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Chapter 1
Digital Fabrication with Cement-Based
Materials—The Rilem D.F.C. Technical
Committee History, Strategy
and Achievements

Nicolas Roussel, Dirk Lowke, and Richard Buswel

1.1 Background

In the last decade, the potential of 3D printing (and more generally of digital manu-
facturing) in the construction industry has been widely reported in the media. In
2017, CNN website posed the question “Will the world next megacity drip out of
a 3D printer?”. This question is indeed timely as many groups world-wide engaged
in research and enterprise while large organisations are investing in the technology.
Academic and industrial R&D partnerships have been established and there has been
a proliferation of approaches stemming from the early work in the mid-late 2000’s
(Lim et al. 2012) to the richer variety found in the contemporary field (Labonnote
et al. 2016; Buswell et al. 2018; Wangler et al. 2019).

There is a strong sense of anticipation in the construction industry, fuelled by
the international recognition of the need for the wider automation of construc-
tion (Siemens 2017a; HM Government 2017). Several specialist companies, such
as XtreeE or Apis Cor, have emerged and start-up initiatives are proliferating. At
the start of 2013, there were 20 start-ups in the field. 5 years later, there were more
than 65 offering services, tools, building components or even entire buildings and the
numbers continue to grow (The Boston Consulting Group 2018). In parallel, several
large established companies in Europe, such as Vinci, have taken the decision to be
early adopters of this technology and have made strategic moves and start acquiring
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specialized skills and capabilities in robotics (Buswell et al. 2018). Finally, regulation
and numerous public policy measures are encouraging the adoption of 3D printing in
many parts of the world such as the Middle East, the United Kingdom, China (with
a draft for a national standard for 3D-concrete-printing) and the US. The Boston
Consulting Group concluded in its 2018 report that “As this evolution proceeds, the
construction industry as a whole will be transformed. Companies and governments
would do well to prepare for this transformation and to influence it as far as possible
to their own advantage” (Buswell et al. 2018).

1.2 The Expected Benefits of Digital Fabrication
with Concrete

The reasons behind this exploding trend are many but these digital manufacturing
technologies are described as being able to provide a means to simultaneously tackle
issues around productivity, cost, health, safety and quality.1

First, their adoption is driven by the need to adopt digital processes and automa-
tion in the sector to deliver the anticipated renovation of infrastructure and housing.
Hence, for most actors, the timing synchronises perfectly with commercial needs.
This has not happenedover night, the construction sector has beendigitising its design
methods and developing new tools allowing for a better management of the different
construction stages over the last decade, e.g.Building InformationModelling (BIM).
Digital manufacturing therefore pushes the construction sector beyond the digitali-
sation of design, data management and planning into the digital control and actuation
of its manufacturing processes: a significant step towards Industry 4.0.

Second, construction manufacturing is traditionally labour intensive and the
implementation of automation is expected to compensate for the urgent skill shortage
in the sector,2,3,4 enhance health & safety5 and enable savings of up to 40% in the
way projects are delivered and maintained.6 Large-scale additive manufacturing,
commonly referred to as 3D Concrete Printing (3DCP) have, alongside many other
novel digital fabrication methods, emerged worldwide in response to the global call
to modernise construction manufacturing (HMGov 2017; Siemens 2017b; Barbosa
et al. 2017). The advanced involvement of robots in the construction site of the future
is moreover expected to improve working conditions for the labour force.

1 McKinsey&Company. Available From: https://www.mckinsey.com//media/McKinsey/Industries/
Capital.
2 https://www.gov.uk/government/topical-events/the-uks-industrial-strategy.
3 https://www.arcadis.com/media/4/B/9/%7B4B999107-2F44-42E2-94D7-43FDD0963378%7D9
784_Talent%20Scale%20FINAL%20WEB_2102.pdf.
4 https://www.engineeringuk.com/media/1356/enguk_report_2017_synopsis.pdf.
5 http://www.iaarc.org/publications/fulltext/ISARC2016-Paper036.pdf.
6 https://www.mckinsey.com/industries/capital-projects-and-infrastructure/our-insights/infrastru
cture-productivity.
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The increase in productivity through 3DCP in construction does not necessarily
mean the replacement of all hand operations by automation, but the reduction of
intermediate stages required in fabrication, such as the need for a mould (Gibson
et al. 2015). Because of this, 3DCP offers value-added because it enables a significant
amount of customisation in design with little if any increase of fabrication costs
(Hague et al. 2003).

Finally, digital manufacturing offers a great and inexpensive freedom of design,
which answers the need for tailor-made and customized solutions. This technology
allows for the production of complex systems as special functions such as thermal
or acoustic insulations can be integrated directly into the printouts. By doing so, it
reduces environmental impacts as freedom of design and multi-functionality allow
for the consumption of lower amounts of raw materials.

1.3 Obstacles

The outlook is therefore very promising. It is anticipated that 3D printingwill become
competitive with conventional in-situ and off-site construction if the existing techno-
logical obstacles can be overcome and the integration of these processes within the
sector is supported by both standards and relevant human resources. The degree of
importance of these obstacles varies significantly depending on the application and
its technology readiness level, which we illustrate here using the most common class
of cement-based, additive manufacturing, material extrusion (Buswell et al. 2020).

Extrusion-based additivemanufacturing uses digitalmodels of the desired geome-
tries to drive the manufacturing process by digitally slicing the 3D object into a
number of layers, spaced at an equivalent distance to the deposition layer thickness
the machine uses. The cement mortar is initially a dry blended powder mix with
a number of constituent ingredients which typically might be aggregates (sand),
cement, fillers, often industrial by-products such as silica fume and water (Le et al.
2012a).

The materials vary in characteristics because they are natural products or by-
products of other industrial processes. Even the manufacture of cement produces
significant variations in the reactive compounds from batch to batch. The shape, size
and grading of these constituents along with environmental conditions all affect how
the fresh material behaves when pumped and extruded (Roussel 2011) and how the
material hardens. This process is strongly time-dependent and the specific conditions,
under which a layer of fresh material is placed on an older one, have consequences
for the strength of the joint formed (Le et al. 2012b).

In a typical configuration of a 3D printing system, the dry material is mixed in a
batch, where admixture might be added to fine-tune fresh properties (Aïtcin and Flatt
2016). This mixing might also be carried out continuously. The material is placed in
the hopper of a pump and conveyed, often by a positive displacement pump, down
a supply line to a nozzle where it is extruded and deposited. The extrusion rate and
nozzle diameter might be varied, and the robotic arm provides a means of positioning
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the extruded filament. A mixing chamber might also be placed in the nozzle so that
other admixtures might be added that can help to tune the stiffening of the material
(Chen et al. 2019; Dorn et al. 2020) and its kinetics.

The geometric quality of manufactured parts is not only affected by the precision
of the printing but also by the deformation under self-weight during manufacture
(Wolfs et al. 2018; Perrot et al. 2016; Reiter et al. 2018; Jie et al. 2020). The time
dependent characteristics of cement hydration and hardening plays a significant role
in the performance of the resultant material and printed element. Fresh material must
initially remain fluid enough to facilitate extrusion and inter-layer bonding during
manufacture (Buswell et al. 2020; Le et al. 2012a; Roussel 2018), but materials that
are too fluid can lead to buckling and collapse of structures under the increasing
weight of the successive layers (Roussel 2018; Alexandridis and Gardner 1981; Lu
andWang2010).The importanceof thesemechanismshas driven significant efforts in
recentworks: determining the rheological requirements of the freshmaterial (Roussel
2018); quantifying buildability (Kruger et al. 2019, 2020); and predicting structural
failure (Suiker 2018;Wolfs and Suiker 2019) for controlling deformation behaviours.
Undesirable effects can be exacerbated by poor control of material delivery, filament
placement and toolpath planning. Being able to measure, assess and benchmark
process and material performance using standardised and internationally accepted
approaches is therefore essential for the industrial future of the technology.

The international community has demonstrated a wide range of applications for
many various manufacturing technologies, but the field needs now to move from one
off production to routine production at volume. There needs to be a greater uptake
by industry to realize these benefits in the sector but the lack of standardisation and
formal certification of 3DCP products and processes remains a significant barrier to
adoption: for example, the ambitions for printing the 25% of buildings in Dubai by
2025 in 20167 has almost ceased due to a lack of regulation compliance.

Standardised methods and principles for evaluating the performance of 3DCP
materials, processes and products do not exist. Achieving this is challenging,
requiring many manufacturing platforms, products and materials to generate robust
standards and assessment methods. This requires a collective work and the existence
of strong scientific community around the topic.

1.4 RILEM Technical Committee Creation and Scientific
Strategy

On the 15th of May 2016, in Washington DC, during the SCC 2016 conference, a
couple tens of researchers from all around the world met for the first time to discuss
the need for some collective action with regard to Digital Fabrication with Concrete
(DFC).

7 https://www.weforum.org/agenda/2018/05/25-of-dubai-s-buildings-will-be-3d-printed-by-
2025/.

https://www.weforum.org/agenda/2018/05/25-of-dubai-s-buildings-will-be-3d-printed-by-2025/
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Fig. 1.1 RILEM TC 276-DFC—membership and meetings

This group of RILEM experts took the first internationally collaborative steps in
pre-standardisation by bringing together world-leading research facilities with the
key industrial actors of a future market for DFC, which included material suppliers,
technology providers, designers, end-user manufacturers and regulating authorities.

The most important outcomes of the technical committee are:

– a unified process classification for digital fabrication with concrete
– a state of the art of the testing methods (both at a material and structural level) that

could form the foundation of some quality control procedure for fresh properties
along with hardened and service life performance.

With 101 members from 21 nations, TC 276-DFC “Digital fabrication with
cement-based materials” was one of the largest RILEM TCs of its time. The interest
in the work of the TC kept on increasing steadily over the years, Fig. 1.1. In addi-
tion to the kick-off meeting in Washington D.C., a total of ten working meetings
were held, which were organised by the universities in Zurich, London, Delft,
Napoli, Munich, Loughborough and Dresden as well as by the German Concrete
and Construction Society. Due to the COVID-19 pandemic, the last meeting was
held as an online meeting. In conjunction with the working meetings, six workshops
and mini-symposia were organised in Zurich, Uxbridge, Delft, Napoli and Lough-
borough on which the latest state of research and development was presented and
discussed.

In the first meetings, initial experiences with digital technologies in concrete
construction, which at that time was still a new field of research and development
addressed by only a fewuniversities and companies, were exchanged and theworking
methodology and objectives of the TC were discussed.

The majority of the members voted for preparing a state-of-the-art-report in order
to provide a first impulse towards a future standardisation in the field of digital manu-
facturing in construction. In the course of the discussion, the need for a classification
of the various technologies at the core of the STAR became apparent, in order to
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provide a systematisation of the so far hardly organised diversity of processes and
applications. Its purpose was also to serve as an important basis for a collective
technical communication and form the basis of the semantics of the field. This clas-
sification was intensively discussed and developed in a series of working meetings.
In addition, further topics that are essential for digital fabrication with cement-based
materials, such as the underlying physics, fresh propertiesmeasurements and control,
properties and testing in hardened state as well as structural design and testing were
addressed in the discussions of the TC DFC, and the corresponding state of research
and development was consolidated in the STAR that is now available. In addition,
numerous joint scientific publications were initiated by the members of the TC DFC,
which are, amongst others, published in the Cement and Concrete Research Special
Issues “Digital concrete 2018” and “Digital Concrete 2020”.

1.5 Achievements and Today’s Status

Today, there are more than 35 commercial organisations of various sizes and states
of maturity offering 3DCP services and products. About 50% of those print build-
ings walls in-situ and about 50% manufacture off-site. Most are based on material
extrusion controlled digitally via robot arm, gantry or crane system. The processes
found in DFC are similar to conventional AdditiveManufacturing processes in many
respects, except themultiphasematerial combinedwith the large scale ofmanufacture
generate unique challenges and questions which largely revolve around the handling,
preparation and control of the material. The ever-advancing state of the commer-
cial environment surrounding the technology will increase the need for continued
improvement of material and process control and greater understanding of durability,
design and production logistics.

Following the first international RILEM conference on Digital Fabrication with
Concrete in Zurich in September 20188 and the second international RILEM confer-
ence organized online by TU Eindhoven (Freek Bos et al. 2020), we have now
established the foundations of a collaborative international community that includes
both academic and industrial actors working together to advance the technology from
a collective understanding of the current start of the art.

The present report gathers the fruits of ourmeetings, conferences and publications
over the last years. It is defining the basis of this new field while listing the opened
questions along with research needs. The book is divided into 5 chapters in addition
to this introduction.

Chapter 2,Digital Fabrication with Cement-Based Materials: Process classifica-
tion and case studies, contains the process classification resulting from our collective
discussions along with a show case of various applications.

Chapter 3, Digital fabrication with cement-based materials: underlying physics,
presents an overview of the underlying physics relevant to an understanding of the

8 digitalconcrete2018.ethz.ch.
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processing of cement-based materials during various production steps of digital
fabrication.

Chapter 4,Printable Cement-basedMaterials: Fresh Properties Measurements &
Control, focuses on the fresh key properties identified in Chap. 3. It giving a focus
to yield stress and structural build-up. The traditional measurements for properties
of interest are then described, followed by a more detailed description of the newest
measurement techniques that have been developed so far specifically for digital
fabrication.

Chapter 5, Properties and testing of printed cement-based materials in hardened
state, focus on the consequences of such a drastic change in processing on mate-
rial properties (strength and durability). It highlights the role of interfaces and the
resulting on mechanical performance, transport properties and durability behaviour.

Chapter 6, Structural design and testing of digitally manufactured concrete struc-
tures, focuses on the specifics of structural design and engineering of Digital fabri-
cation. It introduces the specific challenges of structural design and engineering by
providing an overview of the structural typologies that have been developed so far
and by comparing the underlying structural principles with the standard codified
approaches used in conventional reinforced concrete.

This book was written over a period of five years from the initial concept to the
final editing. All members of the RILEM technical committee TC 276-DFC “Digital
fabrication with cement-based materials”, the co-authors of this book and the chairs
of the committee hope you will find in the above chapters some answers to any
questions you could have on these ground breaking technologies.

Nicolas Roussel, chair of RILEM TC-DFC.

Dirk Lowke, co-chair of RILEM TC-DFC.

Richard Buswell, Chap. 2 convener and leader of the unified process classification
task group.
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Digital Fabrication with Cement-Based
Materials: Process Classification
and Case Studies
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Abstract The need for methods for forming concrete has existed for as long
as concrete has been used in constructing the built environment. Creating flat,
rectilinear formers have traditionally been the cost and time efficient default for
the majority of applications. The desire for greater design freedom and the drive
to automate construction manufacturing is providing a platform for the continued
development of a family of processes called Digital Fabrication with Concrete
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(DFC) technologies. DFC technologies are many and varied. Much of the material
science theory is common, but the process steps vary significantly between methods,
creating challenges aswe look towards performance comparison and standardisation.
Presented here is a framework to help identify and describe process differences and a
showcase of DFC application case studies that explain the processes behind a sub-set
of the technologies available.

2.1 Introduction

Productivity, cost overruns and quality in the construction sector has for many years
been a recognised problem (Latham 1994; Egan 1998). Productivity in particular
has stagnated over the last 25 years, compared to almost doubling in other sectors
(Changali et al. 2015). Automation and the digitisation of information exchange,
communication and control are expected to play a key role in helping tomitigate these
issues (Barbosa et al. 2017; Siemens 2017; HMGoverment 2017). While innovation
in construction machines is not new (Urshel 1941), automation presents a significant
departure from conventional construction methods. Historically, the application of
robotics has been of significant interest (Kuntse et al. 1995; Yamazaki and Maeda
1998; Gambao et al. 2000).

Digital Fabrication with Concrete (DFC) methods are a family of technologies
that offer digital control over the design and manufacturing process (Buchi et al.
2018; Buswell et al. 2020). They promise the manufacture of both architectural
and structural components (Hack et al. 2013; Labonnote et al. 2016; Buswell et al.
2018; Aspone et al. 2018; Mechtcherine et al. 2019) and have been the focal point
for significant development in the field of cement-based mortars, particularly with
respect to the hardenedproperties (Le et al. 2012a;Nerella et al. 2019;Tay et al. 2019);
control and understanding of rheology (Le et al. 2012b; Roussel 2018); control of
structural build-up and on-demand setting (Reiter et al. 2018; Marchon et al. 2018);
and themechanics of the building up layers of wet material without formwork (Wolfs
2018a, 2019a).

DFCmethods have been around for some timewith its roots in Computer Numeric
Control (CNC), which took hold in the 1960s. CNC developed through the 1970 and
1980s where the computer revolution initiated the development of computer-aided
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design software that allows for ‘parametric’ design (Howe 2000; Schodek et al.
2005; Menges 2006). These tools have driven architectural design for many years
and the construction of Frank Gehry’s Zollhoff Towers in Dusseldorf (2000) which
was modelled in CATIA, and used CNC cutting andmilling to generate foammoulds
used to cast the structure of the building, is just one example (Kolarevic 2005).

In the product design field, the computer-aided design (CAD) environment
allowed for the digital design of products; however, a prototype model for aesthetic
and/or functional testing needed to be carried out by hand. In the 1980s, the first layer-
based manufacturing process emerged that made it possible for a physical model to
be created directly from CAD data. This significantly reduced the cycle time for
evaluating product prototypes, and Rapid Prototyping was established (Lipson and
Kurman 2013).

Over the last 25 years, there have been considerable developments in materials.
The use of these Rapid Prototyping machines for the production of end-use parts
has developed into Additive Manufacturing (Gibson et al. 2015). The flexibility
in the geometries that could be produced led to early actors exploring similar
principles to create large architectural components (Lim et al. 2012). However,
additive approaches are just one process type in the DFC family and moulding
systems such as TailorCrete (Andersen et al. 2016) and Smart Dynamic Casting
(Lloret-Fritschi 2020) are just two examples of alternative methods.

The contemporary field is becoming populated with many actors internationally,
both commercial and academic, and there is a terrific variety in the materials and
processes used. Indeed, there is a significant variation in system maturity and in
the manufacturing applications under investigation. The configuration of mixing and
pumping, the use of admixtures, the mortar/concrete composition and the design
of what is being manufactured all affect the process design and the criticality of
operational parameters. The comparison of the performance of two systems as well
as the quality of the material produced by them is, therefore, challenging.

Recognising the need to clearly understand and articulate the differences between
DFC processes, and thus allow performance comparison and the initiation of
standardisation, the RILEMTC-276 undertook to develop a classification framework
for DFC. This has been recently published and provides an overview of classification
methods, developing the state of the art into a set of principles and an approach to
allow the unambiguous definition and description of a DFC process (Buswell et al.
2020). Thework is published under an open access agreement. This chapter describes
the above classification framework and is followed by a series of DFC application
case studies that illustrate the differences in practice.

2.2 Assembly and Material Forming Processes

Buildings, like cars, are complex assemblies comprising of parts (windscreen in a
car/window in a building) and sub-assemblies (the engine in a car/an air-conditioning
chiller in a building). These require the design andmanufacture ofmany components,
using different shaping processes, dictated by the material characteristics and the
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form required. The complexity of the form will limit what is achievable in a single
component, compare a plastic spoon to the bodywork on a car, or the façade of
a building. Individual parts, therefore, need to be assembled to produce the whole
product, and that assembly requires the joining of adjacent parts.

Permanent joining can be achieved using methods such as welding/brazing and
soldering/adhesives, or through the application of permanent fasteners (snap-fits is
one example, (Troughton 2009)). Welding uses energy to melt the material, typically
metals and thermoplastics, to create a pool of material which then cools joining parts
through fusion. There are many sub-classes of welding, of which two are Gas Metal
Arc (MIG) and Electron Beam. Brazing and soldering use a second material that
is melted to join two parts, rather than melting the part material: the temperature,
at which the filler material melts, determines which name is used. Adhesives use
a chemical bonding process. There are many examples of these methods in all
industries and to pick two within DFC: MeshMould utilises welding to permanently
assemble a reinforcement cage (Hack et al. 2020), the Fastbrick (Bonwetsch 2015)
utilises adhesive bonding to join bricks. When components need to be removed for
maintenance, replacement, or disassembly at the end of life, temporary fastenings
may be deployed where screws, nuts and bolts are examples of threaded fasteners.

Parts can require surface treatment, coating, or other deposition processes to
achieve a particular function, often to increase durability or provide an aesthetic
finish. Examples in metals are case-hardening, through diffusion or heat treatments
and in concrete, include hydrophobic impregnation. Painting is a common coating
throughout manufacturing and construction that provides protection of the material
from the environment in addition to providing aesthetic options.

The production of the individual parts themselves requires the shaping ofmaterial,
which can be achieved using either formative, additive or subtractive processes.
Formative methods shape a finite volume of material using a preformed mould, die
or surface. Approaches that rely on the solidification of material use a mould into
which the fluid material is poured, or injected. The forces required to take on the
shape of the form depend on the material properties: being driven by gravity in
the conventional casting of concrete, or under high-pressure in injection moulding,
for example. Deformation approaches rely on the plastic state of the material and
includemethods such as stamping, rolling and pressing.DFCprocesses such as Smart
Dynamic Casting (SDC, Sect. 2.4.6) and Adapta (Sect. 2.4.7) rely on the plastic state
of concrete/cement-based mortar.

Subtractive methods shape the desired geometry from a larger volume ofmaterial,
that is cut, drilled, milled and ground away until the form is realised. Examples
include stone masonry, sculpture or turning items on a lathe or other CNC tool.
In DFC, milling or hot wire cutting is commonly used to create bespoke moulds
(Garcia 2010). Additive Manufacturing, however, is the inverse where material is
progressively placed until the final form has been created. ISO 17296 2015, 2016
recognise seven additive process classes, of which the three that are commonly found
in manufacturing and DFC are: material extrusion (Fuse Deposition Modelling,
3D concrete printing, i.e. Sects. 2.4.1, 2.4.2, 2.4.3, and 2.4.8); material jetting
(Thermojet, Shotcrete 3D concrete printing, Sect. 2.4.4); and Binder Jetting (3D
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Systems ZPrinter) which is often referred to as Particle-bed Binding in construction
applications (Sect. 2.4.5). Further details on Additive Manufacturing can be found
in Gibson et al. (2015).

2.3 Classification of DFC Processes

The full details of the classification framework are presented in Buswell et al. (2020),
which is an open access publication. In principle, it should:

• encompass the broad spectrum of processes found in DFC;
• maintain differentiation between on-site, in-situ processes and processes for the

production of parts in a factory;
• be based on pre-existing definitions and commonly understood frameworks of

material forming and assembly processes; and,
• seek to build on (or adopt) existing standards where practicable.

Within the board DFC family, the material used is similar in so far as the binding
agent belongs to the family of cements with related properties, and these are often
combined with aggregates to form a mortar or concrete material. DFC process are
typically designed and tested to manufacture a famility of cement based products:
such as panels, or walls, or columns. These applications tend to inform the selection
of critical process and material parameters (Buswell et al. 2018).

Once these requirements are identified, additional processes are employed to
affect particular operations, which could be surface smoothing, in the case of Contour
Crafting (Khoshnevis 2006), hydration control when the objects under manufacture
need to be rapidly built in the vertical direction (Gosselin 2016), or the assembly of the
reinforcement mesh prior to casting in the MeshMould application (Hack and Lauer
2014). A closer inspection of the technology, reveals yet more sub-processes that
could incorporate automated measurement such as that used to control deposition
height through real-time feedback control (Wolfs et al. 2018b) or the mixing and
pumping of mortars (in almost all processes) for example.

These sub-processes are often required to enable the main material forming
process to take place, and so with the intent to create a meaningful classification
method, we find that we can distinguish the processes based on the primary material
forming process, for which frameworks exist. However, we must take care to
clearly identify sub-process to either differentiate methods or identify those that
are effectively equivalent.

It can also be helpful to consider the operations involved in manufacture against a
notional time scale where processes may be found to operate in series (one after the
other in relative isolation, where a formwork might be printed and subsequently used
for forming cast material), simultaneously (where they happen at the same time, wire
reinforcement for example (Asprone et al. 2018), or contiguously where processes
alternate at repeated stages in a process, such as the addition of a support material
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in an additive manufacturing process). An approach to visualising these interactions
using ‘process sketches’ is given in Buswell et al. (2020).

In addition to defining the nature of the process boundaries, implementation and
sequencing, it is useful to identify the Material, and, with concrete and mortars,
we are referring to the mix design as these vary significantly. The (intended)
Application environment is also important, and this is principally whether it is for
off-site or on-site use, since environmental factors play a significant role in the
process operation and success. Next, the Product under manufacture also affects the
Process as does size and mass: for example, the requirements for the set control
for the production of vertical walls is significantly different from a thin horizontal
panel, as is using DFC to manufacture a formwork for casting or to create solid
end-use components with additive processes directly (Buswell et al. 2018). These
form the so-called MAPP (Material-Application-Product-Process) definitions that
delimit the suggested classification allowing the clear communication of a specific
implementation of DFC technology.

Figure 2.1 presents the classification framework, which largely follows a
conventional manufacturing view of assembly and shaping processes (adapted from
Grover 2012) and includes surface treatments. As long as the boundaries of the
process are well defined, most DFC processes will fall into this classification. Care
needs to be taken in order that the object and purpose of the process is not conflated.
For example: milling of a foam former is a subtractive DFC method, applied to form
polystyrene—the product being a mould, which is part of a two-step process, in
which a second step is to cast the actual part.

Additive Manufacturing processes fall outside conventional manufacturing and
have a second tier of classification as part on (ISO 17296: 2015 and 2016) and these
are reflected here with the exception that ‘binder jetting’ has been replaced with the
term ‘particle-bed binding’. The approach is readily extensible if/when other process
types emerge. In the following section, eight case study applications with different
processes are presented that cover a significant proportion of the classes presented.

2.4 Case Studies

Eight case studies are presented here. They represent different application
environments, materials, products and processes, covering a good proportion of the
classification framework pictured in Fig. 2.1. These case studies illustrate the key
differences between the processes used, thus providing a context for Chaps. 3 to
6 in this book. Table 2.1 provides an overview of the MAPP definition (Buswell
et al. 2020) for each of the case studies. Although some technologies are used to
manufacture the same products, or hold the same process classification, note that
the combination of main forming process (on which the classification is based) and
essential sub-processes is different in every case.
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Fig. 2.1 A process classification framework for Digital Fabrication with Concrete, indicating the
majority zone in which most DFC processes reside (Buswell et al. 2020)
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2.4.1 Printing and Assembling a 6.5 m Bicycle Bridge

This case study describes the manufacture of the bicycle bridge installed in Gemert
in the Netherlands in 2017, pictured in Fig. 2.2. It was made at Eindhoven University
of Technology with an additive manufacturing process based on material extrusion
(Salet et al. 2018).

Process & facility details

The material was supplied via a continuous mixing and pumping process. The
position of print head is controlled via a g-code operated, large scale gantry robotwith
four degrees of freedom: the fourth degree required to keep the rectangular nozzle
perpendicular to the direction of movement. A rectangular extrusion nozzle is used,
programmed to remain tangential to the print path, Fig. 2.3 (Bos et al. 2016). The
deposition quantity is adjustable, with a default setting of approximately 2.4 l/min.
The print head can optionally be equipped with a cable reinforcement device capable
of simultaneously applying flexible reinforcement cables into the print filament (Bos
et al. 2017).

Material details

The material used was Weber 3D 115–1, a single-phase, shape stable, thixotropic,
cementitious print mortar, comprised of CEM I Portland cement, aggregate (1 mm
maximum particle size), filler and additives, rheology modifiers and a small amount
of PP-fibres (Wolfs et al. 2018a, c). Although some experiments were performed,
studies on hardened properties of Weber 3D 115–1 have not been published because

Fig. 2.2 Completed bridge at the opening. Phote Kuppens fotografie
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Fig. 2.3 Printing of a bicycle bridge element

an improved version of the mortar was developed, Weber 3D 145–2, where details
are given in (Wolfs et al. 2019b).

Application details

The bridge consists of six identical horizontally printed elements that were rotated
90° after production, adhesively bonded with epoxy and prestressed with unbonded
post-tensioned tendons, Fig. 2.4. The tendons are anchored in conventional cast
concrete blocks at both ends of the bridge. Full prestress is applied, i.e. the full
concrete section of the bridge remains in compression at all times. In each element,
approximately the bottom 10% of layers are provided with a high strength steel
reinforcement cable, entrained with the cable reinforcement device. The cable acts

Reinforcement 

cables

Prestress 

tendons

Fig. 2.4 Schematic 3D image showing prestress tendons and reinforcement cable zones (left) and
print element section geometry (right)
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Fig. 2.5 In-situ testing of the bridge with water-filled containers

as passive reinforcement in the transverse direction, while the prestress tendons
provide active reinforcement in the longitudinal direction of the bridge. Figure 2.5
depicts the bridge under test in-situ (Bos et al. 2018).

The uniformly distributed design load was qEd = 5.0 kN/m2. Prior to the project,
the available data on the structural properties of the available print material (Weber
3D 115–1 mortar) was limited. Furthermore, the use of printed concrete or mortar
was not covered by the structural engineering codes prevailing in the Netherlands.
Therefore, extensive attention was paid to the structural safety, by adopting a ‘fail-
safe’ design, i.e. a design that relied on a tried-and-true principle of a print concrete
section entirely in compression (full prestress scenario), rather than onmore uncertain
properties such as tensile strength or the performance of innovative reinforcement
technologies. The design was analysed through a full 3D Finite Element Analysis,
to ensure that no unexpected local stress situations would cause structural damage.
In addition, construction approval was obtained by applying the ‘Design by Testing’
option available in Annex D of the EN (1990). In addition to extensive material
testing, there was also a 1:2 scale destructive mock-up test, Fig. 2.6, as well as an
in-situ test to the serviceability limit state load, Fig. 2.5.

The print path followed the outer contour of the bridge and a bottle-shaped
inner pattern, coming to 25.1 m length per layer (Fig. 2.4). Each element took
approximately eight hours to print. The open internal structure allows room for the
prestressing tendons.

As the prestress in the tendons results from their (forced) elongation, its level is
directly dependent on any shortening of the concrete, which may be due to elastic
deformations, creep and shrinkage. As printingmortars generally contain a relatively
high cement content, they are more sensitive to these phenomena than ordinary
concretes. Besides creep and shrinkage tests that have been performed preceding the
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Fig. 2.6 Scale model in 4-point bending test set-up

project, the bridge is therefore subjected to a long-term monitoring program, and the
prestress system has been designed to allow future restressing.

2.4.2 Manufacturing Double-Curved Panels with Conformal
Voids

This case study describes the manufacture of double-curved panels with conformal
voids manufactured as concept parts at Loughborough University in 2011, pictured
in Fig. 2.7. The panels were made using an additive manufacturing process based on
material extrusion in combination with a printed secondary support material (Lim
et al. 2016).

Process & facility details

The extrusion-based printing process used a batch mixing approach supplying the
cementitious mortar to storage and feed hopper and pumping process combined with
a second extrusion head for printing the support material (Austin et al. 2011). Both
printing heads were adjacently mounted in parallel on a large-scale gantry with three
degrees of freedom, controlled through g-code. The materials were extruded through
circular, 9 mm diameter, nozzles with a layer height of 6 mm less than the diameter,
such that the top layer was flattened during printing, Fig. 2.8. The nozzle velocity
was in the order of 30 mm/s (Lim et al. 2012).
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Fig. 2.7 Double-curved panels printed with conformal voids

Fig. 2.8 The mortar extrusion hopper and pump mounted on the gantry system

Material details

The build material was a shape stable, thixotropic, cementitious print mortar, which
comprised of CEM I Portland cement, fly ash and undensified silica fume, aggregate
(2 mm maximum particle size), superplasticiser, retarder and some polypropylene
microfibres (hardened properties: Le et al. 2012a and fresh properties: Le et al.
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Fig. 2.9 The 3D CAD model of the panels on the left and the right-hand image is of the model of
the base component of sand support for the top right panel

2012b). The support material comprised of sand and a water-soluble binding agent
that can be added in variable quantities to stiffen the printed material so that it could
support the load of the wet build material.

Application details

The four panels demonstrated the manufacture of the first fully three-dimensional
geometry to be printed in mortar with conformal voids with the aid of a removable,
temporary support material. The demonstrator comprised of four unique panels
approximately 800 × 800 mm that formed a single, double-curved surface once
assembled on a mounting frame (Fig. 2.7).

Similarly to conventional AdditiveManufacturing processes, the generation of the
machine instructions is derived from a 3DCADmodel shown on the left-hand side of
Fig. 2.9. Printing in flat layers for (relatively) thin curved panels can be cumbersome
to achieve in practice and so a non-conventional approach was used. Tool paths that
printed conformally to the surface were developed using Grasshopper and proved
effective at improving efficiency, performance and surface quality (Lim et al. 2016).

The processing of the CADmodel is more complicated with the support material:
two models are required, one to base the generation of the tool path of the build
material (cement-based mortar) (Fig. 2.9–1) and one for the creation of the support
structure (Fig. 2.9–2).

Figure 2.10 depicts six stages ofmanufacture. Figure 2.10–1, shows the printing of
the sand support to create the bottom curved working surface. Once the support was
completed, the layers of the bottom shell are printed conformally on the base using
the extruded mortar (Fig. 2.10–1). The internal voids and interconnecting ‘pillars’
are then formed, ensuring a good bond between the shell and pillar (Fig. 2.10–3).

Thebase supportmaterial of eachpartwas relatively easy todefine inCADandwas
actually printed using a conventional flat layer approach,making the generation of the
tool paths straightforward. As previously mentioned, generating conformal printing
paths was more demanding and some considerable time invested in developing a
Grasshopper tool to do this (Lim et al. 2016).
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Fig. 2.10 Six stages of manufacturing one of the panels and the CAD model compared to the
finished parts

The support was dispensed via a specially designed tool that allowed the sand to
be ‘extruded’ with very similar dimensions to the mortar, hence making the creation
of the tool paths in the centre of the component (layers that were 50% solid and
50% void) easier to compute. However, the actual manufacture was challenging in
practice and required some intervention to ensure the build was completed correctly.

Once the pillars and supporting material were in place, the top shell was printed,
and the part left to cure, before being separated from the support and washed clean
(Fig. 2.10–4, 5 and 6). Figure 2.10–7 and 8 depict the CAD model and the finished
component.

The CAD model for each panel was extracted from the whole surface and was
printed over-sized by 25–50 mm so that the precise joints between each panel can
be located and cut using a conventional diamond saw. This was done by hand in this
test application, but it could be automated.

The addition of the second support material enables far more freedom in the
components that can be designed and manufactured, although this needs to be
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traded off in the greater processing burden and the more complex interaction of
two deposition systems.

2.4.3 The ‘BOD’: A 49 m2 Office Building

This case study describes an extrusion-based additive approach that utilises a mix
design containing recycled aggregates to print the walls of a building in-situ rather
than in the factory (as the approaches from Sects. 3.1 and 3.2). The project was
completed by COBOD International (former 3DPrintHuset) in Nordhavn, Denmark
in 2017, Fig. 2.11–8.

Process & facility details

The extrusion-based print process was carried out in-situ using batch mixing and
a continuous pumping system to deliver material to a hopper mounted on a large
gantry system having four degrees of freedom. A rectangular extrusion nozzle (50
× 10 mm) was used for most of the construction, and the nozzle orientation is set to
remain tangential to the print path. The average volume flow rate for the extrusion
was 0.36 m3/h, although this was adjusted several times during the process. The
maximum travel velocity of the printing head reached 100 mm/s, while the practical
travel speed was found to be about 60% of this.

Material details

A custom-design concrete mix based on CEM II was used. This mix included fine
aggregates with a maximum particle size of 4.0 mm. In addition, crushed-red roofing
tiles and bricks were used. The fine and recycled aggregates were pre-mixed prior
to delivery. Immediately before printing, the pre-mixed aggregates were placed into
a concrete mixer (100 L drum mixer) in which cement, water, polypropylene fibres
and superplasticizer were added. The pre-mixed material was then transported to
a progressive cavity pump, which conveyed the material to an extrusion nozzle
(Fig. 2.11–3) that works under a screw system principle. The mix design is listed in
Table 2.2 and yielded a compressive strength of 52.0 MPa.

It is worth mentioning that during the initial phase of the printing process, it was
observed that the pre-mixed aggregates (especially the recycled fraction) were out
of specification in relation to the maximum particle size, which was problematic
for pumping. It turned out that more than 10% of the aggregates were above not
only 4 mm but up to 20 mm. This resulted in clogging the hose when pumping and
the subsequent pressure build-up ruptured the supply hose in one printing sessions.
Subsequently, the premixed materials were sieved using a 10 mm sieve. Hence, the
final mix comprised aggregate particles with size up to 10 mm.

Application details

The project was the first 3DCP building project to receive an approval/permit by
a municipality in Europe. The printing process was intended to be applied to the
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Fig. 2.11 Main phases in the construction of the BOD: 1. 3DCP of the foundation slab contour;
2. Concrete casting of the foundation slab; 3. 3DCP of the building walls and printing nozzle; 4.
Detail of the insulation material; 5. Detail of the manually added rebars; 6. The BOD walls right
after printing; 7. Application of roof, doors and windows; 8. The BOD after its completion
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Table 2.2 Mix design of the concrete used in ‘The BOD’

Materials Composition
[kg/m3]

Mass Fraction
[kg/kg]

Total mass [ton] Total Cost [Euro]

CEM II 735.4 1.00 6.12 1,392

Sand N.1:
0–2 mm

420.6 0.57 3.50 79

Sand N.2:
0–4 mm

420.6 0.57 3.50 86

Recycled agg.:
0–4 mma

526.3 0.72 4.38 70

Superplasticizer 4.8 0.007 0.04 26

Polypropylene
fibres

2.4 0.003 0.02 139

Water 199.5 0.27 1.66 8

Total – – 19.22 1,800

aSpecification provided by the producer, thought the maximum particle size was up to 10 mm

building of the walls and structural columns that carry the roof. However, the
subcontractor in charge of executing the foundation slab faced challenges to produce
a formwork that matched the shape of the building and, hence, 3DCPwas also used to
print the external perimeter of the foundation (total height of 600 mm, Fig. 2.11–1).
Traditional casting method was then used to form the foundation (Fig. 2.11–2).

This allowed for the placement of reinforcement using standard practices; thus,
the structural elements were produced to existing codes—leaving the printed parts
as a permanent formwork. The installation of the roof, windows, doors and surface
finishes was carried out using standard building practices. Similar to the foundation,
the printed walls (Fig. 2.11–3 to 5) were not considered as load-bearing elements.
For the load-bearing elements such as columns, a similar formwork approach was
applied to produce 11 columns that were also reinforced and then cast to carry the
imposed loads.

The 3DCP of the foundation perimeter, walls and columns were finalised in about
two months; six weeks of which were spent adjusting the process to cope with the
problems with the pre-mixed materials. The project was complete in eight months,
mainly due to the availability of labour. Without interruption, the total printing time
was approximately 55 h.

2.4.4 Shotcrete Printing a Reinforced Double-Curved
Concrete Wall

In this study, the manufacture of a double-curved wall is carried out (Fig. 2.12–6)
with an additive manufacturing process based on material jetting (Neudecker et al.
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Fig. 2.12 Fabrication process; 1. Shotcrete 3D Printing of the wall; 2. manual placement of the
pre-bent horizontal reinforcement; 3. precise cutting of the surface, while the concrete is still in the
plastic state; 4. threading in the vertical reinforcement; 5. embedding the reinforcement by vertically
spraying onto the printed structure; 6. final trowelling with a rotating plastic disc

2016), as opposed to material extrusion, discussed in Sects. 3.1, 3.2 and 3.3. The
incorporation of reinforcement is demonstrated using a dual application approach
and was realised at Technical University of Braunschweig.

Material details

In shotcrete 3D Printing (SC3DP), the layers are built up by a spray deposition (or
jetting) process using compressed air to carry the materials to the working plane. It
is an evolution of the traditional shotcrete processes. The jetting velocity results in
very good bonding behaviour between layers (Nolte et al. 2018) and the ability to
encase reinforcement. A pre-mixed cement-based mortar is mixed in a conventional
batch mixing approach and is subsequently conveyed to the printing nozzle using
standard pumping equipment. An accelerator is added at the nozzle to enable faster
building rates.
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Process details

The print head is mounted on a large gantry system with two vertical axes of which
one is equipped with a six-axes robot and the other with a three-axes milling device.
The overall cooperative build volume is 10.5 × 5.25 × 2.5 m high.

The nozzle velocity was set to 0.25 m/s, resulting in a layer height of 1 cm.
This enables a material deposition rate of 1m3 per hour. For this specific case-study,
the total printing path length was added up to be 675 m, resulting in a (calculated)
printing time of 45 min. After every 40 layers, the printing process was paused, and
pre-fabricated 10 mm horizontal steel reinforcement elements were manually placed
lengthening the actual manufacturing time to 80 min.

Application details

To demonstrate both the structural and design potential of shotcrete printing, a
concept part was designed: a double-curved, reinforced concrete wall with high
surface quality. The wall has a length of 2.5 m, a thickness of 18 cm and a height
of 2.3 m. The manufacture of the wall integrated the shaping and the placement of
structural reinforcement. In addition, the surface finish of the sprayed component has
a rather coarse resolution and so to address this, subtractive processing for surfaces
and edges were applied.

The modelling process included a structural analysis of the geometry using,
Rhino 3D (www.rhino3d.com) and Karamba (www.karamba3d.com) for
Grasshopper (www.grasshopper3d.com) to test that the wall would be stable
during manufacture. The wall was realised using two spraying processes. The
first spraying operation used flat layers in an additive manufacture fashion to
form the core of the wall (Fig. 2.12–1), pausing to hand place pre-bent horizontal
reinforcement (Fig. 2.12–2). While the concrete was still plastic, a subtractive
process was applied to improve the potential jointing surfaces (Fig. 2.12–3). Vertical
reinforcement was then added (Fig. 2.12–4), utilising the undulating profile of
the core print. The reinforcement was encapsulated with the second sprayed layer
application in the vertical direction (Fig. 2.12–5) and then trowelled smooth, again
while the concrete was plastic (Fig. 2.12–6).

