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Abstract 
3D Printing of concrete structures is a promising on-going development in the building industry. Its 
diverse application in practice is still limited however, as the relations between the printed objects, 
printable material and printing strategy are generally unknown. A research model has been developed 
to study these components and stimulate the development of concrete printing techniques. The model 
is demonstrated by varying the printing strategy of a 3D printed orthogonal concrete wall. 
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1. Introduction 
Structural engineers are confronted with a shift of mind in the building industry. The desire for a more 
sustainable built environment is growing in the western society. This call has to be answered from 
every discipline involved in the construction cycle. The discipline of structural design and engineering 
has found a way to contribute to this transformation: structural optimization. Methods have been 
developed over the past years, allowing for designs which carry and transfer loads in an efficient way, 
minimizing material use. While these methods guide the structural engineer in an early design stage, 
their implementation in practice is restricted so far due to the limitations of traditional production 
techniques. This new way of designing requires a new way of constructing, which can only be 
achieved if the building industry embraces the strange and keeps an eye on new and upcoming 
techniques. 
 
3D Printing of concrete structures is one of these on-going high-tech developments in present 
construction technology. The advantages are clear: high speed construction, no need of formwork, less 
heavy labour and most of all a large increase in freedom to design. 3D Printing allows for mass 
customization, as it does not require every (structural) element of a building to be identical, for 
matters of speed or costs. Besides, as the printer only prints material where it is needed, solid and 
massive structures are no longer required. 3D Printing creates new shapes in an efficient manner, 
answering the call for a more sustainable built environment. 
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Despite these clear benefits shown by a handful pioneering companies and institutes worldwide, the 
building industry is still behind in the development of 3D printing. This may be attributed to the lack 
of fundamental research on 3D concrete printing. Therefore a graduation project has been carried out 
at the Department of the Built Environment of the Eindhoven University of Technology (TU/e), in 
collaboration with CyBe Construction b.v. (CyBe). The project aimed at contributing to the 
foundations of this research, by designing a method to study the 3D concrete printing technique, 
Figure 1. The topics discussed here are based on the findings of this project (Wolfs, 2015 [3]).  

 
Figure 1: CyBe 3D Concrete printer 

2. Research Model 
A study on the state-of-the-art of 3D concrete printing shows that a diverse application in the built 
environment is still limited.  This can be explained by lack of knowledge on the components involved 
in 3D concrete printing. The printed shape, the printable material (concrete) and the printing technique 
itself are clearly connected, but their relationships are generally unknown. When a design has been 
made, the object is created with a trial-and-error attained printing strategy. However, once the design 
changes or new materials become available, the process has to start all over again and the printer 
settings have to be varied in an exhaustive way to find new, proper attributes. With the high amount of 
variables involved, the time required to find these settings increases dramatically and may slow down 
the development of the printing technique. 
 
A research model is developed to evaluate the relations between the different components in a smart, 
efficient way. The structure of the research model can be depicted as seen in Figure 2. The core of the 
model is a structural analysis (1). This analysis module does not restrict itself to predefined shapes, 
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materials or loading types. Because of the large amount of variables used for this analysis, and the 
corresponding extensive output, the structural analysis module is placed in a parametric environment. 
The input is highly adaptable and expendable with new data, while the output remains clear and 
understandable in a graphical way (2). 
 
Due to the comprehensive input module (2), finding the required output may involve a high amount of 
luck, computational time, or both.  It is thus desirable to find the input settings in a smarter way, by 
varying the input based on the evaluation of the results. This is achieved by applying an optimization 
loop (3). Finally, the model is extended with a variation loop and used to evaluate the impact of the 
3D printing properties (4). These properties are varied in a stepwise manner, entering the optimization 
module for each step. 

 
Figure 2: Research Model 

3D Concrete printing allows for complex designs, like shown in Figure 3-left by CyBe. The behaviour 
of these structures cannot be analysed, much less optimized, if the underlying basic relationships are 
not understood. The project thus restricts itself in the shape component: a structural shear wall is 
considered, assumed to be orthogonal and loaded in- and out of plane, similar to the shear wall shown 
in Figure 3-right. 

   
Figure 3: 3D Printed curved and orthogonal concrete wall by CyBe 
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2.1. Structural Analysis 
The structural analysis module of the research model is implemented in FEM software Abaqus. 
Abaqus does not restrict itself to certain shapes as it uses advanced meshing techniques and has an 
extensive element type library which allows for varying materials properties and analyses. This makes 
the structural analysis a very adaptable, yet reliable module in the research model. The following 
printing behaviour is incorporated in the model: 
 
- Orthotropic behaviour: The printing technique results in a layered build-up of the wall: the 
properties in the height direction of the wall depend on the bond strength between layers, while those 
in length direction do not. As the studied object is an orthogonal wall, orthotropic mechanical material 
properties are used. 
 
