A critical review of 3D concrete printing
as a low CO; concrete approach

Yu Chen , Fred Veer 2, Oguzhan Copuroglu !

1 Faculty of Civil Engineering and Geosciences, Delft University of Technology,

the Netherlands

2 Faculty of Architecture and the Built Environment, Delft University of Technology,
the Netherlands

Concrete is by volume the most widely used building material all over the world. The
concrete industry emits large quantities of greenhouse gases. Therefore, developing low CO2
concrete becomes an urgent issue for those countries with significant concrete production and
consumption. In recent years, 3D concrete printing (3DCP) which is a new concrete
construction method, is being developed by many research institutions and enterprises
throughout the world. The primary advantages of 3DCP include increasing architecture
flexibility, reducing labor usage, as well as saving in-situ construction time and cost.
According to the statements by Tay et al. [2017], Wolfs et al. [2018], and Bos et al. [2016], 3DCP
as a future construction trend may be a potential low COz approach. Thus, the objective of
this paper is to critically explore the possible low CO: strategies for 3DCP which have not
been systematically conducted so far. Initially, this study introduces an overview of 3DCP by
reviewing the relevant publications over last 20 years. Moreover, the potential low CO2
aspects of 3DCP are illustrated and discussed. Finally, the challenges and opportunities of
developing 3DCP are analyzed and summarized. Overall, 3DCP is exploring possibilities of a
low CO: concrete approach, since it might consume less concrete materials and does not need
formwork. On the other hand, to maximize CO: reduction and accelerate the development of
this technique, the future routes of 3DCP can be identified such as developing low CO2
printable concrete, seeking the proper reinforcement methods, improving print quality and

capability.
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Background and introduction

Concrete is volumetrically the most important and widely used human-made construction
material throughout the world. There are many advantages to using concrete for the
construction of buildings and other types of structures. First, concrete is typically preferred
for its low cost, good strength, exceptional durability, as well as excellent fire resistance
[Gursel and Ostertag, 2017, Meyer, 2009, Mehta and Monteiro, 2006]. The second reason is
that the raw materials for concrete can be obtained practically anywhere in the world.
Furthermore, concrete is also a flexible material giving considerable design freedom to
architects [Glavind, 2009]. The world consumption of concrete is close to 25 gigatons each
year. So, it means that more than 3.8 tons of concrete is used globally per person each
single year [Gursel et al., 2014]. The massive production and consumption of concrete
generates a substantial burden on our living environment. The manufacturing processes of
Portland cement consume large quantities of energy and emit massive amounts of
greenhouse gases [Meyer, 2009]. According to the report from Dong et al. [2015], the
cement industry is currently responsible for 5-7% of the global total CO, emissions. As a
primary construction material, concrete will continue to be in demand far into the future
[Imbabi et al., 2012]. It is necessary to improve the sustainability of concrete structures to
make sure that concrete will still be a competitive construction material [Proske et al.,
2013]. Additionally, labor safety is an increasing concern for in-situ concrete
manufacturing. Skilled labor is required in the processes of placing and connecting the
reinforcement, and erecting the formwork, especially for casting customized geometries
[Bos et al., 2016]. The workers are continuously threatened by work-related injuries and

illnesses [Tay et al., 2017, Kittusamy and Buchholz, 2004].

Additive manufacturing of concrete (AMoC) seems one solution to address the challenges
of current concrete industry described above. According to the ASTM [2013], additive
manufacturing (AM) is defined as: “a process of joining materials to make objects from 3D
model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies”. During the past three decades, AM has been commercially used in
aerospace, medical applications, and other fields [Evans and Ian Campbell, 2003]. In the
construction area, contour crafting, D-shape, and concrete printing as recent
implementations show the potential of using AM techniques as large-scale fabrication
methods [Lim et al., 2016]. Contour crafting and concrete printing are the major

