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Summary
Experimental characterization and numerical modelling of 3D printed concrete
Controlling structural behaviour in the fresh and hardened state
The engineering & construction industry is presented with an enormous task due to the growing world population and increasing urbanization. The industry in its current state, characterized by a low productivity and high environmental impact, is not equipped for the challenges
ahead. But change is on its way, driven by digital transformation. The adoption of new manufacturing techniques like 3D concrete printing (3DCP) will directly address the challenges
related to the productivity and sustainability of the industry. 3D Printing provides a reduction of material use, and thus, decrease of both costs and environmental impact, compared
to traditional manufacturing techniques. Moreover, enhanced geometrical freedom or increased functionality comes at almost no extra cost. The need for formwork is removed, and
physical labour is strongly decreased by the automated manufacturing technique.
The potential of 3DCP is clear, as is illustrated by the rapidly increasing number of showcase
projects appearing in practice. However, the adoption of this new technique comes with an
added complexity compared to traditional methods. Firstly, due to the absence of formwork,
the freshly extruded concrete should be sufficiently strong and stable throughout the printing
process, to avoid failure in the fresh material state. Secondly, as a consequence of the layerwise
nature of 3D printing, the final product is composed of numerous printed layers which should
adhere sufficiently, to avoid failure in the hardened material state.
The work presented in this thesis was performed to remove the added complexity of 3D concrete printing, by controlling the structural behaviour in both the fresh and hardened material
state. Initially, a 3DCP research facility was designed and realized in the Structures Laboratory of Eindhoven University of Technology. Using this facility, the main failure modes affiliated to the 3DCP process were defined, and the governing underlying material properties.
A distinction was made between the fresh concrete state, and the hardened concrete state,
whereby the scope was limited to extrusion based 3D printing of unreinforced concrete.
In the fresh material state, two main structural failure modes that may occur during the 3D
printing process have been distinguished: elastic buckling and plastic collapse. To assess if
and how an object may fail during printing, a numerical FEM model has been developed,
which includes the development of both the geometry and the material properties throughout the printing process. This requires input in the form of transient material properties obtained from experimental testing on early age concrete. Numerous experimental procedures
v

have been developed to characterize the essential parameters to assess both failure modes.
These experiments indicated that, while the material is still well before its setting time, the
thixotropic nature causes a significant increase of mechanical properties in the time span of
a typical 3D printing session. Moreover, the failure behaviour shifts from plastic failure towards brittle, as the concrete age increases. The experiments additionally confirmed that the
time dependent Mohr-Coulomb criterion may be considered as a satisfactory failure criterion
for fresh 3D printed concrete. It was concluded that a triaxial compression test is the most
efficient method to define all required input for numerical modelling in one go.
The numerical simulations were validated both experimentally and theoretically, in comparison to respectively print trials and a parametric mechanistic model. From these studies, it
was concluded that the numerical model is a powerful tool to control the structural behaviour
in the fresh material state, and may be utilized as an optimization tool, aiming for maximum
productivity, steer development of material compositions, or enhance geometrical features.
In the hardened material state, the interlayer bond strength has been identified as a critical
factor to control the structural behaviour of a 3D printed object. An extensive experimental
program was performed to define the influence of various process parameters on the bond
strength. The results of this study indicate a clear impact of the manufacturing process on the
strength between layers: isotropic materials properties can only be ensured at short interlayer
interval times or with thoroughly covered layer surfaces at longer intervals. The study moreover emphasizes the need for standardization of test methods for 3DCP, as large variations of
the influence of isolated parameters are observed between individual studies.
In a second experimental study, the suitability of a direct tensile test to characterize hardened
3D printed concrete was explored. This test provides a more comprehensive characterization
of the mechanical behaviour, and thus, facilitates advanced structural analyses of 3D printed
concrete structures. The results of these tests may be applied for non-linear analyses, redistribution of forces, or topology optimization of 3D printed structures.
In addition to the destructive tests performed to characterize the mechanical properties, a
correlation between their results and those obtained by non-destructive ultrasound measurements has been established. Such non-destructive tests can be used as a continuous in-line
quality control method, which, when extended with a feedback system, may correct or enhance the 3D printing process in real-time. This was illustrated by a real-time measurement
and feedback system. In addition to real-time adjustments, the data that is collected during
manufacturing may be stored in a parametric environment, enhancing the interdependencies
between design, material performance, and process parameters. As such, 3DCP will become
smarter, more efficient, and more sustainable, over the course of time.
Finally, numerous large scale valorization projects have been realized over the course of this
work to illustrate the potential of 3D concrete printing. In these projects, the numerical and
experimental methods have already been applied, to facilitate the design process, provide input for structural analyses, and successfully optimize the printing strategy.
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Samenvatting
Experimental characterization and numerical modelling of 3D printed concrete
Controlling structural behaviour in the fresh and hardened state
De bouwindustrie staat voor een enorme taak, veroorzaakt door de groeiende wereldbevolking en toenemende verstedelijking. De industrie in haar huidige staat, gekenmerkt door een
lage productiviteit en grote milieubelasting, is niet in staat om deze uitdagingen aan te gaan.
Er is echter een verandering op hand, aangedreven door digitale transformatie. Het aanwenden van nieuwe productietechnieken zoals 3D beton printen (3DCP), speelt rechtstreeks in
op de uitdagingen met betrekking tot de productiviteit en duurzaamheid van de industrie.
Bovendien biedt de techniek grotere vormvrijheid en verhoogde functionaliteit, zonder significante toename van kosten. De noodzaak tot bekisting verdwijnt en fysieke arbeid wordt
sterk verminderd door deze geautomatiseerde maakmethode.
De potentie van 3DCP is duidelijk, zoals wordt geïllustreerd door het snel toenemende aantal
showcaseprojecten in de praktijk. De toepassing van deze nieuwe techniek brengt echter ook
extra complexiteit met zich mee, in vergelijking met traditionele maakmethodes. Ten eerste
moet het geprinte beton vanwege de afwezigheid van bekisting voldoende sterk en stabiel zijn
gedurende het gehele printproces, om bezwijken in de verse materiaaltoestand te voorkomen.
Ten tweede, als gevolg van de laagsgewijze aard van 3D printen, bestaat het eindproduct uit
een collectief van geprinte lagen die voldoende moeten hechten om bezwijken in de verharde
materiaaltoestand te voorkomen.
Het onderzoek gepresenteerd in dit proefschrift is uitgevoerd om de extra complexiteit van
3D beton printen weg te nemen, door het constructieve gedrag in zowel de verse als verharde
materiaaltoestand te beheersen. Hiertoe is allereerst een 3DCP onderzoeksfaciliteit ontworpen en gerealiseerd in het Structures Laboratory van de Technische Universiteit Eindhoven.
Met behulp van deze faciliteit zijn de belangrijkste bezwijkmechanismen gedefinieerd die zijn
verbonden aan het 3DCP proces en de maatgevende gerelateerde materiaaleigenschappen.
Hierbij is een onderscheid gemaakt tussen de verse materiaaltoestand, en de verharde toestand, waarbij de scope van het onderzoek is beperkt tot extrusie van ongewapend beton.
In de verse materiaaltoestand zijn twee belangrijke bezwijkmechanismen geïdentificeerd die
zich tijdens het printproces kunnen voordoen: knik en plastisch bezwijken. Een numeriek
FEM model is gerealiseerd om te bepalen of en hoe een object kan bezwijken tijdens het
printen, waarin de ontwikkeling van zowel de geometrie als de materiaaleigenschappen tijdens het gehele printproces wordt beschouwd. Dit model vraag input in de vorm van tijdsix

afhankelijke materiaaleigenschappen, verkregen uit experimenten op beton van jonge leeftijd.
Verschillende experimentele procedures zijn ontwikkeld om de essentiële parameters te karakteriseren en beide bezwijkmechanismen te beoordelen. Deze experimenten toonden aan dat,
hoewel het materiaal nog in de verse toestand verkeert, het thixotrope karakter een significante toename van mechanische eigenschappen veroorzaakt in de tijdspanne van een typisch
3D printproces. De experimenten bevestigden bovendien dat een tijdsafhankelijk MohrCoulomb criterium kan worden beschouwd als een geschikt bezwijkcriterium voor vers 3D
geprint beton. Het uitvoeren van een triaxiale compressietest werd vastgesteld als de meest
efficiënte methode om alle vereiste input voor numerieke modellering in één keer te bepalen.
De numerieke simulaties zijn zowel experimenteel als theoretisch gevalideerd, in vergelijking
met respectievelijk 3D print experimenten en een parametrisch mechanistisch model. Uit
deze studies is geconcludeerd dat het numerieke model een efficiënt hulpmiddel is om het
constructieve gedrag in de verse materiaaltoestand te beheersen. Daarmee kan het worden
gebruikt als een optimalisatietool, gericht op maximale productiviteit, ontwikkeling van materiaalsamenstellingen of verbetering van geometrische eigenschappen.
In de verharde materiaaltoestand is de hechtsterkte tussen de lagen geïdentificeerd als een
kritieke factor om het constructieve gedrag van een 3D geprint object te beheersen. Een uitgebreid experimenteel programma werd uitgevoerd om de invloed van verschillende procesparameters op de hechtsterkte te bepalen. De resultaten van dit onderzoek wijzen op een
duidelijke impact van het productieproces op de sterkte: isotrope materiaaleigenschappen
kunnen alleen worden gegarandeerd bij korte intervaltijden tussen de lagen, of met grondig
afgedekte laagoppervlakken in het geval van langere tussenpozen. De studie benadrukt bovendien de noodzaak tot standaardisatie van testmethoden voor 3DCP, omdat grote variaties van
de invloed van individuele parameters tussen onderzoeken worden waargenomen.
In een tweede experimenteel onderzoek werd de geschiktheid van een directe trekproef voor
het karakteriseren van verhard 3D geprint beton onderzocht. Dit type proef biedt een uitgebreidere karakterisering van het mechanische gedrag en daarmee de mogelijkheid tot geavanceerde constructieve analyses van 3D geprinte betonconstructies. De resultaten kunnen
worden toegepast voor niet-lineaire analyses, herverdeling van krachten of topologische optimalisatie van 3D geprinte constructies.
Naast de destructieve experimenten die zijn uitgevoerd om de mechanische eigenschappen te
karakteriseren, is een correlatie tussen hun resultaten en die verkregen met niet-destructieve
ultrasone metingen vastgesteld. Zulke niet-destructieve methodes kunnen worden gebruikt
als een continue in-line kwaliteitscontrole, die, indien uitgebreid met een feedbacksysteem,
het 3D printproces in realtime kan corrigeren of verbeteren. Dit principe werd geïllustreerd
door een realtime meet- en feedbacksysteem. Naast realtime aanpassingen kunnen gegevens
die tijdens de productie worden verzameld, worden opgeslagen in een parametrische omgeving, waardoor de onderlinge relaties tussen ontwerp, materiaalgedrag en procesparameters
steeds beter in kaart worden gebracht. Zo wordt 3D beton printen in de loop van de tijd steeds
slimmer, efficiënter en duurzamer.
Tot slot zijn er in de loop van dit onderzoek verscheidene grootschalige valorisatieprojecten
gerealiseerd om de potentie van 3D beton printen te illustreren. In deze projecten zijn de numerieke en experimentele methoden al toegepast om het ontwerpproces te vergemakkelijken,
input te leveren voor constructieve analyses en de printstrategie succesvol te optimaliseren.
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INTRODUCTION

CHAPTER ONE

Introduction
Technological advancements have become entangled into our daily lives. They have changed
the way we live, travel, work, and communicate. Yet, our buildings and infrastructure, the
places where we spend the majority of our time for work or leisure, are still realized in a
relatively low-tech way. Projects are designed and planned from scratch, data is exchanged in
2D via a paper trail, and construction takes place largely by manual labour, on a building site
exposed to the elements.

1.1 Context
The engineering & construction (E&C) industry is one of the largest sectors in the world
economy, representing up to 13% of global GDP and employing 7% of the world’s population
[1, 2]. The industry is largely responsible for the realization of one of the basic necessities of
life: providing shelter. The way in which this is achieved has developed over the course of
time, resulting in a present day in which buildings and infrastructure can be constructed with
great aesthetic qualities, enormous heights or lengths, and extensive functionalities.
Engineering & construction is also, however, an industry with a mere 1% yearly productivity
increase over the past 20 years, where less than 1% of revenues is invested in R&D, performing
remarkably poor in comparison to other sectors [2]. Budget and schedule overruns are the
norm, while profit margins are low. The industry faces a critical skill shortage worldwide,
partly due to its ‘old-fashioned’ image [3]. Moreover, the environmental footprint is large, as
E&C represents the largest global consumer of raw materials, and accounts for 25 to 40% of
the world’s total carbon emission [4].
This underwhelming performance is attributed to the nature of the industry. The parties
involved are strongly fragmented, operating sequentially and based on individual projects.
Suppliers and contractors inadequately collaborate and communicate, and insufficient knowledge is transferred from project to project. The mismatch between the long-term benefits of
R&D, and the short term risks and costs, hinders innovation in the traditionally risk-averse
industry. As governments and clients generally do not stimulate or reward (often expensive)
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innovations, an incentive for adopting standard practice is created. As such, competition
takes place over price, rather than technology or sustainability [4, 5].
Standard practice will not provide the means to address the challenges ahead. The world
population growth and large migrations present the industry with an unprecedented task:
the demand for affordable housing, infrastructure, and utilities grows rapidly. Moreover, a
shifting age profile has a twofold effect on the industry: it requires construction or adaptation of buildings to accommodate the ageing population, while simultaneously increasing
the shortage of skilled labour. Sustainability requirements, assessed through methods as e.g.
BREEAM or LEED, become more and more pronounced, as the current state of the industry
is strongly linked to climate change and depletion of natural resources. This increasing demand for environmentally sensitive construction calls for a change [2, 4, 6]. Because the E&C
industry is so large, even a small increment in productivity would have a major impact. For
instance, a mere 1% reduction in construction costs, or 1% rise in productivity worldwide,
could save $100 billion per year [4].
Unlike the E&C industry, other sectors have already transformed themselves over the past
decades. For instance, the automotive industry has adopted robotics and computerized design to increase its productivity, cost-effectiveness, and sustainability. In retail, global supply
chains and digitized distribution systems have become standard practice. The agricultural
industry has automated its processes, and has reached a productivity increment of 4.5% per
year [2]. The common denominator in these developments is the adoption of digital technologies, and the E&C industry is lagging behind.
Some examples of digitalization in E&C exist. But such innovations have occurred mainly
in the design and engineering phase, or in the operations and maintenance phase. Architects work in a digital (parametric) environment, engineers adopt numerical tools for structural analyses, and maintenance is performed based on remote sensoring. In the construction
phase, digitalization is still behind: a mere 0.2% of all robots worldwide is sold to the E&C
industry [7–9]. Some processes have been automated. For instance, complex reinforcement
meshes are prefabricated directly from a digital drawing, and formwork is CNC milled into
practically any shape. However, these are arguably merely improvements of isolated components in an unchanged process. The sequential, fragmented chain of the E&C industry is not
broken.
Over the past decade, the use of Building Information Modelling (BIM) has gradually become
established in E&C. BIM connects the various parties and activities in the construction chain,
and as such, may act as a catalyst to realize a true transformation of the industry. By linking
parametric 3D models to robotic manufacturing, enriched with physical and functional characteristics, BIM plays a central role in the adoption of digital technologies. Communication
and knowledge transfer between all stakeholders is improved, throughout a projects life cycle,
directly addressing the flaws of the industry. This digital framework provides E&C with the
opportunity to adopt robotic manufacturing techniques that can truly disrupt the industry,
like 3D printing.
3D Printing –or additive manufacturing– is “a process of joining materials to make objects from
3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies” [10]. This definition covers various 3D printing methods, based on e.g. the selective
sintering or binding of powder, the local curing of a liquid into a solid, or the selective extru4

sion and deposition of a material. The range of available 3D printing techniques is widening,
but they are united in a common potential: due to the additive nature of the technique, a
significant reduction of material is achieved, as material is only placed where it is needed. As
a result, both the costs and environmental impact drop. Moreover, delays and failure costs
reduce by the autonomous production technique. At the same time, 3D printing provides an
increasing freedom of design, where customization and complexity comes at almost no extra
costs. Mass production shifts towards mass customization.
The technique has already proven its potential in various other industries. 3D Printing has
been adopted in, for instance, the biotechnical/medical industry, where a high degree of customization is required, the aerospace and automotive industry, where material reduction is
key, and even fashion, where the geometrical freedom has unleashed a new wave of design.
Clearly, for engineering & construction, an industry where no project is the same, and multiple functionalities are combined within complex objects, the potential of 3D printing is enormous. The advantages of this manufacturing technique directly address the challenges related
to the sustainability and productivity of the industry. Consequently, explorations have started
into 3D printing techniques for E&C. Many construction materials can be used with a variety
of printing methods to manufacture objects ranging in scale from connection elements, to
components, to complete buildings. Although 3D print techniques for e.g. ceramics, steel,
polymers, foams, glass, or concrete are still in different stages of technology readiness level,
first applications are appearing in an increasing pace. Striking examples include the large scale
(bio-)plastic objects by DUS Architects, a steel bridge by MX3D, both in the Netherlands, a
plastic dome in the USA by Branch Technology, an expansive foam house by Batiprint 3D in
France, glass printing by the Mediated Matter group at MIT, USA, and a ceramic pavilion by
the Spanish IAAC, see Figure 1.1.
3D Concrete printing (3DCP) is one of the areas which is developing particularly rapidly,
as illustrated by the high frequency in which new projects are being presented by a growing
number of private enterprises and research institutes worldwide. This choice of this material does not come unexpected. Our modern built environment has almost completely been
constructed using concrete, and there seems to be no suitable alternative for the tasks ahead,
caused by the world population growth. Concrete is the second most consumed material
worldwide, after water, and is unique due to its wide range of functionalities (it is strong,
durable, and fire resistant), while its raw materials are cheap and readily available in most
places on the globe. Due to its fluid state before setting, it can be applied in practically any
shape. When casting or mixing energy is removed, the material starts to stiffen, and eventually, harden. As such, concrete is by nature a printable material.
Notwithstanding the advantages of concrete as a structural material, it also faces several challenges that are gaining recognition. Concrete production accounts for a significant percent of
the global CO2 output (estimates and calculation methods vary, but reports indicate 5-8%),
both directly as a result of the chemical process, and indirectly due to burning of fossil fuels
for the production process. The fact that concrete raw materials are cheap, does not stimulate
economical use and thus makes the reduction of its environmental footprint difficult. Moreover, it significantly contributes to the imminent risk of depletion of natural resources, like
sand [17].
Traditionally the application of concrete goes hand in hand with the use of formwork to sup5

(a) DUS Architects - plastic [11]

(b) MX3D - steel [12]

(c) Branch Technology - plastic [13]

(d) Batiprint 3D - foam [14]

(e) MIT Mediated Matter - glass [15]

(f) IAAC - ceramics [16]

Figure 1.1: Examples of 3D printing with various materials on construction scale.

port the material in its fresh state. Generally, the formwork represents 35-60% of the construction costs for standard elements [18], and an even larger share for complex geometries.
While this provides the opportunity to realize expressive architecture, such (expensive) formwork can often only be used once, and leads to an increment of waste. Another main challenge
is related to the physical labour involved, particularly for in situ cast concrete. Both the erection of moulds and the placement of reinforcement still require physically demanding labour,
particularly when bespoke geometries are required. This results in personal health issues of
construction workers that should be avoided as much as possible, particularly with an ageing
work force as in many developed countries.
6

Although the range of construction materials that have been adopted for 3D printing is widening, the application of concrete may still be the most significant and relevant material today,
due to the scale of application, and its major environmental impact. By using a 3D printing
process to construct concrete structures, the most used construction material in the world will
be applied in a more productive and sustainable way. The need for formwork is removed, and
the total material use is reduced. Moreover, physical labour is strongly decreased by the automated manufacturing technique. 3D Concrete printing could be the disruptive technology
the E&C industry needs.

1.2 Problem definition
While the advantages of 3DCP are clear, adoption of a new manufacturing technique for a
material that has been optimized to be cast in a formwork over the course of the past decades,
inevitably presents a number of challenges. Material compositions, reinforcement principles
and assembly strategies will have to be reinvented to comply with the printing process. Printed
concrete structures should perform according to the codes of practice, yet the available testing
procedures and (often empirically derived) structural relationships prescribed in said codes,
may not hold for this new technique. First valorization projects have shown how this may
be addressed using the fallback scenario of Eurocode 0, and make use of design by testing.
While this provides a good short term solution, it comes with large additional costs. Without
a full control of the fundamental issues that arise due to the nature of this new manufacturing
technique, widespread adoption will prove difficult.
Where traditionally concrete structures are built twice, once out of formwork, and once out of
the concrete cast inside, they are typically only analysed once, in their final hardened state. For
3D concrete printing however, the opposite holds. Printed structures are built only once, as
the need for formwork is removed, but have to be analysed twice, considering their state during printing, and afterwards. Due to the absence of formwork, its functionality is now directly
imposed onto the concrete itself. The freshly extruded concrete should be sufficiently strong
and stable to carry its self-weight and the weight of the layers above it. Moreover, the layerwise nature of 3D printing introduces a number of interfaces into the object. Consequently,
the properties of the final product may vary, depending on the location and orientation of the
layers, and the way they have been produced.
Owing to the novelty of the technique, the structural properties of the fabricated object, both
during and after printing, are often only roughly understood. Significant knowledge gaps
still exist concerning the specific relations between the design, material, and process parameters. It is known from other 3D printing industries, that these parameters interact heavily and
significantly influence the quality of the fabricated product [19]. Structural collapse during
printing and layer delamination afterwards are common failures associated with insufficiently
attuned processes. The requirements to prevent these failures are contradictory. To maintain
structural integrity during printing, the material properties should develop relatively quick
(or the printing process should be slow, but from an economic point of view this is undesirable), while sufficient interlayer strength requires a slow setting material (or relatively fast
process). The resulting operation window in which both requirements are fulfilled – if present
– also depends on the desired geometry.
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Clearly, a complexity is imposed on this new manufacturing process. Current practice however is based on a trial-and-error approach to find the ideal settings for a given design. Such
an approach limits the development and application of 3D concrete printing at large scale in
practice. For a layer by layer manufacturing technique to be competitive compared to concrete casting, maintaining acceptable (high) production speed and a robust printing process
are a necessity, without compromising the geometric freedom and structural safety of printed
objects.

1.3 Objectives
The objective of this thesis is to remove the added complexity of 3D concrete printing, by
controlling the structural behaviour in both the fresh and hardened material state. In the fresh
state, this results in a robust and economic 3D printing process. In the hardened state, this
guarantees structurally safe printed products. The scope is limited to unreinforced printed
concrete, manufactured by an extrusion-based 3D printing process.
The primary objectives of this thesis are formulated as follows:
• to define the main structural failure modes affiliated to the 3DCP process, and the governing underlying material properties;
• to develop experimental procedures to characterize said properties;
• to realize (numerical) tools to predict and control the structural behaviour.
Indirectly, these objectives facilitate the development of codes of practice and test protocols
for 3D concrete printing, which will become indispensable for applications in practice. Moreover, mapping the failure modes and corresponding material behaviour will guide the development of 3D printers and 3D printable materials towards more robustness. Finally, (numerical) tools can be used in practice to optimize both the printing process itself, and the
(topological) design of the printed objects.

1.4 Methodology
The methodology of this thesis is in line with its objectives. Firstly, a review on 3D concrete
printing was carried out, to perform a system analysis of the available 3D printers, process parameters, and materials. This provided a frame of reference for the experimental and numerical studies. Subsequently, a 3D concrete printing research facility was designed and realized
in the Structures Laboratory of Eindhoven University of Technology (TU/e).
Using the 3DCP facility, the failure modes in the printing process and objects, and the range
of interest of the underlying material properties, were defined. Here, a distinction was made
between the fresh concrete state, and the hardened concrete state. In both states, experimental procedures were developed to characterize the material properties. Due to the novelty of
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3DCP, the ideal experimental set-ups were initially unknown. Consequently, the experimental procedures have undergone a number of improvements throughout this thesis, and will
be presented as such. Finally, a numerical tool was realized to analyse structural failure in 3D
printing processes, which has been validated both theoretically and experimentally.
The numerical and experimental methods that have been developed for this thesis, have been
applied in a number of valorization projects throughout its course.

1.5 Thesis outline
This thesis consists of 7 chapters. In the current chapter, the context of 3D concrete printing
is discussed, along with the problem definition, objective and corresponding methodology of
the PhD research.
Chapter 2 provides a review on 3DCP, along with a system analysis of typical 3D printers,
process parameters, and material compositions. The chapter concludes with an elaboration
on the 3DCP facility at the TU/e.
Chapter 3 discusses the fresh concrete state. Firstly, the structural issues are discussed from a
theoretical point of view, discussing the failure modes expected to occur during the printing
processes, and their characterization. Subsequently, the experimental program is presented
and the results are discussed. These results are then used as input for a numerical model,
which is described in detail and validated both theoretically and experimentally.
Chapter 4 outlines the hardened concrete state in a similar fashion. Firstly, the structural
issues are analysed theoretically, with a focus on the interlayer bond strength. Various experimental procedures to characterize this property are discussed, followed by the results of an
extensive experimental program. Finally, a discussion on the impact of the interface properties on structural design procedures is provided.
Chapter 5 offers a discussion on the necessity for non-destructive quality control measurements and feedback systems to control 3DCP processes. This discussion is illustrated by an
experimental program using a non-destructive ultrasonic test, an exploratory study on the
influence of temperature on fresh concrete, and the development of a real-time height measurement and feedback system.
Chapter 6 presents various 3DCP case studies and valorization projects that have been realized at Eindhoven University of Technology over the course of this thesis. It discusses the
application of experimental and numerical methods that have been developed in the present
thesis.
Chapter 7 provides conclusions, recommendations and an outlook to the future of 3D concrete printing.
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3D CONCRETE PRINTING

CHAPTER TWO

3D Concrete printing
This chapter aims to give an overview of the history and state of the art of 3D concrete printing,
from both an industrial and academic point of view. The various business cases and research
topics are reviewed, and illustrated by case studies and prototypes that have been realized in
practice.
Following the review on 3DCP, a system analysis is performed. The various 3D printing approaches are compared, and based on the available data, typical systems, material compositions, and printing strategies are discussed. This provides a frame of reference for the experimental and numerical studies in the following chapters.
The final part of the current chapter discusses the design of the 3D concrete printing research
facility and material compositions that have been adopted at Eindhoven University of Technology, and for all studies in the present thesis.

2.1 State of the art review
The historic background of 3DCP is addressed first, maintaining a chronological approach.
Subsequently, the industrial adoption at present day is discussed, and at this point, due to
the enormous growth of the field within a time span of merely a few years, a chronological overview defies its purpose. Instead, the industrial initiatives are discussed based on the
different approaches and business cases that have been adopted. Finally, the academic contributions to 3DCP are outlined.
A large part of the institutes working on 3DCP and affiliated technologies, do not present their
work via scientific routes, e.g. journal publications or conference presentations, but use for instance (social) media channels. Moreover, due to competition considerations, crucial details
are not publicly shared. Consequently, limited (peer-reviewed) data is available. For many of
the showcase projects in the following sections it is, for example, not known exactly what parts
have been printed, what material compositions have been used, how the equipment operates,
and how structural safety and the main load bearing have been arranged. Nevertheless, data
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will be presented as comprehensive as possible, but the reader should keep the nature of its
source in mind.
In both the academic and industrial field, a wide range of 3D printing techniques for concrete,
or more general, cementitious materials, can be distinguished. Although the scope of this
thesis is exclusively extrusion based methods, the historic overview and the appreciation of
pioneers in this fields requires a number of other techniques to be included in this chapter.

2.1.1 Historic overview
Dating back to 1930’s and 40’s, a number of patents under the name of William E. Urschel
describe a ‘Machine for building walls’, which contain detailed descriptions and drawings of
“a machine operable to mould a solidifiable material into the form of a strip and deposit the
same as a course or layer in the formation of a wall” [20–22] . The patents illustrate the use of
a telescopic arm, rotating around a central point, forming a wall layer by layer in a cylindrical
shape. It even includes a variable wall thickness, by local adjustment of the mould at the end of
the arm. Urschel envisioned building spherical buildings using this technique, see Figure 2.1,
published in Everyday Science and Mechanics magazine in 1935. Putting aside the obvious
absence of 3D model data, such a system comes close to what today would be described as 3D
concrete printing.

(a)

(b)

Figure 2.1: Urschel’s patent illustration (a) [21] and vision of constructing a spherical house (b) [23].

Over the course of the 20th century numerous patents followed, amongst others by William
Urschel’s son Joe Urschel [24–29]. Their common denominator is the absence of (conventional) formwork, and the layer-wise construction of wall structures. Interestingly, the patents
of for instance Winn [26], and Goldsworthy & Hardesty [28], describe the incorporation of
fibres as a reinforcement strategy. The rotating telescopic arm is recognized in various adaptations, see Figure 2.2. At this point in time, complete automation of the process was not yet
possible, merely mechanization. The shape of the cylindrical, spherical, or hemi-ellipsoidal
structures depicted in the patents is a consequence of the geometrical possibilities of the manufacturing technique. This relation still holds today, although the geometrical freedom has
been widely extended by the use of multi-axis robots.
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(a) Urschel, 1952 [25]

(b) Lowes, 1968 [27]

(c) Goldsworthy & Hardesty, 1976 [28]

(d) Maddock, 1988 [29]

Figure 2.2: A collection of 20th century patents illustrating various layer-wise wall building techniques.

The first automated 3D concrete printing process, using a sliced geometry designed by CAD
software, dates back to 1995. Discussing a novel technique named Solid Freeform Construction, Pegna starts a symposium contribution as follows: “This paper reports a radical departure from generally accepted concepts in construction automation and demonstrates that new
techniques of layered manufacturing can be applied effectively to construction.” In this contribution and a subsequent journal publication, Pegna describes two approaches of ‘binder
jetting’, where a reactive powder layer, composed of sand and cement, is locally injected and
activated by water vapour. Subsequently, a new layer of powder is deposited, and the process
is repeated. One of the observations was the clear anisotropic behaviour due to the layer-wise
manufacturing process [30, 31]. This is still an important research topic today.
In the early 1990’s, Khoshnevis developed Contour Crafting (CC) at the University of Southern California. CC is an extrusion based 3D printing technique, using side trowels mounted
on the nozzle to smoothen the surface during printing. Initially, Khoshnevis used mainly
ceramic materials to print relatively small objects. At the beginning of the 21st century, the
CC technique was scaled up and, using a concrete mixture, Khoshnevis realized the iconic
printed wall structures, see Figure 2.3, which served as an inspiration and starting point for
many initiatives in the years that followed. Two approaches are recognized: the first where the
printed concrete acts as a formwork, where the inner space is filled with conventionally cast
concrete, and the second where the inner structure is 3D printed as well, illustrating a more efficient material use (economically) unachievable by traditional casting methods. Apart from
these prototypes, Khoshnevis developed concepts of automation on the construction site, e.g.
the automated incorporation of reinforcement or plumbing in the CC process, or printing of
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multiple story buildings or towers, and various extraterrestrial applications [32]. Ahead of
their time, these concepts showcased the potential of automation for the E&C industry, but
did not find their way into practice yet.

(a)

(b)

Figure 2.3: 3D Concrete printed wall structures with conventionally cast (a) and printed (b) concrete
infill, constructed by Contour Crafting technique [33, 34].

In approximately the same period, the Italian engineer Dini developed a technique called
D-Shape. Contrary to the extrusion-based Contour Crafting, D-shape is a particle-bed 3D
printing process, using a cement based particle mix similar to Pegna. Since the founding
of D-Shape in 2007, Dini has printed numerous large scale objects. One of his first showcase objects, the Radiolaria, illustrates the enormous possibilities in terms of design freedom
that come with the application of 3D printing, see Figure 2.4a. More recently, using a DShape printer, the Spanish firm ACCIONA together with IAAC realized a pedestrian bridge
in Madrid in 2017, see Figure 2.4b. It is unclear whether the printed parts have a load bearing function and how reinforcement is incorporated. Nevertheless, much like other D-Shape
objects, the aesthetic potential is striking.

(a)

(b)

Figure 2.4: Radiolaria (a) and pedestrian bridge (b) constructed by a D-Shape 3D printer [35].
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2.1.2 Industrial adoption
Following in the footsteps of these pioneers, more industrial parties followed. Initially at a
very slow pace, indicating that the E&C industry was not ready for this disruption yet. Pegna,
Khoshnevis and Dini had realized the robotization step that Urschel and others were not
yet able to make. However, in absence of the proper digital tools, a widespread adoption of
their techniques did not follow until the first half of the twenty-tens. At this point in time,
true digitalization of the construction process became possible by e.g. the use of BIM, and
strengthened by the rapid diffusion of first results by (social) media, the number of parties
involved in 3DCP started to grow rapidly. Today, spread across the globe, but with a high
localization in Europe, both start-up companies and well-established players in the field of
E&C have adopted concrete printing. Albeit united in a common manufacturing technique,
these enterprises have developed a variation of printing strategies and business cases, which
will be discussed next.
In 2014, worldwide press headlines announced the appearance of ten 3D printed houses in
Shanghai, which were constructed within one day, see Figure 2.5a. The Chinese company
WinSun had realized them using their enormous gantry-like 3D concrete printer of approximately 150 by 10 by 6.6 meters. This statement of production time is debatable however, given
typical settings of similar processes and the dimensions of these structures, but no clear details on the printing process have been presented. WinSun adopts an off-site approach, where
basic individual elements are printed in a factory environment, transported to the building
site, and then assembled into a final structure. Thus, the one day claim might refer to the
assembly process, and not so much to the 3D printing process. The houses are not inhabited,
as they are exhibited near the 3D printing facility of WinSun. The aesthetic quality of the
objects is still poor and arguably merely a copy of traditional (prefab) construction, and their
performance in terms of e.g. thermal comfort or energy efficiency is yet to be assessed.

(a)

(b)

(c)

Figure 2.5: 3D Printed house (a), multi-story apartment building (b), and villa (c) by WinSun [36].

Nevertheless, in an age where the need for affordable housing has reached an unprecedented
height, the production speed and cost of the printed houses attracted widespread attention,
and illustrated the potential of 3DCP for a broader audience. This effect was strengthened
when WinSun published more showcases over the course of the following years, including a
multi-story apartment building, and a villa, see Figure 2.5, all of them realized in a similar offsite printing fashion. With a remarkable resemblance to the showcases of Contour Crafting,
the printed structures of WinSun are generally composed of an inner and outer leaf, connected
with an internal sine-shaped structure. In most cases, reinforcement is (manually) applied in
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the process, in the form of traditional rebar or meshes.
In approximately the same period, but at the other side of the globe, the Contour Crafting
technique was likewise adopted and scaled up. The enterprise ‘Total Kustom’, founded by
Rudenko in Minnesota (USA), realized some of the early striking examples of on-site 3DCP.
Firstly, Rudenko realized a small 3D printed castle in his backyard in 2014, see Figure 2.6a.
The main part of this castle was printed on-site, while the top parts were printed separately
and assembled afterwards [37]. After this initial success and significant media coverage, Total
Kustom was approached by an entrepreneur and the technique was shipped to the Phillipines.
There, an entire hotel room of approximately 10.5 by 12.5 by 3 meters was printed in-situ, in
2015, see Figure 2.6b. The printing process took about 100 hours, and the plumbing, wiring
and rebar were installed manually during the process [38].

(a)

(b)

Figure 2.6: A 3D printed castle (a) and hotel room (b) by Total Kustom [39].

As showcased by WinSun and Total Kustom, the technique of Contour Crafting – or more
general, extrusion based 3D concrete printing – has successfully been scaled up by industrial
enterprises, which is even more highlighted by the steady increase of 3D printed ‘buildings
and houses’ presented in the years that followed.
The Dutch 3DCP start-up CyBe uses an industrial robot arm for on-site 3D concrete printing.
CyBe’s 3D printers have been travelling across the globe to realize various large scale objects, as
illustrated by the recent realizations of for instance an R&Drone laboratory in Dubai in 2017,
see Figure 2.7a, and a showcase villa for the design week in Milan in 2018. The laboratory and
villa have a size of 168 m2 and 100 m2 , and have been printed in an effective time of 77 hours
and 46 hours respectively [40], highlighting the potential of an increased production speed
using 3DCP.
The Russian start-up Apis Cor has adopted a similar strategy, aiming to increase the productivity of the construction sector by 3D printing directly on-site. Apis Cor has developed a
custom 3D concrete printer, with a surprising resemblance to the early examples of Urschel
and others discussed above, and realized a showcase house in 2017, see Figure 2.7b. In the
same year, the Danish company 3D PrintHuset printed the ‘Building On Demand (BOD)’,
which was printed on-site, see Figure 2.7c. The company used a Spetsavia printer, illustrating
the fact that some enterprises are already targeting the market of commercial 3D concrete
printers. To demonstrate their equipment, Russia based Spetsavia has realized a 3D printed
18

(a) CyBe [41]

(b) Apis Cor [42]

(c) 3D PrintHuset [43]

(d) Spetsavia [44]

(e) HuaShang Tengda [45]

(f) ICON [46]

(g) Be More 3D [47]

(h) WASP [48]

Figure 2.7: Various showcases of buildings realized by 3D concrete printing.
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house in 2017, see Figure 2.7d, which was printed in components off-site. The Chinese firm
HuaShang Tengda has 3D printed a two-story house directly on-site in 2016. This firm uses
a strategy where a reinforcement mesh is placed before printing. Subsequently, using a split
nozzle, concrete is printed around and into this mesh.
One of the main challenges of on-site 3DCP is scaling up the system in compliance with the
required objects dimensions. For the typical 3D printers applied in practice – often gantry
systems – this implies that 3D printer sizes would have to increase several tens of meters to
realize, for instance, multi-story buildings. Arguably, scaling up the 3D printers is not the
most efficient approach, especially for large structures. Instead, one or multiple mobile 3D
printing robots on-site may construct a structure much larger than themselves. This is for
instance illustrated by the project ‘Minibuilders’ of IAAC in Spain [49]. In contrast, HuaShang
Tengda has succeeded in successfully scaling up the gantry system that was used to realize the
2016 house, and unveiled a three story castle-like building, printed on-site using an enormous
gantry system in 2018, see Figure 2.7e. At this scale and printing resolution it is questionable
however, if 3DCP still holds an advantage over traditional manufacturing techniques, as the
solid and largely orthogonal walls may be easily constructed using formwork.
With the increase of productivity comes a reduction of costs, and correspondingly, initiatives
have presented themselves which aim to use 3DCP to realize low cost housing for those in
need, for instance in third-world countries or disaster areas. Unveiled in 2018, the start-up
ICON together with New Story 3D printed a house on-site in Austin, USA, see Figure 2.7f.
Similarly, Be More 3D, a Spanish spin-off company, presented their showcase house, printed
on-site, in the same year, see Figure 2.7g. Albeit generally not using concrete, but with a
mixture of earth-based and ceramic materials, the Italian printing company WASP (World’s
Advanced Saving Project) has been pursuing the goal of 3D printing low cost housing for
those in need since 2013, and has recently presented one of their first 3D printed tiny houses,
called Gaia, see Figure 2.7h.
The majority of the case studies discussed above, illustrate the potential of 3DCP only partly.
They typically concern 3D printing of entire structures in one go on the desired location, promoting the increased production speed, decrease of workforce, and the reduction of costs,
compared to traditional manufacturing techniques. However, the objects they create are arguably not much different from those that are already achievable by such traditional techniques. The potential of 3DCP, where added complexity in design comes without additional
costs, expressed through increased aesthetic qualities or added functionalities, is not recognized in these results.
However, certain enterprises target specifically this point. They generally focus on the realization of elements that have been enriched with a high aesthetic quality, or additional functionality, in ways that are (economically) unachievable by traditional construction methods.
Such elements are often realized in the controlled environment of an off-site printing facility,
and may then be transported and assembled on the building site.
For instance, the French start-up XtreeE has been showcasing the freedom in design that
comes with the adoption of 3DCP. Incorporated into various case studies, ranging from urban furniture to pavilions, XtreeE presents 3D printed objects with reduced material use, and
increased expressive quality using the layered nature of the printing process, see Figure 2.8a.
The start-up uses an industrial robot arm in and ‘off-site’ production facility. The Thai com20

(a) XtreeE [50]

(b) SCG [51]

(c) Bruil & Studio Rap [52]

(d) Baumit [53]

Figure 2.8: Various showcases of 3D printed customised concrete elements.

pany SCG has likewise shown how the typical layered texture can be used as an expressive
quality in a similar range of products, see Figure 2.8b. Aiming for affordable customization
in design, the Dutch consortium of Bruil and Studio RAP applies off-site 3DCP to realize customized facade panels, see Figure 2.8c. Similarly, Baumit, situated in Austria, has presented
expressive 3D printed wall elements, see Figure 2.8d. In all of these examples, the potential of
linking digital parametric design tools to robotic manufacturing is clearly present. Variations
in patterns, print direction and tessellation can easily be generated and manufactured.
Using a cement based powder bed printing process like D-Shape, the architectural firm Emerging Objects presented the ‘Bloom’ structure, see Figure 2.9a. It consists of 840 customized 3D
printed blocks. In addition to showcasing the expressive architecture realized by 3D printing, Emerging Objects has printed numerous striking examples of how this manufacturing
process can be used to incorporate additional functionality. For instance, the (ceramic) 3D
printed ‘cool brick’, see Figure 2.9b has an internal three dimensional structure that allows air
to pass through walls, and cool the interior [54]. This is an illustrative example of how not
only the external geometry, but also the internal structure is designed, based on the potential
of 3D printing.
Such objects demonstrate that the application of 3D printing may cross the borders of what
is traditionally part of concrete construction. Consequently, printed objects appear in fields
where the potential of 3DCP is likewise present. For instance, various urban furniture objects
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(a)

(b)

Figure 2.9: 3D Printed cement Bloom (a) and ceramic cool brick (b) by Emerging Objects [55].

have been presented with expressive architecture, see e.g. the watertaxi stop by Studio Rap and
Bruil, a seat by Corona, and a bench by CyBe, illustrated in Figure 2.10a-c.
As the 3DCP process is particularly suitable to realize non-standard geometries, another application has appeared in the underground infrastructure. WinSun, XtreeE, CyBe, and Dubox
have illustrated the use of 3D printing to realize sewer pits, man holes and stormwater collectors, i.e. the place where multiple sewer pipes connect, which have a highly location dependent, unique geometry, see Figure 2.10d-f.
Finally, artificial reef structures are generally composed of complex geometries. Both WinSun
and XtreeE have shown how 3DCP may target this field as well, see Figure 2.10g-h.
After an initial phase with early pioneers, like Khoshnevis and Dini, followed by a period of
few successors, the recent increment of industrial endeavours has lead to a present day where
3DCP has gained significant traction. This is highlighted by the fact that well-established parties in the E&C industry have recently adopted the technique as well. For instance, a partnership between Skanska and Loughborough University was signed in 2014 [61]. LafargeHolcim
has been collaborating with XtreeE since 2016 [62]. One year later, Vinci Construction signed
a partnership with XtreeE [63], while in the same year Doka Ventures invested in the Contour Crafting Corporation [64]. Moreover, SIKA issued a press release in 2017 [65], exposing
their 3D concrete printing process and a number of showcase objects, see Figure 2.11a. In
early 2019, Saint Gobain Weber Beamix together with BAM Infra opened a commercial 3D
concrete printing factory, see Figure 2.11b, aimed at production ranging from components
to bridges and houses.
In retrospect to the state of the art of 3DCP, it may be concluded that the printed objects
realized so far cover a wide range of applications. Using both off-site and on-site approaches,
various institutes have even realized a 3D printed house or small building. However, the vast
majority of these structures is in fact uninhabited, and they serve mainly as a showcase of
the 3DCP technique. In some isolated cases, when the buildings are indeed claimed to be
occupied, the 3D printed parts typically inhibit an aesthetical function, or act secondary to
a main load bearing structure cast or applied inside of the printed elements, see for instance
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(a) Studio RAP & Bruil [52]

(b) Corona [56]

(c) CyBe [57]

(d) WinSun [36]

(e) XtreeE [58]

(f) Dubox [59]

(g) WinSun [36]

(h) XtreeE [60]

Figure 2.10: Urban furniture, sewer pits, and artificial reef structures, constructed by 3DCP.
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(a) SIKA [65]

(b) Weber Beamix & BAM [66]

Figure 2.11: 3D Concrete printing facilities of well-established industrial parties.

