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Abstract 
The technology of 3D concrete printing has seen a rapid growth in industrial applications and academic activities over the past decade. 3D Printing is being 
advertised to address the urgent sustainability and productivity challenges in the field of construction, by reducing the total amount of concrete in buildings 
or structures, and by producing them in an automated, high-speed and robust manner. Today, however, 3D concrete printing does not yet live up to its 
full potential. In this contribution, the advancements in recent years are discussed, and the status quo of the technology is assessed from a productivity 
and sustainability perspective. Finally, recommendations for the next steps in the development towards a higher efficiency and reduced environmental 
impact are provided. 
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 Introduction 

The technology of extrusion-based 3D concrete printing 
(3DCP), a member of the ‘digital fabrication with concrete’ 
(DFC) family [1], has seen rapid growth in recent years both 
from an industrial and academic perspective. The number of 
projects in practice is increasing quickly, [2–4], highlighted by 
press headlines and media coverage with ever more exciting 
(but often unsubstantiated) records in speed, cost reduction, 
project size, or novelty. In parallel, the research activities are 
growing in a similar, exponential fashion [5].  
This attention and growth rate may be attributed to the 
sustainability and productivity advantages 3DCP promises to 
be bring to construction [6,7], and their timeliness in an age 
where the call for a reduced environmental impact and 
increased construction efficiency is louder and more urgent 
than ever. 3D printing is an additive manufacturing 
technology, which, in comparison to conventional subtractive 
methods (e.g., milling, cutting), reduces generation of waste. 
Due to the layer wise nature of the printing process, material 
can be placed only where it is functionally required, and thus, 
optimized objects can be created with an overall reduced 
material consumption. 3DCP does not require any 
(traditional) formwork to be used, which, in particular for 
complex geometries, provides additional savings in material 
waste (and costs). From a productivity perspective, 3DCP is 
envisioned to improve construction efficiency due to its digital 
and automated nature, as less process steps may be required 

(e.g., formwork placement and removal), and additional 
functionalities may be integrated in one go. 
Given the rapid increase of attention in recent years and the 
clear and timely advantages that 3DCP promises, the question 
rises whether the full potential of this technology has been 
reached – in particular since these advantages do not come 
free, but introduce new complexity into concrete 
construction. To formulate an answer to this question, this 
paper will briefly reflect on the history and present state of 
this technology, then highlight the key (sometimes 
paradoxical) challenges regarding productivity and 
sustainability gains, and finally provide recommendations for 
the next steps in its development towards a higher efficiency 
and reduced environmental impact. 