Currently, the fabrication process requires a team of at least five people. Three
people are needed for handling the concrete supply chain, one to control the machine
and one to supervise the process and to intervene should problems arise.

2.4.5 Enabling Weight Reduction of a 12 m Footbridge

This case study describes a 12 m long footbridge, installed in Madrid, Spain by
Acciona in 2017 (Fig. 2.13). The D-Shape® process was used to realise weight
reduction in an assembly of eight pieces that form the bridge. This additive
manufacturing process uses a particle-bed and binder approach, rather than the

http://www.rhino3d.com
http://www.karamba3d.com
http://www.grasshopper3d.com
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Fig. 2.13 The footpath bridge in Madrid by Acciona (© Enrico Dini)

depositionof a pre-mixedwetmortar used in extrusion and jettingmethodsmentioned
in previous case studies (Valencia 2017).

Material Details

The material is a compacted, dry sand (maximum particle size of 0.2 mm) spread
and cement that is locally activated by spraying or jetting water or a water-admixture
solution into the packed particles thus forming a cement paste matrix around the
aggregate particles. Capillary effects draw the water into the matrix, and the water
spreads out to the size of the nominal voxel. Careful compaction of thematrixmaterial
is critical to control the dispersion of water in the voxel and ensure that full layer
penetration is achieved as these factors affect the resultant mechanical properties
(Lowke et al. 2018).

Process Details

In general, the printing process consists of two repetitive work steps. In the first step,
a layer of dry particles is spread over the printing area with a uniform thickness of
about 5 to 10 mm. The second step is the selective deposition of a fluid onto the
particle bed by means of a print head in order to bind the particles. This process
is repeated in series until the component is complete. Once cured, the non-bonded
particles are removed in a post-processing step of de-powdering, Fig. 2.14 (Lowke
et al. 2018).

There are twomethods of binding the particles: either by selective paste intrusion,
where a cement paste is deposited on the surface to the packed bed and is drawn into
the dry material under gravity (Pierre et al. 2018), or where the cement component
is added in its dry state to the particle-bed, before it is selectively activated by
adding water to the surface. In this case study, the footbridge was manufactured
using selective cement activation.
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Fig. 2.14 D Shape® 3D-printer (left) and print head (right) (Lowke et al. 2018)

The D Shape® printer used in manufacture consists of a horizontal aluminium
frame lifted by four columns giving a print area of 2 × 2 × 2 m3. The horizontal
frame contains a print head with 100 nozzles at 20 mm intervals and a blade to spread
the sand. To fill the gaps within the array of nozzles and to ensure that the whole
cross-section would be uniformly reached by the fluid, each layer is produced in
multiple passes with a 5 mm offset of the print head, Fig. 2.14. The average printing
speed of the printhead is around 15–20 cm/sec.

Application details

A D Shape® particle-bed binding printer was used to build a footpath bridge shown
in Fig. 2.13. The bridge has a total length of 12 m, a width of 1.5 m and a bridge
railing height of 1.3 m (IAAC 2019). The supporting structure of the bridge consists
of two lateral Vierendeel metal structures and eight printed concrete elements. The
metal structure has a variable height of about 1.3 m at the supports and 1.1 m in
the middle of the bridge. The forces introduced into the structure are transmitted
through the metal structure to the supports located on the two banks. During the
building process, the metal structures were installed first followed by the modular
installation of the printed concrete elements. Figure 2.15 gives a schematic overview
of the installation process.

2.4.6 Column and Beam Manufacture

Here, Smart Dynamic Casting is applied to manufacture the façade mullions in-
stalled in the DFAB house at the NEST building on the Empa campus in Düben-dorf,
Switzerland (Fig. 2.16). The process is based on the principles of slip-forming and
is a formative process that deploys extrusion vertically to shape the cross-sectional
area of beams and columns. The cross-sectional area can be either rigid, or adjusted
to provide customisation (Lloret et al. 2019).
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Fig. 2.15 Substructure and building process of the footpath bridge (Acciona 2019)

Fig. 2.16 Final installation of façade mullions in the DFAB House, on the left-hand side of the
image
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Material details

The approach used a cement mortar with a maximum aggregate size of 4 mm, which
is batchmixed conventionally. Themethod relies on shaping concrete in themoments
when it is still plastic but has adequate strength to support its own weight as well
as the weight of some additional concrete within the formwork (Lloret et al. 2015,
2016). To achieve this, the measurement of the material to determine its plastic state,
and the control of setting through the addition of admixtures just before deposition
into the formwork are critical aspects to the process (Mettler et al. 2016; Lloret et al.
2017). Controlling when this moment occurs and timing it correctly with the vertical
slipping speed, is crucial. Slipping too fast will cause plastic collapse of the material
lacking enough strength. Too slow slipping will result in high friction within the
formwork and brittle failure from a material that has almost set.

Process details

SDC is a scaled-down version of slip-forming, or vertical extrusion, in which a
vertically moving and reconfigurable formwork shapes gravity-fed material either
within the formwork, or at the moment it exits. The material is a batch mixed,
cement-based mortar which is then deposited into the formwork either manually or
via a pump.

The formwork is about 40 cm in height, and 80–800 cm2 in cross-sectional area
depending on the specific implementation. It moves at a vertical slipping speed of
10–20 mm/min via either a 6-axis robotic arm or a linear axis. The columns can be
deformed by rotation of the formwork on the robotic arm, or via a rotating table at the
base of the linear axis (Fig. 2.17–1); by linear actuators placed at the bottom of the

Fig. 2.17 1. rigid formwork, rotational deformation; 2. rigid formwork, linear actuator deformation
at exit; 3. single sided deformation, reinforced column demonstrator; 4. schematic of top and bottom
couplers used in tensioning reinforcement for production
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Fig. 2.18 Process details for application 3 in Fig. 2.17: 1. linear actuators for deformation within
formwork; 2. scaled metallic strip for deformation; 3. capillary oiling system in constructed
formwork

rigid formwork, requiring the placement of a void space in the centre of the column
to allow the incompressible material a place to flow (Fig. 2.17–2); or by the use of
linear actuators, on one or two sides, is moved vertically to change the rectangular
in cross-sectional area (Fig. 2.17–3).

Formwork friction is minimised through the use of low-friction synthetic material
inside the formwork as well as the installation of capillary oiling systems. In the latter
application, a forming strip (Fig. 2.18–2) is coupled magnetically to the actuators
(Fig. 2.18–1), and is ‘scaled’ to allow flexible deformation and entry of oil via a
capillary oiling system (Fig. 2.18–3). Formwork friction was monitored with process
feedbackusing load cellsmountedon the formwork. Strength build-upwasmonitored
by measuring formwork pressure at a sensor positioned just before material exit
(Lloret et al. 2017, 2019).

Application details

The reinforced façade mullions in the DFAB house in Dübendorf, Switzerland, were
manufactured using the flexible formwork approach depicted in Fig. 2.17–3. This
method has been demonstrated to be more versatile than the fixed formworkmethods
depicted in Fig. 2.17–1 and 2.

In total 15 mullions were manufactured for the DFAB house, each with a different
form to match required material amounts in the centre of the mullion with calculated
façade wind loads and variable tributary lengths. The mullions were approximately
3 m high, and each took approximately 3 h to slip-form, and approximately 8 h in
total production time per mullion.

During the manufacturing set-up, the reinforcement sections (Fig. 2.17–4) were
cut, bent andweldedprior to slip forming.Coupling plateswerefitted to each end such
that the reinforcement could be held vertically and tensioned duringmanufacture, and
the same plates were used for on-site installation. For production, the mould system
was then installed around the reinforcement, and the slip forming then carried out to
completion of the mullion (Lloret et al. 2019).

One complicating factor for the application of these methods is the precision in
the control of the curing required. In addition, the loss of the formwork leads to a



2 Digital Fabrication with Cement-Based … 37

higher risk of drying shrinkage cracks and deformation. In the DFAB house, these
issues are being treated by through life monitoring.

2.4.7 Commercial Panel Manufacture Using Flexible Moulds

Flexible moulding is a DFC technology that has been used on various commercial
projects including the Arnhem OV Hub in the Netherlands (architect UNStudio,
concrete product manufacturer mbX), the interior cladding of two Crossrail
underground stations in London (architect Grimshaw, panels by mbX) and Kuwait
International Airport terminal vaulted roof (architect Foster + partners, panels by
Limak / Adapa). The method can be deployed as a deformation process, where the
panels are shaped after casting (used in the former two examples) or as a solidification
process, where the moulds are deformed before material placement (in the latter
example), Fig. 2.19.

Fig. 2.19 Prototypemould ofVollers andRietbergen at TUDelft (2010) (patent described inVollers
et al. 2010)
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Fig. 2.20 Prototype of the flexible mould as developed in a Dutch R&D project operating in mode
1, deformation: Setting out formwork (Schipper et al. 2015b)

Fig. 2.21 Images from the realisation of Kuwait International Airport using flexible moulds from
Adapa: 1. artists impression of the finished building; 2. the pin bead and mould surface; 3. and 6.
an on-site mock-up of the panels; 4. and 5. production facilities required for the industrial-scale
manufacture of the roof

Material details

Typically, self-compacting concretes or zero-slump concretes for spray applications
are used, depending on system configuration, see Table 2.3. Inmode 1 (deformation),
the control of the thixotropy is critical. A fast, initial setting of the fluid concrete
is needed, to allow for deformation without spilling. At the same time, the
material should still be sufficiently plastic/compliant to prevent cracking during this
deformation (Schipper et al. 2015a).

Inmode 2 (solidification), once themould is deformed first, the concrete is applied
on a sloping mould surface, requiring that the yield strength of the mixture is high
enough to resist gravity. Often spraying is used. If a zero-slump concrete is applied,
the process is comparable to plastering or rendering.

Mode 1 only allows for compliant reinforcement, such as very thin steel nets,
short or long chopped fibres in steel, PVA or glass, or alkali-resistant textiles in
glass-fibre. Mode 2, due to the application method of the concrete, is mostly served
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Fig. 2.22 The completed two-story villa

Table 2.3 Typical concrete
mix for a self-compacting
HPC with an average cube
compressive strength
(28 days, cubes with 150 mm
ribs) of 76 MPa and an
average prism flexural
strength (28 days, prisms 40
× 40 × 160 mm3) of 13 MPa

Concrete component KG/1000 L

Cement CEM I 52.% R white 600

White limestone powder (Betoflow D, O) 180

White pigment 6

PVA Fibers L = 8 mm (Kuraray) 5.2

Superplasticizer Glenium 51 (BASF) 3.2

Water 228

Sand 0.125–0.25 mm 229

Sand 0.125–0.25 mm 408

Sand 0.5–1 mm 637

by short fibres that can be mixed and sprayed together with the concrete, but can
also be applied in combination with regular steel reinforcement, like in the Kuwait
airport case.

Process details

The process is based on reconfigurable pin bed is deployed in one of two ways:
either as part of a deformation process, where the material is cast flat and the
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pin bed deformed while the material is compliant (mode 1, Fig. 2.20); or as a
solidification process where the mould shape is determined prior to the addition
of the material (mode 2). The method is typically used for creating non-structural
panels of 10 to 50 mm thickness used for non-structural applications, such as façade
or roof cladding in free-form architecture that has limited repetition of standard
elements. It is also used to produce panels that are used in structural applications as
permanent formwork of volumetric curved concrete structures (e.g. curved bridge
decks or curved structural concrete roofs of which the thin shell is topped with in-situ
traditionally reinforced concrete).

The flexible mould consists of an elastic, rubber-like surface containing steel
rods in two directions to guide and smoothen the deformation of the rubber mat
(Fig. 2.20–2). On this rubber mat, it is possible to cast or deposit any mouldable
and solidifying material. The shape of the rubber mat can be controlled with CNC-
controlled actuators directly from the 3D-file fromflat into any doubly curved surface
(Fig. 2.20–3). The contours of the elements are placed manually on the surface after
conventional laser projection on the exact location (Fig. 2.20–1), which is non-trivial
in a doubly-curved geometry (Schipper and Eigenraam 2016).

Application details

Among the first companies to really deploy the adaptive mould at full industrial
scale and within a digitally driven process is Adapa, holding various patents in
the field (Kristensen and Raun 201; Raun and Henriksen 2014). At the time of
writing (2019–2020), Adapa is involved in the construction of Kuwait International
Airport, an immense 1.2 km length terminal designed by Foster + Partners and
ARUP, comprising vaulted, parametrically shaped roofs with very limited repetition
of panels.

The sheer size, number of panels, and lack of repetition forced the designers to
prescribe the use of a digitally controlled flexible mould in the brief, to make the
project feasible. Figure 2.21–1 shows an artist impression of one of the terminal
areas. The smooth rubber surface and the digitally controlled actuators of an Adapa
mould are visible in 2.21–2. For the Kuwait project, a steel edge profile was used as
a delimiter for the concrete, whereas the adaptable mould surface forms the basis of
each cast, each panel having a slightly different curvature. Traditional reinforcement
is placed before casting. Figure 2.21–5 gives an impression of the production line
needed for this immense project. Fugure 2.21–3 and 6 are on-site mock-ups of the
produced vault and cladding panels.

An advantage of the process is the architectural surface quality of the parts;
however, as concrete is alkaline, it shortens the life of the rubber used as the flexible
casting surface.
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2.4.8 In-Situ Production of Full Scale, Reinforced Concrete
Walls

This final case study presents the production of a residential villa, in Tongzhou,
Beijing, China in 2016 by HuaShang Tenda, Fig. 2.22. The case study illustrates
construction automation enabled by material extrusion using conventional concrete
in such a way as to encase preplaced reinforcement mesh.

Material details

The material used is ordinary vibrated concrete comprised of Portland cement, sand
(0–5 mm), coarse aggregates (5–20 mm) and water. No additives were used. The
average compressive strength of hardened concrete was between 30 and 40 MPa.
Concrete is produced in a conventional gravity mixer with a capacity of 1 m3 and
placed batch by batch into the hopper. When filled, the printhead can accommodate
approximately 0.3 m3 concrete.

Process details

The material is conveyed vertically in the large printhead under gravity, assisted by
vibration. The vibration is generated by an unbalanced mass and propagates along
the length of the nozzle. The nozzle is forked and held by the print headmounted on a
large-scale gantry robot with four degrees of freedom, including rotation (Fig. 2.23–
1).

The outer dimensions of the application reported here are 15 × 15 × 9 m. The
gantry system carrying the printhead is 20 m wide and moves on rails (Fig. 2.23–
1). The vertical steel mesh reinforcement is fixed by hand prior to printing. The
concrete is then deposited layer-by-layer, gradually enclosing the reinforcing bars
from all sides, see Fig. 2.23–3 and –1 to 3.

A given machine configuration is designed to operate at a constant volume flow
rate, and the velocity of the printhead horizontal movement during the construction
of the villa was approximately 0.3 m/min while printing the 100 mm thick walls.
The average thickness of each layer was 50 mm.

Application details

This project realised a two-storey, 400 m2 villa on the grounds of the company in
Tongzhou Beijing, China. The design was performed according to the Chinese code
(incl. earthquake load case). The layout planning was carried out with AutoCAD.
The foundation slab with connective reinforcement was produced in a conventional
manner, see Fig. 2.23–3. The vertical steelmesh reinforcement and plastic installation
tubes were placed manually. The vertical walls, both straight and curved, were then
manufactured additively by deposition of concrete layers which encapsulated the
reinforcement and tubes. At openings (doors, windows) the concrete conveying was
interrupted, and some manual help was provided to ensure the desired geometrical
accuracy. Provisory wooden supports were sutilised to deposit concrete over the
openings. The ceilings and the roof were made of composite slabs (manually placed
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profiled steel sheets served as permanent formwork and concrete was deposited
automatically upon them).

Although the vibration is applied at a considerable distance from the nozzle
orifices, they propagate towards the orifices, resulting in quasi-compaction of
concrete, improving the quality of both concrete and bond between concrete and
reinforcement. It should be noted that reinforcement mats provide kind of stabilising
support to the freshly deposited concrete layers; however, the extent of such effect
still needs to be investigated.

The concreteworkswere carried out betweenmidofOctober and endofNovember
2015 on the firm’s compound using the printer built the same year. The entire building
process took 45 days, according to HuaShang Tengda Ltd.

The approach is promising; however, at this stage, it exhibits some limitations.
First, the height of individual mesh sheets is limited to the size of the forked nozzle,
which is quite large: here the mesh sheet height was approximately 1.7 m while the
height of the entire printhead was approximately 3.5 m. The second limitation is
that only one or two reinforcement layers can be easily integrated into the middle
of the wall cross-section. However, not only reinforcement but also some simple
installations such as cable tubes and even thermal insulation can be accommodated,
see Fig. 2.23–4. Furthermore, only vertical walls (no inclination) and only rounded
transitions (no sharp corners) can be produced, while the walls’ surfaces exhibit a
rough texture, see Fig. 2.24. Finally, since the gantry system must be very massive

Fig. 2.23 On-site 3D-printing by HuaShang Tengda: 1. gantry-based printer with a hopper on
the top of the printhead; 2. raw materials and mixer; 3. foundation and connective steel bars; 4.
deposition of the first layer
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Fig. 2.24 Construction of the two-storey villa: 1. forked nozzle lays concrete on both sides of the
rebars, 2. printing a bow; 3. manual help at the opening, when the material flow is interrupted; 4.
forming a vertical element

and stiff to enable a robust control of a heavy and vibrating printhead, the transport
and mounting of such printer limit its mobility and flexibility.

2.5 Summary and Outlook

This chapter provided a brief background of contemporary DFC and demonstrated
the diversity in existing technologies. These differences are more than skin deep
and are often driven by the product that the process is designed (or optimised) to
produce. In one case study (Sect. 3.7), the actual implementation of the technology
determined its classification.

By acknowledging the type of Material used, the Application environment, the
Product and the Process it is possible to clearly delimit the scope of a technology
and so identify differences and similarities that would otherwise not be obvious.
The MAPP definitions should also identify the enabling sub-processes that are
necessary during fabrication as these are oftenwhere important differences are found.
Nonetheless, the method classification should be based on the main assembly, or
material forming process, following convention.
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Eight representative case studies which fit within the classification framework
were used to illustrate the similarities and the differences between materials,
applications, products and processes, Summarised in Table 2.1. The process
descriptions have never been brought together in this way before, and we hope that
readers find the case studies informative in their own right, but also a useful resource
on which to reflect when understanding how to more appropriately compare and
contrast difference DFC technologies.
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Digital Fabrication with Cement-Based
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Abstract The comprehending of the processes’ physics is a prerequisite for the
purposeful design and optimization of digital fabrication systems, as well as their
efficient and robust process control. This chapter presents an overview of the under-
lying physics relevant to an understanding of the processing of cement-based mate-
rials during various production steps of digital fabrication. In this, themain focus was
on various approaches of Additive Manufacturing, but selected aspects of formative
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processes were addressed as well. For some processes, analytical formulas based
on the relevant physics have already enabled reasonable predictions with respect
to material flow behaviour, buildability, and other relevant features. Nevertheless,
further research efforts are required to develop reliable tools for the quantitative
analysis of the entire process chains. To accomplish this, experimental efforts for
the characterization of material properties need to be accompanied by comprehen-
sive numerical simulation. The presented work results from collaborative research
carried out by the authors in the framework of the RILEM Technical Committee 276
“Digital fabrication with cement-based materials”.

Keywords Concrete technology · Digital fabrication · Additive manufacturing ·
3D concrete printing · Digital concrete · Underlying physics

3.1 Introduction

Digitalization and automation in construction bear great potential with respect to
increases in productivity, in creating more attractive jobs, in compensating for short-
ages of skilled labour (Wangler et al. 2016; De Schutter et al. 2018). Digital fabrica-
tion with cement-based materials stands for a wide range of novel concrete technolo-
gies which enable to utilize digital data from the planning phase for actual automated
production in factories and on construction sites (Buswell et al. 2007; Mechtcherine
et al. 2019). This seamless data flow along with full automation can considerably
rationalize and speed up production processes. Furthermore, the digital fabrication
makes it technically and economically feasible to realize topologically optimized,
geometrically complex structural elements designed according to the principle form
follows force. Not only such topological optimization allows for elegant, material-
minimized, and resource-saving structures (De Schutter et al. 2018; Lowke et al.
2018), but it also enables the integration of various functionalities.

Several approaches for Digital Fabrication with Concrete (DFC) have been devel-
oped over the last few years, and a number of full-scale applications have been
successfully realized; see e.g. Salet et al. (2018), Valencia (2017). While the indi-
vidual approaches vary considerably with respect to equipment, material concepts,
and production steps, they all rely on sound interactions between material and
machine along the entire processing chain. Thus, mastering material flow is a prereq-
uisite for efficient and robust processes, let alone their optimization and control. Such
mastering is only possible if the underlying physics of individual DFC processes
are well understood and purposefully applied. In this light, the RILEM Technical
Committee 276 “Digital fabrication with cement-based materials” dedicated consid-
erable time and effort to the systematic analysis of the physical background of various
DFC technologies and their individual processing steps. The main outcomes of this
collaborative work is this chapter as well as an extra review paper focusing on Addi-
tive Manufacturing approaches based on material extrusion (Mechtcherine et al.
2020).
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This contribution brings together the relevant knowledge in physics needed to
understand and shape purposefully the relevant processes belonging to DFC. In
doing so, first, in Sect. 3.2, the existing DFC approaches are briefly described, and
relevant processing steps and related physics are given. This section also set the stage
of the entire chapter by explaining which topics will be addressed comprehensively,
and which only briefly or not at all. The following four sections deal with individual
processing steps and corresponding physical mechanisms governing these processes:

– Section 3.3, Gravitational flow and capillary flow
– Section 3.4, Pumping and extrusion
– Section 3.5, Mixing after adding accelerator in the print-head/nozzle
– Section 3.6, Load bearing and deformation behaviour after deposition.

Section 3.7 discuss briefly the key physical properties relevant to the underlying
physics described in the foregoing sections. In particular, rheological properties of
fresh concrete, visco-elastic properties of fresh and hardening mixtures as well as
surface tension and friction are addressed. Section 3.8 offers some deliberations
on optimization of DFC technologies based on the understanding of underlying
physics and illuminates that by two examples. Various processes relevant for some
particular DFC approaches and not covered by previous sections are briefly described
in Sect. 3.9. Section 3.10 summarizes the main conclusions of the review work. In
this, special attention is paid to research needs, of which a great many remain.

3.2 Fabrication Approaches, Processing Steps
and Related Physics

The fabrication approaches addressed in the chapter include material shaping
processes within the additive and formative categories according to the classifica-
tion framework from Chap. 2, see also (Buswell et al. 2020). The main focus is
on Additive Manufacturing approaches, namely, the approaches based on material
extrusion, on material jetting and on the particle-bed binding. As an example of
a novel formative technology, adaptive formwork is illuminated in this section as
well. A brief description of each fabrication approach, along with their classifica-
tion and processing steps, is provided below. Note that the term “processing step”
relates to how the material is handled prior/during production and the imposed loads
during/after production.

The Additive Manufacturing technologies based on material extrusion, can be
subdivided into three categories: (i) extrusion of stiff material, similar to conven-
tional extrusion, (ii) extrusion of flowable material with or without adding admix-
ture(s) in the print-head, and (iii) extrusion of material using additional energy input,
e.g. vibration, which facilitates the delivery and deposition of stiff mixtures. The
major processing steps include: transportation of build material to the print-head,
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print-head process/extrusion by the print-head, deposition of build material, accom-
panied by its deformation, and depositions of further layers, accompanied by loading
earlier deposited upper layer(s) by self-weight and process-induced forces, related
deformation of build material after deposition followed by further deformation due
early-age shrinkage, early-age creep, and thermal dilation.

Material jetting is an Additive Manufacturing approach which corresponds to a
variation of conventional sprayed concrete, except that an automated positioning
system (e.g. an industrial robotic arm) serves as mean to control the material spray
onto the working surface. Hence, this fabrication approach requires a delivery system
to convey the feedstock to the nozzle,which is then projected, deposited onto a surface
and gradually loaded—at greater loads than that experienced in extrusion—as the
process goes by.

As for particle-bed binding, this is an Additive Manufacturing fabrication
approach that uses binder jetting. The process steps in particle-bed binding differ
from all of the above approaches. Basically, the feedstock (dry material) is spread in
sequential layers on the working surface by a nozzle; and a second nozzle selectively
places the binding agent. The only similarity lies in that a binding agent is conveyed
to the second nozzle using a pumping system. The final structure is only loaded
post-process due to the de-powdering or removal of unbound material, which acts as
support material as the processes progresses.

Finally, the adaptive formwork, this is a formative manufacturing fabrication
approach that combines solidification and deformation processes. The process steps
in adaptive formwork are similar to those in the extrusion approach. As the process
progresses, the material is gradually loaded by a combination of forces exerted by
the material’s self-weight and the formwork movement.

Prior to discussing the commonality between the processing steps in the
approaches covered in this chapter, the readers should bear in mind that a technical
discussion on the processing step “mixing” (either in wet or dry form) is beyond
the scope of this publication—and will only be presented in a succinct form for the
sake of general information. Hence, we assume that the first step in each approach
is “material delivery”.

By overlapping the processing steps from the discussed digital fabrication
approaches, it is possible to derive the backbone of processing steps common to
all cases. Specifically, Step 1 corresponds to material delivery to print-head (nozzle),
Step 2 to any additional processing in the print-head, Step 3 to deposition and
related loads/deformations, Step 4 to mechanical loading after deposition, and Step
5 to behaviour of material after deposition. Table 3.1 lists production steps, related
processes and underlying physics relevant for given fabrication approaches. Note
that mechanical loading after deposition as well as early-age shrinkage, early-age
creep and thermal dilation of the material after deposition do not represent a produc-
tion step as such, but still need to be considered for attaining products according to
specification.

For the sake of clarity, one of the approaches is depicted in Fig. 3.1, which illus-
trates the processing steps belonging to the extrusion of concrete materials without
the addition of admixture in the print-head.
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Fig. 3.1 Processing steps in an extrusion-based additivemanufacturing approach: (1) transportation
of material, (2) print-head process, (3) deformation of material during deposition, (4) mechanical
loading after deposition, (5) behaviour of material after deposition

The following sections will focus on underlying physics relevant to processes in
various processing steps and fabrication approaches. Some related topics will not be
addressed, since they are covered by the other chapters of the book:

(1) Measurements of material properties of print concrete in the fresh state; this
subject is covered by Chap. 4.

(2) Properties of print cement-based materials in the hardened state; they are dealt
with in Chap. 5. This also includes the bond between layers as such; however,
the link between process parameter and the quality of layer-to-layer interface
will be briefly addressed in this chapter.

(3) Effect of reinforcement on process parameters and required physical proper-
ties. There is little information on that evaluable in the literature, but some
information is provided in Chap. 6.
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Some processes of secondary relevance with respect to the main focus of the
chapter will be addressed only briefly or omitted completely for various reasons.
Following topics belong to this group:

• mixing of slurry or mortar/concrete, since this is a process which is well
established in concrete technology;

• pneumatic transport of dry mix, since this is a specific secondary process familiar
in concrete construction from dry spraying;

• delivering dry material and spreading layers of it in selective binding, since this is
a specific process well known from other industries and not specific to concrete;

• wet and dry spraying, since these processes are well established in concrete
technology already;

• mould filling, since it is a standard process in formative approaches to shaping
concrete; however, some aspects relevant to digital fabrication approaches such
as filling 3D-printed mould, integrated formwork, or Mesh Mold are briefly
addressed in Sect. 3.9.5;

• compaction under gravitational force, compaction by vibration, compaction
through static forming element, impact compaction (spraying); these are highly
interesting aspects relevant also to other concrete technologies and not really
specific to digital fabrication; covering them goes beyond the scope and format
of this contribution;

• kinetic energy from the upper layer deposition, spraying or print-head contact;
these issues are of high relevance, but hardly covered by the existing literature; it
is certainly an area in which more research is needed;

• tensile force due to the upwardmovement of formwork and friction or due tomove-
ment of temporary supports; highly relevant topic for adaptive formwork, and
important for some extrusion-based approaches; again there is little information
published as yet, thus, there is plenty of room for future research;

• kinetic energy by removal of unbound or support material; little knowledge is
available on this issue as well; it is relevant for powder-bed binding in the first
place, and with respect to support material to some other technologies too;

• early age shrinkage, early-age creep, and thermal dilation, since they are not
considered to be principally different from conventional concrete construction
from the physical point of view.

3.3 Gravitational Flow and Capillary Flow

3.3.1 Gravitational Flow

Cementitious materials behave as visco-plastic materials when in their fresh state.
Their behaviour can be roughly modelled using the Bingham model. Schematically,
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they behave as elastic solid under a critical stress called yield stress, τ0, and crit-
ical shear strain, γ0, and as viscous fluid when the stress and strain in the mate-
rial are greater than the critical values; see Fig. 3.2. Depending on the production
step, the material’s elasto-plastic or visco-plastic properties have a specific contri-
bution to the particular process. For example, in extrusion-based additive manufac-
turing/3D concrete printing, during transportation (pumping, extrusion) the visco-
plastic behaviour dictates the flow profile, whereas during and after placement the
elasto-plastic properties dictate the shape to the deposited layer (Roussel 2018).

When thematerial is at rest, i.e. after extrusion, gravity acts on thematerial, which
flows if the gravitational forces overcome the material’s yield stress at the bottom
layer. For the case of pasty materials, such as printable cementitious mortar, the
situation is close to the slump flow theory described by Roussel and Coussot (2005).
Thus, the stress induced by the weight of the sample, i.e. ρgh (where h is the layer
height) have to be compared to the elongational yield stress of thematerial—which is
equal to

√
3 · τ0 for cementitious materials having a Von Mises’ plasticity criterion

(Ovarlez and Roussel 2006).
Thus, the final height of the deposited layer can be derived from the dimensionless

ratio ρgh/∝ geomτ 0: if the ratio is lower than 1, the layer will maintain its initial shape
provided by the nozzle and if the ratio is higher than one, the final layer height reads
h = αgeom τ 0/ρg due to plastic settlement. The value of αgeom ranges from 1 (thin
layer, shear flow) to

√
3 (elongational flow) depending on the shape of the deposited

material. Note that when left at rest, the deposited cementitious material can also
undergo elastic deformations, see Sect. 3.6.3 for more details.

Cementitious materials exhibit a viscous flow when the applied stress overcomes
the yield stress. The example of the flow on a rough inclined plane is often used to
illustrate the flow profile of a visco-plastic materials (Coussot and Boyer 1995). In
this case, the stress linearly increases within the thickness of the layer and is equal to
ρgh sin θ, where θ is the angle between the horizontal plane and the inclined plane,

Fig. 3.2 Shear stress vs. shear strain for visco-plastic cementitious materials
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at the cementitious material/mortar interface. The cementitious materials will be
sheared on a layer of thickness�h for which the stress is higher than the yield stress.
At the interface between sheared and unsheared zones, the stress profile provides
a stress value equal to the yield stress: τ 0 = ρg (h-�h) sin θ. The unsheared part
of the flow is known as the plug flow zone. The formation of the plug flow zone is
also encountered in extrusion or pumping. However, it is worth noting that in real
situation, flow-induced particles migration can lead to the formation of a lubrication
layer that reduces the thickness of the shear zone. This will be discussed in this
chapter, within the section dealing with extrusion and pumping.

Another important point is that fresh cementitious materials are time-dependent
materials due to early cement hydration, i.e. their rheological properties evolve in
time. Even more, the type of rheological behaviour can change during the early
hydration from visco-plastic behaviour to frictional plastic behaviour after several
hours of hydration (Mettler et al. 2016). This evolving rheological behaviour is a
crucial point when dealing with the overall stability of the structures in time and will
be discussed in details in Sect. 3.6.

3.3.2 Gravitational Flow in Combination with Vibration

It is well known that vibration affects the rheological behaviour of the concrete and
makes it behave like a fluid, helping concrete to fill a formwork. In material extrusion
fabrication approach, vibration helps ease the extrusion (Perrot et al. 2009).

A vibration solicitation can be described with its amplitude α (m) and frequency
f (s−1). The vibration induces a shear rate at the vibrator/materials interface which
is proportional to the following ratio α · f/Dvib where Dvib is the dimension of
the vibrator (for example its radius for a vibration needle); see Banfill et al. (2011).
This shear rate is sufficient to create a shear stress higher than the yield stress and
locallymakes the cementitiousmaterials flow. Some authors have also shown that the
rheology of the vibrated cementitious material is governed by the product α · f/Dvib

(Perrot et al. 2009).
The zone of influence (i.e. where the concrete behaves like a fluid) is a crucial

aspect for vibration. For example, it is often considered that for vibration needles, the
area of action is about 10 times the diameter of the needle (Forssblad 1965). Some
more precise prediction model of the impact zone can be found in the literature
(Banfill et al. 2011; Grampeix 2013). However, for modern viscous concretes such
as printable ones, the problem can be more complex, and the impact zone can be
smaller than ten times the vibrator size (Grampeix 2013).
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3.3.3 Gravitational Flow in a Porous Medium

Gravitational flow of cement paste through a porous medium consisting of sand
assembly is the working mechanism involved in the particle-bed binding approach.
In one of the variations of this Additive Manufacturing approach called selective
paste intrusion, cement paste has to flow through the dry aggregates layer in order
to fulfil the porosity of a layer made of sand particles of height hsand (Perrot et al.
2014a).

In this method, the exact quantity of cement paste required to fill the porosity nsand
of the sand particles layer is deposited on top of this porous medium. The driving
force that makes the cement paste penetrates within the porous medium is gravity.
This driving force is initially equal to ρghpaste where hpaste is the initial height of
cement paste. This driving force linearly increases with the friction depth as long as
the penetration depth increases and finally reaches ρghlayer . The adverse force that
opposes the flow is the friction forces acting at the cement paste/aggregates interface.
At the flow stoppage, the shear rate tends to zero, and it can be assumed that yield
stress τ 0 is reached at the interface between sand particles and cement pastes. Thus,
the adverse friction force can be written as a function of the yield stress and of the
specific area of the sand which is equal to 6/Dp if we consider that sand particles
(with diameter Dp) are spherical, see Eq. 3.1:

Ff riction = 6

Dp

nsand
1 − nsand

τ0 (3.1)

The computation of the friction force is close to the problem of modelling the
pressure exerted by SCC on formwork which is reduced by the shearing of the
concrete at the formwork and rebars surface (Ovarlez and Roussel 2006; Perrot et al.
2014a). By computing the ratio gravity/friction force, it is possible to have an idea
of the balance between driving and adverse forces that influence the penetration of
the cement paste.

The description and modelling of this problem can be done using an adaptation
of the Darcy’s law for visco-plastic materials (Chevalier and Talon 2015; Pierre
et al. 2018). The work of Chevalier and Talon (Chevalier and Talon 2015) provides a
general frame of applyingDarcy’s law for visco-plastic fluid. It allows to compute the
flow rate under a given pressure gradient depending on the rheological characteristics
of the visco-plastic fluids, see Eq. (3.2).

D∇P = ατ0 + βk

(
v

Dp

)n

(3.2)

where ∇P is the pressure drop per unit length (Pa·m−1) and V is the liquid velocity
(m·s−1), k the consistency and n the power-law exponent of the Herschel-Bulkley
law describing the fluid rheological behaviour. The coefficients α and β are fitting
parameters. For a Bingham material, k = μp and n = 1. Pierre et al. have applied



3 Digital Fabrication with Cement-Based Materials: Underlying Physics 59

this theoretical framework to the case of selective paste intrusion in order to predict
the penetration depth (Pierre et al. 2018). However, their modelling remains one-
dimensional, and some further works are required to predict 3D effects such as
preferential flow path.

3.3.4 Wetting and Capillary Flow

Capillary flow within a porous medium is involved during the particle-bed binding
with cement activation where water (with specific admixtures) has to flow through a
layer composedof dry sand and cement (Lowke et al. 2018), see alsoChap. 2, Sect. 4.5
and Sect. 9.1 in this chapter. The driving mechanism is capillary forces acting at the
pore scale. It is responsible for porous medium imbibition, moisture-wicking or fluid
intrusion in powders (Washburn 1921; Boyce et al. 2016).

Due to the fluid surface tension γ l, the air–water interface forms a contact angle
θ at the solid surface. For example, this contact angle is equal to 20° for a dry
cement–water interface (Feneuil et al. 2017). Using theYoung–Laplace equation (see
Eq. 3.3), it is possible to compute the magnitude of the capillary pressure σcap which
is proportional to the surface tension and inversely proportional to the pore diameter
Dpore. This pore diameter can be expressed in function of the particle diameter as
shown by Roozbahani et al. (2017). In order to estimate the order of magnitude of
capillary pressure, the pore size is considered to be equal to the particle diameter
Dpore ≈ Dp. It is important to note, however, that the use of geometric mean of the
capillary, i.e. 0,43*r, might be more appropriate to describe capillary pressure.

σcap = 4γ l cos θ

Dp
(3.3)

Then, it is possible to compare the magnitude of the gravitational force to the
magnitude of the capillary forces. If we consider the problem of the intrusion of a
droplet of diameter Dp, the level of pressure due to gravity is equal to ρgDp and it
is possible to define a dimensionless number called Bond number Bo which defines
the ratio of gravitational to capillary forces, see Eq. 3.4:

Bo = ρgD2
p

4γ l cos θ
(3.4)

IfB0 � 1, the capillary forces are negligible while ifBo � 1, thewater flow is only
driven by the capillary forces. It is worth to note that when Bo � 1, the flow cannot
be considered as one dimensional because the porous network is a three-dimensional
structure. In this case, further modelling works are required in order to predict the
flow of fluid through the porous medium.

For water in the cement particles network, we can consider that the contact angle
is 20° and the surface tension of water is 0.075 N·m−1. Then it is possible to predict
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Fig. 3.3 Magnitude of stress
induced by capillary forces
and gravity as a function of
the particle diameter

the range of particle diameter for which the capillary or the gravitational force is
the main driving force; see Fig. 3.3. The magnitude of stress induced by gravity and
capillary forces in function of particle diameter are plotted on Fig. 3.3. It can be seen
that for particles smaller than 1 mm, the main driving mechanism is capillary forces.

3.4 Pumping and Extrusion

The pumping (Processing Step 1) refers to transporting concrete/binder fluid from a
reservoir/truck to the print-head (nozzle). Extrusion in DFC refers to the process of
extruding concrete, in the print-head, from a reservoir to the nozzle outlet. Concretes’
transient rheological properties and pumping specifications such as pipeline distance
and geometry affect the pumping process. Numerous factors (cement particle disper-
sion, thixotropy of plug zone, water absorption by the aggregates, activation of super-
plasticizer and variation of air-content) govern whether the pumping process leads
to a decrease or increase in the rheological parameters of fresh concrete (Jang et al.
2018; ACPA 2008; Guptill et al. 1996; Secrieru 2018). Such changes can have conse-
quences to the successful execution of DFC. For example, in 3D printable concretes,
a decrease in yield stress hinders the material deposition rate.

3.4.1 Predicting Pumping Behaviour

There exist various models and test approaches for predicting pumping behaviour
(Kaplan et al. 2005; Chapdelaine 2007; Feys 2009; Choi et al. 2013; Mechtcherine
et al. 2014; Kwon et al. 2016; De Schutter and Feys 2016; Nerella and Mechtcherine
2018; Secrieru 2018). Traditionally pumping pressures are determined based on



3 Digital Fabrication with Cement-Based Materials: Underlying Physics 61

empirical design charts.However, these empiricalmethods havemany limitations and
are unreliable for modern concretes like SCC and HPC (De Schutter and Feys 2016).
The analytical approaches for predicting required pumping pressure for desired
discharge for a pipeline were elaborated in Poiseuille (1844; Kaplan et al. 2005; Feys
2009; Kwon et al. 2016; De Schutter and Feys 2016; Secrieru 2018). For the laminar
flow of a Newtonian fluid, the Poiseuille equation relates pressure P and discharge
rate Q (Poiseuille 1844; De Schutter and Feys 2016). Pipe flow of a Bingham fluid
can be described by the Buckingham-Reiner equation, which can result in over-
estimation of pumping pressure up to 5 times (Jo et al. 2012; Mechtcherine et al.
2014; De Schutter and Feys 2016). Buckingham-Reiner equation does not consider
the formation of lubrication layers and the flow profiles during pumping. The shear
stress, shear rate and velocity profiles of concrete are presented in Fig. 3.4.

Due to shear-induced particle migration (SIPM) concrete flow during pumping
is inhomogeneous; consisting of LL, shearing concrete and non-shearing concrete
plug (Kaplan et al. 2005; De Schutter and Feys 2016; Jo et al. 2012; Mechtcherine
et al. 2014; Secrieru 2018). The presence and properties of the LL have the most
predominant influence on the discharge pressures. Kaplan introduced two analytical
models using bulk and interface parameters (τ oi and μi) for the pipe flow (radius R
and length L) cases of (a) slip-plus-plug flow; Eq. 3.5 and (b) slip-plus-shear flow;
Eq. 3.6 pipe using filling coefficient k and pipeline geometric specifications:

P = 2L

R

[
Q · μi

π · R2 · k + τ0i

]
(3.5)

P = 2L

R

[ Q
π ·R2·k − R

4μ · τoi + R
sμτo

1 + R
4μμi

· μi + τ0i

]
(3.6)

Fig. 3.4 (1) Shear stress, (2) shear rate and (3) velocity profiles of a concrete flow inside a pumping
pipeline (Nerella 2019). (4)-(7) indicate pipe, slip layer, plug zone and bulk-shear zone; adapted
from Kwon et al. (2013), Choi et al. (2014)
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where P is total pressure [Pa] and Q [m3/s] is the discharge rate. The shear stress,
shear rate and velocity profiles of concrete are presented in Fig. 3.4. The interface
rheological properties are typically measured using tribometers.

3.4.2 Ram Extrusion

In ram extrusion, the material in the extruder barrel is pushed by a ram that has the
same section as the barrel towards a gradually reducing (in diameter) or abrupt die
that gives its shape to the material.