Figure 2.12. This illustrates the infancy of 3D concrete printing: the lack of insight in the
structural behaviour of printed concrete, testing procedures, and corresponding design codes,
limits the full potential of 3DCP in practice.

Figure 2.12: Primary load bearing structure applied inside of 3D printed elements [36, 41, 43].

With a growing number of enterprises illustrating the potential of 3DCP, the expectations
of this technique grow correspondingly. What happens after all the ‘first’ examples of applications in the built environment or infrastructure have been illustrated? When the novelty
wears off, so will the interest, unless the technique will truly change how the built environment is designed and constructed. But 3D concrete printing has not yet reached the maturity
to solve the challenges that lie ahead.
To bridge the gap between the current state, and state of technology that is needed to truly
disrupt the E&C industry, developments are needed on a wide spectrum of topics. Ranging from material developments and reinforcement strategies, to safety standards and design
paradigms, 3DCP will only live up to the expectations if progress is made on all aspects. This
is where the academic field plays an important role.
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2.1.3 Academic studies
One of the first large scale research programs on 3DCP was started at the Loughborough
University in 2008. Under the project name Freeform construction a team of researchers constructed a gantry-based 3D concrete printer, and developed a high performance printable
concrete mixture. The research group addressed a number of critical challenges of the printing process: the contradicting material performance requirements in the fresh state, for ease
of pumping and extruding, while being able to print a certain amount of layers without significant deformation [67], and the bond strength between layers in the hardened state [68].
Moreover, a number of prototypes were realized, see Figure 2.13. By using a nozzle that was
much smaller than seen in the applications of e.g. Contour Crafting and following industrial
adaptations, the objects at Loughborough University were printed with a much higher ‘resolution’. As a result, inner structures were defined more accurately and could incorporate
more functionality, for instance to create acoustic panels or integrate post-tensioning reinforcement [69]. An obvious yet important consequence of this strategy, is the increment of
total printing time to realize an object.

Figure 2.13: 3DCP prototypes realized at Loughborough University [69, 70].

More research institutes followed, addressing the necessary developments needed for 3D concrete printing to live up to its potential. This typically concerns one or multiple of the following three topics: material compositions and characterization, structural applications, and
design applications and strategies. Each of these topics will be elaborated on next.
The research institutes addressing the material topic, study the material properties of printable concrete, both in the fresh material state, and once an object has hardened. In many
cases, this leads to the evaluation of traditional test methods for concrete, and the development of new procedures to characterize printable concrete. Moreover, as the requirements
for printable concrete may be significantly different from mixtures that are used for pouring,
control of these properties with various compositions and additives is a topic of ongoing research. For instance, under the name of CONPrint3D, the German TU Dresden has been
studying the rheological behaviour (pumbability and extrudability) and structural build-up
of various mixtures compositions, using rheometry and inline methods [71–73]. A research
group at the Singapore Centre for 3D Printing of NTU in Singapore has been characterizing the mechanical performance of 3D printed geopolymer concrete, in both the fresh and
hardened state [74–76]. At the University of Southern Brittany in France, the structural be25

haviour of cement- and earth-based materials is characterized, both experimentally and theoretically [77, 78]. A theoretical framework for rheological requirements for printable concrete was defined at IFSTTAR, France [79]. At Eindhoven University of Technology (TU/e),
the 3DCP research group [80] studies the mechanical properties of fresh concrete using mechanical tests [81–84], and characterises the structural behaviour of hardened concrete as a
function of the printing process parameters [85].
The topic of structural applications is approached in multiple ways. Concrete is brittle, and
has a low tensile capacity compared to its compressive strength. This is no different for 3D
printed concrete. Consequently, some research institutes have started an exploration (or rediscovery) of compression only structures, for instance at ETH Zurich [86]. At Purdue University, this challenge is approached at a much smaller scale. Here, bio-inspired architectures
are 3D printed in cement paste using layers of 1mm thickness, see for instance Figure 2.14a.
These ‘micro’ scale architectures result in more ductile behaviour of the ‘macro’ scale geometry [87].
Alternatively, certain research groups focus on improving the concrete, either by enhancing
the tensile capacity, and/or by increasing its ductility. As traditional rebar is difficult to include
in this layerwise process, new reinforcement strategies are being explored. For instance, fibrereinforced (strain-hardening) composites for printing have been developed at the University
of Augsburg [88], the University of Michigan [89], and TU Dresden [90]. At the University
of Naples, an external reinforcement approach has been developed for 3D printed concrete
elements, see Figure 2.14b, which was analysed both experimentally and numerically [91]. At
Eindhoven University of Technology, both fibre reinforcement as well as the entrainment of
steel cables in the extruded layers have been adopted as reinforcement strategies [92–94].

(a) Purdue University [95]

(b) University of Naples [91]

Figure 2.14: Structural 3DCP strategies: bio-inspired architecture (a) and external reinforcement (b).

The adoption of 3DCP has opened up new design possibilities, and may moreover completely
change the traditional workflow from design to manufacturing. These new applications and
design strategies have become a topic of ongoing research at various schools of architecture.
For instance, at the REXlab of University of Innsbruck, in Austria, research concerns the design applications of 3DCP. Recent examples, see Figure 2.15, illustrate the expressive architecture that may be realized by the printing technique.
Likewise, at Cornell University’s Architecture School AAP (USA), a 3D printing platform
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Figure 2.15: 3DCP showcases by the University of Innsbruck [96, 97].

named ‘Daedalus’ has been constructed, which is used to print various architectural elements.
Interestingly, the research group adopts a printing process with a temporary support material,
allowing for overhanging and hollow structures, see Figure 2.16.
Notably, both of these examples indicate the use of much smaller nozzles compared to many
of the industrial applications, which was likewise recognized in the approach of Loughborough University. It appears that freedom in design is related to the resolution of the extrusion
process.

Figure 2.16: 3DCP using a temporary support at the Cornell University’s Architecture School [98].

Albeit not classified as extrusion based 3D concrete printing, two techniques developed at
ETH Zurich should be incorporated into this overview for their resemblance: concrete is
shaped, digitally controlled, without conventional formwork. Moreover, all three topics as
discussed above are targeted in the affiliated research projects. The first technique is called
Smart Dynamic Casting (SDC), an automated slipforming process, where self-compacting
concrete is gradually cast into a vertically moving, actuated formwork, see Figure 2.17a. Here,
like in 3DCP, the concrete should be self supporting when exiting the formwork [99,100]. The
second technique is named Mesh Mould, see Figure 2.17b. An industrial robot bends and
welds metal into a 3D mesh, which acts both as a stay-in-place formwork during concrete
casting, and reinforcement after setting [101, 102]. Both techniques have been applied in a
recently presented project, NEST-HiLo, which, in addition to structures realized by SDC and
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(a) Smart Dynamic Casting [104]

(b) Mesh Mould [105]

Figure 2.17: Digital fabrication techniques using concrete, developed at ETH Zurich.

Mesh Mould, features a thin concrete shell roof realized by a cable-net formwork system and
vaulted floor structures realized by a 3D printed formwork [103].
Many of the research institutes discussed above, and others across the globe, face similar challenges: the material behaviour of 3D printed concrete differs from what is known from traditional construction methods. Moreover, standard reinforcement principles may not comply
with the printing process, and likewise, design strategies will have to be reinvited based on the
(im)possibilities of this new technique. With the aim for standardization, and the definition
of a common scientific framework, the RILEM technical committee ‘Digital fabrication with
cement-based materials’ has been established in 2016. This committee aims to write a state of
the art report to address these challenges. Moreover, it organized the first RILEM conference
on ‘Concrete and Digital Fabrication’, held in 2018 in Zurich. The conference was characterized with a large presence of both industrial and academic institutes, representing countries
across the world, indicating the momentum of 3DCP.
While the topics discussed in this section are of great importance for the application and development of 3DCP, they are not exhaustive. To realize buildings and infrastructure that live
up to the safety and comfort standards, more topics will have to be addressed. This concerns
for instance the realization of proper details and connections of printed elements.

2.2 System analysis
The majority of extrusion based 3D concrete printing systems that are being used at both
industrial and academic institutes consist of three main components: a ‘dry’ system, with the
main purpose to place subsequent layers along a predefined path in space, a ‘wet’ system,
which provides the material to be extruded, and a control unit which operates both systems
based on a predefined digital design. In this section, these components will be discussed
subsequently, along with their related options. This discussion is followed by an overview of
the different material compositions that have been adopted, and a brief elaboration on the
consequences of the chosen printing environment.
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The dry system of a 3D concrete printer typically consists of either a cartesian (linear) gantry
robot, or an industrial robot arm. The gantry robots generally have at least 3 translational
degrees of freedom (DOF), representing the x-, y-, and z-plane, often extended with a 4th
DOF which provides a rotation around the (vertical) z-axis. The industrial robot arms that
are being used typically exhibit up to 6 rotational DOF. There are some exceptional systems,
e.g. by Apis Cor, Constructions-3D, or SCG, but generally they serve the same purpose. Due
to their size, the gantry robots are used particularly for large projects, while the industrial
robots generally produce somewhat smaller objects. Apart from some expectational cases,
the linear rate of extrusion, often called ‘printing speed’, varies in the range of 50 - 500 mm/s.
In some cases the 3D printers are claimed to be ‘mobile’, which is often the case for industrial
robots that have been placed on wheels or tracks. While this indeed increases their mobility
on a building site, such phrasing gives the false impression of a system that moves around
during printing – this is generally not the case.
The majority of the objects realized by either robot type are printed vertically, and as such,
are sometimes qualified as ‘2.5D’. Some overhang and texturing is achieved, but complete geometrical freedom in three dimensions, similar to processes like D-Shape, is not yet achieved.
As will be discussed more in detail in chapter 3, this may be attributed to the nature of the
material after extrusion, which is unable to defy gravity without a support. Consequently,
some 3DCP systems have been extended with a (temporary) support system, for instance the
particle based support by Cornell University, see Figure 2.16, a flexible mould system adopted
in a collaboration between TU Delft and TU Eindhoven [106], or the recent example of 3D
printing in a gel matrix by Soliquid, see Figure 2.18.

(a) TU Delft and TU Eindhoven

(b) Soliquid [107]

Figure 2.18: 3D Concrete printing on a flexible mould system (a) and in a gel matrix (b).

The wet system of a 3D concrete printer is generally composed of a mixer, pump, and nozzle,
connected by one or multiple hose(s). Here, two main strategies are adopted, with typical consequences for the material performance. In some adaptations, concrete is mixed in batches,
and then transported manually or automated to a pumping system which forces the material
towards the nozzle. Thus, the history of the material throughout a (long) printing process may
significantly vary between, for instance, the first and the last layers, based on structuration
rate, the size of the batch, and the deposition rate. A different approach is the use of a continuous system, where the mixer and pump operate simultaneously. Here, the material has an
equal history throughout a long printing process, although this generally concerns short and
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intense mixing procedures, which may provide challenges in terms of quality. In the majority
of these wet systems, a progressive cavity pump or (Archimedes) screw is used to transport
the material.
The fresh material is extruded through a nozzle, which has a major influence on the geometry
of the layer. The shape of the nozzle opening is typically either conical or rectangular. Dimensions of both the layer width and height vary in the range of 5 - 50 mm for most processes.
From a material point of view, two cases may be distinguished at nozzle level, depending on
the nozzle geometry and type of pump. In the first case, the material is unsheared as it is extruded, resulting in a stiff filament (see Figure 2.19a), where its shape is dominantly imposed
by the (usually rectangular) nozzle opening. This allows for enhanced geometric control, but
induces high system pressure as the material is typically very stiff. In the second case, the
material is sheared before extrusion, for instance by a screw or contraction in the (usually
circular) nozzle. Consequently, the material flows onto the print bed or previous layer, and
the layer reaches its final shape from the competition between gravity and yield stress (see
Figure 2.19b) [79]. In some printing processes, like in Contour Crafting, the material is constrained between trowels during extrusions to enhance the geometrical control.

(a)

(b)

Figure 2.19: Unsheared (a) and sheared (b) extrusion at nozzle level.

Generally, the distance between the pump and the nozzle is bridged by a hose. This distance
can reach up to several tens of meters for large scale gantry systems, while in some cases the
mixing and/or pumping system is positioned directly near the nozzle. These and intermediate
situations impose unequal rheological requirements on the material composition, highlighting the interdependency between the 3DCP systems and material compositions that have
been adopted in practice.
Presently, no standardized or commercial control units for 3DCP are available. The control
unit operates at least the movements of the robot, and in most cases, additionally operates the
mixing and pumping process, to synchronize these to robot movement speed. The input for
a control unit is often based on G-Code, a programming language known from CNC milling,
which gives instructions on the movement path (or tool path), corresponding speeds, and
additional functionalities. Such G-Code is typically generated by so-called slicer software, a
type of software used in the majority of 3D printing processes. It ‘slices’ a 3D computer model
into layers, and then translates each layer into consecutive movement commands. Due to the
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wide variety of both ‘wet’ and ‘dry’ systems and their corresponding process parameters, the
majority of the parties involved in 3DCP operate custom developed slicing software, tuned to
their own processes, connecting 3D design software to the robot control units.
As wide as the range of 3DCP systems that are being used - the range of material compositions
adopted is even wider. Due to competitive reasons, the majority of the industrial parties have
not publicly shared the details of the compositions used. However, based on mostly academic
documentation, some distinctions can be made.
Ordinary Portland cement (OPC) is the main binder in the majority of the compositions. This
is for instance the case for the high performance mixtures adopted at Loughborough University, and the start-up XtreeE, as well as for the printable mortars of TU Dresden [67, 68, 108,
109]. At Eindhoven University of Technology, OPC based mixtures are likewise adopted and
have been used for the present thesis, discussed in more detail in the following section. As
OPC compositions generally inhibit a relatively slow setting behaviour, which may result in
structural failure during the printing process as discussed in chapter 3, the structuration or
setting is often enhanced. Two main methods can be distinguished: additives that influence
the instantaneous yield stress and viscosity, and/or the thixotropic behaviour, and accelerators that directly enhance the hydration reactions and/or cancel retardation [110, 111]. The
position where additives or accelerators are included in the process can vary: they can be
mixed in water, into the dry mix, or injected in-line. The most suitable location depends on
the type of additive, but for high control a position at the latest point in the system is preferred.
Else, rapid accelerations may induce problems in the system, especially when the material
flow is not constant throughout a printing process, or start-stops are required. Moreover,
for geometries that are not constant over the object height, different performance is required
locally. Thus, local (rapid) adjustments are desirable, which may be better controlled by an
injection close to the nozzle.
Alternatively, aluminate cements mixed with OPC are adopted as well, as is reported for Contour Crafting [112], to facilitate rapid setting. While these composition generally exhibit no
structural issues in the fresh material state, the hydration of these binders are sensitive to
for instance moisture and temperature [111]. As such, the interlayer interface strength may
become more critical, elaborated on in chapter 4. Moreover, as the hydration processes are
dominantly determined by the initial mix composition, relatively little ‘on-demand’ control
is possible, compared to systems where additives are added in-line.
Finally, geopolymer compositions are applied in 3DCP processes, to realize an even larger
reduction of environmental impact. Geopolymers require a chemical activation which makes
them a suitable candidate for active and local control, although the level of activation needed
is quite high [111].
In most cases reported, the aggregate size is limited due to the typical nozzle dimensions and
type of pump. An increment of system capacity would facilitate larger aggregates, but contradict the reduction of material use aimed for by adopting 3DCP. Instead, high cement contents
are often applied to compensate the absence of large aggregates [113]. Consequently, a topic
of ongoing research is the shrinkage control in such compositions, specifically in relation to
the absence of formwork to protect the material from excessive drying. For instance, various
mixtures contain fibres to control drying shrinkage. Moreover, this calls for an assessments
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of the environmental benefits of a technique that uses overall less material - but with a higher
cement content.
In terms of printing environment, a distinction between on-site and off-site printing has been
discussed in the previous section. Consequently, the environmental conditions (e.g. temperature, humidity, air flux) in which the objects are both printed and cured, may vary. Obviously,
the majority of research institutes performs experiments in a laboratory and therefore off-site,
but the industrial parties have adopted both strategies. The control of a 3DCP process on a
building site is not straightforward. Apart from the technological challenges related to digital
manufacturing on-site [114], the environmental conditions are much more difficult to control. In the absence of formwork, these conditions may have a strong impact on the quality
of both the printing process, as well as the product, related to the mechanical properties and
durability. Consequently, reports indicate the use of tent structures to realize more controlled
conditions, or shifting the work to night-time in hot desert areas [115, 116].
To conclude, this system analysis has indicated that there are many options in terms of 3D
printer components (wet system, dry system, and control unit), material compositions, and
printing environment. Reflecting on the problem definition of chapter 1, the complexity imposed on this manufacturing technique is only strengthened by the wide range of process
parameters in practice. Thus, to achieve the objective of this thesis, the experimental and
numerical procedures should be developed as such, that they are applicable to the 3DCP processes that represent the state of the art.

2.3 Research facility TU/e
The Eindhoven University of Technology started an IMPULS II research program on extrusion based 3D concrete printing in 2015, which consists of a four year project for 2 PhD candidates. One project concerns the on-demand additive manufacturing of high performance
concrete and design aspects, while the other focusses on controlling the structural behaviour
in 3D printed concrete, resulting in the present thesis.
A 3DCP research facility was realized in the Structures Laboratory of Eindhoven University
of Technology in 2015. This facility was designed, using the objectives and methodology as
discussed in chapter 1 as guidelines. Consequently, certain trivial components were deliberately selected and kept constant throughout the research, so as not to influence the results,
while others have been selected specifically to realize, for instance, a wide range of process
parameters, along with a significant scale of printable object dimensions to realize both test
samples (small scale) and valorization objects (large scale). The initial choice of components
of the research facility and material composition will be elaborated on in the following sections, along with subsequent system improvements that have been carried out to facilitate the
experiments.
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2.3.1 3D Printer
A 3D printer was constructed, consisting of a 4 degree-of-freedom (DOF) gantry robot, serving a print area of 9.0 x 4.5 x 2.8 m, a commercially available mixer-pump (M-Tec Duo-Mix
2000), and a Siemens Sinumerik 840 sl control unit, see Figure 2.20a. The initial choice of a
gantry robot over an industrial robot arm was made, as the focus of the present thesis would
be on structural topics, and much less on design aspects. As such, the scale of the gantry was
preferred over the additional degrees of freedom provided by the robot arm. However, the 4th
(rotational) axis of the gantry was required to maintain tangential movements of the nozzle
to the print path, discussed more in detail below. In a later phase, following an expansion of
the research group and topics, an industrial robot arm was added to the TU/e 3DCP research
facility.
The control unit was selected based on the possibility to be linked to digital design software,
to be able to control the mixer-pump, and to be extended with additional axes or multiple
real-time measuring and feedback signals, for instance at nozzle level. In the same light, the
gantry design included a connection box at the print head for additional I/O connections.
The control unit operates based on G-Code, and was equipped with an option to realize spline
based geometries, facilitating a wide range of objects to be studied.

(a)

(b)

Figure 2.20: 3D Concrete printer (a) and close up of the print head (b) as part of the TU/e research
facility.

The mixer-pump system was selected after an evaluation based on research desires: the frequency or intensity of both the mixer and pump should be fully controllable, but operate separately to maintain a constant mixing procedure independent of the required material outflow
(this excluded certain in-line mixer pumps), the system should be digitally controlled by the
motion controller of the gantry, realizing one fully automated system, and the mixing process
should be (semi-)continuous and not based on mixing batches. The latter point is critical to
study the material behaviour as a function of concrete age. The final choice of mixer-pump
fulfils these requirements, and uses a frequency controlled progressive cavity pumping system to transport the freshly mixed material through a hose. The Ø1 inch (25.4mm2 ) hose
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(a)

(b)

Figure 2.21: Twisting of the filament for a square nozzle opening (a) and parameter sensitivity test
program to define 3DCP process settings (b).

is connected to the printer head situated at the end of the vertical arm of the gantry robot.
The length of the hose, equal to 10 meters, was defined as a practical distance to position the
mixer-pump outside of the gantry robot, and was kept constant throughout this thesis.
The print head, see Figure 2.20b, is an element consisting of several parts allowing the concrete
to be printed at the desired location, at the desired speed, and under the desired angle. Over
the course of this thesis, various devices have been added to the print head to increase its
functionality, discussed in detail in subsection 2.3.3. The end part of the printer head is the
nozzle, a hollow steel element with a designated section from which the concrete filament
leaves the printer and is deposited on the print surface. The print head was designed such,
that the nozzles would be easily interchangeable, to study various layer cross sections over the
course of this thesis.
Initially, a round Ø25 mm (491 mm2 ) opening was used. The resultant round filament, however, was difficult to stack as the contact surface between layers was small. Subsequently a
square 25 x 25 mm (625 mm2 ) section was adopted. This improved the positioning of layers,
but still resulted in relatively slender cross sections in relation to the object height. As will be

Parameter

Symbol

Setting

Unit

Printer speed
Pumping frequency
Material flow
Layer width
Layer height
Nozzle height
Hose diameter
Hose length
Fillet radius

vp
fp
Q
dL
hL
hN
dH
LH
r

100
24
2.4-3.6
40-60
10
10
25.4
10
40-60

mm/s
Hz
L/min
mm
mm
mm
mm2
m
mm

Table 2.1: Default 3DCP process settings.
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discussed in chapter 3, this presented instability issues during the printing process. Thus, the
change was made to rectangular cross sections where the height over width ratio was smaller
than unity. For this thesis, a variation of rectangular nozzle openings has been used, ranging
from 40 to 60 mm in width, and 10 mm in height (400 - 600 mm2 ). Both the square and rectangular nozzle openings require the printer head movement to be programmed such that the
orientation of the nozzle always remains tangent to the robot movement. Otherwise, twisting of the filament will occur, illustrated in Figure 2.21a. Consequently, the 4th (rotational)
axis should be able to rotate infinitely without restraint by e.g. the (non-rotating) hose. As
the motor of the 4th axes was position at the top of the vertical arm, this resulted in a custom made connection piece which allowed the rotational movements to be translated to the
nozzle, without blocking the concrete inflow, depicted in Figure 2.20b.
Like the nozzle opening, determining workable process settings, e.g. the printing speed, pump
frequency, or fillet radius, was the result of a parameter sensitivity test program. Obviously,
many of these parameters are closely interrelated, and highly dependent on the concrete composition as well. Figure 2.21b shows the results of a typical test program that is used to map
these relations, and define default settings. Here, in one continuous printing sessions, various settings were adopted for the printing speed, the pumping frequency, and the height of
the nozzle above the print bed. Afterwards, samples were sawn-cut from the object, and the
geometrical features were defined as a function of said process settings. These test programs
resulted in a set of default 3DCP process settings, listed in Table 2.1.

2.3.2 Materials
The materials that were used for the present thesis have been developed by one of the involved
industrial partners, Saint-Gobain Weber Beamix. Similar to the design of the 3D printer,
certain research requirements were imposed on the material design. The material should have
sufficient initial strength and structuration, to facilitate the printing process for a wide range
of geometries. As discussed in section 2.2, some parties have adopted rapidly setting mixture
compositions for this end. Such a composition would compromise the ability to study one of
the fundamental structural topics in 3DCP however, namely the bond between the layers.
This resulted in the material compositions Weber 3D 115-1, Weber 3D 145-1 and Weber 3D
145-2. These are all low to zero-slump mixtures, with an initial setting time of approximately
2 hours, defined by Vicat measurements, and a characteristic compressive strength of 15 MPa
for Weber 3D 115-1, and 45 MPa for Weber 145-1 and 145-2. All mixtures are comprised of
the following components, albeit in different quantities:
• Portland cement (CEM I 52.5 R),
• siliceous aggregate with an optimised particle size distribution and a maximum particle
size of 1 mm,
• limestone filler and specific additives for ease of pumping,
• rheology modifiers for obtaining thixotropic behaviour of the fresh mortar, and
• a small amount of polypropylene fibres for reducing crack formation due to early drying.
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For the initial part of this thesis, all research was performed using Weber 3D 115-1. However,
over its course a number of improvement points were defined for the material performance.
Due to the relatively high initial stiffness after mixing, significant friction is induced in the
system of pump, hose, and nozzle. Consequently, an uncontrolled increment of both system
pressure and temperature occurred over the course of (long) printing processes. This interfered with the characterization of material properties, and occasionally led to blockage of the
system and overall printing failure. Moreover, the structuration rate after extrusion was relatively low, thus limiting the printable object geometries, specifically their height. Finally, the
characteristic compressive strength was relatively low, and with the aim to realize valorization
projects to be used in practice, an improvement was desirable. This resulted in the adoption
of Weber 3D 145-1 and Weber 3D 145-2. For these mixture compositions, the initial stiffness
was reduced, the structuration rate was increased, and the characteristic strength improved to
45 MPa. The performance of each material composition will be compared in the experimental
sections of the following chapters.
Using the 3D concrete printer and material compositions as discussed above, a wide range of
objects has been realized. Figure 2.22 depicts some illustrative examples of both the process
and products.

Figure 2.22: 3D Concrete printing at TU/e - process and products.
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2.3.3 System improvements
To facilitate the experimental program and to realize valorization projects, several improvements to the initial 3DCP system have been made over the course of this thesis. This concerns
for instance the ability to (locally) enhance the structural performance of printed concrete, by
automated entrainment of steel cables and wires into the extruded filament. A custom device
was developed, named Reinforcement Embedding Device (RED), which has been used both
to realize numerous test samples to asses the structural performance, as well as valorization
projects, discussed in chapter 6. For details on both the device and the structural tests, reference is made to [91–93]. After publication, various other research institutes working on
3DCP have presented similar devices [117, 118].
Likewise, a device to locally change the extruded material composition on-demand is currently under development. Such a system can be used to include fibres or (large) aggregates,
as well as additives and admixtures to control the performance in both the fresh and hardened
state. First trial results of this system are promising.
Another type of improvement concerns the development of control systems for critical parameters in the printing process. For the present thesis, a device was developed for real-time
continuous adjustment of the nozzle height. This is the distance between the nozzle and the
previous layer or print bed, i.e. the vertical space in which the new layer is placed. For several reasons, during printing, the actual nozzle height may deviate from the design nozzle
height, on which the initial robot programming is based. The design of this device is further
discussed in section 5.4, where its functioning is illustrated by case studies.
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FRESH CONCRETE

CHAPTER THREE

Fresh concrete
The majority of extrusion based 3D concrete printing processes is characterized by the absence of formwork. While this is an advantage from a productivity and sustainability point
of view, it imposes additional requirements on the concrete immediately after extrusion, as
the formwork generally stabilizes the fresh material until it has sufficiently hardened. Contrary to printing processes where the material solidifies rapidly (e.g. plastics), this issue is not
trivial for 3D printing of concrete. Given the fact that concrete only starts setting some time
after deposition and its resistance is thus initially low, in the order of the loads acting on the
print object, a robust printing process can only be guaranteed if certain material requirements
are met. Moreover, these requirements may be different from those needed for ease of processing (i.e. pumping and extruding), and cannot be considered independently of the printed
geometry and process parameters. If the material behaviour and the interdependency are not
understood, failure may occur during the 3D printing process.
This chapter1 discusses the methods to control the structural behaviour in the fresh concrete
state. Firstly, a brief overview is given of the various issues that may occur in 3DCP processes,
illustrated by examples observed in practice. Subsequently, the structural failure modes are
identified and a numerical approach to predict said failure is proposed. The experimental
program to characterize all essential parameters to perform numerical analyses is defined
and the results are discussed. Based on these results, numerical analyses of various printed
geometries are performed, which are finally validated by comparison to printing experiments
and to a parametric mechanistic model.

3.1 Theoretical framework
In a 3DCP process, fresh concrete passes through consecutive phases. After the mixing process, fresh concrete is pumped, and subsequently extruded. This processing phase imposes
certain material requirements related to workability. Then, after a layer has been extruded,
additional requirements are imposed on the fresh material, to maintain the desired geometry.
Finally, as the process of extrusion is repeated layer by layer, a collective geometry is created.
1 Parts of this chapter have been published in [81–84].
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This results in a gradual increment of loading, which should be sustained by the fresh material. In the following sections, the requirements for each phase will be discussed, along with
the issues and failures that may occur due to insufficiently attuned processes.

3.1.1 Processing requirements
For traditional construction processes, fresh concrete is often studied in a flowing state, in relation to e.g. pumping, formwork filling, self-levelling, and compaction around reinforcement
meshes. The material is typically considered as a visco-plastic material, with a threshold value
yield stress τ0 which defines when the material starts and stops to flow. In a flowing state, concrete behaves viscous, which can be expressed through a plastic viscosity parameter η, which
relates the shear rate γ̇ to shear stress τ [119]. Albeit a variety of mathematical forms has been
defined to describe this flowing behaviour, it is often expressed using either the (linear) Bingham model (Eq.(3.1)) [120], or the (non-linear) Herschel-Bulkley model (Eq.(3.2)) [121]:
τ = τ0 + η γ̇,

(3.1)

n

(3.2)

τ = τ0 + k γ̇ ,

where, in addition to the aforementioned parameters, k is a consistency index and n is a power
law index.
The processing phase of 3D concrete printing concerns the material in a fluid, moving state,
while being transported through a system of pump, hose and nozzle. In this phase, a high
workability (thus low yield stress and viscosity) is desirable to minimize friction, prevent
blockage or fracture in the system and guarantee extrusion of the desired cross section [67,
71, 122]. Furthermore, considering recent developments in the field of (fibre) reinforcement
of 3D printed concrete, the material should be fluid enough to compact around such reinforcement and realize proper bond.

3.1.2 Geometry control of a single layer
Once the processing requirements have been fulfilled, and a layer has been successfully extruded, the requirements shift to those of the individual layer. To maintain the desired geometry, a sufficiently high yield stress is required to sustain the gravity induced stresses due to
self-weight of the layer. In some cases, to control geometry and/or improve the bond between
layers, a deformation is applied to the extruded layer by the nozzle. This imposes an additional
pressure onto the fresh concrete, which should not result in exceeding the yield stress. Even
if the occurring stresses stay below this yield value, the material should also be sufficiently
stiff to limit deformations. Else, the layer deformations may accumulate to a significant deviation from the original design. Clearly, the requirements for sufficient stiffness and strength
immediately after extrusion are in contradiction to those needed for ease of processing.
Moreover, if the material flow is not sufficiently attuned to the printer velocity, tearing (printing too fast) or buckling (printing too slow) of a single layer may occur. Albeit the latter may
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have some aesthetic value, both issues are detrimental for the geometrical conformity and
durability of a printed object. When deviating from printing a straight line, that is, introducing corners, a difference in deposition rate arises between the inside of the filament (near the
corner centre) and the outside, resulting in a difference in material deposition. If this difference becomes too big, this may result in tearing of the outer edge of the filament and skewing
of the section due to the deposition difference. Hence, a minimum radius of curvature should
be maintained, the value of which, however, is highly dependent on the individual 3DCP parameters, including the filament section itself (a broad filament results in a larger deposition
difference than a narrow one). These issues are especially critical for 3DCP processes where
a low to zero slump concrete is adopted, i.e. materials with a relatively high initial strength,
stiffness and viscosity, illustrated in Figure 3.1. Here increasing the critical strain (thus effectively lowering the stiffness) could be a solution [79], but this is a contradictory requirement
compared to material performance needed to maintain shape after extrusion.

(a)

(b)

(c)

Figure 3.1: Tearing (a), buckling (b) and skewing (c) of filaments due to an insufficiently attuned 3DCP
process.

Finally, for relatively fast extrusion processes, inertia stresses may affect the geometry of a
single layer, as well as possibly initiate global failure in a collective geometry, as reported at
NIST [123]. Moreover, for extremely thin layers, surface tension-induced stresses could be
large enough to compete with gravity-induced stresses. However, given the majority of settings used in 3DCP processes as discussed in section 2.2, these phenomena may be neglected
and the competition between self-weight and shape of the layer is governing [79].
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3.1.3 Failure during printing
When the requirements to successfully deposit individual layers have been fulfilled, a collective geometry is created layer by layer. With the exception of the relatively short processing
phase (i.e. pumping and extruding), the material is at rest for the majority of the duration of
a 3DCP process. In this static phase, the gravity induced stresses grow as the height of the object increases. And where traditionally formwork is present to confine the material in its fresh
state, in its absence, the material should sustain the loads imposed by gravity and the 3DCP
process by itself. If these requirements are not fulfilled, at some critical stage this may lead
to structural failure during printing, by either elastic buckling or plastic collapse, illustrated in
Figure 3.2. Which mode is governing, depends on the object geometry, material properties,
and the printing process parameters. It is thus not so much the visco-plastic behaviour that
is critical for a successful printing process, but much more the elastic-plastic behaviour of the
early age material [79, 124].

(a) Elastic buckling

(b) Plastic collapse [125]

Figure 3.2: Failure during 3D concete printing.

When fresh concrete is at rest, an internal structural is build up over time, based on both
flocculation (interpartical reactions forces), and nucleation (increasing size and number of
hydrates at the contact points between flocculated particles) [124]. Generally, this behaviour
is considered to be thixotropic, albeit theoretically incorrect as this indicates a completely irreversible phenomenon, and the hydration products are not. However, they are weak enough
to be broken by remixing or shear, and as long as sufficient reaction surface is present, the
overall behaviour of fresh concrete may be considering as reversible [124].
Thus, immediately after extrusion, the fresh concrete reaches a static state and exhibits an
initial yield stress and elastic stiffness. As long as the material is undisturbed, these properties
evolve as a function of time over the course of a printing process. This structuration behaviour
is key for controlling structural failure in 3DCP [110], as the development of strength and
stiffness has to compete with the increment of loading. Consequently, the parameter time
plays an important role, but is related to the object size, speed of the printing process, and
geometry of a single layer. For instance, high printing speeds for large objects may give rise
to similar issues as relatively slow speeds for small objects. This relation may be expressed
through a single parameter for the wall growth velocity l,˙ via [126]:
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l˙ =

Q
,
vp dL TL

(3.3)

where Q is the material volume discharged from the printing nozzle per unit time, vp the
printer speed, dL the width of a layer, and TL the period required for printing an individual
material layer.
Clearly, there is a large influence of the 3DCP process parameters on the structural behaviour
of the printed product. Such process-product dependency is also known from 3D printing
processes used in other industries. For instance, in laser powder bed fusion build failures can
occur due to residual thermal stresses, such as layer delamination, and post-build distortions
[127]. To be able to accurately predict print product quality (during and after printing) and
avoid failures (in other words: obtain a robust print process), extensive numerical methods
have been developed to model the printing process, including transient behaviour such as
time dependencies [128–130].
For 3D concrete printing, however, such a virtual production tool has hitherto been nonexistent. For low-cost or crude-quality applications, the necessity of such a tool could be
debated. But when aiming to compete with existing high-quality manufacturing methods
generally associated with prefabricated concrete, it is indispensable. It will remove the need
for trial-and-error approaches, and allow for optimization towards maximum productivity.
The ability of a concrete mixture to build an object in a printing process without collapse is
often qualitatively referred to as ‘buildability’, typically assessed through print trials [67, 131,
132]. At University of Southern California (the research group affiliated to Contour Crafting), buildability is studied through uniaxial compression tests, presenting first attempts at
an analytical and numerical approach to assess whether a structure can be printed without
collapse [133,134]. More recently, analytical models were presented, based on comparing the
gradual increase of loading due to the addition of printed layers, to a failure stress determined
by the rheological yield stress (as a function of time or structuration rate) [77, 135].
While these analytical approaches provide a good starting point to predict failure, they concern a purely strength-based failure criterion, whereas in-print failures are also often initiated
by loss of stability. Besides, such approaches assume the initially extruded layer is the critical
one, as it is loaded by the highest amount of weight. However, considering the geometrical
freedom that comes with the adoption of 3DCP, more complex geometries may be created,
and this assumption no longer holds. Layers may not be stacked exactly on top of each other,
either on purpose (cantilevering objects), or due to imperfections/vibrations in the printing
process. The printing process itself is not necessarily a constant one, as stops may occur or
the printing strategy may change from layer to layer. Additionally, concerning multi material
printing or filling the printed structure with a secondary material while printing, stresses may
occur not exclusively in vertical direction. In these cases the critical layer may no longer be
the first and bottom one, and an analytical strength-based criterion no longer holds. Any approach should thus be based on the development of both the mechanical properties (including
stiffness), and the 3D geometry of the printed object over time. For this purpose, structural
analysis by Finite Element Method (FEM) modelling is proposed to simulate the printing of
an object, based on a solid mechanics approach and time-dependent material properties obtained from experimental testing.
45

3.1.4 Modelling parameters for 3D printed concrete
To control the structural behaviour during the printing process, both elastic buckling and
plastic collapse should be considered in the numerical model. Consequently, both elastic
material properties, as well as a plastic failure criterion have to be defined, along with the
object geometry, and boundary and loading conditions.
As long as the stresses stay below a certain limit, the fresh concrete is assumed to behave linear
elastic according to the generalized Hooke’s law: σ = 4 C : ϵ (even though the assumption of
deformation recovery after load removal that is implied in elasticity, has not been shown, nor
is it expected – but this is irrelevant for the considered analyses). Here, the elasticity tensor 4 C
relates the stress tensor σ to the strain tensor ϵ. In uniaxial behaviour, this relation reduces
to σ = Eϵ, such that the Young’s modulus E relates the uniaxial stress σ to the uniaxial strain
ϵ, and the relative lateral contraction is defined by the Poisson’s ratio ν. Thus, the Young’s
modulus E(t), along with the Poisson’s ratio ν(t), are the two mechanical properties needed to
analyse the stability of objects during printing. Attributed to the structuration of the material,
these properties are expected to develop over the time span of a typical 3DCP process.
In addition to failure by elastic buckling, during the 3D printing process the structure may
fail by plastic collapse as a result of reaching the material yield strength. The ‘green strength’,
which allows fresh concrete to carry its own weight immediately after mixing or compacting, is attributed to a combined inter particle friction and cohesion [136]. This mechanical
behaviour is similar to that of soils, and as such a Mohr-Coulomb yield criterion has been
adopted for fresh concrete by various researchers [137–140]. Like the elastic material parameters, experimental findings [141–143] have shown the thixotropic build-up causes the
Mohr-Coulomb parameters to evolve significantly within the time frame of a typical printing
process. Consequently, for the present thesis the criterion has been adopted in an expanded
form to include time dependent development of the material properties, as given in Eq.(3.4):
τy = C(t) + σn · tan(ϕ(t)),

(3.4)

where C(t) is the cohesion between particles bonded by cement, and ϕ(t) is the angle of internal friction caused by the frictional resistance and interlocking between internal particles,
both of which may be age dependent. The shear yield stress and acting normal stress are given
by τy and σn respectively.
The object behaviour after the onset of plastic deformation may be analysed by considering
the dilatancy effects of fresh concrete, characterized by the angle of dilatancy ψ(t). Dilatancy
is the change in volume associated with shear distortion of the material. This volume change
may be both positive (for an initial dense packing) as well as negative (for loose initial packing), and is observed in all granular materials, like soil, rock, and concrete [144]. However,
since plastic deformation in the printing process may already be considered as failure, the
dilation behaviour is of lesser importance to the current study. Nevertheless, the input of a
dilatancy angle is required to avoid abortion of the numerical analysis when the yield stress
is (locally) exceeded.
Thus, five time-dependent material properties have to be obtained from experimental testing
to allow structural analysis of the print object: E(t), ν(t), C(t), ϕ(t), and ψ(t).
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3.2 Experimental program
As available test methods for fresh concrete generally focus on the material in a fluid state (e.g.
slump tests, viscometers), they may not be appropriate for printed concrete. Either because
the relatively high initial stiffness of certain material compositions prevents any measurements, or because the nature of the test does not provide the appropriate parameters. Thus,
similar to [143, 145–147], geotechnical (soil) tests have been adopted instead, to characterize
the mechanical properties of fresh concrete.
A total of five test set-ups has been developed in an iterative fashion, over the course of the
present thesis. Initially, this concerned an exploration phase, where a plate-stacking test and
a relatively simple uniaxial compression test was adopted. Subsequently, a combined test
program consisting of an unconfined uniaxial compression tests and direct shear tests was
performed. The compression test provided the stiffness properties, while the shear test was
used to define the Mohr-Coulomb failure parameters. Finally, a custom triaxial compression test was developed, to characterize all essential parameters in one go. The experimental
program is graphically summarized in Figure 3.3.