approaches of AMoC which is also named 3DCP in this paper. 3DCP can be defined as a
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fabrication method that employs an additive, layer-based manufacturing technique to
make concrete components without formwork [Malaeb et al., 2015, Buswell et al., 2007,
Lim et al., 2009]. In contrast to the conventional method of concrete construction, 3DCP
shows massive advantages. The primary benefit is that using 3DCP could save 35% to 60%
of the total monetary expense of concrete construction since no formwork is needed
[Shakor et al., 2017, Lloret et al., 2015]. Without formwork in concrete printing, less
construction time and labor are required. The workforce will be shifted to a more skilled
and technology-oriented workforce. Incidents of fatalities and injuries should thus be
significantly reduced [Biernacki et al., 2017]. Additionally, 3DCP is a sustainable
construction approach with decreased environmental impact. It is expected to reduce
construction waste by the accurately controlled manufacturing process and optimized
material consumption [Biernacki et al., 2017, Oxman et al. 2014]. Moreover, according to
the statements by Tay et al. [2017], Wolfs et al. [2018], and Bos et al. [2016], 3DCP as a
future construction trend may potentially be a low CO, approach to concrete

manufacturing.

This paper aims to critically explore the potential low CO, properties and developing
feasibilities of 3DCP which have not been systematically explored so far. Thus, this study
initially introduces an overview of the work on 3DCP in different research institutes by
reviewing the relevant publications over the last 20 years. Additionally, the potential low
CO; aspects of 3DCP are illustrated and discussed. Finally, the challenges and

opportunities of developing low CO, 3DCP were analyzed and summarized.

Overview of 3D concrete printing

3D printing for large-scale construction is based on two printing techniques, namely
extrusion-based printing and powder-based printing [Nematollahi et al., 2017]. Contour
crafting and concrete printing is based on the theory of Fused Deposition Modelling
belonging to the extrusion-based method, whereas D-shape as an example of a powder-
based technique follows a different principle like Stereo-Lithography [Bos et al., 2016]. As
shown in Table 1, the manufacturing processes and material types of contour crafting,
concrete printing, and 3DCP are quite similar. In this paper, D-shape will not be discussed
because of its unique powder and binder fabricating process. Significant studies at present
about 3DCP are selected and classified in Figure 1. Through literature review, two
fundamental parts of the 3DCP namely concrete printing system and printable materials

are summarized.
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2.1 Concrete printing systems

The primary elements of the 3DCP system consist of the hardware and the running system.
The 3D printer is the central hardware of the whole system. As shown in Table 1, the
printing machine can be classified as a robotic-based or gantry-based printer (Figure 2). A
6-axis robotic arm printer was introduced by Gosselin et al. [2016]. The printer head is
connected with two peristaltic pumps (one for the premixed mixture and another for an
accelerating agent) which are mounted on an industrial ABB 6620 6-axis robotic arm. An
Arduino Mega 2560 microcontroller is used to control the printer head and pumps. The
gantry-based printer is entirely different from the robotic-based printer, for example, the
3D printer in the 3DCP research group of Eindhoven University of Technology (TU
Eindhoven), the Netherlands. The hose which is linked with the mixer pump is connected
to a printer head. The printer head is fixed on a vertical arm that is controlled by a four
degree-of-freedom gantry system. A steel nozzle is the end part of the printer head [Bos et
al., 2016]. According to Table 1, the shape (round or rectangular) and dimension of the
nozzle vary in different concrete printing approaches. In contour crafting, two trowels are
used to get the extraordinary smooth and accurate printed surface, which is a major
difference with other concrete printing methods [Perkins and Skitmore, 2015]. The detailed
design of the nozzle in contour crafting is presented by Hwang and Khoshnevis [2004]. As
shown in Table 1, another difference between contour crafting and other concrete printing
approaches is the concrete construction place. The construction usually takes place on-site
using contour crafting [Hager et al., 2016]. Whereas for other concrete printing methods,

the concrete units are printed off-site and assembled on-site.

The running system or workflow is also an essential support for 3DCP. There are three
main stages of concrete printing, including data preparation, concrete preparation, and
component printing (Figure 3). In the step of data preparation, a 3D CAD model is initially
designed, and then converted to an STL file as well as sliced with a certain layer height.
The printing paths for those layers is finally converted to a G-Code file for printing [Le et
al., 2012a, Paul et al., 2018, Panda et al., 2017a]. Besides, parameters including pump
pressure, printing speed, and nozzle standoff distance also play essential roles in the
running system. Excellent cooperation between these settings and the properties of the
printable material, like extrudability and printability window, are the basis of a successful

printing process.
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I

)
N

D Y,
o
0. System command; 1. Robot controller; 2. Printing controller; 3. Robotic arm;
4. Print head; 5. Accelerating agent; 6. Peristaltic pump for accelering agent;

