic arm
and then start printing the concrete materials surrounding it to complete the structural elements.

Previous studies showed the most favourable method to proceed with composite
materials. Figure 5 shows the most effective method that could be a future means to
industrialize digital concrete with steel reinforcement.

)

Figure 5. Reinforcement-incorporating techniques in DC: (a) placing steel reinforcement horizontally
between 3d-printed concrete layers (with permission from [115]); (b) placing vertical reinforcement
in 3d-printed formwork which will be filled with flowable or vibrated concrete (with permission
from [44]); (c) post-tensioning of steel reinforcement placed in 3d-printed conduits (with permission
from [68]), (d) pre-stressed bridge constructed based on selective binding [116]; (e) enveloping
steel reinforcement with concrete (Photo: V. Mechtcherine); and (f) fully automated placement of
pre-fabricated metal reinforcement elements (with permission from [16]).
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These proposed processes shown in Figure 5 are only simple illustrations of the 3DP
technique used for concrete with steel reinforcement. These processes can be developed
using two robotic arms: one arm to print the steel reinforcement, and then the concrete
is printed later using the other arm to complete the composite structure, which assists to
enhance mechanical strength.

5. Three-Dimensional Printing Process

Large-scale construction printing consists of the following steps: model creation,
material production, transportation, layer-deposition, and quality control.

Any method of 3D printing at the first stage consists of translating a 3D model into
2D with a breakdown of the printed element into layers. For large-scale 3D printing, the
tangential continuity method is used, since the printed layers of cement material are actually
three-dimensional, that is, they are made of non-planar layers with locally varying thickness;
therefore, it is better to use the geometric capabilities of 3D printing technologies. Using the
tangential continuity method for slicing allows full use of the possibilities of 3D printing
by creating layers of different thicknesses, which leads to obtaining vaulted, mechanically
stronger structures in terms of design. The obvious advantage of this strategy is to maintain
constant contact surfaces between the two layers, avoiding geometric gaps between the two
layers, which often limit the capabilities of the additive manufacturing process [50].

For large-scale on-site printing, concrete can be delivered ready-made from the factory.
While thixotropic concrete with high yield stress and zero slump can be used in lab or object
printing on small printers, this approach is not applicable for large-scale printing due to the
potential interruption of the process and the high concrete pumping pressure required. In
this case, the concrete can lose its required properties and become unsuitable for printing.
In this case, an additional step of mixing the material is necessary after transport and
preferably after pumping. A suitable solution would be to introduce accelerators into the
concrete just before extrusion, i.e., through an additional rotor in the print head.

Quality control, in turn, is divided into control of fresh concrete and hardened concrete.
The success of all printing processes depends on the concrete rheology, which is measured
at the fresh concrete stage and throughout the entire printing process [36]. Optimum
media testing methods should be in-line and continuous to account for and control changes
in rheology during the printing process. CONPrint3D has proposed such a continuous
method for quantifying the extrudability of a material, using the 3D printer itself as a testing
device [36]. The energy expended in extrusion is measured to determine the extrudability
index and the unit of extrusion energy. The lower this unit of extrusion energy of the
material, the higher its extrudability. Thus, the optimal compositions are determined using
a parametric study.

Often, researchers involved in testing materials for construction 3D printing are forced
to resort to developing their own test methods [117-120], which differ from the existing
ones and may even take into account the cost of construction [121].

The principal differences in the printing process for robotic arm printers and gantry
printers are shown below.

5.1. Robotic Arm Concrete 3D Printing for Construction Application

An example of the operation of a printer with a robotic arm is shown in Figure 6.

Most commonly, robotic arm concrete printers consist of a print head mounted on
a robot, as well as two peristaltic pumps, one for the premix and one for the accelerator,
and a mixer for the premix, where all the three latter parts are removed from the robot arm.
A microcontroller is used to control the pumps and the print head; control is carried out
through the program, depending on the printing path, in order to be able to dose additives
and emergency stop the printing process [50].
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Figure 6. Printing process using a robotic arm printer for setting on-demand concrete (adapted
from [50]). The numbers indicate the following elements: 0—system command; 1—robot controller;
2—printing controller; 3—robotic arm; 4—print head; 5—accelerating agent; 6—peristaltic pump for
accelerant agent; 7—peristaltic pump for premix; 8—premix mixer; 9—3D printed object.