Figure 3.3: Summary of experimental program on fresh concrete.

While each tests has its own specific features, as will be discussed below, certain key aspects
have been maintained throughout all of them. For all tests performed, the early age range
of interest is defined as t = 0 to 95 minutes, where t = 0 is defined as the moment when the
concrete is no longer in motion, i.e. after compaction on a vibration table, or immediately
after extrusion in case no compaction is performed. Note that this definition differs from the
one adopted in a recent publication on this work [81], as it has been redefined since to better
represent the state of the material. Nevertheless, the time frame corresponds to the typical
duration of a 3D printing process, and is well within the dormant period of the materials used,
as the initial setting time is defined at approximately 2 hours by standard Vicat measurements
[148]. Thus, thixotropy plays a key role in this phase.
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Contrary to tests on soil, it is essential that the tests on fresh concrete can be executed swiftly
to eliminate the influence of thixotropic build-up within a single test and to be able to attribute
the properties to a specific age. Additionally, all tests should be easily repeatable to assess the
properties at different material ages. The preparation and testing procedures should be such
that unintentional breakdown of the thixotropic build-up is minimized. Additionally, due to
the low stiffness of the fresh material and the occurring large deformations, the application of
physical measurement devices is not possible without severely affecting the specimen. Moreover, such a device may restrict and influence the (natural) deformation behaviour of the
specimen. For all test methods adopted, non-contacting, optic measurement systems were
used instead.
In the following subsections, the testing procedures and the results of each phase will be elaborated on consecutively. The final part of this section provides a discussion on their correlation,
and on the most suitable test method to characterize the mechanical properties of fresh 3D
printed concrete.

3.2.1 Plate stacking test and sandbox compression test
In the initial exploration phase, the aim of the experiments was to define the domain of values
of interest, i.e. the deformation behaviour and strength values to be expected in a typical 3D
printing process. Based on the few available academic publications on this topic, performed at
the research group of Contour Crafting, a plate stacking test (PST) was adopted [133,134,147].
This is essentially a uniaxial compression test, where samples are loaded stepwise at predefined
time intervals, to mimic the printing process. The test set-up, see Figure 3.4a, consisted of
cylindrical samples, which were loaded by placement of weights at their top surface, until
failure occurred. The cylinders were enclosed by rulers, which have been used to measure
deformations over time, by taking photographs after each loading step.
The PST was performed for the first material composition Weber 3D 115-1. Material was
extracted from the 3DCP set-up and slightly compacted manually before testing to realize
a homogeneous sample. The resulting early age strength was found to be in the range of
several kPa, while the strains measured at failure exceeded 10%, for sample failure ages of
approximately 5 to 10 minutes.
While the PST provided a first indication of early age mechanical properties, the test inhabited
numerous flaws to be addressed in the subsequent iteration. This procedure was very susceptible to manual influences, as both the compaction procedure as well as the loading process
was performed manually. For instance, slight misalignment of weights could result in significant eccentric loading conditions. Moreover, the deformation measurements by rulers
is relatively inaccurate and labour-intensive. Variations of loading and/or deformation rate
were limited.
This resulted in an improved uniaxial compression test, see Figure 3.4b. Like the previous iteration, cylindrical samples of early age concrete were loaded at their top surface until failure.
However, both the application of vertical force, as well as measurements of the corresponding
vertical deformation, have been automated. The set-up consist of a base plate equipped with
a load cell, on which the sample is placed. Above, a container is gradually filled with sand via
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(a) Plate stacking test (PST)

(b) Sandbox compression test (SCT)

Figure 3.4: Initial test methods to characterize printable concrete.

a funnel with a predefined opening, and thus, predefined loading rate. Under the increasing
weight of sand, the container moves down along vertical axes, and compresses the sample.
The corresponding vertical deformation is measured by a Mitutoyo digimatic indicator. The
self-weight of the container is balanced by counter-weights, and the axes and container have
been designed to minimize friction (see also Appendix A). Based on the loading source, this
set-up was named the sandbox compression test (SCT). In total, 4 SCT set-ups were realized,
allowing for a relatively rapid characterization of numerous samples in parallel.
Initially, the SCT was used to define the load-deformation behaviour of cylindrical specimens
under compression at distinct concrete ages. These experiments provided a first indication of
the development of both strength and stiffness as a function of concrete age. However, with
the aim to use the experimental results for numerical modelling of the 3D printing process,
this testing procedure did not provide the desired accuracy, nor adaptability in terms of loading conditions. The application of loading via a predefined funnel and box limited the total
amount of force to be applied, as well as variations in loading rate. Moreover, after a test was
completed, the preparation for a next test was rather labour intensive, which did not correspond to the aim of (rapidly) testing multiple specimens at, for instance, various ages. The
SCT is, however, a suitable method for exploratory studies on the effect of, e.g. temperature,
or additives like accelerating agents, on the early age properties. Consequently, this test has
been used for numerous studies to gain qualitative insight (see also chapter 5), but the results
have not been adopted for numerical modelling.

3.2.2 Unconfined uniaxial compression test and direct shear test
Based on the experiences of the PST and SCT in the exploration phase, an experimental program was designed to obtain all required material properties for numerical modelling, consisting of simultaneously performed unconfined uniaxial compression tests and direct shear
tests.
An unconfined uniaxial compression tests (UUCT) was realized as an improved version of
the SCT, where the entire loading procedure was automated in a dedicated test rig. Like in
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the previous iterations, the tests were performed on cylindrical samples. The specimen dimensions were designed according to the ASTM D2166 [149]. The cylinder diameter of d =
70 mm is large enough to eliminate size effects due to particle size and distribution, while the
height h = 140 mm, such that h / d = 2 to allow a diagonal shear failure plane to form. The
material was extracted from the 3DCP system into steel cylindrical moulds lined with a thin
sheet of Teflon. Just before testing the sample was demoulded and the Teflon sheet removed.
The specimens were loaded in an INSTRON test rig equipped with a 5 kN load cell, see Figure 3.5. The load is transferred into the sample through a steel plate with the same diameter,
to minimize restraint of lateral deformations. A double sheet of Teflon is placed on both sides
of the sample, to minimize friction at the supports. From soil tests it is known that the rate
of loading influences the strength and deformation characteristics, and should be chosen in
relation to the material’s application. Thus, the displacement controlled tests have been performed at a rate of 30 mm/min, chosen to mimic the loading rate during printing (based on
the typical printing speed and stiffness properties as defined in the exploratory SCT), and
allow the test to be performed fast enough to neglect effects of thixotropic build-up.
The machine load and displacement were recorded. In addition, the vertical and lateral deformation of the specimen was measured by non-contacting, optic measurement systems. Local
deformations were measured at mid height of the sample, by means of two white dots in both
vertical and lateral direction, as shown in Figure 3.5a. These dots were tracked and recorded
by the optic measurement system. However, in some of the tests, a local shear plane formed
in between the measurement dots, which rendered the deformation measurements unrepresentative for the behaviour of the specimen. Thus, additionally the global deformation was
measured by taking high resolution (18 MP) photographs during the test, and post processing
this output in National Instruments Vision Builder software, see Figure 3.5b. Results of both
systems were compared and deemed similar and accurate. Because of practical constraints,
deformation have been measured at one single side of the specimen, thus assuming axisymmetric response throughout all tests.

(a)

(b)

Figure 3.5: Schematic of unconfined uniaxial compression test (a) and photograph of a sample during
image analysis (b). The white dots are used as strain measurement points.

50

Direct shear tests (DST) were likewise performed on cylindrical samples. The specimen dimensions were designed according to ASTM D3080 [150]. Two horizontal plates with a circular opening with diameter d = 70 mm were positioned on top of each other, such that the
total specimen height h = 40 mm.
The specimens were loaded in a Schenck RM100 test rig equipped with a 100 kN load cell.
A steel cable translated the vertical displacement of the load cell via a pulley to the top plate,
depicted in Figure 3.6. This resulted in a constant horizontal displacement rate of 15 mm/min,
imposed on the top plate. Additionally, steel weights were used to apply external normal loads
as a test variable to the top surface of the specimens. Three load values were applied: 0 N
(no weight), 10 N and 20 N, so that the two unknowns C(t) and ϕ(t) could be established.
These values were defined based on the properties found in the exploration phase: the steps
were sufficiently large to be able to derive the Mohr-Coulomb parameters despite expected
scattering of result, yet not too large to induce failure in compression. Together with the selfweight of the top half of concrete specimen, this resulted in total normal loads of 1.5 N, 11.5
N, and 21.5 N, respectively, on the shear plane, which is well defined in the middle of the
specimen.
To minimize the friction between the two halves of the shear box, a well-known issue reported
e.g. by [151, 152], two grooves were machine-milled in the top and bottom part of the plates.
Four steel balls were placed in these grooves as rollers. Calibration of the test set-up showed
the friction in the shear box was thus reduced to 6% of the average failure load of the weakest
(i.e. t = 5 min) samples, as approximately 0.8 N was required to move the top plate over the
bottom one, see Appendix A for more details.

(a)

(b)

Figure 3.6: Schematic of direct shear test (a) and photograph of the set-up without a normal load (b).

Two test series have been performed based on this experimental program. In the first series, the material Weber 3D 115-1 was characterized by both UUCT and DST at multiple
fresh concrete ages of t = 5, 20, 35, 65 and 95 minutes. Here t = 0 is defined as the time
of compaction, approximately 2 minutes after water and cement first come into contact in
the mixer-pump. Due to the relatively high initial stiffness of this material composition, the
moulds of the UUCT and DST specimens were filled in three steps with fresh concrete and
compacted for three and one time(s) 10 seconds respectively, on a 30 Hz vibration table to
realize a homogeneous sample. In total, 30 compression tests and 75 shear tests have been
performed. All samples were prepared and tested at room temperature T = 22◦ C. The sample
temperature at loading was slightly elevated to an average of T = 24◦ C, which is attributed
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to the accumulated heat in the mixer-pump. The average test time up to failure was equal to
1.2 min, which is considered as fast enough to neglect effects of thixotropic build-up during
a single test.
Unconfined uniaxial
compression test (UUCT)
Material
Age [min]
Normal load [N]
Number of samples per set [-]
Total number of samples [-]

Weber 3D 115-1
5, 20, 35, 65, 95
6
30

Weber 3D 145-1
5, 15, 30, 60, 90
5
25

Direct shear
test (DST)
Weber 3D 115-1
5, 20, 35, 65, 95
0, 10, 20
5
75

Table 3.1: Summary of experimental program, where the number of samples indicates the amount of
tests for each variable.

Subsequently, when the improved material composition Weber 3D 145-1 had been adopted, a
second experimental series was performed. As the relation between the UUCT and DST had
already been established at this point, a series of exclusively UUCT was conducted. The testing
procedure was equal, albeit with a minor change in compaction process. As the initial stiffness
of this material was (much) lower compared to the previous composition, sample compaction
was performed 5 seconds (contrary to three times 10 seconds), to minimize deviation from
the material properties as present in the 3DCP process. In total 5 specimens were tested for
each concrete age, t = 5, 15, 30, 60 and 90 minutes, resulting in a total of 25 UUCT specimens
for this material composition. The total experimental program is summarized in Table 3.1.
Compression test results
Compression tests were performed up to 50% vertical strain, i.e. 70 mm displacement. Loaddisplacement results are shown in Figure 3.7 and Figure 3.8 for Weber 3D 115-1 and Weber
3D 145-1, respectively. Note that for the first test series, one result from both t = 5 and t = 20
minutes was excluded from further discussions as these test were improperly recorded due to
issues with the measurement device.
From the load-displacement results of both series it is clearly observed that the mechanical
behaviour of fresh concrete changes in the early age up to 95 minutes. The peak force increases for older specimens, and the post initial-path behaviour varies with specimen age.
For every sample, the load initially increases approximately linearly as the vertical displacement increases. After this initial path, the increment of loading decreases as deformations
grow. The younger specimens show an increment in load with increasing deformations, up
to a certain plateau. The older specimens, on the other hand, show a load decrease after the
initial peak, again to a certain limit. This difference is attributed to the occurring lateral deformations and failure behaviour. Due to the relatively low stiffness, the early age specimens (t =
5 to 20 min) significantly expand in lateral direction as the vertical deformation increases. A
distinct failure plane is not formed and the specimens fail by plastic ‘barrelling’ (bulging). As
a result, the cross section grows under vertical displacement, leading to an increase of force.
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Figure 3.7: Force - displacement results of UUCT for t = 5 to 95 minutes, for Weber 3D 115-1.
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Figure 3.8: Force - displacement results of UUCT for t = 5 to 90 minutes, for Weber 3D 145-1.
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Figure 3.9: Failure modes as observed in the compression tests of Weber 3D 145-1.

The older specimens however (t = 60 to 95 min), expand much less in lateral direction and
have a more distinct failure plane formation, which roughly coincides with the peak force,
after which the loading decreases. The intermediate samples show a transitional failure behaviour. Typical failure modes for the subsequent specimen sets are shown in Figure 3.9 for
Weber 3D 145-1, which were similarly observed for Weber 3D 115-1. This transitional behaviour is a well-known phenomenon in soils, where the failure modes of barrelling or by
shear plane are closely related to the ductility and brittleness of the material [153–155]. A
similar failure transition was reported for various experiments on early age concrete by Mettler et al. [143].
The load-displacement data for each specimen was translated into stress-strain diagrams.
Representative stress-strain data for both material compositions is shown in Figure 3.10 for
a concrete age of 35 and 30 minutes. Based on the individual experiments performed at each
age, an average stress-strain relation can be determined as indicated by the black solid line.
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(a) Weber 3D 115-1

(b) Weber 3D 145-1

Figure 3.10: Stress-strain diagram of UUCT for intermediate concrete ages. The grey lines indicate the
individual tests results, the solid black line represents the average stress-strain relation.

Due to the large occurring deformations, especially at early ages, these relations are defined
based on true stresses and strains. The displacement measurements from the optic measurement systems are used to update the specimen dimensions at every measurement point. The
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data is cut-off at 25% strain, as severe deformations and cracks were observed after this point
and the measured deformations resulted in unrealistic values. For every specimen age the
ultimate strength was achieved well before the cut-off value.
Arguably, a correction for self-weight could be included, in particular for early concrete ages.
For instance, for Weber 3D 115-1 the total self-weight of the specimen of 10.7 N corresponds
to approximately 23% of the average failure load of the youngest specimen. At older ages, this
percentage reduces to 11%. However, the failure plane usually does not occur at the bottom
edge of the sample, but in the centre region of the cylinder. Thus, the full self-weight should
not be included in the strength calculation, as it would lead to an (unsafe) overestimation of
the material strength. As the failure plane does not always occur at the same specimen height,
each test should be corrected for a different self-weight, resulting into difficult comparisons.
Moreover, not incorporating the self-weight is a safe approximation of the strength. Hence,
the self-weight of each sample has not been included in the following strength derivations.
Figure 3.11 gives an overview of the average stress-strain relation for each concrete age, clearly
showing a significant increase of both strength and stiffness in time. The unconfined compressive strength σy is defined for each test as the maximum occurring stress after area correction, and is summarized in Table 3.2 along with each sample’s density, and Young’s modulus
measured at 5% strain. The 5% strain limit was within the linear range for each age. Moreover, it provides a practical limit in the printing process, as significant deformations would
compromise the geometrical accuracy of the object. The Poisson’s ratio, derived from lateral
deformations at 5% strain, appeared to be constant in the first 90 minutes for both material
compositions, and was equal to ν = 0.3. The measured densities are approximately constant
and therefore excluded from further discussions.
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(a) Weber 3D 115-1

(b) Weber 3D 145-1

Figure 3.11: Average stress-strain relations for each concrete age tested. Note that, for readability of the
results, the scales of both figures are unequal.

For Weber 3D 115-1, the average compressive strength of the youngest specimens is equal
to 6.37 kPa, which increases to an average 18.93 kPa at 95 minutes. For Weber 3D 145-1, the
initial strength equals 2.78 kPa, which develops to 29.74 kPa at 90 minutes. These values are in
the same order of magnitude as reported by other early age compressive studies on printable
concrete [77, 147].
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Weber 3D 115-1
Concrete age [min]

Compressive strength σy [kPa]
µ
SD
RSD

Young’s modulus E [kPa]
µ
SD
RSD

Density ρ [kg/m3 ]
µ
SD
RSD

5
20
35
65
95

6.37
7.71
10.05
15.52
18.93

74
99
117
154
186

2039
2007
2033
2030
1994

Concrete age [min]

Compressive strength σy [kPa]
µ
SD
RSD

Young’s modulus E [kPa]
µ
SD
RSD

Density ρ [kg/m3 ]
µ
SD
RSD

5
15
30
60
90

2.78
6.15
10.23
19.35
29.74

35.92
69.38
115.84
225.38
324.85

2111.0
2191.8
2167.2
2172.8
2229.1

1.07
1.42
1.31
2.29
3.92

17%
18%
13%
15%
21%

15.4
21.7
15.8
20.8
36.2

21%
22%
14%
14%
19%

15.0
8.9
9.1
10.6
15.0

1%
0%
0%
1%
1%

Weber 3D 145-1

0.48
0.93
1.48
1.88
4.08

17%
15%
14%
10%
14%

6.18
8.05
20.11
26.39
54.57

21%
22%
14%
14%
19%

8.79
25.12
7.83
11.11
7.98

0.4%
1.1%
0.4%
0.5%
0.4%

Table 3.2: Compressive strength, Young’s modulus and density derived from the UUCT, with average
values µ, standard deviation SD, and relative standard deviation RSD.

In Figure 3.12 linear fit lines are presented for both the compressive strength and the elasticity modulus development of both material compositions. This linear trend falls in line with
common considerations of fresh concrete prior to setting [156, 157]. Based on the results
of the compression tests, the compressive strength and Young’s modulus for both material
compositions can be defined as a function of concrete age up to 95 minutes after extrusion:
Weber 3D 115-1

Weber 3D 145-1

σy (t) = 0.147 · t + 5.249

(3.5)

E(t) = 1.227 · t + 71.78

(3.6)

σy (t) = 0.314 · t + 1.109

(3.7)

E(t) = 3.423 · t + 17.369

(3.8)

Weber 3D 145-1 has a lower initiation of early age strength and modulus of elasticity, but
a higher rate of development (steeper lines in Figure 3.12, initiating from a lower starting
point). The lower initial material stiffness is desirable considering a consistent workability
throughout the printing process, as it minimizes the internal system friction and material
fracture during extrusion. The following, relatively rapid, rate of mechanical properties development is desirable from a buildability perspective, i.e. the consecutive placement of layers
and the overall stability of the printed geometry.
When normalizing the strength and stiffness value to their maximum average value at the oldest sample age, their rates of development can be compared and are deemed similar for both
material compositions. This is indicated by the approximately 45 degree angle in Figure 3.13,
which is a linear fit through the normalized average strength and stiffness values.
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Figure 3.12: Compressive strength development (a) and Young’s modulus development (b) up to 95
min derived from the compression tests. The marks indicate the individual test results, and the dashed
lines represent a linear fit based on the average test results, for both material compositions.
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(a) Weber 3D 115-1

(b) Weber 3D 145-1

Figure 3.13: Comparison between the strength and stiffness development for both material compositions. All values are normalized to their maximum average value at the oldest age tested.

Shear test results
Shear tests were performed up to 35 mm horizontal displacement. Representative force displacement results are shown in Figure 3.14 for 0 N external normal load (only self-weight).
For every sample the load initially increases approximately linearly as the horizontal displacement increases. After this initial path, the increment of loading decreases as deformations
grow. This post-initial path behaviour varied with specimen age. Similar to the compression tests, the material shows a more plastic behaviour at early age, which gradually becomes
a more brittle failure for older specimens. This is shown by a steady decrease of force after
the initial peak for specimens t = 5, t = 20, and t = 35, while a more distinct drop in force is
observed for the older ages of t = 65 and t = 95.
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Figure 3.14: Force - displacement results of DST for concrete age t = 5 to 95 minutes and external normal
load 0 N, for Weber 3D 115-1.
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The load-displacement data for each specimen is translated into shear stress-shear displacement diagrams. The data is cut-off at 25 mm, as after this deformation the measured data
were disturbed by the friction of the top half of concrete sliding over the bottom aluminium
plate as observed by the oscillations in the force displacement diagrams. For every specimen
age and normal load combination the ultimate strength was achieved well before the cut-off
value.
Due to the large occurring deformations all stresses were calculated using an updated cross
section. The horizontal deformation is used to update the cross section Anew at every measurement point, by using Eq.(3.9) [158]:

Anew



(
(
) (
) √
)2 

2
∆h
∆h
∆h
= A0 ·
cos−1
−
· 1−

π
D
D
D

(3.9)

Where A0 is the initial sample area, D is the sample diameter, and ∆h the horizontal shear
displacement.
Typical shear stress-displacement data are shown in Figure 3.15 for a concrete age of 35 min.
Similar to the compression tests, using the individual experimental results for each age and
normal load combination, an average shear stress-displacement relation can be determined
as indicated by the black solid line. Figure 3.16 gives an overview of the average stressdisplacement relation for each concrete age. The shear strength τy is defined for each test
as the maximum occurring stress after area correction, and is summarized in Table 3.3 along
with each sample’s density.
Weber 3D 115-1
Concrete age
[min]

External normal
load [N]

Shear strength τy [kPa]
µ
SD
RSD

Density ρ [kg/m3 ]
µ
SD
RSD

5
20
35
65
95
5
20
35
65
95
5
20
35
65
95

0
0
0
0
0
10
10
10
10
10
20
20
20
20
20

3.11
3.95
5.08
6.87
8.92
4.35
4.66
4.95
7.13
9.34
5.30
4.76
6.32
8.38
12.43

2033
2076
2064
2077
2066
2158
2059
2092
2102
2086
2076
2044
2099
2027
2044

0.48
0.37
0.30
0.99
1.20
0.90
0.94
1.01
0.90
2.19
0.83
0.40
1.13
1.51
2.74

15%
9%
6%
14%
13%
21%
20%
20%
13%
23%
16%
8%
18%
18%
22%

40.0
30.1
41.6
38.1
34.6
82.7
51.3
27.9
35.2
51.0
56.2
23.0
29.0
34.6
37.8

2.0%
1.5%
2.0%
1.8%
1.7%
3.8%
2.5%
1.3%
1.7%
2.4%
2.7%
1.1%
1.4%
1.7%
1.8%

Table 3.3: Shear strength and density derived from the direct shear test, with average values µ, standard
deviation SD, and relative standard deviation RSD.
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Figure 3.15: Shear stress-displacement diagram
for individual and average values of concrete age
t = 35 minutes and external normal load 0 N.

Figure 3.16: Average stress-displacement relations for each concrete age t = 5 to 95 minutes
and external normal load 0 N.
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The average shear strength at t = 5 is equal to 3.11 kPa and develops in a linear fashion towards
8.92 kPa at t = 95 min. This rate of strength development found in the DST is equal to the
results of the UUCT test as shown in Figure 3.17, where the normalized compressive strength
is plotted versus the normalized shear strength. The linear fit makes a 45 degree angle with
the abscissa and ordinate, which indicates an equal rate of development.
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Figure 3.17: Comparison between the compressive strength and shear strength up to 95 min. All values
are normalized to their maximum average value at t = 95 min. The dashed line represents the linear fit
and makes a 45° angle with the axes, indicating an equal rate of development.

As expected according to the Mohr-Coulomb theory, the addition of a vertical normal load
increases the shear strength. Figure 3.18 shows the relationship between the maximum shear
stresses and the corresponding normal stresses for concrete age t = 5 to 95 minutes.
Using the results of the direct shear tests, the Mohr-Coulomb parameters can be defined as a
function of age for this material. The cohesion C corresponds to the intercept of the dashed
lines with the ordinate in Figure 3.18 and the slope is the angle of internal friction ϕ.

61

$QJOHRI,QWHUQDO)ULFWLRQ>R@

Figure 3.18: Shear stress versus normal stress for concrete age t = 0 to 95 minutes, derived from the
direct shear tests. The black, dark grey, and light grey marks indicate respectively 1.5N, 11.5N, and
21.5N vertical force (including self weight). The dashed line represents a linear fit through the average
values.
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Figure 3.19: Angle of internal friction for concrete age t = 0 to 95 minutes. The black marks represents
the average values, and the standard deviation is indicated by error bars. They dashed grey line indicates
a constant value equal to ϕ = 20◦ .
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Like the mechanical properties derived in the compressive test, the cohesion increases in a
linear fashion with concrete age, up to 95 minutes after extrusion, given by the function:

C(t) = 0.058 · t + 2.761

(3.10)

It should be noted that the experimental results inhibit considerable scatter, which may be
attributed to the sensitivity of the 3DCP set-up, specifically to variations in mixing consistency by the mixer-pump. Even though this still results in a clear linear time-dependency
for the cohesion, such an obvious proportion between age and the angle of internal friction
could not be established. Figure 3.19 shows that the average values of ϕ for each age all lie
within one standard deviation of each other. Therefore, based on this experimental program,
a conservative constant value of angle of internal friction ϕ = 20◦ was adopted.
Substituting Eq.(3.10) in Eq.(3.4) results in the Mohr-Coulomb criterion as a function of concrete age:

τy = C(t) + σn · tan(ϕ(t)) = (0.058 · t + 2.761) + σn · tan(20◦ )

(3.11)

As dilation effects have not been measured directly in this study, a dilatancy angle of ψ = 13◦
was assumed, equal to a typical value for hardened concrete [144]. Similar to the angle of
internal friction, it was assumed to be independent of fresh concrete age.

Discussion
The experimental program consisting of an unconfined uniaxial compression test and direct shear test has been successfully used to define five early age mechanical properties of
3D printed concrete, namely the Young’s modulus E(t), Poisson’s ratio ν, the Mohr-Coulomb
parameters cohesion C(t) and angle of internal friction ϕ, and the dilatancy angle ψ. Two
parameters were found to be linearly age dependent, the other three constant within the considered time frame. Based on these findings, it may be concluded that geotechnical (soil) tests
are suitable to assess all essential properties which are needed to numerically predict structural failure by both plastic collapse, and elastic buckling. The experimental results are used
as input for numerical studies as discussed in section 3.3.
However, certain improvements could be formulated based on the findings of this experimental program. As the material is compacted before testing, and the scale of samples is (significantly) larger than the dimensions of a typical 3D printed layer, the material parameters as
derived from the experiments may differ from those in the actual printing process. Moreover,
to asses both failure modes, two types of test have to be performed simultaneously, which may
be deemed as labour intensive. These issues have been addressed in the final iteration of the
experimental program.
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3.2.3 Triaxial compression test
As the final part of the experimental program on fresh concrete, the suitability of a triaxial
compression test (TCT) has been explored. Theoretically, the triaxial test allows to obtain
all five required mechanical properties from the same test. This results in a more efficient
experimental program and eliminates variations caused by differences in handling in separate
tests. The application of a TCT to derive fresh concrete properties was already shown by
e.g. [137, 141, 159, 160], for instance in relation to formwork pressure. However, the fresh
state here often refers to concrete with an age of one to multiple hours, whereas the critical
age for 3D printing processes is generally much smaller.
A custom triaxial compression test set-up was developed, were special attention was paid
to size and speed, illustrated in Figure 3.20 and Figure 3.21a. Contrary to triaxial tests on
soil, which may run for multiple hours, triaxial tests on fresh concrete should be performed
as quickly as possible to minimize the influence of aging during specimen preparation and
testing.
The triaxial tests were performed on cylindrical concrete samples. The specimen dimension
ratio was designed as per ASTM D2850 [161], albeit in a smaller size. A cylinder diameter of
d = 25 mm is chosen, equal to the cross section of the extruded concrete. A cylinder height of
h = 50 mm is used, such that the height-to-diameter ratio equals 2, to allow a diagonal shear
failure plane to form. The largest particle size of 1 mm is still well within the defined limit
of one sixth of the specimen diameter. The fresh concrete was extracted into steel cylindrical
moulds lined with a layer of Teflon, positioned in a steel frame, which was used to transport
the samples to the test setup adjacent to the 3D printer. Just before testing, the sample was
demoulded. Contrary to the UUCT used the previous experimental studies, this method
of specimen preparation for the TCT allows to omit compacting the specimen. This should
result in a closer representation of the actually printed concrete by the specimen.
The samples were pressurized in a closed chamber with air pressure, which can be applied
instantaneously and minimizes the required handling of the specimen. The set-up consists of
a vertical loading ram, a 200 N load cell, and a pneumatic unit to control the air pressure. On
both sides of the sample, a double layer of Teflon minimizes friction at the supports.

Figure 3.20: Photographs of the triaxial compression test set-up, showing the chamber and positioning
of cameras and a close-up of a sample before testing.
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(a)

(b)

Figure 3.21: Schematic of triaxial compression test set-up (a), and axisymmetric stress conditions during testing (b).

After material extraction from the 3DCP set-up, the samples were placed on the base plate on
top of the loading cell. The air chamber was then closed, and the confining pressures was applied instantaneously. The air pressure was measured via a pressure sensor and kept constant
throughout each test, see Appendix A. Subsequently, the vertical loading ram performed the
displacement controlled tests at a rate of 15 mm/min. As a result, the average test time up
to 30% strain was equal to 1.0 min, which is considered as fast enough to neglect effects of
thixotropic build-up during a single test.
During the test, the compressive force, the vertical and lateral deformation, and the confining air pressure in the air chamber were recorded. The triaxial chamber was designed in a
cubic shape of 150 by 150 by 150 mm, enclosing the sample by acrylic plates on each side.
This allowed the use of high resolution image analysis to monitor lateral deformations during
testing, at positions ⅓h, ½h and ⅔h, on two sides of the specimen.
In the triaxial test, the cylindrical samples are subjected to axisymmetric stress conditions,
illustrated in Figure 3.21b. The principal stress σ1 results from the summation of the vertical stress applied by the loading ram, σp , and the confining air pressure, σc . The specimen
self-weight was ignored to facilitate comparison of samples with different failure modes. The
principle stress σ3 = σ2 is equal to the confining pressure. The tests were performed for three
different confining pressures σc equal to 0, 1, and 2 times the expected unconfined compressive strength based on characterization of Weber 145-1 as discussed in the previous sections.
The TCT with σc = 0 kPa confining pressure may be considered as an unconfined uniaxial
compression test.
All tests were carried out to determine the structural properties at distinct concrete ages of
t = 15, 30, 60 and 90 minutes. Here t = 0 is defined as the time of extrusion. Contrary to
previously discussed experimental program, the properties were not derived at an age of 5
minutes, because the samples appeared too susceptible to defects during handling at this age,
due to their small size and low resistance. However, a linear relation has already been derived
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in previous studies, such that the results can be extrapolated to the age below 15 minutes.
For t = 60 and 90 minutes, additional series were tested at confining pressures of 0.5 times the
expected unconfined compressive strength, as the higher confining pressures were too large
to derive the required Mohr-Coulomb parameters for this material.
For each age and confining pressure combination, at least 6 samples were tested. In total, 97
triaxial tests were performed. Due to the small sample size and lack of compaction, some
samples were damaged during preparation or handling, indicated by the presence of cracks
or cavities before testing. These samples have been removed from the results and are excluded
from further discussion.
Following a second improvement of the material, the TCT test program was performed on
material composition Weber 3D 145-2. To assess the performance of the triaxial tests, a parallel series of unconfined uniaxial compression tests was performed, using a procedure equal
to the tests performed on Weber 3D 145-1 as discussed in the previous section. The compression tests were carried out to determine the compressive strength and Young’s modulus
at distinct concrete ages of t = 5, 15, 30, 60 and 90 min. In total, 6 specimens were tested for
each concrete age, resulting in a total of 30 UUCT specimens.
Triaxial test results
Typical force-displacement curves as measured during the TCT are presented in Figure 3.22,
for each age tested, where confining pressure σc = 0 kPa. The grey lines represent each individual test, and the black line indicates their average.
Using the results of the image analysis, each curve was then translated to a stress-strain relation by using the actual specimen dimensions throughout the test, averaged over the three
measured heights on two sides of the cylinders, thereby taking into account large deformations of the samples. Subsequently, the stress-strain relations were averaged for each age and
confining pressure combination.
As expected, the results of the TCT without confining pressure (σc = 0 kPa) are very similar
to those obtained from the UUCT in the current as well as earlier studies (see below, and subsubsection 3.2.2), and show a transition from plastic to increasingly brittle failure behaviour
with growing age: the stiffness and strength increase while the post-peak trajectory is gradually more softening, illustrated in Figure 3.23. The failure modes, characterized by barrelling
or bulging at young ages and the development of a shear plane at increased ages, are also
comparable.
The age-dependent unconfined compressive strength σy , defined as the peak value in the
stress-strain relations, and the Young’s Modulus E measured at 5% strain, are presented in
Figure 3.24, and are summarized in Table 3.4, along with the average densities measured. The
Poisson’s ratio, derived by image analysis, appears to be approximately constant throughout
all ages and equal to ν = 0.3.
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Figure 3.22: Force-displacement curves as measured in the TCT, with σc = 0 kPa. The grey lines indicate
the individual tests results, the solid black lines represents the average results.
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Figure 3.23: Average stress-strain relations for each concrete age as derived from the triaxial tests, with
σc = 0 kPa.
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σy (t) = 0.172 · t + 4.414

(3.12)

E(t) = 1.705 · t + 39.48

(3.13)
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The development of both the compressive strength and Young’s modulus may be accurately
represented by a linear trend line, given by Eqs.(3.12) and (3.13) respectively:
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(a)

(b)

Figure 3.24: Compressive strength (a) and Young’s modulus (b) development for Weber 3D 145-2 derived from TCT with σc = 0 kPa. The grey marks indicate the individual test results, and the black mark
indicates their average. The dashed line represents a linear fit based on these average test results.
Triaxial compression test (TCT) - σc = 0 kPa - Weber 145-2
Young’s modulus E [kPa]
µ
SD
RSD
59.68
6.13
10%
104.23 12.36 12%
128.09 28.16 22%
198.48 31.57 16%

Density ρ [kg/m3 ]
µ
SD
RSD
2207.9 80.5 4%
2184.6 98.6 5%
2165.0 27.4 1%
2144.4 61.6 3%

Concrete age
[min]
15
30
60
90

Compressive strength σy [kPa]
µ
SD
RSD
7.34
0.60 8%
10.06 1.39 14%
12.84 1.41 11%
20.88 2.81 13%

Concrete age
[min]

Compressive strength σy [kPa]
µ
SD
RSD

Young’s modulus E [kPa]
µ
SD
RSD

Density ρ [kg/m3 ]
µ
SD
RSD

5
15
30
60
90

4.27
6.66
10.42
18.68
28.57

33.63
52.46
93.83
176.63
283.08

2144.4
2150.9
2157.1
2144.7
2083.3

Unconfined uniaxial compression test (UUCT) - Weber 145-2

0.73
0.87
1.15
1.46
5.54

17%
13%
11%
8%
19%

7.14
8.01
13.50
20.99
70.97

21%
15%
14%
12%
25%

50.4
59.3
96.8
80.7
53.7

2%
3%
4%
4%
3%

Table 3.4: Compressive strength, Young’s modulus and density derived from the TCT where σc = 0 kPa,
and UUCT, with average values µ, standard deviation SD, and relative standard deviation RSD.

The behaviour of fresh concrete under various confining pressures is shown in Figure 3.27
and Figure 3.28 for each concrete age tested, and their average failure stresses, respectively.
A Mohr-Coulomb failure envelop has been constructed based on the maximum occurring
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stresses under triaxial compression. The cohesion C corresponds to the intercept of the dashed
lines with the ordinate in Figure 3.27 and the slope is the angle of internal friction ϕ.
The cohesion increases with concrete age, and may be represented by a linear trend line, similar to the compressive strength and stiffness:
C(t) = 0.0636 · t + 2.60

(3.14)

The influence of the confining pressure is clearly age dependant. The early age samples show
almost no strengthening under confinement, recognized by an angle of internal friction close
to 0◦ , i.e. 3◦ and 1◦ for 15 and 30 minutes respectively. The older specimens, however, show a
steady increase of failure stress as the confinement increases, indicated by an angle of internal
friction of 6◦ and 7◦ for 60 and 90 minutes respectively. This differentiation is in line with
expectations, as fluid materials typically do not exhibit strengthening under confinement,
while friction angles are in the order of ≥ 30◦ for hardened concrete [144].
However, if the confining pressure exceeds a certain limit, the yield strength reduces, recognized in the triaxial results at the ages of 60 and 90 minutes. This phenomenon is typically known as a ‘cap’ in soil mechanics and can be used as an extension of failure criteria
to describe plastic behaviour at high confining pressures. Additional TCT with high confining pressures have to be performed to accurately construct this cap, although arguably these
states of stress will most likely not occur in a 3D concrete printing process, where the (vertical) self-weight of the layers is the dominant loading condition, which is well-represented by
a simple linear Mohr-Coulomb criterion.
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In addition to the effect on failure strength, the confining pressure also has an impact on
the stiffness behaviour of fresh concrete. This is illustrated in Figure 3.25, where the average stress-strain curves are plotted for various confining pressures tested at concrete ages t =
15 and 60 minutes. For the early age samples, the material stiffness seems to be unaffected
by confinement of the specimen. However, for the samples tested at 60 minutes, the initial
stiffness clearly increases with increasing confinement. This stiffening effect under confining
pressure is in line with recordings in literature on triaxial testing of fresh concrete [137, 159].
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Figure 3.25: Stress-strain plot of samples tested
at age 15 and 60 mins, illustrating the impact of
confinement on material stiffness.