7. Peristaltic pump for premix; 8. Premix mixer; 9. 3D printed object

Figure 2a: Robotic-based concrete printer, source: Gosselin et al. [2016]

ixture pum —— printer head and nozzle

(outside picture) |

control unit

Figure 2b: Gantry-based concrete printer, source: Bos et al. [2016]
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Figure 3: The typical running system of 3D printing, source: Hager et al. [2016]

2.2 Printable materials

The first trial of using a cement-based material in the AM process was performed by Pegna
[1997]. During the past 20 years, cement-based material for 3DCP has evolved
substantially. Printable concrete combines the features of self-compacting concrete (no
need for vibration) and sprayed concrete (concrete expelled through a nozzle) to reach the
aim of freeform construction [Le et al., 2012a]. Therefore, a conventional concrete mix
design is not valid in 3DCP. However, printable concrete is currently still in the developing
stage. There are no standard protocols for the composition of printable concrete [Panda et
al., 2017b]. In the overview presented in Table 2, the exploration of printable concrete
mixes is based on the investigations by research groups worldwide. Although printable
concrete mix designs stem from different research institutes, the main types of constituents

(cement, aggregate, water, admixture, and fiber-reinforcement) are similar.

¢ Asshown in Table 2, CEM I Portland cement makes up the highest proportion of
the binder content. Supplementary cementitious materials (SCMs) like fly ash,
silica fume, and limestone filler are being used to replace up to about 40% of
Portland cement. Compared with the conventional high-strength concrete
(cement content: 471-495 kg/m3. 28 days compressive strength: at least 100 MPa
[Mehta and Monteiro, 2006]), the cement content in 3D printable concrete (540-
579 kg/m?3 in Table 2, except Nerella et al. [2016]'s) is much higher. Thus, to
manufacture 1 m3 of concrete, it will consume more Portland cement by using

3DCP.
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e Due to the limitation of nozzle size and the demand for printing resolution,
coarse aggregates are not utilized in printable concrete [Lu et al., 2016]. In Table
2, fine aggregate or sand with 2 mm maximum particle size is a common choice
for most of the research institutes. Technically, without coarse aggregate (average
particle size: larger than 4 mm in Europe), the 3D printable blends in Table 2
should be correctly called printable mortar. However, most of the research
institutions worldwide still prefer to refer to this kind of mortar as concrete.
Therefore, this paper will follow this de-facto default expression.

e Incomparison with conventional concrete, a decreased water content is required
in 3D printable concrete due to its required fresh properties such as low slump,
and fast setting. Moreover, to develop high-strength printable concrete, it
requires a lower water to binder mass ratio (w/b). For example, according to the
study by Le et al. [2012a], high performance of 3D printable concrete with 110
MPa of compressive strength at 28 days is achieved by selecting a w/b of 0.26.

e Admixtures can severely influence the workability of printable concrete. For
instance, adding a polycarboxylate based superplasticizer to concrete could
retain w/b while enhancing its workability. A retarder formed by amino-tris,
citric acid, and formaldehyde is used to keep an adequate open time and to
promote a continuous flow of printing. The setting of concrete is controlled by
adding an accelerator, formed by sulfate, aluminum salt, and diethanolamine [Le
et al., 2012a].

e  Fiber-reinforcement is also a necessary constituent in printable concrete.
Polypropylene fibers are used as reinforcement by several research groups, e.g.,
TU Delft (publications in preparation), TU Eindhoven, and Loughborough
University. Kazemian et al. [2017], Bos et al. [2016], and Le et al. [2012a] believe
that adding polypropylene fibers as reinforcement could reduce shrinkage and
deformation of concrete in the plastic state. Besides, glass, carbon, steel, and
basalt fibers are also potential options for printable concrete [Hambach and

Volkmer, 2017].