Ram extrusion is not a conventional way to process materials at industrial scale,
since it is not a continuous process; it requires a periodical refilling of the barrel.
However, ram extrusion is often used at a laboratory scale to study the extrusion flow,
describe the rheological behaviour and assess the extrudability of various materials
(Zhou and Li 2005; Perrot et al. 2012; Alfani and Guerrini 2005; Kuder and Shah
2006). Ram extrusion is considered as the reference case given its simplicity and
availability in the academic and industrial world. As described in Sect. 3.1, cemen-
titious materials exhibit a visco-plastic behaviour. It can be described by Bingham
or Herschel-Bulkley models with a high yield stress needed for shape stability; see
also Chaves Figueiredo et al. (2019).

As proved by non-destructive or destructive testing, the ram extrusion flow of the
cementitious materials can be divided into three parts (Perrot et al. 2007; Rabideau
et al. 2010, 2012); see Fig. 3.5:

– plug flow in the extruder barrel;
– conical “dead” zone where the material remains immobile around the die entry

(in an optimally designed progressive die the dead zone would not exist);

Fig. 3.5 a Schematic view of an axisymmetric ram extrusion flow and b evolution of extrusion
force F with length of material remaining in the plug flow zone
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– “shaping” zone located inside the conical dead zone or inside the progressive die,
where the material forming takes place and the billet diameter decreases to that
of the orifice.

Each of them contributes to the total extrusion force according to Fig. 3.5 by the
wall friction force Ffr along the extruder barrel, which linearly decreases with the
reduction of the contact surface between material and barrel. Additionally, forming
forceFpi is required for the plastic alteration of thematerial’s geometry and achieving
its final shape in the die land.

In the shaping zone, the contraction induces an elongational flow that plastically
deforms the cementitious visco-plastic material. Only a few studies have specifically
focused on cement-based materials, but there are some numerical and experimental
works aiming to describe the flow of visco-plastic materials in this zone; see Baster-
field et al. (2005, Jay et al. (2001), Perrot et al. (2012), Rabideau et al. (2010, 2012).
For high Bingham number fluids, the velocity increases as the material gets closer to
the orifice as the barrel contracts. Just after flowing past the contraction, the material
velocity becomes constant (Rabideau et al. 2010).

Themodel formulation for the forming forceFpi has been the subject of numerous
studies. The reference work of Benbow and Bridgwater (1993), based on the compu-
tation of the energy needed to reduce the material section by plastic deformation,
has been used successfully to describe the flow of cementitious materials (Zhou and
Li 2005; Perrot et al. 2012; Zhou et al. 2013; Basterfield et al. 2005). Basterfield
et al. (2005) and Perrot et al. (2012) have improved the modelling of the shear rate
influence on the extrusion force by assuming a progressive contraction and by adding
the contribution of shear on the tapered surface. This approach has been also applied
in conjunction with extrusion-based 3D concrete printing; see Chen et al. (2019).

The cement-based material must remain homogeneous during extrusion. This
can be studied from a soil mechanics perspective (Toutou et al. 2005). Khelifi et al.
(2013; Perrot et al. 2014b) considered a competition between the velocity of the
extrusion flow with the velocity of water drainage. Drainage criterion based on the
Terzaghi consolidation coefficient has been used to predict if the material will retain
its homogeneity (Perrot et al. 2014a; Martin et al. 2006); see Eq. 3.7:

text
H 2

dr/Cv

< 0.1 (3.7)

With text the extrusion time, Hdr the maximum drainage length and Cv the
consolidation coefficient (function of materials permeability and compressibility).
According to Terzaghi, Hdr /Cv is the characteristic consolidation time and therefore
Eq. 3.7 means that the time of extrusion must be an order of magnitude shorter than
the consolidation time. However, Perrot et al. (2014b) showed that two materials
(a cement-based material and a clay-based material) with same Hdr /Cv can exhibit
different behaviors during extrusion flow. The authors explained this discrepancy
by the different impact of water filtration on the material’s rheological behaviour.
Indeed, extrudable cement-based materials, on the contrary to clay-based systems,
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present a closely packed granular network very sensitive to water content (Yammine
et al. 2008). Eventually, the authors proposed a criterion that takes into account the
sensitivity of the rheological behaviour to the liquid drainage:

Dc = 1

τw

(
dτ

de

)
ini

t

H 2/Cv

(3.8)

where τw is the shear stress along at the extruder wall, e is the material void ratio
(liquid volume/solid volume) and τ ini is the initial shear stress before any drainage.
Therefore,

(
dτ
de

)
ini

is the variation of the shear stress at the material/extruder interface
at the beginning of the flow.

3.4.3 Screw Extrusion

Screw extrusion is the most common extrusion technique, in which the material is
continuously fed into the extruder barrel wherein an Archimedes screw is used to
convey it toward the die (Burbidge and Bridgwater 1995), Fig. 3.6. When using an
adequate feeding system, the screw extrusion enables high productivity at both indus-
trial and semi-industrial scale (Händle 2007; Li and Zhou 2015). Screw extruders are
also used at the lab scale to test the material extrudability as well as for mix design
optimization; see Fig. 3.6 (Khelifi et al. 2015).

The inside surface of the extruder can exhibit a longitudinal groove in order to
orient the material flow along the extruder screw and toward the die. A vacuum
de-airing system is often added to reduce the entrapped air content and, therefore,
increase the material density as well as its strength and durability. A particular model
of the screw pumping system, namely, progressive cavity pumps (PCP), has been

Vacuum 
de-airing 
system 

Extruded 

Die and exit 

7 8 

Barrel 

Screw 

Motor

Die system 

Material feeding
system

Screw 

Pressure transducer 

Fig. 3.6 Schematic of a screw extrusion process
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widely used in the context of concrete 3D-printing. Such a system is based on a rotor–
stator set, i.e. a steel screw (the rotor) enclosed in a rubber case (the stator). The gap
between the rotor and stator serves as the “conveying chambers” that drive the mate-
rial forward, enabling good control of the flow rate given the positive displacement
nature of the pumping system.

The modelling of the flow of visco-plastic materials through a screw extrusion
system is difficult due to the complex geometry of the screw. Such flow has only been
described in few studies for clay (Martin et al. 2006; Burbidge and Bridgwater 1995;
Händle 2007) and cement-based materials (Mu et al. 1999; Perrot 2006). Perrot
(2006) showed that the axial force acting on the screw is equal, as in the case of
ram extrusion, to the sum of the shaping force and the frictional force acting on the
extruder surface.

In the context of 3D printing, Nerella et al. have proposed a strategy in order to
link the extrusion flow rate to the stator rotational velocity using a progressive cavity
pump in the context of concrete 3D printing (Nerella et al. 2019a). Interestingly,
the authors have shown that due to slippage at the elastomeric stator surface, the
relationship between flow rate and rotational velocity is strongly non-linear. Also,
the fact that the rotor and stator aremade of different materials with different stiffness
is likely to affect the relationship.

3.5 Mixing After Adding Accelerator
in the Print-Head/nozzle

Many fabrication techniques involve a so-called acceleration of the material during
or after deposition. Most of these techniques rely on the incorporation at the printing
nozzle level of either a chemical accelerator able to modify the silicate/aluminate
balance and accelerate one of these hydration reactions or an organic flocculant
able to bridge the finest particles in the system. Both strategies lead to a faster and
enhanced phase-change of the printedmaterial, allowing for higher building rates and
higher productivity for the same printed element geometry control. Such strategies
moreover allow for the mixing, pumping and feeding of the robot with an extremely
fluid material, which will then turn into a pseudo-solid once the accelerator is added.

However, the strategies require the dispersion of an active agent in the printing
nozzle and raise several difficulties in terms of nozzle design. From a process point
of view, as soon as a dispersion technology is involved as a sub-process, residence
(or retention) time of the material in the dispersing zone becomes a key parameter.
Considering that the nozzle cross-section is often close to the cross-section of the
filament (except in the case of a strong contraction at the deposition level), this leads
to the conclusion that the average material velocity in the nozzle is of the order of
the nozzle velocity itself (typically from 1 to 10 cm/s (Buswell et al. 2018)). As most
printing heads overall length is of the order of several tens of centimetres, this means
that residence time shall vary between 1 and 100 s.
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These accelerators are either mineral molecules of size of the order of less than a
nanometer or organic macromolecules of the size of the order of 100 nm (Bessaies-
Bey et al. 2016). Although the validity of the Stokes–Einstein fades when the size of
the molecules gets closer to the size of the molecules of the solvent, we use it here
to estimate the typical diffusion length from the natural diffusion coefficient of these
accelerators; see Eq. 3.9.

D = kT

6πrη
(3.9)

where k is the Boltzmann constant, T the temperature in Kelvin, r the size of the
accelerator and η is the viscosity of the solvent. The typical diffusion length is of the
order of

√
Dt , where t is the residence time. This leads to typical diffusion length

between a few micrometres and few hundreds of micrometres. As a consequence,
even for the smallest printing nozzles for pastes, full dispersion of accelerators in the
nozzle cross-section requires some additional dispersion mechanism and cannot rely
on natural diffusion alone. As the viscosity of cement-based materials is too high to
allow for turbulent dispersion, it is in the field of convective mixing that solutions do
exist.

The idea behind convective mixing is illustrated in Fig. 3.7. It relies on creating
a secondary flow in the nozzle that allows for the distribution of the accelerator
molecules. By shearing the material and therefore distributing the accelerator in
layers, one can reach, after a sufficient residence time, the situation, in which the
typical distance between two accelerator layers is of the order of the typical diffusion
length estimated above.

From a technological point of view, this translates in nowadays existing technolo-
gies into either some so-called static mixers or some screw-mixing devices. The first
ones are not moving as indicated by its name, and it is the overall flow of the material

Fig. 3.7 Flow pattern for the
accelerator molecules in a
theoretical convective
mixing system
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around the surface of the static mixer that distributes the accelerator in layers. The
second one is simply an additional mixing system with its own controls. Both are
inserted into the print-head. The dispersion intensity of the static mixer is propor-
tional to the flow rate in the nozzle while it is an independent tunable parameter in
the case of the screw mixer.

The above features have however, never been studied in details for the specific
conditions and requirements of cement-based materials printing. Print-heads and
their mixing devices are therefore designed through trials and errors. Numerical
simulations (Roussel et al. 2007; Roussel and Gram 2014) could in the future allow
for a better understanding and the resulting progress in nozzle design.

3.6 Load Bearing and Deformation Behaviour After
Deposition

A common denominator in digital fabrication processes of cementitious materials
is the absence of (traditional) formwork. While this is clearly an advantage from a
productivity and sustainability point of view, it introduces the possibility of object
collapse during the manufacturing process—something that is practically impossible
in conventional concrete casting due to the support provided by the formwork. This
issue is not trivial, given the fact that the concrete only starts setting sometime after
deposition and its resistance is thus initially low, in the same order of magnitude as
the loads acting on the in-print object.

In the context of material extrusion, the resistance of a printable mortar to object
collapse during printing is one of the primary concerns and globally indicated as
“buildability” (Le et al. 2012; Lim et al. 2012). The majority of studies both in
academic research and industrial practice is currently based on this type of DFC.
Therefore, themain focus of this section is on extrusion-based additivemanufacturing
too. Nevertheless, object collapse during manufacturing is relevant for a number of
other DFC technologies as well, such as adaptive formwork (Szabó et al. 2018)
and material jetting (Kloft et al. 2019). On the other hand, it applies to a much
lesser extent to particle-bed binding DFC technologies, as the unaffected powder
supports the reacting parts. Thus, where appropriate, additional remarks outside the
field of material extrusion, are occasionally made. Finally, it should be noted that
this section is particularly concerned with the material and object behaviour during
the manufacturing stage (i.e. from the start of deposition until the end of deposition),
not the phase after manufacturing until use or beyond.
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3.6.1 Acting Loads

Collapse during printing is induced by loads acting on the object. In the simplest
assumption, which has been applied on all hitherto published analyses on this issue,
this consists of the centred self-weight of a layer, and those stacked on top of it.
Consequently, gravity-induced stresses grow as the height of the object increases. For
relatively simple geometries and straightforward fabrication processes, the critical
layer is the bottom one, as it is the first to be extruded and is therefore loaded by all
subsequently deposited material.

However, several load types could also occur during manufacturing, as illustrated
in Fig. 3.8. They depend on the process as well as the object design characteristics.
For instance, eccentricities may be introduced by imperfections or oscillations in the
process that result in a misalignment of subsequent layers. Additionally, considering
the geometrical freedom that comes with the adoption of digital fabrication tech-
niques, more extreme eccentricities may be introduced purposefully in cantilevering
object designs. In some cases, granular filler materials such as sand are used (either
permanently or as temporary support material for cantilevers), which induce addi-
tional, non-vertical pressures on the in-print object. Moreover, filaments are often not
only confronted by subsequently stacked layers, but also by horizontally approaching

Fig. 3.8 Besides the vertically acting self-weight of the material, several other loads may be acting
on a print object during printing. Reprinted from Bos et al. (2021)
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ones that also result in sideway pressures. Friction on the print bedmay create support
conditions that locally affect the stress field.

Furthermore, it should be noted that a print object may not only be subjected
to static loads (as described above), but also to kinetic loads caused by the deposi-
tion of material. For extrusion-based technologies, no experimental data is currently
available from the literature. However, the first numerical studies indicate that the
magnitude of dynamic loading depends on process parameters such as the filament
pressure, nozzle speed (including possible stops and restarts), filament dimensions,
and layer height offset. Depending on the nozzle geometry and orientation, these
loads would not necessarily act perpendicular to the print base. Reinold et al. (2019,
2020) investigated the intermediate stage of the extrusion and deposition processes in
extrusion-based 3D concrete printing using a numerical model based on the Particle
Finite Element Method (PFEM) and the Bingham constitutive model. Extensive
parametric studies using this model enabled to delineate the influence of process and
material parameters on the layer geometries, the dynamic surface forces generated
under the extrusion nozzle and the inter-layer interactions. Among other insights, it
was found that such forces are several times larger than those induced by the self-
weight of one layer. Hence, lower layers would need to bear this load temporarily
under the extrusion nozzle. Increasing the yield stress or the viscosity will increase
the extrusion forces, due to higher forces that are necessary to print these materials.
Smaller printing heights and higher printing speeds lead to larger forces (Reinold
et al. 2020). Furthermore, the dynamic interactions between the printed layer and
the substrate layer were analyzed. For certain combinations of process and material
parameters, the lower layer might start yielding under the nozzle due to the addi-
tional forces from the extrusion process. As an indicator for measuring the influence
of the extrusion process on the substrate layer, the volume of the yielded material
was calculated. Relating the substrate yield stress to the volume yielded during the
printing process, the minimum age-related yield stress necessary to carry the loads
from the extrusion process was determined. The authors concluded that their findings
might help in the design of printing materials and processes and possibly when trans-
ferred into a real-time steering software, may support adapting process parameters
during printing (Reinold et al. 2020).

Kloft et al. reasoned that a shearing of the upper zone in the applied layer may
occur in extrusion-based Additive Manufacturing, leading to a local compaction of
this zone (Kloft et al. 2019), but an increase of adhesion between the layers due to
topological interlocking should not be expected. In the realm of material jetting (or
spraying), on the other hand, research is already available based on existing concrete
spraying methods. The high velocity at which material is deposited for both dry- and
wet-mix spraying, generally results in higher compaction compared to extrusion,
as well as an increase in bond roughness and mechanical interlocking between the
layers (Kloft et al. 2019). Rebound of aggregate particles will also occur (Armelin
and Banthia 1998). Although it is clear that the kinetic loads caused by material
jetting are likely to be much more dominant in the overall set of loads on a print
object than for material extrusion, it remains largely unchartered territory what this
means in quantitative terms for the buildability of objects through this technology.
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Thus, the actual loading conditions on an object during manufacturing can result
in stress distributions that are considerably more complex than a simple uniaxial
compression, linearly decreasing with increasing height. The extent to which this
can be relevant will need to be determined in future research. The important part in
future researchwould also be on definingwhich of these loads plays themost relevant
role which respects to the collapse of printed elements. After all, creating models
that take into account all possible loads does not seem feasible from a practical point
of view.

3.6.2 Structural Failure

Two fundamentally different mechanisms have been identified to cause collapse in
DFC based on material extrusion, and thus to underlie the concept of buildability:

• material failure, i.e. when exceedance of the material strength results in fracture
or uncontrolled deformation due to yielding or flow, and

• stability failure, i.e. when the object cannot retain equilibrium of forces.

These mechanisms often interact (extensive deformations due to material failure
result in loss of stability, or loss of stability results in material failure due to (local)
excessive stresses), but it is generally one or the other that initiates the collapse.Which
mechanism is governing depends on a multitude of factors, including material and
process characteristics, and, due to the transient nature of thematerial characteristics,
also on the print strategy (e.g. speed) and object design (e.g. size). The prediction
of material failure, furthermore, requires the adoption of a material failure crite-
rion, indicating the onset of fracture, yielding, or flow; see Fig. 3.2. In the realm
of continuum mechanics, many such criteria have been proposed (Irgens 2008).
However, which one is appropriate is not directly obvious for DFC and therefore is
the topic of ongoing research. The question is complicated by the fact that similar
to the question of which failure mechanism governs, the issue of the appropriate
material failure criterion is a function of the aforementioned parameters, and hence
not only depends on the chosen material and print facility, but also on the part being
manufactured.

It is obvious that in material extrusion-based techniques, the material develops
over time from a (non-Newtonian) fluid into a solid from the moment of depo-
sition, i.e. completely or partially during printing. Depending on the type of print
mortar/concrete used, the filament either initially has a more or less fluid character—
up to a behaviour that could be characterized as no-slump. For the modelling and
prediction of material failure, this raises the question whether a material failure crite-
rion should be adopted from fluid mechanics and rheology, based on the assumption
of a (highly viscous) fluid, or from solid mechanics, considering the material as a
very compliant visco-elastic or elasto-plastic solid. Which approach is taken deter-
mines the definition of relevant material properties and the experimental methods
that should be applied to obtain them, but also determines the type of analysis that
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may be performed. The solid mechanics approach allows recognition of anisotropic
multi-axial stress states as well as a joint consideration of material and stability
failure, whereas the latter is unusual in fluid mechanics, and only material failure in
isotropic stress states is allowed for. On the other hand, this approach is more suitable
to determine early flow displacements, see Sects. 3.1 and 3.6.3.

Considering this, it is unsurprising that in the literature, different approaches have
been adopted to quantify buildability. Table 3.1 provides an overview and shows that
even within a single approach to the material state (fluid or solid), many subsequent
issues may still be addressed in different ways, including the material model, exper-
imental procedure, geometrical model, and perhaps most notably, the inclusion of
time dependency. The approaches are briefly discussed below. Chapter 4 elaborates
on the associated experimental procedures.

The development of a fluid into a solid-state mortar/concrete (structural build-up),
usually over the course of several hours (but sometimesminutes when fast-hardening
cement or accelerators are used), implies the time dependency of several material
properties, such as strength and deformability, that are relevant both to material
and stability failure. This is discussed in Sects. 3.7.3 and 3.7.4, but can globally be
divided into reversible physical processes (flocculation induced thixotropy) and non-
reversible chemical processes (hardening due to hydration/chemical reactions). This
results in a (non-)linear increase in material strength. In rheology-based approaches,
this is generally indicated as the structuration rate of the yield stress, Athix. The
rate of development of material properties is often of an order of magnitude that
is relevant during the printing process, and should, thus, be accounted for when
predicting failure. Likewise, the time dependency implies that buildability is not just
a property of print material, but also of the object itself: a large object with long layer
interval times will allow the print material to develop greater strength, enabling a
higher build-up of the element before the collapse—though it should be noted that
longer interval times may also negatively affect the interface strength, as discussed
in Sect. 3.8.2.

A quantitative buildability approach was explored by Di Carlo et al. already in
2013 (Di Carlo et al. 2013). They used Finite Element Modelling (FEM) to recreate
the unconfined uni-axial compression tests that were performed on specimens of
different ages of fresh printmortar to obtain strength and rigidity properties.Although
aDrucker-Prager failure criterionwas applied in reference to (Famiglietti and Prevost
1994), the experimental procedure did not allow for the investigation of multi-axial
stress states, and thus the approach was not generally applicable. Furthermore, the
model did not include transient geometries and material properties, and modelling
was hence limited to a (quasi-)static state.

Subsequent quantitative buildability approaches, presented by Perrot et al. (2016),
Wangler et al. (2016) alternatively applied the rheological yield stress of the print
mortar, which was assumed to behave as a non-Newtonian fluid (e.g. Bingham or
Herschley-Buckley fluid), as the material failure criterion in time-dependent analyt-
ical models. That models considered the compressive stress in the bottom layer to
be solely dependent on object height, which was assumed to increase linearly in
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time. Effectively, these approaches are based on visco-plastic equilibrium consider-
ations, as presented in Sect. 3.1. The buildable number of layers nlayer = h

hlayer
is

determined from the ratio h =
√
3τos
ρg , so that nlayer =

√
3τos

ρghlayer . Note that
√
3 corre-

sponds here to geometry parameter αgeom for elongational flow, see also Sect. 3.1.
The (shear) yield stress τ 0s can be obtained relatively easily from rotational rheom-
etry. Both a linear and exponential development of yield stress, both based on Athix,
were proposed—where it should be noted that the exponential function is very close
to the linear one over short time intervals, but allows more extended considerations
into the time domain when hydration has become dominant (Table 3.2).

In 2018,Wolfs et al. (2018) presented a numerical FEM approach, which included
the development of both the geometrical and the material properties as a function
of time. Importantly, this method was the first to account for not only for mate-
rial failure, but also for the prediction of stability induced collapse, which had
been noticed to be the dominant failure mode in many print trials. Compared to
the rheology-based approaches, the dual failure criteria of Mohr–Coulomb plastic
yielding and elastic buckling requires significantly more experimental parameters to
be determined, including the (apparent) Young’s modulus E(t), Poisson’s ratio v(t),
the cohesion C(t), angle of internal friction ϕ(t), and dilatancy angle ψ(t)—all of
which are time dependent. They were obtained through shear box tests with different
vertical load ratios. These tests, contrary to the experimental campaign applied by Di
Carlo et al. (2013), allowed to determine the full material failure envelope and thus
enabled the analysis of multi-axial stress states (that could be induced by the various
loads discussed in the previous subsection), and, in combination with unconfined
uniaxial compression tests, to determine the deformation behaviour at various ages
of the material. Note that load rate effects due to viscous behaviour (creep) were not
included in the model. Whether creep would be relevant has not yet been established
in the literature. Similar to the rheological approach, the authors established linear
increases of both material strength and the (apparent) Young’s modulus over time.
However, these increases were not correlated to Athix.

In a subsequent paper (Wolfs et al. 2019), the authors attempted to improve the
experimental approach by replacing the combined shear box and unconfined uniaxial
compression tests by a single tri-axial compression test. Based on the same assump-
tions and experimental data, Suiker (2018) subsequently developed a parametric
mechanistic model that allows for efficiently analyzing the strength and stability
behaviour of wall-type structures printed under a wide range of process parameters.

In recognition of the relevance of stability failures, Roussel (2018) presented a
mixed methodology that joined the rheological approach to material failure with the
solid mechanics approach to stability. In a model proposed by Kruger et al. (2019),
the material assumptions of Perrot et al. Wangler et al. and Roussel, were largely
adopted, but for the material structuration in the first seconds after deposition. Rather
than to apply a single structuration rate Athix, they observed that the initial strength
development in the first few minutes after deposition occurs much faster, which they
attributed to re-flocculation and for which they introduced the parameter Rthix. In
their experimental research Rthix appeared to be almost six times as high as Athix.
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Hence they based their buildability model on a bi-linear development of material
strength over time.

Chaves Figueiredo et al. (2019) also based their buildability model for a study
on printable Strain Hardening Cementitious Composite (SHCC) on a rheological
material approach, but instead of assuming the material as a Bingham fluid, they
applied the Benbow-Bridgwater model that is commonly used to analyze extrusion
processes, and allows to distinguish between bulk material and sheared material. The
material parameters were derived from ram-extrusion tests. Due to the considerable
open time of over 12 h, no time dependency was assumed (properties constant during
printing time).

Finally, Jeong et al. (2019) did not elaborate extensively on the appropriate mate-
rial failure model, but assumed the (solid mechanics) shear strength to govern the
failure, andwent on to take the filament age along the print path length into account in
a buildability model, rather than to assume an identical age throughout one filament
layer.

Currently, it is yet unclear which approach provides the most accurate predic-
tions—and which results in a fair balance between accuracy and (experimental and
computational) effort. As indicated, this likely varies from one combination of mate-
rial, process and product to another. Furthermore, it is conceivable that even other
approaches will be explored in the future. It is clear, however, that due to their
nature, no approach is capable of covering/simulating all types of failure analyses.
But beyond that, there is very little experimental data available to compare them,
which makes it impossible at this stage to draw solid conclusions on these matters.

3.6.3 Deformation Behaviour

The deformation behaviour (before failure) of cementitious mortar/concrete
during material extrusion has received very little attention. Two principally
different phenomena should be distinguished. In a number of DFC processes, the
mortar/concrete still flows briefly after deposition. The use of viscosity modifying
agents (VMAs) and/or accelerators ensures a rapid increase in yield stress which
also effectively stops the visco-plastic flow in a matter of seconds. The flow and
structuration characteristics along with the process parameters such as filament pres-
sure, diameter, nozzle speed, etc. determine the stabilized filament shape that forms
the basis on which the rest of the object is built. Hence these very early deforma-
tions are of paramount importance for the further performance of the object both
during manufacturing and in later use. Numerical simulations might be very helpful
to predict the resulting shapes of the deposited layers, without the need for an a priori
time consuming trial-and-error testing, see e.g. Reinold et al. (2019). Furthermore,
Reinold et al. (2020) demonstrated that using Particle Finite Element Method, also
enables to analyze various “dynamic” scenarios such e.g. as when the printed cross-
section is not supposed to be constant, but designed to change during the printing
process to allow for a flexible control of the layer geometry.Conversely, the numerical



76 V. Mechtcherine et al.

model can provide guidance on how tomaintain a constant layer cross-section despite
variations in material properties, by adapting the process parameters accordingly.

Early flow, as described in the previous paragraph, does not occur in extrusion-
based processes that use stiff material deposited in an unsheared fashion, which
keeps the shape of the nozzle orifice to a great extent. Such materials are in a visco-
elastic state directly after deposition, whereas the more fluid mortars enter into this
state after the early flow has stabilized. The visco-elastic state can last minutes to
hours, depending on the chemical composition of the mortar/concrete. Deformations
in this state can incur 2nd-order effects that may result in stability failures or affect
geometrical conformity of the final product. Also, deformation behaviour affects the
interaction between sideways touching layers and the (extent of the) bond that is
formed between them.

To estimate the elastic deformations, the (apparent) Young’s modulus E may be
determined fromunconfined compression experiments directly. It has been suggested
that E could also be determined from the shear modulus G as they are linked by
application of Poisson’s ratio v through G = E/2(1 + v). The shear modulus can be
obtained from rheology tests as it is equal to the ratio of the shear yield stress to
the critical shear rate G = τ0s/γ 0s. However, Poisson’s ratio cannot be determined
from rheometry, and thus would need to be assumed. For one specific relatively stiff
printable mortar, Wolfs et al. (2018), determined a Poisson’s ratio of v = 0.3 that was
found to remain constant in the first 90min after deposition, but formortars/concretes
in a more fluid state deformations may be assumed to occur without volume change,
hence v = 0.5 (De Schutter and Taerwe 1996).

No data are known in the literature with regard to load rate dependent (i.e. viscous
creep) deformation behaviour in the time frame of manufacturing in material extru-
sion processes. Data from existing studies on early-age properties (further discussed
in Sects. 3.7.3 and 3.7.4) are generally not applicable, as they start recording prop-
erties from 2 h after mixing at the earliest, but more often after 6, 12, or 24 h (Pane
and Hansen 2008; Nehdi and Soliman 2011), while for DFC manufacturing the time
frame between 0 and 2 h is crucial. Often hydration in the mortars/concretes has not
yet accelerated (dormant state). Thus, it is likely that the material behaviour during
manufacturing is decidedly different from what is commonly referred to as early age
properties. Studying this phenomenon is further complicated by the fact that it is
difficult to discern in this stage between instantaneous elastic deformations, creep,
and shrinkage (which may also occur). Additionally, environmental conditions such
as temperature, humidity, and ventilation, may influence creep as well as shrinkage.
With regard to plastic and eventually drying shrinkage, similar observations hold true
as for creep: no published information is available for the considered time frame,
and it is difficult to separate one effect from the other.

As for the failure analysis, different modelling approaches can be adopted for
deformation studies too. Again, the fundamental question regarding the assump-
tion of the material state will dominate the subsequent approach and results. When
supposing a visco-plastic material, as appropriate for some mortars during and
directly after deposition, Computational Fluid Dynamics (CFD) may be used to
predict displacements (Comminal et al. 2018). The supposition of a continuous
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(visco-)elastic solid would result in the adoption of Finite ElementModelling (FEM)
to analyze the deformation behaviour of static, extruded layers. A fully accurate
deformation modelling approach covering the entire process may have to rely on a
combination of both.

Alternatively, the application of the Discrete Element Method (DEM), which is
suitable for granular materials and theoretically capable of modelling both flow and
deformations, may also be explored (Hovad et al. 2016). The benefits of using DEM
for purposeful configuration of print-head were recently demonstrated by Storch
et al. (2020) who analyzed the flow process and forces in a print-head equipped with
a progressive cavity pump. The assignment of appropriate model parameters remains
however, a challenge. Matters are further complicated by the fact that some printable
mortars are so stiff that their fracture strain may be exceeded during printing, e.g.
due to non-constant material flow or when printing (sharp) corners, which results in
non-continuous deformation behaviour.

All these issues, however, have hardly been touched upon in available research
and are expected to be explored in the near future.

3.7 Physical Properties and Their Evolving in Time

3.7.1 Viscosity

The measure of the internal resistance of a fluid being deformed by shear stresses is
called viscosity. In this context, the less viscous a fluid is, the easier it flows.

Due to the flocculation and stiffening of the cement-based materials, the apparent
viscosity of the cement-basedmaterial increases with time at rest. However, as for the
yield stress, this behaviour is reversible in time since the mixing power is sufficient
to break down the links between particles.

It is important to note that the viscosity of the cement-based materials can
evolve due to process-induced material variation during pumping or extrusion. Such
variation can be associated, e.g. with particles migration under shear flow.

3.7.2 Yield Stress

The yield stress is the material property that denotes the transition between solid-like
and fluid-like behaviour. Consequently, it is the minimum stress that makes the fluid
flow like a viscous material. Inter-particle forces between the solids in a suspension
result in a yield stress that must be overcome to start the flow, and an applied stress
that is lower than the yield stress will result in a deformation like a solid instead
of flowing. The existence of a yield stress has been questioned by some authors,
e.g. Barnes and Walters (1985), due to the fact that, given accurate measurements at
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very low shear rates, no yield stress exists. The historical concept of yield stress was
summarized by Barnes (2000), and the argument on the existence of yield stress was
concluded by the fact that it is acceptable to describe the material behaviour with
a yield stress over a limited shear rate range; however, this is supported by limited
data. The problem associated with the yield stress is the difficulty in determining
it. Theoretically, at the yield stress, the apparent viscosity of the material changes
from a finite value to infinity; therefore, an infinite duration of a test is required
(Barnes 1997, 2000). Yield stress fluids show an elastic behaviour prior to reaching
the yield stress. Prior to reaching the yield stress, the material behaviour changes to
non-linearity from linearity and a residual stress is followed after the peak stress.

Static and dynamic yield stresses can be distinguished. The static yield stress is
linked to the microstructural build-up and is defined as the stress required to make
the material flowing and the dynamic yield stress can be defined as the yield stress
measured in steady-state flow (unstructured cement paste).

3.7.3 Thixotropy Parameter/Rate of Structural
Build-Up/Structural Breakdown

Anydigital fabrication process takes advantage of the open time of concrete for place-
ment, and generally requires some degree of structural build-up to ensure adequate
strength for subsequent layer deposition.

Fresh cement-based materials undergo flocculation and cement hydration that
impact their physical and rheological behaviour. It is this change in mechanical
characteristics that allows the fresh material to build-up and be able to support the
increasing load that is generated by the successive deposits of the layers of the printed
structure. Therefore, it is necessary to consider the kinetics of the structural build-up
of the material as they relate to the activity of cement in water (Perrot et al. 2016;
Wangler et al. 2016). To illustrate and describe this phenomenon, the changes of the
stiffness and the yield stress values are often reported by several researchers (Roussel
2005; Roussel 2006a; Roussel et al. 2012).

The increase of the progression of the yield stress over time is often considered to
be linear and allows a structural build-up rate to be defined as Athix in Pa·s−1 (Roussel
2005; Roussel 2006b; Roussel et al. 2012). In this case, Eq. 3.10 is used:

τ0(t) = τ0,t=0 + Athix t. (3.10)

With τ 0,t = 0, the shear yield stress of the material in a destructured state and t
being the duration of the resting period of the material.

The linear modelling of the shear yield stress is generally valid during the first
hour of the resting period of the cement-based material in materials unmodified by
retarders or accelerators (Subramaniam and Wang 2010). Beyond that, the change
accelerates and the kinetics of the structural build-up become exponential (Perrot



3 Digital Fabrication with Cement-Based Materials: Underlying Physics 79

et al. 2014a; Lecompte and Perrot 2017). This change in rates can be explained by
the beginning of the setting, the increase of the solid volume fractionwith the possible
interpenetration of the C-S–H crystals created. Perrot et al. (2014b) proposed a rela-
tionship for the exponential progression of the shear yield stress, tending towards the
linear model for short time periods after material deposition. This model is given by
Eq. 3.11:

τ0(t) = τ0,t=0 + Athix tc(e
t
tc − 1) (3.11)

With tc as a characteristic time over which the behaviour can be considered linear.
Equation 3.11 can be used to describe the progression of the shear threshold over

longer periods. Other more sophisticated models have recently been reported in the
literature (Mettler et al. 2016; Lecompte and Perrot 2017; Wolfs et al. 2018). Some
authors have even shown that a Von Mises-type plasticity criterion may ultimately
not be well-suited to account for the material failure. Effectively, at a certain stage
in the development of the setting, the behaviour of the material displays a pressure-
sensitive granular type of behaviour (probably related to the interconnection of the
hydrates) and becomes sensitive to pressure. Themechanical behavior thus presents a
progressive desymmetrization, with a resistance that is always higher in compression
than in tension. The transition to hardened concrete behaviors starts at this time. The
critical deformation decreases slightly with the hardening of the material (Mettler
et al. 2016; Roussel 2018; Wolfs et al. 2018).

Additionally, the increase in stiffness over time is reflected in an increase in the
elastic modulus. The increases in stiffness and strength allow the deposited material
to withstand the increasing forces associated with the progressing printing of the
structure. Under consideration of the development of material properties over time,
it is possible to calculate and predict the optimal manufacturing speeds to guarantee
the stability of the structure printed and to ensure the compensation for the elastic
deformation.

To sum up: The strength build-up can be generally traced back to two physico-
chemical phenomena: (1) thixotropy coming from flocculation processes, and (2)
strength gain through irreversible chemical hydration. Thixotropy dominates during
the open time, and even though Roussel et al. demonstrated that its roots are actu-
ally chemical in nature (Roussel et al. 2012), the maximum strength that can be
reached via these processes is rather limited, and generally cannot support more than
approximately 1.0 m in build height. Reiter et al. recently examined the phenomena
and processing to control early age chemical hydration in detail (Reiter et al. 2018),
and Marchon et al. reviewed the potential admixture solutions to control structural
build-up for the purposes of digital fabrication with concrete (Marchon et al. 2018).
In general, in these and other related works, it is seen that the initial yield stress
is required for placement, but so-called buildability requires hydration control, thus
possible two-step (or two admixture) solutions to control both initial yield stress and
buildability are examined. More details on this topic are provided in Chap. 4.
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3.7.4 Visco-Elastic Behavior, Modulus of Elasticity
and Creep Coefficient

For digital fabrication approaches such as those based on material extrusion, the
(visco-)elastic material behaviour is crucial with regard to early age load-bearing
capacity, deformations and cracking. Therefore, controlling mechanical properties
within the time span between placing (i.e., already before setting) and completion of
print units (usually several hours) are of greatest interest. At present, very few results
on the creep behaviour and modulus of elasticity of mortar/concrete for material
extrusion can be found in the literature for that time span. In a recent study, Wolfs
et al. (Wolfs et al. 2018) found that for typical 3D printing concrete elastic modulus
and compressive strength increased linearly within the first 90 min of hydration.
Values of 5 to 20 kPa for compressive strength and 0.08 to 0.20 MPa for the modulus
of elasticity were reported for this time period. Similarly, a linear strength increase
over time was found in Roussel et al. (2012) for small time scales below 90 min,
whereas for longer time scales up to 7 h an exponential increase in strength over
several orders of magnitude (from 2 to about 1000 kPa) was reported (Mettler et al.
2016).

Data from existing studies on early-age properties of cementitious mortars with
comparable compositions (high binder content, small maximum aggregate size and
low water-to-cement ratios, such as high strength concrete or spraying concrete) are
generally not applicable to the manufacturing stage (see also Sect. 3.6.3), but can
be of use for analyses and recommendations related to object performance during
curing and use.

It is well-known that plastic shrinkage, autogeneous shrinkage and temperature
changes due to hydration heat are the main sources of early age deformations and
crackingof cementitiousmaterialswithmix compositions similar to printablemortars
(Pane and Hansen 2008).

For both normal and high strength concrete, early age mechanical properties
are largely related to the degree of hydration (Pane and Hansen 2008), which is
consistentwith the theory, that short-termcreep deformations are due to redistribution
of water in the microstructure (i.e., capillary pores) (Wittmann 1983). Different
models describing early-age mechanical properties based on hydration degree were
developed and validated, see for example (Gutsch 2000).Neuner et al. (2017) recently
adoptedmodels for the time-dependent (early-age)mechanical properties formodern
spraying concrete mix compositions, which exhibit a distinctly stronger increase in
stiffness and strength within the first 24 h of hydration than traditional spraying
concretes. The differences may be attributed to the use of modern cements with
higher fineness and/or modified chemical composition (aiming at a maximum early
age strength), lower W/B and modern chemical admixtures (superplasticizers and
accelerators).

Optimization strategies with regard to the modulus of elasticity or creep coeffi-
cient within the first 24 h of hydration can be adopted from literature (Nehdi and
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Soliman2011;Neville 2011;Thomas 2009).As creep deformations occur in the hard-
ened cement paste phase only, with the aggregates acting as restraints, the aggregate
volume influences creep directly. Furthermore, since early-age mechanical proper-
ties are largely controlled by the degree of hydration, all parameters that lead to an
increase in early age hydration kinetics, i.e., lower W/C, higher temperature, higher
cement fineness, or the addition of accelerating agents, at the same time affect an
increase in stiffness and a decrease in creep coefficient. As creep deformations are
significantly influenced by autogenous shrinkage, mix design parameters that refine
the pore structure, i.e., the addition of silica fume, very fine fly ash and metakaolin,
or low water content in combination with superplasticizers, may have an influence
on creep (Nehdi and Soliman 2011). Moreover, the addition of shrinkage reducing
admixtures or mineral additions with low reactivity can help mitigating autogenous
shrinkage and hence may be favourable mix optimization strategies.

3.7.5 Surface Tension and Friction

Surface tension of the pore solution is involved in the particle-bed bindingwith selec-
tive cement activation method and it plays a major role in shrinkage of cement-based
paste. During drying, water desaturation induced capillary pressure that depends on
the surface tension of the pore fluid; see e.g. Ghourchian et al. (2018), Keita et al.
(2019).

The surface tension of the pore solution remains in the order of magnitude of the
that of water (0.075 N·m−1) but can vary with the concentration of ions in solution,
with the presence of non-absorbed polymer (on the surface of the cement grains) and
with the addition of a surfactant (Feneuil et al. 2017; Qian et al. 2018).

The evolution of friction of the fresh cement-based materials is described by the
tribological behaviour of thematerial. This behaviour depends on both the aggregates
content and the rheological behaviour of the fines’ suspension. The evolution of the
friction of cement-based materials has been studied in the context of the slip-form
process (Fosså 2001; Craipeau et al. 2018). Till a critical time, the friction stress
evolves in a similar way as the shear yield stress. Then, the increase in friction stress
accelerates. The different authors attribute this phenomenon to two physical origins:
underpressure caused by hydration and bonding of hydrates to the surface (Craipeau
et al. 2018). As a consequence, forces between solid particles increase and the friction
stress at the surface rises up.

During digital formative processes such as Smart Dynamic Casting (Lloret et al.
2017), friction occurs at the concrete-formwork interface, which has an impact on
the success of the gravity-driven process. The friction was monitored for the purpose
of feedback process control via load cells (Schultheiss et al. 2016), and a processing
window characterized bymonitoring structural build-up through the use of formwork
pressure measurements (Lloret et al. 2017). Researchers at ETH Zurich developed
a model relating the friction force to a hydrodynamic radius, demonstrating that as
the surface area to volume ratio increases, processing windows increasingly narrow
(Szabó et al. 2018).
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3.8 Comments on Physically-Based Optimization Strategies

Independent of the choice of digital fabrication approach, the digitization of the
entire process chain results in the following general, central requirement for the
cement-based material used: In every process step, it should have precisely those
properties that are predetermined by the digital execution data sets. As soon as the
material properties do not correspond to the required features for each characteristic
process step, the fabrication task cannot be completed properly. Such sensitivity
results in a level of requirements with regard to quality and process monitoring
that was previously unknown in concrete construction. The main challenge in this
context is the fact that optimumproperties are oftenverydifferent for different process
steps of the same fabrication technic. Thus, when trying to bring all the individual
requirements along the process chain together, they often clearly contradict each
other. An overall optimization is therefore difficult, which makes the understanding
of underlying physics even more important. The following subsection provides two
examples to illustrate this thought.