 A brief history of 3DCP  

The first recorded attempts to produce concrete structures in 
a layer wise, additive fashion, date back to as early as the 
1930’s. Although technically not fully aligned with the 
definition of additive manufacturing [8], multiple patents filed 
by the ‘URSCHEL’ company (founded by William E. Urschel), 
describe and illustrate ‘machines for building walls’ by 
moulding concrete in strips or layers without any traditional 
formwork, using a rotating, telescopic arm [9–11], 
demonstrating a remarkable resemblance to the robotic 3D 
concrete printers of today. Notably, a video recording of this 
technique being used in the 30’s is available online [12]. In the 
subsequent decades, multiple similar patents were filed to 
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construct concrete wall elements layer by layer without 
formwork [13–18]. All of these approaches present 
adaptations of rotating or telescopic arms, and as a result, the 
envisioned applications of these technologies concern 
cylindrical, spherical, or hemi-ellipsoidal structures. This clear 
relation between manufacturing technique and design still 
holds today, although the geometric freedom is much larger, 
due to the increased degrees of freedom of robotic systems.  
The first digital and automated 3D concrete printing 
approaches appeared around the turn of the 21st century. 
Pegna presented ‘Solid Freeform Construction’, a particle-bed 
3D printing technique based on the selective deposition and 
curing of cement, and demonstrated this concept by 
designing, slicing, and subsequently printing a house sized to 
the palm of a man’s hand [19,20]. Khoshnevis developed 
‘Contour Crafting’ at the University of Southern California, an 
extrusion based 3D concrete printing method to additively 
shape the outer contours and (optionally) infill of wall 
structures using large gantry-system 3D printers [21–23], and 
produced some of the first iconic prototypes of large scale 
applications. Finally, Dini established the ‘D-Shape’ printing 
strategy, a binder jetting 3D printing system on a scale large 
enough to produce building or bridge parts, and 
demonstrated its freedom in design by printing various 
complex geometric objects [24]. These true pioneers moved 
beyond the largely manual or machinery approaches 
patented throughout the 20th century, and successfully 
adopted digital tools to design (CAD) and robotic systems to 
print (CAM) applications for the field of concrete 
construction. At the time, however, a widespread uptake of 
their technologies by the construction industry was limited, 
and academic activities remained small – with the exception 
of first significant research programs such as ‘Freeform 
Construction’ at Loughborough University [25–27]. 
The turning point occurred roughly ten years ago from the 
time of writing, when industrial activities started to increase 
exponentially all across the globe [5,28,29]. Now, the 
implementation of digital tools in construction had become 
more widely accepted compared to when Pegna, Khoshnevis, 
or Dini presented their disruptive techniques (although 
digitalization still occurs at a much slower pace than in other 
industries [30]). The need to change constructions’ 
productivity and environmental impact also became more 
clear. As a result, an increasing number of start-up companies 
began to develop 3DCP approaches to challenge the 
conventional practice in concrete construction, and, in 
parallel, well-established parties (engineering firms, material 
suppliers, contractors, or architectural firms) gradually 
incorporated digital fabrication and 3D printing in their 
portfolio. Today, the industrial activities include sales of 3D 
concrete printers which can fit on your desk or produce a 
multi-storey building – and everything in between –, offering 
off-the-shelf printable materials, or providing 3D concrete 
printing as a service. First structural applications of 3DCP 
(pedestrian or bicycle bridges, or small buildings) have 
appeared in practice [2,31–33], but since the quality control 
and thus code compliance is challenging, as will be discussed 
in the next section, the majority of applications are non-

structural. Here, safety requirements are lower, yet the 
advantages related to customization are equally present. 
Such examples include lost formwork applications, (urban) 
furniture, coral reefs, or stair cases.  
Research activities have grown exponentially in parallel, 
where the majority of studies revolve around printable 
material development or characterization, while topics such 
as process control, reinforcement strategies, or (structural) 
design are underrepresented [5]. The active academic 
community is united in international research communities, 
aiming to provide a common scientific bases related to e.g., 
classification or testing procedures. This has, amongst others, 
resulted in a first state-of-the-art report of the now closed 
RILEM Technical Committee 276-DFC ‘Digital fabrication with 
cement-based materials’ [34], two significant interlaboratory 
studies on mechanical and durability properties of both fresh 
and hardened printable concrete, organized by the successive 
Technical Committees 303-PFC ‘Performance requirements 
and testing of fresh printable cement-based materials’ and 
304-ADC ‘Assessment of Additively Manufactured Concrete 
Materials and Structures’, and first national standards in the 
US (ISO/ASTM 52939:2023 [35]) and China (T/CECS 786-2020 
[36]).  
Following the principle of the Gartner Hype Cycle [37] this 
rapid increase of activities is expected to slow down in time. 
The questions then rises whether 3DCP will be sufficiently 
matured to remain anchored in the construction industry, 
fulfilling its promises regarding increased productivity and 
sustainability gains. This will be evaluated in the following two 
sections. 

 Productivity – are we there yet? 