Extrudability, workability, open time, and buildability are the main characteristics of
cement-based materials in the wet-process of 3DCP. Extrudability, also known as
pumpability, is used to describe the property of a material that could be quickly and

reliably delivered out from the transmission system. The extruded concrete should form a
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continuous filament. Through visual inspection or a shear stress test of the material, the
property could be determined [Lim et al., 2012, Le et al., 2012a]. Extrudability closely
corresponds with the flowability and workability of concrete [Malaeb et al., 2015]. It has
been proved that adding the proper amount of superplasticizer in the printing concrete
facilitates a suitable workability at a low water-binder ratio [Le et al., 2012a]. Adding a
retarder is to avoid the fresh concrete setting too early in the tank. On the other hand,
adding an accelerator to the concrete mix allows the extruded concrete to set faster [Malaeb
et al., 2015]. The open time or printability window refers to the consistent period of
superior properties with a reasonable tolerance range. [Lim et al., 2012]. Le et al. [2012a]
pointed out that open time should be defined as the period for extruding fresh concrete
based on proper workability. In their research, open time is calculated by measuring the

shear strength development of fresh concrete with time by using a shear vane apparatus.

Buildability is also defined as shape stability. It means the ability of wet concrete to resist
deformation during the layer-by-layer fabrication process [Kazemian et al., 2017]. This
property requires that the first layer concrete should have enough yield strength to sustain
the weight from itself and subsequent higher layers. A theoretical research about
rheological properties of fresh cement-based materials for 3D printing has been illustrated
by Perrot et al. [2016]. For determining the buildability with fresh concrete, Kazemian et al.
[2017] proposed the layer settlement and the cylinder stability tests. Besides the typical
characteristics of fresh printing concrete mentioned above, the layer-to-layer adhesion
which would influence the structural integrity of concrete components, is also a critical
element for 3D printing concrete. The bond strength between layers should be robust
enough to resist in service shearing loads [Tay et al., 2016]. Test methods for bond strength
are mainly implemented in the hardened concrete stage. Le et al. [2012b], Zareiyan and

Khoshnevis [2017], as well as Panda et al. [2018], have performed many related tests.

Low CO; perspectives of 3D concrete printing

3D printing as an industrial manufacturing method is a possible option to reduce resource
and energy consumption, and thus to decrease process-related CO, emissions for each unit

of Gross Domestic Product [Gebler et al., 2014, Baumers et al., 2011].

3.1 Reduced concrete consumption

Low CO; aspects of printable material
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Cement manufacturing is considered to be responsible for most of the environmental
impact in the concrete industry because of the massive CO, emissions [Marinkovic, 2013].
Up to about 7% of global carbon dioxide emissions are generated by overall cement
manufacturing each year. Reducing the consumption of OPC is the most efficient way to
decrease CO, emissions. From a conventional low CO, concrete point of view, OPC can be
partially replaced by SCMs and inert fillers. Utilizing SCMs to reduce the consumption of
Portland cement is one way to promote the achievement of sustainable concrete, especially
when SCMs are obtained from industrial by-products and recycled wastes [Yiiksel, 2016,
Meyer, 2009], like fly ash, slag, and silica fume. As shown in Table 2, SCMs (like fly ash
and silica fume) and limestone are blended into printable concrete in many research
groups. Kazemian et al. [2017] stated that adding silica fume in printing concrete could
improve its cohesion in the fresh state, as well as the mechanical performance and
impermeability when hardened. Adding ultra-fine fly ash could benefit by reducing yield
strength and viscosity [Weng et al., 2016] of 3D printable concrete at the early stage.
Limestone as inert filler is used to improve the workability of self-compacting concrete
[Mahoutian and Shekarchi, 2015]. Blending the proper amounts of SCMs in the
cementitious mix of 3D printable concrete not only aims to support adequate rheological
behavior but also to reduce the consumption of OPC [Le et al., 2012a, Nerella et al., 2016].
According to the tests by Nerella et al. [2016], up to 38% of OPC is feasible to be replaced
by fly ash and silica fume in the binder of 3D printable concrete. The more limestone and
SCMs are added to the printable concrete mix, the more OPC will be saved. However, as
shown in section 2.2, the Portland cement content in 3D printable concrete needs to be
higher than for conventional concrete. This barrier to the development of low CO,

printable concrete will be discussed in Section 4.1.

On the other hand, according to Fischer and Herr [2016], many 3DCP companies like
Winsun® (China) have claimed that their printable concrete contains a significant amount
of construction and demolition waste as aggregate. The demands for both natural
aggregate and landfill space are thus reduced. Nevertheless, the qualities and mechanical
performances of printed concrete with the required content of recycled fine aggregate are

not clear in the literature. More specific studies should be implemented to determine this.