Figure 3.26: Dilatancy as measured by TCT.
Note that the accuracy of optic deformation
measurements reduces as plasticity is reached.
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Figure 3.27: Mohr-Coulomb failure envelopes for each concrete age as derived by TCT. The grey marks
indicate the individual test results, and the dashed line represents a linear fit based on the average test
results. Note that the axes scale vary for each age, for readability of the results.
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Figure 3.28: Average Mohr-Coulomb failure plot for all the concrete ages as tested by TCT.
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The dilatancy angle ψ has been derived from the image analyses of the TCT, by computing
the principal (vertical) strain and volumetric strain throughout each test. The dilatancy angle
describes the plastic volume change, and as such, by definition the material has already been
stressed beyond its peak strength. It should be noted that the accuracy of image analysis on
heavily distorted samples is significantly less compared to the results as discussed up to now,
which were based on the material behaviour before and up to failure.
Figure 3.26 illustrates the typical dilatant behaviour of early age concrete, where the average
volumetric strain is plotted versus the average vertical strain for each concrete age. From
these results it is observed that, for each concrete age tested, the volumetric strain is initially
compressive, indicated by ϵvol < 0. Under increasing vertical deformation, the volumetric
strain gradually changes towards dilative, indicated by ϵvol > 0.
The dilatancy angle develops from approximately 12◦ at an age of 15 mins to 20◦ at 90 mins.
These values are relatively high compared to the angle of internal friction, based on their
expected ratio according to literature [144]. A more accurate study on dilatancy falls beyond
the scope of this study. Nevertheless, a clear dependency of dilatant behaviour on concrete
age was observed, as the angle of dilatancy increased with concrete age.
Compression test results
The results of the uniaxial compression tests were processed in the same fashion as the results
of the TCT, and are summarized in Table 3.4. The force-displacement data of each tests was
translated into a stress-strain relation, using updated specimen dimensions derived by image
analysis. The resulting average stress-strain relations are given in Figure 3.29. Similar to the
results of the TCT, a transition from plastic towards brittle behaviour is observed in both the
stress-strain curves and the failure modes of the specimen.
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Figure 3.29: Average stress-strain relations derived from the UUCT for Weber 3D 145-2.

The development of the unconfined compressive strength and Young’s modulus as a function
of concrete age may be accurately represented by a linear trend line:
σy (t) = 0.285 · t + 2.323

(3.15)

E(t) = 2.940 · t + 10.323

(3.16)
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Comparison and discussion
The results of the experimental program indicate that the triaxial compression test is indeed
a suitable method to derive all the required material properties for structural analysis of a
printed object. The material stiffness E(t) and Poisson’s ratio ν are both derived from the TCT
with confining pressure σc = 0 kPa, along with the compressive strength. By applying various confining pressures, the Mohr-Coulomb parameters C(t) and ϕ(t) have been established
as well. The dilatancy angle, ψ(t), can also be derived from image analysis on the deformation behaviour of the samples, although this is arguably out of the scope of typical structural
analysis on printed objects, as it indicates that plasticity has been reached.
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The rate of strength and stiffness development as measured in the TCT and UUCT are compared in Figure 3.30, where all values are normalized to their maximum average value at t = 90
mins. In both parallel tests, this development was found to be linear over time, and maintain
an equal rate, as evidenced by approximately 45◦ angle of the linear fit.
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(a)

(b)

Figure 3.30: Comparison between the strength and stiffness development up to 90 min, as derived by
TCT (a) and UUCT (b). All values are normalized to their maximum average value at t = 90 min.

However, when comparing the absolute results of both tests, a discrepancy is observed, as
illustrated in Figure 3.31, Both the average strength and stiffness are approximately equal at
the early ages of 15 and 30 minutes, but appear to diverge for the older specimens of 60 and
90 minutes. Here, the results of the TCT are clearly lower than those of the UUCT.
This difference may be explained by the compaction of the samples and the typical failure
behaviour at various ages. The younger specimens show a plastic failure mode, i.e. they are
squeezed until failure, and the presence of imperfections (e.g. microcracks or small voids)
may be neglected. The older specimens however, showing a distinct failure plane, may be
much more influenced by the presence of imperfections, as they initiate or propagate failure.
As the specimens of the TCT are extracted directly from the 3D printer, and are tested without compaction, the presence of imperfections is much larger compared to the compacted
specimens of the UUCT. Moreover, the impact of such imperfections is greater for the small
specimen size of the TCT, compared to the larger UUCT samples. Thus, to derive the actual
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(a)

(b)

Figure 3.31: Comparison between the strength (a) and stiffness (b) development. The black marks
indicate the average values as derived by TCT, and the grey marks indicate those derived by UUCT.

properties of the materials used in 3D printing processes and prevent overestimation of their
structural performance, it is recommend to use non-compacted specimens with representative dimensions as used in the printing process.

3.3 Numerical modelling
Structural failure in 3D concrete printing processes was studied numerically using a Finite
Element Method (FEM) model, based on the material properties as derived by the experimental program. These studies were performed in parallel to the experiments, and thus, were
initially based on the results of the UUCT and DST on material composition Weber 3D 1151, and subsequently, based on the TCT results of Weber 3D 145-2. The first study targeted
cylindrical printed objects, while in the second study, analyses were performed on linear wall
structures. In both studies, printing trials were performed to validate the numerical results.
Moreover, the results of the FEM analyses on linear wall structures were compared to a parametric mechanistic model.

3.3.1 Model definition
The FEM simulations were performed using the commercially available finite element software Abaqus2 , and were operated by means of a tailor-made, parametric Phyton script. The
3D printing process was simulated by means of the ‘model change’ option in Abaqus. Layers
were added stepwisely, and the activation of the dead weight of a layer within a step took place
in accordance with a linear increase in time. The interface with the preceding layer was made
coherent by means of geometrical (tie) constraints, which is based on the assumption of an
infinite bond between the layers in the fresh state. This process was repeated until structural
2 Dassault Systems Simulia Corp, Providence, RI, USA
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failure occurred by either elastic buckling or plastic collapse. The material properties of each
layer developed throughout the analyses, based on their individual age in the printing process, whereby it is assumed that during the printing of an individual layer the strength and
stiffness properties in that layer do not significantly alter. In other words, the characteristic
time defining the development of the material behaviour is considered to be larger than the
period needed for the printing of an individual layer.
Initially, a numerical model of the UUCT and DST was created to validate the deformation
characteristics and Mohr-Coulomb failure behaviour of the fresh concrete, based on the experimental results of Weber 3D 115-1. For the UUCT, an axisymmetric model was adopted,
given the cylindrical shape of the specimens. The dimensions were taken equal to those of the
experiments, i.e. r = 35 mm and h = 140 mm. A regular mesh of axisymmetric linear 4-node
continuum elements was used, which consisted of 10 × 40 elements in the radial r, and axial
Z, directions respectively. Due to the Teflon on Teflon contact used in the experiments, the
boundary conditions at the specimen edges are taken as free in radial r direction. A deformation of 35 mm in negative z direction was imposed on the top edge of the cylinder, which
corresponds to 25% vertical strain. The bottom edge was simply supported in z direction.
The age dependent material parameters as discussed in subsection 3.2.2 were used. A FEM
analysis was performed for each age as tested in the experimental program. The resulting
stress-strain diagrams in loading direction were compared to the experimental results, see
Figure 3.32a. The numerical results (in black) are in good agreement with the experimental
findings (in grey). As such, the numerical model is deemed suitable to predict the stiffness
and deformation behaviour of fresh concrete.
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(a) UUCT

(b) DST

Figure 3.32: Comparison between experimental and numerical results of the unconfined uniaxial compression tests (a) and direct shear tests (b).

For the DST, a cylindrical 3D model was used, with dimensions equal to those of the experiments, i.e. d = 70 and h = 40. Because of symmetry only half of the specimen was modelled.
The aluminium plates of the shear box apparatus containing the specimens were modelled
as rigid surfaces, including the small gap of 0.5 mm between the two plates as used in the
experimental set-up. The interface between concrete and the box walls was modelled using tie-constraints. A regular mesh of linear 8-node continuum elements was applied. The
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Mohr-Coulomb failure criterion was used, and the material behaviour was assumed to be
linear elastic up until the failure stress as found in the experimental program was reached.
The analysis was carried out in two steps. In the first step, the self-weight of the sample was
activated and, when applicable, a normal load was applied on top of the specimen. In the
second step, a horizontal displacement of 25 mm was imposed onto the top plate. The analysis
was carried out for three external normal loads of 0, 10 and 20 N, which were applied as an
evenly distributed pressure load. These three analyses were repeated for each concrete age as
tested in the experimental program. The failure stress was then recorded and compared with
the experimental results. The Mohr-Coulomb criterion as a function of time (Eq.(3.11)) was
plotted for the five different concrete ages as studied in the experimental program, represented
by the dashed grey lines in Figure 3.32b. The failure stress from the FEM analyses for three
normal loads are indicated by the markers. The numerical results are in accordance with the
experimental findings. Considering the agreement between experimental results on the one
hand, and the material model and failure criterion on the other, the numerical method was
considered suitable to analyse the printing process.

3.3.2 FEM study on cylinders
In the first numerical study, the printing process was modelled for a layered cylinder with a
heart line radius of 250 mm, a thickness of 40 mm, and a layer height of 10 mm. These layer
dimensions follow from the nozzle used in the 3DCP set-up at the time of this study. The
time interval tint between these layers was based on the chosen printing speed of vp = 5000
mm/min, divided by the circumference of each layer: ttin = d / vp = 0.31 min. The strength
and stiffness properties of each layer are then calculated during the analysis based on their
age in the printing process. For instance. after 10 layers, the initial layer will be 3.10 minutes
old and use the corresponding properties of that age, while the fifth layer of the model will
have the properties of 1.55 minutes old, and so on.
Axisymmetric linear 4-node continuum elements were applied. Each layer consists of 40 by
10 elements in width and height direction, respectively. The bottom layer is assumed to be
fixed, due to the high friction on the printbed in practice. Each layer has a gravity loading
pointing downwards based on the average density of 2070 kg/m3 measured in the shear and
compression tests. A Geometrical Non Linear (GNL) analysis was performed to incorporate
the influence of large deformations during the printing process. Default direct solver settings
were used, with the exception of an unsymmetrical matrix storage due to the non-associated
material behaviour. No initial imperfections were defined, as the failure-deformation mode
may be initiated by restrained lateral deformations (expansion) close to the support.
Three different cases were analysed to study the impact of the relatively large scatter in material
properties during the printing process. The average values derived from the experiments were
used, along with an upper and lower bound of strength and stiffness parameters. The relative
standard deviation of the experimental strength and stiffness values is approximately 17.5%
of their corresponding average values. This value was therefore used as both reduction and
increase of the average (AVG) values, i.e. 0.825×AVG and 1.175×AVG, to obtain a lower and
upper bound estimation of the failure-deformation mode.
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Figure 3.33: Numerical results of an axisymmetric modelled cylinder, depicted for 5 to 40 layers, using
the lower bound material properties. The colours represent the radial deformations. On the right, the
red colour indicates where the yield stress is reached and plastic deformation occurs.

Figure 3.33 shows the deformation shape and horizontal deformations in the layers at different stages, i.e. 5 to 40 layers, for the analyses with lower bound material properties. It is
observed that in all three analyses the failure-deformation mode is a combination of instability (cylindrical buckling) and material yielding. Generally, cylindrical buckling is initiated
first by restrained radial deformations due to the support conditions. The radial buckling deformation increases as layers are added to the structure. Simultaneously, the stresses due to
the self-weight of the layers increase and ultimately reach the limit as defined by the MohrCoulomb criterion in the lower parts of the cylinder. At this point, the material will start
yielding and significantly deform. The regions in a plastic state just before failure are indicated by the red color in Figure 3.33. These plastic deformations, along with the continuous
increase of vertical loading, lead to a second order bending moment which grows until global
failure is reached.
Analysis

Number of
layers [-]

Max. radial deformation
before failure [mm]

Z position of max. radial
deformation [mm]

Lower bound
Average
Upper bound

40
46
53

11.0
13.89
13.05

106.7
115.8
116.5

Table 3.5: Summary of numerical results for the lower bound, average, and upper bound analyses.

In Figure 3.34 the deformed cylinders are plotted in different stages for all three analyses, and
the results are summarized in Table 3.5. The 17.5% increase or decrease in material properties significantly influences the moment of failure. The cylinder with AVG values failed after
46 layers, while the lower bound values led to failure at 40 layers, and the higher bound at
53 layers. The type of failure however, remains identical. No clear relation for the maximum
radial deformation can be derived, which can be explained by two counteracting phenomena.
A reduction of stiffness leads to higher deformations, while simultaneously, due to the reduc76

tion of strength, the cylinder fails at a lower number of layers. As such, the overall loading
and corresponding deformation is less. The vertical position where the radial deformation is
at a maximum is approximately equal for all three analyses.
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(c)

Figure 3.34: FEM results showing deformed shape of cylinders for the lower bound (a), average (b) and
upper bound (c) case.

In parallel to the material experiments and FEM analyses, the cylinder of the numerical program was printed using the same settings, i.e. layer dimensions of 40 by 10 mm, a radius of
250 mm, and printing speed of 5000 mm/min. To compare the failure-deformation mode
of the numerical analyses with the printed cylinders, a non-contacting optic measurement
system was used, illustrated in Figure 3.35. During the printing process, small circular markers were placed onto the fresh material on two sides of the cylinder. The object was exposed
to red coloured LED light, to increase the contrast between the markers and the fresh concrete. Two Basler Ace Ethernet cameras with an Edmund Optics fixed focal length lens were
placed on both sides of the cylinder, and continuously took high resolution photographs of
the current state of the printed object. These photos were then analysed real time in NI Vision software, where the circular trackers were used to compute the deformation during the
printing process. This print experiment was carried out 5 times.
Typical deformation results are visualized in Figure 3.36, for one of the printed cylinders after
5, 10, 15, 20, 25, and 30 layers. A cylindrical buckling deformation is observed for each printed
cylinder, similar to the results of the FEM analyses. The five printed cylinders collapsed after
30, 25, 31, 27, and 31 layers respectively, resulting in an average cylinder height of 29 layers.
Using the Vision software, deformation plots can be generated similar to the numerical results
as discussed above. Figure 3.37 depicts the deformed shape of all 5 cylinders after 23, 26, and
29 layers. The markers indicate the measured values, while the continuous lines are a fit-line
through these points that represent the geometry of the cylinder. Note that the step size of
three layers follows from the spacing of markers in the cylinder, i.e. one in every three layers.
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Figure 3.35: Experimental set-up to monitor deformations and failure during the printing process.

Figure 3.36: Gradual increment of radial deformation of a cylinder during the 3D printing process,
visualized at 5 to 30 layers.

When comparing the numerical results to the printing experiments, it can be concluded that
the FEM model qualitatively predicts the failure-deformation mode during the printing process. In practice however, the cylinders collapse in an earlier stage and deform more at a lower
load (i.e. fewer layers). The experimental results are summarized in Table 3.6. The average
number of 29 layers reached in the experiments deviates 27.5% from the 40 layers according
to the lower bound numerical analysis. The average experimental radial deformation just before failure, here measured at 29 layers, is equal to 15.3 mm, which corresponds to 139% of the
lower bound numerical analysis. The location (vertical height) at which the maximum radial
buckling deformation is at a maximum, is approximately equal for both the experimental and
numerical results, as all results are within a range of 10 mm, i.e. one layer, of each other.
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Figure 3.37: Radial deformation plots of 5 cylinders during the printing process, visualized at 23 (a), 26
(b), and 29 (c) layers. The markers indicate the measurement points, the continuous lines are a smooth
fit through these points.

µ
SD
RSD

Number of
layers [-]

Max. radial
deformation [mm]
Layer Layer Layer
23
26
29

Z position of max. radial
deformation [mm]
Layer Layer
Layer
23
26
29

29
2.4
8%

10.3
2.2
21%

114.7
4.5
4%

12.7
2.7
21%

15.3
2.2
14%

116.5
2.8
2%

114.7
2.6
2%

Table 3.6: Summary of failure-deformation results of five printed cylinders, with average values µ, standard deviation SD, relative standard deviation RSD.

Two main reasons are distinguished for the discrepancy between numerical and experimental results. Firstly, axially loaded shells are sensitive to geometrical imperfections that cause
eccentricity in the application of vertical loading, and to material imperfections (non homogeneity). The critical buckling load of a shell with imperfections can be several times lower
than according to classical theory [162]. As imperfections were not yet incorporated into
the numerical model, it may underestimate deformations and overestimates the moment of
failure.
Secondly, the properties as derived in the UUCT and DST experiments belong to a material
that has been extracted from the 3D printer, and compacted afterwards to realize a homogeneous sample. This, however, significantly results in improved material properties (increased
strength and stiffness, decreased compressibility) in comparison to the actual printed concrete that is not compacted in the process, as discussed in subsection 3.2.3.
Thus, to more accurately validate the numerical model, geometries should be selected which
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are not sensitive to imperfections which are inevitable in this printing process, while material
properties should represent the actual printing material as close as possible. These points have
been addressed in the subsequent numerical study.

3.3.3 FEM study on linear wall structures
In the second numerical study, the failure behaviour during 3D printing was analysed for
various types of wall structures, rather than cylindrical objects as discussed in the previous
section. The failure behaviour of printed linear walls was proven to be insensitive to imperfections [126], which provides a better comparison between the idealized numerical model
and the ‘imperfect’ printing experiments.
In the first part of this section, the results of the FEM simulations are compared against those
obtained by a parametric mechanistic 3D printing model presented by Suiker [126]. The parametric model focuses on the competition between elastic buckling and plastic collapse, and
can be used for the prediction of structural failure of straight, free-standing walls generated
during 3D printing processes. Suiker demonstrated that the relatively large number of parameters characterising the 3D printing process can be reduced to 5 unique, dimensionless
(time and lengthscale) parameters, with 3 parameters defining elastic buckling and 2 parameters representing plastic collapse. To facilitate the comparative study in this section, these
parameters are summarized below. For an extensive discussion on derivation of these parameters and the corresponding closed-form expressions and design graphs for the critical failure
height, reference is made to [126]. Moreover, a review of the parametric 3D printing model
is included in Appendix B. In the communication by Suiker, which is not solely applicable
to concrete, the term ‘curing rate’ refers to the development of both material strength and
stiffness as the material ages. Although in the context of concrete technology, ‘curing’ generally refers to the conditioned hardening of the material, for consistent comparison to the
parametric model, this term will be maintained throughout this section (even when referring
to the fresh concrete state).
As argued in [126], the elastic buckling behaviour of 3D-printed wall structures is uniquely
described by the following three dimensionless parameters:
)1
ρgh 3
=
D
( 0 )13
ρgh
=
D
( 0 )13
D0
=
ρgh
(

¯lcr

= λ

b̄

= λ1/3 ϵ

ξ¯E

= λ−1/3

1/3

κ

lcr ,
(3.17)

b,
ξE
,
l˙

with

l
e
ξE ∈ {ξE
, ξE
},

Here, Equation 3.171 represents the dimensionless critical buckling length, Equation 3.172
is the dimensionless width of the wall, and Equation 3.173 reflects the dimensionless ‘curing
rate’, which also incorporates the effect of the printing velocity via l.˙
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The two dimensionless parameters ξ¯σ and ¯lp , which represent the dimensionless curing rate
and the dimensionless wall length at plastic collapse respectively, are sufficient for uniquely
describing the plastic collapse behaviour of 3D printed walls [126]:
ξ¯σ

=

¯lp

=

ξσ |σp,0 |
ρg l˙
ρglp
,
|σp,0 |

with

ξσ ∈ {ξσl , ξσe } ,
(3.18)

Firstly, the influence of various curing rates on the critical height are studied for the basic configurations depicted in Figure 3.38. The effect of geometrical imperfections on the buckling
response is then analysed for the free wall configuration. Subsequently, the buckling response
of a more advanced, rectangular wall geometry is computed. Finally, for a free wall the transition of failure by elastic buckling to plastic collapse is demonstrated by applying a specific
change in material parameters.
Free wall

Simply−supported wall

Fully−clamped wall

l

x

y

b

z

h
Figure 3.38: Three basic wall configurations: a free wall (left), a simply-supported wall (middle), and a
fully-clamped wall (right).

In the final part of this section, the results of the numerical model are compared against printing experiments of linear walls with various contour lengths (and thus, curing rates). At this
point in time, material properties of uncompacted samples had been defined by the triaxial tests, which provided a closer representation of the actual material used in the printing
process.
Elastic buckling
The FEM simulations on the linear wall structures were performed by means of a geometrical non-linear (GNL) analysis for determining the failure deformation mode, similar to the
cylindrical objects of the previous study. In addition to a non-linear analysis, for the studies
targeting elastic buckling, the wall structures were subjected to an FEM bifurcation buckling
analysis. The critical buckling length following from this bifurcation analysis was computed
in an iterative fashion, by starting from an initial estimate for the wall length and assigning
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a stiffness variation in length direction, in accordance with the curing law applied and the
printing velocity imposed. Subsequently, by making good use of the scaling of parameters
expressed via Eq.(3.17)1 , the wall length was adapted based on the computed value of the
buckling load factor, until the load factor reached unity within an acceptable inaccuracy of
three percent.
The critical failure modes of the wall configurations depicted in Figure 3.38 are symmetric
with respect to the vertical symmetry line at the half-width of the wall. Hence, to limit the
computational time of the FEM analyses, only one symmetric part of the wall structures was
meshed, and roller supports were applied to warrant this symmetry and to prevent rigid body
motions. The 3D meshes were constructed using 4-node tetrahedron elements equipped with
1-point Gauss quadrature. Preliminary comparisons with FEM simulations using discrete
Kirchhoff quadrilateral shell elements showed to give virtually identical results. Although
shell elements are computationally more efficient, the tetrahedron elements allow for more
freedom in constructing the wall geometry, especially when accounting for geometrical imperfections. For this reason, all FEM simulations considered in this study were performed
with 3D tetrahedron elements. The cross-section of each layer was modelled with a total of
32 elements, using 2 elements across the height of a layer. The total number of elements employed in the simulations depends on the specific geometry modelled, as well on the critical
buckling length of the wall. As an example, for the three basic wall configurations illustrated
in Figure 3.38, the number of finite elements lies approximately between 65000 and 135000 elements for one symmetric part of the wall, which proved to be sufficient to accurately capture
the global failure response of the walls. In order to trigger the occurrence of global buckling
in the non-linear analyses, an initial imperfection profile corresponding to the first buckling
mode – computed from a bifurcation analysis – was applied, whereby the imperfection amplitude was set equal to one thousandth of the wall thickness.
The printing parameters used in the elastic buckling analyses are listed in Table 3.7. Initially
the three basic configurations sketched in Figure 3.38 are considered, which are the free wall,
the simply-supported wall, and the fully-clamped wall. The elastic stiffness of the fresh concrete is characterised by a linear curing process, whereby three different dimensionless curing
l
rates are selected, namely ξ¯E
= 0.02, 0.5 and 2.0, with the normalised curing rate defined by
Eq.(3.17)3 . The first rate is in correspondence with typical settings used in the 3DCP set-up
of the TU/e. Note that a higher normalised curing rate either corresponds to a higher curing
rate of the printing material, or to a printing process performed at a lower printing velocity,
see Eq.(3.17)3 .
For the free wall, the dimensionless wall width b̄ given by Eq.(3.17)2 does not influence the
critical buckling length (see Eq.(B.24)), and thus can be given an arbitrary value. For the
simply-supported and fully-clamped walls the widths were set equal to b̄ = 9.1 and b̄ = 13.0,
respectively. The fully-clamped wall was given a larger width than the simply-supported wall
in order to avoid that the buckling length at the higher curing rates selected becomes impractically large, as can be observed from Figure 23 in [126] . The current analyses focus on elastic
buckling, in which the plastic collapse mechanism is excluded by giving the yield strength σp,0
a relatively large value.
Figure 3.39 shows the buckling response for the three basic wall types at the three curing rates
selected. The buckling response is evaluated in terms of the dimensionless critical buckling
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Parameter

Value

Wall thickness
Height of individual layer
Material density
Velocity of printer head
Poisson’s ratio

h = 43.5 [mm]
tl = 9.2 [mm]
ρ = 2020 [kg/m3 ]
vn = 83.3 [mm/s]
ν = 0.3 [-]

Linear curing
Initial elastic stiffness
Curing rate

E0 = 0.0781 [MPa]
l
ξ¯E
= 0.02, 0.5, 2.0 [-]

Exponential curing
Initial elastic stiffness
Curing rate
Stiffness ratio

E0 = 0.0781 [MPa]
e
ξ¯E
= 0.02, 0.5, 2.0 [-]
γE = E∞ /E0 = 5 [-]

Table 3.7: Printing and curing process parameters

length ¯lcr given by Eq.(3.17)1 . For the free wall, the critical buckling length has been determined from the parametric model by applying the closed-form expression (see Eq.(B.24)),
while for the simply-supported and fully-clamped walls it has been computed by solving the
weak form of the differential equation, together with the boundary conditions (see Eqs.(B.13),
(B.21) and (B.22)).
For the free wall and the simply-supported wall the results from the FEM bifurcation analysis
turn out out be in excellent agreement with those from the parametric model: for the three
curing rates selected the values calculated for the critical bifurcation buckling length differ
less than 2%. For the fully-clamped wall the relative difference is comparably small at the low
l
curing rate ξ¯E
= 0.02, but tends to grow when the curing rate becomes higher. In specific, at
l
the largest curing rate of ξ¯E
= 2.0 the parametric model overestimates the critical buckling
length computed by the FEM bifurcation analysis by 15.2%. This difference is due to the cosine
approximation used in the parametric model for describing the horizontal buckling shape of
the fully-clamped wall (see Eq.(B.2)3 ). This is illustrated in more detail in Figure 3.40, which
depicts the cosine approximation together with the horizontal buckling shape calculated by
l
the FEM model for ξ¯E
= 2.0 along two different layers, namely the 5th layer (located close to
the wall bottom) and the 43th layer (located at the wall top).
It can be observed that for the 5th layer the cosine approximation is rather accurate; only
close to the wall boundary there appears to be a noticeable difference with the buckling shape
calculated by the FEM model. Conversely, for the 43th layer the difference is larger, whereby
the horizontal buckling shape assumed for the parametric model near the wall boundary and
close to the half-width is more curved than the shape computed by the FEM model, thus leading to a higher buckling length. Since the discrepancy in horizontal buckling shape becomes
stronger with increasing distance from the bottom of the wall, the relative overestimation
of the critical buckling length by the parametric model becomes greater at larger buckling
length, as generated under a higher curing rate.
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Figure 3.39: Wall length ¯
l versus wall top deflection w̄c for a free wall (a), a simply-supported wall (b),
and a fully-clamped wall (c). The walls are subjected to a linear curing process considering three different
l
curing rates, ξ¯E
= 0.02, 0.5 and 2.0.
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Figure 3.40: Horizontal buckling shape across the (symmetrical) half-width of a fully-clamped wall,
evaluated in layer 5 (a) (close to the wall bottom) and layer 43 (b) (at the wall top).
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Figure 3.41: Wall length ¯
l versus wall top deflection w̄c for a free wall. The wall is subjected to an
e
exponentially-decaying curing process considering three different curing rates, ξ¯E
= 0.02, 0.5 and 2.0.
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The response following from the non-linear FEM analysis for all three configurations lies close
to the bifurcation buckling length, especially at the onset of buckling. At larger deformations
w̄c the buckling length obtained from the non-linear analysis may show a slight increase,
which can be ascribed to a membrane stiffening effect developing in the wall structure. Note
l
that for the simply-supported wall the non-linear FEM analyses for the curing rates ξ¯E
= 0.5
l
¯
and ξE = 2.0 at some stage did not converge, indicated by the small crosses.
In addition to the linear curing process, the free wall is subjected to an exponentially-decaying
curing process characterised by a stiffness ratio γE = E∞ /E0 = 5, whereby again three dife
ferent curing rates are considered, ξ¯E
= 0.02, 0.5 and 2.0. The dimensionless critical buckling
¯
length lcr can be straightforwardly computed using the closed-form expression (Eq.(B.25)),
derived in [126] from the parametric model. As illustrated in Figure 3.41, the critical buckling
lengths calculated with this expression are in excellent agreement with the bifurcation buckling lengths computed with the FEM model, i.e. the relative difference in buckling length lies
between 1.0% and 2.6%.
Furthermore, the exponentially decaying trend of the curing function causes the critical buckling length to asymptote to a limit value with increasing curing rate, as illustrated in Figure
e
3.41 by the close correspondence of the critical buckling lengths for the cases ξ¯E
= 0.5 and
2.0, see [126] for more details on this aspect.

Influence of imperfections on buckling response
The influence of imperfections on the buckling response is evaluated by considering a free
wall printed under a linear curing process. For the parametric model, the imperfection profile
ˆ c,0 (X̄) (presented in Eq.(B.12)) represents an harmonic imperfection, with an exponential
w̄
term ensuring that the essential boundary conditions are rigorously satisfied.

X

X

printing nozzle

printing nozzle
0

0

printed wall

L

L

printed wall

wc,0

w

c,0

x
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tl
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l

l

L=n t t l

x
0

0
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Figure 3.42: Idealised sinusoidal imperfection profile wc,0 = ŵc,0 (x) used in the parametric model,
c,0
which is characterised by the amplitude wm
and wavelength L, where L = nt tl , with tl the height of
an individual printed layer and nt the number of layers. The left and right graphs illustrate the cases nt
= 2 and nt = 4, respectively.
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Figure 3.43: Wall length ¯
l versus wall top deflection w̄c for a free wall with geometrical imperfections,
with the buckling response from the parametric model (a), and the buckling response from a non-linear
FEM analysis (b). The dashed line indicates the corresponding bifurcation buckling length. The free wall
l
= 2.0.
is subjected to a linear curing process at a relatively high curing rate, ξ¯E

The effect of wall imperfections on the buckling response is analysed by taking the dimenc,0
l
sionless imperfection amplitude as w̄m
= 0.05, and the dimensionless curing rate as ξ¯E
= 2.0.
Three different profiles are selected, whereby the wavenumbers are k̄w = 1, 2 and 20, which
correspond to wavelengths L̄ = 6.28, 3.14 and 0.314, respectively, see also Figure 3.42.
In contrast to the parametric model, in which the imperfection profile is treated as a continuous function, in the FEM model the displacement calculated from the imperfection profile
at the half-height of each layer is applied uniformly across the layer height. In other words,
in the FEM model each layer is subjected to a specific discrete horizontal shift. Figure 3.43a
and b respectively show the buckling responses calculated with the parametric model and the
FEM model, by plotting the dimensionless wall length ¯l as a function of the dimensionless
horizontal deflection w̄c at the wall top, X̄ = 0.
Clearly, the results of the two models are comparable, and show that the responses com87

puted for the different wavenumbers at growing horizontal deflection all converge towards
the corresponding bifurcation buckling length (taken from Figure 3.39a). For the intermediate wavenumber k̄w = 2 (corresponding to L̄ = 3.14), the critical bifurcation length is reached
at a relatively large wall top displacement, while for the smallest and largest wavenumbers, k̄w
= 1 (L̄ = 6.28) and kw = 20 (L̄ = 0.314), the horizontal displacement only starts to grow when
the wall length ¯l is already relatively close to the bifurcation buckling length ¯lcr . As argued
in [126], the stage at which the horizontal displacement starts to grow is determined by the
specific interplay between the two lengthscales L̄ and ¯lcr .

Buckling of a rectangular wall structure
Consider now a wall structure with a rectangular layout, composed of two primary walls of
width b mm and two secondary, supporting walls of width d, whereby the thickness of the
walls is h and the bending stiffness is D∗ , see Figure 3.44 and appendix B.5 for more details.

h

d

D
*

b

d>1

b
Figure 3.44: Rectangular wall-layout composed of two primary walls of width b and two secondary,
supporting walls of width d. The thickness of the walls is h, and the bending stiffness is given by D∗ .

The rectangular wall structure is subjected to a linear curing process, whereby the values sel
lected for the curing rate are ξ¯E
= 0.02, 0.5 and 1.5. The wall widths of the primary and
secondary walls are b = 800 mm and d = 300 mm. The values of the other parameters characterising the printing process are listed in Table 3.7. Figure 3.45 shows the dimensionless wall
length ¯l as a function of the dimensionless deflection w̄c evaluated at the top of the wall.
The FEM result is computed for one symmetrical quarter of the rectangular wall layout, using
a mesh of 288120 tetrahedron elements equipped with a 1-point Gauss quadrature. For all
the three curing rates considered the results from the parametric model and the FEM bifurcation analysis are in excellent agreement, with the relative difference varying between 0.5%
l
l
= 0.02). The non-linear buckling analysis approaches the
(for ξ¯E
= 0.5) and 2.4% (for ξ¯E
critical buckling length under increasing wall deflection, and subsequently crosses it due to
a membrane-stiffening effect in the wall structure. The membrane-stiffening effect becomes
l
stronger under a higher curing rate, and, as illustrated for ξ¯E
= 1.5, at some stage may lead
to a substantially larger wall length than the critical wall length following from the bifurl
cation analysis. The buckling shape calculated from the FEM bifurcation analysis for ξ¯E
=
0.5 is shown in Figure 3.46, with the colours representing the relative magnitude of the local
out-of-plane deflection.
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Figure 3.45: Wall length ¯
l versus wall top deflection w̄c for a rectangular wall layout with ground plane
dimensions b × d = 800 × 300 mm2 . The wall is subjected to a linear curing process at curing rates
l
ξ¯E
= 0.02, 0.5 and 1.5.

It can be confirmed that the buckling shape is symmetric with respect to the symmetry planes
located at the half-widths of the walls, and that the maximal deflection of the primary wall b
indeed is substantially larger than that of the secondary, supporting wall d, namely a factor of
6.6.

Figure 3.46: Deflection profile computed from a FEM bifurcation analysis for a rectangular wall layout
l
= 0.5. The colours represent the relative magnisubjected to linear curing at a moderate curing rate, ξ¯E
tude of the local out-of-plane displacement, with the maximum displacement of the primary wall that
buckles being a factor of 6.6 larger than that of the secondary, supporting wall.

Failure by plastic collapse
The transition from failure by elastic buckling to plastic collapse can be clearly demonstrated
via a specific selection of the properties of the printing material. A convenient criterion for the
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determination of the possible failure mechanism can be formulated in terms of geometrical,
material and printing process data by making use of Eqs.(3.17)1 and (3.18)2 , which results
into [126]:
¯lcr
¯lp

<

Λ̄ :

elastic buckling ,

¯lcr
¯lp

>

Λ̄ :

plastic collapse ,
(

with

Λ̄ =

h
D0

) 13

|σp,0 |
2

(3.19)

.

(ρg) 3

Plastic collapse is assumed to occur in accordance with the Mohr-Coulomb failure criterion,
with the values for the initial cohesion c0 and the initial friction angle ϕ0 presented in Table 3.8. During 3D printing processes failure by plastic collapse typically takes place at the
bottom of the wall, at which the stress generated under dead weight loading is maximal and
at a certain stage reaches the material yield strength. In the analysis the bottom layer is considered to be unconstrained in the longitudinal direction, which is representative of a layer deposited on an ideally smooth surface. In the Mohr-Coulomb failure criterion (see Eq.(B.30))
this corresponds to a coefficient of lateral stress Ky = 0. The simplification made here for the
unknown and complicated surface conditions in the 3D printing process is reasonable, since
the present purpose is to compare the results of the FEM model to those of the parametric
model by means of a basic, illustrative example, rather than to simulate the surface conditions
as realistic as possible.
The transition from failure by elastic buckling to failure by plastic collapse will be illustrated by
considering two cases characterised by a linear curing process, which are specified in Table 3.8
as Case 1 and Case 2. The two cases differ by the choice of the curing rate for the yield strength,
which are ξ¯σl = 0.4 (Case 1) and ξ¯σl = 0.5 (Case 2).
The specific failure mechanism that will occur is set by the criterion in Eq.(3.19), for which the
Parameter

Value

Initial friction angle
Initial cohesion

ϕ0 = 20◦
c0 = 1.22 [kPa]

Case 1
Curing rate elastic stiffness
Curing rate yield strength

l
ξ¯E
= 2.0 [-]
¯
ξσl = 0.4 [-]

Case 2
Curing rate elastic stiffness
Curing rate yield strength

l
ξ¯E
= 2.0 [-]
¯
ξσl = 0.5 [-]

Table 3.8: Material and printing parameters used for indicating the transition from failure by plastic
collapse (Case 1) to elastic buckling(Case 2).
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parameters are determined as follows: Substituting the values for ϕ0 and c0 listed in Table 3.8,
together with Ky = 0, into the Mohr-Coulomb model leads to an initial yield strength of σp,0
= 3.48 kPa. In accordance with the data presented in Table 3.7 the initial bending stiffness
equals D0 = 0.589 Nm (see Eq.(B.16)). Inserting the values for the initial yield strength, the
initial bending stiffness, and the values for ρ and h provided in Table 3.7 into Eq.(3.19), leads
to Λ = 1.99.
Subsequently, the critical buckling length of the free wall is calculated (see Eq.(B.24)), which,
l
with the value for ξ¯E
provided in Table 3.8, results in a dimensionless buckling length of ¯lcr
= 3.71. The dimensionless length for plastic collapse (obtained from Eq.(B.32)) using the
curing rates for the yield strength listed in Table 3.8, equals ¯lp = 1.67 for Case 1 and ¯lp = 2.00
for Case 2. Correspondingly, for Case 1 the ratio ¯lcr /¯lp = 3.71/1.67 = 2.22, which is larger
than Λ = 1.99, so that in accordance with Eq.(B.36) it may be concluded that the wall will fail
by plastic collapse. For Case 2 the ratio ¯lcr /¯lp = 3.71/2.00 = 1.86, which is smaller than Λ =
1.99, as a result of which Eq.(B.36) dictates that the wall will fail by elastic buckling. The two
different failure mechanisms were indeed confirmed by the FEM simulations, whereby the
critical failure lengths for plastic collapse (Case 1) and elastic buckling (Case 2) only differ by,
respectively, 0.01% and 1.20% from the above values calculated with the parametric model.
Experimental validation
In order to illustrate the usefulness of both the numerical and parametric model, a series of
experiments was performed whereby layered free wall structures were 3D printed. The effect
of the dimensionless curing rate on the failure response was examined by considering three
different widths, namely b = 1.0 m, 5.0 m and 10.4 m, see Table 3.9 for an overview of these
and other process parameters. Due to the limiting size of the print bed, the 10.4 m wall could
not be printed as a single layer, but instead, was realized as a rectangular structure with long
sides of 5.0 m and short sides of 0.2 m. As derived from the design graphs of Suiker [126], the
dimensions of the long sides, in combination with the print speed and material development,
are sufficient to be considered as a free standing wall (in correspondence with the adopted
numerical approach).
From initial predictions made with the parametric 3D printing model, it has been a-priori
estimated that with these process parameters plastic collapse does not become critical, so that
the three free walls tested all may be assumed to fail by elastic buckling. As argued in [126],
the geometrical accuracy of the printing process is sufficiently high to ignore the effect of imperfections on the value of the critical buckling length. Note hereby that at a given printing
Parameter

Value

Wall widths
Wall thickness
Height of individual layer
Concrete density
Velocity of printer head

b = 1.0, 5.0, 10.4 [m]
h = 60.0 [mm]
tl = 9.5 [mm]
ρ = 2100 [kg/m3 ]
vn = 6250 [mm/min]

Table 3.9: Printing process parameters for the free wall.
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velocity, a wall of larger width allows the individual layers to have more time to cure during the printing process, which is expected to lead to a higher critical buckling length. The
printing experiments were performed using material composition Weber 3D 145-2, which
was characterized by triaxial compression tests as discussed in subsection 3.2.3.
In the 3D printing experiments the walls with b = 1.0 m, 5.0 m and 10.4 m buckled after
printing 21, 27 and 46 layers, respectively. This corresponds to a printing time up to failure of
approximately 3.5 minutes, 21.6 minutes, and 76.5 minutes. Figure 3.47 depicts the buckling
response of the wall with width b = 1.0 m, showing the process from buckling initiation towards full collapse during the printing of the final layer. The buckling responses for the walls
with widths 5.0 m and 10.4 m are comparable. The bifurcation FEM analyses and parametric
model indicated failure by elastic buckling at 19, 22 and 25 layers, respectively, which are in
close agreement with the non-linear FEM results, see Figure 3.48.

(a)

(b)

(c)

Figure 3.47: Experimental buckling response of the free wall with width b = 1.0 m at three stages of
failure: buckling initiation (a), buckling development (b), and full collapse (c).