To reach the envisioned productivity gains, 3D concrete 
printing will have to develop towards a ‘first-time-right’ 
manufacturing technology. This means being able to control 
the quality of both the printing process (maximizing 
production speed without errors/failure) and the printed 
product (reaching desired levels of e.g., safety, durability, 
geometric conformity, aesthetics). This is, however, not 
straightforward to achieve as 3DCP introduces added 
complexity compared to conventional concrete processing 
(casting in a formwork). As a result, most 3DCP applications 
are still a result of trial-and-error, which leads to additional 
material waste. A 3DCP process can be considered as multiple 
consecutive phases, each of which poses specific and 
potentially contradictory requirements on the material 
behaviour, process settings, and design considerations [38–
40]. The material should initially be fluid to facilitate ease of 
pumping and extruding, after mixing [38–42]. Then, as soon 
as a single layer is extruded, the stiffness and strength of this 
material should be sufficiently high to maintain the desired 
layer geometry (i.e., carry its self-weight without excessive 
deformation) [38,39,43,44]. Since no supporting formwork is 
present, the strength and stiffness should then increase 
considerably, or the vertical growth rate must be limited, to 
avoid excessive deformation or even failure [45–49] as layers 
are added consecutively. In this stage, the bond between 
layers is also formed, which will define to a large extent the 
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mechanical and durability performance in the use phase. This 
poses an upper limit to the rate at which the material 
properties should evolve during printing or the toolpath 
length [26,50–54]. Finally, once the printing process is 
complete and the printed objects are to be used, the 
(structural) design considerations may deviate once more 
from common practice. The layered build-up of printed 
structures can lead to strength reductions in certain loading 
orientations, and the customized or optimized (thin) objects 
can behave differently from their conventional, monolithic 
counterparts.  
Characterizing this material behaviour across the critical time- 
and length scales of the entire 3DCP process is not self-
evident, as the material gradually transitions from a fluid 
towards a solid. A ‘slump test’ to establish proper workability, 
and a ‘compression test’ on a hardened cube or cylinder to 
establish the 28-day strength, may no longer suffice [55]. This 
revision of well-established concrete testing procedures in 
the light of digital fabrication poses new challenges, and is 
consequently an active topic in the academic community. 
Characterizing the fresh, early-age properties requires testing 
procedures which are able to capture the relevant range of 
strength and stiffness properties (going beyond rheology 
tests, yet considerably lower than hardened concrete) [56], 
which can be executed rapidly, and comprise handling and 
measurement procedures with minimal unintentional 
destructuration. Examples include tests coming from soil 
mechanics or hardened concrete, adapted to fresh concrete, 
such as uniaxial unconfined compression tests, direct shear 
tests, or triaxial compression tests [45,56–60]. These are, 
however, tests of a destructive, off-line nature. This implies 
that the test should be repeated multiple times to capture 
material evolution as well as process variations, and the 
tested material cannot be (re-)used for printing. Given the 
digital nature of 3DCP, a strong potential resides in the 
development towards on-line or in-line methods for quality 
control [55,61,62]. These tests either make use of the printing 
process itself (e.g., gravity-driven tests, including the 
formation of droplets or ‘slugs’ [43,63–67], or performing 
printing trials [48]), or are based on various types of sensors 
(e.g., pressure, power consumption, acoustic, thermal) which 
are correlated with the relevant properties [57,68–72]. These 
approaches typically provide high frequency measurements, 
and are therefore very suitable to capture material evolution 
or process variations, and, in in the case of non-destructive 
tests, do not lead to any material waste.  
Similarly, for hardened material properties, establishing the 
mechanical or durability performance using well established 
testing protocols for samples cast in a mould may be 
insufficient. The build-up of layers and thus presences of 
‘interfaces’ can lead to reduced performance compared to 
cast, monolithic samples [73]. The extent of this reduction 
depends however on various material and process 
parameters, as well as the orientation in which the layers are 
subjected to loading or the environment [26,50–54]. This too 
will require the established (destructive) test protocols to be 
updated for 3DCP. Similarly to fresh concrete testing, the 
development towards non-destructive in-line measurements 

could reduce the large number of destructive tests required. 
For instance, monitoring key state parameters such as surface 
roughness, moisture content, and thermal history, and 
correlating these properties to the bond strength, appears a 
promising alternative to large destructive experimental 
programs [74,75]. 
Once the fresh and hardened material properties can be 
characterized using suitable test methods, the properties can 
be used as input for analytical or numerical models of the 
various phases of 3DCP. These digital representations of the 
manufacturing process can be used, for instance, to analyse 
the layer geometry [76–81], predict the potential occurrence 
of failure during printing [45,46,81–83], or to systematically 
evaluate the influence of material, process or design choices. 
For industrial applications, these models can be utilized to 
generate process design graphs or establish efficient 
operation windows [46–48,84,85]. 
While the majority of material testing and quality assessment 
takes place on the level of the material or a couple of layers 
only, moving to structural applications of 3DCP requires 
quality control on full object scale. This bridge between scale 
levels (e.g., establishing potential size effects) is still to be 
defined. In its absence, the performance of such objects is 
currently demonstrated by means of large-scale, destructive 
testing [4,31,32,86]. While this is a suitable solution on short 
term to prove compliance with building codes and facilitate 
permitting, on the long run, this time- and material-
consuming approach will hinder productivity gains of 3DCP 
significantly. 