- Non-linear elastic materials: Considering future developments of 3D concrete printing, the use of 
new types of printable concrete is likely. Traditional types of concrete have a low tensile capacity and 
the application of reinforcement bars by 3D printing is far from being self-evident. The inclusion of 
fibre reinforcement may be an interesting alternative, as it increases the ductility of the material and 
may even provide a higher tensile capacity. 
 
- Sandwich elements: It can be beneficial to print sandwich-like structures, which have an efficient 
mass-stiffness ratio. The advantage of sandwich structures over solid walls has already been proven 
for orthogonal shapes. As the wall analysed in this study is simplified as an orthogonal one, the use of 
sandwich cross-sections has not been the goal of this study. When future research focuses on freeform 
printed structures, the use of sandwich cross sections will be of more interest, as the core material may 
act as a temporary support material during the construction phase in addition to its permanent 
structural and insulating function. 
 
2.2. Programming Environment 
A parametric setup is desirable for the research model to quickly vary properties and evaluate their 
relations. In an early stage, this led to the choice of Grasshopper, a graphical algorithm editor, which 
comes as a plugin for Rhinoceros. The large amount of parameters can be categorized in material 
properties, geometry, and loadings and boundary conditions. All of these are modelled in 
Grasshopper, of which an example can be seen in Figure 4.  
 
Grasshopper is a propagation-based system, which restricts cyclic algorithms (i.e. ‘loops’) without 
additional plugins. Both the optimization algorithm and the variation loop of the printing properties 
are therefore written in programming language Python, as the limits of Grasshopper were reached. 
Additionally, the Python language can be used to control Abaqus. The Python script is entirely 
generated in Grasshopper, including all parameters, optimization targets and output requests. This 
script is then simply sent to Abaqus, which executes both the structural analysis and the optimization 
loop. In real time, results are sent back to Grasshopper, allowing the user to keep track of the progress 
and optimized results. 
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Figure 4: Example of Grasshopper Input Module 
 

2.3. Optimization Algorithm 
The problem considered has a high amount of connected variables, which results in a large amount of 
combinations and variations of parameter settings. Finding the required setting is likely to be 
computational expensive, and may get stuck in local optima.  For this reason the optimization 
technique of Simulated Annealing (SA) is incorporated in the research model. SA is a problem-
solving strategy which is able to escape local optima during the iterations and eventually converges to 
what is hopefully a global optimum (Michalewicz & Fogel, 2000 [2]). The model allows the user to 
set the SA optimization parameters in the GH environment. Once initiated, it uses the results of the 
Abaqus analyses to seek towards a predefined goal, presenting real-time feedback as it runs. 
 

3. 3D Printing Properties 
Despite the differences in the concrete printing techniques, finally they all end up with a layered end 
result. The bond strength between these layers depends on the printing time gap, i.e. the time it takes 
for one layer to be printed on top of the previous one. Research at the Loughborough University has 
shown that the bond strength decreases as the time gap increases (Le, et al., 2011 [1]). Considering 
bond strength, it can be stated that higher printing speeds are preferred, to achieve better mechanical 
properties. On the other hand, printed objects will be loaded much sooner than traditionally cast 
structures. The strength development in time is therefore also of interest, as it defines a relation 
between printing strategy and the minimum time at which a certain loading can be applied. 
Considering overall strength development, high printer speeds are not always preferred.  
 
Both the bond strength between layers and the development of overall strength are included in the 
research model. They are linked to the user defined print strategy, as they depend on the given 
printing environment, speed and layer size. Their values are automatically calculated and used in the 
FEM analysis and optimization loop.   
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4. Impact of 3D Concrete Printing 
The research model can be used to study 3D concrete printing and show the impact on the design 
process, for varying print strategies, i.e. speed, layer size and printing environment (in-situ or prefab). 
The model is demonstrated using the 3D printed orthogonal concrete wall. 
 
Analyses of the wall show that the loading capacity initially increases along with a higher print speed, 
as the bond between layers strengthens. However, at higher print speeds the overall strength 
development of the printed element becomes governing, and the capacity decreases, Figure 5. A 
reduction of layer height is beneficial for the overall strength development, but does strongly increase 
the total construction time. The choice of printing environment clearly influences the end result as 
well, as the low temperatures of in-situ printing result in much slower strength development compared 
to controlled, prefab printing, Figure 6. 
 

5. Conclusions 
The simple analyses on a 3D printed orthogonal concrete wall have proven that the influence of 3D 
printing must not be underestimated and that the printing strategy has to be taken into account during 
each step, from early design to construction. Additional research will have to be carried out aimed at 
gaining more insight in the components linked to 3D printing. By studying new printable materials 
and optimizing shapes including the typical properties of 3D printed concrete, the potential of this 
promising technique can be applied in practice. Using a research model as presented here, and 
extending it with newly available data, will guide future developments in 3D concrete printing and 
support its successful implementation in the building industry. 
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Figure 5: Optimization results of printing speed versus loading capacity for varying layer height 

 
 
 

 
Figure 6: Optimization results of printing speed versus loading capacity for varying temperature 
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