In comparison, it may be concluded that both models predicts the failure mode during printing processes well. When comparing the critical height obtained in both approaches, a difference of 10%, 19% and 46% was found for respectively the wall of 1 m 5 m, and 10 m (where
the comparison is based on the critical length obtained by bifurcation analyses and the parametric model, rounded up to an integer number of layers). A deviation of up to 20% is not
unexpected, considering that the numerical analyses were based on the average results of a
large series of experiments, in which a significant scatter of results (relative standard deviations up 20%) occurred. This scatter is typically present from print session to print session,
but was also observed within one print session.
However, the deviation between the numerical prediction and the printing trial of the 10 m
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Figure 3.48: Comparison between the critical buckling length computed by FEM bifurcation analysis,
FEM non-linear analysis, and the parametric model, for the three wall widths considered b = 1.0 m,
5.0 m and 10.4 m. The red dashed line indicates the experimental results.

wall is too large to be explained exclusively from the scattering of properties. Moreover, the
deviation between the model and practice seems to increase as the objects become bigger and
the printing time increases. This indicates an effect in the printing process which positively
influences the curing rate of the fresh concrete, which becomes more pronounced with concrete age, and has not yet been incorporated into the numerical model. Two apparent reasons
are suggested to may have caused this discrepancy.
Firstly, the stiffness of the material, a governing material parameter for elastic buckling, is
based on the results of triaxial compressive tests without confinement, which may be considered as an unconfined uniaxial compression test. The state of stress at initiation of buckling
is not uniaxial however, as out-of-plane deformations interfere with vertical loading due to
self-weight and restrained deformations at the support (print bed). Thus, a confining vertical
pressure may be present which varies over the height of the object. As discussed in subsubsection 3.2.3, an increment of confinement resulted in an increase of material stiffness, most
pronounced for older specimens.
The effect of confinement in the printed walls may be assessed by defining the hydrostatic
pressure due to the self-weight of the wall (see eq 18. in [126]). This pressure is maximal at
the bottom of the wall, where it is equal to 3.9 kPa for the 10.4 m wall, and reduces to 0 kPa
over the object height. Consequently, the average confining pressure over the object height is
in the range of a few kPa, which, based on results presented above, is too small to provide a
significant improvement of the material stiffness. For the shorter walls, the effect of stiffening
due to confinement is expected to be even less, as the material is of a younger age, and the
hydrostatic pressure is lower, due to the smaller number of layers. For larger structures, i.e.
in the range of several meters height, the effect of confinement may have a significant effect
on the strength and stiffness behaviour, and thus, critical height.
Secondly, the influence of temperature on the early age structural properties has not yet been
incorporated into the numerical models, as the experimental program was performed on material extracted from the 3D printer with a constant temperature. However, during the relatively long printing sessions of the 5 and 10 m walls, the process of continuously mixing and
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pumping results in substantial heating of the 3DCP systems over time. As a consequence,
the material has a different temperature history, which may significantly affect both early age
structural and rheological properties [137, 157].
Although the parameter temperature was not directly studied in this experimental program,
the influence was already observed in the results of ultrasound measurements, see Figure 3.49,
which were performed on samples of fresh concrete (i.e. the material state as it comes out of
the printing nozzle) taken at the beginning and the end of the printing sessions. The result of
these measurements illustrate that after about 20 minutes of printing, the pulse velocities –
and thus the elastic stiffnesses – of the two fresh concrete samples start to diverge.
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Figure 3.49: Ultrasonic pulse velocity versus total time of printing session for samples representative of
the fresh concrete deposited at the beginning (solid line) and end (dashed line) of a printing session.

Comparing this period to the total printing times of the walls with b = 5.0 m (21.6 min.) and
b = 10.4 m (76.5 min.) makes it indeed plausible that the buckling lengths measured for these
walls are influenced by an increasing curing rate caused by thermal heating of the 3D printing
facility. Note, however, that the thermal boundary conditions of the sample in the ultrasound
pulse velocity tests differ from those of a wall in the 3D printing facility, from which it is
concluded that the outcome of the ultrasound tests only provides a qualitative indication of
the heat effect on the curing rate; a quantitative study of this effect is a topic for future research,
see also chapter 5.

3.4 Discussion and findings
The absence of formwork, one of the main advantages of adopting 3DCP, has led to an additional phase in which concrete should be structurally analysed: in the fresh material state.
Apart from issues related to processing and the geometry control of a single layer, the main
structural failure modes that may occur due to the absence of formwork and (initially) low
material resistance were defined as elastic buckling and plastic collapse. To prevent these failures and realize a robust and economically feasible manufacturing technique, the geometry
and material properties have to be considered, as they develop throughout the printing pro94

cess. As 3DCP offers the potential to realize complex geometries, an analytical approach will
not hold. Hence, a numerical approach based on FEM modelling was proposed instead.
To obtain the required material properties for numerical modelling, an experimental program
was developed in an iterative fashion. After an explorative study, a program consisting of
unconfined uniaxial compression tests and direct shear tests was set-up and performed. The
first, to derive the elastic properties, and the latter, to derive the parameters related to the
adopted Mohr-Coulomb failure criterion. The UUCT alone is not sufficient to define this
failure criterion, as it does not allow testing of multi-axial stress states (i.e. in UUCT σ2 = σ3
= 0). Its application only allows a pure compression failure criterion. The DST, on the other
hand, does allow the testing of multi-axial stress states as the application of the shear load can
be combined with various (static) compressive loads. However, contrary to the UUCT, the
modulus of elasticity and Poisson’s ratio cannot be determined because the stress distribution
is non-uniform during shearing. Thus, both tests had to be combined to obtain all required
material data. This has led to an improved iteration of the experimental program, in which a
triaxial compression test was adopted to derive all required material properties in one go.
The results of both experimental programs indicated that, while the material is still in its
dormant phase, a significant linear increase in both strength and stiffness occurs over the
typical timespan of a 3D printing process. This is attributed to the thixotropic nature of fresh
concrete. Moreover, the material shows a transitional failure behaviour: from plastic failure at young ages, towards brittle failure as the age increases. The experiments additionally
confirmed that the Mohr-Coulomb theory, extended with time dependent development of
material properties, may be considered as a satisfactory failure criterion for fresh 3D printed
concrete.
In the TCT the specimen size was scaled down to dimensions representative to layer dimension in the 3DCP process, in contrast to the relatively large specimens in the UUCT and DST.
This omitted the need for compaction, which provides a closer representation of the material
properties in practice. The impact of specimen size and compaction, or the presence of small
cracks and voids in non-compacted printed material, was found to be more pronounced at
later concrete ages, where samples show a brittle failure. Testing material after compaction
and at a larger scale in the unconfined compression test resulted in an overestimation of structural properties at the ages of t = 60 and 90 mins, compared to the uncompacted and small
scale specimens in the triaxial tests. For younger ages, on the other hand, the strength and
stiffness appeared to be unaffected by compaction or specimen size.
From the results in may be concluded that the TCT is the most accurate and efficient set-up
to define all required input for numerical modelling of the 3D printing process. It is recommend to develop this custom made set-up into an industrial and automated system, to further
minimize the manual influence of specimen handling. Moreover, as the testing procedure is
completely digitized, including the optic measurement system, it may be used for real time
characterization of the material during a printing process. The potential of such a system is
further discussed in chapter 5.
While the TCT is the most comprehensive test, the testing procedure is also more complex
compared to the UUCT or DST. If, for instance, elastic buckling is known to be the dominant failure mode, and merely the elastic properties are required, a relatively simple uniaxial compression tests may suffice. As the experimental results have shown how the stiffness
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and strength develop in the same pace within the considered time frame, measured stiffness
properties may be used to estimate the strength properties, and vice-versa. Moreover, if only
a comparative insight is required, for instance on the effect of other state parameters like
temperature, parallel sandbox compression tests may provide relatively rapid results. Nevertheless, in the latter two cases it is recommended to perform the tests at a scale and (uncompacted) material state representative of the printing process, to prevent overestimation of the
results as discussed above.
In parallel to the development of a suitable test method to characterize fresh 3D printed concrete, a numerical model of the 3D printing process was realized. This model includes the
development of material properties as derived by experiments, and a growing geometry and
corresponding load as present in the actual process. After validation of the adopted material
models, two numerical studies were performed. Firstly, 3D printed cylinders were modelled
and compared to the same objects printed in practice. The failure deformation mode in practice was monitored by a non-contacting optic measurement system. From this study, it was
concluded that the model qualitatively predicts the failure-deformation mode well. Quantitatively, however, the model overestimates the strength and stability of the object. This was
attributed to overestimation of the material properties, as they were based on the first experimental program, and due to disregarding the influence of geometrical and material imperfections induced by the printing process. These issues were addressed in the second numerical
study.
In the second study, targeting various straight wall structures, the results of the numerical
analyses were compared against those obtained by a parametric mechanistic model. The predictions of the critical buckling lengths of the free wall and the simply-supported wall were
found to be in excellent agreement. For the fully-clamped wall the relative difference in the
predicted critical buckling length was small at low curing rate, but somewhat grows when the
curing rate increases. This difference can be ascribed to the cosine approximation adopted
in the parametric model for the horizontal buckling shape of the fully-clamped wall, which
starts to lose its accuracy at growing distance from the bottom of the wall. For a rectangular
wall layout the critical buckling lengths computed by the parametric model and FEM simulations were in close correspondence. The effect of imperfections on the buckling behaviour
was also similar for the two models. Further, under a specific change in material properties the FEM and parametric models predict a similar transition in failure mechanism, from
elastic buckling to plastic collapse.
This validation study confirms that the parametric 3D printing model [126] provides a useful research and design tool for the prediction of failure of straight wall structures during
3D printing. For the analysis of structures with more complicated geometries, the equations
following from a parametric modelling approach may easily become relatively complex and
unmanageable; hence, for such geometries the accurate modelling of 3D printing processes
requires the use of FEM modelling.
Subsequently, the results of the numerical simulations (based on the characterization by triaxial compression tests) were compared to printing experiments of straight wall structures.
The failure mode was predicted accurately by the numerical model, as is the critical height at
which failure occurs for relatively small objects. For larger objects and/or longer printing processes, the quantitative agreement of the critical height with the print experiments could be
improved. The discrepancy between the numerical prediction and the printing experiments
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may be attributed to an accelerated development of material properties, as a result of thermal
heating of the 3D printing facility under relatively large printing times.
The comparison between the numerical model and print trials strengthens the need to characterize the properties of printed material as a function of additional state-parameters, including
but not limited to temperature. The design and execution of all the tests in this chapter are
such that it allows all properties to be established as a function of concrete age, and can possible be extended in the future to other parameters. Subsequently, by incorporating the results
into the numerical analyses, enhancing them with e.g. thermal or hygrical effects, an even
better representation of the structural behaviour of 3D printed concrete will be achieved.
Nevertheless, it may be concluded that the numerical model of the 3DCP process is a powerful tool to control the structural behaviour in the fresh material states. Consequently, the
numerical tool may be used for optimization of the process. For instance, it may be used to
reverse engineer the required material properties (e.g. structuration rate), or a safe range of
print process settings (e.g. speed, material flow), given a certain design. Likewise, it may be
used to optimize the topology of the printed geometry, to prevent failure from occurring.
Examples of first applications of this model are discussed in chapter 6.
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HARDENED CONCRETE

CHAPTER FOUR

Hardened concrete

With the aim to use 3D concrete printing as a viable manufacturing technique to realize buildings and infrastructure, and evolve from merely showcase objects, it is increasingly important
that printed objects meet regular safety standards as prescribed in design codes. This requires insight in the structural behaviour of the manufactured objects. Because the process
is distinctively different from conventional concrete manufacturing methods, existing design
codes may be insufficiently compatible with the specific properties of printed elements. As
3D printing is a layer-wise manufacturing technique, numerous interfaces are introduced into
the final object. 3DCP provides the potential to creature complex geometries, and thus, the
way a layer is extruded and its history may change throughout an object. Consequently, the
structural behaviour may vary, depending on the location and orientation of the layers. Much
like in the fresh material state, there appears to be a product-process dependency. If the structural properties in the hardened state and their dependency on the 3D printing process are
not well-defined, this may lead to unsafe structural design, and thus, structural failure in the
hardened material state.
This chapter1 discusses the methods to avoid such failure by defining the structural properties
as a function of various 3DCP process parameters. Firstly, a theoretical framework is defined,
which outlines the potential issues that may occur due to presence of layers and interfaces.
This framework is concluded with an elaboration on which process parameters play an important role, and how they may be characterized experimentally. Subsequently, the results of
an extensive experimental program are presented in two steps. Firstly, the impact of various
process parameters on the interlayer strength is discussed. Secondly, the adoption of a more
advanced experimental setup is discussed, with the aim to define input for numerical modelling. This chapters concludes with a discussion on the main experimental findings and on
how they should be incorporated for safe structural design in practice.

1 Parts of this chapter have been published in [85].
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4.1 Theoretical framework
The layered build-up of printed objects and the lack of compaction after placement, set this
manufacturing technology apart from others in terms of structural properties. As typically
low- to zero slump mixtures, or rapidly setting compositions, are applied, consecutively placed
layers may not properly ‘remix’ into one monolithic structure, and thus, numerous interfaces
are introduced that should adhere sufficiently. If the adhesion, or bond strength, is too low,
the printed structure may perform anisotropic: the structural behaviour varies based on the
orientation of the layers in relation to the loading. From a structural engineering point of view,
it is desirable to either prevent this anisotropy from occurring, or to define to which extent
the behaviour changes and consider this in structural analyses. In either case, the origin of
bond between layers, and its dependency on various process parameters, have to defined.

4.1.1 Bond strength in layered concrete
The presence of interfaces between concrete layers of different ages is a well-known phenomenon in concrete construction (although their strength is still subject of research). It
regularly occurs in in-situ cast projects, combinations of precast and in-situ cast parts of a
structure, and repairs of concrete structures. Distinctive of these interfaces is that they occur
between a hardened and a fresh concrete layer. The characteristics of adhesion between such
layers are principally determined by mechanical interaction, chemical bonding, and intermolecular and surface forces [163].
Design codes for structural concrete (e.g. NEN-EN 1992-1-1 [164] and the ACI 318-08 [165])
provide calculation guidelines to determine shear strength of such joints based on the compressive strength (of the weakest concrete), the acting normal stress, the surface roughness,
and the presence of reinforcement crossing the interface. This approach is an application of
shear friction theory and ignores the chemical bond as well as the effects of restrained shrinkage (caused by different curing conditions) and differential stiffness which have been pointed
out as factors to take into account [166]. Furthermore, it is limited to shear strength and does
not include the tensile strength of bonds.
In a RILEM State-of-the-Art report on repairs, Silferbrand et al. [167] identify at least 13
factors that affect tensile and shear bond strength. These factors are related to the concrete
properties, the surface quality, the placement and curing procedures, and a number of factors that are associated specifically with repairs in infrastructure (e.g. the removal method of
deteriorated concrete, surface cleaning). It is noted that the influence of surface roughness
on shear is much more significant than on the tensile strength of a bond. Furthermore, the
surface moisture is an important aspect of surface preparation and should be within certain
boundaries as the effects of either a too wet or a too dry surface are detrimental.
In addition to interfaces between a hardened and fresh layer, the topic on interfaces between
two layers of fresh concrete has been studied as well, albeit much less intensively. To avoid the
occurrence of distinct layers in cast Self-Compacting Concrete (SCC) and associated loss of
mechanical strength that can be as much as 40% [168], Roussel & Cussigh [169] observed that
the structuration rate (thixotropic behaviour) should remain below a threshold value to allow
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subsequent layers to mix, while the surface roughness also determines the extent of adhesion
between casts. This was confirmed in experimental research by Megid & Khayat [170] on
several SCC mixtures with varying structuration rates. Assaad [171] found that a structuration rate between 0.2 Pa/s to 0.75 Pa/s results in a stable mixture that is not overly sensitive to
stoppages or delays between casts. Considering this applies already to relatively fluid SCCs,
it should be expected that for low- or no-slump mixtures used in 3DCP, the occurrence of
layering would be all the more pronounced.
Due to the nature of the 3DCP process, the presence of an interlayer interval time is inevitable,
albeit its length may vary. During printing, the time between layers is typically in the order
of seconds to minutes, and thus, results in an interface between two layers of fresh material.
However, in case of very large prints with fast-setting mixtures, or when a print is stopped,
and continued on for instance the next day, an interface between a hardened and fresh layer
likewise occurs. Thus, to define the structural behaviour of 3D printed concrete in range
representative to the current state of the art, both cases should be considered.

4.1.2 Bond strength in 3D printed concrete
In relation to 3DCP and similar processes, the effects of the manufacturing process on the
hardened material properties have been studied by various authors. Le et al. [68], using an
OPC based printable concrete mixed with fly ash and silica fume, studied the compressive and
flexural strength in 3 mutually perpendicular directions, defined by the print process, to find
that both strengths were directionally dependent. Subsequently, other studies found similar
directional dependencies of compressive and flexural strengths [76, 109, 172–174].
Furthermore, Le et al. [68] investigated the tensile strength of the interlayers with varying
interlayer interval times (i.e. the time between the deposition of two subsequent layers) and
found a decreasing strength with increasing interval times. This is generally recognized as
one of the key competing requirements in concrete printing: the interval time should remain
short enough to allow sufficient layer bonding, while the construction rate of the object should
be slow enough to allow the material to gain strength and stiffness and avoid in-print failure
as discussed in the previous chapter. Panda et al. [174] also studied the interface strength as
a parameter of interlayer interval time, but additionally included print head speed and print
nozzle height as variables. They found decreasing interface tensile strengths for increasing
interval time, print head speed and nozzle height, for a geopolymer mortar composition.
Kim et al. [175] name water-cement ratio, concrete viscosity, interlayer interval time and
superimposed dead load as major influences of interface strength, evaluated in terms of fracture energy obtained from crack mouth opening displacement (CMOD) tests. For an OPC
printable mixture with initial and final setting times of 90 and 220 minutes, respectively, they
found limited strength and fracture energy reductions for interval times of 15 and 30 minutes
(compared to 0 minutes as reference), but a considerable decrease for an interval time of 60
minutes – which is still well beneath the initial set time.
Nerella et al. [176,177] complemented mechanical testing with extensive SEM observations in
the micrometre range. For two printable mixtures and interval times of 1 minute, 10 minutes,
and 1 day, they found increasing strength reductions, which in the case of one mixture was
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rather dramatic (from almost 50% for 1 minute to over 90% for one day). The SEM observations show increasingly clear interfaces between layers for larger interval times. Marchment
et al. [178] found that interface tensile strength for 3 different interval times correlated with
basically measured surface moisture content. Keita et al. report tensile splitting strength
reductions of up to 50% for uncovered specimens, with interval times of a couple tens of minutes, compared to specimens protected from drying [79].
In addition to the studies of the impact of 3DCP processing parameters on strength, the effect
of the same parameters on durability is a topic of ongoing research. For instance, Schröfl et
al. [179] address the increment of capillary water intake, for an increasing interlayer interval
time up to 24 hours. Van der Putten et al. [180] found an increasing porosity for larger interval
times, as well as a decrease in bond strength, for interval times of 10 to 60 minutes. BranAnleu et al. [181] studied the chloride penetration in 3D printed specimens, which was found
to be significantly higher for interval times of 24 hours, compared to 2 minutes.

4.1.3 Experimental characterization and numerical modelling
Numerous process parameters and conditions have been identified that may influence the
bond strength, such as interlayer interval times, dehydration conditions, and nozzle position.
Some of these parameters can in fact be controlled, while others are imposed, e.g. by the chosen printing environment, and may even fluctuate throughout a printing process. Moreover,
the geometry of the printed object plays an important role, as it is directly related to, for instance, the time interval between layers. Considering the complex geometries that may be realized by 3DCP, the extent to which the process parameters influence the bond strength, may
vary throughout an object. Thus, to perform representative structural analyses, the strength
should be defined in a range corresponding to design and adopted printing strategy.
This has resulted into the first part of the experimental program on hardened 3D printed concrete, which has been performed to map the influence of various process parameters on bond
strength. In line with the experimental procedures proposed by the researchers discussed in
the previous section, this experimental program has been performed using relatively simple
compressive tests, flexural tensile tests, and tensile splitting tests (section 4.2).
The adoption of these tests however, provides solely a failure strength of the specimen. This
indeed allows for comparative insight on the impact of process parameters on strength, which
may be sufficient for relatively straightforward design calculations applicable to simple geometries. However, it does not provide the required input for more complex structural analyses, for instance related to non-linear behaviour, redistribution of forces, or topological optimization, typically performed using a numerical modelling approach. For such analyses, the
behaviour up to failure, as well the post peak behaviour, is lacking. These properties may be
derived by a direct tensile test, which has been adopted in the second part of the experimental
program on hardened concrete (section 4.3).
Both experimental programs have been designed to represent well defined testing procedures
for hardened concrete, to facilitate application of their results in structural calculations as
prescribed in design codes. However, due to the typical dimensions of printed layers, the
specimen size is generally (much) smaller than prescribed in said codes. Moreover, layer
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dimensions and thus specimen size may vary between the various institutes that have adopted
3DCP. As it well known that a size effect is present in the strength and fracture behaviour of
(quasi) brittle materials like concrete [182,183], caution should be taken in the interpretation
of absolute values between various research groups. For this reason, all comparison in the
following sections will be performed in a normalized manner.

4.2 The influence of process parameters on bond strength
The first part of the experimental program aims at further developing the understanding of
the relation between process parameters and mechanical properties of 3D printed concrete,
as it is a basis for safe structural design. In particular, the effect of 3 process parameters (interlayer interval time, nozzle height, and surface dehydration), on the mechanical properties
compressive strength and tensile strength, has been established in three perpendicular directions. These process parameters were selected, as they were expected to constitute actual
variations in individual print sessions, contrary to e.g. surface roughness or material composition (which were likewise addressed as factors affecting bond, see subsection 4.1.1), which
in different sessions with the same system are likely to be the similar. The tensile strength has
been derived by both flexural tensile tests, and tensile splitting test, in compliance with the
variation of loading conditions of 3D printed structures in practice.
The testing procedures have been based on existing mortar and concrete standards. However,
as the specimen dimensions and corresponding loading conditions are typically not in line
with the 3D concrete printing process, the procedures and dimensions were adjusted and
scaled down where needed, for instance to prevent the presence of horizontal interfaces in
samples to unduly influence the results.

4.2.1 Test setup and parameter studies
This experimental program was performed on material composition Weber 3D 145-2. All
samples were taken from rectangular 3D printed objects, with in-plane dimensions of 800
by 150 mm. The total height of each rectangle followed from the number of layers required
for each test procedure and specimen orientation (see below), and was equal to either 18 or 6
layers. The bottom and top layer of each object have been discarded, as these were subjected to
deviating boundary conditions. All objects were printed using a rectangular nozzle, resulting
in layers of 50 mm wide and 9.5 mm high. After printing, all objects were stored under a
plastic sheet for 24 hours. At an age of 1 day, they were removed from the print bed and sawcut to obtain the specimens in their required dimensions, and to smoothen the loading and
support surfaces. After sawing, the samples were stored in water to maintain an equal curing
history for all specimens, until testing at an age of 7 days.
The test program was designed in a manner to efficiently allow several comparative parameter studies of process parameters, mechanical properties, and directions. For each parameter,
several values were selected for arguments provided below. Cast specimens were manufactured and tested as well, for reference purposes. They were cast into standard 40 × 40 ×160
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mm mortar prisms and vibrated immediately afterwards, and thus considered to be directionally independent. As they did not feature interfaces, they were also independent of interlayer
interval time and surface coverage. Each experimental series consisted of 7 specimens. In
total 192 tests were performed. The experimental program may be summarized as follows:
• Process parameters:
– Interlayer interval time: 15 s, 1 h, 4 h, 7 h, 24 h
– Nozzle height: 8.0 mm, 9.5 mm, 11mm
– Surface dehydration: covered, uncovered
• Mechanical properties: Compressive strength, flexural tensile strength, splitting tensile
strength
• Loading directions: I, II, III
The first parameter study concerned the effect of loading direction relative to layer orientation.
Along with cast specimens, printed samples have been subjected to flexural tension, tensile
splitting and compression tests, in three mutually perpendicular orientations related to the
printing process, I, II, and III, see Figure 4.1. These samples were printed with an interlayer
interval time of 15 s, i.e. all samples have been printed in one continuous process. This interval
time follows from the shortest possible time, given the specimen dimensions. The surface was
not covered between the deposition of subsequent layers as dehydration was not considered
relevant in such a short time period, and covering was not practically possible. The height of
the nozzle in relation to the previous layer was put at the default value of 9.5 mm.
In the second study, the impact of the interlayer interval time was targeted. All samples had
one critical interface, where the interlayer interval time was increased to respectively 1 h, 4 h,
7 h, and 24 h, for bending tests, and to 4 h and 24 h for splitting tensile tests. These interval

Figure 4.1: 3D Printed layer orientations in flexural tension, tensile splitting, and compression tests.
Note that for the compressive tests, orientation II and III have been combined into one sample series as
they are equal in terms of loading.
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Figure 4.2: Ultrasonic pulse velocity measurements on printed concrete, where the dashed
lines indicate the printing sessions to reach specific interlayer interval times.
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Figure 4.3: Ambient temperature and relative
humidity during printing, where the dashed
lines indicate the printing sessions to reach specific interlayer interval times.

times correspond globally with typical turning points in the concrete hydration of the applied mortar. It was expected that this might result in significantly different results between
the studied intervals. Ultrasonic wave transmission tests that have been performed on samples from the same print session (see Figure 4.2; method described in chapter 5) show that
the 1 h interval print is just before the initial set time (when hydration reactions accelerate),
the 4 h interval is at the reactions acceleration peak, the 7 h interval is when the reactions
have decelerated, and the 24 h interval is after the reactions have slowed down significantly
and the degree of hydration steadily increases. During the time gap in between printing, all
samples were thoroughly covered by plastic sheet to prevent surface dehydration. All tests
were performed in layer orientation III, which leaves the critical interface loaded in tension.
Subsequently, the effect of nozzle height on the flexural tensile strength in the III-direction
(perpendicular to the interface) was studied. This parameter was expected to influence the
bond between layers, based on observations during printing with various nozzle designs at
TU/e [184], and for different nozzle heights by Panda et al. [174]. The position of the nozzle
was either deliberately lowered to 8.0 mm (‘pushing’ the new layer into the previous one), or
increased to 11 mm (‘dropping’ the new layer onto the previous one), compared to the default
height of 9.5 mm. This study was performed for interlayer interval times of 15 s and 24 h.
The final parameter study concerned the impact of surface dehydration, again tested on the
flexural tensile strength in the III-direction. Here, samples with an interlayer interval time of
4 h and 24 h were left uncovered between the deposition of subsequent layers. The results were
compared to those of printed samples that were completely covered during the interval time.
The environmental temperature and relative humidity were approximately constant during
these experiments, see Figure 4.3, and on average equal to 24◦ C and 32% respectively.

Flexural tension tests
Three-point bending tests were performed on prismatic specimens, according to NEN-EN
196-1 [185], to determine the flexural tensile strength. The printed specimens were saw-cut
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to dimensions of 40 × 40 × 160 mm, and loaded in an Automax loading rig with a rate of 50
N/s until failure. As prescribed, the free span l between supports is equal to 100 mm, and the
loading is applied in the middle of the specimen. At failure, the load Ff is recorded and used
to calculate the flexural tensile strength ff of the specimen as follows:

ff =

3Ff · l
,
2b3

(4.1)

Where l is the distance between supports, here equal to 100 mm, and b is the side of the
squared section, here equal to 40 mm.

Tensile splitting tests
Tensile splitting tests were performed on cubic specimens, according to NEN-EN 12390-6
[186], albeit in a scaled down size of 40 × 40 × 40 mm, to accommodate for the dimensions as
used in the 3DCP process. The packing strip and loading rate were scaled down accordingly.
The samples were loaded with a rate of 125.7 N/s in a Schenk loading rig with a capacity of
100 kN. At failure, the load Fs was recorded and used to calculate the splitting tensile strength
fs of the specimen as follows:

fs =

2Fs
,
π·L·d

(4.2)

Where L is the length of the line of contact of the specimen, here equal to 40mm, and d the
designated cross-sectional dimensions, here equal to 40 mm.
Care was taken to position the specimens so that the critical interface was positioned exactly
in the line of the load. However, linear FEM analyses showed that even if the interface would
be up to several millimetre of-centre, the peak tensile stress load acting on it would remain
approximately equal and act on an almost identical area of the interface

Compression tests
Likewise, 40 × 40 × 40 mm cubic specimens were used for compression tests based on the
NEN-EN 12390-3 [187], but with scaled dimensions and a loading rate of 960 N/s. The same
test rig was used. At failure, the load Fc was recorded and used to calculate the compressive
strength fc of the specimen as follows:

fc =

Fc
,
Ac

Where: Ac is the cross-sectional area of the specimen, here equal to 1600 mm2 .
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(4.3)

4.2.2 Results and discussion
The results of the experimental program will be discussed for each parameter study in the
following subsections. Additionally, all results have been summarized in Table 4.1. The variations found in measured dimensions and densities were small and considered insignificant
for both the printed and cast specimens, and were thus excluded from further discussions.
Layer orientation
The average results of the flexural tensile tests, tensile splitting tests, and compressive tests are
given in Figure 4.4, for three orientations, along with the reference cast specimens. Note that
for the compressive tests, orientation II and III have been combined into one sample series
consisting of 14 specimens as they are equal in terms of loading.
In the flexural tests, it was observed that orientation III is modestly weaker than the other two
directions. An average strength reduction of 14% compared to direction I (print direction)
was found. This reduction is limited in comparison to results presented by Le et al. [68] and
Panda et al. [173] that reported flexural strength differences of up to around 50%.

Test

Orientation

Interval time

Nozzle Height

Dehydration

Strength [MPa]
μ
SD RSD

Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension
Flexural Tension

Cast specimen
I
II
III
III
III
III
III
III
III
III
III
III
III

15 s
15 s
15 s
1h
4h
7h
24 h
15 s
15 s
24 h
24 h
4h
24 h

9.5 mm
9.5 mm
9.5 mm
9.5 mm
9.5 mm
9.5 mm
9.5 mm
8 mm
11 mm
8 mm
11 mm
9.5 mm
9.5 mm

Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Covered
Uncovered
Uncovered

4.28
4.29
4.70
3.68
3.51
3.48
3.34
3.10
3.92
3.98
2.65
2.35
1.72
2.28

0.31
0.25
0.45
0.14
0.40
0.50
0.48
0.43
0.30
0.24
0.78
0.63
0.26
0.23

7%
6%
10%
4%
11%
14%
15%
14%
8%
6%
29%
27%
15%
10%

Tensile Splitting
Tensile Splitting
Tensile Splitting
Tensile Splitting
Tensile Splitting
Tensile Splitting

Cast specimen
I
II
III
III
III

15 s
15 s
15 s
4h
24 h

9.5 mm
9.5 mm
9.5 mm
9.5 mm
9.5 mm

Covered
Covered
Covered
Covered
Covered

4.11
3.68
3.72
3.55
3.45
2.80

0.19
0.16
0.32
0.26
0.29
0.37

5%
4%
9%
7%
8%
13%

Compression
Compression
Compression

Cast specimen
I
II, III

15 s
15 s

9.5 mm
9.5 mm

Covered
Covered

42.3
28.51
29.19

2.36
1.70
1.84

6%
6%
6%

Table 4.1: Overview of test results, with average values µ, standard deviation SD, and relative standard
deviation RSD.
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Figure 4.4: Layer orientation results for flexural tension (a), tensile splitting (b), and compression (c)
tests. The interlayer interval time was equal to 15 seconds for all printed specimens.
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Figure 4.5: Layer interval time results for flexural tension (a) and tensile splitting (b). With the exception of the 15 seconds interlayer interval time, all specimens have been covered for the duration of the
time gap in between printing.
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Remarkably, the directional tensile strength dependency was not replicated by the splitting
tensile test. Although a slight average reduction was found in that test, it was not significant
given the scatter in individual results. This difference may be attributed due to the unequal
stress conditions at the interface between the two tests. A detailed study on this aspect falls
beyond the scope of the present study. In any case, it seems that the applied material-process
combination, for a relatively short time interval, seems relatively robust with regard to directional strength dependencies. A very limited tensile strength loss should be expected, which
for practical engineering purposes could be taken into account through a reduction factor.
For the compressive strength, no directional dependency was found. Of the cast specimens,
only the compressive strength was considerably higher (approximately 31%) than that of the
printed specimens. This is in line with other research [68], and may be attributed to entrained
air, albeit this has not been measured directly in this study.
Time interval
The average results of the flexural and splitting tests for various layer interval times are plotted
in Figure 4.5. Clearly, the strength reduces as the layer interval time increases. In the flexural
tests, a reduction of 16% is measured at the 24 h interval, compared to the 15 s specimens.
Likewise, a reduction of 21% is observed in the splitting test results.
For the layer interval times of 1 h and 4 h, only a minor drop in strength is observed in both
tests, indicating that even if the print process is delayed for a significant period of time, the
strength properties remain approximately equal, given adequate covering of the specimens
during this period.
The impact of the interlayer interval time is not only observed in the failure strength, but
also in the failure mode of the specimens. Typical failure modes are shown in Figure 4.6 for
flexural and splitting tests. The relatively short interval times show a crack initiating at the
lower bottom of the sample and propagating randomly through the samples, as is observed
in the reference specimens. The higher interval times however, show a much more distinct
vertical crack, positioned at the interface of two layers.
The reduction of strength for increasing interlayer interval times is in accordance with findings by other researchers. However, a quantitative comparison of these studies indicate that
the interlayer interval time cannot be considered as an independent value, but should be considered in relation to the material and other process parameters adopted in each study. For
instance, reductions up to 72% have been reported for the interlayer interval time of 60 min
by Kim et al. [175], while the results of Panda et al. indicate 75% reduction at in interval time
of 20 min [174]. In comparison, the reductions found in the current study are thus quite modest and the studied process-material combination seems rather robust in terms of interlayer
interval time sensitivity.
Nozzle height
The effect of the nozzle height, studied by flexural tests, is presented in Figure 4.7a. For both
the 15 s and 24 h interlayer time interval, no clear relation can be derived for the impact of
111

(a) Flexural tension tests

(b) Tensile splitting tests

Figure 4.6: Failure patterns for increasing interlayer interval times.

the nozzle height on the specimen strength. In fact, the results only appear to become more
scattered as the height is deviated from the default, preferred, setting. This may be attributed
to the uncontrolled positioning of the layers, where the contact pressure and surface becomes
variable. The layer quality reflects this variability, where layers are squeezed and deformed at
lower nozzle heights, and inaccurately ‘dropped’ as the height increases.
The independency of strength on nozzle height is not in accordance with findings by Panda
et al., who report a reduction of over 30% for increasing nozzle heights. However, the corresponding scatter in their results also significantly increased [174]. The observations in previous printing experiments indicated a stronger effect of the nozzle height compared to the
results of this study. However, those experiments were performed with a different mixture,
Weber 3D 115-1, with a significantly higher initial yield strength. In line with the findings
on distinct layer casting [169], the impact of nozzle height and design may indeed be more
pronounced for material with higher initial yield value and structuration rate.

Dehydration
The flexural tensile strengths for covered and uncovered specimens are presented in Figure 4.7b for an interlayer interval time of 4 h and 24 h. A clear impact of the specimen de112
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Figure 4.7: Impact of 3 different nozzle heights (a) for time interval of 15 s and 24 h, and sample dehydration (b) for covered C and uncovered U samples for time interval of 4 h and 24 h.

hydration is recognized. This was also observed by optical microscope analysis of the crack
surface, as illustrated in Figure 4.8 for an interlayer interval time of 4 h. The uncovered samples showed a much smoother crack surface, along with a higher void content, compared to
the covered specimens with the same interlayer interval times.
A drop of 51% and 26% in strength is measured for 4 h and 24 h respectively, compared to the
covered specimens that were printed with the same interlayer interval time. Surprisingly, this
reduction is stronger for the shorter interval time. A larger in reduction at 24 h was expected,
as those samples were left uncovered for a longer time, thus allowing for more dehydration
compared to the 4 h specimens. This indicates the presence of other environmental parameters that may influence the surface dehydration, for instance the air flux in the 3DCP facility,
which was not controlled for this experimental program.

(a)

(b)

Figure 4.8: Optical microscope observations on the crack surface of covered (a) and uncovered (b)
specimens, for interlayer interval time t = 4 h.

Nevertheless, this significant reduction in strength emphasizes the need for a controlled printing process and environment, as large reductions in structural properties may occur, even after 4 h interval where no significant strength loss was measured in case of proper covering (see
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Figure 4.5). In fact, of all studied parameters, the dehydration with longer interlayer interval times has turned out to have the most prominent quantitative effect on flexural strength.
Similar results were found by Keita et al., who report strength reductions of up to 50% after
a couple tens of minutes for uncovered specimens found by tensile splitting tests [79]. Likewise, Nerella et al. reported reductions up to 90% for uncovered specimens with an interlayer
interval time of 24 hours [176].
Considering the fact that fast setting materials with high temperature increments due to
rapid chemical reactions and in-site printing in uncontrolled environments are also applied
in 3DCP practice, the more general conclusion from these results is that the impact of potential dehydration of the interface surfaces during printing should be explicitly addressed
when planning the print process to ensure the structural safety of printed objects. Isotropic
materials properties can only be ensured at short interlayer interval times or with thoroughly
covered layer surfaces at longer intervals.

4.3 Structural behaviour in a direct tensile test
The second experimental program concerned an explorative study on the suitability of a deformation controlled direct tensile test (DTT) to characterize failure behaviour of 3D printed
concrete in tension. Contrary to the experimental methods adopted in the previous section,
and by the majority of the researchers discussed in section 4.1, the DTT theoretically provides all the required material properties for numerical modelling of 3D printed concrete in
tension, as the elastic material response, the failure strength ft , as well as the post peak behaviour are obtained, see Figure 4.9. The latter is often expressed through a fraction energy
Gf , which represents the post peak surface area of the stress-crack opening relation.

Figure 4.9: Load-deformation relation in a direct tensile test, where the pre-peak region may be expressed via a stress-strain relation, and the post-peak region via a stress-crack opening relation.

In this section, the procedure and results of two variations of direct tensile test methods will
presented, and their suitability to characterize the hardened properties of 3D printed concrete
will be discussed.
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4.3.1 Sample preparation
To characterize the material on a scale representative of the printed objects, cubic specimens
with dimensions of 40 × 40 × 40 mm have been adopted. The specimens were created in one
continuous printing session, whereby the time interval between subsequent placement of the
layers was minimized to 30 seconds, which follows from the minimum time needed to print
one layer of the rectangular geometry that was used to saw cut the specimens. Similar to the
previously discussed experiments, the rectangles consisted of 6 layers, whereby the bottom
and top one were removed before testing. After printing, the specimens were covered by
plastic for 24 hours, after which they were stored in water until testing at an age of 28 days.
The day before testing, the specimens were sawn cut, as visualised in Figure 4.10, to realize
smooth specimen sides and prevent peek stresses from occurring. Subsequently, the crosssection at the centre of the specimens was reduced by a half circle with a radius of 6 mm, on
two sides. Finally, a cutting pattern was applied to the top and the bottom of the specimen, to
increase the surface area on which the glue is applied.
The latter two operations were performed to minimize sample failure at the glue-specimen
interface, which was observed relatively often in trial experiments. Other available solutions,
e.g. external clamping or embedded studs were not opted for as they would introduce additional (uncontrolled) loading conditions into the specimen [188,189]. The circular geometry
was adopted to minimize occurring peak stresses.
All direct tensile tests have been performed using material composition Weber 3D 115-1.

Figure 4.10: Sawing procedure for DTT specimens.
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4.3.2 Test setup
Two direct tensile test set-ups have been developed and applied on 3D printed concrete. The
first iteration of the DTT consists of a set-up where the specimen is positioned between two
rotating loading platens, see Figure 4.11, to reduce the expected initial eccentricity of the applied load. Due to the small scale and initially rough surface before sawing, it appeared difficult to realize cubic specimens without small imperfections, which could lead to an eccentric
introduction of the tensile force. In this set-up, the specimens were glued between two steel
plates, which are connected via relatively long and slender steel rods to the upper and lower
grip of an Instron test bench.
A second iteration of the set-up was developed, whereby the specimens were glued between
two stiff, non-rotating platens, see Figure 4.12. This approach was adopted to maintain equal
deformations along each side of the specimen, in particular in the post-peak region. Note
that in practice, the loading platens are not infinitely stiff and small rotations may still occur, despite the advantageous small specimen size. Nevertheless, for the sake of discrepancy
between the first and second iteration, these names have been maintained.
For both set-ups, a 250 kN load cell was positioned in line with the specimen. On all four sides
of the specimen, a Linear Variable Differential Transformers (LVDT) was placed, to measure
the vertical deformation. Note that, due to the small specimen size, these were positioned on
the steel plates and not directly onto the specimen itself. All tensile tests were performed with
a controlled rate of deformation, which, in contrast to a force-controlled test, may provide
the post peak behaviour of the printed material. For the non-rotating DTT set-up, the deformation rate was set at 5 µm/min, in correspondence with a comparable experimental study
on tensile behaviour of concrete [190]. To control this rate, the average deformation of the
four individual LVDT’s was measured and updated throughout the test. For the rotating DTT
however, this feedback system had not yet been developed. Here, the deformation rate of the

Figure 4.11: Direct tensile test setup with rotating loading plates.
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Figure 4.12: Direct tensile test setup with stiff non-rotating loading plates.

tensile bench (not the LVDT’s at specimen level) was set at 100 µm/min, which corresponds
to approximately 1 µm/min at specimen level in the pre peak domain.
Both test set-ups were aimed to characterize the failure behaviour of 3D printed concrete in
tension. Thus, specimens were positioned such that the tensile force was acting perpendicular
to the layer interfaces, as this was expected to be the critical loading condition, in line with
the results of the experimental program discussed in the previous sections. For each DTT
iterations 5 samples were tested.
The two-components glue X60 has been used to glue the specimen on steel blocks with dimensions of 40 × 40 × 20 mm. This glue consists of a powder (Plexilit 7742F) and a fluid
(Pleximon 801). For the set-up with rotating loading platens, both sides of the specimen were
glued outside the test bench. The steel plates were prepared with a threaded opening, which
was used to fix the specimens to the loading rods and into the test bench.
For the non-rotating set-up, only one side was glued outside of the test bench. The other side
was glued inside the test bench, to reduce initial imperfections between the specimen and the
loading platens. During the drying process, some shrinkage occurred, and thus, a compressive load of 100 N was applied to prevent tensile stresses in the specimen due to shrinkage
of the glue. The 100 N load corresponds to approximately 0.5% of the material’s compressive
strength, and may be considered as negligible. After 30 minutes of drying, the test was started.