Optimized concrete structure
Lim et al. [2012] identified that the 3D model could be optimized for strength before

concrete printing and thus the final print only requires the minimum amount of concrete.
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According to Tay et al. [2017], topology optimization and finite element analysis can be
utilized to generate optimized designs for 3DCP elements. An optimized element that is
fabricated by 3DCP should consume less concrete without strength loss compared to a
regularly-shaped element produced by mold casting. Combined with topology-optimized
structural design methods, 3DCP becomes a more functional and sustainable fabrication
method in practice. However, the printing capability of 3DCP for the optimized concrete

structure is limited, which is discussed in section 4.3.

3.2 No formwork

Formwork currently plays an indispensable role in molding and construction processes
[Martins and Sousa, 2014]. Utilizing formwork in concrete manufacturing results in high
costs for material, labor, and machinery in addition to long time delays and significant
negative impacts on the environment [Nerella et al., 2016]. As mentioned in the previous
section, the cost of formwork is 30-60% of the total cost of a concrete structure [Perrot et al.,
2016]. The cost savings of 3DCP can be understood as the savings in raw material, labor,
and manufacturing energy related to the formwork. Unlike conventional concrete
construction methods, the raw material can be molded directly using concrete printing
without any formwork [Kothman and Faber, 2016]. The absence of formwork is the
primary reason for reducing CO; emissions in concrete printing and can be explained as

follows.

e  The energy input for making molds and dealing with the wastes of formwork can
be eliminated. Lower amounts of material wastes are generated during 3D
printing mainly due to the absence of formwork [Perkins and Skitmore, 2015].
Finally, the CO; emissions related to energy consumption for formwork are thus
reduced.

e Decreased labor usage in concrete construction might be a reason for CO,
reduction. Smith [2012] pointed out that less labor could reduce the use of fuel
since fewer people involved in the construction process and hence fewer vehicles
are driven to and from the building site.

e In contrast to standardized concrete components with regular and highly-
repetitive forms, the low CO; capability of 3DCP would be more significant by
producing complex-shaped and customized concrete units. The reason is that

conventional formwork for freeform geometries with few options for reuse by
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definition needs much more energy and resource inputs. Gosselin et al. [2016]
also demonstrated that manufacturing complex 3D shapes is the most attractive
property of 3DCP compared with the traditional concrete casting process.
Making non-standard concrete forms by conventional formwork leads to the
massive generation of wastes of formwork material and frequently unexpected
delays during the construction process, which would be avoided by using 3DCP
with the associated low costs and decreased environmental impacts.

e At present, 3DCP also could be used to produce permanent precast concrete
formwork. Steel reinforcement is still essential for large concrete structures. The
precise method is to print a concrete mold, place steel rebars, and pour fresh

concrete in-situ [Salet and Wolfs, 2016, Wangler et al., 2016].

Challenges and opportunities: developing low CO- 3D concrete printing

As the previous sections show, 3DCP has a significant potential to be a low CO, concrete
production method. However, this technique is still largely under development. Many
barriers impede the development of low CO; strategies by limiting its application in
practice. In this section, low CO; printable concrete, safety concerns of the printed

structure, as well as printing quality and capability are the major perspectives.

4.1 Low CO; printable concrete

Although certain amounts of common SCMs, limestone, or their mixtures are blended into
printable concrete, CEM I Portland cement still accounts for 60% or more of the binder in
printable concrete (Table 2). To decrease overall CO, footprint in 3DCP, much more
Portland cement should be replaced by low CO; alternatives. However, many difficulties

impede the development of low CO, printable concrete as an industrial process.

e  No standard for printable concrete is currently available [Panda et al., 2017b,
Panda et al., 2017c]. Conventional test methods and requirements for fresh and
hardened concrete may be not applicable for 3D printable concrete. 3DCP is an
emerging technique for concrete fabrication. Most of the aspects of this method
are currently under development. Current research efforts are built on the
experiments from only a limited number of academic institutions. Although there
is no standard or guideline in effect for printable concrete, several specific test

methods that are designed to replace conventional tests for concrete have been
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proposed for 3DCP constructions. As mentioned in section 2.2, the shear vane
test is pointed out and implemented by Le et al. [2012a] to determine the fresh
properties of printable concrete, like workability and extrudability. Additionally,
Kazemian et al. [2017] have conducted layer settlement tests and cylinder
stability tests for exploring the buildability of fresh printable concrete. With the
rapid development of 3DCP, the existing test methods will be improved, and
much more predictable, processes will be designed. Standards for printable
concrete will be released in the future.