The prepared mortar premix with pumpable rheological characteristics, i.e., fine
particle size distribution, low critical shear stress, and slow hardening quality, is stored in
a shear mixer to avoid early hardening due to its thixotropic properties. Then the prepared
mixture is fed by a peristaltic pump to the mixing auger located inside the print head.
At this stage, additives are introduced into the mixture to speed up the process of recruiting
the required mechanical properties immediately after extrusion [50]. Then the finished
mixture is extruded along the contour specified by the CAD model.

5.2. Gantry Concrete 3D Printing for Construction Application

An example of the printing process on a portal concrete 3D printer is shown in Figure 7.

to printer head

N

Mixer-pump ///;I
(outside picture)

Control unit

Figure 7. Printing process using gantry printer (TU Eindhoven) (adapted from [122]).

All gantry concrete 3D printers, regardless of the size of the printed element, consist
of the following main elements: the gantry system itself with a print head and nozzle
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installed on it, a mixer pump for preparing concrete and pumping it into the print head,
a hose connecting the mixer and the print head, and a control computer to accompany and
control the printing process. Concrete under pressure is fed into the print head, where it is
squeezed out through a nozzle to create the desired shape along a predetermined contour.

The Danish company COBOD compared gantry 3D printers and printers with a robotic
arm and noted the advantages of gantry printers. It is noted that gantry printers of
a modular system can have an almost unlimited print area and can print an entire building,
which no printer with a robotic arm can boast of. But at the same time, robotic printers are
more mobile and easier to move than gantry ones; they can be used to create more accurate
and geometrically complex elements. The full text of the comparison of the two types of
printers is presented in [123]. Table 2 shows the detailed description of different types of
printers that could be used in the construction industry.

Table 2. Types of printer that have been used for large-scale construction.

Types Variation Examples Advantage Disadvantage
COHStI:uCthIl machines with [36] . limitations on the size of
a mobile concrete pump e  mobility printable objects
Ordinary robotic arm [44,55] * av.?ulablht.y and low cost ability to print only
of industrial robots individual elements
T f mobile robot 54 i
. eam of mobile robots [54] e  high accuracy need for
Robotic Arm  \obile platform robot [59] and dynamics assembly /connections of
Mobile robots climbing system  [124,125] easy to control due to individual printed elements
8 Sy 4 advanced software
o . the need for
Mobile platform robot [124,126] o flexibility with a full roeramming skills to
- 6 degrees of freedom prog &
Mobile platform robot [127] ensure 6 degrees
f freed
Mobile platform system [59,128] ot treedom
Mobile printing unit on
flatbed trailer [129]
Ordinary gantry system (62,1301 simple linear axis control
Ordinary gantry system [13,14] high precision
Ordinary gantry system [63] 1n§reased size of the L .
- print area limited mobility
Gant Ordinary gantry system [69] e simple 3D need for
i Crane printer, modular system  [70] printer software assembly /disassembly of
V) . 2] e  ability to print entire each at the construction site
odular system buildings in one go bulkiness
Two-column gantry system [74] e ability to using
. coarse aggregate
Ordinary gantry system [75] e theability to print
Ordinary gantrysystem [77] unlimited-length elements
Ordinary gantrysystem [127] * thetab.ﬂitz to (i;)ntrol lt h,e
material flow by applying
Ordinary gantry system [131,132] a hopper above
Ordinary gantry system [129,131] the printhead

5.3. Wire-and-Arc Additive Manufacturing

Research on the WAAM process involves the feedstock, the optimal process param-
eters, i.e., the printing strategy. The feedstock, in the form of a wire, can be deposited
according to different paths and strategies by varying the main process parameters (arc
current and voltage, arc transfer mode, speed). The deposition process involves complex
thermo-physical phenomena, while the solidification conditions promote a microstructure
with large columnar grains [133,134].

Current WAAM techniques use MIG/MAG power sources. Besides traditional syner-
gistic machines, Cold Metal Transfer (CMT) allows a step further in terms of heat input
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optimization. Modern CMT sources are also characterized by Cycle Step technology with
controlled single spots deposition.

Both traditional synergistic and CMT solutions have been investigated in the litera-
ture [135-137], even though limited studies focused on the influence of WAAM process
parameters on microstructural and mechanical properties [106,138].