4.3.3 Results
In Figure 4.13, representative load deformation results are presented as derived by the DTT
with both rotating and non-rotating loading platens. In these graphs, the dashed lines indicate
the individual displacement measured at each side of the specimen. The continuous black line
represent their average.
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(a)

(b)

Figure 4.13: Typical load deformation results of DTT for rotating (a) and non-rotating (b) loading
platens.

From these results it is observed that the DTT with the non-rotating loading platens provides
a uniform load deformation behaviour across the specimen cross section, both pre- and postpeak. This is recognized by the close resemblance of deformation on each specimen size. The
features of the resulting average behaviour are in good agreement with those obtained by direct tensile tests on (non-printed) concrete [190]. Thus, qualitatively, it appears that this DTT
set-up may provide the required tensile failure behaviour of the 3D printed specimens. For
the rotating set-up however, this is clearly not the case. Here, the deformation behaviour at
each specimen side is unequal, and in some cases, even reaches a negative value. On the sides
were a negative deformation is reached, the specimen is subjected to compressive stresses,
which led to (local) specimen crushing in some cases. Consequently, the load deformation
behaviour has been cut off after the initial peak, as the remainder of the data was not representative for the tensile behaviour of the specimen.
Based on the average load deformation results, a stress deformation relation has been defined
for all five tests of each DTT set-up, depicted in Figure 4.14. All stresses were computed based
on the cross section of the failure plane, which was measured after each experiment. These
results may be used to define a stress strain relation up to failure for all specimens tested, as
well as a post-peak stress crack opening relation for the tests with non-rotating platens (note
that after the peak, a ‘strain’ does not describe the actual material behaviour). From these
relations, the tensile strength ft may be derived as the maximum occurring stress, as well as
the Young’s modulus E based on the initial linear stress-strain behaviour. Additionally, the
fracture energy Gf has been defined for the specimens tested by the DTT with non-rotating
platens. All three mechanical properties are summarized in Table 4.2, along with the sample
densities, which were approximately constant throughout all tests.
The average tensile strength measured by the DTT with rotating platens is equal to 1.08 MPa,
which is approximately 20% lower than the average strength of 1.36 MPa as measured in the
non-rotating set-up. This may be attributed to the additional stresses induced by the rotation of the loading platens. This is illustrated in Figure 4.15, where two individual results of
DTT with rotating platens are presented. In the test presented in Figure 4.15a, large rotations
occurred and the derived tensile strength of the specimen equals 1.02 MPa. This is signifi118
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(a)

(b)

Figure 4.14: Average stress deformation results for each individual DTT, for rotating (a) and nonrotating (b) loading platens. Note that, for readability of the results, the scales of both figures are unequal.

cantly lower than the tensile strength of the specimen depicted in Figure 4.15b, which equals
1.36 MPa, whereby the specimen deformation on all sides was much more uniform. The tensile strength of the latter specimen is comparable with the average strength of the specimens
tested by the DTT with non-rotating loading platens.
These results additionally indicate the presence of compressive stresses from an early point
in the tests, while they would be expected to become pronounced from the moment cracking
initiates (and uneven deformation occurs due to the rotating supports). Thus, it appears that,
despite the use of relatively slender rods to facilitate free rotation of the loading platens, a
bending moment is induced, which results in additional stresses from the beginning of the
tests onwards.
Rotating loading platens

µ
SD
RSD

Tensile strength
ft [MPa]

Young’s modulus
E [MPa]

Fracture energy
Gt [J/m2 ]

Density
ρ [kg/m3 ]

1.08
0.16
15.0%

17497.8
3427.7
19.6%

-

1944.3
4.6
0.2%

Non-rotating loading platens

µ
SD
RSD

Tensile strength
ft [MPa]

Young’s modulus
E [MPa]

Fracture energy
Gt [J/m2 ]

Density
ρ [kg/m3 ]

1.39
0.15
10.6%

11623.2
776.5
6.7%

28.40
6.15
21.7%

1954.9
8.6
0.4%

Table 4.2: Tensile strength, Young’s modulus, fracture energy and density derived from the DTT, with
average values µ, standard deviation SD, and relative standard deviation RSD.
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(a)

(b)

Figure 4.15: Stress deformation results of two DTT with rotating loading platens with (a) a large rotation
and relatively low tensile strength, and (b) a small rotation and a relatively high tensile strength.

The fracture energy was only defined for the specimens tested by non-rotating loading platens,
and was on average equal to 28.4 J/m2 . While this is indeed in the order of magnitude typically
measured for concrete, albeit on the low side, a comparison of absolute values is affected by
the unconventional nature of the current test: both the adopted specimen size, and maximum
aggregate size in the material composition, are small in comparison to typically observed in
similar studies. Moreover, despite the relatively short interlayer interval time, the presence of
layer interfaces may influence the result. For an improved assessment of the suitability of the
DTT setup, it is recommended to characterize compositions with well established mechanical
properties. Such an extensive experimental program falls beyond the scope of the current
study.
The average Young’s modulus derived by the rotating DTT set-up equals 17497.8 MPa. This is
however, based on the average stress-strain behaviour, which includes both tensile and compressive behaviour, varying over the specimen cross section. This value is not representative
for the stiffness of the material, as it is the strongly influenced by geometrical imperfections,
instead of material behaviour. In the non-rotating set-up, where all sides showed uniform
deformation, the average stiffness was defined as 11623.2 MPa. This value is relatively low,
compared to the expected value based on established ratios between compressive strength and
Young’s modulus [164]. This was moreover confirmed by cylinder compression tests [191] on
the same material, which indicated a modulus of elasticity of 33% higher, i.e. an average of
17336 MPa.

4.3.4 Discussion
To assess the suitability of a direct tensile test to characterize the failure behaviour of 3D
printed concrete, two set-ups have been developed and applied. The first set-up was designed
using rotating loading platens, aimed to balance out expected eccentricities in the specimens.
However, the results indicated that the rotation negatively influences the measured behaviour,
as non-uniform deformation occurred over the specimen cross section, and in some cases,
120

even (local) compression occurred. This was found to affect both the strength and stiffness
properties, and moreover, the fracture energy could not be determined. It appears that a direct tensile test using rotating loading platens is not a suitable approach.
The second set-up, using relatively stiff non-rotating loading platens, did provide all the required mechanical properties. However, even with this improved set-up it appears that the
deformation behaviour is not accurately derived. This was mainly indicated by the relatively
low stiffness. A possible reason for this shortcoming is the measuring approach. Deformations are not measured locally on the sample, but in between the two stiff steel plates, due to
the small specimen size. Consequently, the measured values do no represent exclusively the
behaviour of the tested concrete, but include deformations (and possible minor rotations) of
the steel plates on both sides of the specimen, as well as the glue (although the latter might be
negligible).
To illustrate the shortcoming in measurement approach, a small series of additional experiments have been performed on specimens that were twice as long (80 mm), to facilitate
measurements on exclusively the concrete specimen. Like in the cubic specimens, the cross
section was locally reduced to prevent failure from occurring in the concrete-glue interface.
These tests were performed on material composition Weber 3D 145-1, which was cast into
moulds with a pre-defined ‘dogbone’ shape. The testing procedure was equal to the nonrotating DTT as discussed above. In total, three samples were tested.
The average stiffness measured in these additional tests was rather accurately in line with
the expected value, based on the established ratio between compressive strength and stiffness
[164]. Thus, it is recommended to likewise increase the specimen dimensions of the printed
samples, or change the measurement technique, and measure deformations exclusively on the
specimen. The specimen dimensions should be within certain constraints however, as a too
large measurement length may lead to unstable tests, and the result of the post-peak behaviour
may no longer be representative for the material [190].
If these issues are addressed, the direct tensile test may be considered as a suitable method
to characterize the failure behaviour of 3D printed concrete in tension, and derive all the
required material properties for numerical modelling.

4.4 Discussion and findings
The layerwise nature of 3D printing introduces numerous interfaces into the final product,
which may influence its structural performance. In particular, the bond strength between the
layers appears to be critical for structural integrity of a hardened 3D printed concrete object.
The value of this strength is, however, not solely depended on the adopted material composition, but also strongly effected by the printing process parameters, as well as the geometry
of the object. With the aim to realize structurally safe 3D printed buildings and infrastructure, it is of vital importance to define which process parameters play an important role, and
characterize the mechanical properties as function of said parameters.
To define the influence of various process parameters on the bond strength of 3D printed
concrete, an extensive experimental program was performed based on flexural bending tests,
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tensile splitting tests, and compressive tests. The results of the experiments indicate a clear
impact of the manufacturing process on the strength between layers. From this study, only
a very limited influence of layer orientation was found for the given process-material combination, if the interlayer interval time is sufficiently short. For engineering purposes, this
‘anisotropic’ behaviour may be addressed by means of a reduction factor. However, as the
interlayer interval time increased, the bond strength between the layers reduced. This was
also reflected by the failure mode of the samples. The reduction in strength became more
pronounced for the samples that were left uncovered during the interval time, susceptible to
drying, before the subsequent layers were printed. Finally, no clear relation was found between the height of the nozzle, and the bond strength between layers.
Some findings were in line with expectations based on available literature on both (nonprinted) bonded concrete, and relatively limited work on interface strength in 3D printed
concrete. However, certain process parameter results only corresponded qualitatively, while
other parameters proved to be insignificant for the 3DCP set-up and material as used for this
study. In general, the applied material-process combination appears to be relatively robust
in terms of the effects of several parameters on the flexural tensile, splitting tensile and compressive strength, with the exception of dehydration of the interface surface which, for longer
interval times, can cause significant strength reductions. It should be noted however, that in
practice the influence of the studied process parameters may be stronger, as the results presented here were based on ideal curing conditions, which deviates from the typical (uncontrolled) environments of 3D concrete printers in practice. Additionally, both the mechanical
and durability properties should be assessed based on the expected life cycle, as the long term
performance of the bond may also be influenced by loading conditions and environmental
factors, as is known from layered concrete in, for instance, road repairs [167].
When comparing results of various studies, it becomes clear that individual process parameters, for instance interlayer interval time, cannot be considered independently of the applied
material and other process parameters. This is highlighted in Figure 4.16, where the normalized bond strength reductions are depicted for increasing interlayer interval times, for
numerous studies on 3D printed concrete. Clearly, the variation in reduction is wide: from
substantial reductions up to 75% at 20 mins, to merely 16% reduction at 24 hours interval.
The tests that have been adopted vary, as well as the conditions of both printing and curing,
which in certain cases have been poorly documented. With the aim to adopt 3D concrete
printing as a well established manufacturing method for safe structural applications, the results of this study, in comparison to various other works on 3DCP, emphasize the need for
standardization of test methods and characterization of 3D printed concrete. Moreover, this
study underlines the need for quality control methods. The structural integrity of the end
result greatly depends on a number of process parameters, including environmental conditions, which can be difficult to predict or control in practice. The necessity and potential of
such methods is further elaborated on in chapter 5.
Once the relation between process parameters and bond strength has been established, the
variation in strength may incorporated in structural design and analysis of 3D printed objects.
However, the adopted tests so far only provide input for relatively simple design calculations,
as solely a failure strength is defined. For complex (numerical) structural analysis, for instance related to non-linear behaviour, redistribution of forces, or topological optimization,
the behaviour up to failure, as well the post peak behaviour, is lacking. These properties may
122

! "
! "

Figure 4.16: Normalized bond strength for increasing interlayer time interval, taken from various researchers on 3DCP [68, 79, 174–176]. Note that the adopted material compositions and test methods
may vary between studies. All strength values have been normalized to the maximum value of each
individual study at their respective lowest interlayer interval time.

be derived by a direct tensile test, which has been adopted in the second part of the experimental program on hardened concrete
In the second experimental program, two direct tensile test set-ups have been developed and
compared. The first set-up, whereby a specimen was placed in between two rotating loading
platens, was deemed unsuitable as both the strength and stiffness properties were influenced
by the uneven conditions over the specimen cross section. Moreover, the fracture energy
could not be determined. The set-up with stiff non-rotating loading platens however, was
able to provide all properties, although the accuracy of the deformation measurements could
be improved. For representative numerical modelling of various loading conditions, it is recommend to extend the experimental program to define, in addition to the tensile failure behaviour (mode I), the behaviour of 3D printed concrete for in-plane and out-of-plane shear
(mode II and III).
Once the failure behaviour of 3D printed concrete has been established, a numerical approach
may be adopted in which the material properties, process parameters, and geometry are interrelated, similar to the numerical model for fresh concrete presented in chapter 3. Such a
model may then be applied to for instance, define an operation window for the critical process parameters, reposition the location of the weak spots, or optimize the geometry, and
thus, control the structural behaviour in the hardened material state.
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CONTROL OF 3DCP PROCESSES

CHAPTER FIVE

Control of 3DCP processes
3D Concrete printing is more complex compared to conventional concrete construction. The
removal of formwork and the freedom in design that follows from the layerwise manufacturing method, come at an additional cost. The material requirements are more demanding,
and many process parameters influence both the fresh concrete behaviour (as discussed in
chapter 3), as well as the hardened concrete behaviour (as presented in chapter 4). Some of
these parameters are newly introduced by adopting 3D printing, while the influence of others
has already been established in the field of concrete technology, but may have a bigger impact
due to the nature of 3DCP. This complexity is only strengthened by the fact that each institute
or enterprise has adopted their own 3DCP system and material, as a result of which general
trends or standards have yet to be established.
Due to the novelty of the technique, first showcases appearing in practice are often the result of
ad-hoc research, focused on demonstrating viability [192]. For 3DCP to be broadly accepted
in structural applications and to be economically competitive, this trial-and-error approach
has to be transformed into a system in which these process parameters are controlled, such
that the properties of the object can be predicted, and eventually may even be optimized.
Such a system requires (I) understanding of the interdependency of the process parameters,
geometrical features and material behaviour, (II) a method to measure, in line with the digital,
continuous nature of 3DCP, and (III) a feedback tool to react upon the measurements.
In this chapter1 , each of the three necessary developments will be discussed. Firstly, a classification of the process parameters will be proposed, illustrated by observations in practice.
Subsequently, the adoption of a non-destructive testing method is presented, whereby ultrasound measurements have been correlated to destructive mechanical tests. Additionally,
the influence of temperature on fresh concrete is studied, which may likewise be captured by
adopting the ultrasound technique. Finally, a real-time measurement and feedback system
is discussed, which concerns a continuous adjustment of the nozzle height during printing.
This chapter concludes with a discussion on future extensions and applications of this system.

1 Parts of this chapter have been published in [82, 193].
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5.1 Classification of parameters
The geometrical features and mechanical properties of a 3D printed object, both during printing and once an object is complete, are the consequence of a combination of:
• material related parameters,
• system parameters, and
• environmental parameters.
Material related parameters concern e.g. the composition, water/cement ratio, presence and
dosage of additives or admixtures, and the inclusion of (fibre) reinforcement. System parameters concern those related to three components of the 3DCP system (the ‘wet’ system, ‘dry’
system, and control unit), as discussed in section 2.2. For instance, the type, intensity and
frequency of mixing and pumping, are classified as system parameters, as well as e.g. the geometry of the nozzle, the speed of the robot, the length of the hose, and system temperature.
Finally, the environmental parameters concern the conditions of the printing process, such
as the temperature, relative humidity, and air flux, but also the printing surface (e.g. flatness
and roughness).
As the geometrical features and mechanical properties of a 3D printed object are essential to
control the structural behaviour in both the fresh and hardened material state, it is desirable
to be in control of the process parameters that influence them.
Many of these parameters can be maintained at a constant value, as has been done for the work
presented in this thesis to facilitate development of experimental procedures and numerical
methods. For instance, one type of material composition has been maintained throughout
(albeit in three variations), and systems parameters like the hose length or mixing and pumping strategy have not been varied. Thus, these parameters are controlled. Other parameters
are not constant, but may be adequately predicted or programmed on forehand. For instance,
the interlayer interval time (an important parameter concerning the bond strength in the
hardened phase), will vary based on the object geometry, but can be defined a priori based on
the contour length and printer speed. Likewise, it may be desirable to vary the speed of the
robot throughout a printing process, and thus, the outflow of material should adapt correspondingly to maintain an equal layer section. This has been programmed in the TU/e 3DCP
setup by linking the robot speed to the pumping frequency in the control unit. Thus, these
parameters are controlled as well.
Some of these parameters however, are neither constant nor can they be (accurately) predicted, as they may fluctuate during a printing process, or in between printing sessions. This
is for instance the case for environmental conditions like temperature and relative humidity,
in particular for 3DCP enterprises adopting an on-site printing strategy. However, even in the
laboratory environment of the TU/e 3DCP facility, variations in conditions were observed.
This is illustrated in Figure 5.1, where temperature measurements by thermocouples positioned immediately after the mixer-pump are plotted for a print session of approximately 1
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hour, at various moments throughout the year. The initial temperature varies, and the following temperature profile is clearly not constant throughout time. This indicates the presence
of two effects: variation in initial conditions due to fluctuations between seasons, as well as
an additional heating effect due to the mixing / pumping process, gradually increasing over
time. The latter may be attributed to the accumulated heat in the mixer-pump, which is a result of the friction induced by the progressive cavity pump. Consequently, the structuration
or even setting of the material is enhanced while the material is still in the system, resulting
in an even higher system pressure, and thus, additional temperature rise.
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(a)

(b)

Figure 5.1: Temperature measurements during print sessions at various times throughout the year (a).
The location of the thermocouple on the mixer-pump is indicated by the red circle (b).

The influence of temperature on both fresh and hardened properties of concrete has been
thoroughly studied, see e.g. [137, 157, 194], and can be incorporated into structural analyses
via a maturity approach. However, the influence may be even more pronounced for 3DCP.
While the increment of temperature appeared to positively contribute to the stability during
printing (as discussed in subsection 3.3.3), in the absence of formwork, it may be detrimental
for the long term performance (e.g. surface dehydration, mechanical strength). Moreover,
in some cases, a steep increase in system temperature caused blockage in the system, and
thus, resulted in premature failure of the process. The experimental studies as presented in
this thesis were performed within the initial constant temperature range (i.e. around the 10
minute mark in Figure 5.1a, as to prevent erroneously attributing certain results to for instance
ageing, which were in fact affected by a change in temperature.
An additional thermal effect was observed at object level by infrared (IR) camera (ThermaCAM® B360). This is illustrated in Figure 5.2, where temperature profiles are visualized during printing. In line with the thermocouple measurements, temperatures immediately after
extrusion may reach up to 40◦ C, which is a significant increase compared to the typical environmental conditions of around 18-23◦ C. Moreover, a clear gradient in temperature profile is
observed. This is attributed to the difference between the extruded material which is heated
by the 3DCP system, and the preceding layers subject to ambient conditions. Such temperature gradients may induce thermal induced cracking. Note that, in analogy with the structural
issues that may occur during printing, such thermal issues are likewise greatly dependent on
e.g. the printing speed and object geometry.
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(a)

(b)

Figure 5.2: Temperature profile during the 3DCP process, captured by IR camera. The colour bar represents the temperature range, and a hard-working student (body temperature 37◦ C) is included as a
reference.

To be in control of the structural behaviour despite the variation in process parameters, both
geometrical features and mechanical properties have to be measured, to confirm that the
printed object complies with the initial design. Subsequently, if the quality is found to be
insufficient, a feedback system should react upon these measurement in real time, to correct the printing process. Both the measurement and feedback system should be developed
to comply with the digital nature of 3DCP. Early examples of such online monitoring and
feedback systems in digital fabrication processes have already been presented. Lloret et al.
adopted a method of simultaneous penetrometer tests during extrusion by Smart Dynamic
Casting, to record the concrete strength evolution, and applied formwork pressure and friction measurements to adjust the robot speed accordingly [99,100]. Neudecker et al. proposed
a feedback loop for robotic spraying of concrete, where 3D scanners measure the surface finish of the sprayed concrete parts [195]. The remainder of this chapter discusses the necessity
and potential of both a measurement and feedback system for 3D concrete printing.

5.2 Non-destructive testing
To characterize the mechanical properties of 3D printed concrete in both the fresh and hardened material state, destructive tests have been adopted as discussed in the previous chapters.
The classification has shown how these properties may be influenced by numerous parameters in the print process, which may be expected to vary during long print sessions, between
separate session, or depending on the 3DCP set-up and environment. While it will always be
a prerequisite to establish a relation between the mechanical properties and such parameters,
once this relation has been established, a quality control procedure is preferred over extensive
test programs to cope with varying parameters.
Primarily, this concerns a measuring method in line with the digital nature of the manufacturing process. In conventional concrete construction, type testing (e.g. cube compression
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tests, slump-flow tests) is a commonly applied instrument to prove certification compliance
and thus to show sufficient quality has been obtained. However, the continuous nature of
the printing process and the presence of interacting parameters, make such isolated and destructive tests unsuitable. Instead, an online non-destructive monitoring system is required,
which can measure properties on every position and moment in the process.
In this section, the potential of such a system is illustrated for the material state during printing. In particular, the correlation of parameters from a non-destructive test method with
potential for online monitoring, to mechanical properties determined from destructive tests,
has been established.

5.2.1 Monitoring mechanical properties of early age concrete
As the structural behaviour during printing can be controlled through analytical and numerical modelling based on the early age strength and stiffness properties, monitoring these is of
particular interest to assess the structural behaviour. However, these properties were shown
to be time-dependent and develop significantly within the time-span of a typical printing
process, and are also expected to rely on a number of other variables in the print process
that are difficult to predict or control (e.g. induced energy through pumping and system friction, compaction/density, temperature). This requires a measuring method that is easy to
perform and provides a continuous or high frequent measurement output. Often, empirical
tests are applied, e.g. Vicat or penetrometer tests [196]. Although a correlation with compressive strength or yield stress may exist [197], such tests are susceptible for manual influence,
and of a destructive nature. Considering the digital workflow of 3D printing and aiming at a
high-quality manufacturing method, non-destructive testing (NDT) methods are preferred.
The use of NDT has already been adopted in other 3D printing industries. Post-process inspection methods based on e.g. liquid penetration or thermography can be used for quality
control of the end product. Moreover, visual and ultrasonic methods can also be applied during 3D printing to inspect the properties and process as the object is being constructed [198].
Ultrasonic measurement methods are of particular interest for 3D concrete printing, as they
have already been adopted in the construction industry to monitor the material development
of (fresh) concrete in a continuous, non-destructive way. These methods measure the transmission or reflection velocity of sound waves through a sample at a high frequency. Ultrasonic methods are applied in concrete manufacturing and construction, for instance to estimate the strength development of cast concrete so that the demoulding sequence can be
optimized [199], as well as to monitor extrusion-based slip-form manufacturing [175]. To be
able to use the measured ultrasonic velocity to determine mechanical properties that can also
be directly derived from destructive testing, a correlation between the targeted parameter(s)
and the measured parameter has to be established.
Generally, the pulse velocity increases as the amount of hydration products grows, which
also holds for the mechanical properties. However, their rate of development is not necessarily equal. It was reported by Voigt et al. [145] that certain early hydration products create
a structure which contribute positively to the propagation of sound waves, but not significantly to the strength and stiffening behaviour. Moreover, the ultrasound measurements are
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dependent on: cement type, aggregates, and presence and dosage of admixtures like accelerators and superplasticizers [200, 201]. Notwithstanding these dependencies, correlations between ultrasonic pulse velocity and mechanical properties have been established, for instance
by [145, 201–205]. However, they are generally applied for stages when the concrete has an
age of at least several hours. Since concrete is in a principally different stage of development
during 3D printing, governed by thixotropy rather than setting or hardening processes, these
relations are not necessarily applicable. Therefore, a study has been performed to determine
a correlation between ultrasonic pulse velocity, and the two mechanical properties Young’s
modulus and compressive strength.

5.2.2 Ultrasonic wave transmission test
Non-destructive ultrasonic wave transmission tests (UWTT) were used to continuously monitor the velocity of sound through a printed sample, in a time frame of 5 to 90 minutes after
extrusion.
The ultrasonic test were performed using compression (P) waves according to NEN-EN 125044 [206]. A commercial available system was used (type IP8, manufactured by UltraTest GmbH,
Germany). The UWTT system (see Figure 5.3) consists of a cylindrical concrete sample with
diameter d = 50 mm and height h = 50 mm, cast into a silicon mould with high damping
properties. On two sides of the sample a transmitter and receiver are placed with a mutual
distance of 40 mm. Four sound absorbers are positioned in the silicon mould to avoid influences of waves travelling through the mould, bypassing the sample. An ultrasonic pulse is
transmitted every 1 min over a period of at least 90 min. The propagation time t of the pulse
over the wave path l is recorded and used to compute the P-wave velocity v = l/t through the
fresh material. Subsequently, the acceleration v’ was calculated as the first derivate of the Pwave velocity function. Additionally, the sample temperature and ambient temperature were
measured continuously during each test.

Figure 5.3: Ultrasonic wave transmission equipment.
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Two series of ultrasonic tests were performed in parallel to two of the destructive experimental studies discussed in chapter 3. The first, in parallel to the UUCT on Weber 3D 145-1,
concerned 5 ultrasonic tests, while the second, in parallel to the TCT on Weber 3D 145-2,
concerned 20 tests. In both cases, the material was extracted from the 3DCP set-up into the
UWTT moulds. Each sample was then compacted by tapping three times with a rod to realize
a homogeneous sample.

5.2.3 Ultrasonic test results
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The results of both UWTT series are depicted in Figure 5.4, where the grey lines indicate the
individual measurements, and the black line continuous line represents their average. Although it deviates from the result in the first 10 minutes, the average ultrasonic pulse velocity
may be approximated by a linear fit within the studied time frame, indicated by the dashed
line. The scattering of results present in both the TCT and UUCT is clearly recognized in the
UWTT measurements as well.
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(a)

(b)

Figure 5.4: Ultrasonic pulse velocity as measured in parallel to the UUCT (a) and TCT (b) test series.
The grey lines indicate the individual test results, and the solid black line indicates their average. The
black dashed line represents a linear fit based on the average result.

Based on these results, the ultrasonic pulse velocity can be expressed as a function of concrete
age, given by Eqs.(5.1) and (5.2) for the two series respectively:
vp (t) = 3.851 · t + 66.68

(5.1)

vp (t) = 3.345 · t + 105.46

(5.2)

For both series, the sample temperature and wave acceleration are mostly constant in the time
frame considered (see Figure 5.5). The minor decrease in the first minutes may be attributed
to an initial increment of temperature before extrusion due to the accumulated heat in the
mixer-pump, and the heat released by initial hydration reactions. After that, the hydration
reactions come to a rest and the sample temperature reaches the ambient value. Logically, the
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approximately constant wave acceleration should result in a linearly increasing pulse velocity,
which was indeed found (Figure 5.4). After 90 minutes, it has reached a speed of about vp =
400 m/s, well below the vp value between 1400 and 1500 m/s, that is typically found as indicator of initial setting [205, 207]. Therefore, it appears the increment of pulse velocity may be
attributed to the thixotropic structuration of the material.
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(a)

(b)

Figure 5.5: Average acceleration and temperature measured in time using the UWTT in parallel to the
UUCT (a) and TCT (b) test series. For clarity, the average ambient temperature during testing has been
indicated by the black dashed line.

Subsequently, a correlation has been established between the results of the non-destructive
UWTT, and the strength and stiffness as measured by the destructive UUCT and TCT, depicted in Figure 5.6. As would be expected from the fact that both show linearly increasing parameters over time, their correlation may be approximated accurately by linear trend
lines. The relations between the ultrasonic pulse velocity, and both the early age compressive
strength (in black) and Young’s modulus (in grey), are given by Eqs.(5.3) and (5.4), respectively for Weber 3D 145-1, and Eqs.(5.5) and (5.6), respectively for Weber 3D 145-2. Note
that these are remarkably more simple than the relations presented by for instance [202, 205]
that apply to concrete beyond the time frame considered here.
Weber 3D 145-1
fc (t) = 0.084 · vp (t) − 6.163

(5.3)

E(t) = 0.920 · vp (t) − 62.018

(5.4)

fc (t) = 0.0513 · vp (t) − 0.995

(5.5)

E(t) = 0.510 · vp (t) − 14.285

(5.6)

Weber 3D 145-2

The ultrasonic wave transmission tests may be deemed a suitable non-destructive method
to characterize the early age properties of 3D printed concrete. Once a correlation has been
established, the UWTT provides a continuous quality control of the mechanical properties
required to asses structural failure in the fresh material state. These findings stimulate the
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Figure 5.6: Ultrasonic pulse velocity versus compressive strength (in black) and Young’s modulus (in
grey), based on the UUCT results (a) and TCT results (b).
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development of such a system in-line, as the studies presented here were performed on control batches in parallel to the printing process. Moreover, the non-destructive ultrasound
tests may be adopted to monitor variations of process parameters during printing, and their
effect on the mechanical properties. For instance, the influence of temperature was already
indirectly shown by the UWTT, when operated in parallel to 3D printing of wall structures
(discussed in subsection 3.3.3). The results of these measurements, once more presented in
Figure 5.7, clearly indicate a difference in the development of ultrasonic pulse velocity over
time, between a ‘cold’ system at the start of a 3DCP process, and a ‘heated’ system at its end.
This indicates the potential to adopt non-destructive measurements to control the influence
of important process parameters, such as temperature, and possibly even use them as input
for active control of the material properties (in analogy with an addition of e.g. an accelerating additive). For this reason, additional exploratory studies on the influence of temperature
have been performed, which will be discussed next.
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Figure 5.7: Ultrasonic pulse velocity development over time, for fresh concrete extracted at the start of
a printing session (in light grey) and at the end of a printing session (in dark grey).
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5.3 The influence of temperature on fresh concrete
Although the experiments for the present thesis have been performed at an approximately
constant temperature, this may not be the case for longer printing sessions or variations between print environments. As the parameter temperature was found to be dominantly present
in the 3DCP process, both due to fluctuations in ambient conditions and due to heating of
the ‘wet’ system, additional experimental studies were performed to establish the influence of
temperature on fresh concrete.
Three exploratory studies were performed. First, the effect of heating and cooling on the compressive strength of fresh concrete was investigated. Subsequently, a print trial was performed
on a rectangular shape partially heated externally, by the radiation of heat lamps. In a third
experiment, a print trial was performed on two shapes for which the water was pre-cooled
or pre-heated before mixing by the system discussed above. The details and results of these
studies are presented in the following sections.

5.3.1 Temperature dependent fresh material properties
Cylindrical specimens of fresh concrete were prepared according to the same procedure as
discussed in subsection 3.2.2, using material composition Weber 3D 115-1. In their moulds,
the specimens were stored in an oven, climate chamber, or refrigerator depending on the
temperature regime, until 5 minutes prior to testing. For each temperature-time regime, one
specimen was kept to measure the internal (core) temperature development using thermocouples, while others were subjected to load-controlled unconfined uniaxial compression by
the SCT set-up (see subsection 3.2.1).
Specimens were tested at two specimen ages, namely 30 and 75 minutes after mixing, at three
base storage environments, the ‘cold’ regime at 2◦ C, the ‘normal’ regime at 22◦ C, and the
‘hot’ regime at 75◦ C. Five specimens of each age and temperature combination were tested.
Additionally, six specimens were tested at 75 minutes, having been subjected to non-constant
conditions (three from cold to hot, and three more vice versa). This relatively wide range of
temperature (most likely not observed in practice), was chosen deliberately to prevent the expected scattering of result, based on the numerous tests discussed in chapter 3, to interfere
with the derivation of the temperature effects. To average the influence of variations between
mixing batches, each specimen of a series for the base parameters has been obtained from
a different batch. Figure 5.8 shows the specimen core temperature development associated
with each storage regime. Note that the storage temperature does not correspond to the actual specimen temperature. Also, notice that the specimen temperature increases from 22◦ C
to approximately 27◦ C directly after mixing, due a combination of immediate hydration reactions and induced heat by the mixing/pumping process.
The average compressive strength of each temperature-time regime is presented in Table 5.1.
The compressive strength was found to increase for specimens that have been stored at higher
temperatures, and likewise, reduce for specimens that have been cooled. Initially, for the tests
performed at 30 minutes, the effect is limited, but at 75 minutes the effect is very distinct.
The strength increase from normal to hot conditions is approximately 30% at 30 minutes and
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Figure 5.8: Temperature development of specimens stored under various conditions.

increases to some 300% at 75 minutes. As the influence of the ambient conditions on the
specimen temperature is still limited at 30 minutes (see Figure 5.8, the specimen temperature
has risen only to about 33◦ C), this is in line with expectations.
Temperature /
testing age

2◦ C

22◦ C

75◦ C

2→75◦ C

75→2◦ C

30 min
75 min

10.4
18.1

11.9
25.1

15.5
75.5

41.9

42.1

Table 5.1: Average compressive failure stress [kPa] for combinations of storage conditions and test time.

The results for the temperature regimes hot-to-cold and cold-to-hot, tested at 75 minutes, are
between those of the normal and hot specimens cured conditions, which considering their
temperature history would also be expected. Importantly, the found effect of temperature on
compressive strength and the associated expected increase in apparent modulus of elasticity,
although not directly studied in this experimental program, are significant enough to have
a meaningful effect on the failure behaviour during printing, especially for longer printing
sessions.

5.3.2 Print trials with externally applied heat
To illustrate the effect of temperature on the critical failure height, a rectangle with dimensions of 4000 by 500 mm was printed, using the default 3DCP settings (Table 2.1). One of the
longitudinal sides was heated by heat lamps on both sides, while the other rectangle side was
unaffected and thus was printed in ambient conditions. Figure 5.9a and b show the set-up.
During printing, the two sides were carefully separated by a cutting blade. Using the numerical model discussed in section 3.3, the time-to-failure was estimated to be approximately 75
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minutes for the normal temperature conditions, and thus, based on the results discussed in
the previous section, well within the regime where an increasing failure height due to temperature would be expected.

(a)

(b)

(c)

Figure 5.9: Schematic representation of the printing set-up with heating lamps (a) and a photo during
printing (b). The non-uniform thermal profile on the wall is captured by IR camera (c).

The object temperature was monitored using an IR camera, see Figure 5.9c. It shows the heating effect of the lamps is limited as the surface of the walls show a non-uniform temperature
distribution, even though locally temperatures of up to 65◦ C were recorded. The effect on
the core of the material should be expected to be even less. Printing was set to continue until
failure of both walls, or until a significant difference between the normal and heated wall was
established.
The unheated side of the rectangle failed by elastic buckling after 50 layers, corresponding to
a printing time of 71 minutes. Printing was discontinued after 85 minutes, when 60 layers in
the heated wall were reached and collapse still had not occurred, due to the fact that the wall
grew outside the influence of the heat lamps (see also Figure 5.9a) and a significant difference
with the normal wall had already been established. Even though the heating effect was local,
the resulting strength and stiffness difference was sufficient to show a considerable effect on
the structural behaviour during printing.
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5.3.3 Print trials with internally applied heat and cold
As the application of external heat through lamps resulted in only a localized temperature
increase, a second approach was tested whereby mixing water of different temperatures was
used as an ‘internal’ temperature source. Three water temperatures were applied: 10, 20, and
40◦ C (cool, normal, and warm).
Two types of geometries were printed: a cylinder with a hearth line radius of 210 mm, and a
‘flower’ with internal radii of 70 mm (see Figure 5.10a and b). The latter geometry was chosen
as it was expected to enhance the geometrical stiffness of the object, and thus, result in an
increased critical height to allow for a wider range of temperature effects to be observed. The
contour length of both shapes is equal. The shapes were printed until collapse, using the same
printer settings as the previous study. In exploratory trials, it was observed that a constant
temperature was obtained after 10 to 15 minutes of running the system (see also Figure 5.1).
Therefore, the trials were performed after 15 minutes had elapsed. Care was also taken that
the system had returned to its neutral temperature between printing trials. This was checked
through thermocouples that were applied at several locations on the printer system.

(a)

(b)

(c)

(d)

Figure 5.10: Cylindrical (a,c) and flower shape (b,d) objects printed for the temperature study. The IR
pictures illustrate the objects printed with heated mixing water, and clearly show the onset of instability
failure for both objects.
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The temperature of the print objects was again observed through a heat camera (see Figure 5.10c and d). Because the water is mixed with the dry mortar of room temperature,
and influenced by friction during mixing and transport, the resulting filament temperature
is not equal to the applied water temperatures, but rather is approximately 33, 36, and 45◦ C,
for water of 10, 20, and 40◦ C respectively. Clearly, the additional heating induced by the
mixer/pump has a profound effect of the output temperature. Consequently, the temperature difference between the objects printed with 10 and 20◦ C water is very limited, as the
maximum filament temperature is merely 10% apart, and the global object temperature is
thus quite close.
On average, the cylinders printed with 10◦ C water failed at 31.5 layers, while those printed
with 20◦ C water failed at 28.5 layer. The average is based on 2 print trials for each temperature. In fact, the objects with 10◦ C water performed slightly better than those with 20◦ C
water, which is not in line with the expectations based on the material tests discussed in subsection 5.3.1. This may be attributed to the difference in filament width. In line with studies
on the effect of temperature on flow behaviour of fresh concrete [157, 208, 209], it was observed that with the same printer settings (e.g. pumping frequency, printer speed), the material printed with cooled water behaved more fluidly, and consequently, resulted in a wider
filament width. Since the objects failures were all stability-driven, this constitutes a secondary
but important influence of the water temperature on the moment of failure. Thus, in addition to structural effects, the influence of temperature on rheological behaviour will be an
important topic to address related to the geometrical conformity of 3D printed objects.
Printing of the circles with 40◦ C water was exposed to some issues. For the first cylinder, in
retrospect, the system had not yet reached a constant temperature, and was thus still heating
up. This cylinder failed at 48 layers. Printing of the second cylinder with 40◦ C water could
not be completed due to a blockage in the pump that occurred during printing of layer 29.
Nevertheless, the clear increment of layers before failure of the first cylinder, compared to
the cooled and normal water temperature, already indicate the positive effect of an increased
temperature on the moment of failure.
For the flower shape, the 10◦ C water resulted in a failure after 40 layers (averaged over 2
print trials), while the 20◦ C and 40◦ C experiments resulted in failure at 39 and 53 layers
respectively. The print that was performed with warm water, seems to fail significantly later
than the one with cool and normal temperature water, which is in line with the results from the
previously discussed experiments. As was observed for the cylindrical objects, the moment
of failure of the cooled and normal water temperature objects are quite similar.

5.3.4 Observations and discussion
Even though the number of tests in each experiment was limited, the combined results indicate that the print material temperature can significantly enhance the mechanical behaviour
of fresh concrete. A clear increase in fresh-state compressive strength was found, and print
trials indicatively confirmed that a higher temperature increased the moment of failure during printing. In retrospect to the validation studies on linear walls presented in section 3.3,
thermal effects may indeed be a plausible reason for the difference in numerical predictions
(based on ‘cold’ properties) and the printing experiments (performed by a ‘heated’ system).
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More generally, the effect of temperature on the rheological and structural properties in a
3DCP process should be further defined experimentally, and subsequently incorporated into
the structural analyses. By extending the numerical approach with a thermal analysis, this
allows the structural behaviour during printing to be controlled despite variations of this important and difficult to control process parameters. Moreover, as the thermal effects may also
be measured non-destructively by e.g. ultrasound techniques, this parameter has the potential
to be used actively to control the 3D printing process.
However, while an increment of temperature was found to positively contribute to the strength
and stiffness of the fresh material, certain additional effects were observed during the printing
experiments. Firstly, it appeared that the material with cooled water resulted in a more ‘fluid’
extrusion, and thus, gave rise to difficulties in control of the geometrical conformity of the
printed object. In turn, the filament printed appears increasingly solid and stiff with normal
and warm water. Amongst others, this seems to affect the interlayer bond significantly. In pretrial experiments, it was shown that with warm water, the layers could be removed from each
other by hand, and an almost clean ‘cut’ would appear along the bond seam, see Figure 5.11b.
Furthermore, a warm water printed object showed excessive drying shrinkage, compared to
those printed with cool and normal temperature water, see Figure 5.11a. Finally, an increased
system temperature led to blockage in the 3DCP system numerous times.