As shown in Table 2, compared with conventional concrete, a decreased amount
of aggregate and increased quantities of OPC are consumed for fabricating each
unit of concrete by 3DCP. Normally, an increased content of aggregate will lead
to higher yield strength of the fresh concrete [Weng et al., 2016]. Increasing the
content of aggregate may result in the fresh printable concrete becoming too hard
to be extruded from the nozzle, as shown by Le et al. [2012a]. Thus, reducing the
content of OPC by low CO; alternatives becomes an important method for
developing low CO; printable concrete. However, few studies have attempted to
seek an optimal mix design of low CO; printable concrete. Most of the printable
concrete mix designs at present only consider if the concrete can satisfy the
technical requirements for printing. Furthermore, replacing Portland cement by a
high volume of common SCMs (fly ash, slag, and silica fume), limestone or
mixtures will not be a good choice for long-term development. The world
production of silica fume is about 0.5-1.0 million tons per year which is quite
limited compared to other SCMs [Glavind, 2009]. According to Scrivener [2014],
the total amount of available slag is only 5% of clinker, and the fly ash which is
unavailable in many countries is around 30% of clinker worldwide. Therefore, it
is necessary to seek new and widely available sources of SCMs. “What alternative
SCMs are available in the enormous quantities needed?' This critical question has
been put forward by Scrivener [2014]. Using natural pozzolans, including
volcanic ash, calcined clay, and metakaolin, as sources of SCMs may be a
practical solution. Natural pozzolans are widely distributed throughout the
world. The reactivity of most natural pozzolans (like volcanic ash) is quite low
and variable with the geological source. However, calcined clay seems to be a
better choice with high reactivity. In contrast to the temperature of 1450°C for
producing clinker, it only requires 600-800°C to produce calcined clay. Moreover,

the CO, emissions from the decarbonization of limestone (CaCO3; — CaO+CO,) in
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the clinker producing process are also decreased in the calcining process of clay.
According to Huang et al. [2017], producing 1 kg of calcined clay will emit 0.2-
0.37 kg of CO, which is significantly less than the CO, emissions (0.8-0.9 kg) by
producing 1 kg of Portland cement [Arbi et al., 2016]. Kaolinite clay, which is the
most suitable type is abundantly available in India and South-East Asia
[Scrivener, 2014]. Similar arguments can be found in the study of Antoni et al.
[2012]. The authors also demonstrate that mixing a proper amount of Portland
cement with limestone and metakaolin can provide concrete with excellent early
strength. It has been proven that replacing 45% of Portland cement by a 2:1 blend
of metakaolin and limestone showed better strength than pure Portland cement
at 7 and 28 days. Recently, a ternary blended cement which consists of calcined
clay from low-grade kaolinitic clay, limestone, and Portland cement has received
significant amounts of attention [Tironi et al., 2015]. Berriel et al. [2015]
highlighted that limestone-calcined clay cement (LC3) production would have
massive economic and environmental benefits. In Cuba, to compare with
Portland cement, the expenses and CO- emissions will be reduced by using LC3
about 4-40% and 15-30% respectively, which will depend on the selected kaolinite
clay deposits and the techniques of making calcined clay. Hence, it is possible to
use calcined clay and limestone to partially replace OPC in printable concrete to

reduce CO; emissions in places with shortages of fly ash, slag and silica fume.

4.2 Safety concerns of 3D printed concrete structure

Structural safety seems a significant concern for widely developing and spreading 3DCP.

Whether sufficient robustness and ductility of a 3D printed structure can be obtained by a

general strategy is a primary question [Bos et al., 2016]. Concrete is weak in tensile strength

and ductility. Steel reinforcement is the most common way to solve this problem in

conventional concrete. However, it is quite difficult to add steel reinforcement

automatically and directly in the 3DCP process [Tay et al., 2017, Wangler et al., 2016].

Many alternative reinforcing methods have been introduced for 3DCP.
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As described in section 3.2, printing concrete formwork, placing steel rebars, and
pouring fresh concrete currently is the most generic and applicable strategy for
3DCP to make load-bearing structural components. However, this method fails
to address the fundamental problem and limits many potential advantages of

3DCP [Salet et al., 2018].