The layer-by-layer continuous printing strategy consists of depositing successive
layers of welded metal one over the other to create planar or extruded elements with
constant thickness. The fundamental process parameters are (i) the current and its voltage,
(ii) the wire diameter, (iii) the wire-feed rate, (iv) the welding speed, and (v) the vertical
printed layer height. The combination of such controlling parameters affects the printing
quality (geometrical precision and surface roughness) as well as the material’s mechanical
properties. For structural engineering applications, the need for high welding velocity
for a rapid realization of structural elements of such proportions plays a crucial role for
the specific characteristics of the printed parts, as it induces geometric inaccuracy of the
outcomes, both in terms of surface roughness and lack of straightness of the elements. For
a given element to be printed, a digital model, from which the printing head reads the
coordinates of the points defining step-by-step the position of the welded layer, is created
with Rhinoceros software (Rhinoceros 5). However, due to the intrinsic inaccuracy of the
printing process, each point of the digital model has a real counterpart whose position is
not exactly the one of the digital model, as it is affected by error.

Therefore, when dealing with WA AM-produced structural elements it is necessary to
first codify specific issues related to: (i) the set of process parameters; (ii) the wrought mate-
rial; and (iii) the printing strategy. Furthermore, given the novelty of the process, especially
for structural engineering applications, there is a very limited database of experimental
results to provide sufficient information on the structural response of WAAM-produced
metallic structural elements.

5.4. Composite Structure 3D Printing

Printing processes for concrete and reinforcement of structural elements would be
more suitable when the robotic arm is used as a setup; however, the gantry systems could
be applicable as well for structural elements, but might face difficulties while printing.
These difficulties could be due to movement in the joints of the gantry.

For printing concrete, it is necessary to have a proper pumping system with delivery
pipes, and for reinforcement it is necessary to have proper materials and delivery systems
attached to the robotic arm.

Figure 8 shows an example of printed concrete and printed steel; this is an excellent
instance to have both printing materials in one package as fully printed structural materials.
This may have some issues such as heat from the printed steel causing an issue with the
fresh state of the printed concrete; therefore, it might require a pause between each of
printed materials.

Figure 8. Left side image shows printed concrete (adapted from [139]), right side image shows
a printed steel structure (adapted from [140]).



Buildings 2022, 12, 2023

18 of 26

Another example is provided by the FloWall concept proposed by the ITE department
at TU Braunschweig, Germany. The idea lies within the “reinforcement supports concrete”
approach, in which WAAM reinforcement is printed before shotcrete 3DP is applied [141].

6. Mechanical Properties
6.1. Robotic Arm and Gantry Concrete 3D Printing for Construction Application

Anisotropy of properties is noted in structural elements created using concrete 3D
printing. First of all, this concerns the strength characteristics of concretes for construction
3D printing. Since in 3D printing the creation of an element occurs in layers, the adhesion
force between the layers is of great importance, which can be weakened by the minimum
contact area of the surface of the layers and reduced bending strength [29]. Accordingly, the
direction of printing has a significant effect on the load-bearing capacity of the structure.

The bond strength between layers is greatly influenced by the time between printing
two adjacent layers [142,143]. For example, in Taylor Marchment [144] specimens are
described in which the time between printing layers was 10, 20, and 30 min. It is noted
that the bond strength between layers with a delay time of 10 and 30 min is the same, but
more with a delay time of 20 min. Of course, this time cannot be taken as a basis, since
each printer and print material has its own characteristics, but this makes it possible to
assume that there is an optimal time to create one layer of the structure and to organize
and optimize the printing process taking into account this time. It is also noted that there is
a relationship between the strength of the adhesion of layers and moisture on the surface
of the layer [145]. If the surface of the layer is dry, then it lacks the ability to adhere to the
above-printed layer to form a strong bond. The moisture level between layers is a function
of many parameters, including the printing process, evaporation rate and spreading rate of
mixtures, and this level should be controlled during printing and not allowed to decrease
below the acceptable value. This is especially important in large-scale construction, where
printing is continuous along the contour of the building, which can be tens of meters. In
this case, it may be advisable to print in separate trips, so that the entire contour does not
take an unacceptable amount of time to print, at which the moisture content of the layer
and, consequently, the strength of adhesion between the layers can decrease. Thus, the
bearing capacity of the entire structure, which directly depends on the interlayer bonds,
will have fewer risks of reduction.