(a)

(b)

Figure 5.11: Issues due to an increased temperature during printing: apparent reduction of bond
strength (a) and increase of drying shrinkage (b).

In conclusion, temperature may only be used to control the structural behaviour during printing, if it does not compromise the long-term behaviour of the printed object. Even without
using temperature actively, it is desirable to at least keep this parameter constant throughout
long printing sessions, as it was shown to have additional (negative) effects on the object quality and durability. For these purposes, an active control system would be desirable. The two
approaches explored in this study may not be the most suitable, as the mixing water approach
seems to have a limited range of effect (and induced in-line issues), while the external heat
lamps resulted in only localized heating, and may moreover be difficult to adopt in varying
printing environments. A temperature control system at the level of the nozzle would address
all these issues.
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5.4 A real-time height measurement and feedback system
Where the suitability of a non-destructive measurement technique has been illustrated in relation to material properties, the potential of a real-time feedback system will be illustrated
for a geometrical feature. This section discusses the development of such a system for 3D concrete printing, based on the monitoring of one crucial parameter during the printing process:
the nozzle height. A method is presented to use the acquired data to give real-time feedback
to the control unit of the 3D printer, and update the nozzle position correspondingly.

5.4.1 Definition of parameter
A device was developed for real-time continuous adjustment of the nozzle height hN . This is
the distance between the nozzle and the previous layer or print bed, i.e. the vertical space in
which the new layer is placed. For several reasons, during printing, the actual nozzle height
hN,a may deviate from the design nozzle height hN,d , on which the initial robot programming
is based. This may be the result of the inaccuracy and inconsistency of the positioning of the
nozzle (machine induced factor), or to the geometry and geometrical accuracy of the print
bed, which may not be completely flat, particularly when considering on-site printing scenarios as discussed in section 2.2 (environmental factor). Moreover, since printing typically
involves vertical stacking of multiple layers, the fresh material deforms during printing, which
may gradually result in significant deviations from the initial design (material factor). A realtime continuous adjustment of the nozzle height allows to correct for all these influences.
Furthermore, it could be used actively, for instance to print on curved surfaces of which the
geometry is not accurately known.

(a)

(b)

(c)

Figure 5.12: ‘Squeezing’ of the concrete filament due to insufficient nozzle height (a), ‘dropping’ of the
filament due to excess nozzle height (b), and ‘buckling’ of the filament (c). The filament positioning
becomes inaccurate and may induce failure.
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Controlling the deviation from the design nozzle height during printing is important because
deviations in either direction have a profound influence on the quality, geometry and appearance of the printed product. When hN,a < hN,d , the nozzle presses into the freshly extruded
concrete, leading to a pressure overshoot and potential ’squeezing’ of the material to the outside, see Figure 5.12a. This may results in geometrical deviations, and possible overall failure
during printing the printing process.
On the other hand, if hN,a > hN,d layers are no longer placed accurately, but ‘drop’ on the previous layer or print bed and their positioning becomes inaccurate, see Figure 5.12b. This occurs
especially in non-straight lines, particularly in sharp turns or rapidly succeeding alternating
curvatures. Furthermore, as the nozzle height increases, the new layer may locally buckle
depending on its consistency and the speed of the nozzle, resulting in a non-flat end result,
see Figure 5.12c. Both ‘dropping’ and ‘buckling’ will cause uneven or eccentric loading of the
previously printed layers, which may induce failure of the printed object, see also section 3.1.
Moreover, as was highlighted in chapter 4, for some 3DCP systems, the height of the nozzle plays an important role in the interlayer interface strength. Consequently, to ensure the
required structural performance of printed elements, control of this parameter is essential.

5.4.2 Measurement and feedback system
As part of the measurement and feedback system, a device is attached to the print head to measure the distance below the nozzle, and transmit this data continuously during the printing
process. As the nozzle can, theoretically, rotate infinitely during printing, a wireless transmission of data is desirable to prevent winding of wires between the rotating and fixed parts
of the printer. The device is realized as shown in Figure 5.13a. The measurement system consists of a 1D Time of Flight (ToF) Distance sensor, which is able to perform measurements
real-time, with an accuracy of approximately 1mm and a range up to 200mm. This relative
simple 1D sensor fulfils all requirements for this proof of concept, is low cost, and can easily
be upgraded in the future to 2D (layer top-profile) or 3D (point cloud) sensors. The sensor is
used in combination with an Arduino microcontroller, which collects the measured data and
transmits it through a wireless transceiver to the control unit of the 3D printer. The measuring point is positioned in front of the nozzle, such that the system can react directly upon the
measured data. The distance between the nozzle and the sensor is sufficiently large to avoid
interference due to continuously extruded material, but small enough to ensure the measurement point is always within the top profile of a previous layer, especially in sharp curvatures,
see Figure 5.13b.
The transmitted measurements are received by a second transceiver, which transfers the data
directly and continuously into the motion controller. The G-Code used in this control unit
has been extended by Synchronized Actions. These predefined instructions are checked during each interpolation cycle of the machine. During the printing process, the received measured height is checked and compared to a prescribed value. When the measured value deviates from the prescribed value, the positioning of the robot is automatically adjusted. However, rapid variations of vertical positioning may cause excessive vibrations in the robot. This
directly influences the geometry and consistency of the printed product. Furthermore, it induces energy into the unhardened concrete, which is undesirable because of the thixotropic
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(a)

(b)

Figure 5.13: Nozzle height measuring device (a) and top view of its positioning, related to the previous
printed filament (b): optimal sensor distance (I), and too large sensor distance (II).

behaviour of the fresh material. For this reason, a proportional–integral–derivative (PID)
controller and Average Height Value (AHV) are used, to realise smooth movements. Additionally, the offset between the sensor and the actual position of the nozzle is incorporated as
delayed response.

5.4.3 Case studies
The functioning of the measurement and feedback system is shown by two case studies. The
first case study concerns printing a circle of 50 layers with a radius of 250 mm. Due to the
small dimensions of the circle, the bottom layers are loaded relatively fast and are expected
to deform significantly. The actual nozzle height hN,a increases over the object height, as the
deformation grows due to freshly added layers. This leads to inaccurate placement of layers,
as discussed above. Figure 5.14a depicts the circle printed without the use of the measurement and feedback system. It clearly shows hN,a > hN,d . The same circle is then printed with
the use of the real-time measurement and feedback system. Figure 5.14b illustrates how the
deformations are then incorporated while printing, as hN,a = hN,d during the entire printing
process.
The second case study concerns printing on an arbitrary chosen non-flat surface. A track
is constructed with several curvature and height variations, and placed upon the print bed.
This geometry may represent e.g. a non-flat construction site. The printer is programmed to
translate only in flat plane, i.e. x and y movements. No vertical movements are prescribed. The
real-time measurement and feedback system is then used to print over this non-flat surface
without having to define its geometry in advance. Figure 5.15 shows how hN,a = hN,d during
the entire printing process as the nozzle moves smoothly over the non-flat surface.
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(a)

(b)

Figure 5.14: Circle printed without (a) and with (b) the use of the measurement and feedback system.

Figure 5.15: 3D Printing on a non-flat surface with arbitrary curvature and height variations.
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5.5 Discussion
The complexity imposed on 3D concrete printing is reflected by the wide range of process parameters involved, which over the course of the preceding and present chapters, were shown
to influence both the fresh and hardened material behaviour. To control the structural behaviour in both material states, the relation between mechanical properties and these parameters has to be established, and for this reason, the destructive tests that have been adopted
or developed in the present thesis are appropriate. However, once these interdependencies
have been defined, the continuous and digital nature of 3DCP calls for a different approach.
The isolated tests, often performed in parallel or at the start of a printing process, represent
merely single points in time. Thus, for long print sessions or variations between system and
environment, their results may deviate from the actual state and history of the material. Consequently, predictions are off, unless extensive test programs are performed to keep up with
the changing conditions.
For this reason, the use of (semi-)continuous non-destructive measurement techniques has
been proposed. It was illustrated by ultrasonic wave transmission tests that, once a correlation
between such measurements and mechanical properties had been defined, the ultrasonic tests
allow continuous quality control of mechanical properties during printing. While these tests
were performed on simply obtained control batches (i.e. in parallel to 3D printing), the findings stimulate the development of an in-line non-destructive quality control method. Such
methods may be based on, but not limited to, optic measurement systems, thermal cameras,
as well as ultrasound techniques, which have all been satisfactory adopted for the present
thesis.
Subsequently, once the quality can assessed, and is found to be outside of the defined domain,
a feedback or control system should react upon such measurements. In this chapter, this was
illustrated by a real-time height measurement and feedback system. Although this system was

Figure 5.16: Control of 3DCP processes: real-time measurement and feedback systems to enhance an
individual 3D printing process (continuous lines) and enrichment of parametric databases, to improve
the process over the course of time (dashed lines).
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based on merely a single important process parameter, it can easily be extended with more
process parameters. Besides more advanced geometrical measuring (for instance 2D and 3D
features), chemical and physical conditions such as concrete temperature (both before and
after deposition), surface wetness, and environment conditions, can be recorded and reacted
upon. This principle of non-destructive measurements and real-time feedback during 3D
printing is illustrated by the continuous lines in Figure 5.16.
To define the right (re)actions of such a control system, the numerical tools as presented in
this work may prove suitable. They can be used to re-assess the structure in real time, and
optimize the process or geometry correspondingly, while ensuring both requirements of the
operation window are fulfilled: structural collapse during printed is prevented, while sufficient interlayer adhesion is guaranteed. Such optimization strategies were already explored
theoretically in an early phase of 3DCP research at TU/e, see for instance [210, 211].
In addition to instantaneous adjustments, the in-line measurements may be stored in a parametric database, enriching the relations between design, material performance, and process
parameters. As such, the system will become smarter as more and more 3DCP projects are
realized, and thus, result in more efficient and more sustainable 3D printed structures over
the course of time. This principle is illustrated by the dashed lines in Figure 5.16.
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VALORIZATION PROJECTS

CHAPTER SIX

Valorization projects
In parallel to the development of the experimental procedures and numerical models that
have been discussed in the previous chapters, many printing objects have been realized over
the course of the present thesis. Often, these concerned relatively small scale objects, to realize
test specimens, or facilitate evaluation of different printing strategies, including variations
of the nozzle design, geometrical features of the object, as well as material enhancements.
However, to demonstrate the potential of 3DCP, a number of large scale valorization projects
has been realized as well. Where applicable, the experimental and numerical methods have
been used in these projects. In this chapter1 , the projects will be discussed chronologically,
along with an elaboration on the design and manufacturing choices that were made, based on
the state of research at the time of realization.
With the aim to apply these large scale objects with a structurally a load-bearing function in
practice, their structural performance should be assessed. Without a proper understanding
of structural properties and scale effects, the worldwide enthusiasm for 3DCP could result
in structures being applied in practice, without having been thoroughly proven to fulfill the
required safety standards. If that were to result in a collapse, in addition to the effects on the
individual project, that could endanger the (speed of the) development of the technology as
a whole. As long as these uncertainties exist, large scale testing of structural elements is an
essential tool that should be applied to prove their validity and avoid structural failures. In
Europe, the Eurocode provides the legal framework for this approach, designated as ‘design
by testing’ [164].
For the valorization projects discussed in this chapter that have been or were to be applied
in practice, the ‘design by testing’ approach has been adopted, and their results will be highlighted in the corresponding sections.

1 Parts of this chapter have been published in [212].
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6.1 Pavilion TU/e
The first large scale case study realized in the context of the present thesis was a 3D printed
pavilion, presented during a public demonstration session in June 2016. The size of the pavilion amounts to 3.5 x 2.5 x 2 m, with rectangular layer dimensions of 40 by 10 mm. The initial
design of the pavilion was proposed by I’M Architects and Witteveen+Bos consulting engineers, and was later updated in collaboration with the TU/e research team to closer represent
the capabilities of the 3DCP system of the TU/e. At this stage, the presence of instability
failure during the printing process had already been established. Unsurprisingly, this was
likewise observed in trial prints for this pavilion, see Figure 6.1a, as both the geometrical
and material stiffness was relatively low (the first material composition Weber 3D 115-1 was
used), and the contour length was short, resulting in a relatively high l˙ (see Eq.(3.3)).

(a)

(b)

(c)

Figure 6.1: Realization of the 3D printed pavilion: buckling observed during printing (a), tessellation
of the design into parts (b), and the final completed pavilion (c).

However, in the absence of the numerical model to optimize either the geometry or the printing strategy, the design was tessellated horizontally, and printed in parts, see Figure 6.1b. To
minimize the presence of (aesthetically undesirable) joints, the number of tessellations was
defined on the edge of what was observed to be in the structurally safe regime. The tessellation moreover facilitated the logistics and assembly of the pavilion, which was performed
manually in collaboration with Van Wijnen. The final, completed pavilion is depicted in Fig152

ure 6.1c. As this pavilion had merely a show case character, and was not subjected to real life
loading situations, no large scale tests were performed.

6.2 Studio Nyborg
A studio-type structure was planned in the town of Nyborg, Denmark, as part of a larger
construction project for student housing. The sketch design by architect Moltke, shown in
Figure 6.2a, featured 3 closed, curved wall elements that were to be connected with straight
timber frames containing the windows and doors. The curved walls would be manufactured
through off-site 3D printing at the TU/e facility, as this was expected to allow better process
and quality control than on-site printing.

(a)

(b)

Figure 6.2: Sketch design of Nyborg Pavilion by Moltke (a) and horizontal section of test element (b).

The principle of the wall design was elaborated by the architect, structural engineer Witteveen+Bos and the TU/e research team. Probably the most determining factor was the stringent insulation requirements. Danish building codes require an R-value of R = 10 m2 K/W,
which ruled out an internal zig-zag concrete pattern or solid cast concrete, as is seen in similar projects (see for instance Figure 2.3). Rather, the wall section design consists of a printed
inner and outer face with a thickness t = 60 mm, corresponding to one filament. For the
test phase of this project, three 750 mm wide straight segments of the wall design were to be
printed, using material composition Weber 3D 115-1.
Consequently, the risk of instability failure during printing was present, as similar to the previous pavilion, the wall elements inhibited a rather high l˙ and low stiffness. Two approaches
were adopted to prevent such failure. Firstly, a sine curve pattern was applied on both sides of
the straight wall, to both increase the object stability during printing, and introduce an architectural effect in the final structure (see Figure 6.2b). Secondly, an accelerator (weber.ad snel)
was dissolved in the mixing water. This reduced the setting time of the concrete from 2 – 3
hours to 15 – 30 minutes, which was expected not to negatively influence the interlayer bond,
yet allow stable printing. Due to the time pressure of this project, this was not extensively
tested beforehand, but rather confirmed in the large scale tests that followed.
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For the infill material, a sprayable PUR insulation foam was selected. Preferably, the infill
would be applied during printing, to optimize the interaction between the concrete faces and
insulating core. However, as instability failure during printing was already observed with
a (non-expansive) liquid infill material (see Figure 6.3a), this was expected to occur even
stronger in case of an expansive foam. Thus, the insulation foam was applied once the concrete
had sufficiently hardened. Additionally, the faces were connected by GFRP wall ties, which
were placed manually into the fresh layers during printing.

(a)

(b)

Figure 6.3: Infill materials causing failure during printing (a) and fracture due to shrinkage in the final
product (b).

The three wall structures were printed in June 2017. To achieve the filament section of 60
by 10 mm (instead of the default 40 by 10 mm section), a customized nozzle was made that
would also enable the application of cable reinforcement later in the project (see section 6.3
for more details). The print speed was reduced by 20% to 80 mm/s to account for the larger
filament section. The print time for one object was approximately 2 hours. During and after
printing, the object was sprayed with a curing agent (BMP Curing Compound AC) to avoid
dehydration of the object. Due to its size, the usually applied method of wrapping in foil was
unpractical. Two objects were printed to their intended height of 2.5 m. The printing of the
third specimen had to be cancelled at 1.33 m height due to unexpected inconsistencies in the
filament, most likely induced by a blockage in the system due to presence of accelerator. The
printing process and the final, completed walls are illustrated in Figure 6.4.
One week before testing and before the short sides were removed by sawing (indicated by the
dashed lines in Figure 6.4b), vertical cracks were observed in the short sides of each of the
three specimens. These had not been there before, and must be attributed to non-uniform
shrinkage in the sample. Test samples from a simultaneously running MSc project [213] show
this effect very clearly (Figure 6.3b). Not all cracks extend over the full height, but over a very
significant part nevertheless. However, since all cracks occurred in areas that were removed
before testing, they did not influence the results of the tests that followed. After the short sides
were removed, it was also discovered that the test elements featured several horizontal cracks
through the layer interfaces. It is suspected these are caused by peak stresses around the wall
ties that occur during curing of the concrete, in combination with a low interface adhesion
caused by the backward printing nozzle (further discussed in section 6.3).
To assess the structural performance of the printed elements, three types of large scale tests
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(a)

(b)

Figure 6.4: Test elements during printing (a) and after completion (b).

were performed. For an extensive discussion on the experimental set-up and the results, reference is made to [212].
Firstly, the two 2.5 m walls were subjected to a vertical flexural test, as a 3-point bending
test on ‘standing’ elements, with the load acting horizontally, see Figure 6.5a. Both elements
were well capable of carrying the design load without collapse, in spite of the pre-existing
horizontal cracks. The design, therefore, was considered safe for these load conditions.
Subsequently, a compression test was performed once on each face of one of the 2.5 m walls.
In the first test, the outer face was loaded, followed by the inner face in the second test, which
corresponds to the flexural tension side of the 3-point bending test. Figure 6.5b shows the test
set-up. Both sides were loaded well above the pre-established design load, showing a comparable, linear behaviour, without occurance of additional cracks. For the second tests, however, the vertical stiffness was significantly lower, which can be explained from the smaller
concrete section (due to the sawing process, this face was almost 15% smaller), and the fact
that this face had more cracks as a result of the previous bending test, which allow for some
crushing resulting in the associated deformation. Nevertheless, it was concluded that compression would unlikely be the governing load case, given that an already damaged element
could easily carry 6 times a conservative estimate of the design load.
Finally, the 1.33 m wall was subjected to pendulum impact loading in a set-up derived from
NEN-EN 12600 [214]. Since the element shape, size and support do not correspond with the
codified set-up, some adjustments had to be made. Figure 6.5b shows the test set-up. The
element was impacted several times from each predefined drop height of 190 mm, 450 mm
and 1200 mm. No noticeable effect was observed after several impacts from 190 mm and 450
mm height. When the drop height was increased to 1200 mm, increasing damage occurred
upon each impact, beginning with two horizontal cracks upon the first impact, spalling from
the back side on the second impact and spalling at each side on the third impact. A drop
height of 1200 mm corresponds to strict severe impact regulations for balustrades at height,
for which damage is allowed but fall-through is not. The behaviour of the printed wall element
was therefore considered safe for the intended use.
The test specimens met the requirements set for each loading condition with considerable
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(a)

(b)

(c)

Figure 6.5: Large scale set-up for vertical flexural tests (a), compression tests (b), and pendulum impact
tests (c).

margin, and the design was therefore considered safe and sufficiently strong. Nevertheless,
some defects were encountered that called for an improved manufacturing design. However,
before such studies could be performed, the project was discontinued due to a shift of priorities with the client.

6.3 Bicycle bridge Gemert
In the summer of 2017, a 3D concrete printed bicycle bridge was developed at the TU/e. This
project was initiated by general contractor BAM as part of a larger infrastructure project.
The 6.5 m long bridge, intended for bicycle traffic, crosses a small local canal in Gemert, the
Netherlands. The final design featured six identical printed elements (3.5 m wide, approximately 1 m high) that were rotated 90 degrees after printing, and then pressed together by
unbonded prestressing tendons through the openings in the printed geometry, such that the
entire section would always remain in compression under the expected loading conditions,
see Figure 6.6a. The bridge was designed, printed, and tested based on material composition
Weber 3D 115-1.
The cross section of the bridge elements was designed based on the application in the final,
hardened state, and consists of a series of connected bottle-shapes, alternatively positioned
upside down, in combination with a continuous connecting straight line at the bottom. Like
the studio design for Nyborg, layer dimension of 60 by 10 mm were adopted. Consequently,
unlike the previously discussed projects, structural failure during printing was no issue for
˙ and the geometrical stiffness
this project, as the contour length was relatively long (a low l),
was high due to the supporting inner geometry, see Figure 6.6b.
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(a)

(b)

Figure 6.6: Bicycle bridge conceptual design (a) and cross section of the final bridge during printing
(b).

For this design, structural failure in the hardened material state could become critical, related to the interlayer bond strength. Moreover, for the first time, horizontal interfaces were
present, as layers were printed in parallel to each other. As no downwards thrust of the nozzle
or gravitational pressure was acting on this interface, the horizontal bond strength required
further study. In accordance with the printing, sawing, and testing procedure discussed in
section 4.3, a series of direct tensile tests was performed. Contrary to the previously discussed tests, for this study, the specimens were placed such that the horizontal interface was
loaded in tension. Three sets of specimens were created, whereby the overlap of the horizontal layers was stepwise increased from 0%, to 12.5%, to 25% of the layer width. For each set,
three specimens were tested.
The average tensile strength of the second and third set of specimens was found to be 1.66
and 1.49 MPa, respectively. These values are very similar to those found in the vertical interface series discussed in section 4.3. For the first series however, whereby the horizontal layers
were printed exactly next to each other, the average tensile strength was equal to 0.94 MPa,
which is a significant reduction compared to the samples printed with a minor and moderate overlap. The cracking surface further illustrates the necessity of sufficient overlap, as the
specimens of the first series show obvious voids between the filaments, while the specimens
printed with overlap show a homogeneous cracking surface, see Figure 6.7. Such observations have likewise been reported by the 3DCP research group of Loughborough University,
albeit using a much smaller nozzle and filament scale [68]. In addition to the reduction on
mechanical strength, these voids could be detrimental for long term durability performance.
In conclusion, for the current bridge project, a layer overlap of approximately 14% has been
maintained as a safe value.
As the bridge elements involved relatively long print durations, issues due to a gradual temperature rise as discussed in section 5.3 were expected. For this reason, the wet system of the
3DCP set-up was doubled, and two sets of mixer-pumps, hoses, and nozzles were used. Every
2 hours a switch was made, before the setting time of the material, to prevent a reduction of
quality over long print sessions, or in extreme cases blockage. Switching of the systems was
performed in a matter of minutes, to avoid a significant increase of the interlayer interval
time, and its effect on the bond strength.
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(a)

(b)

Figure 6.7: Cracking surface of specimens printed with overlap (a), showing a homogenous surface,
and specimens without overlap (b), with a clear presence of voids in between the layers.

The standard nozzle used for the experiments discussed in the present thesis is a down-flow
nozzle, i.e. the concrete filament exits the nozzle flowing vertically. But for the bridge project
(as well as the anticipated but cancelled phase of the Nyborg studio), the nozzle had to be
adjusted to embed a reinforcement cable, as the cable would cut the concrete filament in two
during down-flow extrusion. To avoid this, a back-flow nozzle was developed, such that the
filament and reinforcement cable would exit the nozzle almost horizontally, without splitting
the layer. This nozzle was also used for the test walls of the Nyborg studio (section 6.2). However, it was discovered that an improper design of a back-flow nozzle can have a disastrous
effect on the interface bond between the filament layers, as layers could easily be detached
by hand, see Figure 6.8a. Therefore, a hybrid down- and back-flow nozzle was developed,
see Figure 6.8b, allowing for the entrainment of reinforcement without affecting the interface
bond quality. For further details and discussion the nozzle design, reference is made to [184].

(a)

(b)

Figure 6.8: Bond strength issues observed using the back-flow nozzle (a) and proper printing by a hybrid
down- and back-flow nozzle (b).

To validate the structural safety of the design, two large scale tests were performed. Firstly, a
1:2 scale model of the bridge was tested up to failure in a 4-point bending test (Figure 6.9a),
and subsequently, a non-destructive in-situ test up to the design load was performed on the
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completed bridged (Figure 6.9b). For an extensive description of the project and related testing, reference is made to [184]. Both tests validated the structural performance of the design,
and thus, on October 17th 2017 the bridge was opened and presented to public (Figure 6.9c).
The final bridge was the result of a collaboration between TU Eindhoven, BAM Infra, Witteveen+Bos, the municipality of Gemert-Bakel, Saint-Gobain Weber Beamix, Dywidag, Verhoeven Timmerfabriek and Bekaert.

(a)

(b)

(c)

Figure 6.9: Large scale testing of the 1:2 scale model (a), in-situ test of the completed bridge (b), and
public opening of the final result (c).

6.4 Pedestrian bridge Nijmegen
The city of Nijmegen, the Netherlands, in its capacity as the sustainable capital of Europe,
commissioned a 3D printed concrete pedestrian and bicycle bridge in 2018. The design of
the bridge, realized by architect Michiel van der Kley, consists of a double curved bridge deck
with a total length of 28.5 m and width of 3.6 m, spanning between tapered columns positioned along its length, see Figure 6.10a. Based on the experiences of the 3D printed bridge
of Gemert, the structural principle was likewise based on prestressed printed elements, see
Figure 6.10b, with an internal ‘bottle-shaped’ infill. Unlike the previous bridge project, both
the internal and external geometry of each element is different, corresponding to the load
159

conditions in practice. The supporting columns are to be 3D printed as well. The structural
design was developed by Witteveen+Bos in collaboration with Summum Engineering.

Figure 6.10: Design and structural principle of the 3D printed bridge in Nijmegen [215].

Although the design was formulated to illustrate the potential of 3DCP, certain geometrical
features gave rise to issues during the printing process. Firstly, the bridge segments had significant curvatures along its outer geometry, which, despite the relatively long contour length,
could lead to instability failure. From a practical point of view, this was solved by rotating the
segments such that the steepest curvature would always be positioned inwards, and apply a
temporary support material during printing. The straight parts on the other side of the elements (i.e. along the bridge deck) were not supported to minimize additional labour, as these
were expected to be insensitive to instability failure due to their short span in combination
with a relatively long contour length, see Figure 6.11.

Figure 6.11: Temporary support material to locally support the bridge segments during 3D printing.

Contrary to the bridge segments, the contour length of the supporting columns was relatively
short. Moreover, to realize a smooth transition to the bridge deck, the tapered columns featured steep curvatures along their height, see Figure 6.12a. Consequently, printing of the
columns was subject to two issues. Locally, the steep curvature resulted in a horizontal ‘offset’ between consecutive layers. As a result, the layers were partly cantilevering which, due to
their low stiffness, could lead to significant deformations (and possibly induce failure). Globally, the column was sensitive to instability failure during 3D printing. The buckling mode
was derived using the numerical model as described in chapter 3, which indicated initiation
of failure on one side of the column, strongly cantilevering inwards, see Figure 6.12b.
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(a)

(b)

Figure 6.12: Original column design (a) and corresponding buckling mode (b).

To counter these issues, the application of an accelerating additive was not opted for, as this
would require relatively high dosages due to the short contour length, which, based on the
experiences of e.g. the Nyborg project, was expected to induce in-line problems. Instead, a
temporary support material as applied for the bridge segments was selected, as this would
support both vertically the cantilevering layers and horizontally the strongly curved contour.
However, despite the application of a temporary support material, the initial column design
was still sensitive to buckling, as one side of the column was partly straight and even slightly
curved outwards, and thus unsupported. This was analysed using the numerical model, which
was extended with the option to include a temporary support material. The interaction between the concrete and support material was assumed as frictionless hard contact. To minimize the impact on the computational time, the support material was not modelled as a solid
block. Instead, an inner layer with a thickness equal to the printed layer was applied. The
resulting buckling mode of the column, derived by bifurcation analysis, is depicted in Figure 6.13a, which indeed shows a buckling failure on the outwards curved side. Subsequently,
the same column design was printed, and was found to fail similarly, see Figure 6.13b.

(a)

(b)

Figure 6.13: Failure of the column during printing, despite the presence of a temporary support, observed by FEM bifurcation analyses (a) and printing experiments (b).
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Based on these results, the design of the column was slightly changed such that the curvature
would always face inwards, resting against the support material, see Figure 6.14a. This altered
design was then printed successfully, see Figure 6.14b.

(a)

(b)

Figure 6.14: Adjusted column design (a) and successful 3D printing using a temporary support (b).

To validate the structural performance of the printed bridge, one section of the bridge spanning between columns was 3D printed, assembled, prestressed, and subjected to extensive
experimental testing on a 1:1 scale. In these tests, the supporting columns were excluded,
as they were to be filled by structural concrete in the final design. This approach is covered
by the Eurocode and requires no additional testing. The test set-up of the bridge is depicted
in Figure 6.15. The bridge was subjected to a four point bending test, whereby the distance
between the supports and the loading could be varied, to assess the resistance towards both
bending moment and shear forces.

Figure 6.15: Large scale test set-up of the 3D printed bridge.

The test results confirmed the strength of the printed bridge elements, for both the bending
and shear configuration. In fact, the applied load could be increased significantly beyond the
ultimate loading state, without failure. Likewise, the stiffness of the bridge was well within
the desired range, as no significant deformations occurred. This indicates an opportunity
for additional (topology) optimization, for future iterations of this 3D printed bridge design.
After the successful large scale tests, full production was commissioned.
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6.5 Project Milestone
Five 3D printed concrete houses will be constructed in the city of Eindhoven, the Netherlands,
as part of ‘project Milestone’, see Figure 6.16a. All houses will be occupied, and thus, have to
meet regular comfort and quality requirements. The buildings will be realized consecutively,
with an increasing complexity over the course of the project. The first house, aimed to be
realized in 2019, is a one-story building, visualized in Figure 6.16b.

(a)

(b)

Figure 6.16: Project Milestone, consisting of five 3D printed concrete houses (a), and the first house to
be realized (b) [216].

The structural principle of the first house is based on multiple printed walls, which are curved
both in- and out-of-plane. The inside of the walls are straight, to facilitate the interior design,
while the outside of the walls are (locally) strongly cantilevering, to illustrate the freedom
in geometry achievable by 3DCP. Both sides of the walls are separated by an insulating infill
material, to be applied after printing. Consequently, in particular the outer faces of the wall are
sensitive to failure during 3D printing. To support the design process and facilitate a choice
of printing strategy, the numerical model as discussed in chapter 3 was used to study various
topological options. As the type of material and final dimensions were not yet decided on at
the time of this study, all of the following results will be presented in a normalized fashion.
The starting point of the numerical study is a straight 3D printed wall, which has a normalized

Figure 6.17: In-plane rotation α and out-of-plane rotation β of the 3D printed wall structures.
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critical height of 1. Subsequently, three studies are performed and compared to the critical
height of the straight wall. Firstly, a rotation in-plane is stepwise increased from α = 0 to 90
degrees, see Figure 6.17a. Secondly, rotation out-of-plane is analysed up to β = 30 degrees, see
Figure 6.17b. Finally, a combination of in- and out-of-plane rotation is studied.
As the inside and outside are not connected during printing (as a consequence of the thermal
requirements), and the contour length is relatively long, the wall structures are assumed to fail
individually, in line with the results of the studies on linear wall presented in section 3.3. Thus,
solely the outside of the wall structure is considered in the numerical analyses, which, due to
its expressive geometry, is considered as the critical part. For all cases considered, the contour
length, and thus, printing time, is equal, as is the corresponding development of strength and
stiffness, to facilitate comparison between their results. The material properties as derived by
triaxial testing have been adopted, along with default 3D printer settings (Table 2.1).
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The results of the numerical studies are presented in Figure 6.18. From these plots, it is observed that for a wall with β = 0 (no out-of-plane rotation), an increase of in-plane rotation
has no significant effect on the critical height. This is in line with expectations based on the
earlier presented studies: the contour length of a ‘free wall’ has no influence on its critical
height, with the exception of an indirect effect on the printing time, and thus, material devel-
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Figure 6.18: Results of the numerical studies on in-plane rotation (a), out-of-plane rotation (b), and a
combination of the two rotations (c).
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opment, but this is equal for all cases considered. In contrast, out-of-plane rotation (given a
fixed in-plane rotation α = 0), does have a significant influence on the critical height, which
reduces for an increasing β. This is in line with expectations, as the out-of-plane rotation
corresponds to the failure mode of a free wall.
The combination of the two rotations, presented in Figure 6.18c, indicates that the loss of
critical height due to out-of-plane rotation may be partially countered by an increasing inplane rotation. In line with the observations related to the FEM analyses of more complex
geometries, presented in section 3.3, this may be attributed to a membrane stiffening effect. It
should be noted, however, that the support conditions at the bottom layer have been adopted
as fixed in these analyses. Consequently, tensile (vertical) reaction forces may occur in the
numerical results, which differs from the conditions in practice. For the strongly cantilevering
structures, in addition to buckling failure, a risk of failure due to tilting is present, as the
centre of gravity of the structure shift towards the outside. The increment of in-plane rotation
positively contributes to the positioning of the centre of gravity.
Based on these numerical studies, the decision was made to print the walls of project Milestone not as straight lines, but tessellate the design in corner elements, see Figure 6.19a. This
enhances both the freedom in out-of-plane rotation, as well as the resistance towards tilting.
For the wall with strong out-of-plane rotation, the risk of tilting is further reduced by adding
an internal geometry to shift the centre of gravity inwards, illustrated in Figure 6.19b. This
internal geometry is not connecting with the inside wall, to comply with insulation requirements. Nevertheless, it will have a twofold positive effect on the critical height of the outside
wall: the contour length will be increased, and thus, the material will have more time to develop strength and stiffness, and the geometrical resistance towards buckling is increased, as
the free, cantilevering wall is supported regularly by the inner structure.
In line with the design by testing procedure adopted for the previously discussed projects, the
3D printed wall elements will be subjected to large scale tests to confirm their compliance to
the structural safety standards, after which production will be commissioned.

(a)

(b)

Figure 6.19: 3D Printed walls of project Milestone, without (a) and with (b) inner geometry to enhance
stability.
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CONCLUSIONS

CHAPTER SEVEN

Conclusions
The engineering & construction industry is presented with an enormous task due to the world
population growth, and, in particular in developed countries, an additional need to (re)construct civil works that have reached the end of their service life. The industry in its current
state, characterized by a low productivity and high environmental impact, is not equipped
for the challenges ahead. But change is on its way, driven by digital transformation. The
adoption of new manufacturing techniques like 3D concrete printing will directly address the
challenges related to the productivity and sustainability of the industry.
3D Concrete printing has the potential to reduce the overall material use, both directly and
due to the absence of formwork, and thus, decrease the environmental impact and costs.
Moreover, the technique opens up a large freedom in design, where expressive architecture
and design customization is within grasp. However, as has been illustrated over the course
of the present thesis, the adoption of 3DCP comes with an added complexity compared to
traditional manufacturing techniques. Demanding or even contradicting requirements are
imposed on the material behaviour, strongly influenced by the numerous process parameters, while passing through the consecutive phases of a 3D printing process. The resulting
complex geometries may have variations in structural properties throughout. Consequently,
insufficiently attuned processes may lead to failure, both during printing, and once an object
is complete.
The work presented in this thesis was performed to remove the added complexity of 3DCP, by
controlling the structural behaviour of 3D printed concrete, in both the fresh and hardened
material state. This final chapter presents the main conclusions and contributions of this work,
followed by a number of recommendations for future research. Finally, an outlook to the
future of 3D concrete printing is provided.
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7.1 Conclusions
Two of the major advantages of 3DCP, the absence of formwork and the freedom in design
due to the layerwise manufacturing technique, are at the same time the cause of two of its
main structural challenges. In the absence of formwork, the fresh material should be sufficiently strong and stable by itself, to sustain the weight of the subsequent layers, and prevent
structural failure during the 3D printing process. To control the structural behaviour in this
fresh material state, and achieve a robust and economic competitive 3D printing process, the
strength and stiffness properties and their development during the printing process have to
be defined. They should be considered in relation to the geometry of the printed object, and
the printing process parameters like printing speed, layer dimensions, and environmental
conditions.
The layer-by-layer manufacturing approach results in a final product with numerous interfaces, which should adhere sufficiently to avoid failure when subjected to structural loads. To
control the structural behaviour in the hardened material state, and guarantee structurally
safe printed products, the bond strength between the consecutively placed layers has to be
defined, as a function of the printing process parameters, and in relation to the orientation
and loading conditions in practice.