Another possible way discussed by many researchers is to print fiber-reinforced
concrete. Bos et al. [2016] illustrate that fiber-reinforced concrete with adequate
tensile strength and elasticity could be developed for additive manufacturing.
Hambach et al. [2016] used a 2 mm nozzle and 3-6 mm length carbon fibers to
print concrete specimens for a series of tests. According to their results, a printed
concrete with 3 vol.-% of carbon fibers and the fibers oriented in the stress
direction has the highest ultimate flexural strength (about 120 MPa). The flexural
strength of fiber-reinforced concrete is firmly dependent on the fiber orientation
whether aligned in stress direction. The nozzle diameter is smaller than the
average length of fibers which could contribute to proper fiber alignment.
Nevertheless, the nozzle diameters or widths of current 3D concrete systems in
different research groups are much larger than 2mm (see Table 1). The
experiences from Hambach et al. [2016] may be not adaptable for the existing
concrete printing methods. As mentioned by Bos et al. [2016], two challenges
remain to impede the use of fiber reinforcement in 3DCP. First, blockage,
segregation, and uneven distributions (in quantity and orientation) are not
avoided even only with 1-3 vol.-% of fibers in the printable concrete. Second, how
can we ensure that fibers can effectively pass through interface boundaries?
Solving those problems by the current 3DCP process is considered impossible.
The use of cable reinforcement as a more advanced concept is illustrated by Salet
et al. [2018], Bos et al. [2017], and Bos et al. [2018]. At TU Eindhoven, an
entrainment device that can embed various types of cables has been developed.
In their first trial, significant post-crack failure strength and deformation capacity
of cable-reinforced concrete have been obtained [Salet et al., 2018, Panda et al.,
2017b]. However, more studies should be done. As with fiber reinforcement,
cable reinforcement cannot significantly increase the layer-to-layer interface

tensile strength of printed concrete.

4.3  Printing quality and capability

The printing quality and capability are two factors that may affect the sustainability of

3DCP. The proper mechanical performance of the printed concrete structure may also

depend on the printing quality. Poor printing quality would reduce the service life of the

printed concrete structure. Enhanced service life of new concrete structures also affects

sustainability directly [Gjerv, 2013]. Besides, the possibilities of printing optimized

concrete structures are limited by the current printing system. As mentioned in the
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previous section, fabricating an optimized concrete structure by 3DCP would reduce the

consumption of OPC. Curved structures like arch, vault, and dome shapes, are a bottleneck

in the aspect of printing capabilities.
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Layer effects, also known as stair casing effects, which are unavoidable in layer
deposited fabrication are harmful to the quality of printed concrete components.
A Low inter-layer bond strength will result in a low shear resistance of printed
elements. Deformation of deposited layers and low printed surface resolution are
significant barriers to printing concrete structure with small errors. Tay et al.
[2017] illustrated that selecting adequately small layer thickness could improve
the printing resolution. Nonetheless, a smaller layer thickness will require more
time to print the same structural components. Besides layer thickness, the shape
and size of nozzle seriously influence the printing resolution. The inter-layer
bond strength and layer depositions are intimately connected with the time
interval between placing consecutive layers. As Le et al. [2012b] reported, a
longer time interval results in lower bond strength. Whereas, shorter time gaps
lead to serious deformations due to the insufficient yield strength of fresh
concrete. Perrot et al. [2016] propose a theoretical framework to determine the
development of yield strength for the fresh cement-based printable material. As
mentioned in Section 2.2, test methods for exploring the relationship between
layer depositions and bond strength have been introduced by Kazemian et al.
[2017] and Panda et al. [2018]. Besides the factors above, other parameters like
pump speed, print path, printer head speed, layer thickness, concrete properties
and nozzle standoff distance can also determine layer effects.

As stated in section 3.1, 3DCP can be used to manufacture irregularly-shaped
element directly which is an enormous advantage over conventional concrete
construction. However, the advantages of 3DCP might be faded if fresh concrete
is not stiff enough when it is just extruded from the nozzle. The slow setting of
printable concrete strongly constrains the fabrication of topology-optimized
structures, especially for printing a curved structure like an arch or dome,
without supports [Tay et al., 2017, Panda et al., 2017b]. Perkins and Skitmore
[2015] offered one method for 3D printing to handle those special structures by
simultaneously printing another material in the void, creating a kind of scaffold.