Anisotropy is noted in the compressive and flexural strength of 3D printed struc-
tures [145-149]. It is noted that the highest compressive strength is observed in the longitu-
dinal direction of printing of the layers, the lowest in the lateral direction. This is probably
due to the high pressure exerted on the material in the longitudinal direction during the
extrusion process. The average strength is found in the direction perpendicular to the
printed layers. Flexural strength also showed minimum values in the lateral direction.
The decrease in strength in the lateral direction is due to the fact that in this direction it
undergoes the least pressure during the hardening process. Without any form or formwork
to prevent lateral shear and settlement of the material, fresh concrete is free to settle and
expand, causing a weakening of strength in that direction [145]. Compressive and flex-
ural strength, regardless of the direction of application of the load, can be improved by
introducing microfiber into the composition of the material for the 3D printing process.

All the above points should be taken into consideration in large-scale construction,
since the difference in strength in different directions may be less frequently taken into con-
sideration on a laboratory scale; however, in real mass construction it has a more significant
value [150]. This is especially true for structures that are subject to increased lateral loading,
sudden temporary lateral loading, or additional bending moment. Introducing reinforced
elements increases strength, regardless of the direction of the application of the load, but
in a large-scale application, this issue requires additional research. All tests for strength
in various directions of load application were carried out on a laboratory scale, mainly on
fine-grained mortar, not concrete. However, it is required to conduct more investigation on
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3D printed concrete with coarse aggregate (over 4.75 mm in diameter in the particle size
counted as concrete).

6.2. Wire-Arc Additive Manufacturing

WAAM leads to a peculiar non-equilibrium microstructure considerably different
from that of conventional manufacturing processes. WAAM metal parts are character-
ized by a hierarchical microstructure whose main features strongly influence their me-
chanical response, which may significantly diverge from that of conventionally manu-
factured counterparts. High printing velocity is required for large parts, leading to non-
negligible geometrical imperfections. Recent research studies on WAAM stainless steels
evidenced a marked anisotropy due to the crystallographic texture induced by the epi-
taxial growth [102,110,111,151,152]. These issues determine the need for specific testing
procedures for WAAM materials, as recently recognized by the F42 Committee on AM
technologies of the ASTM International.

WAAM-produced planar elements are characterized by their inherent geometrical
irregularities, proper to WAAM layer-by-layer printing process, and specific material
behavior, governed by a marked anisotropy. Both issues need to be properly taken into
account and fully characterized for the structural design of WAAM-produced elements,
as they are both sources of uncertainties which influence the structural response of the
designed and printed elements.

The first peculiar aspect when dealing with structural members realized with WAAM
process is the geometrical irregularities of the printed outcome.

As far as the continuous printing strategy is concerned, the main issue related to
the layer-by-layer deposition is the surface roughness which also causes variation in the
thickness of as-built specimens. From planar to tubular geometries, additional irregularities
in terms of lack of straightness and out-of-roundness should also be studied.

Therefore, for ready-to-use elements and future applications of on-site metal 3D
printing, it becomes crucial to study the geometrical irregularities of WA AM-produced
structural elements. First of all, proper characterization of the geometry of WAAM printed
outcomes should be carried out. From that, considerations of the possible influence of
these irregularities in the mechanical response of the printed specimens should be analyzed
as well.

The limited literature focused on this innovative process slightly emphasizes the
possible anisotropy induced by the process in the tensile properties of WAAM printed
outcomes [102,103,108,110,111].

Since the manufacturing process may potentially induce orthotropic behavior depending
on the orientation towards the printing direction and the presence of surface roughness
resulting from the printing layers, the mechanical response should be investigated with
reference to specimens having different orientation with respect to the deposition layers.
Figure 5 qualitatively depicts three different orientations of specimens cut from printed plates:
longitudinal direction (L) is taken along the deposition layers, transversal direction (T) is taken
perpendicular to them, while diagonal direction (D) is taken at 45° from them (Figure 9).
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Figure 9. Geometrical and mechanical features of WA AM-produced alloys.
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6.3. Composite 3D Printing

The mechanical properties of structural members with composite 3D printed materials,
such as concrete with reinforcement materials, are providing robust and better resistance
to tensile strength. Overall, having a reinforcement such as fiber not only improves the
tensile strength of the structure, but also increases the potential of the strain-hardening
behavior [153]. Micro-cable reinforcement is another alternative material that could be used
to reinforce concrete and geopolymers [96]. The result from an earlier study showed that the
micro-cable could reach the highest flexural strength and increase resistance to deflection.