Fresh concrete
In the fresh material state, two main structural failure modes that may occur during the 3D
printing process have been distinguished: elastic buckling and plastic collapse. Thus, in addition to the material strength, both the geometrical stiffness and material stiffness should be
considered. To assess if and how an object may fail during printing, a numerical FEM model
has been developed, which includes the development of both the geometry and the material
properties, throughout the printing process.
To characterize all the required material properties needed for such numerical analyses, an
experimental procedure for fresh concrete has been developed in iterative fashion. After an
exploratory study, a combined test program consisting of an unconfined uniaxial compression
test and a direct shear test was set-up and performed. The compression tests provided the
stiffness behaviour as function of concrete age (to assess failure by elastic buckling), while the
shear test was used to define an age dependent failure criterion (to assess failure by plastic
collapse). In an improved iteration of the experimental program, one single type of test, a
triaxial compression test, was used to define all the required material properties in one go.
The results of both experimental programs indicated that, while the material is still well before its setting time, the thixotropic nature causes a significant linear increase of both early age
strength and stiffness properties. Moreover, the failure behaviour shifts from plastic failure
towards brittle, as the concrete age increases. The experiments additionally confirmed that
the time dependent Mohr-Coulomb criterion may be considered as a satisfactory failure criterion for fresh 3D printed concrete. More generally, these studies highlight the need to assess
the material behaviour beyond the range commonly considered for fresh concrete. Whereas
fresh concrete is often studied from a rheological point of view, in the range of several Pa, the
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strength and stiffness may reach the order of several tens to thousands of kPa in a 3D printing
process. In this regime, standard rheometry equipment may not be adequate, which has led
to the adoption of mechanical tests for the present thesis.
From the experimental program it was concluded that a triaxial compression test is the most
efficient method to define all required input for numerical modelling of the 3D printing process. For a qualitative or comparative insight, a shear test or uniaxial compression test may
suffice, as their testing procedures are less complex compared to the triaxial test. In either
case, the material should be characterized on a scale and in a state representative of the printing process, to prevent overestimation of its properties.
Based on the experimental characterization of fresh concrete, the numerical model was used
to study structural failure during 3D printing processes. The first study, targeting cylindrical
objects, showed a good qualitative agreement between the failure-deformation mode of the
simulations and printing experiments. Quantitatively, the agreement could be improved, attributed to an overestimation of the material properties, and to disregarding the influence of
geometrical and material imperfections induced by the printing process. These issues were
addressed in the second numerical study, which targeted linear wall structures. Firstly, the
results of the numerical model were compared against those obtained by a parametric mechanistic model. In general, the results of these studies on variations of geometrical features
and material behaviour, the influence of imperfections, and the transition between elastic
buckling and plastic failure, were in good agreement, and some specific deviations could be
explained by the nature of both approaches.
Subsequently, the numerical results were compared against printing experiments of linear
walls with various contour lengths. The failure mode was predicted accurately, as well as the
critical height at which failure occurs for relatively small objects. For larger objects and/or
longer printing processes, the quantitative agreement between the numerical prediction and
the printing experiments could be approved. This may be attributed to the presences of additional parameters influencing the material properties, not yet incorporated into the numerical
approach.
Nevertheless, it may be concluded that the numerical model of the 3DCP process is a powerful tool to control the structural behaviour in the fresh material state. As a first step, it may
be applied to define an operating window of process parameters for which structural failure
is avoided. Subsequently, it may be utilized as an optimization tool, aiming for maximum
productivity (e.g. the highest construction speed without collapse), steer development of material compositions (e.g. the minimum structuration rate), and even improve the geometrical features to enhance the structural resistance (e.g. incorporate stiffening ribs or curvature
to increase the buckling resistance). It was moreover successfully illustrated that the model
could be adopted for the strategic placement of a (temporary) support material, to enhance
the geometric freedom without compromising structural integrity during 3D printing.
Hardened concrete
In the hardened material state, the interlayer bond strength has been identified as a critical
factor to control the structural behaviour of a 3D printed object. Based on the well established field of research on (non-printed) bonded concrete, and the relatively new field of bond
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strength in printed concrete, the strength was expected to depend on many process parameters. As the range of 3DCP systems and material compositions applied in practice is wide,
the extent to which the bond strength is influenced may vary.
Thus, an extensive experimental program was performed to define the influence of various
process parameters on the bond strength in hardened 3D printed concrete. The results of the
flexural bending tests, tensile splitting tests, and compressive test, indicate a clear impact of
the manufacturing process on the strength between layers. For the applied material-process
combination, the influence of layer orientation was found to be very limited, given sufficiently
short interlayer interval times. However, as the time between placement of the layers increased, the bond strength reduced. This effect became much more pronounced for samples
left uncovered during the interval time, susceptible to drying. The more general conclusion
from this study is that the impact of potential dehydration of the interface surfaces during
printing should be explicitly addressed, especially when fast setting materials are adopted,
or when 3D printing takes place on-site, in uncontrolled environments. Isotropic material
properties can only be ensured at short interlayer interval times or with thoroughly covered
layer surfaces at longer intervals.
When comparing the experimental results to other studies, it becomes clear that individual
process parameters, for instance interlayer interval time, cannot be considered independently
of the applied material and other process parameters, as large variations of the influence of
isolated parameters are observed. Likewise, the adopted testing procedures vary, as well as the
conditions of both printing and curing, which in some cases, are poorly documented. This
emphasizes the need for standardization of test methods and characterization of 3D printed
concrete, which will become a prerequisite for large scale applications in practice. Contrary
to conventional manufacturing, where generally the bulk material is tested independently of
how it is applied, for 3DCP, the material should be characterized as a function of the printing
process parameters.
The experimental characterization of the bond strength provides a first step towards a structural engineering approach for 3D printed concrete structures. However, the test methods
that are generally applied, do not provide the required input for complex structural analyses, for instance related to non-linear behaviour, redistribution of forces, or topological optimization, typically performed using a numerical modelling approach. For such analyses, a
more comprehensive mechanical characterization (both pre- and post-peak) is lacking. Consequently, in a second experimental study, the suitability of a direct tensile test to derive these
properties has been explored. Two set-ups were compared, of which the direct tensile test
whereby the samples were placed between two stiff non-rotating loading platens was able to
provide all properties, although the accuracy of the deformation measurements could be improved.
Once the failure behaviour of 3D printed concrete has been established, a numerical approach
may be adopted to control the structural behaviour in the hardened material state. By relating the mechanical properties to the process parameters and geometry, such a model may
be utilized to, for instance, define an operation window for the critical process parameters,
reposition the location of the weak spots depending on the loading conditions in practice, or
optimize the geometry to enhance its structural performance.
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3D Concrete printing
As a consequence of the complexity imposed on this new technique, 3DCP has not yet reached
the level of technology needed to fulfil its potential and compete with traditional manufacturing techniques. The experimental procedures and numerical methods to control the structural behaviour of 3D printed concrete, will help the development towards a system in which
the quality of both the process and final product can be predicted, or even optimized. This
will, however, require a further characterization of the interdependency of other process parameters and the mechanical properties. For instance, the effect of temperature or humidity
were shown to have a significant impact on the performance of both the fresh and hardened
material. These interdependencies may be defined by the destructive tests that have been
adopted or developed in the present thesis. Their results can be correlated to those obtained by
non-destructive testing, which has been demonstrated by an ultrasound measurement technique on fresh concrete. Subsequently, these non-destructive tests can be used as a continuous
in-line quality control method. Once the quality can be assessed, and is found to be outside of
the desired domain, a feedback or control system should react upon such measurements. The
benefit of such a system was successfully illustrated by a real-time measurement and feedback
system.
To demonstrate the potential of 3DCP, numerous large scale projects have been realized. The
process towards realization of these projects was still relatively conventional. The designs were
not thoroughly based on the (im)possibilities of the technique, but instead, on the desire to
realize expressive shapes. Consequently, the most suitable printing strategy was not always
straightforward to define. Here, the numerical model developed for this thesis already proved
its value, as it was adopted to study various strategies to comply with the design.
In absence of well established design rules and safety standards for printed structures, the large
scale projects have been realized based on ‘design by testing’. The structural conformity was
assessed by various large scale experiments, as these printed objects would have a structurally
load bearing function. While this experimental approach provides valuable insight in the
structural behaviour of 3D printed concrete, it is rather labour intensive and expensive, and
as such, may hinder the development and widespread adoption of 3DCP. This emphasizes
the need for standardization of test methods and design rules for 3D printed structures. The
experimental and numerical methods presented in this work, will facilitate this necessary
development.

7.2 Recommendations
The experimental procedures that have been developed proved suitable to characterize the
mechanical properties in both the fresh and hardened material state. While various process
parameters have been included in these experimental studies, it is recommended to extend
them with additional parameters that were shown to significantly influence the structural
behaviour, for instance temperature and humidity. Subsequently, by incorporating the results
into structural analyses (i.e. numerical tools or structural calculations), and enhancing them
by coupling to e.g. thermal or hygrical analyses, an even better representation of the structural
behaviour of 3D printed concrete will be achieved.
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The work presented in this thesis was based on one single type of material composition (albeit
in three variations): an OPC mixture with a relatively long open time and limited aggregate
size. As the variation in material compositions adopted in practice is wide, the experimental
program may be utilized to characterize other families of 3DCP mixtures, like rapidly setting
mixtures or geopolymer compositions, to define to which extent the relations as presented
here hold. An improved understanding of the consequences of certain material choices on the
structural behaviour in both the fresh and hardened material state, will stimulate development
and optimization of 3D printable concrete mixtures.
Both the experimental and numerical studies were performed on unreinforced 3D printed
concrete. However, with the aim to realize structural applications, the absence of significant
tensile capacity and ductility will have to be addressed. As the incorporation of traditional reinforcement may prove difficult in a layer by layer manufacturing technique, the adoption of
fibre reinforcement is explored by various research groups instead. The consequences on both
the fresh and hardened material will have to be defined. In the fresh state, the contradicting
requirements between the processing phase (sufficient fluidity to prevent blockage and enhance extrusion) and the printing phase (sufficient strength and stiffness) will be enhanced
by the inclusion of fibres, which are known to impact the early age rheological and structural
behaviour [217–219]. In the hardened material state, the fibres will most likely be included
in the ‘bulk’ material, and thus, reinforce mainly the individual layers and not the interface
between them. Consequently, the anisotropic behaviour which was found to be limited in
this work, given sufficiently short interval times, may increase by an uncontrolled addition of
fibres.
In addition to the ‘static’ loading conditions at predefined material ages that were selected
for both the small and large scale tests, the time-dependent and durability behaviour of 3D
printed concrete should likewise be assessed. This is no different from a conventional design
and engineering approach of concrete structures, however, the nature of 3D printing might
induce or enhance durability issues. This concerns for instance the shrinkage and creep behaviour, which may be more pronounced compared to conventional concrete construction,
considering the absence of formwork and typically high cement contents in printable mixtures. Similarly, the penetration of e.g. water or salts may be enhanced due to the presence
of interfaces between the layers. In the quest for a suitable reinforcement strategy for 3DCP,
care should be taken to maintain sufficient concrete cover, given the relatively thin layer dimensions adopted in practice.
Concerning the individual testing procedures, some improvements have been formulated.
For the fresh material state, this concerns mainly the recommendation to minimize handling
and automate the testing techniques. As it was shown to be crucial to test the material on
a scale and state representative of the 3DCP process, the resulting small scale samples may
be susceptible to manual influence. Undesired thixotropic breakdown may be avoided by
incorporating (automated) testing procedure into the printing process. Instead of transporting material to a test set-up, the material may be characterized in-line, providing the most
accurate representation of its behaviour.
In the hardened material state, an improved measuring technique is suggested for the direct tensile test. By slightly increasing the specimen size (or adopting a different measuring
device), deformations of solely the specimens are derived, which will result in a more accurate mechanical behaviour. Moreover, the testing program should be extended to define, in
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addition to the tensile failure behaviour (mode I), the behaviour of 3D printed concrete for
in-plane and out-of-plane shear (mode II and III).
As a non-destructive test method, ultrasound measurements were shown to be promising,
based on simply obtained control batches in parallel to the printing process. The correlation between these measurements and the mechanical properties derived by destructive tests,
stimulate the development of continuous in-line quality control method. Ultrasound measurements may indeed be a suitable technique, but can be extended by other non-destructive
techniques (e.g. visual, thermal). Likewise, the real-time feedback system that was illustrated
based on a single geometric feature, may be extended to react upon advanced geometrical
features, chemical and physical properties, or environmental conditions.
Finally, based on these (improved) testing procedures and numerical models, a development
towards standardization of test protocols and codes of practice for 3D printed concrete is
strongly recommended. This will facilitate the realization of safe 3D printed structures and
robust 3D printing processes, despite the variations in material compositions and 3DCP systems that have been adopted in practice.

7.3 Outlook
3D Concrete printing has the potential to strongly reduce the environmental impact and increase the productivity of the engineering & construction industry, while at the same time,
realize designs unachievable by conventional methods. Due to the additive nature of this
technique, concrete can be placed solely were it is functionally required, and avoid any superfluous material. To define the desired the locations of printed material, design strategies
based on topology optimization will be adopted. Such techniques place or relocate material
within a given domain, to optimize its performance while subjected to certain (loading) conditions. If these optimization strategies are enhanced by the possibilities and limits of the
3DCP technique (e.g. manufacturing constraints, non-linear and possibly anisotropic material behaviour, differences in compression and tension), they will lead to results that are much
more efficient in their material use, tailored to the manufacturing technique. Moreover, the
optimization strategy can target additional functionalities, for instance the inclusion of openings to integrate services. This approach has already proven its potential in other 3D printing
industries [220, 221], and is now topic of ongoing research in the field of 3DCP.
The overall reduction of material use is an admirable goal. However, up to now, the material
compositions that are applied typically concern high cement contents and/or high admixtures dosages. As such, even if the material itself is applied in a lower quantity, the overall
environmental footprint may still be relatively large. Developments toward more sustainable
and robust concrete mixtures for 3D printing is an important requirement to truly address
the challenges of the engineering & construction industry.
As functional requirements vary throughout a building or civil work, the performance of the
material should follow. As an analogy with the developments of inkjet printers, the current
state of 3DCP resembles a ‘black and white’ printer: the same type of material is printed
continuously. A development towards a ‘colour’ printer will unlock the full potential of the
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technique: objects can be created, with exactly the required amount of the desired material, exclusively on the right location. The colour grades have already been developed in
the field of concrete technology over the course of the past years, leading up to a present
day in which e.g. self-healing, self-cleaning, translucent, conductive, and high-performance
concretes are all available [222–226]. 3D Concrete printing will provide the means to apply
these efficiently and economically in practice. First results of this approach have already been
presented, for instance by the Mediated Matter Group at MIT, under the name of ‘Functionally Graded Rapid Prototyping’ [227], or by researchers targeting functionally graded fiberreinforcement [228, 229]. It should be noted, however, that the integration of functionalities
will always have to be approached in relation to the object life cycle, as it may hinder maintenance, shorten service life, and negatively influence its recycling capacity [230].
By optimizing both the location and type of material, 3D printed objects will be enriched
with multiple functionalities, related to for instance structural capacity, thermal performance,
acoustics, and aesthetics. The optimization process will be performed within a parametric
environment, which seamlessly connects the design process to the manufacturing technique.
The workflow will transform from a linear process to a fully integrated one, where all stakeholders operate simultaneously, with direct insight on the consequence of design choices for
each of the parties involved.
To facilitate variations of the amount and type of material, 3DCP systems will develop towards a colour printer, with smart nozzles that can adjust the volume and compositions of
material on-demand. Using non-destructive measurement techniques, the quality of the process and product will be continuously monitored, and were needed, adjusted based on realtime analyses and feedback systems. The data that is collected during manufacturing is stored
in parametric databases, enhancing the interdependencies between design, material performance, and process parameters. As such, 3DCP will become smarter, more efficient, and
more sustainable, over the course of time.
The adoption of 3D concrete printing will stimulate a digital transformation of the engineering & construction industry towards a future were projects are no longer designed and
planned from scratch, data is not exchanged in 2D via a paper trail, and construction does
not take place largely by manual labour, on a building site exposed to the elements. A design
will be generated based on continuously enriched parametric tools, transferring knowledge
seamlessly and digitally in 3D, supplemented with data related to processing and planning,
and 3D printed and assembled by robots in carefully conditioned environments.
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APPENDICES

Appendix A

Experimental test set-up accuracy
To characterize the early age mechanical behaviour of 3D printed concrete, various test setups have been adopted as discussed throughout the present thesis. Where possible, a dedicated testing rig has been used (see for instance the unconfined uniaxial compression test
(UUCT)), or commercially available equipment has been adopted (see for instance the ultrasonic wave transmission tests (UWTT)). However, due to the typical scale and range of
material behaviour present in the 3DCP process, standardized equipment was not always
available. In such cases, custom made set-ups have been developed. To assess the accuracy of
these tests, additional pre-tests have been performed, which are presented here for the sandbox compression test (SCT), the direct shear test (DST), and the triaxial compression test
(TCT), respectively.

A.1

Sandbox compression test

As the name implies, the loading source of the SCT is sand, applied through a funnel in a
sliding container above the specimen. To assess if the entire load is transferred to the sample
(and not via friction into the frame), and to validate if the weight of the container is properly
balanced by external contra weights, a load test has been performed. Here, predefined weights
of 10 N were applied stepwisely into the container, and the force underneath the sample was
recorded. Figure A.1 presents these results.
The resulting relation between the externally applied force and measured force may be well
represented by a linear trend-line crossing the origin of the graph. Thus, the SCT set-up is
deemed accurate for its purpose. As this accuracy is largely dependent on the absence of
friction between the sliding container and the guiding frame, the sand could induce problems. Thus, in between single experiments, the SCT set-up was thoroughly cleaned and all
sand removed. Between individual series of experiments, pre-test as presented above were
performed to confirm the set-up accuracy.
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Figure A.1: Externally applied load versus measured force underneath the sample in the sandbox compression test (SCT).

A.2

Direct shear test

In the direct shear test, the force could not be measured locally on the sample, and thus, the
measurement data included the force required to shear the top plate off the bottom plate. Even
without a concrete sample present, a minimum shear force is required due to the friction between these two plates. To assess if the friction force would interfere with the measurements
of the specimen strength (i.e. be in the same order of magnitude), shear tests without specimens have been performed. In total, five DST set-ups were developed, and thus, each set-up
was checked individually. Figure A.2 presents the average results of each DST set-up, based
on five individual measurements.
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Figure A.2: Measurement of friction force without concrete in the direct shear test (DST). Each line
represents one individual DST test set-up.

From these results, it is observed that the average maximum force required is equal to approximately 0.8 N, at maximum displacement. As this represents merely 6% of the average failure
load of the weakest (i.e. t = 5 min) specimens tested, and the maximum force was already
reached well before the maximum displacement for all specimens tested (see Figure 3.14), the
custom developed DST set-up is deemed accurate for its purpose.
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A.3

Triaxial compression test

In the triaxial compression tests, specimens were subjected to a confining air pressure in a
custom made set-up. For such tests, it is important that the confining pressure stays approximately constant throughout the test, to accurately define the Mohr-Coulomb failure criterion.
The air pressure during all tests was measured via a pressure sensor, and could be adjusted
manually via an analogue pneumatic unit if required. The measured air pressure for the individual tests at each concrete age considered, is presented in Figure A.3.
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Figure A.3: Measurement of air pressure during triaxial compression tests (TCT) for various confining
pressure and specimen ages.

From these results, it is observed that the confining pressure was constant throughout the
majority of the tests. However, certain deviating measurements are observed. In particular,
pressure fluctuations were present for some of the samples tested with a relatively low confining pressure. This is attributed to the rough step size of the analogue pneumatic unit: it appeared difficult to manually maintain a constant pressure value in such low pressure regimes.
An improvement towards an automatic control unit is recommended. Additionally, for the
highest confining pressure of the samples tested at an age of 60 and 90 minutes, some initial
deviations due to air leakage occurred, which were corrected for during the test. It was how201

ever validated that for all the specimens with outlying air pressure, the resulting strength and
stiffness measurements were not significantly higher in case of a higher confining pressure,
and vice versa. Thus, the custom made triaxial set-up was deemed accurate for its purpose.
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Appendix B

Review of parametric 3D printing
model
The parametric model presented by Suiker [126] reveals the sensitivity of structural failure
during printing, to the process parameters, which are the curing properties of the printing
material, the printing velocity, the geometrical features of the printed object, the heterogeneous strength and stiffness characteristics of the object, the non-uniform dead weight loading and the presence of imperfections. It is demonstrated that the relatively large number of
parameters characterising the 3D printing process can be reduced to 5 unique, dimensionless
(time and lengthscale) parameters, with 3 parameters defining elastic buckling and 2 parameters representing plastic collapse. The model of Suiker had been adopted for the comparative
study presented in subsection 3.3.3. To facilitate this comparison, a review of the parametric
model is presented here1 .

B.1 Elastic buckling
In accordance with plate theory, for the description of elastic buckling the out-of-plane deflection w = ŵ(x, y) of the wall structures illustrated in Figure 3.38 may be subjected to a
separation of variables:
w = ŵ(x, y) = ŵc (x) fˆ(y) ,

(B.1)

where ŵc (x) is the out-of-plane displacement along the (vertical) x-direction of the wall,
evaluated at the symmetry line y = b/2, and fˆ(y) designates the normalised out-of-plane
displacement in (horizontal) y-direction. For the three wall types sketched in Figure 3.38, the
fundamental horizontal buckling shapes satisfying the corresponding horizontal boundary
conditions are assumed as:
1 This appendix has been published in [84].
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Free wall:
Simply-supported wall:
Fully-clamped wall:

fˆ(y) = 1 ,
fˆ(y) = sin(πy/b) ,
fˆ(y) = (1 − cos(2πy/b)) /2 .

(B.2)

As illustrated by Eq.(B.1), with the horizontal buckling shapes in Eq.(B.2), the equilibrium
equation and boundary conditions for wall buckling can be entirely formulated as a function
of the out-of-plane displacement along the x-direction, wc = ŵc (x).
The growth of a wall of length l in x-direction is considered to be a continuous process that
occurs at a constant wall growth velocity. The wall growth velocity l˙ - with the superimposed
dot indicating the time derivative - can be expressed in terms of the actual printing process
parameters as:
l˙ =

Q
,
vn hTl

(B.3)

where Q represents the material volume discharged from the printing nozzle per unit time,
vn is the horizontal velocity of the printing nozzle, Tl is the period required for printing an
individual material layer, and h is the thickness of the wall. Due to curing, the stiffness of the
printing material evolves with time, which can be formally expressed as:
(B.4)

Ê∗ (t) = ĝ∗ (t)E0 ,

where g∗ = ĝ∗ (t) is the characteristic curing function and E0 is the initial stiffness of the
printing material, corresponding to the moment the material is discharged from the printing
nozzle. In [126] two basic types of curing functions are considered, namely a linear curing
function g∗ = ĝ∗l (t), whereby:
l
ĝ∗l (t) = 1 + ξE
t,

(B.5)

and an exponentially-decaying curing function g∗ = ĝ∗e (t), with:
e
ĝ∗e (t) = γE + (1 − γE )exp(−ξE
t)

where

γE =

E∞
.
E0

(B.6)

l
e
Here, ξE
and ξE
are the curing rates for the elastic modulus (with dimension of time−1 ) in
the linear and exponential evolutions, respectively. Further, γE is the ratio between the final
stiffness E∞ , obtained when t → ∞, and the initial stiffness E0 in the exponential curing
process. The characteristics of the linear and exponentially-decaying curing functions are
illustrated in Figure B.1.

As demonstrated in [126], for the incorporation of time-related process parameters in the
parametric model, i.e., the material curing rate and the printing velocity, it is convenient to
develop the model equations in an Eulerian coordinate system that is attached to the printing
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Figure B.1: Characteristics of the linear and exponentially-decaying curing functions for the stiffness
modulus E∗ (solid lines), in accordance with Eqs.(B.4), (B.5) and (B.6). The dashed lines designate
e
exponentially-decaying curing functions characterised by relatively high and low curing rates ξE
.

nozzle. In accordance with Figure B.2, the Eulerian coordinate X is related to the Lagrangian
coordinate x connected to the bottom of the printed wall as:

˙ ,
X = X̂(x, t) = x − l = x − lt

(B.7)

with t denoting time.

X
printing nozzle
0

l

printed wall

x
0

h
Figure B.2: A Lagrangian coordinate system x with its origin connected to the bottom of the printed
wall, and an Eulerian coordinate system X with its origin connected to the end of the printing nozzle.

The Eulerian coordinate X can be expressed into a dimensionless form X̄ (with the superimposed bar emphasising that the parameter is dimensionless) as follows:
207

ˆ (x, t) = ξE X ,
X̄ = X̄
l˙

(B.8)

with ξE representing the curing rate of the elastic stiffness E∗ of the printing material. Similar
to Eq.(B.4), the evolution of the elastic stiffness during curing may be formally expressed as a
function of the Eulerian coordinate X̄ as:
Ê∗ (X̄) = ḡˆ∗ (X̄)E0 ,

(B.9)

in which ḡ∗ = ḡˆ∗ (X̄) thus reflects the specific curing function adopted. Via the coordinate
transformation given by Eqs.(B.7) and (B.8), the linear curing function, Eq.(B.5), in terms of
X̄ becomes:
ḡˆ∗l (X̄) = 1 − X̄

with

X̄ =

l
ξE
X
,
l˙

(B.10)

and the exponentially-decaying curing function, Eq.(B.6), turns into:
ḡˆ∗e (X̄) = γE + (1 − γE )exp(X̄)

with

X̄ =

e
ξE
X
˙l

and

γE =

E∞
.
E0

(B.11)

As a next step, the out-of-plane displacement is henceforth expressed in a dimensionless form,
w̄c = wc /h, with h the wall thickness. In accordance with the coordinate transformation
given by Eqs.(B.7) and (B.8), w̄c can be expressed as a function of the dimensionless Eulerian
coordinate X̄, and may be subsequently decomposed as:
ˆ c (X̄) = w̄
ˆ c,0 (X̄) + w̄
ˆ c,F (X̄) ,
w̄

(B.12)

in which the displacement function w̄c,0 characterises possible geometrical imperfections
generated during printing of the wall, and w̄c,F is the deflection under the applied loading ‘F ’ (i.e., the dead weight loading of the wall). The equilibrium condition for elastic buckling can be expressed in terms of these two displacement components via the following nonhomogeneous fourth-order differential equation [126]:
(

ḡ∗ w̄,c,F
X̄ X̄

)
,X̄ X̄

(
)
− k̄1 w̄,c,F
X̄

,X̄

+ k̄2 w̄c,F =

(

k̄1r w̄,c,0
X̄

)
,X̄

− k̄2r w̄c,0 .

(B.13)

Under vanishing imperfections the right-hand side of the above differential equation becomes
zero; this homogeneous differential equation can be used for computing the critical bifurcation buckling length of the wall. The curing function ḡ∗ = ḡˆ∗ (X̄) is given by Eq.(B.10) for
linear curing and by Eq.(B.11) for exponentially-decaying curing, while the other functions
read2 :
2 In Eq.(B.14), the asterisk subindex is used to emphasise that the actual parameter is a function of the dimensionless Eulerian coordinate X̄.
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k̄1

= k̄ˆ1 (X̄)

=

k̄2

= k̄ˆ2 (X̄)

=

k̄1r

= k̄ˆ1r (X̄) =

k̄2r

= k̄ˆ2r (X̄) =

( n π )2
y∗
λX̄ + 2cy∗
ḡ∗ ,
ϵ
( n π )2 (
( n π )4
)
y∗
y∗
ḡ∗ + cy∗
Ky∗ λX̄ − ν(ḡ∗ ),X̄ X̄ ,
cy∗
ϵ
ϵ
λX̄ ,
( n π )2
y∗
Ky∗ λX̄ ,
cy∗
ϵ

(B.14)

with the dimensionless parameters λ and ϵ given by:
ρgh
λ =
D0

(

l˙
ξE

)3
,

ϵ =

ξE b
.
l˙

(B.15)

The parameter λ includes the dead weight loading characteristics via the density ρ and the
gravitational acceleration g, and the initial wall bending stiffness:

D0 =

E0 h3
,
12(1 − ν 2 )

(B.16)

where ν is the Poisson’s ratio of the printing material (which is assumed to be constant during
the curing process) and h is the wall thickness.
The function Ky∗ = K̂y∗ (X̄) appearing in Eq.(B.14) represents the coefficient of lateral
stress, which quantifies the horizontal stress generated in the wall by the vertical dead weight
loading; this function takes values between 0 (for a wall without in-plane support along the
vertical boundaries) and ν (for a wall with in-plane support along the vertical boundaries).
Finally, the parameters ny∗ and cy∗ present in Eq.(B.14) respectively reflect the number of
half-waves characterising the buckling shape in y-direction, and a constraint factor that depends on the type of boundary conditions applied in the y-direction. In specific, for the three
basic wall types depicted in Figure 3.38, ny∗ and cy∗ have the following values:
Free wall:
Simply-supported wall:
Fully-clamped wall:

ny∗ = 0 ,
ny∗ = 1 ,
ny∗ = 2 ,

cy∗ = 0 ,
cy∗ = 1 ,
cy∗ = 0.5 .

(B.17)

Note that for the simply-supported wall the rotation about the vertical axis at the boundaries
in y-direction is fully free, whereas for the fully-clamped wall it is completely constrained.
When this rotation is partly constrained by a rotational stiffness that is non-uniform along
the X̄-direction of the wall boundaries, k̄r = k̄ˆr (X̄), the parameters ny∗ and cy∗ fall within
ranges bounded by the above-mentioned values for the simply-supported and fully-clamped
walls, i.e., 1 ≤ ny∗ ≤ 2 and 1 ≥ cy∗ ≥ 0.5, and are formally expressed by the functions:
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ny∗ = n̂y∗ (X̄) = n̂y∗ (k̄ˆr (X̄)) ,
cy∗ = ĉy∗ (X̄) = ĉy∗ (k̄ˆr (X̄)) .

(B.18)

As demonstrated in [126] for structural layouts composed of multiple straight walls, the rotational stiffness k̄r may effectively account for the constraining influence of a secondary,
supporting wall on the primary wall that buckles. By deriving the function k̄ˆr (X̄) for such a
wall geometry, and inserting the result into the following closed-form expressions [126]:
[
(
)]
ny∗ = n̂y∗ (k̄r ) = 1.984 1 − exp −(0.360 k̄r + 0.430)0.452 ,
cy∗ = ĉy∗ (k̄r ) = 0.5 + 0.309 exp(−0.854k̄r ) + 0.192 exp(−0.183k̄r ) ,

(B.19)

the functions, Eq.(B.18), become specified. In this way, it is possible to analyse the buckling
behaviour of wall structures with more advanced geometries than those presented in Figure 3.38, as is illustrated for a rectangular wall layout in this study.
In addition to the buckling equation, Eq.(B.13), the boundary conditions in the X̄-direction
need to be formulated. In line with Eqs.(B.7) and (B.8), the locations of the Eulerian boundaries are X̄ = −κ (bottom of the wall) and X̄ = 0 (top of the wall), with:
κ=

ξE l
.
l˙

(B.20)

At the bottom of the wall, X̄ = −κ, the wall structure is fully clamped, in correspondence
with the boundary conditions [126]:
w̄c = 0 ,
w̄,cX̄ = 0 ,

(B.21)

while at the top of the wall, X̄ = 0, the wall structure can displace and rotate freely, in accordance with [126]:
( n π )2
y∗
ν w̄c = 0 ,
w̄,cX̄ X̄ − cy∗
ϵ
(
)
( n π )2 (
)
y∗
ḡ∗ w̄,cX̄ X̄
− cy∗
ν (ḡ∗ w̄c ),X̄ + 2(1 − ν)ḡ∗ w̄,cX̄ = 0 .
ϵ
,X̄

(B.22)

The solution w̄c,F of the buckling equation Eq.(B.13), which satisfies the boundary conditions, Eqs.(B.21) and (B.22), can be found by solving the weak form of Eq.(B.13), which is
done by using a combined analytical-numerical solution procedure, the details of which can
be found in [126]
As argued in [126], the elastic buckling behaviour of 3D-printed wall structures is uniquely
described by the following three dimensionless parameters:
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(

¯lcr

= λ1/3 κ

b̄

= λ1/3 ϵ

ξ¯E

= λ−1/3

)1
ρgh 3
D
( 0 )31
ρgh
=
D
( 0 )31
D0
=
ρgh
=

lcr ,
(B.23)

b,
ξE
,
l˙

with

l
e
},
ξE ∈ {ξE
, ξE

with λ, ϵ and κ given by Eqs.(B.15)1 , (B.15)2 and (B.20), respectively. Here, Eq.(B.23)1 represents the dimensionless critical buckling length, Eq.(B.23)2 is the dimensionless width of
the wall, and Eq.(B.23)3 reflects the dimensionless “curing rate”, which also incorporates the
effect by the printing velocity l.˙
In the following sections, the three dimensionless parameters given by Eq.(B.23) are used
for the analysis of the elastic buckling behaviour of the three wall configurations shown in
Figure 3.38, whereby results calculated by the parametric model are compared to those obtained by FEM simulations. For the free wall configuration the finite element results are compared against accurate closed-form expressions for the dimensionless bifurcation buckling
length, which were established in [126] from numerical results computed with the parametric model. For a free wall characterised by a linear curing process, this closed-form expression
reads [126]:
( )
¯lcr = ¯lcr,0 + 0.996 ξ¯l 0.793 ,
E

(B.24)

l
in accordance with Eqs.(B.23)1 and (B.23)3 , respectively. The limit value
with ¯lcr and ξ¯E
¯lcr,0 = 1.98635 is the rate-independent dimensionless buckling length of the wall, i.e., the
buckling length corresponding to an infinitely fast printing process, or, equivalently, to an infinitely slow curing process. For a free wall characterised by an exponentially-decaying curing
process, the closed-form expression for the buckling length is [126]:

[
)
(
(
)]
¯lcr = ¯lcr,0 (γE ) 13 + 1 − (γE ) 13 exp − (1.662 + 0.240γE ) ξ¯e
E

with γE =

E∞
.
E0
(B.25)

B.2 Plastic collapse
Instead of failing by elastic buckling, during the 3D printing process the wall structure at its
bottom may fail by plastic collapse, as a result of the dead weight stress reaching the material
yield strength. Due to the curing process of the printing material, the material yield strength
evolves with time. In analogy with Eq.(B.9), this effect that can be formally expressed in terms
of the dimensionless Eulerian coordinate X̄ as;
ˆ (X̄)σ ,
σ̂p∗ (X̄) = h̄
∗
p,0
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(B.26)

in which σp,0 is the initial yield strength (i.e., the yield strength of the material at the moment
ˆ (X̄) reflects the effect of the curing process on the
it leaves the printing nozzle), and h̄∗ = h̄
∗
yield strength. Similar to the curing functions Eqs.(B.10) and (B.11) for the elastic stiffness,
the two basic curing functions selected for the yield strength are the linear curing function:
ˆ l (X̄) = 1 − X̄ ,
h̄
∗

with

X̄ =

ξσl X
,
l˙

(B.27)

and the exponentially-decaying curing function:
ˆ e (X̄) = γ + (1 − γ )exp(X̄) ,
h̄
σ
σ
∗

with X̄ =

ξσe X
l˙

and γσ =

σp,∞
.
σp,0

(B.28)

Here, ξσ ∈ {ξσl , ξσe } are the linear and exponential curing rates, and γσ represents the ratio
between the final yield strength σp,∞ at the end of the exponentially-decaying curing process
and the initial yield strength σp,0 .
As explained in [126], the values of the yield strength σp ∈ {σp,0 , σp,∞ } depend on the type
of failure criterion adopted. A representative criterion is failure by compression, where
σp = σc ,

(B.29)

with σc the uniaxial compressive strength. Another representative mechanism is failure by
pressure-dependent shear, in accordance with a Mohr-Coulomb type model3 , i.e.,

σp =

2c cos(ϕ)
,
1 − Ky − (1 + Ky ) sin(ϕ)

(B.30)

in which c and ϕ represents the cohesion and the friction angle of the printing material, respectively, and Ky is the coefficient of lateral stress, evaluated at the bottom of the wall. For
a printing material without frictional resistance (ϕ = 0), Eq.(B.30) reduces to
σp =

2c
,
1 − Ky

(B.31)

whereby failure occurs as a result of reaching the maximal shear stress at the bottom of the
wall. Which specific criterion for σp is applicable depends on the material characteristics of
the specific printing material.
In the case of linear curing, the yield function for plastic collapse can be formulated in dimensionless form as [126]:
3 Note that the third term in the denominator of Eq.(B.30) differs by a factor of -1 from the corresponding term in
the original expression, Eq.(79), presented in [126]. This is, because in the derivation of Eq.(79) the direction corresponding to the largest absolute value of the principal stress, which is the vertical wall direction, has been erroneously
set equal to the horizontal wall direction.
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¯lp =

1
1 − ξ¯σl

with

0 ≤ ξ¯σl < 1,

(B.32)

while for exponentially-decaying curing it reads [126]:
[
(
)]
¯lp − γσ + (1 − γσ )exp −ξ¯e ¯lp = 0 .
σ

(B.33)

Here, ξ¯σ and ¯lp are the dimensionless curing rate and the dimensionless wall length at plastic
collapse, respectively, given by:
ξ¯σ
¯lp

=

ξσ |σp,0 |
ρg l˙

=

ρglp
,
|σp,0 |

with

ξσ ∈ {ξσl , ξσe } ,
(B.34)

with lp the actual wall length at plastic collapse. The two dimensionless parameters given by
Eq.(B.34) are sufficient for uniquely describing the plastic collapse behaviour of 3D printed
walls.
The transcendental equation, Eq.(B.33), does not have an exact, closed-form solution, and
thus needs to be solved numerically. Nonetheless, an accurate closed-form approximation for
the numerical solution of Eq.(B.33) is given by [126]:



¯lp = ¯lp,0 
1 +

γσ − 1

( e )−p  ,
ξ̄σ
1 + ξ̄
ref

1.181
,
1 + 0.844γσ

with

¯ref (γσ ) =
ξ¯ref = ξˆ

and

p = p̂(γσ ) = 1.466(γσ )0.322 ,

(B.35)

where the initial dimensionless length for plastic collapse equals unity, ¯lp,0 = 1. The closedform expressions given by Eqs.(B.32) and (B.35) are independent of the type of boundary
conditions imposed along the vertical wall edges, and therefore are applicable for describing
the plastic collapse behaviour of arbitrary straight wall structures.

B.3 Competition between elastic buckling and plastic collapse
The wall will fail by yielding if the wall length for plastic collapse is smaller than the critical
buckling length, lp < lcr . In contrast, when lp > lcr the wall will fail by elastic buckling. This
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criterion for the determination of the possible failure mechanism can be formulated in terms
of geometrical, material and printing process data by making use of Eqs.(B.23)1 and (B.34)2 ,
which results into [126]:
¯lcr
¯lp

<

Λ̄ :

elastic buckling ,

¯lcr
¯lp

>

Λ̄ :

plastic collapse ,
(

with
and

Λ̄ =

h
D0

(B.36)

) 13

|σp,0 |
2

,

(ρg) 3

¯lcr (ξ¯E , b̄) ,
¯lcr = ˆ

¯lp = ˆ¯lp (ξ¯σ ) .

In summary, Eq.(B.36) illustrates that the mechanisms of elastic buckling and plastic collapse
of a straight 3D printed wall can be uniquely described by means of the 5 dimensionless parameters ¯lcr , ξ¯E , b̄, ¯lp and ξ¯σ given by Eqs.(B.23) and (B.34).

B.4 Influence of imperfections
The influence of imperfections on the buckling response may be evaluated by considering
ˆ c,0 (X̄), presented in Eq.(B.12), which is defined by the following
an imperfection profile w̄
kinematically admissible form [126]:
(
[
(
)])
)
( )
( (
))
k̄w (
c,0
c,0
ˆ
X̄ + κ
w̄
X̄ = w̄m −sin k̄w X̄ + κ + τ̄ 1 − exp −
.
τ̄

(B.37)

This expression represents an harmonic imperfection, with the exponential term ensuring
that the essential boundary conditions given by Eq.(B.21) are rigorously satisfied. Further,
c,0
is the dimensionless amplitude of the imperfection, k̄w is the dimensionless wavenumw̄m
ber, and τ̄ is a boundary factor, in accordance with

k̄w =

2π l˙
,
nt tl ξE

τ̄ =

2π
,
ωnt tl

(B.38)

where tl is the height of an individual printed layer, nt is the number of printed layers characterising the wavelength L of the imperfection profile, i.e., L = nt tl , see also Figure B.3, and
ω is a factor defining the influence length of the exponential term at the bottom of the wall.
In the parametric model the influence length of the exponential term is kept limited by taking
a relatively small value for the parameter τ̄ in Eq.(B.38), i.e., τ̄ = 0.5. Hence, the imperfection
profile given by Eq.(B.37) becomes fully characterised by the two length scale parameters k̄w
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Figure B.3: Idealised sinusoidal imperfection profile wc,0 = ŵc,0 (x) used in the parametric model,
c,0
which is characterised by the amplitude wm
and wavelength L, where L = nt tl , with tl the height of
an individual printed layer and nt the number of layers. The left and right graphs illustrate the cases
nt = 2 and nt = 4, respectively.
c,0
and w̄m
. Note that the dimensionless wavenumber may be converted into the dimensionless
wavelength of the imperfection profile via

L̄ =

nl tl ξE
2π
=
.
k̄w
l˙

(B.39)

B.5 Buckling of a rectangular wall structure
Consider now a wall structure with a rectangular layout, composed of two primary walls of
width b mm and two secondary, supporting walls of width d, whereby the thickness of the
walls is h and the bending stiffness is D∗ , see Figure B.4.
In accordance with Eqs.(B.18) and(B.19), the computation of the critical buckling length of

h

d

D
*

b

d>1

b
Figure B.4: Rectangular wall-layout composed of two primary walls of width b and two secondary,
supporting walls of width d. The thickness of the walls is h, and the bending stiffness is given by D∗ .
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this structure starts by calculating an expression for the dimensionless rotational stiffness
k̄r = k̄ˆr (X̄) to determine the number of half-waves ny∗ and the constraint factor cy∗ . As
discussed in [126], the rotational stiffness can be conveniently formulated in the dimensionless form:
b k̂r (X̄)
b k̂r (X̄)
k̄r = k̄ˆr (X̄) =
=
,
D∗
D0 ḡˆ∗ (X̄)

(B.40)

with the initial bending stiffness D0 given by Eq.(B.16) and the curing function ḡˆ∗ (X̄) presented by Eq.(B.10).
For the rectangular wall layout the rotational stiffness, Eq.(B.40), characterises the rotational
constraint imposed by a supporting wall d on a primary wall b, which, for a linear curing
process, can expressed as [126]:
2bD0s 1
k̄r = k̄ˆr (X̄) =
dD0 F̂ (X̄)

with

− κ ≤ X̄ ≤ 0 ,

(B.41)

with
[
(
)
(
)
F̂ (X̄) = 4 sin(ψ)cos(ψ) exp(ψ) + exp(−ψ) + 2 cos(ψ) exp(2ψ) − exp(−2ψ)
(
)
−2 sin(ψ) exp(2ψ) + exp(−2ψ) − 4 sin(ψ) − exp(3ψ) + exp(−3ψ)
][ (
(
)
− exp(ψ) + exp(−ψ) ψ 4 cos2 (ψ) exp(ψ) + exp(−ψ)
(
) ) ]−1
−exp(3ψ) − exp(−3ψ) − 3 exp(ψ) + exp(−ψ)
,
(B.42)
whereby
[

]1/4
)
30 ( 2
2
ψ = ψ̂(X̄) =
X̄ − 12X̄κ + 15κ − 14X̄ + 42κ + 28 (X̄ − 1)
4
[
× − 73X̄ 5 − 15X̄ 4 κ + 390X̄ 3 κ2 + 530X̄ 2 κ3 + 195X̄κ4 − 3κ5
+350X̄ 4 + 840X̄ 3 κ + 420X̄ 2 κ2 − 280X̄κ3 − 210κ4
]−1/4
−280X̄ 3 − 840X̄ 2 κ − 840κ2 X̄ − 280κ3
.

(B.43)

It can be confirmed that the function F̂ (X̄) is zero at the clamped support X̄ = −κ, which,
in accordance with Eq.(B.41), indeed results in k̄r → ∞.
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Inserting the above expression for k̄r into Eq.(B.19) leads to the corresponding functions
n̂y∗ (X̄) and ĉy∗ (X̄), which in turn are substituted into the equilibrium equation, Eq.(B.13),
and the natural boundary conditions, Eq.(B.22), to solve for the buckling response of the rectangular wall geometry, see [126] for more details.
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