The supporting parts can be removed once they are no longer required. The



method is quite like the printing flow of Fused Deposition Modeling. Two types
of materials for printing and supporting, respectively, are extruded through two
nozzles separately. The support material is applied to print a support structure to
avoid collapse of the printed structure. Subsequently, the support structure will
be removed [Wu et al.,, 2016]. This idea has also been demonstrated by Duballet
et al. [2017], Lim et al. [2009], and Lim et al. [2012]. Lim et al. [2009] utilized a
gypsum-based material as support material, for it is low strength and can be
easily removed as well as 100% recycled. More maintenance, cleaning, and
control are required for operating such a supporting structure [Lim et al., 2012].
Hence, this method may not be efficient and is rarely used in concrete
construction by 3D printing at present. How can we add a support structure or
use an alternative way to support spanning structures during concrete printing

efficiently? Exploring this in the future is worthwhile.

Concluding remarks

Overall, 3DCP provides new opportunities at present and in the near future. This study
reports an overview of current 3DCP practices which includes the 3D printer, running
system, and printable material. The constituents of 3D printable concrete used at different
research institutes are quite similar, including cementitious binder, water, aggregate,
admixture, and fiber-reinforcement. Additionally, potential low CO; strategies of 3DCP are
explored. The first perspective is reduced cement consumption. In the literature, no more
than 40% replacement of OPC is used by SCMs. However, to meet the requirements for
printability, the content of Portland cement in 3D printable concrete is higher than in
conventional concrete. Also, there is still a lack of research to explore the feasibility of
using high-volume of SCMs (more than 40%) in 3D printable concrete. Moreover, using
3DCP to fabricate topology-optimized structures is also quite efficient to reduce concrete
consumption without loss of robustness. Second, the absence of formwork in concrete
printing could help to save large quantities of CO, and waste emissions related to
formwork use. However, many barriers do still exist to impede the development of 3DCP,
especially for its sustainable properties. The challenges and opportunities to develop low
CO, 3DCP are discussed. Future trends of developing low CO, 3DCP can be summarized

as follows.
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e Developing low CO; printable concrete. In areas with abundant resources of fly
ash, slag, and silica fume, it is possible to use high volumes of those SCMs as
OPC replacement. In areas with a shortage of fly ash, slag, and silica fume,
utilizing natural pozzolan, calcined clay and limestone from local sources to
partially substitute OPC may be an alternative way to develop low CO, printable
concrete. Besides, recycled construction wastes might be aggregate sources for
printable concrete. However, more investigations and testing are still required.

¢  Finding suitable reinforcement methods. Safety and stability under service loads
is a primary concern to impede the spreading of 3DCP in large-scale structures.
There is a lack of appropriate reinforcing methods for printable concrete at
present. Fiber reinforcement, cable reinforcement, and steel extrusion
reinforcement are all possible developing directions.

e Improving printing quality and capability. The printing quality is weakened by
layer effects that include deformations during layer deposition, low interface
bond strength, and low printed surface resolution. To improve the printing
quality, it requires considering the relevant printing parameters, including
concrete properties, layer thickness, printing time intervals, pump speed,
printing path, printing speed, and nozzle standoff distance together. On the other
hand, manufacturing topology-optimized structures by 3DCP is limited by the
constraints of concrete printing technology. Inspired by the Fused Deposition
Modeling process, a removable supporting structure might be a solution, which

is worth to be further developed.

However, this paper itself also has three limitations that need to be clarified. First, 3DCP is
a new fabrication method for concrete that is still under development. The literature
related to this topic is limited, and most of it was published in the past ten years. Thus, this
review might not be comprehensive enough. Second, this paper focuses on exploring the
potential contribution of 3DCP to sustainable, low CO, concrete. Nevertheless, in contrast
with conventional concrete manufacturing, to what extent the carbon dioxide emissions
may be reduced by using 3DCP is not explored. For example, life cycle assessments of
3DCP are required for further research. Finally, test methods to evaluate the quality of 3D
printable concrete are not thoroughly presented in this paper because no standard, code or
guideline is currently available. It still needs much more works for developing standard

test methods.
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