3.8.1 Example 1: Duality of (Balance Between) Easy Delivery
to the Printhead and Shape Stability upon Deposition

The delivery of concrete (e.g. pumping) requires low plastic viscosity and moderate
dynamic yield stress. Upon deposition, high-and-growing static yield stress and
viscosity are required. The optimum solution is to induce the phase change of the
concrete shortly before the extrusion, closest to the nozzle outlet. This can be achieved
by (a) pre-mixing an admixture that activates after a pre-defined delay time, (b)
mixing a chemical admixture in the printhead and (c) by external activation of pre-
mixed passive admixture (De Schutter and Lesage 2018). In case of low vertical
construction rates, the required properties can be achieved by (d) adding plasticizer
for maintaining open time and relying on high thixotropy for shape stability (Nerella
2019). If the pumping circuit is short and provided high capacity pump, (e) concretes
with initial (before pumping) static yield stress high-enough to satisfy the shape
stability requirements can be used (Wolfs et al. 2018).

Since the above solutions have individual limitations, the optimum strategy shall
be chosen considering the target material properties (e.g. bond strength), vertical
printing rate and process parameters (e.g. pumping circuit). The solutions “a”, “d”
and “e” are time-bound and process interruptions can cause severe consequences
due to uncontrolled growth of rheological properties at rest. For “b”, a second-
stage mixer in the printhead is mandatory, which raises printhead weight, influences
printing accuracy and limits the material flow rate. The solution “c” is still in early
development and might not be suitable for large-scale DFC yet. Thixotropy of print-
able concretes is generally increased by the addition of supplementary cementitious
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materials and (nano) clays. Chemical acceleration is achieved by the addition of set-
and/or-hydration accelerators or combinations of retarders (e.g. sucrose) and activa-
tors e.g. Ca(OH)2. Theoretical background and details of rheological requirements,
chemical admixtures and external activation are presented in Reiter et al. (2018; De
Schutter and Lesage 2018; Marchon et al. 2018).

3.8.2 Example 2: Setting Material Deposition Intervals
Depending on the Rate of Structural Build-Up

Following delivery to the printhead, it is essential that material has the proper
rheology upon placement,which can be either self-supporting and stiff (for extrusion-
based processes) or fluid and self-leveling (for slipforming or digital casting
processes). Irrespective of the process, it is essential that material be strong enough
to support its own weight and the weight of subsequent layers, whether that comes in
the form of additional extruded layers (extrusion), or the removal of the temporary
support (slipforming), or reaching the strength of a support (digital casting). This
strength can come either in the form of a high initial yield stress, an increase in yield
stress through thixotropy and flocculation processes, or an increase in yield stress
through the formation of early hydration products. We consider in the following only
the case of material extrusion.

A single extruded layer will have a static yield stress τ 0s, which defines the
maximum height h of a single layer according to Eq. 3.12:

τ0s = ρgh√
3

(3.12)

If a process has a constant layer height and time interval between layers, then the
minimum required time interval between successive layers writes as Eq. 3.13:

�t = ρg�h√
3Athix

(3.13)

where Athix is the linear increase of yield stress with time (Roussel and Cussigh
(2008)).

Typical values of ρ = 2300 kg/m3, �h = 0.01 m, and Athix = 0.5 Pa/s for non-
accelerated materials return a time interval between layers of approximately one
minute. If one considers that the time between layers can be considered as the print
path length Lprint divided by the printhead velocity Vprint , then one can control the
layer time interval bymodifying either of these two parameters. One should consider,
however, that a maximum time between layers where a weak layer interface or “cold
joint” can be formed can also be defined, but is not considered in this example—for
this the reader is referred to Chap. 5.
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The reader should note that this example does not take into account the initial
yield stress, which can provide a “buffer” for an increased building rate until the
building rate catches up to a slower structural build-up rate. Generally, processes
operate with shorter time intervals between layers than this example demonstrates,
and this is due to the usually quite high initial yield stresses.

3.9 Further Relevant Processes and Mechanisms

3.9.1 Weak Bond Strength Between Successive Layers
in Extrusion-Based Additive Manufacturing: The
Importance of Drying

The layer interface strength is often considered to result from a proper mixing or
remixing of two consecutive layers induced by the deposition process itself and there-
fore from the material thixotropic behaviour (Roussel and Cussigh 2008). Nerella
et al. (2019b) investigated two 3D-printable cement-based compositions, namely C1
with Portland cement as a sole binder and C2 containing pozzolanic additives at
testing ages of 1 day and 28 days and critically analyzed the influences of binder
composition and the time interval between layers on layer-interface strength. The
investigations revealed that Mixture C2 exhibited lower degrees of anisotropy and
heterogeneity as well as superior mechanical performance in comparison to Mixture
1. In particular, Mixture C2 showed a less pronounced (below 25%) decrease in
interface bond strength as observed in flexural tests for all time intervals under
investigation. In contrast, the decrease in flexural strength measured for C1 speci-
mens amounted to over 90% due to the higher porosity at the interfaces of the printed
concrete layers.

Furthermore, Keita et al. (2019) recently demonstrated that, in the case of smooth
interfaces, the drop in interface strength may find its origin in the water evaporation
from the free surface occurring during the short time interval between two successive
layers. It was suggested that the water loss is localized in a dry region at the free
surface leading to incomplete cement hydration and high local porosity.

The results presented in Keita et al. (2019) showed that, when the first layer is
protected from drying, interface strength remains constant with increasing resting
time between layers up to 2 h; see Fig. 3.9. On the contrary, relative bond strength
decreases for resting times as short as 10 min when the first layer is submitted to
drying. Relative interface strength decreases then continuously during the first hour
of rest and reaches a plateau afterwards at half its initial value.

Additionally, Keita et al. (2016) suggested that in material with low permeability,
since the evaporative flux is higher than the maximal capillary flow, the porous
material becomes unable to provide water to the free surface. A dry front is then
expected to penetrate the material and water loss shall be localized close to the
drying interface. Such a dry front was assessed using SEM experiments on hardened
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Fig. 3.9 Relative interface strength as a function of resting time for sealed first layer and a first
layer exposed to drying in the wind tunnel. The dashed line is the reference without any rest time
between layers. W/C ratio is 0.2; see Keita et al. (2019) for more details

samples (Keita et al. 2019). Although this zone has a thickness of the order of a
couple of hundred micrometers, the authors suggested that it is sufficient to induce
a mechanical weakness of the layers’ interface.

3.9.2 Powder Bed: Application of Dry Particle Layers
in Particle-Bed Binding

For the direct production of concrete elements by particle-bed binding, two different
techniques can be used: (a) selective cement activation and (b) selective paste intru-
sion (Lowke et al. 2018). The printing process of these techniques consists of two
repetitive work steps: (1) application of a layer of dry particles and (2) selective
deposition of a fluid phase onto the particle packing by means of a printhead or
nozzle in order to bind the particles.

In the selective cement activation technique, the particle bed consists of a dry
mixture of very fine aggregate (typically sand < 1 mm) and cement. The cement is
locally activated by spraying or jetting water or a water-admixture solution into the
packed particles, thus forming a cement paste matrix around the aggregate particles.
In order to achieve a high strength cementitious matrix, the particle bed must ensure
high permeability for a homogenous distribution of the fluid over the height of the
layer on the on hand (compare Sect. 3.4), and a high packing density to minimize the
pore volume on the other hand. The application of the particle layers is commonly
realized by dispensers or vibrating feeders, respectively. Afterwards, the particle bed
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may be compacted by roller compaction (Budding and Vaneker 2013). The strength
of the cementitious matrix increases with increasing packing density of the particle
bed (Beitz et al. 2019). Alternatively, the packing density of the particle mixture can
be increased by an optimization of the particle size distribution (De Larrard 1999).

In the cement paste intrusion technique, the particle bed consists of aggregate
particles (typically with an average diameter ≤ 5 mm) without binder. The binder
paste consists of cement, water and admixtures and is applied to the particle bed
by means of nozzles. The cement paste must fill the voids between the particles to
produce componentswith sufficient strength, compare (Pierre et al. 2018;Weger et al.
2018; Lowke et al. 2018). Therefore, for a homogenous and complete distribution of
the cement paste, the voids between the particles must be large enough (typically ≥
1.0 mm) to overcome the capillary forces and to ensure gravitational flow (compare
Sects. 3.4 and 3.3). Thus, mostly monodisperse particles are used to create maximum
void content. Caused by the good pourability of the aggregate particles and the direct
contact points of the grains, further compaction of the layers is not necessary. The
cement paste distribution has to be controlled by optimized rheology depending on
the void structure of the aggregate layer.

3.9.3 Pneumatic Transport of Dry Mix

In construction pneumatic conveying of dry materials is utilized e.g. for delivering
dry mortar or concrete to the nozzle in the dry spraying process (dilute phase con-
veying, see Sect. 3.9.4), but also for conveying sand or cement, e.g. at the produc-
tion plant (dense phase conveying). In dilute-phase conveying, particles are fully
suspended in the conveying air and transported at low pressure and high velocity
(Novelli and Weyandt 2018). This system is typically used for conveying materials
over short distances at low capacities. For proper pneumatic conveying of dry-mix
mortar or concrete different material characteristics (maximum grain size, cohesion,
fibre content, etc.) and process parameters (air pressure, feeding velocity, distance,
etc.) have to be defined; for more details see e.g. Mills (2004; Klinzing et al. 2010;
Novelli and Weyandt 2018).

3.9.4 Wet and Dry Spraying

Recently, concrete spraying has been established as an alternative 3D printing tech-
nique referred to as material jetting, see e.g. Kloft et al. (2019; Krauss et al. 2018).
As rebound and dust formation is higher and quality control more difficult in case
of the dry process, at present wet spraying is favoured for 3D printing (Kloft et al.
2019). In the wet process, the mixed material is fed into a pump and conveyed under
pressure to the nozzle, where compressed air is injected to spray the material into
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place (Austin et al. 2005). Accelerating admixtures can be added at the nozzle to
specifically control setting and hardening of the placed material.

With regard to the proper material application process,”sprayability” of the mate-
rial must be given in addition to “pumpability”, cf. Section 3.4.1. Sprayability can
be defined as (1) the ability of the material to adhere to and build-up on vertical or
overhead surfaces (adhesion), (2) the degree to which the material sticks to itself
(cohesion) and (3) the rebound rate (Yun et al. 2015). Note, that optimizing spraya-
bility and pumpability is somewhat contradicting because opposite material proper-
ties are required. Information on the influence of concrete constituents and processing
parameters on “sprayability” and other concrete properties is given in Kusterle et al.
(2014; Thomas 2009; Warner 1995; Wang et al. 2015).

3.9.5 Mould Filling (3D-Printed Mould, Integrated
Formwork, Etc.)

While much attention has been focused on the printing of cement-based materials
(generally via extrusion), due to the requirement of adding reinforcement, many tech-
nologies are rendered to that of printing concrete formworks, into which a structural
concrete is placed with or without standard steel reinforcement. An early example
of this includes the Contour Crafting process (Hwang and Khoshnevis 2004) as well
as on the larger scale more recently by the company WinSun (Asprone et al. 2018).
Even more recently, the French startup XTreeE 3d printed a truss-shaped hollow
pillar as a hollow formwork which was subsequently infilled with UHPC (Gaudil-
lière et al. 2018, 2019). 3D printed moulds need not be printed out of concrete as
well, as demonstrated by recent examples of formworks printed from polymers such
as PLA, PP or PET-G (Jipa et al. 2019; Burger et al. 2020), or polymer foams in the
Batiprint process developed in Nantes (Furet et al. 2019).

The material challenges in filling a formwork, standard or not, have to do with (1)
ensuring that the formwork is completely filled (no voids), (2) the concrete remains
stable during and after the process (no segregation) and (3) the formwork does
not burst or deform considerably under pressure induced by the concrete. Meeting
these challenges has been the topic of considerable research for both conventionally
vibrated concrete (Gardner andHo 1979) and self-compacting concretes (Assaad and
Khayat 2004); however, digitally fabricated (nonstandard) formworks offer unique
challenges, as they often have very narrowgeometries the concretemust infill, uncon-
ventional geometries such as cantilevering parts, and they generally lack the support
structure and strong materials conventional formworks have used to resist form-
work pressure. This has often led to alterations of the process; for example, in the
above cited example of XTreeE, the pillar was printed in 4 parts, and a temporary
(printed) support structure remained in place during UHPC casting, all to resist the
expected formwork pressure. The Batiprint process fills the formwork in stages,
allowing hydration to occur in layers to build strength. A PLA formwork concrete
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canoe required counterpressure from simultaneously filled sand (Jipa et al. 2019),
and the Eggshell process (Burger et al. 2020) uses a set on-demand process to build
strength to resist formwork pressure. While formwork pressure evolution has been
well investigated (Billberg et al. 2014), further investigation could be quite useful
in terms of developing methods of casting in which formwork pressure can be well
controlled to fill these newer, unconventional formworks.

3.9.6 Filling of Mesh Mold

The Mesh Mold process is a type of formwork printing, in which a robotic toolhead
bends, cuts, and welds steel reinforcement bar into a shape that serves both as form-
work, and as reinforcement after the concrete has been applied. The robotic toolhead
is mounted either on a stationary robotic arm, or a mobile robot (Hack et al. 2017).
The filling of this formwork requires one of two solutions: (1) filling with a high yield
stress concrete that can be pumped or appliedmanually from the sides, or (2) utilizing
jamming from granular interactions to hold the concrete in place, similar in physics
to a previously analyzed filtration problem (Roussel et al. 2007; Gebhard et al. 2018).
Both options also require the application of a cover layer, either applied manually or
sprayed. The second option requires utilization of concrete that is highly flowable to
fill the formworkwithminimal vibration, but also with aggregate with dimensions on
the order of the mesh spacing (~1–2 cm), creating a competition between aggregate
stability and concrete flowability (Heller et al. 2018). Roussel (2006a) wrote that the
stability of a particle of critical size dc in a fluid is directly proportional to the yield
stress of the fluid τ0, and inversely proportional to the difference in density between
the particle and the fluid, �ρ:

dc ∝ τ0

�ρ
(3.14)

Generally, in very fluid concretes, the maximum particle size is limited, or the
yield stress of the suspending fluid is adjusted to achieve stability. In this case, the
maximum particle size was specified by the mesh, and the yield stress is required
to be very low, thus researchers at ETH Zurich acted on the densities. They used
density matched coarse aggregates (porous recycled brick aggregate), lightweight
fine aggregates, and long stiff polymer fibres to fill. The aggregates added stability
by matching densities between coarse aggregate and mortar, and the fibres acted to
reduce the effective mesh spacing and enhance jamming. In a large scale demon-
strator, researchers were forced to use option 1, as issues with fibre nest formation
on mesh cross-ties could not be resolved.
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3.10 Summary and Conclusions

Digital fabrication with cement-based materials (DFC) offers great potential to facil-
itate development towards sustainable Construction Industry 4.0, tackling existing
problems such as low productivity and shortage of skilled labour in the process. To
purposefully design and optimize digital fabrication systems, as well as to establish
an efficient and robust process control, profound understanding of the processes’
physics is required. This in mind, the authors performed a critical review of the
physics behind the processing of cement-based materials during various production
steps of digital fabrication. The provided explanations and statements are the result
of collective research performed by them in the framework of the RILEM Technical
Committee 276 “Digital fabrication with cement-based materials”.

In summarizing the knowledge as presented, it can be concluded that underlying
physics are already well understood for most relevant processes, especially for those
in context of additivemanufacturing bymaterial extrusion, themost widespreadDFC
approach. This understanding can and should be utilized for a purposeful design of
DFC systems rather than trying to shape the DFC processes following trial-and-error
approach. The purposeful, systematic approaches based on the associated physics
should facilitate the material design and mechanical engineering design as well as
optimizing process regimes and process control.

For some processes, analytical scientifically-based formulas already offer reason-
able predictions with respect to the material flow in the case of relatively simple
geometries. Nevertheless, further research is needed in order to enable the develop-
ment of reliable tools for quantitative process analysis and for predictions based on
the underlying physics. The major challenges in analyzing DFC systems arise out of
the complexity of flow regimes and patterns in various production steps as well as
the time- and shear-history-dependent behaviour of cement-based materials, which
are inherently complex multiscale, multiphase, densely-packed suspensions. Great
effort needs to be invested in studying and describing specific flow behaviour and
developing adequate testing technics to quantify key material parameters. Numerical
simulation can contribute greatly to analyze flow processes under consideration of
complex geometrical boundaries, and it has potential to be developed into a powerful
design tool for shaping the DFC processes. The derivation of model parameters is
the main issue here. Hence, appropriate experiments are required. This deliberation
holds true as well for the estimation of material behaviour after deposition, including
stability of print elements. For example, to estimate the buildability in context of the
extrusion-based 3D concrete printing,material behaviour, the geometry of the printed
element, particularities of printing process, and other aspects need to be consid-
ered collectively. While analytical formulas may deliver reasonable predictions for
relatively simple cases, numerical simulation constitutes a promising approach for
analysis of more complex cases.
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Appendix 1: Glossary of Basic Rheology

Rheology is the science of the deformation and flow of matter.

Rheometric refers to the measurement of rheological properties.

Stress represents the force per unit area.

Shear is the relative movement of parallel adjacent layers.

Shear rate (γ̇ ) or rate of shear strain, is the rate of change of shear strain with time.

Shear stress (τ ) is the component of stress that causes successive parallel layers of
a material to move relative to each other.

Shear strain (γ) is the relative in-plane displacement of two parallel layers in a
material body divided by the distance between them.

Normal stress (σn) is the component of stress that acts in a direction normal to the
plane of shear.

Peclet number (Pe) is a dimensional group used to compare the effect of applied
shear with the effect of Brownian motion. For Pe « 1, the motion of particle is
dominated by diffusional relaxation, but for Pe» 1, hydrodynamic effect is dominant.

Poiseuille flow represents the laminar flow in a pipe of circular cross section under
a constant pressure gradient.

Reynolds number is a dimensional group that expresses the ratio of the inertial
forces to the viscous forces.

Newtonain corresponds to a behavior where differential viscosity and coefficient of
viscosity are constant with shear rate.

Non-Newtonian is any laminar flow characterized by a non-linear relationship
between shear stress and shear rate.

Bingham plastic material obeys to the linear model between shear stress and shear
rate (model). Above the apparent yield stress, the coefficient of viscosity decreases
continuously.

Shear thickening is characterized by an increase in viscosity with increasing shear
rate during steady shear flow. The term dilatant commonly used to indicate this
behavior is incorrect.

Shear thinning is characterized by a decrease in viscosity with increasing shear rate
during steady shear flow.

Yield stress is a critical shear stress value belowwhich an ideal plastic or viscoelastic
material will not flow (i.e. like a solid).

Structural build-up rate (Athix) rate of increase of yield stress over time at rest.
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Bingham number Bi is a non-dimensional parameter defined as the ratio of yield
stress to the viscous part of the stress (viscosity x strain rate).

Thixotropy time-dependent shear thinning property linked to the state ofmicrostruc-
ture that can be broken when the material is sheared.

Appendix 2: List of Symbols and Abbreviations

Athix Structuration rate [Pa/s] hlayer Height of printed layer [m]

Bo Bond number [-] hpaste Initial height of cement paste [m]

C Cohesion [Pa] hsand Height of sand particle [m]

Ct Consolidation coefficient
[m2/s]

k Boltzmann constant [J/K]

D Diffusion length [m] n Flow behavior index for
Herschel-Bulkley [-]

D Barrel diameter [m] nlayer Buildable number of layers [-]

Dp Particle diameter [m] nsand Sand porosity [-]

Dpore Pore diameter [m] r Size of accelerator [m]

Dvib Vibrator diameter [m] t Residence time [s]

E Young modulus [Pa] tc Characteristic time for linear region [s]

F Extrusion force [N] text Extrusion time [s]

Ffr Wall friction force [N] αgeom Geometrical factor [-]

Fpl Plastic alteration forming force
[N]

Γ Shear strain or angle of deformation [-]

G Shear modulus [Pa] γ 0 Critical shear strain [-]

Hdr Max. drainage length [m] γ 0 s Shear strain at flow onset or static
shear strain [-]

K Flow consistency index for
Herschel-Bulkley [Pa·sn]

γ l Surface tension contact angle [-]

L Length of pipeline [m] γ̇ Shear rate [1/s]

LB Length of billet [m] ε Strain [-]

Ldz Length of dead zone [m] η (Apparent) viscosity [Pa·s]

Lprint Length of print path [m] θ Angle between horizontal and inclined
planes [°]

P Pumping pressure [Pa] μi Interface viscosity [Pa·s/m]

�P Pressure drop per unit length
[Pa/m]

μpl Plastic viscosity [Pa·s]

R Radius of pipe [m] V Poisson’s ratio [-]

Rthix Re-flocculation rate [Pa/s] P Density [kg/m3]

Q Pumping flowrate [m3/s] � Axial stress [Pa]

(continued)
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(continued)

T Temperature [°C or K] σcap Capillary pressure [Pa]

V Liquid velocity [m/s] T Shear stress [Pa]

Vprint Printhead velocity [m/s] τ 0d Dynamic yield stress [Pa]

A Vibration amplitude [m] τ oi Interface yield stress [Pa]

d Die diameter [m] τ 0s Static yield stress [Pa]

dc Particle critical size in mesh
mold [m]

τ ini Initial shear stress before any drainage
[Pa]

f Vibration frequency [1/s] τw Shear stress along extruder wall or
interfacial shear stress [Pa]

g Gravitational acceleration
[m/s2]

ϕ Angle of internal friction [-]

h Total height [m] ψ Dilatancy angle [-]
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Printable Cement-Based Materials:
Fresh Properties Measurements
and Control
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4.1 Introduction

Digital fabrication with cementitious materials is a fast-developing field, and
advances have been particularly rapid within the past half decade. Cementitious
materials are widely used in construction due to the wide availability of the raw
materials, the relative ease of production, processing and handling, and especially
the ability to transform fromafluidmaterial that canfill amould to a solidmaterial that
can bear a structural load. It is this last quality that makes cementitious materials so
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attractive for awide variety of digital fabrication processes for construction, including
extrusion-based 3D printing. These processes have been defined and classified in
Chap. 2.

All fabrication processes with cementitious materials are governed by certain
physical properties. Cementitious materials are classified rheologically as yield
stress fluids, thus properties such as the yield stress and plastic viscosity have
traditionally played a major role in conventional construction processes; especially
in the prediction of flow during pumping and casting of conventionally vibrated and
self-compacting concretes. In Chap. 3, however, the basic physics behind digital
fabrication processes with cementitious materials have been identified and well
developed, and while yield stress and viscosity play their expected major roles,
other properties now take on a larger significance in the prediction of processing
performance and success. These properties include the evolution of yield stress
(commonly called “structural build-up”, or sometimes “thixotropy”) and elastic
modulus. The yield stress evolution, in particular, has had some study in the
context of self-compacting concrete casting and flow loss, but until now remains
ill-characterised in terms of how the evolving microstructure leads to particular
rheological behaviour. Thus, characterisation techniques for this property are amajor
portion of this chapter.

The goal in this chapter is to shortly distil the key properties identified from
the basic physics given in Chap. 3, giving a short focus to the structural build-up.
The traditional measurements for properties of interest are then shortly described,
followed by a more detailed description of the newest measurement techniques that
have been developed so far.

4.2 Process Rheological Requirements

4.2.1 Competing Stresses During Printing

In most printing processes in industry or academia, gravity-induced stresses inside
the element being printed often dominate all other external sources of stresses (e.g.
capillary driven stresses, vibrations, temperature fluctuations, to mention a few).
Obviously, these stresses increase proportionally with the density of the material and
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with length scale. This length scale may either be the thickness of the filament during
the deposition stage or the height of the object already printed, which is therefore
time-dependent (Roussel 2018; Mechtcherine et al. 2020). These stresses induce,
in turn, some material deformation which can turn into flow if stress exceeds the
material strength or cohesion (Roussel 2018; Mechtcherine et al. 2020). For some
non-Newtonian-fluid-type printablematerials, this strength or cohesion is called yield
stress. It was, however, shown that, for some stiffer printablematerials, this strength is
very similar to the mechanical strength obtained and measured for brittle quasi-solid
materials (Mettler et al. 2016).

Even if the conditions required for material flow onset and, therefore, printing
instabilities are not reached, the “small” deformations induced by these gravity-
driven stresses may be at the origin of non-acceptable deviations in the final object
geometry. This is why, in addition to some strength requirements, there also exists
requirements on the material rigidity or stiffness (Roussel 2018; Mechtcherine et al.
2020; Wolfs et al. 2018).

In other words, most printing processes success will be dictated by the result of a
competition between gravity-induced stresses—that do scale with a local deposition
thickness and/or object height—and some strength/cohesion/rigidity/stiffness
material properties. If at any point through the entire printing process, gravity-driven
stresses win the above competition, the process shall fail.

The exact terms used to describe the above strength/cohesion/rigidity/stiffness
features of a given printable material vary among authors and printing processes
but include e.g. yield stress, cohesion, plasticity limit, friction angle, compressive
strength, elastic modulus, critical strain, etc.Most of these properties are expressed
in Pa or kPa. Elasto-plastic models are often used to describe the material along
with various plasticity criteria such as the Von Mises plasticity criterion and Tresca
plasticity criterion, as well as the Mohr–Coulomb criterion in the case of frictional
materials.

As these properties are often expected to change with time for cement-based
materials for various chemical and physical reasons (see further in this chapter),
material properties of interest also often include somekindof structuration/thixotropy
rate (Roussel et al. 2019, 2012; Roussel 2005, 2006). These material properties, no
matter their name or the way they are measured, capture the speed at which the
strength/cohesion/rigidity/stiffness of the material being printed increases with time
and are often expressed in Pa/s.

4.2.1.1 Printing Head Feeding

Before the printing phase dominated by gravity-induced stresses as described above,
most processes in industry or academia involve some kind of material transport
through a pipe. This transport typically occurs over a distance of several meters
between a mixing device and a mobile printing or deposition head. Depending on
thematerial consistency, pipe diameter and flow rate, these transport phases are either
referred to as pumping or extrusion (Schutter and Feys 2016; Perrot et al. 2019). In
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both cases, they involve a competition between a pressure applied to the material
and its resistance to flow. The result of this competition drives the material flow rate
in the pipe.

In the case of high flow rates, fluid materials and/or small pipes, the resistance to
flow typically involves the material bulk viscosity if the material is fully sheared in
the pipe or, most often, the viscosity of a so-called lubrication layer at the vicinity
of the pipe wall. This lubrication layer is induced by the so-called “shear-induced
particle migration” (Spangenberg et al. 2012; Choi et al. 2013) that pushes particles
away from high shear rate zones. Shear rate concentrates in this lubrication layer
depleted of coarse particles while the bulk material is almost unsheared, depending
on its yield stress. In this case, the bulk material rheological behaviour matters less
than the ability of the material to form a lubrication layer along with the layer’s
rheological properties.

In the case of lowflow rates, stiffmaterials and/or large pipes, the above lubrication
layer thickness possibly becomes of the order of the size of the smallest particles
in the material. As a result, the concept of a lubrication layer displaying its own
viscosity fails and the resistance to flow is often considered to find its origin into the
frictional/tribological properties of the material (Perrot et al. 2019).

4.2.1.2 Filament Stability and Geometry Control

It is possible to go into more details when focusing on the deposition process.
The length scale driving local gravity-induced stresses is obviously the thickness
of the layers/filament/lace H0. This thickness varying between 1.0 mm (for so-called
“micro-printing”) to around 10.0 cm for some large-scale industrial application, the
resulting gravity-driven stress (ρ.g.H0) shall be between around a couple of tens of
Pa and a couple thousands of Pa. In order for the layer/filament/lace to be stable, the
yield stress of the material, τ0, being printed shall be in the same order of magnitude
or higher, i.e. from 100 Pa to 10 kPa. The reader should note that this range of yield
stresses is the same as the one covered by modern concretes, i.e. from 50 Pa for
Self-Compacting Concretes to a few thousand Pa for traditional vibrated concretes
(Yammine et al. 2008). We can expect that, at the stage of the deposition process,
deformations greater than a couple % cannot be accepted. As a consequence, the
minimum value of the elastic modulus of the material expressed as the ratio between
the applied gravity-driven stress and the tolerable strain shall be between around
1.0 and 100 kPa.

4.2.2 Object Stability and Geometry Control

Through the printing process, the gravity-induced stress in a given layer
increases with the number of layers printed above the considered layer. The
competition between this gravity-induced stress that increases with time and the
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strength/cohesion/rigidity/stiffness of the material being printed requires that the
strength/cohesion/rigidity/stiffness of thematerial always stays higher. This requires,
in turn, that either that the strength/cohesion/rigidity/stiffness (a) are, from the start,
higher than the highest gravity-driven stress reached at the end of the printing process
or (b) increase fast enough to always dominate gravity.

From a stress point of view, we can expect in the case of a slender vertical element
that, for every meter in the vertical direction element of height, the strength/cohesion
should increase by 20 kPa. The reader should note that this value is around the highest
cohesion acceptable for a material that has to be pumped or extruded (see above).
As a consequence, the above listed option (a) can only be applied to the printing of
objects where the vertical dimension of which stays lower than 1.0 m.

In most cases, however, either the printing time is long (i.e. long printing
perimeter) or the material is chemically or physically accelerated (see section further
in this chapter). Hence, the increase of the material strength/cohesion in time has to
be taken into account in the evaluation of the printing process and allows for higher
vertical printed dimensions.

However, it was shown in a milestone paper (Wolfs et al. 2018) that, for high
vertical dimensions, object stability is not driven anymoreby the competitionbetween
gravity-induced stress and strength or cohesion but by the risk of so-called self-
buckling or gravity-driven buckling. Such instability was shown to scale with the
vertical dimension of the object at the power three (Roussel 2018). This imposes
requirements not on strength/cohesion but primarily on thematerial rigidity/stiffness.
These can reach levels as high as a few MPa for a 3.0 m high printed element.
The reader should note that such levels of rigidity can only be reached through
some kind of chemical reactions and not by the natural flocculation/structuration of
cement-based products (see Sect. 4.3 further in this paper).

4.3 Background Chemistry and Chemical Admixtures

What has been termed structural build-up or yield stress evolution in cementitious
materials is related to, primarily, two processes: the flocculation of particles, and
the formation of hydration products. After a fluid cementitious material undergoes
a shearing event (such as pumping and extrusion in digital fabrication), it is then
placed, where it undergoes a period of rest and builds strength due to these two
processes, which, despite occurring simultaneously, do occur to varying degrees and
at different time scales. The areas where these two processes are primarily dominant
are depicted in Fig. 4.1,with flocculation processes being dominant in the early stages
up to amaximum, and then hydration processes dominatingwhen these processes are
initiated at the onset of the acceleration period. These processes their implications
for digital fabrication with cementitious materials as well as a brief description of
methods used to control them are described as follows. It should be stated, though,
that the general relationship between microstructure and rheology and its evolution
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Fig. 4.1 Strength build-up (given in terms of height) over time for a cementitious material,
schematically showing the period of the first linear increase due to flocculation before reaching a
maximum, and then the exponential increase that occurs just after onset of the acceleration period.
Figure adapted from Wangler et al. (2016), with variables fully described therein

is still a topic of intense research for cementitious materials, and it will remain so
for the foreseeable future.

4.3.1 Flocculation (Thixotropy)

The term “Flocculation” is usually applied to processes that occur on short time scales
during the dormant period of cementitious binders. Often these processes (time scales
of seconds to minutes) are termed “thixotropic” processes (Roussel 2006; Roussel
et al. 2012; Wallevik 2009; Assaad et al. 2003a, b).

The processes that generally govern interparticle forces when a colloidal
suspension such as a cementitious binder is put at rest after a shearing event
include: (1) Brownian, (2) colloidal, and (3) hydrodynamic forces. The colloidal
forces, in particular, dominate the yield stress behavior of dense particle suspensions
such as cementitious systems, varying in magnitude with interparticle separation.
These forces can be either attractive (van der Waals) or repulsive (electrostatic or
steric), with modifications to these interactions possible through the use of adsorbent
molecules such as superplasticizers (Yang et al. 1997; Gelardi and Flatt 2016).
Besides these forces, suspension characteristics such as solid volume fraction (related
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to the w/c ratio) along with particle size and distribution play a large role (Zhou et al.
1999; Flatt and Bowen 2006).

During the period dominated by flocculation processes, however, low-level
hydration is also occurring, which contributes to structural build-up through the
formation of solid bridges between particles (Roussel et al. 2012) or the formation of
additional surface area for consumption of superplasticizer from solution (Mantellato
et al. 2019).

4.3.2 Hydration

Cementitious systems are unique for colloidal suspensions in the sense that they
are reactive. Hydration processes, related to the dissolution of aluminate (C3A)
and silicate (C3S, C2S) clinker mineral phases and the subsequent nucleation and
growth of new phases (hydrates), begin immediately upon the first contact withwater.
These processes vary over time and magnitude for the different mineral phases, with
different consequences for the overall rheological behaviour of the suspension. This
chemical activity evolves heat, which can be measured in a calorimetry experiment
(Sect. 4.5) A typical heat evolution curve for a cementitious material is depicted in
Fig. 4.2.

Fig. 4.2 Typical hydration heat curve for a cementitious material, showing 5 distinct stages. Of
greatest interest for digital fabrication processes are stages I and II, until the onset of the acceleration
period, which occurs when stage II transitions to stage III. Figure from Marchon and Flatt (2016)
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The hydration curve is characterised by stages noted in Fig. 4.2:

• Stage I: dissolution of sulfate and highly reactive C3A phases, happening rapidly
within the first minutes of water contact.

• Stage II: dormant period or induction period, with low chemical activity and
characterised by having a workable paste, generally lasting on the order of one to
two hours (also known as the “open time”).

• Stage III: acceleration period, where paste loses its workability (setting) and C3S
hydration dominates (formation of primary strength-giving phase, calcium silicate
hydrate, C-S–H), generally lasting for some hours.

• Stages IV and V: deceleration period, where diffusion controlled growth
dominates, lasting for days to months.

For the purposes of digital fabrication processes, Stage I and II are of primary
interest, when concrete must remain fluid (and processable) up to placement. These
correspond to theperiodof timewhere bothflocculation and local hydrationprocesses
are dominant (Roussel 2012). The Stage II transitions to Stage III is termed the
“onset” of acceleration. Themassive generation of hydration products increases yield
stress in cementitious materials because of the formation of new surface area, which
consumes superplasticizer and increases contact points between cement grains, and
ultimately the formation and strengthening of C-S–H bridges between cementitious
particles.

4.3.3 Chemical Admixture Control—Set-On-Demand

As described in detail in Chap. 3 and reminded shortly in Sect. 4.3.1, the rheological
requirements of cementitious materials within a given digital fabrication process can
vary widely. Rheological changes from a more fluid, low yield stress and pumpable
material, to a stiff, high yield stress material sometimes must occur within a matter
of seconds. More critically, the buildability of the material requires that yield stress
increases linearly over time to match the build rate, or depending on component
geometry, that the elastic modulus of the material increases exponentially (Wolfs
et al. 2018; Roussel 2018; Reiter et al. 2018). The maximum yield stress increase of
cementitious materials in the dormant period is limited (Wangler et al. 2016), thus
the use of chemical admixtures that are very strongly flocculating or that actually
induce or enhance the formation of hydration products are strongly advised.

A review of the chemical admixtures used in digital fabrication processes has
recently been published (Marchon et al. 2018), and the primary types are summarised
as follows:

• Superplasticizers: these admixtures reduce yield stress and viscosity at constant
solids content, which makes them natural choices for the initial rheological
requirements of flowable concretes, helping mixes to reach a proper pumpability.
In certain digitally controlled casting processes such as Smart Dynamic Casting,
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they are essential not just in the pumping process but also the placement process.
The most widespread type of these admixtures are the polycarboxylate ethers
(PCEs), which are comb copolymers consisting of an anionic backbone which
adsorb to the cement particles, and uncharged side chains that extend into the
solution and prevent particle contact through steric hindrance.

• Viscosity modifying agents (VMAs): these admixtures are generally long-chain
organic molecules that increase suspension viscosity by bridging and binding
across particles. They also tend to increase the yield stress through thismechanism,
and it is in this that they have found utility in digital fabrication processes, by
imparting a sometimes rather high initial yield stress, as well as by increasing
buildability through increasing thixotropy.

• Retarders: these admixtures generally consist of sugars and other carbohydrates,
with sucrose being one of themost powerful. They control the open time of a given
batch of cementitious material, allowing it to remain workable and processable
for extended periods of time.

• Accelerators: accelerators are a class of admixture that accelerate the formation
of hydration products, which as described earlier, is the most useful mechanism
for building strength quickly in digital fabrication systems. Accelerators typically
can act on the silicate phases, accelerating the formation of C-S–H (the primary
strength-giving phase in cementitious materials) through either the addition of
calcium ions (in calcium salt formulations) or the addition of C-S–H seeds to
seed nucleation (Thomas et al. 2009;Myrdal 2007). Recent results have suggested
that this pathway to strength build-up may be too slow for targeted vertical build
speeds of some digital fabrication processes, and thus the accelerators that target
the formation of aluminate phases, especially ettringite, have been the focus of
research. These accelerators are already being used successfully for many years in
shotcrete processes, and generally consist of aluminium salts which promote the
fast precipitation of ettringite. More recently, the use of mineral substitutions of
phases high in calcium, aluminium, and sometimes sulfate (in calcium aluminate
cement or calcium aluminosulfate cement) has been explored and in some cases
successfully implemented in digital fabrication processes (Khalil et al. 2017;
Reiter et al. 2020), and further development of these chemical processing systems
remains a major interest as the field develops.

The identification of the suitability of chemical admixtures for a digital fabrication
process is simply the first step, however. Their successful implementation in a digital
fabrication process involves precision in when and where to add them in the process.
Reiter et al. (2018) pointed out that acceleration should take place as close as possible
to the point of placement to avoid hardening in the processing lines, and with some
of the fast-acting accelerators described above, this is absolutely essential. The
development of inline or secondary mixing steps, in which an accelerator is added
just before placement, has been described in Chap. 3 and is depicted in Fig. 4.3 below
from Reiter et al. (2020). This concept shows a combination of retarded concrete to
which an activator is added just before placement.Other systems have been developed
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Fig. 4.3 Concept for processing of concrete in a Set on Demand system. A retarded concrete batch
is pumped to a mixing reactor, where an activator is mixed in just before outflow and placement.
Such a system enables well-timed control of material rheology, enabling proper structural build-up
for process success. Figure from Reiter et al. (2020)

in which material is continuously mixed upstream, giving adequate open time in the
line to avoid retardation before the inline mixing step.

4.4 Measurement Methods

4.4.1 Existing Measurement Methods

4.4.1.1 Free Flow

Free flow of cement-basedmaterials is understood to be the flow of thematerial under
its own weight. In most conventional construction site, rheology of fresh concrete is
evaluated every day using gravity thanks to the Abrams cone (Roussel 2011). This
standardised procedure is used as quality control test to ensure that the concrete has
proper workability or so called “consistency” in order to fill formworks. However,
the Abrams cone has been shown to be able to provide rheological parameters when
using adequate assumption on the flow geometry (Bouvet et al. 2010; Pierre et al.
2013; Roussel and Coussot 2005; Ferraris and Larrard 1998). Such measurements
have been considered to be fast and simple to carry out, and theAbrams cone has been
called the “fifty-cent rheometer” (Roussel andCoussot 2005; Pashias et al. 1996). The
slump test is used more often as a means of rapid and continuous checking to ensure
uniformity of fresh concrete production or supply, rather than solely as a test for the
assessment of workability. In all cases, the analysis is based on the description of the
flow stoppage when the material yield stress balances the gravity-induced stresses.

For stiff concrete, when the slump is lower than the initial height of the cone,
the flow can be considered as purely elongational, and the yield stress can be easily
computed from the final height of the tested sample (Roussel and Coussot 2005;
Pashias et al. 1996). On the other hand, for fluid concrete such as self-compacting
mixtures, purely sheared flow is generated in a thin layer. In this case, the yield stress
can be computed from the diameter of the spread flow (Bouvet et al. 2010; Roussel
and Coussot 2005). Between those two extreme cases, a combination of these types
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Shear flow   Combined flow Elongation flow

Fig. 4.4 Different scenarios of gravity-induced flow of a cementitious material cone (Dotted line:
initial shape—Black line: final shape)

of flow occurs, and several studies have provided a relationship between the material
yield stress and slump (Bouvet et al. 2010; Pierre et al. 2013). These three cases are
illustrated in Fig. 4.4.

It can be noted that the cone geometry can be downscaled to the mortar scale
(Bouvet et al. 2010) and that viscosity can also be estimated when performing
the spread flow. The relationship linking the time to reach a spread diameter to
the material plastic velocity is reported by Drewniok et al. (2017). Recently, The
Danish Technology Institute has developed a version of the slump flow with further
rheological parameter estimation based on the image analysis recorded by a camera
during testing (Thrane et al. 2007, 2009).

Other geometries have been used to evaluate the rheological behaviour using
gravity as the motor of the flow, especially with fluid concrete. Among those
geometries, the L-Box, the LCPC-box can be used to determine the material yield
stress (Nguyen et al. 2006; Roussel 2007; Thrane et al. 2004; Nielsson and Wallevik
2003) from the free surface obtained at the low stoppage and the V-funnel and the
Marsh cone can be used to determine the viscosity from the time when mortar or
concrete flow out fromMarsh cone or V-funnel (Utsi et al. 2003; Le Roy and Roussel
2005; Roussel and Le Roy 2005). Those geometries can be seen in Fig. 4.5.

4.4.1.2 Rotational Flow

Generalities on Rotational Rheometry

Rotational rheometry can be considered as the conventional way to characterise
the rheological behaviour of fluid materials and equipped commercially available
rheometers. Conventional rheometers can be used for cement pastes and fine sand
mortars and robust and specially dedicated rheometers have been designed for
concrete (Koehler et al. 2005; koehler and Fowler 2004; Wallevik 2008, 2015; De
Larrard et al. 1996; Hu et al. 1996).