 Sustainability – are we there yet? 

3D Printing is often advertised to be a ‘sustainable’ 
manufacturing technology, as the total amount of material 
can be reduced due to the nature of the process. The 
environmental impact a printed object is, however, not a 
function of material consumption only. Using the first order 
approach proposed in [87], the environmental impact can be 
expressed as (1): 
 

𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙	𝐼𝑚𝑝𝑎𝑐𝑡	𝑜𝑓		
(3𝐷	𝑃𝑟𝑖𝑛𝑡𝑒𝑑)	𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒
𝑝𝑒𝑟	𝑌𝑒𝑎𝑟	𝑜𝑓	𝑆𝑒𝑟𝑣𝑖𝑐𝑒

∝ 
!"#$%%$%	'()
*+,-	./01"$ 	×	#$%&'	($')*+

,+-./0+	1/2+
   (1) 

The right-hand side of this relation contains three main 
components which contribute to the final environmental 
impact: 1) the embodied CO2 of the material used, 2) the total 
amount of material consumed, and 3) the expected life of the 
product. The majority of 3D printable material compositions 
is characterized by relatively large cement contents and an 
absence of large aggregate sizes (and thus, they could be 
formally classified as ‘mortars’ rather than ‘concrete’). As a 
results, the impact of printable concrete per unit volume is 
still (too) high, in particular compared to conventional 
mixtures designed for casting in a formwork, and must be 
addressed by reducing (or replacing) the cement content, 
including larger aggregates, and potentially incorporating 
recycled materials [87–92]. 
While this ‘material’ component receives by far the most 
attention [5], an equally large contribution can be made in the 
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field of (structural) design. The total amount of material in 
structures can be considerably reduced by creating more 
efficient structural layouts, for instance by size, shape, or even 
topology optimization [93–96]. These structural optimization 
approaches generally result in complex geometries which are 
difficult (costly) to produce by conventional formwork 
systems, yet much more feasible to 3D print. This requires the 
development of design tools which integrate the constraints 
and possibilities of the manufacturing method, as well as the 
mechanical behaviour of concrete (e.g., asymmetric 
behaviour in compression and tension) [93]. In the absence or 
limited availability of such tools and methodologies, most of 
the structural applications in practice do not yet make full use 
of the design freedom offered by 3DCP. For instance, the 
majority of 3D printed concrete houses show a close 
resemblance to the structural designs based on conventional 
construction using formwork, where in certain cases the 
printed concrete is used exclusively as a lost formwork. First  
examples of 3DCP informed structural designs are appearing 
in practice as well, making use of geometric freedom to 
increase strength or stiffness (e.g., curvature or local 
stiffening ribs), or by creating compression-dominated 
structures [31–33,97,98]. 
In addition to the reduction of total material usage, increasing 
the lifespan of the printed objects can also lower the total 
impact per service year. In todays’ practice, however, most 
printed projects are largely monolithic structures, printed in 
‘one go’ on-site. This limits their reuse or repair, principles of 
a circular economy which will extend the total lifespan. 
Developing ‘dry’ connections for 3DCP structures is therefore 
a promising yet hardly explored road. The geometric freedom 
offered by digital fabrication can be applied on this scale level 
as well, for instance to create sinusoidal or tooth-like 
demountable connections with sufficient structural capacity 
[99,100].  
Regardless the level of circularity reached, the service life and 
thus environmental impact is also dependent on the 
durability performance of the printed objects. The absence of 
formwork at early ages, the high cement contents, the 
presence of interfaces, and a structural thickness in the order 
of magnitude of merely the ‘cover’ of conventional concrete 
structures, make this a challenging feat and, as discussed in 
the previous section, a topic of ongoing research related to 
quality control [73].  
Finally, to use 3D printed concrete in efficient structural 
applications, the topic of reinforcement must inevitably be 
addressed. In recent years, various reinforcing solutions have 
been developed, each of which having their own 
characteristics, classified in recent contributions [101–103]. A 
single, ‘one-size-fits-all’ solution for 3DCP, similar to rebar or 
reinforcement meshes, might not be available (yet), which 
may be attributed to some of the incompatible features of 
3DCP and reinforcement. 3D Printing with thin layers to 
create complex geometries requires the integration of 
‘flexible’ reinforcement solutions, yet sufficient structural 
capacity (i.e., tensile strength or ductility) might require much 
larger steel cross sections which do not necessarily provide 
the same freedom in geometry (straight rebars and meshes). 