Having fiber or micro-cable or steel reinforcement definitely improves the mechanical
behaviours of structural elements but adding each of the materials in the process of printing
is quite different. For example, fibers could be added into the materials mixed through the
mixer to the printer. Micro-cable added through the pulley to the printed parts and steel
reinforcement could be printed with printed concrete, or held and attached along with the
help of robotic arms.

7. Discussion

Concrete and steel 3DP were discussed using different technologies of AM for large-
scale construction application. Concrete depends on the mix proportion of the materials
and the right ingredients in the mix to create outstanding rheology prior to printing and
during the printing process. However, this process is quite different in Wire-and-Arc
Additive Manufacturing (WAAM), as the issue of rheology or material proportion is not an
issue in this material.

Summing up the results of the review of the applicability of construction 3D printing
for large-scale construction, the following benefits of each print type can be drawn:

e  The advantage of robotic arm printing is creating precise shapes and geometrically
complex elements due to a print head with six degrees of freedom, they are more
mobile and transportable, and they can have autonomous power supplies.

e Gantry printing is a more common and applicable method for construction in the
additive manufacturing technologies sector. The advantages of gantry 3D printing lie
in the ability to create whole buildings, including printing multi-storey buildings, the
fairly simple design of printers, and the ability to print simultaneously with several
modules, which theoretically makes it possible to print buildings of almost unlimited
area and size.

e  The transition from a well-studied conventional concrete casting to a new technology
for large-scale construction 3D printing can have a number of problems, such as the
lack of regulations governing this type of construction, and the need to use coarse
aggregate in concrete and structural reinforcement.

e  The overwhelming majority of studies of the rheology and mechanical characteristics
of concrete compositions for 3D printing are carried out using only fine aggregate in
the mix, and also most laboratory 3D printers often have an insufficient nozzle size for
extrusion of concrete.

e  The question of the reinforcement of large-scale 3D printed structures, or rather the
technology of introducing steel reinforcement into the structure during the printing
process, remains open.

e  As for the strength properties of concrete for 3D printing, anisotropy property in
strength depending on the direction of the applied load should be noted. This can be a
significant problem and should be considered when structural designing large-scale
3D-printed construction, especially by reinforcing possible weak points or having
several forces from different dimensions such as wind and earthquakes.

e  Composite 3D printed structures could be possible and viable by having mixed fibers,
micro-cables and steel reinforcement for the structural elements.

In terms of composite materials in printing, this type of mixing is more challenging
due to considering both materials (concrete and steel) which require the proper rheological
mix in the concrete and the proper fuse of WAAM materials. An additional challenge is
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the heat of the WAAM materials during fusing, causing the fresh concrete to crack or spall.
These issues can be mitigated by the printing process or time lapse in the 3DP process, such
as conducting the WAAM printing and waiting for the appropriate time prior to starting
concrete printing.

The 3DP process is a complicated process in which many factors must be taken into
account, such as the printing time slot, mixing material time, and time between layers.
These are major factors that should be considered when printing concrete in large-scale
sections. Therefore, time counts as a major influence on determining the excellent quality
of printed concrete.

8. Conclusions and Future Trends

e  This article is an analytical review of large-scale construction 3D printing technologies
that are currently used, namely robotic arm and gantry 3D printing. The fundamental
differences between these technologies are given, as well as data on the benefits and
issues of using these advanced technologies in construction. Since the configuration
of gantry printers has the ability to build buildings of almost unlimited sizes, it can
be concluded that such printers are more suitable for large-scale printing. In order
for the technology of large-scale construction 3D printing to be economically viable
and applicable in practice, it is necessary to optimize the technology for printing with
a material containing large aggregates.

e  Generally, there is a growing interest worldwide in both academia and industry related
to the field of 3D printing for large-scale construction applications. Nonetheless, there
is still a significant lack of norms, code provisions and ad-hoc regulatory documents to
provide specific guidance to apply this emerging technology in construction. Indeed,
these documents would finally provide a common ground to spread the application
of 3D printing in construction at a bigger scale rather than just for a few pioneering
examples. The current trend is directed in this sense, and combined efforts from both
researchers and industrial experts is needed to guarantee the development of ad-hoc
guidelines related to the different printing types (i.e., in terms of the printing system
and construction material). Future research will provide the basis for a new way of
constructing more sustainable buildings and infrastructures by efficiently exploiting
digital fabrication at a large scale.
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