Among others, three types of geometry have been used to measure the rheological
properties of materials: coaxial cylinders, parallel plate geometry and cone plate
geometry. Cone plate geometry is not often used in case of cementitious materials
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a) b) c)

Fig. 4.5 Different types of geometries for rheological characterisation of cementitious materials
using gravity-induced flow: a Marsh cone; b V-funnel (Ma andWang 2018); c L-Box (Nguyen et al.
2006). Note that the LCPC-box is just the straight horizontal canal of the L-box

a) b)

Fig. 4.6 Schematic of conventional rotational geometries. a Coaxial cylinders; b Parallel plates.
Reproduced from Feys et al. (2018)

because of the size of the particles that are not adapted to the gap size at the center
of the sample. Parallel plates and coaxial cylinders are depictured in Fig. 4.6.

In comparison to other materials such as polymers, one major issue when testing
cementitious materials is linked to slippage. In order to solve this problem, a rough
surface can be used to prevent slippage, and special tool such as 4 or 6-bladed vane
or helicoidal tool that describes a cylinder during their rotation can be used as the
inner cylinder in the coaxial geometry (Wallevik 2003, 2008; Barnes and Nguyen
2001; Estelle and Lanos 2012).
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In all geometries, the tested material is confined between two surfaces (gap), one
surface beingfixed and the other can be submitted to a rotationalmovement in order to
induce a shear flow. The basic principles of the test consist in imposing a rotational
velocity to the rotating tool and to measure the resisting torque (controlled shear
rate—CSR—mode) or in imposing a torque and measuring the resulting rotational
velocity (controlled shear stress—CSS—mode).

Depending on the imposed solicitation, it is possible to measure shear static yield
stress (Mahaut et al. 2008; Perrot et al. 2012), structural build-up (Tchamba et al.
2008; Ma et al. 2018; Lecompte and Perrot 2017), the entire material flow-curve at
steady state (Feys et al. 2012; Estelle et al. 2008) or the viscoelastic properties of the
studied materials (Mostafa and Yahia 2016; Schultz and Struble 1993).

Yield Stress Determination

For each geometry, themeasurement of the static yield stress (i.e. the yield stress after
a given resting time) can be measured using different test procedure including stress
growth (CSRmode) (Mahaut et al. 2008; Perrot et al. 2012), stress ramp (CSSmode)
(Banfill andKitching 1990) or also creep recovery (CSSmode) (Feys et al. 2018;Qian
and Kawashima 2016; Yuan et al. 2017). For the stress growth, plotting the recorded
stress versus the strain can also help to describe the behaviour before the flow onset
and can be used to compute a shear elastic modulus (Roussel et al. 2010). Repeating
the test procedure after different resting time makes it also possible to compute the
structural build-up rate Athix of the tested cementitious material (Roussel 2006).

Identifying the Parameters of the Rheological Behaviour

Using strain rate ramp (CSR mode), it is possible to describe the steady-state
rheological behaviour over a range of several orders of magnitude of strain rates
using coaxial geometry (Koehler et al. 2005; Estellé and Lanos 2012) or parallel
plate geometry (Wallevik 2015, 2016). The aim of such procedure is to obtain the
parameter of steady-state rheological behaviour such as dynamic yield stress and
plastic viscosity for the Bingham model and also the flow index for the Herschel-
Bulkley model (Feys et al. 2012; Estellé et al. 2008). Different methods of data
processing can be found in the literature. In coaxial geometry, the most used method
is based on the Reiner-Riwlin equation that takes into account the possibility of an
unsheared zone within the gap due to the material yield stress (Feys et al. 2012,
2018).

It has been pointed out that the data should be carefully analysed using an adequate
choice of the model; otherwise non-physical negative yield stress value can be found
(Feys et al. 2018; Wallevik et al. 2015). Also, care must be taken to the material
homogeneity during the measurement (Feys et al. 2018; Wallevik et al. 2015): the
strain rate field within the gap is very heterogeneous for the parallel plates and the
coaxial geometry promoting shear-induced particle migration (Spangenberg et al.
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2012). Also, flow curves are difficult to obtain for dilatant high yield stress material,
because of failure localisation at the rotating tool surface at the flow onset. In this
case, once the sample is broken, space is remaining between the rotating tool and
the sample because gravity is not sufficient to make the material flowing and filling
this space (Pierre et al. 2016).

Oscillatory Rheometry

Oscillatory rheometry has been used on cement pastes and mortars in order to follow
the evolution of the viscoelastic properties of the cementitious material at rest (Feys
et al. 2018;Ma et al. 2018; Schultz and Struble 1993). Suchmeasurement can be used
with coaxial, cone plate or parallel plate geometry. The basic principles of this kind
of test called “Small Amplitude Oscillatory Shear” is to impose an oscillatory strain
solicitation with an amplitude below the critical strain of the tested material (around
10–4 for a cement paste at rest) at low frequency (around 1.0 Hz) (Feys et al. 2018;
Ma et al. 2018; Mostafa and Yahia 2016; Yuan et al. 2017). The imposed oscillatory
strain is sinusoidal and can be written as follows:

γ (t) = γ0 sinωt (4.1)

With γ0 the strain amplitude and ω the oscillatory frequency. The stress response
of the material can be written in the following form (Schultz and Struble 1993):

τ(t) = γ0(G
′
sinωt + G

′′
cosωt) (4.2)

With G’ the shear storage modulus and G” the shear loss modulus. The
storage modulus G’ describes the in-phase elastic solid-like component of the
material behaviour while G”, the loss modulus, represents the viscous out-of-phase
component of the behaviour.

At low shear strain, the viscous effect can be neglected in comparison with
elastic effect, which means that the stress response is almost in phase with the strain
solicitation and, therefore, that the apparent elastic modulus can be approximated
by the storage modulus (Roussel 2018; Roussel et al. 2010). Assuming a constant
critical shear strain and a linear elastic behaviour, the yield stress, τ c, can be computed
from the storage modulus τ c = G’.γ c. Consequently, the monitoring of the storage
modulus can be used to study the material structural build-up as performed in several
studies.

This continuous measurement of the structural build-up may stop when the torque
capacity of the rheometer is exceeded or when the becoming rigid material starts to
slip at the interface.
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4.4.1.3 Confined Flow

For high yield stress cement-based materials, free flows and rotational flows are
not suitable for determining the viscous component (i.e. after the flow onset) of the
material behavior because gravity forces are too low and because of shear localisation
(Pierre et al. 2016).

In order to assess the viscosity and the steady-state flow curve of such firm
mixtures, confined flows can be used and studied in order to both generate sufficient
stresses to both make the material flowing and avoid the generation of some localised
fractured shear surfaces. Different geometries can be used to generate confined flows:
squeeze flow (Roussel and Lanos 2003; Engmann et al 2005; Toutou et al. 2005),
back extrusion (Perrot et al. 2011) or ram extrusion (Zhou and Li 2005; Perrot et al.
2012; Zhou et al. 2013).

Squeeze flow is used to describe the rheological behaviour of firm concentrated
suspensions such as molten polymers, food materials or ceramic pastes (Roussel
and Lanos 2003; Engmann et al. 2005; Chan and Baird 2002). The test consists of
a simple compression test on a cylindrical sample placed between two coaxial and
circular plates. The compression of the sample of radius,R, height, h, and at a constant
velocity, v, induces an elongational flow. The radii of the sample and the plates can
be the same or not. In the first case, the volume of the sample remains the same
during the test (sample diameter lower than plates diameter), and in the second, the
surface between the sample and the test remains constant (sample diameter equal to
the plate diameter). In any case, it is important to use a rough surface to avoidmaterial
slippage at the plates interface (Roussel and Lanos 2003). Analytical model of the
squeeze flow of Bingham or Herschel-Bulkley fluids are available in the literature
(Engmann et al. 2005).

Axisymmetric ram extrusion flows are used to estimate the flow properties of
so-called “zero-slump” mortars for which rotational rheometers are not applicable
(Zhou and Li 2005; Perrot et al. 2012; Zhou et al. 2013; Mimoune and Aouadja
2004; Alfani and Guerrini 2005; Alfani et al. 2007). The methods and techniques
used for cement-based materials are inspired by the literature on ceramics, especially
the works of Benbow and Bridgwater (Benbow and Bridgwater 1993; Händle 2007).
The material located inside the extruder barrel is pushed by a ram towards a circular
die that gives its final shape to thematerial. The required force that allows to overcome
the shaping force required to give its final shape to the material in the shaping zone
denoted Fpl and the wall friction force, Ffr , developed along the extruder barrel is
linked to the interfacial stress.

The shaping force is used to study the bulk rheology of the material using the
methodology proposed by Perrot et al. (2012) or Zhou et al. (2013). Contrary to
rotational rheometry, several tests are needed to describe the whole flow curve of
a cement-based material, because one extrusion test carried out at a constant ram
speed is representative of a single average shear rate. This means that an extrusion
test provides only one point of the flow curves. The friction force is used to measure
the tribological behaviour (interfacial rheology) of the cement-based materials.
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Axisymmetric back extrusion is used to generate an upward flow in the gap
between the plunger and the container. The induced shear flow can be used to
determine the rheological behaviour of firm cement-based material (Perrot et al.
2011).

For those confined geometries, a problem of water filtration may appear, leading
to a heterogeneous mortar (Perrot et al. 2014, 2019). Such filtration is likely to
appear for low-velocity test or for mortar or cementitious material which do not
contain fine powder or viscosity modifying admixtures and, therefore, exhibit a
high permeability (Perrot et al. 2014). When filtration appears, the recorded force
increases, and the above described techniques cannot be used to reliably measure the
rheological behavior of studied material.

4.4.1.4 Limitations for 3D Printing Formulations

From the above section on conventional rheological methods, it can be seen that
there is no experimental method that is optimised for the online monitoring of the
rheological behaviour of the cementitious material during printing.

Such an idealistic method should be simple, robust and be able to describe the
full range of rheological behaviour from fresh fluid to early setting solid material.
Free flow is not suitable for high yield stress material or high thixotropy material.
For rotational rheometry, oscillatory shear is interesting but requires an expensive
device and is limited by the torque capacity of the rheometer. Also, confined flows
are destructive methods that cannot be used to follow the structural build-up of the
materials.

Therefore, it is required to develop new types of rheological tests that are process-
related and able to assess the evolution of the required parameter of the material
behaviour.

4.4.2 Methods Utilised or Developed for Digital Fabrication
with Concrete

Test methods typically adopted to assess the properties of fresh concrete before
setting target thematerial in a fluid state, as discussed in Sect. 4.4.1, with well-known
and robust methods established to measure both yield stress and viscosity. While
these properties are of great importance to control the processing phases in digital
fabrication, (e.g. pumping and extruding), the properties in the subsequent static state
of fresh concrete should be addressed as well, in particular, their evolution in time.
Due to the absence of confinement by traditional formwork, which characterises the
majority of digital fabrication processes, the mechanical properties of fresh concrete
and their development in time, or structuration rate, are of vital importance to control
the structural behaviour during the fabrication process and prevent collapse. As the
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relatively high initial strength and stiffness, or rigidity, ofmaterial compositions often
adopted prevent correct measurements by traditional rheological tests, or because
the nature of these test simply does not provide the appropriate parameters, various
mechanical tests have been adopted instead. These are outlined in the following
sections.

In contrast to traditional construction practice, concrete is typically not compacted
in a digital fabrication process. It was shown that an overestimation in material
properties may occur when material is extracted and compacted before testing, for
instance to remove the presence of layer interfaces in samples created by a 3Dprinting
process (Wolfs et al. 2019), as this affects the presence of e.g. voids or (micro)-cracks
after extrusion. As such, regardless the adopted test, it is essential that the fresh
concrete is tested in a state and scale representable of the digital fabrication process.
Besides, due to the sample state and size, it is generally not possible to apply physical
measurement devices without initiating unintentional thixotropic breakdown. Such a
device may, moreover, restrict and influence the (natural) deformation behaviour of
the fresh material, which generally exhibits relatively large deformations. It was
successfully shown that optic measurement techniques may be adopted instead
(Wolfs et al. 2018). Finally, in comparison tomechanical testing of hardened concrete,
tests on freshmaterial shouldbe executed swiftly to eliminate the influenceof ongoing
hydration and flocculationwithin a single test and to be able to attribute the properties
to a specific age (Mettler et al. 2016; Wolfs et al. 2018).

The result of these challenges has led to a number of researchers developing a
variety of methods to measure these properties, with some measurements able to
measure more than one property. These measurements are detailed in the following.

4.4.2.1 Compression

Compression tests may be performed on fresh concrete to derive the compressive
strength, Young’s modulus, and Poisson’s ratio, as well as their development as a
function of concrete age. Based on ASTMD2166, these tests are typically performed
on cylindrical samples with a height-to-diameter ratio between 2.0 and 2.5, whereby
the largest particle size is smaller than one-sixth of the specimen diameter. The
cylinders are vertically compressed by a loading plate, and the corresponding vertical
and lateral deformation is recorded. The resulting load–displacement relationmay be
translated into stress–strain diagrams to derive the desired material properties. The
unconfined compressive strength is defined for each test as the maximum occurring
stress, and the Young’s modulus and Poisson’s ratio are derived within the linear
range of the stress–strain relation. A compression test does not allow for testing of
multi-axial stress states. In various studies, the compressive strength and stiffness
were found to increase significantly as the material ages, and their evolution may
follow both a linear (Roussel 2006) and non-linear trend (Lecompte and Perrot 2017).

In a time span of a typical digital fabrication process with concrete, i.e. several
minutes to a couple of hours, a transition of plastic towards brittle failure may be
observed. For instance, in Fig. 4.7, the failure modes of compressed specimens are
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Fig. 4.7 Failure modes as observed in the compression test on fresh 3D printed concrete.
Reproduced from Wolfs et al. (2018)

Fig. 4.8 Stress–strain
relation of 3D printed
concrete tested by
compression at various ages,
depicted in Fig. 4.7.
Reproduced from Wolfs
et al. (2018)

depicted for 3D printed concrete at various ages of 5 to 90 min after extrusion.
Due to the relatively low stiffness, the early age specimens significantly expand in
lateral direction as the vertical deformation increases, and fail by plastic ‘barrelling’
(bulging). In contrast, older specimens expand less in the lateral direction, and show
a distinct and brittle failure plane formation. The intermediate samples show an
intermediate failure behaviour. This transition of failuremodeswas likewise observed
in similar studies targeting the material properties of fresh concrete in the context of
digital fabrication (Mettler et al. 2016; Wolfs et al. 2019).

4.4.2.2 Shear

Shear tests may be performed on fresh concrete to define a failure criterion and its
evolution as the material ages. A variety of shear tests is available (see e.g. ASTM
D2166, or D6128), but in essence, they are all based on the horizontal displacement
of a two-part, often cylindrical, specimen, see Fig. 4.9. One part is kept stationary,
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Fig. 4.9 Close up of a direct
shear test on 3D printed
concrete, without a normal
force applied. Reproduced
from Wolfs et al. (2018)

while the other is horizontally displaced by an external load. In vertical direction, a
constant normal forcemay be applied to the specimen prior to shearing. The resulting
maximal shear force may be used to derive the specimen shear strength. Due to the
non-uniform stress and strain distribution during shearing, this test is not suitable to
derive stiffness properties.

By deriving the shear strength for various vertical forces applied, a failure criterion
can be constructed. It was shown that, for certain 3D printable mixture compositions,
the Mohr–Coulomb theory may provide a satisfactory failure criterion (Wolfs et al.
2018; Jayathilakage et al. 2019), as the increment in normal force resulted in higher
shear strength. This criterion is based on two material parameters, the cohesion and
angle of internal friction,which are easily derived by performing a series of shear tests
with various normal forces. Similar to the properties derived by the compression test,
see Sect. 4.4.2.1, the cohesion and angle of internal friction were found to increase
during the time span of a typical digital manufacturing process in recent studies
(Mettler et al. 2016; Wolfs et al. 2018), indicating a transition from a fluid material
towards a solid.

A well-known issue in shear tests is the friction between the two halves of the
test setup, reported by e.g. Assaad et al. (2014, Liu et al. (2005). In particular, for
(very) early-age concrete, the resulting friction force may contribute significantly
to the total shear force and compromise the accuracy of the test. This issue may
be addressed by treating the setup prior to testing, for instance, by machine-milling
grooves in the two halves of the setup and applying rollers in between (Wolfs et al.
2018).

4.4.2.3 Triaxial Compression

A triaxial compression test may be adopted to derive both the stiffness properties
and those needed to define a failure criterion for fresh concrete. As such, it can
provide all required properties needed to assess both failure by elastic buckling and
plastic collapse. Based on ASTM D2850, in a triaxial test a specimen is subjected
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Fig. 4.10 Close up of a
triaxial compression test on
3D printed concrete.
Reproduced from Wolfs
et al. (2019)

to a constant confining pressure and is then compressed in vertical direction until
failure. Similar to the compression test, triaxial tests are performed on cylindrical
samples with a height-to-diameter ratio between 2.0 and 2.5, such that a shear failure
plane may be induced. The confining pressure may be applied via e.g. water, oil
or air, and as such, the specimens are tested in a closed chamber, see for instance
Fig. 4.10. In contrast to triaxial tests on hardened matter (e.g. soil, rock, concrete),
the specimen deformation cannot be measured directly on the sample, which may
be overcome by designing the triaxial chamber in cubic shape, such that optic
deformation measurements may be applied instead.

By recording the specimen deformation and vertical force for various confining
pressures, a failure criterionmaybe derived, such as theMohr–Coulombcriterion that
was found to be suitable for fresh concrete in the time span of a typical 3D printing
process (Wolfs et al. 2019). A triaxial test with no confining pressure applied may
be considered as uniaxial compression test, and as such, provides the stiffness and
deformation parameters of the fresh material.

The deformation measurements of the triaxial test may be additionally applied
to derive the dilatancy behaviour of fresh concrete, which indicates the change in
volume associated with (plastic) shear distortion of the material. However, since
plastic deformation during a digital fabrication process may already be considered
as failure, the dilation behaviour is of lesser importance for the majority of studies
targeting fresh concrete in this context.

4.4.2.4 Tension

A tensile test may be performed on fresh concrete to define the early age tensile
strength and its development. The test may be performed using a mould of two
separable parts, of which one part is horizontally separated from its fixed counterpart,
see Fig. 4.11. The tensile force required to induce sample failuremaybe used to define
the specimen tensile strength.
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Fig. 4.11 Close up specimens of fresh concrete in a tensile test. Reproduced from Mettler et al.
(2016)

Contrary to the tensile test on hardened specimens, fresh concrete cannot be
clamped. An internal pin structure may be attached to the box walls, to enhance
shear force transmission from the mould to the sample (Mettler et al. 2016). By
applying a round notch to the specimen, controlled failure at the specimen center
may be induced without introducing peak stresses.

4.4.2.5 Ultrasound

Themeasurement of ultrasonic pulse velocity in cementitiousmaterials has been used
by some groups for monitoring strength build-up of cementitious materials in digital
fabrication technologies (Wolfs et al. 2018; Chen et al. 2019), and it has anyway
been used historically to monitor setting times and strength build-up in cementitious
material systems in general (Lee et al. 2004; Reinhardt et al. 2000; Trtnik et al. 2008).
The physical principle is based on themeasurement of the speed of sound in a sample;
a transducer emits a signal which is received by another transducer or reflected back
to the original transducer. The time delay and distance travelled between emission
and reception gives a velocity. This velocity is proportional to the shear modulus of
the material, which is then assumed to be proportional to the yield stress. It should
be noted that because this method is nondestructive, a critical deformation must be
assumed in order to estimate the yield stress, and this critical deformation is not
necessarily constant with the material evolution. Therefore, as it was performed in
the study ofWolfs et al. (2018), ultrasonic pulse velocity measurements to determine
the strength evolution over time is only useful if empirically correlated with strength
measurements.

4.4.2.6 Penetration

The methods described until now for measuring yield stress, while having many
advantages, often have disadvantages such as that of requiring extensive sample
preparation, large sample sizes, or being pointwise measurements requiring multiple
samples, as in the compressive, tensile, triaxial strength measurements, to mention
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a few. Certain methods can also have the limitation of not being destructive, which
requires then an estimation of the critical deformation, which is not necessarily
constant over time. Even destructive measurements, which actually do deform the
material until the onset of flow can have the limitation of having a shearing surface
at the interface of the material with the instrument, rather than within the bulk of the
material, such as in vane rheometry experiments. The ideal method thus would have
the advantages of being a continuous measurement on a single sample, with the shear
surface within the bulk of the sample. Penetration tests can offer such advantages, if
designed appropriately.

Penetration tests have been used historically with cementitious materials to
measure setting times of pastes and mortars (ASTM C191 and ASTM C403) and
have also been used to measure the penetration resistance of soils (ASTMD3441 and
D1558). The tests on cementitious materials can be called “fast” penetration tests, as
they are performed pointwise, and the soil penetration resistance tests can be called
“slow” penetration tests, as they measure penetration force with time at a slower
displacement rate, and it can happen over a time interval of interest with a single
measurement. A more recent European Norm (EN 14,488–2) describes the use of
penetration tests to determine the compressive strength of young sprayed concretes
by shooting or pressing a penetration tip into the material, another “fast” penetration
test.

As the penetration force is primarily influenced by the yield stress of the material,
one can consider the penetration test to be a rheological measurement. A 2009 paper
by Lootens et al. (2009) examined the use of these penetration tests in the assessment
of yield stress of setting cement pastes. The authors found a very strong correlation
of these tests with the yield stress, and they developed analytical relations between
the test type, needle and tip geometry, and the respective yield stress or compressive
strength. Generally speaking, the test should be performed in a controlled manner in
material undisturbed by previous testing. The penetration force is expected to scale
with the shearing surface, which is expected to be proportional to the penetration tip
surface in contact with the material, as depicted in Fig. 4.12.

As these tests are of great relevance in the region of interest for cementitious
materials used in digital fabrication, some researchers have examined their use in the
context of digital fabrication, which is detailed in the following.

Fast Penetration

Within the Shotcrete 3D Printing process (SC3DP) (Kloft et al. 2020; Dressler et al.
2020) both process-related (e.g. pumping and spraying) and material-related factors
(e.g. set-accelerator dosage) have a significant effect on the resulting yield stress
evolution. In order to investigate these influencing factors systematically within
the printing process, an in situ yield stress measurement on printed test specimens
is indispensable. For this purpose, a shotcrete penetrometer (Mecmesin Shotcrete
Penetrometer) with a defined needle geometry (diameter: 3.0 mm, cylindrical
height: 12.5 mm, cone height: 2.5 mm) has been used (Dressler et al. 2020)—the
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measurement has been performed manually. This penetrometer is designed and used
based on EN 14,488–2. The penetration depth is set at 15.0 mm, Fig. 4.13 (left).
A repetition of 5–10 measurements is recommended in order to obtain a statistical
certainty. Depending on the research objective, measurements can be performed at
any time interval. According to the study by Lootens et al. (2009), the penetration
resistance can be calculated to a yield stress. Figure 4.13 (right) shows exemplary
results obtained on the basis of fast penetration tests. It shows the effect of different
set accelerator dosages on the yield stress evolution of Shotcrete 3D printed samples.

In the same fashion, Lloret et al. (2015) used fast penetration tests to assess
the structural build-up of a self-compacting mortar in Smart Dynamic Casting, a
digitally controlled slipforming process. They empirically correlated penetration
force to slipping speed to determine a material processing window. The previously
cited study of Mettler et al. (2016) went further with this method to correlate the
penetration load to yield stress of the self-compacting mortar, as well as to detail its
transition from the liquid to the solid state. They used a penetration tip of a disc with a
diameter of approx. 19.0 mmmounted on a triaxial table and driven at a speed on the
order of 1.0 or 2.0 mm/s. They calculated a force per unit area of the penetration tip
and found a strong correlation of the penetration force to other methods of measuring
strength, including compressive strength. This method has proven rather pragmatic
and useful as a strength monitoring method for determining slipping speed (Lloret
Fritschi 2016).

Slow Penetration

Fast penetration tests are pointwise measurements, giving an indication of yield
stress at a certain point in time and requiring multiple samples or sampling sites to
form an adequate image of strength build-up for processing. Slow penetration tests,
on the other hand, are distinguished by using a single sample and measurement to

Fig. 4.12 Schematic of some penetration test geometries: Vicat needle (left) and penetration test
(right). The load-bearing surface of the test depicted on the right is constant over time and is the
basis for most penetration tests, with varying tip geometries. Figure from Lootens et al. (2009)
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Fig. 4.13 (left) Fast penetration test on a SC3DP sample using a shotcrete penetrometer, (right)
results of fast penetration tests showing the effect of set accelerator dosage (0, 2, 4 and 6%bwoc—by
weight of cement) on the yield stress evolution (Dressler et al. 2020)

monitor the structural build-up over an entire processing time window. These slow
penetration tests are performed by having a needle penetrating the paste or mortar
only once at a very slow speed. During the slow penetration test, a force is measured
as a function of the penetration depth. Since the yield stress of the material mainly
influences the force during penetration, the penetration resistance of a tool can be
considered as a rheological measurement. Compared to the fast penetration test, the
slow one has several advantages. Firstly, the material is measured under static and
unsheared conditions. In a fast penetration test, it must be ensured that the resulting
cylindrical volume of the penetrated tool in the sample does not affect subsequent
measurements. In addition, the material is affected by the permanent movement of
the instrument before and after penetration due to vibrations. These problems do not
occur with a slow penetration test.

A slow penetration test cannot be performed with every device. Successful
performance depends on how precisely a device can perform slow movements
and simultaneously measure small changes in force. With some experience, such
a penetrometer can be custom made (Pott et al. 2020) (Fig. 4.14a). Otherwise,
commercially manufactured systems can be purchased (example in Fig. 4.14b).

Figure 4.15 shows the results of three penetration tests—one mortar and two
cement pastes at different penetration speeds. For this investigation, a spherical tool
was used as a penetration tip (Fig. 14b). It can be seen that with different speeds
and different maximum forces, different durations of hydration can be stated and
that different materials can be investigated. Moreover, the slow penetration test is a
suitable method for testing paste-rich printable mortars.

The handling is straightforward and fast, and the results arewell reproducible. The
method is well suited for testing the hydration process of different mortars (Reiter
et al. 2020; Lootens et al. 2009; Pott et al. 2020; Reiter 2019). The measured force
can be used to calculate the yield stress of the material. Lootens et al. (2009) give
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a) b)

Fig. 4.14 a Custom-made penetrometer at TUBerlin b Penetrometer of the company Toni Technik
with a spherical tool

Fig. 4.15 Results of a slow penetration test of a cement paste (CEM I) and a printable mortar with
a w/b-ratio of 0.36 at penetration speeds of 0.072, 0.03 and 0.001 mm/min

formulas for different penetration tips/configurations. However, these formulae must
be used with caution, as the calculated yield stress depends only on the measured
force and the shear surface. The investigations of the authors have shown that bodies
with the same shell surface, but different geometries do not show the same force
and, therefore, the calculation would not give the same yield stress for the same
material. Further optimisations for the yield stress calculation via the penetration
test are therefore desirable.
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Fig. 4.16 (left) penetration force over time for mortars. The nomenclature Mx_Sy refers to x =
sand content and y = superplasticizer dosage. (right) Yield stress calculated from penetration force
using best fitNC and its correlation to other methods. Solid lines give the 0.5–2× range of expected
values. Figures from Reiter et al. (2020)

Recent work by Reiter (2019) and Reiter et al. (2020) detail a similar slow
penetration test, but modelled as a geomechanical soil stability problem. More
specifically, the penetration force can be related to the yield stress for plasticmaterials
through the use of a bearing capacity factorNC ,which is an analytically or empirically
derived value relating stress at the penetration tip σ f to the cohesion c0, which is
then related to the yield stress. This relation, based on soil mechanical considerations,
can also be adapted to take into account minor effects such as surcharge, soil weight,
heave, and cone bluntness, which can be considered depending on the penetration test
setup. They used a universal testing machine setup, which drove a needle at a speed
of 20.0 mm/h while continuously measuring the penetration force. The penetration
tip had a cone geometry with a height of 30 mm and a radius of 10 mm. Some results
for mortars are shown in Fig. 4.16, showing the strong effect of volume content of
solids (sand content) in yield stress increase, as well as the two regimes of yield stress
increase: an initial, slow evolution in yield stress followed by an exponential increase
associated with the onset of hydration and the growth of hydration products. In the
same figure, one can also observe that this penetration force, through a best fit bearing
capacity factorNC , compares favorablywith other yield stressmeasurementmethods
such as compression and fast penetration. The method has also been successfully
adapted to both slipforming and layered extrusion digital fabrication processes, seen
in Fig. 4.17.

As it has been stated before, this method offers numerous advantages, especially
the advantage of a single measurement which, with a proper setup, can give accurate
yield stress evolution over a time span of hours, thus covering the time period
of relevance for most digital fabrication processes. The analysis of Reiter (2019)
demonstrates that the penetration tip geometry is a crucial factor as well, as using this
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Fig. 4.17 Penetration (solid
lines) and yield stress from
compressive strength
(crosses) for two different
digital fabrication mortars,
one for layered extrusion and
one for slipforming. Also
included is a retarded SCC,
showing no increase in yield
stress over time. Figure from
Reiter et al. (2020)

soilmechanical approach demonstrates that the shearing surface does not occur on the
penetration tip surface, but rather at a surface away from the tip, in homogeneous,
previously unsheared material, and therefore can be considered a true static yield
stress of the material.

The method is reliable for giving continuous, accurate yield stress measurements
formortars, but it does have certain limitations. The briefly described soil mechanical
approach shows linearity between penetration force and the cohesion for plastic
materials not dominated by frictional contacts between aggregate particles. When
frictional contacts begin to dominate, then the friction angle must be considered,
and this cannot be determined by the penetration test. Generally, however, digital
fabrication mortars are paste-rich and can be considered as plastic materials over the
ranges of relevance for processing, about 1–200 kPa. Reiter et al. (2020) cautions,
however, that the method does not detect when this transition to a frictional material
occurs, so materials of unknown compositions may require some cross-correlation
between the slow penetration method with more established discrete methods such
as compression. Reiter et al. (2020) also describes other issues with the method that
must be dealt with carefully, such as the possibility of wall slip at the container
edges leading to a lower penetration force, thus the container size must be selected
appropriately to avoid this.

4.4.2.7 Measurements for Slipforming

In the special case of slipforming, a formwork smaller than the element being
produced slides upward and a cementitious material exits the formwork with enough
strength to support itself and the material above it (Lloret et al. 2015; Lloret Fritschi
2016). The process success hinges on ensuring the concrete has enough strength at
the exit, but not so much that the friction between the concrete and the formwork
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causes the material to tear off. Friction measurements have been demonstrated by
the use of force sensors mounted to the formwork that measure a global friction
force (Schultheiss et al. 2016) and an upper bound of material strength (and lower
bound on the slipping speed) established by ensuring that through measurement of
the volume of concrete in the formwork, a force balance can be calculated to ensure
that there is no tensile stress at the exit (Lloret et al. 2017) and the risk of fracture is
minimised.

More difficult is the measurement of the structural build-up within the bulk of the
material inside the formwork, which determines if the material has enough strength
to avoid collapse. Generally, as pointed out earlier, this is done by taking some
similar material aside and performing penetration tests over time. In Lloret et al.
(2017), however, it was shown that a small deformable membrane near the exit of the
formwork could be used to measure the formwork pressure dilatometrically. With
this measurement, one can provide a reasonable estimate of the material yield stress
at the exit point of the formwork, which would give a lower bound on the material
strength (and upper bound on slipping speed) for process success.

Craipeau et al. (2019) introduced a novel measurement in which pore water
pressure, measured via a special gauge attached to the formwork, was correlated
to shear stress at the formwork/material interface. These results showed that the
pore water transition from pressure to suction correlates well with the material’s
structuration and the transition from the liquid to the solid state. This method
offers another possibility for process monitoring of digitally controlled slipforming
processes.

4.5 Indirect Methods: Calorimetry

As discussed in this chapter, the mechanical strength of cementitious binders in the
fresh and hardening state is related to a physical microstructure, generated via two
processes: flocculation of particles and the formation of hydration products. The
earlier sections in this chapter have been devoted to direct measures of mechanical
properties, either destructive or non-destructive. However, other methods can be
correlated to the measurement of strength and can also potentially prove simpler
to measure, lending themselves better to in-situ monitoring, and they are briefly
discussed in this section. These methods are chemical in nature as well, as opposed
to direct destructive or non-destructive mechanical methods, which were detailed
earlier. The most widely used of these methods is calorimetry.

Calorimetry is themeasurement of heat and heat production, and it is a generalway
of studyingprocesses, including cement hydration, beingused as a standard technique
now for decades (Bensted 1987). The processes that underly cement hydration
generate heat, and the heat generated is proportional to the amount of hydration
products formed, and thus to the strength. Themost common calorimetric techniques
are (1) (semi)-adiabatic calorimetry and (2) isothermal calorimetry (Wadsö et al.
2016). Adiabatic calorimetrymethods involve the directmeasurement of temperature
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evolution of an insulated sample over time, while heat losses to the environment,
which occur in reality, should be accounted for (thus the “semi-” prefix). Isothermal
calorimetry methods directly measure the thermal power (heat production) in a
sample. More detailed information is available from isothermal calorimetry, and thus
it is the more widely used method for research purposes. However, (semi)-adiabatic
calorimetry finds more utility in the field and on-site applications due to the fact that
larger sample sizes, including coarse aggregates, can be used.

A typical heat evolution curve has been shown in Fig. 4.2, where the important
time periods in the hydration of cement are shown and detailed in Sect. 4.3.2 of this
chapter. While all zones should be of importance to any process with cementitious
materials, the most critical zone for 3D printed materials is right at the boundary of
Zones II and III, where the onset of the acceleration period begins, as this coincides
with where setting occurs—the transformation of thematerial from a fluid, shapeable
material, to a solid material. One can imagine that following a calorimetry curve and
following when the curve begins to increase at the onset of the acceleration period
would give a useful processing parameter. Nonetheless, initial developments of set-
on-demand systems for Smart Dynamic Casting (Shahab et al. 2014) demonstrated
little correlation between mechanical strength build-up for process success and
isothermal calorimetry curves. The same study, however, did note that isothermal
calorimetry was a useful tool for process development in terms of giving indications
of accelerator and retarder effectiveness. Hence, at this point, it is not advised to use
calorimetry methods for in situ process monitoring to make predictions of strength
for digital concrete processing. However, more recent developments in accelerator
systems that give a very strong initial heat signal, in particular ettringite based systems
(Sect. 4.3.3), may allow this to be revisited.

4.6 Robustness and Quality Control

RILEM TC 228-MPS (Khayat and Schutter 2014) defines robustness of SCC
as ‘The characteristic of a mixture that encompasses its tolerance to variations
in constituent characteristics and quantities, variations during concrete mixing,
transport, and placement, as well as environmental conditions.’ Although rheological
characteristics of SCC are also very relevant for 3D-printed concrete, other
characteristics such as elasticity in the fresh state or structuration rate also have
to be considered. A general definition of robustness of 3D-printed concrete can be
derived from the definition of robustness of SCC fromVanDerVurst et al. (2017): The
robustness of 3D-printed concrete is the capacity to retain its required rheological
parameters despite small variations in mix proportioning, material properties and
production method. This definition focuses on the robustness of a material against
internal and external influences in order to achieve and maintain the required
properties in fresh state. Besides the material robustness, a process robustness can
also be assessed and/or improved. More generally spoken, the variation in relevant
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Table 4.1 Sources of variation for concrete strength and rheological characteristics

Source of variation Source specification

Material Variations in characteristics of cement, supplementary materials, fine
aggregates (silt, grading), coarse aggregates (dust, bond), admixtures

Manufacturing Variation in ingredient weights (water, cementitious materials, admixture),
mixing, transporting, delivery time, temperature, air content, workability

production aspects has to be sufficiently low or to be compensated for to achieve the
ambitioned quality of a printed object.

Obla (2015) listed sources of concrete strength variation. The same parameters
are expected to affect the characteristics of 3D-printed concrete in the fresh state
(Table 4.1).

For Ready-mix concretes produced in traditional concrete plants, it is now
accepted that the most sensitive parameter is the final water content of the mixture
(Bonen et al. 2007). This parameter sensitivity finds its origin in the high flocculation
of the aggregates’ humidity, which is delicate to assess precisely in large stockpiles.
As a result, the accuracy in both water and sand content dosage is weaker than the
ones of any other components as shown in Fig. 4.18.

However, printable materials seem today to be often used under the form of
pre-mixed bags (dry mortars). All components are then fully dried, and the main
robustness issue of ready-mix concrete might be expected to vanish.

Moreover, the production tools for printing facilities are expected to involve lower
capacities mixers as the required material consumption per hour is extremely low
compared to a standard concrete casting phase. With lower volume batches, all
weighting equipment are still to be invented or at least chosen. It is therefore, at

Fig. 4.18 Observed deviations of constituent materials during one week of concrete production in
a precast factory. Figure from Nunes (2008)
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this stage, extremely tricky to anticipate if the most sensitive component will be
water (like standard concrete), the pre-mix powder or the accelerating additive.

As printable materials are mostly defined by their ability to build up a structure
and increase their cohesion/yield stress with time, it means that they are expected to
be extremely sensitive to the silicate/aluminate balance and to the admixture/cement
interactions. Both are, in turn, expected to be sensitive to dissolution and precipitation
processes at extremely early stage along with sulfate availability. However, binders
used in the design of printable mixtures (cement, fillers and additives) may more
or less vary in their size distribution, shape, porosity, mineral composition and
content of secondary chemical components such as sulfates. Availability and delivery
capacity of cement factories aremajor reasons for changes in rawmaterials or product
characteristics.

Cement (i.e. clinker and sulfate carriers) variation is, therefore, expected, at this
stage of 3D printing technological development, to have the most important effect
on the robustness fresh properties of printable concrete in fresh and hardened states.

4.7 Summary

This chapter focuses on the measurement of fresh properties for cementitious
materials in digital fabrication processes. The determination of these properties,
and especially their monitoring over time, is critical for processing success. The
strength/yield stress/cohesion and the elastic modulus, as well as how they evolve
with time (often called structural build-up) are primary among fresh state properties.
The importance of these has been briefly discussed in this chapter, as well as the
background chemistry and the methods of using chemical admixtures to control
these properties for digital fabrication processes.

Up until now, simple and robust techniques, such as the slump/spread flow test,
as well as sensitive techniques, such as rheometry, exist for the measurement of
these properties. However, recently, some have been specially developed or applied
to printable cementitious materials for digital fabrication processes. These include
techniques that can generate all important material parameters for processing, but
require high investments in labour and material (such as triaxial compression) as
well as techniques that require a single sample to monitor the yield stress over the
entire process relevant time window (slow penetration).

It is important to emphasise that in the case of yield stress/strength/cohesion
measurements, destructive tests are necessary, and other types of non-destructive
tests require some assumptions and correlations to be made. This chapter is intended
to give a spectrum of current possibilities for these measurements that can serve
as starting points for further development as the field of digital fabrication with
cementitious materials grows further.

Finally, it is important for the printing process to control thematerials and to assess
and understand the variation. It is not possible to provide robustness in all kind of
scenarios and the worst conditions with regard to variation. Tailor-made concrete



130 T. Wangler et al.

requires experienced production personnel and adequate quality control, to a greater
extent than existing ready mix plants. The selection of components and production
processwith lowvariation are key for the robust productionwith 3D-printed concrete.
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Chapter 5
Properties and Testing of Printed
Cement-Based Materials in Hardened
State
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and Geert De Schutter

Abstract 3D printing is offering a totally new construction method, but an in-depth
understanding of the consequences of the different production conditions compared
to traditional formwork-based casting operations is required. Bulk material prop-
erties (intrinsic strength and durability) will follow the same fundamental material
laws. However, in printed structures, the role of the interfaces will become increas-
ingly important as they affect the mechanical performance, transport properties and
durability behaviour. Additionally, the anisotropic nature of 3D printed structures
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implies that there are new opportunities to develop new methods of analysis. The
aim of this chapter is to focus on the current practices for performance testing and to
give an overview of the parameters which affect the hardened properties of a printed
cementitious material.

Keywords Anisotropic behaviour ·Mechanical properties · Durability ·
Microstructure

5.1 Introduction

In recent years, 3D printing of concrete has become one of the emerging technolo-
gies that can minimize the supply chain in the construction (2017) process by auto-
matically producing building components with complex geometries layer by layer,
directly from a digital model without human intervention (Zareiyan and Khoshnevis
2017; Panda et al. 2018). Hence, to some extent, it could save material wastage,
construction time and manpower on construction sites.

In general, 3D printing is already successfully applied in different sectors andwith
the use of different materials, for example, polymers. These materials are extruded
in a liquid state and subsequently harden. The transfer to concrete, a material that
undergoes a similar phase transition, seems obvious. However, in spite of a similar
behaviour, there are some limitations and challenges concerning material properties
and print processes that have to be faced in case of concrete printing (Wangler et al.
2016; Panda et al. 2017). Not only the complex characteristics of the material, such
as shrinkage, creep, age-dependency, etc. will createmany challenges and conflicting
requirements, also the different production technique and the additional influence of
print process and nozzle geometrywill affect themechanical performance of concrete
compared with traditionally cast material.

Regardless of the application of this technique, there is always an interdependency
between material, process and product (Fig. 5.1). This is even more pronounced in
case of concrete, because of two reasons. First, the slow setting reaction in the printed
concrete results in a strong interaction with the applied print parameters such as print
speed and pump pressure. Secondly, concrete itself is not a single fixed material, but
can have a wide range of compositions that may be more or less suitable in relation
to the printing process and the required properties of the final product. Consequently,
the print strategy cannot be chosen independently from the design, material or final
product considerations (Bos et al. 2016).

In the following sections of this chapter, these specific challenges and pitfalls
compared with the traditional way of casting concrete will be discussed.
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Fig. 5.1 Interdependency of
design, material, process and
product (Bos et al. 2016)

5.2 Additive Manufacturing: Challenges and Pitfalls

5.2.1 Anisotropy: Occurrence and Influencing Factors

In traditional casting, concrete is generally placed in one continuous pour in a form-
work and subsequently vibrated afterwards to obtain a homogenous and isotropic
structural element, having similar properties in different directions. However, in
case of 3D printed concrete, the elements are build-up from different filaments
and anisotropy will occur in the material due to the applied print process and as a
consequence of interface properties between the different layers. However, there are
currently no studies indicating that the anisotropy exists in the deposited bulk mate-
rial, but the number of layers can be so dense that effectively anisotropic behaviour
should be assumed, rather than that the reduced strength of the discrete layers should
be considered.