Continuity of reinforcement throughout the object is 
moreover desirable, but this interferes with the layer wise 
manufacturing process. Bridging layers is challenging as the 
material of each layer is likely to have a different age, whereas 
pre-placing the reinforcement can limit the geometric 
freedom of the printing process. Finally, the topic of concrete 
cover and reinforcement durability must be revisited, as the 
structural mass (and thus the cover) of a printed structure is 
much smaller compared to conventional concrete structures. 

 What’s next? 

Inspired by pioneers and early adopters of 3D concrete 
printing in the early 21st century, the technology has seen a 
rapid development in the last decade. Research activities are 
still growing exponentially, and 3DCP projects appear almost 
on a daily basis in practice. In most cases, they are still the 
result of trial-and-error, or have been designed using 
conventional methodologies or standards, and as such, do 
not make full use of the advantages which 3D printing offers. 
To reach these promises of an increased construction 
productivity and reduced environmental impact, the 
following targets have been formulated.  
Productivity gains requires first-time-right manufacturing and 
thus, quality control of both the printing process and printed 
product. The developments so far have been showing 
successful approaches of quality assessment for 3DCP, where 
standardized approaches are appearing. Standardization will 
harmonize the findings across research groups or industrial 
parties, and reduce the total amount of tests required, not 
only on small scale, but in particular also regarding the large-
scale structural tests currently performed on most real-life 
applications. 
The associated test methods typically concern destructive, 
off-line testing, whereas a shift towards non-destructive on-
line or in-line methods has a high potential in an automated, 
digital process, and moreover, might be a prerequisite to 
move from assessment to quality control. In this shift towards 
high-frequency non-destructive measurements, the amount 
of data collected increases considerably compared to isolated 
‘slump’ or ‘compression’ tests. This requires the development 
of quality control procedures which are able to incorporate 
such comprehensive amount of information. Moreover, such 
decision-making should be able to bridge across time- and 
length-scales as the target material behaviour and key 
process features are very different between mixing, pumping, 
extruding, printing, and the use phase. In this light, there can 
be a role for data-driven (e.g., artificial intelligence based) 
approaches for the field of concrete technology, in addition to 
well established model-driven solutions. 
To reduce the environmental impact of concrete construction 
through 3DCP, printable material compositions will require 
further developments towards lower footprint solutions, by 
including coarse aggregates, alternative binders, or recycled 
materials, and by expending the materials’ functionality. 
Significant research efforts are targeting this topic globally. 
More emphasis should be put on the impact that can be made 
through efficient structural design, by developing 3DCP 
informed design methodologies to reduce the total volume 
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(structural optimization) and enable re-usability (inclusion of 
dry connections, principles of modularity and circular 
economy). In the end, the total environmental impact is a 
combination of these three components.  
The development of systematic approaches to evaluate the 
environmental consequences and productivity gains of 
material, design, and process choices in an integral manner 
will therefore enable valid claims regarding the sustainability 
and economic potential of 3D concrete printing.  
A multitude of reinforcement solutions is currently under 
development in research environments. In practice, however, 
most load-bearing 3D printed structures are loaded in 
compression only (either because of their geometry or by 
applying pre-stressing), or the printed material is used as a 
(non-structural) lost formwork. Industrial-level reinforcement 
solutions are required, if the 3DCP technology is to be used 
for a variety of efficient structural applications. 
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