The anisotropic behaviour of printed materials, fabricated with both extrusion-
based techniques and binder jetting technologies, has already been investigated inten-
sively (Panda et al. 2017; Nerella et al. 2019; Le et al. 2012a; Paul et al. 2018; Wolfs
et al. 2019; Weger et al. 2016a). Focusing on the material properties in the hardened
state, the directional dependency of the printed layers was taken into account by
determining the mechanical properties in three different directions, as depicted in
Fig. 5.2. First observations (Le et al. 2012a, b; Van et al. 2016; Feng et al. 2015)
showed that in general, the material strengths are superior in horizontal direction
(Orientation I, Fig. 5.2) and that the tensile strength in vertical direction (Orientation
II, Fig. 5.2) is related to the bonding strength among the successive layers. Secondly,
it was also noted that anisotropy primarily exists with regard to strength and that
the interfaces become increasingly important as these interfaces govern the overall
structural performance of the components, with the bulk material properties as the
upper limit of the performance that could theoretically be achieved (Bos et al. 2016).
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Fig. 5.2 Directionally dependent mechanical testing respective to layer orientation of extrusion-
printed concrete (Wolfs et al. 2019)

Another consequence of the anisotropic behaviour is the limited application of
current structural design codes as these codes consider concrete as homogenous and
do not take into account the effects of print process parameters. The classical concept
of cube or cylinder testing as the basis for compliance testing will no longer hold,
as moulded cube specimens cannot be obtained in the traditional way and would be
not representative for 3D printed concrete. Durability indicator test methods (e.g.
air permeability tests) will also need reassessments. Due to the porous interlayer
zone, the air flow while performing an air permeability test will follow a preferential
path, impairing the basic assumptions for the interpretation of the obtained pressure.
Similar, in capillary suction tests, the results can be considerably affected by porous
interlayer joints (Schröfl et al. 2019).

5.2.2 Interlayer Time Interval

As mentioned before, the interlayer is extremely important and the strength of this
layer is expected to relate to a number of process parameters.Acrucial print parameter
is the interlayer time interval as it should be high enough to ensure enough strength
during the print process. Moreover, a limitation of this delay time is required to
ensure an adequate bonding between different layers. Several studies showed that
an increased time interval results in a reduction of the interface strength and the
compressive strength. Most investigations showed this strength reduction through
simple macroscopically mechanical tests, but the findings are also supported by
microscopical investigations byVanDer Putten et al. (2019) andNerella et al. (2019),
Venkatesh et al. (2017).
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5.2.3 Print Process Parameters

Other influencing parameters related to the overall strength of the printed specimen
have been investigated including printing path, print head speed and print nozzle
height. Curing conditions also have a predominant influence on the anisotropy of the
printed structure as discussed further in Sect. 5.2.6.2. Feng et al. (2015) investigated
the mechanical properties of a layered structure, whereby a different print path was
used in comparison to other investigations. In this research, every layer was a combi-
nation of different strips, printed next to each other as shown in Fig. 5.3. Preliminary
results showed that the compressive strength is the highest in when testing Orienta-
tion I (Fig. 5.2). According to the printing process, the specimens can be seen as a lot
of thin overlaying strips. The printing speed in this orientation is high, and the time
of printing adjacent strips in Orientation II is much shorter than the time of printing
adjacent layers in Orientation III.

The bond between two parts of the material appears to be higher when they are
printed within a shorter time period, resulting in a higher strength inside a continuous
strip than the one between strips, which is in turn higher than the strength between
two layers. In these investigations, also the crack formation was observed during
the compression tests. Feng et al. (2015) concluded that, when the specimens were
loaded according to Orientation I, the cracks pass through inter-layer interfaces and
strips. This observation is in contrast to specimens loaded in the second orientation,
where the cracks pass through the inter-layer interfaces and inter-strip interfaces.
Conducting the compression test according toOrientation III, the cracks pass through
the inter-strip interfaces and inter-layer interfaces. As shown in Fig. 5.4, the crack
surfaces have an angle of 45° (to the horizontal plane). The vertical path is slightly
longer than the horizontal path, giving a higher strength in Orientation III because
the inter-strip strength is higher than the inter-layer strength (Feng et al. 2015).

Feng et al. (2015) also investigated the influence on specimens fabricated on
a structure where the different layers were printed in different strips (Fig. 5.3), and
concluded that the deformationwas not obvious until themaximum loadwas attained.
Once this value was reached, the bottom of the specimen was cracked and this
consequently led to a sharp drop in load. The observed failure modes could be

Fig. 5.3 Structure of a 3D
printed cubic specimen
(Feng et al. 2015)
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Fig. 5.4 Failure mode of
cubic specimens under
compression (Feng et al.
2015)

divided into two main groups: First of all, when loading according to Orientation
I, the cracks propagated suddenly through almost the whole section after cracking.
However, in case of Orientation III, the crack developed slower compared with the
ones in Orientation I, but the crack lengths were less than half of the cross-section
depth correspondingly. Secondly, when loading occurs according to Orientation III,
the position of the cracks was different and cracks appeared at the mid-section of
the specimen. This in contrast with Orientation I, where the cracks deviated slightly
from the middle to the part of the specimen printed late due to non-uniformity caused
by the printing process.

The variation in results due to the influence of nozzle shape was observed by Bos
et al. (2016) and Paul et al. (2018). Circular nozzles, as expected, create voids in the
printed object and lower the strength. In the case of a rectangular or square nozzle,
this problem may not be significant.

The differences in strength when applying a 3D printing technology can also be
attributed to the direction-dependent compaction. Panda et al. (2017) and Sanjayan
et al. (2018) postulated during their research that printed layers go through varying
degrees of compression in various directions, resulting in corresponding compressive
strength variation. On closer observations, two different types of compaction can be
identified: (a) compaction in the extruder in the direction of the concrete extrusion
and (b) compaction in deposited concrete by weight of the concrete layers deposited
on top of it. These different compaction degrees result in different densities and
consequently different mechanical properties.

The direction of deposition (i.e. vertically or horizontally), combinedwith nozzle-
to-layer separation distance has a strong influence on the interlayer bond (Panda
et al. 2018). While the horizontal deposition enables extrusion of layers with right-
angled corners and smooth surfaces, as in the case of CONPrint3D (Mechtcherine
et al. 2019), vertical deposition where new layers are “pressure-extruded” on to
a substrate layer leads to better interlayer bonds and thus less anisotropy. It must
be emphasized that the enhancement of bond most likely takes place only if the
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concrete is extruded with flowrate higher than the required flowrate calculated as
nozzle opening multiplied with nozzle-to-layer-height and print head velocity.

Lowke et al. (2015, 2018) showed that, by using binder activation methods, the
application of the activator (water) influences the material properties. By spraying
the water on the particle-bed surface (mixture of aggregates and binder, e.g. cement),
the water will penetrate mainly driven by capillary forces. After spreading the next
particle layer, the water also penetrates in the dry layer above. NMR measurements
showed that there exists a water deviation between the layers, which leads to weak
zones between the layers supposed due to a lower hydration. Experiments with a
higher amount of water decreased this effect resulting in higher compressive and
flexural strength of the material. Therefore, an application of the water with higher
pressure or optimizing the packing density of the particle-bed to achieve an equal
water distribution could lead to a better material performance.

5.2.4 Mix Composition

The anisotropy in printed structures is affected by the mix composition. More specif-
ically, the water to cement ratio, binder volume, cement type (setting time), cemen-
titious materials (silica fume, fly ash, etc.) particle size and shape, type of super-
plasticizer, viscosity modifying agent, etc. will affect the degree of anisotropy in
case of printed specimens. One means by which the mix composition influences
anisotropy is through rheological properties, which have a vital influence on the
specimen geometry, deposition time interval and layer surface properties. Nerella
et al. (2016) studied two different compositions, one with Portland cement as the
sole binder, another with a binder consisting of Portland cement, fly ash and micro
silica and the compressive strength was tested in different directions. They reported
that the mixture containing high amounts of supplementary cementitious materials,
showed superior performance in terms of both homogeneities of microstructure and
low dependency ofmechanical properties on the direction of loadingwhen compared
to mixture made with Portland cement as its sole binder. It is here noteworthy that
the concrete composition determines its early age shrinkage. Early plastic and drying
shrinkage values manifested as volumetric changes, especially in case of long time
intervals, can lead to weak interface strengths and therefore to anisotropy in printed
structures (Beushausen et al. 2007).

Another influencing component is the aggregate size and cement-to-aggregate
ratio. The average compressive strength as a function of the before mentioned
parameters are investigated by Zareiyan and Khoshnevis (2017) and are shown in
Fig. 5.5. These results indicate that smaller sized aggregates, with consequently
higher cement-to-aggregate ratio, yield to higher compressive strengths. The increase
in compressive strength can be due to a decrease in aggregate volume relative to the
total composite. The aggregate size also has an influence on the fracture surface. In
general, failure under uniaxial compression occurs by debonding of the cementitious



144 J. Van Der Putten et al.

Fig. 5.5 Compressive strength after 14 and 28 days for different maximum aggregate sizes
(Zareiyan and Khoshnevis 2017)

mixture from aggregate particles. These micro-cracks form at the interface of aggre-
gate. Therefore, cracks propagate around the aggregate rather than through it. This
phenomenon is shown in Fig. 5.6. Composites containing large aggregates reveal a
large number of cracks that propagates parallel to the loading axis. This is in contrast
with smaller aggregates where gradual softening of the specimens resulted in the
smoothest fracture surface and smaller (width, depth and length) cracks (Zareiyan
and Khoshnevis 2017).

Fig. 5.6 Surface fracture comparison of different maximum aggregate sizes (Zareiyan and
Khoshnevis 2017)
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Not only the compressive strength, also the flexural strength can be affected by
the mix composition. In case of a high amount of supplementary cementitious mate-
rials, Nerella et al. (2019) reported a moderate strength reduction compared with a
reference mixture with only Portland cement. These results stand for the most crucial
test direction (Orientation III, Fig. 5.2), which means that the flexural strength values
yield information on the tensile strength of the interlayer bond.

Weger et al. (2016a, b, 2018a, b) presented that, by using the particle-bed tech-
nology of the binder (cement paste) in combination with the flow resistance of
the particle-bed (aggregate) determines the penetration behaviour of the binder.
To provide sufficient strength and durability, the cement paste has to penetrate the
particle layer completely, which needs at least a very low yield stress and viscosity.
However, if the binder is too fluid with respect to the flow resistance of the particle-
bed, the shape accuracy of the printed object will impair and the void content between
the aggregates will increase again. Therefore, an optimum between the particle-bed
flow resistance and the binder rheology has to be found (Weger et al. 2016a, b, 2018a,
b; Lowke et al. 2018; Pierre et al. 2018).

5.2.5 Addition of Fibre

Reinforcement of the structure through fibre addition will try to tackle the inadequate
tensile strength of the printedmortars.However, thesefibreswill affect the anisotropic
behaviour of the material. Moreover, there are different fibre types with different
properties and different behaviour available.

Rahul et al. (2019) investigated the mechanical behaviour of a 3D printed mortar
including polypropylene (PP) fibres and compared the results with traditionally cast
concrete. He observed that the bulk phase of the 3D printed mortar is denser than
the corresponding mould cast specimen, due to the higher energy applied during the
manufacturing process. The effect of his fibre addition on the anisotropic behaviour
of the specimen was most pronounced in case of the bond shear strength, where in
horizontal and vertical layers a strength reduction of about 24–25% and 22–30%was
found compared with the traditionally cast specimen, respectively.

The compressive strength was not influenced by the fibre addition and similar
results could be observed in all three testing directions. The results with respect to
the flexural strength were inconsistent and highly dependent on the region where the
samples were taken.

These results are inconsistent with the observations of Marchment et al. (2017),
where the addition of PP fibres influenced the compressive strength positively when
loading was applied perpendicular to the interface. He attributed this phenomenon to
the preferential fibre alignment parallel to the direction of extrusion. The addition of
fibres significantly enhanced the flexural performance of the printed samples. The use
of fibre dosages equal to 0.75 and 1.00 vol% caused deflection-hardening behaviour
of the 3D printed geopolymers as well as a higher fracture energy. However, an
increase in fibre volume caused a minor reduction in interlayer bonding strength.
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In the case of glass fibres, a slight reduction in compressive strength could be
observed. This can be explained by the fact that glass fibres, located parallel to the
loading direction, act like voids depending on the cement matrix ability to accom-
modate it in one of the three loading directions. Hambach and Volkmer (2017) on
the other hand added three different types of fibres to his cementitious mixture:
carbon, glass and basalt fibres. The diameter of the included fibres was equal to 7,
20 and 13 μm, respectively. Two different print patterns, a parallel shaped and a
crosshatch shaped pattern (Fig. 5.8), and two different test directions (Orientation
I and III, Fig. 5.2) were employed in order to investigate the influence of different
fibre types and changing fibre orientations along predetermined print paths. Prelim-
inary results showed that, in case of a parallel print path, fibre type has no influence
on the compressive strength when testing the specimens according to Orientation I.
Testing the elements along Orientation II decreased the compressive strength from
80 to 30 MPa. In the case of a crosshatched shaped path, the same conclusions can
be made (Hambach and Volkmer 2017) (Fig. 5.7).

Rubio et al. (2019) studied the effect of natural fibres (sisal) on the mechanical
properties of a 3D printing mortar. They reported that triplicating the amount of
sisal fibres did not affect the compressive strength and this conclusion could be
drawn for both traditional cast cubes and layered specimens (Fig. 5.8). However, the

)b()a(

Fig. 5.7 Top view of the printed paths for specimens used for uniaxial compressive strength: a
parallel printing path and b crosshatch shaped path (Marchment et al. 2017)

Fig. 5.8 Effect of adding
different dosages of natural
fibres (SFR) on the
compressive strength at
7 days (Hambach and
Volkmer 2017)
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compressive strength of the layered cubes was approximately 25% lower compared
to the standard cubes due to the inhomogeneity of the layered samples and the higher
amount of entrapped air.

Based on the investigations of Hambach and Volkmer (2017), a decrease of
approximately 25% in compressive strength is observed when comparing layered
and standard cubes. This phenomenon can be explained by the heterogeneity of the
layered cubes due to the lack of compaction and the higher amount of entrapped air.

5.2.6 Distinct Casting of Layers

5.2.6.1 Formation

As mentioned before, the interlayer time interval between two subsequent layers
is a critical parameter and confronts the researchers with a paradox concerning the
production rate of this particular process. On the one hand, the time gap between two
deposited layers must be sufficiently long to provide adequate mechanical strength
capable of sustaining the weight of the subsequently deposited layer. On the other
hand, the time gap has to be short enough to ensure optimized bonding strength as
well as building rate. Consequently, the optimum time gap should be the shortest
that allows the stability of the layers during construction (Perrot et al. 2016).

Roussel and Cussigh (2008) reported a specific distinct-layer prevention method-
ology that may be relevant to the digital fabrication of concrete in fresh state: (1) the
interface between two layers of fresh concrete must be rough; the roughness at the
interface creates a (frictional) bond between two layers even if they do not mix and
(2) Athix of the first layer has to be low enough to allow the stresses generated at the
interface between the two layers to re-initiate flow in the first layer. This research
also showed that small amounts of accelerator can be used to achieve an increase
in structuration which was mostly thixotropic (Roussel and Cussigh 2008; Di Carlo
2012).

High thixotropymay lead to an increase in the entrapment of air and the formation
of lift lines in multilayer casting, which could reduce the bond strength. This reduced
bond strength between two layers can create cold joints. These joints arise between
successively cast layers of concrete that have limited intermixing. This can occur if
a critical resting time is exceeded. The critical resting time depends on the density
of the material, the gravitational force, the layer height, the structural build-up rate
and the construction rate, as shown in Eq. (5.1) (Wangler et al. 2016; Roussel and
Cussigh 2008).

tc =

√
(ρgh)2

12 +
(
2μpV
h

)2

Athix
(5.1)
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With:

tc Critical value for the interlayer time interval [s]

ρ Density of the cementitious material [kg/m3]

g Gravitational acceleration [m/s2]

H Layer height [m]

μp Plastic viscosity [Pa.s]

V Printing velocity [m/s]

Athix Structuration rate [Pa/s]

The properties of the interlayer in fresh state affect the mechanical behaviour of
the element in the hardened state. To determine the interlayer bonding strength, test
methods performed in the field of repair mortars serve as inspiration source. These
different test methods are discussed more in-depth in section ‘Tensile strength’ but
not all of them are applicable due to the different manufacturing process.

As the properties of the interlayer are extremely important, many researchers are
investigating solutions to improve the interlayer quality and the solutions are mostly
found in the field of repair mortars. However, as in the case of 3D printed mortars
the bonding should be foreseen between two relatively fresh mortars, the behaviour
is not completely the same and the number of influencing parameters will increase
drastically.

Parameters that could have an influence on the interlayer bonding are:

– Surface preparation (and the possible use of bonding agents);
– Compressive strength of the weakest concrete layer;
– Moisture content of the substrate;
– Curing conditions;
– Additional voids;
– Stress state at the interface and the presence of cracking;
– Amount of steel reinforcement crossing the interface, among others.

Considering the interface between two relatively fresh layers in 3D printing appli-
cations, the amount of influencing parameters will be extended when taking into
account the print process itself.More specifically, the occurrence of chemical bonding
as well as the effect of restrained shrinkage and a changing stiffness over time are
phenomena that cannot be neglected. In the following sections, different surface
preparation techniques are listed as a possible improvement of the interlayer quality.

5.2.6.2 Enhancement Methods

Surface Preparation

Previous research (Le et al. 2012a; Zareiyan and Khoshnevis 2017; Júlio et al. 2004;
Santos et al. 2012) states that a higher surface roughness will lead to an increased
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Fig. 5.9 Interlayer bonding
strength after different
surface modification
techniques (Van Der Putten
et al. 2019)

bonding strength between the different concrete parts. However, as some researchers
using nozzles equipped with trowels to flatten the substrate layer and to ensure
a similar roughness over the entire length of the printed specimen, enhancement
methods are required. A first possibility to increase the surface roughness is by
adding sand particles in between two printed layers or by using nozzles with grooves.
These techniques increase the surface roughness with 17 and 68%, respectively.
Unfortunately, a similar trend could not be observed when comparing the interlayer
bonding strength (Fig. 5.9) as only a nozzle with grooves (COMB, Fig. 5.9) improves
the bondingwhen the time gap between the layers is equal to zero. The non-automated
addition of sand particles deteriorates the bonding as it creates large cavities between
the printed layers due to an inadequate attachment. The latter weakens the interface
zone and results in a lower interlayer bonding strength. In the case of a 30 min time
gap, complete de-bonding was observed.

Another enhancement method is performing topological interlocking, which is a
design principle that holds the element together purely by geometrical constraints
without using any binder or connector. Fabricating printed elements with interlocked
parts will increase the bonding strength due to an increased contact surface between
the layers until a certain depth of the particular interlock (Figs. 5.10 and 5.11).

The addition of fibres and the construction process (cast or extruded) can also
influence the surface roughness of a printed element. Peled andShah (2003) described
the surface roughness of extruded composites with and without the addition of fly
ash and after adding PVA fibres with different lengths. She detected that in case of
extruded composites without fly ash and 2 mm fibres, a large number of long fibrils
were lying on top of the fracture surface. These longfibrilswill increase the roughness
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Fig. 5.10 Interlocking
systems (Di Carlo 2012)

Fig. 5.11 Bond interface of
four types of interlock (Di
Carlo 2012)

of the surface and indicate an aggressive pull-out process with high friction between
the fibre and the cement matrix, suggesting a strong bond between the layers. In the
extruded composite, also a layer of cementitious matrix is seen on the fibre surface,
indicating that the de-bonding process is taken place not only at the fibre-matrix
interface, but also in the matrix near the fibre.
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Moisture Content and Curing Conditions

Moisture content of the substrate layer is a very specific issue and literature shows
very contradictory results. In the first instance, Emmons and Emmons (1993)
mentioned that an excessively dry substrate may absorb too much water from the
overlay while excessive moisture in the substrate may clog the pores and prevent
absorption of the overlay. Therefore, a saturated substrate with a dry surface will be
considered as the best.

However, in case of printed elements, the moisture content of the substrate layer
depends on the time gap between the printed layers and also in this case, the results
are inconsistent. Sanjayan et al. (2018) observed that a layer interval of 20min creates
the lowest surface moisture content and consequently results in the lowest bonding
between two subsequent layers compared to other time intervals (i.e. 10 and 30 min).
On the other hand, Van Der Putten et al. (2019) reported a continuing decrease in
moisture content for an increasing time gap and a similar trend could be observed
for the interlayer bonding strength of the specimens. To overcome the problem of a
drying interface, researchers moisturized the substrate layer just before printing the
second layer after a predefined time gap. Unfortunately, the results were not as good
as expected and the bonding between the layers could not be improved.

The addition of superabsorbent polymers (SAPs) is not only effective for a
reduction in autogenous (Wyrzykowski et al. 2018) or plastic (Serpukhov and
Mechtcherine 2015) shrinkage, it also has a positive effect on the interlayer bonding
strength as reported by Van Der Putten et al. (2019). Due to the creation of a lower
tensile stress and a prolonged moisture state of the interface, an increase in bonding
strength could be observed for both smaller (SAP A) and bigger (SAP P) sized
polymers (Fig. 5.12).

Curing conditions can also affect the bonding between the different layers. Storage
of the specimens in laboratory environment will lead to a higher interlayer adhesion
compared to specimens stored in outside conditions due to the changing relative
humidity. Also curing immediately after the addition of the top layer and this for at
least 3–7 days will improve the bonding strength (Santos and Eduardo Nuno Brito
Santos 2011).

Fig. 5.12 Interlayer bonding
strength of a 3D printed
cementitious material with
two different sized SAPs
(error bars represent the
standard deviation) (Van Der
Putten et al. 2019)
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Compressive Strength

Developing higher strength concrete is important because of its effect on bond
strength. Beushausen and Alexander (2008) investigated the influence of the new
concrete compressive strength on the shear bond between old and new concrete and
they found a constant correlation between the two parameters. Neville (1995) also
mentioned the increase in tensile strengthwas the result of an increase in compressive
strength, but at a slower rate than shear. Thus, developing higher strength concrete
resulted in better adhesion.

Print Parameters

Asmentioned in section ‘Cold joints’, the interval time between layer depositions has
a great influence on the structural properties of the printed element. Poorly controlled
time gaps result in cold joints at the interface and reduce the overall strength of the
structure. To avoid a plane of discontinuity and eliminate long delays, the optimum
time laps between the layers should be carefully determined. New layers must be
added after the previous layer is sufficiently hardened and before it’s over cured.
Therefore, the fabrication speed must be designed to allow layers to bond in a proper
way.

In general, different researchers (Panda et al. 2018; Nerella et al. 2019; Le et al.
2012a; Van Der Putten et al. 2019; Tay et al. 2018) reported a decreasing adhesion
between the layers with an increasing time gap. The same conclusions were made by
Panda et al. (2018). Figure 5.13a shows the effect of an increasing time gap on the
interlayer bonding strength of specimens made out of the same batch material. When
the applied time gap exceeds the open time of the material, it becomes necessary to
print elements with different batch material. The results are shown in Fig. 5.13b. In
both cases, an increasing time gap will induce a lower strength.

Fig. 5.13 Effect of an increasing time gap on the interlayer bonding strength of specimens made
out of a the same and b different batch of material (Panda et al. 2018)
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Besides the time gap, also the mix composition and the number of layers will have
an influence on the bonding strength. Zareiyan and Khoshnevis (2017) stated that
mixtures with small aggregates lead to a higher split cylinder test (approximately
80%). The bonding of a four layer element compared with a monolithic part is in
general 19% lower.

On the other hand, Sonebi et al. (2001) investigated the effect of the water-to-
binder ratio in case of underwater concrete cast on old concrete used for underwater
reparation. Within this research, two types of binders were used. The first type was a
combination of cement with silica fume (10%), while in the second type cement was
combinedwith silica fume (6%) andfly ash (20%). Preliminary results showed that an
increased water-to-binder ratio reduces the interlayer bonding and adhesion in slant
shear strengths. More specifically, by increasing the water-to-binder ratio from 0.41
to 0.47, the adhesion valueswere reduced by approximately 40%. It was also reported
that the combination of silica fume andfly ash exhibited the greatest adhesion in slant-
shear in air and water compared to 100% cement mixture (Mohammed Sonebibond
water-to-binder 2001).

5.2.6.3 Early Age Shrinkage

In general, shrinkage is one of the major issues for concrete elements as it will lead
to unwanted deformations that affect the geometry, durability as well as the mechan-
ical properties. Especially, when the deformations are restrained, shrinkage may
lead to (tensile) stresses and cracking that degrade the quality of the printed spec-
imen and increases the amount of preferential ingress paths for chemical substances.
Shrinkage can be categorized according to two characteristics: time/duration and
chemical and/or physical cause and different types of shrinkage can be distinguished.
First of all, after placement and before final setting, a cementitious material subject
to desiccation undergoes in fresh state volumetric deformations, referred to as plastic
shrinkage. In this phase, the paste is still fresh and can be considered as solid particles
suspended in cement–water. The printing environment (e.g. wind, high temperature,
low humidity,…) might cause a rapid loss of water to the surroundings by evapora-
tion. As 3D printed elements are manufactured without formwork, their surface area
exposed to the environment is larger resulting in an acceleration of the plastic and
drying shrinkage behaviour and an increased cracking risk (Fig. 5.14).

A possible solution to reduce plastic and/or drying shrinkage is curing. Both
external and internal curing methods are adequate. Le et al. (2012a) showed the
effect of the different external curingmechanismson the early age drying shrinkage of
printed specimens and compared themwith shrinkage in sprayed concrete (Fig. 5.15).

It was shown that curing in water or damp hessian (burlap) can reduce shrinkage.
When comparing the different curing methods, curing in water is the best technique
to avoid shrinkage. These conclusions are not surprising, but it leaves the challenging
questiononhow topractically cure 3Dprinted elements in an efficient and economical
way. Manual curing was provided by constantly wetting the printed elements during
the first day, which does not seem to be an optimal or efficient solution.
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Fig. 5.14 Early age shrinkage cracking in 3D printed walls (Schröfl et al. 2019)

Fig. 5.15 Dry shrinkage in three curing conditions compared with sprayed concretes (Le et al.
2012a)

Internal curing can be obtained by including superabsorbent polymers (SAPs)
in the mix design. Different researchers already demonstrated the positive effect of
this addition on the shrinkage behaviour. First of all, Serpukov and Mechtcherine
(2015) showed that the incorporation of superabsorbent polymers canmitigate plastic
shrinkage cracking of both ordinary concrete and strain-hardening cement-based



5 Properties and Testing of Printed Cement … 155

composites (SHCC). These results were also confirmed during a RILEM inter-
laboratory study (2019). Secondly, the addition of SAPs to reduce shrinkage is an
ongoing research at Ghent University (Van Der Putten et al. 2019), where different
types of polymers (i.e. different sizes but similar chemical composition) are mixed
in a 3D printed mortar. After measuring both autogenous and unrestrained (free)
shrinkage, preliminary results showed for both shrinkage types that smaller SAPs
have the best prospective as they release the entrained water in a more gradual way.
They also decrease the nanoporosity in the range of 100 to 500 nm, which is ascribed
to a better hydration rate around the SAPS, closing up the smaller pores as well as to
their autogenous shrinkage mitigation that reduces the amount of micro-cracking.

Another reason that induces a higher shrinkage risk is the mix composition of the
printable mixture. In most 3D printable cementitious materials, the cement content
is high to ensure rapid early age strength. This, combined with the lack of coarse
aggregates, will induce a higher shrinkage risk. In order to obtain a more durable
cementitious mixture, Zareiyan and Khoshnevis (2017) replaced ordinary Portland
cement (OPC) partly by Calcium Sulphoaluminate Cement (CSA) and described this
replacement as a possible solution to decrease shrinkage. Although CSA increases
the concrete strength more rapidly than the concrete shrinkage stress, it also requires
about 50%more water than OPC for hydration. Asmost of the water in the mixture is
used for hydration, this replacement can negatively affect the autogenous shrinkage
of the material. Further research on this is necessary.

Other researchers (Le et al. 2012a; Serpukhov andMechtcherine 2015; Zingg et al.
2009; Mechtcherine et al. 2014) used fibres (steel fibres and polymeric microfibers
respectively) to exploit their potential and their effect on shrinkage and deformation
in plastic state. As their addition reduces the formation of fine cracks, they decrease
plastic shrinkage cracking, resulting in a more durable material.

5.2.6.4 Reinforcement

Printed cement-based materials are quasi-brittle like casted materials, but as they are
often fine-grained they tend to be more brittle and their failure behaviour is mostly
characterized by a low ratio of tensile to compressive strength and a low ultimate
tensile strain compared to their fracture strain.Although this implies that fundamental
structural behaviour of digitally fabricated reinforced elements will not differ from
conventionally build reinforced elements, the fabrication of novel reinforced concrete
structures using digital technologies necessarily requires the definition of suitable
strategies for reinforcement implementation. The successful integration of existing
reinforcement systems (steel rebar, rods, wires, fibres or filaments) will indeed allow
for printed concrete structures to be designed using standard structural codes as
the same type of reinforcement is used (material, reinforcement degree, position).
However, as the integration of reinforcement has to be compatible with either the
specific printing technique adopted for the structural element production as with
the shape, more specific properties related to the print process (e.g. anisotropy, weak
interfaces and reduced inter-layer bonding) also have to be considered (Asprone et al.
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Table 5.1 Grouping of possible approaches to address reinforcement integration in DFC (Asprone
et al. 2018)

By structural principle

Ductile printing material
e.g. fibre reinforced materials

Rebar reinforcement is not required and fibres are able to
provide the tensile strength and the ductility that are required by
the application

DFC composite:
e.g. passive reinforcement

Rebar reinforcement is needed and it can also be installed with
automated/robotized processes

Compression load structures
e.g. due to shape or pre-stress

Additional tensile reinforcement is not required

Hybrid solutions
e.g. combining any of the previous cases

By stage of the manufacturing process

Before manufacturing Reinforcement is arranged and placed in the final configuration
before concrete deposition through a digital fabrication method

During manufacturing Reinforcement is added during concrete manufacturing or
belongs to the material itself (e.g. fibres)

After manufacturing Reinforcement is installed once the concrete element has been
manufactured through a digital fabrication method

2018). The different ways of implementation can be classified by structural principle
or by place in the manufacturing process, as listed in Table 5.1 (Asprone et al. 2018).

Themost basic approach is to use the printed concrete not as the primary structural
material, but rather as a formwork into which conventional steel reinforcement bars
are positioned and which is subsequently filled with cast concrete. An alternative
construction way is to place the reinforcement first and subsequently deposit the
concrete around it. This approach is applied in the Smart Dynamic Casting (SDC)
(Lloret et al. 2017) project, in which a dynamic formwork slip-forms the geometry
around a pre-placed reinforcement mesh. An updated version of this technique is the
application of Mesh Moulding (MM), a digital fabrication technique in which the
reinforcement and formwork are unified in a robotically controlled system (Hack
et al. 2017; Hack and Lauer 2014). With this technique, conventional deformed bars
in grid form (40 × 40 mm) with diameters equal to 4.5 or 6 mm are used and
the concrete is continuously cast in the core of the structure, reducing the potential
layering issues.

Other developments aim to create reinforcement methods that are integrated
during the printing process and themost advanced technique is currently under devel-
opment at the TU/e, where a reinforcement cable is directly entrained during printing.
This wired reinforcement type is not only strong and ductile, but also very flexible
to produce concrete elements with complex geometries. Several experiments have
already been conducted, using three different galvanized cables with ultimate tensile
loads and diameters ranging from 420 to 1925 N and 0.63 to 1.20 mm respectively,
having a significant ductility. However, due to the layered print process, cable slip-
page was a dominant failure mechanism when higher strength cables were applied.
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Fig. 5.16 Pull-out test on concrete with embedded reinforcement cable: a experimental set-up with
printed specimen, b comparison of average bond strengths in cast and printed concrete for 3 different
cables (Bos et al. 2017)

This could be attributed to the poorer concrete compaction around the cables and
the induction of peak stresses at the loaded side of the cables, inducing gradual de-
bonding before the cable strength was fully reached. As can be seen in Fig. 5.16,
the shear stress of printed specimens, based on pull-out tests, is only one third of the
shear stress measured in case of cast concrete and is also lower than the calculated
values.

The differences between the calculated values, based on model codes, and the
experimental results can be attributed to the designmodel and the fact that these basic
models are primarily based on the concrete quality, with some additional parameters
accounting for various conditions. For instance, Eurocode2 (EC2) defines the design
bond strength based on Eq. (5.2):

fbd = 2, 25 • η1•η2 • fctd (5.2)

where η1 depends on the embedment quality, η2 on the reinforcement diameter,
while fctd is the design tensile strength of the concrete. However, as listed below,
the conditions for reinforced printed concrete are rather different for normal cast
concrete and different parameters related to the printing process are not taken into
account.

• The strength class and maximum grain size of printed mortars is significantly
lower than the ones applied in case of ordinary structural concrete buildings;

• The stress–strain behaviour of the cables differs from the normal reinforcement
steel bars, indicating a higher linear elastic strength limit and a lower stiffness;

• A smooth cable surface and lower dilatancy resistance, which influences the
proportion between adhesive and dilatancy resistance;

• In normal calculation models, concrete is considered as homogeneous while
printed mortars behave in an anisotropic way. The print process will also induce
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a higher amount of voids and air bubbles, resulting in a poorer bonding strength
and adhesion between both components;

• The required limitations (e.g. minimal diameter and minimal embedment length)
can often not be achieved due to the geometrical limitations of the printed element.

In spite of the many advantages of this technique, the main drawback remains
the orientation of the reinforcement that is necessarily in the direction of the printed
filament. A possible way to cope with the geometrical freedom is the combination
of printed concrete and steel by using gas-metal arc welding (Mechtcherine et al.
2018). Although this technique shows high potential, preliminary results showed
that the printed steel bars exhibit a yield stress and tensile strength of approximately
20% less, but they also received a higher strain capacity compared with conventional
reinforcement bars. The bonding between the printed steel bars and the concrete was
comparablewith the bonding performance of conventional steel bars.Microstructural
investigations of the fracture surfaces showed less ductile regions in case of printed
elements, probably causedby the rapid cooling of themeltedmetal during thewelding
process (Mechtcherine et al. 2018).

A third possibility to introduce passive reinforcement is to integrate it with the
concrete after the fabrication process. The external reinforcement makes it possible
to incorporate a higher amount of steel reinforcement. The preliminary outcomes of
the experimental activities carried out so far have demonstrated that the initial flexural
stiffness of the printed RC beam is comparable with an equivalent RC beam, whereas
the overall nonlinear flexural behaviour is influenced by local failure mechanism, i.e.
shear damage at the interfaces and steel–concrete anchoring failure. For a limited
number of structural applications there are other possibilities to overcome the neces-
sity of tensile capacity and ductility by designing structures loaded in compression
only or by the application of a certain pre-stress. The latter has a broader application
range due to its capacity to counteract tensile stresses. However, the application of a
certain pre-stress limits the form of freedom and introduces an additional step in the
manufacturing process.

Another possibility ismixing a certain amount of short fibres into the cementitious
material before deposition. This is well known as a straight forward and efficient
way to considerably enhance the mechanical performance of concrete. Researchers
investigated different types of fibres (e.g. carbonfibres, glass fibres, basalt fibres)with
different lengths and volume%. In fresh state, a strong alignment of these fibres in
the direction of the flow due to extrusion process could be observed. In the hardened
state, a higher flexural strength and tensile strength could be obtained (Le et al. 2012a;
Nematollahi et al. 2018; Christ et al. 2015).

Nematollahi et al. (2018) investigated the effect of polypropylene (PP) fibres (0.25
and 1.00 vol%) on the properties of a 3D printed fibre reinforced geopolymer mortar.
Fibre addition influenced the compressive strengths positively only when loading
was applied perpendicular to the interface. This phenomenon can be traced back to
the preferential fibre alignment parallel to the direction of extrusion. The addition of
fibres significantly enhanced the flexural performance of the printed samples. The use
of fibre dosages equal to 0.75 and 1.00 vol% caused deflection-hardening behaviour
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of the 3D printed geopolymers and higher fracture energy. However, an increase in
fibre volume caused a minor reduction in interlayer bonding strength.

With respect to the structural performances, the use of strain-hardening cement-
based composites (SHCC) is particularly promising (Curosu et al. 2017). Under
uniaxial tensile loading, SHCC exhibit quasi-ductile behaviour with a strain capacity
up to several percent, resulting from the formation of multiple fine cracks prior to
reaching the tensile strength of the composite. Ogura et al. (2018) developed and
characterized a series of printable SHCC containing 1.00% to 1.50 vol% of high-
density polyethylene (HDPE) microfibers. The specimens extracted from the printed
walls exhibited multiple fine cracks and pronounced strain-hardening characteristics
under uniaxial tensile loading, even for fibre volume fractions as low as 1.00 vol%.
In fact, the strain-hardening characteristics of the printed elements were superior to
those of mould-cast SHCC specimens (Fig. 5.17). However, the mechanical perfor-
mance of printed SHCC in the direction perpendicular to layer-to-layer interfaces is
expected to be much less convincing. The anisotropic behaviour and possible miti-
gating measures should be investigated in detail both for SHCC and other FRC in
the context of digital concrete (Fig. 5.18).

A new technique, developed at ChinaBuildingMaterials Academy and the univer-
sity of Catalonia, uses staplers as reinforcement. As the printer head includes both a
printing nozzle and a stapler, the reinforcement and printing process occurs simulta-
neously and in a periodical manner. The stapler pushes a wire profile into the printed
clay for a half a layer deep and these staples profiles form an over mesh structure
(Wang et al. 2018). The big advantage of this technique is that the staples profiles
form an overall mesh structure that fuses the printed layers together and compliments
the overall structural soundness of the print. Integration of this process in large scale
3D concrete printing industry could push the geometrical limits of what could be
realized (i.e. increased printing height and inclination maximum, better support for
openings,..) as different geometries of staplers can be used (kumarji and Geneidy
2019).

Fig. 5.17 Stress–strain curves obtained from uniaxial tension tests on a printed specimens and b
mould-cast specimens (Ogura et al. 2018)
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(a) (b)

Fig. 5.18 Simultaneous reinforcement of concrete while 3D printing: a Schematic diagram of
reinforcement (Wang et al. 2018), b Different sized stapler geometries (Kumarji and Geneidy
2019)

5.3 Sampling and Quality Control

To measure the mechanical properties and to control the quality of printed elements,
different specimens were saw cut from an original printed element and mostly
compared with traditionally cast concrete elements, as shown in Fig. 5.19. In Le
et al. (2012a), cubes, cylinders and prisms with different dimensions were taken
from a 3D printed structure and tested in three loading directions (parallel to the side
surface, parallel to the printing surface and parallel to the cut surface) to investigate
the anisotropic behaviour (Bos et al. 2016).

Depending on the type of printing processes, voids of various magnitudes can
form between the filaments, affecting the hardened properties and decreasing the
overall structural stability. The shape of the filament has a significant influence on
the voids at the layer-interfaces, with circular filaments leading to intrinsic voids

Fig. 5.19 Diagram showing positions of extracted printed specimens (Le et al. 2012a)
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between the layers (Fig. 5.20). Voids can also form due to feeding irregularities,
deposition inaccuracies (e.g. nozzle oscillations) and inadequate rheology. Therefore,
void measurements based on image analysis can be used to control the quality of the
extracted concrete and to classify them in different categories as shown in Fig. 5.20.
Inmould-cast concrete, the amount of voids ranging from 0.2–4.0mm sizewas 3.8%.
In poorly printed concrete, the amount of voids was higher (4.8%) and in case of
well printed specimens, only 1% voids were measured (Fig. 5.21).

Weger et al. (2018a, b) showed that the density (or porosity) of objects manu-
factured with the particle-bed based 3D printing method selective paste intrusion
(SPI) depends on the penetration behaviour of the cement paste into the particle-bed.
That penetration behaviour is affected by the mutual interaction of the rheological
and thus the flow properties of the binder (cement paste) and the flow resistance
of the particle-bed (aggregates). As the binder penetrates the layers of the aggre-
gate sufficiently, the density of the material achieves values between 2200 kg/m3

and 2400 kg/m3, comparable to normal mould-cast concrete specimen. However, as
the binder shows insufficient penetration, the density decreases (porosity increases)
which results in decreased strength and durability performance. Furthermore, Weger
et al. (2018a, b) showed that the density of the specimens is a proper value to control
the production quality (penetration ratio) of SPI objects, see Fig. 5.20.

Fig. 5.20 Quality control based on voids measurements (Le et al. 2012a)

Fig. 5.21 The particle-bed based 3D printing method selective paste intrusion. Cut through a cross
section, left: with sufficient penetration of the layers of the particle-bed by the cement paste, right:
with a non-sufficient penetration resulting in a decreased density and increased porosity (Weger
et al. 2016a, b, 2018b)
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Table 5.2 Dimensions and binder type of the samples used for mechanical testing of 3D printed
structures (Le et al. 2012a; Wolfs et al. 2019; Van Der Putten 2019; Rahul et al. 2019)

Filament
[mm]

Compression
(Cube size)
[mm]

Tensile bond
[mm]

Beam
(Flexural)
[mm]

Beam
(Shrinkage)
[mm]

Bindertype

Ø 9 100 Ø 58 100 ×
100x400

75 × 75x229 CEM I, FA, SF

Ø 25 50 40× 40x160 GP

20 × 20
30 × 15

~ 30 x ~ 90 FA/GP

6 × 12x60 OPC, SF

300× 50x80

25× 25x120 OPC

5.4 Mechanical Performance of 3D Printed Specimens

5.4.1 Measurements

Printed materials can be as good and as strong as cast material and it is possible to
achieve materials with a higher density than cast equivalents, however the reproduc-
tion of ‘as good as cast’ properties on a commercial manufacturing scale has yet to
be demonstrated. Creating solid objects from a conglomeration of extruded filaments
predisposes printed objects to anisotropy, which influences end use performance.

Table 5.2 provides details of the papers that have investigated hardened properties
as they are affected by filament bonding. Samples tended to be saw cut, or cored
from printed materials.

There is no consistent format for describing the printing process parameters such
as nozzle size, layer height, filament dimensions, print speed, component size from
which the layers are taken or layer cycle times but all of themwill have an influence on
the mechanical properties and require to be taken into account when measuring and
analysing themechanical properties. Thediscrepancy in reportingprocess parameters
and the variability in test geometry reported in Table 5.2, demonstrate the need for
standardized testing methods as they exist in case of normal cast concrete. In the
sections below, an overview of the test methods used for characterization of the
mechanical performance of printed material can be found.

5.4.2 Compressive Strength

Most research groups (Panda et al. 2017; Le et al. 2012a; Paul et al. 2018; Le et al.
2012b; Van Zijl et al. 2016; Feng et al. 2015; Shakor et al. 2017) determine the
compressive strength of printable concretes by means of a uniaxial compression test
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on cubic or cylindrical specimens, similar to traditionally cast concrete. To examine
the effect of the layered structure and the anisotropic behaviour, different testing
directions are taken into account as mentioned in Section ‘Anisotropy’.

Many researchers reported anisotropy in compressive strengths (Panda et al.
2017; Nerella et al. 2019; Marchment et al. 2017). In addition to the mixture
composition, compressive strength of printed elements depends on deposition
time interval, process parameters and testing setup. Panda et al. (2019) and
Sanjayan et al. (Wyrzykowski et al. 2018) explained the anisotropic behaviour of
printed elements under compression loading using a hypothesis based on direction-
dependent compaction. Nerella et al. tested printed specimens under compression
in three loading cases (Fig. 5.22). A consistent conclusion based on these measure-
ments could not be drawn, but the highest compressive strength was obtained in
direction Par2 (Fig. 5.22, Orientation III Fig. 5.2). Although the differences in
measured strengths were not very pronounced, they could be explained based on
two phenomena:

– Differential water evaporation;
– Different failure criteria;

In addition to the uniaxial compression tests, Nerella et al. (2019), Venkatesh
et al. (2017) hypothesized that the extent of the (weak) interface area lying outside
the tri-axial compressive core and the size of individual defects (weak) interfaces
lying in the crossing of shear planes are factors decisive for the observed load level
at failure. In the specimens they investigated, the weak interface area outside the tri-
axial compressive zone is the largest in case of a perpendicular loading (Orientation
I, Fig. 5.2), which may explain why the strength values measured in these directions
are the lowest. Another cause for the anisotropic behaviour of printed elements
under compression loading is the varying degrees of compression that printed layers

Fig. 5.22 Representation of specimen extraction fromaprinted concretewall as reported byNerella
et al. (2019)
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go through in various directions, resulting in corresponding compressive strength
variation (Sanjayan et al. 2018).

5.4.3 Flexural Strength

Another parameter in defining the mechanical behaviour of a specimen is measuring
the flexural strength. Most researchers (Panda et al. 2017; Le et al. 2012a; Paul et al.
2018; Van Zijl et al. 2016; Feng et al. 2015) determine this parameter by means of a
3-point bending test on prismatic specimens, again very similar to traditionally cast
concrete. To examine the effect of the layered structure and the anisotropic behaviour,
different testing directions are taken into account (Fig. 5.2).

Rahul et al. (2019) proved the dependency of the flexural strength on the
region subjected to the maximum bending moment in the three-point bending test.
When tested along Orientation I, the maximum bending moment and corresponding
maximum flexural stress occurs at the interface and showed values that were 32%
lower. However, in case of parallel testing (Orientation II/III), a flexural strength
increase of 20% could be observed as the maximum flexural stress.

Lowke et al. (2015) showedflexural strength up to 5.3MPa (Orientation I, Fig. 5.2)
using the particle-bed based 3D printing method selective binder (cement) activa-
tion. The achieved flexural strength values were strongly connected to the water
distribution between the layers.

5.4.4 Tensile Strength (Inter-Layer Bonding Strength)

To produce homogeneous structures and to ensure the structural stability, bonding
between the different layers is considered as one of the key parameters. In case of a
weak interface, cold joints can appear which can induce mechanical strength loss of
more than 40% and a local increase of the porosity (Roussel and Cussigh 2008).

To understand bond mechanisms, it is essential to measure bond strength at the
interface between new and old layers. A lot of test methods are developed for
measuring the bond strength of old and new concrete. These test results vary substan-
tially based on loading rate, specimen size, experimental set-up, etc. The existing
methods can be divided into several categories. The first category measures the bond
under tensile stress. The most common test set-up in this category is the pull-off
test (ASTM D7234-05, Fig. 5.23A). This test evaluates the bond strength in tension
of the interface and is highly dependent on the eccentricity of the applied load.
Consequently, the results of this test method can be very scattered. When the tensile
strength is lower than the bonding strength, the specimen will break at the layers
and quantifying interlayer adhesion is not possible. Another test method in this cate-
gory is the splitting test (ASTM C496, Fig. 5.23B). This test has a higher efficiency
compared with the pull-of test because only a very small part of the bonded plate is
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Fig. 5.23 Interface bond
strength test methods (Di
Carlo 2017)

subjected to the maximum stress. An extension of the latter is the wedge splitting test
(Fig. 5.23C). In this case, the interface strength is measured by fracture mechanics
parameters (tensile interface strength and fracture energy).

The second category measures the bond under shear stress and is called direct
shear methods. An example of this is the direct shear test (Fig. 5.23F). The bond
surface is subjected to shear stress and small bending stress. The smaller stress
concentration leads to a smaller scatter in test results. The third category is the one
that combines shear and compression. An example of this one is the slant shear test
according to ASTM C882/C882M (Fig. 5.23D). This test set-up uses a square prism
or a cylindrical sample made of two identical halves bonded at 30° or 45° and tested
under axial compression. During loading, the interface surface is under compression.

The choice of a proper bond strength test method is crucial, and different test
methods cause distinct interface stress conditions in specimens. Consequently, the
test results will differ when comparing different test methods. Literature shows that
the measured bond strength decreases with the test method in the following order:
slant shear, direct shear, splitting and pull-off (Aysha et al. 2014). The appropriate
test for a particular case is the one for which the nature of loading is the most similar
to that of stress conditions of the actual structure.

In case of 3D printing of concrete, the interlayer adhesion between the layers
can be measured by applying pull-off tests (Zareiyan and Khoshnevis 2017; Panda
et al. 2018; Le et al. 2012a; Zareiyan and Khoshnevis 2017) equipped with cubic or
cylindrical specimens, saw cut or drilled from an original printed element. During
these measurements, researchers reported the importance of failure in the interlayer
and a very specific specimen preparation is required. First of all, high deviations on
specimen dimensions should be avoided as they result in a high scatter due to the
rather small specimen size. The alignment of the specimens in the test equipment is
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also an important factor in order to avoid bending moments and measure only the
bonding between the layers.

An updated version of the pull-off tests is developed and reported by Rahul et al.
(2019) as depicted in Fig. 5.24. The interface of the specimen is placed horizontally
in the grooves of upper and lower jaws of fixture. The jaws were then pulled apart at
a constant displacement rate (i.e. 0.1 mm/min). The failure is divided by the cross-
sectional area of the cylinder to obtain the bond shear strength. To induce only tensile
stresses at the bonding area, Liu et al. (2019) developed a new method called cross-
bonding (Fig. 5.25). This method enables the evaluation of both tensile strength
and interfacial shear strength. In addition with this method, a decreasing trend in
interlayer bonding strength could be observed in case of an increased interlayer time
interval.

When comparing different test methods for measuring the bond strength, two
distinctive failure modes (in cast specimens) can be observed: adhesive and cohesive
failure. Adhesive failure or interface de-bonding occurs at the interface whenever
the bond strength is reached. Due to mechanical interlocking, small particles were
observed at the interface of these failed specimens. On the other side, cohesive
failure occurs in the bulk by concrete crushing. Figure 5.26 gives an example of

Fig. 5.24 Fixture for bond shear test (Rahul et al. 2019)

Fig. 5.25 Cross-bonding method (1. Upper printed block, 2. Bottom printed block, 3. Bed frame,
4. U-type loading head) (Liu et al. 2019)
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Fig. 5.26 Failure mode for
slant shear test: adhesive
(left) and cohesive (right)
(Santos and Eduardo Nuno
Brito Santos 2011)

these failure modes. Splitting test specimens all presented adhesive failures, while
slant shear specimens presented both (Santos and Eduardo Nuno Brito Santos 2011).

The failure mode of a specific element can be influenced by the surface roughness
and the compressive strength. First of all, the number of cohesive failures increases
when increasing the surface roughness of the interface and this for two curing condi-
tions (lab environment and in-situ environment). Secondly, the failure mode will also
be influenced by the compressive strength of the material. The compressive strength
of two layers, elaborated on a different time, will be correlated with different Young’s
modulus of each layer. Consequently, this varying modulus will induce differential
stiffness of the composite concrete member and will change the stress distribution
at the interface. Literature showed that the number of cohesive failures increases
with the increase of the difference between the Young’s modulus of each concrete
layer, as shown in Fig. 5.27. The existence of a correlation between the cohesive
failure and the differential stiffness is extremely important because it means that it is
possible to change the failure mode of a composite concrete member by designing
the differential stiffness between both concrete layers.

Fig. 5.27 Differential
stiffness versus cohesive
failures (Santos and Eduardo
Nuno Brito Santos 2011)
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5.5 Durability and Transport Mechanisms in 3D Printed
Materials

5.5.1 Fire Resistance

Besides the above mentioned mechanical properties of the cementitious material,
also the fire resistance plays an important role when implementing 3DP materials in
real buildings. Within the Civil and Environmental Engineering Department of IMT
Lille, some preliminary fire resistance tests have already been performed on concrete
slabs, fabricated with a combination of crushed limestone sand, ordinary Portland
cement CEM I 52.5 and superplasticizer to cement ratio equal to 1.5%.

During these tests, two slabs have been extracted from a square test specimen
and were placed on top of each other in a concrete frame, covering one side of
the gas oven used to apply the thermal stress and soliciting them on one side with
a conventional ISO 834–1 time–temperature curve. No mechanical restriction was
applied to the edges of the slabs, which could expand freely. The slabs were exposed
to fire for more than 120 min and temperature measurements on the unexposed face
of the slabs as well as on the plate thermometers in the oven have been performed.
The position of the concrete slabs was aligned with the external face of the support
wall and thermocouples were fixed on the edges of the slabs (Fig. 5.28) (D’Hondt
et al. 2019).

Preliminary test results showed a fire resistance of the material without marked
scaling or cracking. The temperaturemeasurements in the oven and on the unexposed
side reveal a high thermal gradient (higher than 100 °C/cm) over the thickness of
the slab (about 5 cm). This thermal gradient induces a thermal curvature of the slabs
with a maximum distortion close to 3 mm (directed towards the oven). Nevertheless,
as can be seen on Fig. 5.29, the two slabs seem to be working together while they

Fig. 5.28 Slab alignment in the oven (D’Hondt et al. 2019)
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Fig. 5.29 Measured concrete slab deflection after different times of fire exposure (D’Hondt et al.
2019)

should be mechanically independent of each other. The material also exhibits a
structural integrity and airtightness after 120 min of heating and cooling. The post-
cooling observations reveal micro cracks over the height of the slabs, next to the
horizontal interfaces. Progressive crumbling characterized by the loss of powdered
material on the exposed face has been noticed over time after cooling and storage. All
these phenomena occurred on both slabs, suggesting an uniformity of the properties
governing the fire behaviour.

Recent research performed at Centre Scientifique et Technique du Bâtiment
(CSTB) showed the influence on the compressive strength of printed specimens
after fire exposure. The compression tests on these samples were performed perpen-
dicularly and alongside the axis of the cord. According to the test results, the cold
material performed a quasi-isotropic behaviour. After fire exposure, a reduction of
73% was obtained when testing the samples alongside the axis of the cord. Due to
the high damage level after fire exposure, a compression test perpendicularly to the
axis of the cord could not be performed (D’Hondt et al. 2019).

5.5.2 Transport Mechanisms

Schröfl et al. (2019) studied water uptake into two formulations of 3D-printed
concrete via capillary suction using neutron radiography. The samples varied in
their layer-to-layer deposition time intervals and the use of different binders. Time
intervals of 2 and 13 min were short enough to avoid preferential capillary suction
at interlayer bonding areas in the fine-grained printable concretes containing supple-
mentary cementitiousmaterials. An increase in time interval to 24 h gave rise to quick
capillary suction through the layer-to-layer interfaces (Fig. 5.30). However, moisture
did not redistribute into the matrix regions from the interfaces. For mixtures with
ordinary Portland cement as sole binder combined with an additional superabsorbent
polymer (SAP), the short layer-to-layer deposition interval of two minutes resulted
in tight interlayer bonds with quasi-null capillary suction. Intervals of 13 and 36min,
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Fig. 5.30 Differential water content of specimens with one 24 h and three two minute layer-to-
layer deposition interval (A19) at four heights indicated in the images and neutron radiography
referenced differential images (Schröfl et al. 2019)

however, resulted in partially quick and intense absorption of water and immediate
absorption by adjacent SAP particles.

Van Der Putten et al. investigated the effect of different print parameters on the
capillarywater uptake ofmulti-layered printed specimens bymeans of neutron radio-
graphy. Within these investigations, two till four layered specimens, fabricated with
different printing speeds and/or different mix compositions (with and without the
addition of superabsorbent polymers) were exposed to a water basis with different
surfaces (bottomand front surface). Preliminary results showed that,when the bottom
surface of the samples was exposed to water, no uniform water ingress front could
be observed in case of higher printing speeds due to the non-uniform distribution
of the sand particles within the bulk material, as proven in other research (Van Der
Putten et al. 2019). When the front layer was exposed to the water, all series showed
a uniform water ingress front with no preferential water ingress at the interfaces due
to a zero minute time gap. The water uptake in the upper layer was always higher due
to the lower compaction of this layer during the printing process. For every printing
speed and every water exposure surface, compositions with SAPs showed a higher
water uptake ability due to the increased porosity of the samples.

Lowke et al. (2015, 2018) showed that using the particle-bed based 3D printing
method selective binder (cement) activation, the strength of thematerial is depending
on thewater distribution between the layers driven by the surface tension of thewater,
the adsorption behaviour (Lowke et al. 2018) onto the particle surfaces as well as by
capillary force (Boyce et al. 2016). If the amount of water is insufficient, it does not
homogenously penetrate the height of the particle layer. Hence, unhydrated areas
remain in deeper parts of the particle layer resulting in a weak layer bonding. In
particular at low water-to-cement ratios, insufficient hydrated areas were clearly
visible in the cross-section of the printed specimens. To validate this hypothesis,
the water distribution over four 1.0 mm layers of an additively printed specimen
was determined by one-sided 1H NMR (Fig. 5.31). The water content significantly
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Fig. 5.31 Water distribution
in the layers determined by
one-sided 1H NMR
spectroscopy (Lowke et al.
2015)

oscillates in accordance with high water content at the top region of the layer and a
significantly lower water content at the bottom region (Fig. 5.29). To enhance inter-
layer bonding and thus strength, the interlayer water gradient should be minimized
by modification of either the particle packing or the water application technique.
One method is to increase the water pressure in by jetting the water into particle-bed
instead of spraying it onto the surface of the particle-bed.

5.5.3 Pore Structure and Porosity

One of the main disadvantages of concrete printing is the fact that voids can form
easily between the filaments. This might not only affect the hardened properties
significantly, but also the durability of the material as these voids are ideal ingress
paths for chemical substances. Only a few researches (Le et al. 2012a; Hambach and
Volkmer 2017; Peled and Shah 2003; Shakor et al. 2017) investigated already the
creation of voids and the porosity of the printed elements.

Le et al. (2012a) concluded that the pore size distribution is significantly affected
by the way elements are produced. The void measurements, showed in Fig. 5.32,
were performed by image analyses. The surfaces of different concrete elements
(mould cast, poor and good printed specimens) were polished and sprayed with
black paint. Once dry, a white paint was rolled on to reveal the voids that retained
the black colour. Afterwards, the surface was scanned and the image was transferred
to a void measuring software which counted the number of voids in a specific area.
As can be seen in Fig. 5.32, the area of small voids (ranging from 0.2–1.6 mm) in
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Fig. 5.32 Distribution of voids in three concrete groups (Le et al. 2012a)

mould-cast concrete is much higher compared to 3D printed elements. The amount
of larger voids in poorly printed concrete was significantly higher compared with
mould casted concrete and is mostly located between the printed filaments. This
is also indicated in Fig. 5.20 (Section ‘Sampling and quality control’). Once these
voids can be eliminated, for example by correctly controlling the printing path and
concrete rheology, a denser structure can be formed with a smaller amount of voids.
The distribution of voids in good printed concrete agreed well with this as the area
of 0.2–4 mm voids was significantly lower than both mould-cast and poor printed
concrete.

Van Der Putten et al. (2019) investigated intensively the pore structure of printed
specimens, manufactured with different time gaps, by means of Mercury Intrusion
Porosity measurements (MIP) measurements. For these investigations, drilled spec-
imens were sawn in different pieces to measure the pore distribution of the upper,
lower and interlayer separately. First results showed that in case of no time gap, the
pore size distribution is comparable for every region. Higher interlayer time intervals
not only increased the smaller pores in the centre and lower part of the specimen but
also the amount of pores in the upper part. In this research, BSE-SEM analyses were
also used for the determination of the pores formed during the hydration process.
First observations confirm the above mentioned conclusions. More specifically, in
case of a higher time gap, the capillary pores increase due to the moisture exchange
between two printed layers with a different moisture content of the layers.

Other researchers (Peled and Shah 2003) investigated not only the effect of the
construction process but also the addition of fly ash and fibres by measuring the
pore size distribution while conducting Mercury Intrusion Porosimetry (MIP) tests.
During these tests, a specific pressure corresponds to an aperture of a pore, and the
amount of mercury intrusion approximates to the pores volume. Based on this, the
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Fig. 5.33 Pore distribution in different regions of printed specimens, manufactured with increasing
time gaps (Van Der Putten et al. 2019)

amount and size of the pores can be determined. Peled and Shah (2003) revealed that
the addition of fly ash increases the porosity in all pore ranges (Fig. 5.34a and b).
Composites without fly ash are denser and have a lower porosity. This is the case for
every fibre type (PVA or acrylic ones).

A similar trend was observed for the cast specimens with and without fly ash. On
the other hand, Fig. 5.35 compares the pore size distribution of PVA fibre composites
in case of cast and extruded specimens. The extrusion process results in a denser and
more compacted composite. The before mentioned differences in porosity between
the different construction systems can lead to a stronger matrix and may affect the
strength of the fibre-matrix bond. However, it should be kept in mind that MIP
measurements determine the pore size distribution of the whole testes specimens,
while the porosity and properties at the fibre-matrix interface can differ.
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Fig. 5.34 Pore distribution
of extruded and composites
with and without fly ash: a
PVA fibres, b Acrylic fibres
(Mohammed Sonebibond
water-to-binder 2001)

Fig. 5.35 Pore distribution
of extruded and casted
composites with PVA fibres
(with fly ash) (Mohammed
Sonebibond water-to-binder
2001)
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Shakor et al. (2017) on the other hand, determined the porosity of the samples
using Eq. (5.3). The concrete samples were cast using a specific mix of ordinary
Portland cement and calcium aluminate cement. Lithium carbonate was added to
some samples in order to reduce the setting time. The porosity measurements were
combinedwith Scanning ElectronMicroscopy (SEM) analyses to profile the surfaces
of the specimens.

Pa = m3 −m1

m3 −m2
• 100 (5.3)

With:

Pa Porosity [%]

m1 Weight of the samples after drying for 2 h at 105 °C [g]

m2 Weight of the samples in soaked water [g]

m3 Weight of the samples after rolling 4 sides on a damp cloth [g]

The porosity of the specimens with and without lithium carbonate showed a
decreasing trendwhen increasing the saturation level of the specimens. SEManalyses
showed the occurrence of a plate-like large crystal growth which has some other
unreacted particles on the surface of the element. Moreover, as shown in Fig. 5.36,
there are deep holes and incohesive particles on the SEM figures, which indicate an
incomplete hydration between the cement particles. This will consequently have an
effect on the mechanical properties of the structure (Fig. 5.37).

Shakor et al. (2017) shows the effect of curing and different saturation degrees
on the compressive strength of printed elements composed of a cement mix where
ordinary Portland cement was combined with calcium aluminate cement. Increasing
the saturation level increases the compressive strength gradually. By increasing the
saturation level, total porosity decreases for 3Dprinted specimens.Maier et al. (2011)

Fig. 5.36 SEM image of 3D printed samples: left (1 μm), right (20 μm) (Shakor et al. 2017)
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Fig. 5.37 3D rendering of the air voids in 3D printed elements with different time gaps (Van Der
Putten et al. 2019)

stated that capillary pores and other large holes are mainly responsible for the reduc-
tion in elasticity and strength. They also found that after curing for 72 h, an intermixed
crystal network developed and this filled up the pore spaces and minimized the total
porosity.

5.5.4 Air Voids

Based on the observations of Van Der Putten et al. (2019), one can conclude that the
decreasing strength can be attributed to the lower moisture content of the substrate
layer and the higher amount of voids that were induced, resulting in lower adhesion
between the printed layers. In case of higher time gaps, μCT-scanning revealed the
gathering of air voids at the interface in case, decreasing the overall strength of the
printed specimen. These results were also confirmed by Tay et al. (2018), where
microscopically investigations of the interlayer showed larger cavities in case of
higher time gaps (Fig. 5.38).

Nerella et al. (2017) investigated the effect by Scanning Electron Microscopy
(SEM analyses) and classified the interface between the layers into four categories:
weakly bonded (a), weakly bonded due to shrinkage or carbonation (b), temporary
weakly bonded (c) and strongly bonded (d). Case (a) is when the observed interface
between the layers is weakly bonded and is unlikely to be self-healed or bridged by
hydration products between the age of 28 days. Case (b) occurs when the observed
interface’ weak bond can be traced back to plastic, drying shrinkage and/or carbona-
tion rather than to the material rheological properties or time gap. Case (c) represents
temporarily weakly bonded interfaces, which are narrow and clearly indicate a self-
healing tendency over time due to the build-up of hydration products and in Case
(d), the interface between the layers look very similar to reference regions in the
core. As expected, the performed time gap between the layers and the applied curing
conditions showed a significant influence on the interface quality. Time gaps of 1 day
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Fig. 5.38 Samples printed at different time gaps (1, 5, 10 and 20 min) as reported by Tay et al.
(2018)

showed the occurrence of cavities and the formation of calcite layers, preventing the
development of a proper bonding.

The amount of air voids, entrapped in the cementitious material, not only depend
on the interlayer time interval, also the print technique plays an important role as
concluded byNolte (2018) based onCT-scanning. He stated that elements, fabricated
by means of a shotcrete principle (i.e. vertical filaments instead of horizontal ones)
showed a decreased amount of voids (Fig. 5.40).

5.5.5 Carbonation and Corrosion

Dedicated studies on this subject are not yet reported, however, carbonation of printed
layers within one day after printing was reported (Nerella et al. 2019) which could
have prevented strong interlayer bonding. The concrete composition, surrounding
conditions andmeasured curing influence the carbonation in a significant way.When
printed specimens were protected by covering with wet cloths and polythene sheets
from the surrounding atmosphere, 3D printed specimens consisting out of a combina-
tion of Portland cement, fly ash and micro silica, underwent remarkable carbonation
when the applied time interval equals one day. Especially when the top surface of the
previous layer (produced one day earlier) showed clear formation of calcites, which
prevented it from developing a complete bond with the subsequent layer (Fig. 5.41).

High carbonated specimens were also observed during investigations performed
at the university of Ghent and a high dependency on the printing speed and time
interval was observed. Within this research, 12 days old four-layered specimens
were stored for one week under an increased CO2 volume of 1%. Visual inspections
based on phenolphthalein spray showed that in case of a zero time gap, an uniform
carbonation front could be observed for both printing speed. An increased interlayer
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time interval increased the carbonation depth in the interlayer between the printed
specimens. The dependency of the printed specimens on the applied time gap and
printing speed are similar to the capillary water uptake capacity of these specimens
as mentioned in Sect. 5.2.

Weger et al. (2018a, b) investigated the carbonation resistance of specimens
produced with the particle-bed based 3D printing method selective paste intrusion.
For the testing, prisms were printed in Orientation I and II/III and reference spec-
imens were mould-casted. The specimens were stored for one day at 20 °C in the
particle bed and the mould, respectively. Afterwards, the specimens were stored at
20 °C under water for seven days. Then, the specimens were stored in standardized
conditions (20 °C, 65% R.H.) until the day of testing. One series of specimens was
tested in accordance with DIN CEN/TS 12,390–10:2007 under atmospheric condi-
tions after 182 days, another series after 28 days under an increased CO2 volume of
2%. For the visual identification of the carbonation, phenolphthalein was applied to
a freshly broken surface of the specimens. Neither the printed nor the cast specimens
showed any carbonation which can be explained by the low water to cement ratio of
0.3.

For testing the chloride migration coefficient DRCM, specimens were produced
with the particle-bed based 3D printing method selective paste intrusion.Weger et al.
(2018a, b) printed specimens in orientation I and II/III and casted cubes inmelds. The
specimens were stored for one day in the particle bed and the mould, respectively.
Afterwards, the specimens were stored at 20 °C under water until the 28th day.
Within one week before starting of the test procedure, cylinders with a diameter
of 100 mm and a height of 50 mm were drilled and sawn from the specimens. At a
concrete age of 28 days, the circumference surface of the cylinders was sealed before
starting the chloride impact according to (BAW 2017, 2012a, b). The printed as well
as the mould-casted reference cylinders showed similar results after 28 days and a
resistance to exposure class XF2 and XD2 according to EN 206:2013 + A1:2016
after an age of 56 d and even after 28 days (age of 56 days was only tested with
casted specimens). The specimens exhibited no anisotropic behaviour. The results
of the casted specimens even almost achieved the limit for exposure class XF3 and
XD3 according to EN 206:2013 + A1:2016. The limits for the classification can be
found in (BAW 2017, 2012a, b).

5.5.6 Freeze–Thaw Resistance

Tian and Han (2018) investigated the effect of different freeze–thaw cycles on the
non-air entrained concrete by digital image process (DIP) analysis and mechanical
tests. First of all, the porosity of the specimens increased with the increase of freeze–
thaw cycles. This implied that the specimens were formed with initial defects, such
as pores andmicro cracks, and the repeated freeze–thaw actions caused an expansion
in volume and movement of the non-frozen water due to hydraulic pressure. These
forces induced pore propagation and connection and decreased the durability of the
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printed specimen. The pores distribution characteristics showed an increase in bigger
pores. The larger pores in the material ruptured were cut through by cracks, forming
smaller pores. The higher amount of pores also negatively affected the compressive
strength (Fig. 5.38) and created printed specimens with different failure mechanisms
(Fig. 5.39). In the first type, the main crack went through the specimen along the
diagonal, while in the second type two sets of diagonal cracks appeared on the
specimens’ centre of height, and cracks propagated quickly (Figs. 5.40, 5.41, 5.42
and 5.43).

Weger et al. (2018a, b) tested the freeze–thaw-resistance without (CIF) and with
(CDF) de-icing salts of specimens produced with the particle-bed based 3D printing
method selective paste intrusion. Therefore, specimens were printed in orientation I
and II/III and additionally casted as reference test specimens. The specimens were
stored respectively one day in the particle-bed and in the mould and afterwards at
20 °C under water until day 7. Thereafter, the specimenswere stored until 28 days at a
temperature of 20 °Cand a relative humidity of 65%.Then, the freeze–thaw resistance
was tested according toDINCEN/TS12,390–9:2017–05 andwas analysed according
to (BAW 2018). The printed specimens were tested perpendicular (Orientation I,

Fig. 5.39 SEM images captured at 28 days concrete age showing the four observed types of layer-
interface microstructure of mixtures C1 and C2. TI indicates the time interval (Venkatesh et al.
2017)
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Fig. 5.40 Pore size distribution of specimens created by spraying or extrusion technique (Nolte
et al. 2018)

)b()a(

Fig. 5.41 a Calcite formation at the layer interface and b general view of the corresponding
specimen (Nerella et al. 2019)

Fig. 5.42 Relationship
between porosity >0.1 mm
and loss percentage of
uniaxial compressive
strengths as reported by Tian
and Han (2018)
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Fig. 5.43 Failure pattern of 3DP specimens under uniaxial compression

Fig. 5.2) and parallel (Orientation II/III, Fig. 5.2) to the printed layers. The attacked
side was not treated and hence the original printed surface. All tested specimens
showed high resistance against freeze–thaw attacks without (CIF) and with (CDF)
de-icing salts passing even the hardest failure criteria for XF3 and XF4. Additionally,
based on the fact that there is no clear tendency in scaling or inner damage depending
on the orientation, an isotropic freeze–thaw resistance could be expected.

5.6 Recommendations

In order to provide useful support for knowledge development in the engineering
community involved in concrete 3D printing activities, technical committees have
been recently established among the different international associations, authorities
and institutions operating the field of concrete technology or, in general, of construc-
tion materials. The research outcomes concerning properties and testing of printed
materials/structures in the fresh/hardened state are commonly discussed in these
international working group and technical documentation for supporting testing and
design are expected to be released in the coming years.

Among these and in addition to the 276-DFC committee (Digital fabrication
with cement-based materials) established by RILEM in 2016, the FIB (Fédéra-
tion Internationale du Béton) has recently opened the activities of Task Group
2.11: Structures made by Digital Fabrication which mainly focus on the mechan-
ical behaviour of manufactured structures rather than on the aspects related to the
technological processes; following this, the primary objective consists in identifying
and overcoming the limitations of the current design practice for the implemen-
tation of novel, digitally-fabricated concrete structures. Preliminary activities deal
with the following topics: mechanical behaviour of printed elements in the hardened
state; reinforcement strategies; structural design approaches for digitally fabricated
elements. The American Concrete Institute (ACI), a leading authority involved in
concrete design, construction, and materials, has also launched the committee ACI
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564: 3D Printing with Cementitious Materials with the objective of developing tech-
nical documentation on the ways additive manufacturing may be integrated into the
concrete community. This technical group is currently working on the collection of
available/applicable reinforcing and anchoring systems for Additively Constructed
Concrete (ACC), including passive reinforcement (e.g. reinforcing bars, fibre rein-
forcement, interface reinforcement, print ties/stabilizers); active reinforcement (e.g.
internal prestressing, external prestressing); alternative reinforcing (e.g. cables, FRP
etc.).
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Chapter 6
Structural Design and Testing of Digitally
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Abstract The form freedom enabled by digital fabrication with concrete technolo-
gies provides advantages for a wide range of concrete based objects, from architec-
tural to structural elements. The current chapter focuses on the specifics of structural
design and engineering of DFC with emphasis on those technologies based on Addi-
tive Manufacturing with extrusion. Since it is a new and innovative way to build, a
clear common approach to structural engineering has not yet been developed. As a
result, this chapter aims to introduce the specific challenges of structural design and
engineering with the additive manufacturing technology, providing an overview of
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structural typologies that have been developed (especially concerning the reinforce-
ment strategies, including fibre reinforcement). Furthermore, the structural principles
adopted inDFC and the codified approaches used in conventional reinforced concrete
is compared, and putative structural testing procedures and validation methods for
DFC are reported.

Keywords Additive Manufacturing · Structural design · Reinforcement
strategies · Testing

6.1 Introduction

The form freedom enabled by digital fabrication with concrete (indicates as DFC
below), technologies provides advantages for a wide range of concrete based objects,
varying from“sculptural” urban furniture to artificial reefs, and fromsewagepits to art
objects. For load-bearing elements in building structures, DFC has high potential too,
particularly by introducing the possibility to materialise a topological optimisation
by straightforwardly bridging the design process with the manufacture, i.e. to adjust
the geometry in order to optimise structural performance for minimal material use (if
necessary, customised optimisation for each individual element), without prohibitive
cost increases. Indeed, a variety of construction projects for which DFC or DFC parts
structurally are applied, have been presented in recent years (Labonette et al. 2016;
Bos et al. 2016;Buswell et al. 2018)—and the number of examples is growing rapidly.

The current chapter focuses on the specifics of structural design and engineering of
DFC with emphasis on those technologies based on Additive Manufacturing process
that use extrusion.

A clear common approach to the structural engineering of DFC technologies has
not yet been developed and thus bespoke procedures have been applied to obtain
the required approvals, following, for instance, the indications enclosed in Annex D
of the Eurocode 0, which allow individual approvals based on experimental testing.
To nevertheless facilitate the development of a common understanding of structural
engineering for DFC and related issues, thus moving actual applications towards
achieving the full potential offered by DFC technologies, this chapter aims to:

• Introduce the specific challenges of structural design and engineering with DFC,
especially for the additive manufacturing technology.

• Provide an overview of structural typologies that have been developed or are under
development, particularly with regard to reinforcement strategies.

• Compare the structural principles and modelling approaches of structural DFC to
codified approaches used in conventional reinforced concrete.

• Discuss discrete fibre reinforcement for DFC, as one of the main strategies to
obtain toughness, ductility and post-cracking tensile strength in DFC elements.

• Finally, discuss putative structural testing procedures and validation methods for
DFC.
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The projects that have been carried out until now are generally small in scale,
use a range of different DFC processes and materials, are based on a variety of
structural principles, and in terms of the consequences of an eventual structural
failure are mostly minor. Due to the challenges further elaborated in this chapter,
the geometrical freedom offered by DFC has hardly been capitalised upon in actual
in-use projects.

As a result, the discourse in the field of structural engineering of DFC has been
relatively limited. DFC projects have received plenty of popular and professional
attention, but in-depth publications on the applied structural approaches have been
scarce. Theo et al. (2018) has presented the design, testing and construction of a
bicycle bridge. Based on the same as well as another project, (Bos et al. 2019)
discussed large scale structural testing for 3D concrete printing. However, neither
provided generalised discussions with regard to the structural engineering of such
projects. The first endeavour to provide a holistic view on this issue, which can be
found in (Salet and Nijmegen 2019), established a safety protocol for the design
and testing of a 30 m multi-span pedestrian and bicycle bridge (see case study,
Chap. 2 Sect. 3.1). Nonetheless, it starts from comprehensive observations regarding
the structural particularities of 3D concrete printing, and thus provides a dedicated
elaboration of the very generally stated requirements in Annex D of Eurocode 0.

The challenges associated with the structural engineering of DFC can be
categorised into three groups (see Fig. 6.1):

• The materials and processes effects on printed products.
• Input structural design calculation.
• Aspects of design.

Structural engineering challenges of DFC 

 
Material & Process Calculation Input Design 

 
1 
 

Anisotropy 4 Material  
properties data 

7 Geometrical ‘freedom’ 

 
2 
 

Creep & shrinkage 5 Structural  
behavior data 8 Reinforcement 

 
3 
 

Durability 6 Geometrical data 9 Detailing / connections 

 
Approach: How to engineer efficiently?  

Fig. 6.1 Structural engineering challenges associated with DFC
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These will be briefly elaborated below. Jointly, they summon the question of
how a DFC structure can be efficiently designed and calculated—a topic for further
research. Since existing codes have limited applicability to DFC as argued above,
the validation of the structural design developed for a project is a further challenge
to be addressed and which is more extensively discussed in Sect. 6.5.

6.1.1 Material & Process

The materials and processes used in DFC result in an intrinsic behaviour and proper-
ties that can be distinctively different from those commonly found on conventional
cast concrete.Withmost DFC processesmaterial is positioned in layers that results in
anisotropic (tensile) strength (anisotropic stiffness has not been shown). Generally,
the tensile strength perpendicular to the interface is lower than in the other direc-
tions. However, quantitatively this effect can vary from negligible to dramatic (<5%
to >90% strength reductions) depending on material and process input parameters.
This can be due to well-known or yet unrecognised influencing factors. The direc-
tional dependency of strength properties was recognised at an early stage by (Le et al.
2012), and has been the topic of a considerable number of studies (Feng et al. 2015;
Nerella et al. 2016; Zareiyan and Khoshnevish 2017; Panda et al. 2017, 2018; Paul
et al.; Nerella et al. 2018; Wolfs et al.; Van Der Putten et al. 2019; Panda et al. 2019;
Marchment et al. 2017; Keita et al. (2019); Zahabizadeh et al. 2019), a summary of
which is provided by (Timothy et al. 2018). However, because these studies have
tended to be phenomenological in nature, rather than theoretical and explanatory,
this has not yet resulted in a full understanding of the impact of layering and time
between consecutive layers. Furthermore, with the exception of (Le et al. 2012), the
focus has entirely been on the vertically stacked layers. Nevertheless, considering the
scale of existing printing nozzles as well as often presented zig-zag infill structures,
(local) interfaces between horizontally joining layers are also likely to occur in actual
DFC projects.

The effects of creep and shrinkage are much less studied. Since printing mortars
generally lack aggregates above approximately 2–3 mm grain size and the cement
content is highwhen compared to conventional concretes, shrinkage and creep should
be expected to be relatively high. The often thin-walled DFC geometries and lack of
formwork increase the magnitude and rate of drying shrinkage compared to conven-
tional concrete. In combination with restrained deformations (that may already occur
due to friction of the print bed during initial stages of curing, or from uneven curing
and shrinkage), this may have a significant influence on the structural integrity of the
printed object, due to resulting cracking.

Several studies have pointed out that the layered structure in DFC may also result
in reduced durability of the printed component. It was shown that increased interlayer
interval times result in an increase in porosity (Van Der Putten et al. 2019), capillary
water ingress (Schröfl et al. 2019), and chloride penetration (Bran Anleu et al. 2018).
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However, it is yet unknown to what extent this impacts structural engineering consid-
erations (e.g. with regard to strength development over the reference life span). In
addition, some authors have argued that the chemicals used in some DFC processes,
such as retarders and accelerators, may have a harmful on the long-term effect on
the reinforcement (Lloret-Fritschi et al. 2019; Stefanoni et al. 2019).

6.1.2 Calculation Input

A structural calculation requires several types of input. Generally, a structural
checking is executed by comparing a calculated structural response due to certain
predetermined combination(s) of action(s), which are statistically determined, to
limit values for that response. To calculate the response, geometrical and mate-
rial properties data are used as an input. Material property data are also required
to determine the limit values, such as the structural behaviour data. Partially due
to the particularities discussed in the previous subsection, and partially due to the
sheer novelty of the technology, there is a quantitative lack of data in all these three
categories (i.e. material, structural, geometrical).

First of all, although some suppliers provide product data of their printable
mortars obtained by mechanical behaviour studies (see previous subsection), such
data are usually incomplete (i.e. do not provide values for all relevant parameters
required for designing). Moreover, they are quantitatively limited (thus their statis-
tical validity is unknown), and they are based on experimental procedures that are
both not fully detailed and have not been universally agreed upon. Because the rela-
tions of material properties with manufacturing process parameters are still largely
unknown, it is also unclear to what extent the provided values could be generally
used. Strength classes, as the ones for concretes, fibre reinforced concretes, cements,
and mortars, have not yet been developed, which makes interchangeability between
materials (and suppliers) and between manufacturing systems impossible without a
full reconsideration of the structural performance.

Secondly, it should be noted that a significant number of limit values provided by
codes is based on empirically obtained relations (for instance for the shear resistance
of reinforced concrete beams) based on testing of structural elements (rather than on
materials testing). Such empirical data is practically non-existent for DFC.An impor-
tant factor regarding the latter technology is that although the manufacturing method
of conventional (reinforced) concrete is basically the same everywhere, the processes
in DFC can vary considerably from one installation to another (see (Buswell et al.
2020) and Chap. 2). This makes it much difficult to obtain generally validated empir-
ical relations. Nonetheless, theoretical solutions should be pursued, and/or more
detailed modelling and checking should be applied (e.g. through Finite Element
Modelling; FEM), as discussed further in Sect. 6.3.

Finally, a structural analysis of DFCmay also be encumbered by a lack of geomet-
rical data. For instance, inmost filament-extrusion-basedDFCprocesses, the filament
height, width and density can be adjusted through adaptations to the pump pressure,
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nozzle speed, nozzle geometry, and layer off-set. However, more often than not, it
is not exactly known which settings result in which geometrical dimensions. This
issue is further complicated when stacking layers of fresh material, that may deform
previously deposited layers, or by changes in nozzle speed due to the followed print
paths (e.g. at corners).

6.1.3 Design Aspects

The geometrical freedom offered by DFC is enriching to the realm of structural
concrete, but also introduces many challenges. Most codes are based on relatively
simple, 1D (beams, columns) or 2D (flat shells, plates) mechanical schemes. In
complex geometries, such the ones enabled through DFC, these approaches are no
longer suitable. Thus, sophisticated modelling approaches based on FEM should be
required.

Nevertheless, DFC also dictates some geometrical restrictions. In filament-
extrusion technologies, this generally includes, among others, a fixed filament section
dimension (i.e. a sort of print resolution), a continuous print path per layer in the
object, and preferably a print path that per layer connects start to end, to achieve effi-
cient printing of subsequent layers. In a stacked-layer process, cantilevering is often
limited and 2.5D objects are obtained. Finally, it should be noted that the print path
design of a globally identical shape may have a significant impact on the resistance
of an object, due to the location of (vertical) interfaces and orientation of fillets—and
magnitude of associated peak stresses.

A rather different, but at least equally important aspect of DFC structural design
is that of reinforcement, which is required due to the fact that printable cementitious
mortars, like conventional concretes, are quasi-brittle. In conventional concrete, the
use of (ribbed) steel bars has long been the dominant method of reinforcement,
the design of which belongs to the basic toolbox of practically any structural engi-
neer. Besides that, reinforcement based on the application of a variety of discrete
fibres, separately or in combination with steel bars, has been developed for several
decades and is now entering “code-type” guidelines for structural engineering (e.g.
FIB (2010)). Other reinforcement solutions include various types of meshes or bars
from other materials.

Contrary to conventional concrete, no standardised reinforcement method is yet
available for DFC (Asprone et al.). Instead, a solution strategy has to be designed,
calculated, and tested for each case—a considerable burden on any project. The
application of steel bars is incompatible or undesirable for DFC, amongst others
because of geometrical difficulties, uncertainties regarding the reinforcement-to-
matrix bond, and the integration of the application of reinforcement bars in the
printing process. The fact that it is nevertheless sometimes applied is due to a
lack of sufficiently matured alternatives, which are, however, under development
as discussed in Sect. 6.2. Fibre reinforced DFC is probably the most obvious option,
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as well as one of the most promising, strategies and is extensively discussed in
Sect. 6.3.

For detailing and connections, finally, a similar situation as for reinforcement can
be discerned: there are no standardised solutions available. Including connection
provisions in the casting of an element (such as starter bars), as is often done in
conventional reinforced concrete, is not obvious inDFCprocesses. A project-specific
post-processing step will generally be required. Special attention is needed for the
introduction of stresses into the respectiveDFCelements, as here too; no standardised
analysis methods are available.

Considering the shortage of data on a considerable number of relevant aspects,
the question is justified whether responsible structural design with DFC is currently
possible. Even though the material behaviour is not fundamentally different from
conventional concrete, the answer is nevertheless affirmative—as underlined by the
realised projects. On a basic level, the structural behaviour of DFC is very similar to
conventional concrete. Therefore, the structural use of DFC requires specific atten-
tion throughout an integrated project approach, i.e. from the design, to the analysis,
(experimental) validation, production (printing path and techniques), assembly, and
demolition. The extent to which this is required is highly dependent on both the
specific project requirements and the employed DFC process.

6.2 Catalogue of Digital Fabrication Processes
to Manufacture Concrete Structures

6.2.1 Structural Systems

Based on their topology, structural systems might be divided in (i) framed structures,
made up of linear elements (defined by either a straight or curved axis); (ii) surface
structures, made up of planar (plates, slabs) or curved elements (shells); and (iii)
solid structures (Buswell et al. 2018). It should be noted that most structures combine
elements with different structural topologies. Given the fact that concrete is suitable
to resist compressive forces, but requires reinforcement to cope with tensile forces
(Asprone et al.), a relevant distinction between structural elements in the context of
DFC is the load-carrying mechanism, depending on whether acting loads are carried
(i) by normal forces (in the case of linear elements) and membrane forces (in the case
of surface elements), or (ii) developing significant bending moments, tensile and/or
shear forces. The most common standard structural elements are briefly discussed in
the following paragraphs concerning this classification.

Linear elements in framed structures with general stress resultants (i.e. developing
bending and shear actions as well as normal forces) are typically known as beams,
which can be either straight or curved. Straight elements with external compressive
loads exclusively in the axis direction are frequently referred to as columns. For a
certain load state, the axis of a beam can be selected in such a way that the bending
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and shear actions disappear, and only compression forces occur; this element is an
arch. A truss structure (i.e. straight elements connected via hinges with loads applied
at the joints only) is another framed structure with elements subjected only to normal
forces (compression or tension).

A shell is the most general surface structure, as it can be single or double curved
and includes all general stress resultants (membrane and shear forces plus bending
and out-plane twisting moments). Similarly, as for the arch, the shape of a shell can
be defined to have primarily membrane forces for a certain load case; these particular
shells are known asmembrane shells, membranes or funicular shells. Plane structures
can basically be divided in slabs, when loads are acting perpendicular to its plane
(subjected to bending and twisting moments plus shear forces) and plates, when
carrying in-plane loads (subjected only to membrane forces). Concrete plates can
also be analysed by means of a truss analogy (Marti 1985; Schlaich et al. 1987), i.e.
some areas are subjected to compression stress while others areas are in tension and,
therefore, require reinforcement.

From the previous overviewof structural systems, it is clear that only a very limited
range of structural elements (i.e. columns, arches, compressed bars of trusses and
funicular shells)might be designed (in terms of failure resistance/ultimate strength) to
work as compression-only structures for permanent actions. However, tensile forces
will still arise in these structures for variable loads and long-term actions, except
for massive structures (as is the case of ancient structures still standing nowadays),
which are out of the scope of DFC that mainly aims to minimise the material use
and exploit form freedom. Consequently, modern load-bearing concrete structures
unavoidably require reinforcement for resisting tensile forces in order to ensure
structural code compliance (as only for very particular verifications, e.g. shear and
punching shear in slabs, it is allowed to rely on the tensile strength of concrete).
Moreover, besides reinforcement not been needed for strength, modern design codes
for structural concrete still require providing a minimum reinforcement amount to
ensure other performances such as good durability, serviceability, sufficiently ductile
behaviour and robustness.

The implementation of reinforcing solutions into digital manufacturing technolo-
gies is a key aspect when fabricating load-bearing concrete structures, as reinforce-
ment is required regardless of the structural system. The following Sect. 6.2.2 gives
an overview and classification of different reinforcing strategies suitable for DFC,
while Sect. 6.2.3 discusses the feasibility and potential to adopt these reinforce-
ment strategies for the main digital concrete manufacturing processes (especially for
additive manufacturing).

6.2.2 Classification of Reinforcing Strategies

Reinforcement used in concrete structures can be categorised in distinct ways, such
as internal or external, metallic or non-metallic, and passive or pre-stressed (active).
Metallic reinforcement products are typically used as bars, wires, welded fabric or
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discrete fibres for passive reinforcement, while wires, wire-strands and bars are the
most frequent option for active reinforcement ones. Non-metallic reinforcement (e.g.
carbon, glass, aramid or polyvinyl) is available in a very wide range of products, as
bars, laminates, strips, sheets, grids, fibres or knit textiles. In conventionally built
structures, passive internal reinforcement consisting of deformed steel bars with a
characteristic yield strength around 450–500 MPa is by far the most used combina-
tion. This type of reinforcement is inexpensive, ductile, robust and easy to place on-
site, but the use of non-conventional manufacturing technologies affects the way this
reinforcement can be installed/incorporated. Therefore, other types of reinforcement,
such as textile reinforcements and fibrous reinforcements, which have not yet been
widely accepted and applied in current for a wide range of concrete structures, might
be reinforcing solutionsmore suitable or compatible forDFC.Asprone and coauthors
(Asprone et al.) proposed a classification (Table 6.1) of reinforcement strategies for
DFC taking into account the structural principle of the reinforcing solution, as well as
the digital manufacturing stage when the reinforcement is placed. It should be noted
that, according this classification, hybrid solutions composed of several reinforcing
strategies are possible as well. Reinforcing solutions consisting of the application of
a ductile printing material will typically be applied during concrete manufacturing.
In structures submitted to pure compressive loads due to the application of active
reinforcement, the reinforcement can either be manufactured before (pre-tensioned
reinforcement) or after concrete manufacturing (post-tensioned reinforcement). In
the composite alternative, the reinforcement might be placed before, during or even
after manufacturing (providing some gluing/connection system). Avoiding the use
of reinforcement (compressed-only structures due to shape) has been extensively
explored especially in the context of DFC (Akbarzadeh et al. 2015) because the diffi-
culty of implementing reinforcement. However, this strategy is only applicable to a
very limited range of applications, as discussed in Sect. 6.2.1.

Nerella et al. (2018) provided an alternative classification of reinforcement manu-
facturing processes for DFC, distinguishing between continuous and discontin-
uous reinforcing processes, clearly linked to the classification provided in Table
6.1. Discontinuous processes correspond to the installation of reinforcement before
or after the concrete manufacturing, while continuous processes require adding
reinforcement during concrete manufacturing.

6.2.3 Strategies to Fabricate Concrete Structures

Digital processes to manufacture concrete structures include a digital process for
forming of concrete (discussed in Chap. 2) as well as a suitable reinforcement
strategy (see classification in Sect. 6.2.2). While the reinforcement should ideally
be placed automatically to allow for digital manufacturing of the entire structural
elements, most reinforcing strategies suitable for DFC are not mature enough and
still require a high amount of hand-labour. This is admissible at the current early
age of digital fabrication of concrete structures (e.g., digital processes for forming
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Table 6.1 Classification of reinforcement strategies for DFC

By structural principle By stage of the reinforcement manufacturing

Reinforced printing material (e.g. fibre
reinforced materials):

Before concrete manufacturing:

This is the case where rebar reinforcement is
not needed and only the fibres are able to
provide the tensile strength and the
deformation capacity required for the
application

Reinforcement is arranged and placed in the
final configuration before concrete deposition
through a digital fabrication method

DFC composite (e.g. with placement of
passive reinforcement):

During concrete manufacturing:

This is the case where rebar/continuous
reinforcement is needed, and it can be also
installed with automated/robotised processes

Reinforcement is added during concrete
manufacturing or belongs to the material itself
(e.g. fibres)

Compression loaded structures (e.g. due to
shape or pre-stressing):

After concrete manufacturing:

This is the case where no reinforcement or
only pre-stressed reinforcement is required

Reinforcement is installed once concrete
element has been manufactured through a
digital fabrication method

of concrete still require considerably manual intervention in spite of being much
more mature). Even the difficulty to integrate and automate reinforcing solutions for
DFC, researchers should avoid facing exclusively concrete manufacturing without
reinforcement, unless aiming to produce non-structural elements.

The feasibility and potential of the reinforcement strategies presented in Table 6.1
depend on the digital process used for forming concrete. Partially based on the work
of Asprone et al. (2018) and Nerella et al. (2018), reinforcement strategies suitable
for some of the main digital concrete manufacturing processes are discussed in the
following:

• Additive manufacturing—extrusion:

– Enveloping reinforcement with concrete (reinforced before concrete manufac-
turing; composite (concrete / steel) structure): a forked nozzle lays concrete
on both sides of the reinforcement (Fig. 6.2a). This strategy allows reinforcing
perpendicularly and within the printing direction, but currently, this method
is limited to single curved elements with only one layer of reinforcement (see
case study of the Sect. 3.8 in Chap. 2).

– Printable fibre reinforced concrete (reinforced during concrete manufacturing;
reinforced printingmaterial): short fibres suitable to be pumped are added to the
concrete matrix providing post-cracking tensile and stress-bridging capacity
across the cracks. This solution provides strong fibrealignment in the printing
direction, which could increase the fibre reinforcement effectiveness. Given
the potential of this solution, it will be further discussed in Sect. 6.3.

– Entraining cable into the concrete filament (reinforced during concrete manu-
facturing; composite structure): a flexible reinforcement cable is directly
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entrained into the extruded layer during printing (Fig. 6.2b). This concept
allows reinforcing the elements in the printing direction even for complex
shapes but is difficult to ensure a proper anchorage of the cables when working
with smooth high strength cables (see case study of the Sect. 3.1 in Chap. 2).

– Placing reinforcement between 3D-printed concrete layers (reinforced during
concrete manufacturing; composite structure): reinforcement such as steel bars
or textile reinforcement can be placed in between two layers, providing rein-
forcement in the printing direction (Fig. 6.2c). When using stiff reinforcement
bars, a pre-bent in usually complex shapes is required.

– External reinforcement arrangement (reinforced after concretemanufacturing;
composite structure): two separate external steel reinforcing layers are post-
installed on both sides of the hardened concrete element and connected
through orthogonal threaded rods (Fig. 6.2d). This approach allows to rein-
force complex shapes, but it is hand-labour intensive, and its durability/fire
resistance should be addressed.

– Pre-stressed external reinforcement (reinforced after concrete manufacturing;
compression loaded structure): pre-stressing with post-placing of reinforce-
ment in 3d-printed conduits (Fig. 6.2e).While this solutionmight limit the form
freedom, known strategies and detail solutions from conventional externally
pre-stressed structures can be directly applied.

– Reinforcement inside 3D-printed concrete formwork (reinforced after concrete
manufacturing; composite structure): here a 3D-printed element is used as a
lost-formwork and a conventional reinforced concrete structure is produced
inside the lost formwork (Fig. 6.2f and case study of the Sect. 3.3 in Chap. 2). In
this approach, complex reinforced structures can be producedwith the injection
reinforcement technique (Fig. 6.2h). Digital manufacturing generally refers to
the formwork and not to the entiremanufacture of the component. The Injection
reinforcement technology, on the other hand, also allows complete automation
of the process.

• Additive manufacturing—spraying:

– Spraying around or on top of reinforcement (reinforced before concrete manu-
facturing; composite structure): in this process, concrete is sprayed around
(or even just on top) a pre-built mesh or textile reinforcement (Fig. 6.3a). This
alternative ismore promising than the equivalent extrusion process (enveloping
reinforcement with concrete), as in this case the form freedom is not restricted,
due to the flexibility of the spraying process. A specific implementation of
such a process is the case study of Sect. 3.2 in Chap. 2, in which there are two
spraying processes, i.e. before and after the reinforcement placement.

– Sprayed fibre reinforced concrete (reinforced during concrete manufacturing;
reinforced printing material): either short pumpable fibres can be added to the
matrix or longer ones can be added sprayed together with the concrete. While
fibre alignment is less controllable than when applied with extrusion produc-
tion, by spraying is possible to provide fibre reinforcement in any direction of
the structural element.
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a b 

c d 

e f

g h 

Fig. 6.2 Reinforcing strategies for extrusion based additive manufacturing: a enveloping rein-
forcement with concrete (Schlaich et al. 1987), b entrained cable into the concrete filament (Bos
et al. 2017), c reinforcement placed between 3D-printed concrete layers (TotalKustom 2015), d
external reinforcement arrangement (Asprone et al. 2018), e prestressed external reinforcement
(Lim et al. 2012), f reinforcement inside 3D-printed concrete formwork (Apis-cor 2017), g-h
injection reinforcement inside 3D-printed concrete formwork (Kreiger et al. 2019)

– The external reinforcement arrangement and the pre-stressed external rein-
forcement, already presented for extrusion processes, might be applicable very
similarly to sprayed concrete elements.

• Formative manufacturing:
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– Forming around existing reinforcement (reinforced before concrete manufac-
turing; composite structure): in forming methods, the reinforcement integrated
canbe fabricated before concretemanufacturing and then the concrete is shaped
around it (see the case study of Sect. 3.6 in Chap. 2, Fig. 6.3b). The complex

Fig. 6.3 Reinforcing
strategies for spraying based
additive manufacturing and
for formative manufacturing:
a spraying on top of knit
textile membrane (Knitcrete
et al. 2018), b forming
around existing
reinforcement (Smart
Dynamic Casting 2019), c
robotically fabricated
reinforcement as permeable
formwork (Mesh Mould
2019)

a

b

c



200 D. Asprone et al.

geometry of the vertical structural element is thus the main source of difficulty
when using internal deformed steel bars, which could be solved using robotic
reinforcement assemblies.

– Reinforcement as permeable formwork (reinforced before concrete manufac-
turing; composite structure): this strategy corresponds to theMeshMould tech-
nology inwhich a double side fine reinforcementmesh is robotically fabricated
to serve at the same time as structural reinforcement and permeable formwork.
In the first implementation of this strategy the meshes are produced by welding
short reinforcement bars in one direction, therefore the mechanical capacity of
the reinforcement is limited to this direction.

– The use of fibre reinforced concrete or external pre-stressing might be applied
as well for formative manufacturing, but the suitability of these reinforcing
strategies should be studied for each specific application.

6.3 Fibre Reinforcement in Digitally Fabricated Concrete

As highlighted in previous sections of this chapter, fibres do represent one of the
key alternatives to face the need of providing adequate reinforcement in digitally
fabricated concrete materials and structural components. As a matter of fact, the
possibility of extruding/3Dprinting afibre reinforced composite represents a straight-
forward solution encompassing the structural requisites highlighted above with the
peculiarities of the extrusion-based digital fabrication technologies.

Fibre Reinforced Concrete (FRC) and Fibre Reinforced Cementitious Compos-
ites (FRCCs), after more than fifty-year intensive scientific investigation and struc-
tural applications pushed it from a pioneer solution to a more and more widespread
solution. Nonetheless, just recently, it has been internationally recognised the full
status/dignity of a structural material in the last edition of the fib Model Code 2010
(2010) (see also recommendations by RILEM TC 162-TDF (2003, 2002)). Struc-
tural design approaches for FRC-only and hybrid reinforced (fibres + conventional
reinforcement) concrete structures are therein provided in a framework fully consis-
tent with the one for ordinary reinforced concrete structures and complemented
with guidelines and recommendations for the identification of post-cracking residual
strength classes based on designmaterial parameters from standardisedmaterial clas-
sification tests (EN 14651 2005). Similar conceptual approaches can also be found in
documents recently published byTC544-FibreReinforcedConcrete of theAmerican
Concrete Institute (ACI).

Extrusion techniques in themanufacturing of (also fibre reinforced) cement-based
composite products have been studied and applied, also at the commercial scale, since
quite long before digitally fabricated concrete materials and components even came
onto stage (Burke and Shah 1999; Peled et al. 2000; Peled and Shah 2003; Kuder
and Shah 2003, 2010). Requisites for “extrudability” of a cement-based mix were
quantified in terms of fundamental rheological properties in the domain of capillary
rheology (Srinivasan et al. 1999; Zhou and Li 2005).
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Like in several other cases of fibre reinforced cementitious composites with
adapted rheology (including, e.g., Fibre Reinforced Self-Compacting Concrete
FRSCC—(Ferrara 2014)), in the case of digitally fabricated—extrusion-based fibre
reinforced cement-based materials two issues of paramount importance have to be
considered.

First of all, in the concept and design of the composition of the fibre reinforced
composite, not only the compatibility of the fibres, in terms of size and stiffness,
with the printing equipment has to be considered but also the influence of the fibres
on the rheology of the composite has to be considered, through suitable models
(Ferrara et al. 2007; Martinie et al. 2010), as a function of their type and dosage,
geometrical and physical–mechanical characteristics. This means that producing a
successfully 3D printable FRCC does not mean to merely add fibres to a successfully
3D printable plain matrix and check the maximum amount of fibres that can be added
without losing the “processability” features.

Secondly, once again like in all other categories of fibre reinforced cementitious
composites with adapted rheology, processing can substantially influence the fibre
dispersion and orientation (Martinie and Roussel 2011; Ferrara 2015), which affect
the performance of the composite both in the fresh and hardened state, with resulting
outcomes on the quality and on the structural performance of the application as well
as on the total cost of the production (not only due to the cost of the constituent
materials, whose use can be optimized through enhanced structural efficiency of the
composite but also related to the ease with which the material can be handled.

In this framework, it is henceforth evident that the relationship between processing
and performance of the material represents a crucial aspect in establishing a “holistic
approach” which tailors the design of the material and of the extrusion process to the
anticipated structural performance and structural use and efficiency of the material
under the intended service load scenarios.

Studies on the influence of flow-driven fibre alignment on the mechanical prop-
erties of fibre reinforced cementitious composites with adapted rheology have been
quite abundant in the last decade or so (Ferrara et al. 2011; di Prisco et al. 2013;
Abrishambaf et al. 2013), highlighting the resulting strong material anisotropy
whose implications on the performance of structural applications have been also
interestingly addressed (Baril et al. 2016; Ferrara et al. 2017; Abrishambaf et al.
2015a, b).

Hamback and Volkmer (2017) were among the earliest to investigate the effects
of 3D-printing path on the flexural and compressive behavior of Portland cement
pastes reinforced with 1% by volume of carbon fibres. The authors, confirming that
an effective fibre alignment was enforced along the print path direction highlighted
how the build path itself could be used to spatially control the fibre orientation
within the printed structures so to optimize the structural efficiency of the material
(Figs. 6.4 and 6.5). Such a “fine-tuning” the mechanical performance of a fibre rein-
forced cementitious composite, also through the possibility of printing “hierarchical”
/ functionally graded structures, which could further benefit from such an enhanced
structural efficiency. The latter intrinsically calls for the development of 3D print-
able FRCCs featuring a strain-hardening tensile behavior (Figuereido et al. 2019)
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Fig. 6.4 3D-print path models in 3D-printing software and photographs of specimens fabricated
via a print path A and b print path B for 3-point bending test, c stress-deformation plots for plain
cement samples (without fibers) and carbon fiber-reinforced samples in 3-point bending test proving
high flexural strength of print path A samples being reinforced with carbon fibers (Hambach and
Volkmer 2017)

Fig. 6.5 3D-print path models in 3D-printing software and photographs of specimens printed via a
print path C and b print path D for uniaxial compressive strength test, c Stress-deformation plots for
plain cement samples (without fibers) in uniaxial compressive strength test showing high strength
for test direction I and low strength for test direction II (Hambach and Volkmer 2017)

with adequate strain capacity, able to resist effectively, without the need for conven-
tional reinforcement the tensile actions where needed, (including, e.g. tie elements
in truss structures and tensile chords/meridians in two-dimensional planar or curved
structural elements).

First results on the development of printable strain-hardening cementitious
composite (the authors used the denomination Engineered Cementitious Composite)
have been published by Soltan and Li (2018). Based on considerations of extrud-
ability (indicating the ability of the mixture to pass through a printing system) and
buildability (indicating the ability of a mixture to remain stable after deposition and
during printing), that together define the printability, they developed several mixtures
with 2% by volume polyvinyl alcohol (PVA) 12 mm length fibres. While investi-
gating the influence of several ingredients on fresh state workability and processing
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a b c

Fig. 6.6 A 3D-printed coupon specimens, b direct tension tests and c effect of the printed structure
on the tensile strength and strain capacity (Soltan and Li 2018)

parameters, the authors ended up with a 3D printable mix showing strain-hardening
tensile behaviour, though the assessment of fresh state properties was only based on
the flow tests and not on the measurement of a fundamental rheological property.
In addition, the real printability was not truly yet established as only several layers
were deposited with a manual piston. Nonetheless, by 3D printing coupon specimens
for direct tension tests (see Fig. 6.6) and testing them in comparison with “conven-
tionally” fabricated ones, the authors found that the former, with highly aligned
fibre orientation, outperform the latter both in terms of ultimate tensile strength and
strain capacity (see Fig. 6.6c). No significant difference was detected in terms of
compressive strength.

Similar results were obtained by Ogura et al. (2018), who printed 1 m long walls,
120 and 30 mm thick, employing strain-hardening cementitious composites rein-
forced with up to 1.5% by volume short (6 mm long) high density polyethylene fibres
(Fig. 6.7). From these walls, they obtained “layered” 250 mm long, 40 mmwide and
25 mm thick coupon specimen that were tested in direct tension, also in comparison
with dog-bone conventionallymould-cast ones (Fig. 6.6). A better performance of the
printed specimens was confirmed preliminary in terms of strain capacity, the higher
the fibre dosage the higher the performance, the extrusion-induced fibre orientation
also resulting in awell-distributedmultiple fine crack patterns as compared to the less
regular and less “saturated” one, in terms of crack spacing, featured by mould-cast
specimens. Though, the authors remarked that up to a strain of 0.3%, which largely
includes the widest possible service range scenarios (it is worth here remarking that
the yielding strain of conventional steel reinforcement bars is around 0.2%); the
differences among the printed and mould-cast specimens and even between fibre
volume ratios equal to either 1 or 1.5% were negligible. Such a consideration may
play a relevant role when deciding about the most suitable mix-composition with
reference to the identified values of its design parameters to be used in serviceability
and ultimate limit state checks of the intended application.

While consistent structural design approaches are being developed for this cate-
gory of cement-basedmaterials, the pioneer studies reviewed above have highlighted
peculiar issues related to digital fabrication technologies, which have to be addressed
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a

b c 

d e 

Fig. 6.7 a Position of the specimens for direct tension tests in the printed wall; stress–strain curves
obtained from uniaxial tension tests on b printed and c mould-cast specimens and representative
crack patterns of specimens after failure in uniaxial tension tests on print specimen d and e mould-
cast specimen (Ogura and Mechtcherine 2018)

in order to customize the same approaches to the specific one-of-a-kind features of
digitally fabricated elements and structures, including:

– The development of the tensile strain-hardening behaviour in the very early ages
(fluid to solid state transition), i.e. in temporary design situations reflecting and
affecting the ongoing fabrication.

– The influence of the interlayer bond on the effectiveness of the aforementioned
behaviour.

– The need to develop tailored specimen fabrication and testing procedures for
the identification of tensile design parameters in such a way to adequately take
into account all the aforementioned issues, i.e. suitably representing the influence
not only of the “extrusion”-induced orientation of the fibres (which is by now
a fully design-wise acquired concept) but also, if not primarily, of the fabrica-
tion process characteristic parameters, including, e.g. layer thickness, speed of
extrusion, fabrication path.
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6.4 Design Principles and Modelling

The fundamental structural principles on which digitally fabricated elements (rein-
forced or not) are based do not differ from those of conventional cast or pre-cast RC
structures; in these terms, proper design methods based on consistent mechanical
models should be applied to DFC manufactured elements as well. However, avail-
able mechanical models need to be re-tuned at the material/component scale in order
to account for particularities and/or specific effects induced by the novel fabrication
method. Focusing on the scale of concrete material, some of these “new” effects
include:

• Reduced bond strength between layers.
• Anisotropy.
• Shape-related mechanical effects.
• Printing path and sequence.
• Concrete interaction with a specific reinforcement strategy.

The thorough knowledge and understanding of the above-mentioned aspects
represent a fundamental step for the design of DFC structures because they affect
the macroscopic response of the fabricated elements.

6.4.1 Approach to Anisotropy

Concrete layer interfaces might represent a source of weakness for printed elements
due to the formation of cold joints, which originate from the time gap between two
consecutive layers. In this regard,Wolfs et al. (2019) and Le et al. (2012) investigated
the bond strength of layered elements through properly designed experimental tests
and found that printed element strength and stiffness are affected by the loading
direction relative to layer orientation (Fig. 6.8).

However, a very limited influence of layer orientation was found for a sufficiently
short interlayer time interval and when the load acted along the normal direction to
the layers (Orientation I in Fig. 6.8).

In terms of structural design, this situation is different from conventional concrete
for which the “bulk” properties of the element are isotropic. Therefore, a possible
“new feature” for such a material design (to consider the layer configuration) might
entail the evaluation of printed element compressive strength, f ∗

c,d , as shown in
Eq. 6.1:

f ∗
c,d = αdir · fc,d wi th αdir ≤ 1 (6.1)

where fc,d is the compressive strength of the equivalent cast concrete and αdir is a
reduction factor depending on the loading direction relative to the layer orientation
(to be calibrated through specific tests).
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Fig. 6.8 3D Printed layer orientations in flexural tension, tensile splitting, and compression tests
(Wolfs et al.)

Regarding the structural design of printed fibre reinforced composites similar
challenges arise as the previous ones, since as overviewed in Sect. 6.3 the printing
process will lead to a preferential fibre alignment along the printing path. The latter
will be influenced by a panoply of variables, such by e.g. rheological properties
of the matrix, fibre’s aspect ratio, layer height, printing speed, among others. The
expected anisometry of the fibre distribution / orientation within a printed element
subsequently will lead to anisotropic material properties, in particular for the tensile
behaviour, since it is acknowledge that the fibre reinforcement has a relatively low
influence on the compressive strength (and low tomoderate effect on the compressive
post-peak behavior).

Approaching the anisotropic tensile behaviour of printed fibre reinforced compos-
ites will pose a bigger challenge than the one presented under compression, since the
benefits of fibres mainly arise after cracking and the material behaviour is usually
translated by a tensile stress—crack opening or—strain. The shape of these material
laws will depend on multiple variables, by e.g. fibre type, geometry and content,
fibre/ matrix bond strength and fibre distribution / orientation, in particular the
fibre’s orientation regarding an active crack plane (i.e. towards the principal tensile
stresses). Therefore, a mere reduction factor employed to the tensile strength and/or
to the residual tensile strengths may not be suffice to correctly take into account this
anisotropic behavior, consequently tensile stress—crack opening or—strain rela-
tionships should be obtained for distinct layer orientations through adequate test
methodologies.

Another possibility is the use of a “virtual laboratory” supported on numerical
analysis through the FEM to obtain the material tensile relationship for a certain
direction regarding printing direction. Fibre reinforced composites can be regarded
in a simplified way as two-phase materials. Hence, FRC can be modelled in a real-
istic fashion by bi-phase models, respectively, by the discrete and explicit represen-
tation of fibres and plain concrete contribution, i.e. unreinforced matrix (Soetens
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and Matthys 2014; Radtke et al. 2010, 2011; Cunha et al. 2011, 2012; Abrishambaf
et al. 2016; Zhan and Meschke 2016). In general, these models have into account the
fracture process of the unreinforced matrix and the fibre reinforcement mechanisms
of the discrete fibres bridging an active numerical crack. The fracture process of
plain concrete, i.e. unreinforced matrix, or mortar can be modelled by smeared crack
approaches, fracture-based energy interface models or damage mechanics constitu-
tive models. On the other hand, reinforcement mechanisms of fibres being pulled out
can be modelled using micro-mechanical behaviour laws (obtained through exper-
imental, analytical or numerical techniques). These approaches rely on both the
accurate knowledge of the fibre’smicro-mechanical behaviour and the realistic repre-
sentation of the fibres’ structure, through an appropriate distribution and orientation
of fibres.

Finally, another challenge regarding the structural design of printed fibre rein-
forced structures would be related to the modelling approaches that could be
employed, since code-alike cross-sectional analysis for design would not take full
advantage of the fibre reinforced composite capabilities in stress redistribution after
the formation of an active crack. Hence, fully non-linear material analysis under
the FEM framework would be necessary. Even though FEM methodologies have
been used for a longtime to model conventional reinforced concrete as well as FRC,
still nowadays they lack a consistent predictability under serviceability, namely in
predicting crack patterns, crack openings and spacing. Moreover, the utilization
of complex numerical models is intricate, usually not accessible to the common
designer, and reliability of a certain numerical analysis is strongly dependent of the
user’s experience.

6.4.2 Models and Load-Bearing Capacity

From a practical point of view, it could be interesting to understand if the pre-existing
models, developed for the calculation of the bearing capacity (moment, shear, torsion,
etc.) of traditional RC elements, would be able to give reliable responses also for
elementsmanufacturedwithDFC techniques. In this regard, to determine the capacity
of a structural element (depending on the different limit states), it is first necessary to
verify if the hypotheses of availablemodels (i.e. developed so far for ordinary and pre-
stressed concrete elements), are valid also in the case of digitally fabricated elements.
For instance, for the evaluation of the ultimate moment capacity of reinforced or
pre-stressed concrete cross-sections, the following assumptions are considered (EN
1992–1-1: 2004 par. 6.1):

• Plane sections remain plane.
• Strain in bonded reinforcement or bonded pre-stressing tendons is the same as

that in the surrounding concrete.
• Tensile strength of the concrete is ignored.
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• Stresses in the concrete in compression are derived from the design stress/strain
relationship given in EC2.

• Stresses in the reinforcing or pre-stressing steel are derived from the design curves
in EC2.

• Initial strain in pre-stressing tendons is considered when assessing the stresses in
the tendons.

To put this discussion in the context of digitally fabricated concrete elements, these
hypotheses could be still valid depending on the adopted printing and reinforcing
technique. For example, in the case of the 3D printed RC beam (Asprone et al. 2018)
in Fig. 6.21 with an external reinforcement system, the second hypothesis will not be
applicable. Similarly, additional studies are needed to assess the validity of the first
hypothesis, i.e. on how the planar cross-section can be guaranteed depending on the
specific fabrication technique and shape of the element.

A further structural principle often applied to digitally fabricated elements, is
the post-tension. There are several applications consisting of fabricating concrete
segments subsequently connected by post-tensioned cables aligned with the deposi-
tion direction. Initially, this principle was applied at Loughborough University (UK)
for the design and digital manufacturing of a free-shaped wall-like concrete bench
using the ‘Concrete Printing’ approach (Lim et al. 2012), an automated extrusion-
based process for concrete (see Fig. 6.9). The printed structure included a certain

Fig. 6.9 Digital manufacturing of a free-shaped wall-like concrete bench (Buswell et al. 2018)
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Fig. 6.10 Printed showcase segment for the pedestrian and bicycle bridge (Bos et al. 2019)

number of conduits passing through the height of the bench. These were used for
the post-printing placement of reinforcing bars that were post-tensioned and grouted
to achieve a predetermined compressive stress state into the structure. A large-scale
application of this principle is the pedestrian and bicycle bridge developed at the
Eindhoven University of Technology (TU/e) (Fig. 6.10) (Theo et al. 2018), which
was placed in Gemert, Netherlands (see the case study of the Sect. 3.1 in Chap. 2).

Thus, the application of the post-tension to the fabricated 3D printed concrete
blocks could represent a valid solution to overcome the critical issues related to the
assembly of several concrete segments but, at the same time, this would require
particular attention to the effects produced by creep and shrinkage.

The use of totally different digital fabrication technologies impacts the way the
reinforcement can be installed/incorporated and, consequently, calculated. It is well-
known that the concrete tensile strength is small and so it is necessary to design an
adequate reinforcement or develop suitable strategies to absorb tensile stresses. In
traditional design of RC structural elements, reinforcement requirements ensure that
the reinforcement is yielded in the ultimate limit state. This rule should be adapted to
the availableDFC technique in order to provide ductility forDFC elements. However,
this aspect has not been adequately investigated so far or, for instance, has been found
not to be applicable as in the case of the straight RC beam proposed by Asprone
et al. (2018) in which the element failure (due to local mechanisms) preceded the
yielding of the reinforcement. Quite the opposite, the compliance with reinforcement
quantities provisions could be effortlessly achieved for some DFC technologies. An
example is the 3D Concrete Formwork Technique through which the placement of
horizontal and vertical reinforcement creates a regular reinforcing scheme in struc-
tural elements with a standard geometry. Using this technique, the US Army 3D
printed complete barracks, also known as a B-Hut, within a three-year program
called Automated Construction of Expeditionary Structures (ACES). The walls of
the B-Hut acted as permanent formworks with a hollow core that was reinforced and
backfilled with concrete after completion of the fabrication (see Fig. 6.11) (Kreiger
et al. 2019).

In general, such a technique allows for the fabrication of RC structural panels or
wall-like elements. To be considered a structural element it has to fulfill some code
prescriptions about thickness, reinforcement percentage, ductility, seismic details
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Fig. 6.11 Rendering of B Hut A

and other specifications. For instance, two major issues need to be addressed in
reference to code compliance for the Mesh Mould technique; these are the use of
only a certain range of reinforcement rebar diameters and the use of different stirrups
spans in element height.

An even different design scenario arises when the reinforcement is placed during
concrete fabrication. One of the most advanced concepts, currently under devel-
opment at TU Eindhoven, is the direct entrainment of reinforcement cable into
concrete layer during printing. In this case, the conventional hypothesis on concrete-
reinforcement bond (nr. 2) has to beverified in relation to the strain in the bonded cable
reinforcement. Indeed, in conventional RC structure, cast in-place or pre-cast tech-
nology allow for a robust bond between reinforcement and the surrounding concrete
which is modeled by means of semi-empirical bond-slip models (2010), available in
current regulations.

From the design point of view, connections between digitally fabricated concrete
elements represent a further source of uncertainty. In several practical cases, rein-
forcement is used not only to absorb the tensile stresses that develop in the struc-
tural element, but also to make the connection between concrete segments effective,
providing (possibly) ductility. This latter function is of uttermost importance if rota-
tional capacity and/or dissipative capacity must be conferred to the final structural
element. In some digitally fabricated RC structures (Asprone et al.), local failure
mechanisms were observed in concrete-reinforcement connection, thus requiring
greater attention for the purposes of design and calculation.

In general, testing and detailed modelling of concrete-reinforcement interaction
still represent an issue for the effective design and implementation of DFC struc-
tures. Fundamental aspects of capacity design (e.g. avoiding premature brittle fail-
ures, ductility etc.) are strongly reliant on the DFC technique adopted and, for this
reason, deserve much attention in order to create reliable predictive models. Finite
Element (FE) analyses and numerical modelling certainly can help to predict the
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mechanical/structural behaviour of DFC structures (Wolfs et al. 2018); however, at
this stage of development, there is not enough full-scale experimental evidence to
support FE reliability.

From the above discussion it clearly appears that further experimental/numerical
studies need to be carried out in the context of DFC structures. The common goal is to
update/integrate current capacitymodels (developed for existing structural typologies
such as steel–concrete composite elements, post-tensioned members etc.) available
in national and international codes, with the final aim of creating the appropriate
framework of calculation for DFC structures.

6.4.3 Structural Optimization

The geometrical freedom introduced by digital manufacturing technologies theoret-
ically, is often expected to allow the application of structural design through opti-
mization strategies. However, for the time being, a discrepancy remains between the
underlying assumptions in existing optimization methods on the one hand, and the
constraints of manufacturing on the other hand. Rippmann et al. (2018), presented
the design, fabrication, and testing of a floor consisting of multiple elements, printed
in sand using a powder-bed selective binding method. By using Thrust Network
Analysis, the authors were able to create a purely compression-loaded floor, with a
weight reduction of 70% compared to a solid floor. As the floor itself is tension-free,
no reinforcement is required for the considered load case. Thus, the optimization
strategy addresses an important manufacturing constraint. The applied method also
allowed consideration of minimum wall thickness and maximum element size. On
the other hand, directional variations in material rigidity were not incorporated in the
approach. In comparison to powder-bed based selective binding methods, selective
material deposition by extrusion features additional constraints, amongst which is the
requirement of a continuous filament (and thus print path—although some suppliers
have now presented stop-start technologies that could remove this constraint), and
the fact that filament needs to be supported by previously deposited layers (or the
print base plate). This further complicates the application of optimization strate-
gies. Vantyghem et al. (2019), designed, manufactured and tested a pre-stressed
beam assembled from parts made by selective material deposition by extrusion.
The design was based on a 2D topology optimized beam, taken from literature, as
the authors recognized the match between the particular optimization case and the
manufacturing possibilities. First results of a more general topology optimization
approach for extrusion-based DFC, were published by Martens et al. (2017), and
Martens (2018). The model included a selection of yield failure criteria (Drucker-
Prager or von Mises), the variation of stiffness in different directions, a support
angle constraint (i.e. to require a layer is supported by another), and the base plate
orientation. Some challenges remain, nevertheless, particularly with regard to print
path determination. Thus, optimization methods need further development to better
include manufacturing constraints, and/or vice versa.
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6.5 Structural Testing and Validation

At increasing level of development of DFC technologies, there is a strong need
to investigate the mechanical performance / response of the fabricated structural
elements, focusing on different scales (at the scale of the material or element). The
structures made with DFC elements are innovative to the point that there are no codes
and guidelines for the testing methods and assessment of the structural performance.
For this reason, the design of these structures is always followed by tests that validate
their performance.

At the scale of the printed element, several authors developed proper testing
procedures to investigate the mechanical particularities of DFC products. As for the
study of anisotropy, recent studies conducted byWolfs et al. (2019) have shown how
flexural tensile, tensile splitting and compressive strengths change with the printing
direction (Fig. 6.8). Similarly, a proper test set-up (see Fig. 6.12) was proposed by
Asprone et al. [89] in order to characterize the fracture energy during shear testing of
concrete layers interfaces (cold joints). The set-upwas inspired by the punch-through
shear test, although some modifications on the original set-up and the specimen’s
geometry was made due to constraints related to the printing process.

In contrast to material scale testing, the full-scale experimental behaviour of DFC
structures has been rarely investigated.Acomplete experimental characterizationwas
carried out for a 3D concrete printing pedestrian and bicycle bridge in Eindhoven.
The structure was fabricated following the concept of ‘Design by Testing’ (Theo
et al. 2018) and certified safe for public use. In particular, the bridge design was
the result of a vast experimental campaign aimed to prove the structural integrity of
the printed element. A 1:2 bridge sample was tested in a load-controlled four-point
bending test, as shown in Fig. 6.13. A final full-scale flexural test (see Fig. 6.14) was

Fig. 6.12 Punch-through set-up (Asprone et al.)
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Fig. 6.13 Scale model in test 4-point bending test set-up (Theo et al. 2018)

Fig. 6.14 In situ test (Theo et al. 2018)

performed in situ to guarantee that the bridge behaves as expected and be structurally
safe. In situ full-scale testing is an example of a non-destructive assessment and it
is used on a regular basis to verify the load-bearing capacity of older and existing
infrastructures. A test phase with large-scale elements was conducted for the design
of Nyborg Pavilion by (Bos et al. 2019). The Fig. 6.16 shows the cross-section of
the perimeter wall of the pavilion (Fig. 6.15).

Approximately 750 mm wide straight segments of the wall section design were
tested in different loading conditions.
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Fig. 6.15 Wall during
printing process (Theo et al.
2018)

Fig. 6.16 Cross-section of the wall (Bos et al. 2019)

Compression test with the load that was applied once on each face of the tested
element (see Fig. 6.17).

Vertical flexural test, as a 3-point bending test on ‘standing’ elements, with the
load acting horizontally (see Fig. 6.18).

Impact test during which the element was subjected to pendulum impact loading
in a set-up derived from EN 12,600 (see Fig. 6.19)

With the aim to evaluate the flexural behaviour and failure mechanisms, another
example of large-scale test was carried out with a straight beam, manufactured by
means of technology solution, mentioned in the previous chapters, developed at the
University of Naples “Federico II” (Asprone et al. 2018). In detail, a three-point
bending test was conducted on the RC straight beam. The test scheme and set-up are
shown in Figs. 6.20 and 6.21.
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Fig. 6.17 Compression test
(Bos et al. 2019)

Fig. 6.18 Vertical flexural
test (Bos et al. 2019)

The test was carried out by means of a universal servo-hydraulic testing machine.
The assumed load scheme ensures that the primary failure comes from tensile or
compression stress. The test was conducted under displacement control, with a
velocity of 0.5 mm/min.

Strain measurements on the steel components of the beam were achieved through
strain gages placed at half-length of each stainless threaded rod, as shownbyFig. 6.20.
For the strain measurements of compressed concrete, always strain gages were used
only at the backside of the beam. Instead, in order to measure the displacement at
the mid-span of the beam, two linear variable differential transducers (LVDTs) were
placed at the bottom edge in correspondence of the half of the beam.

Successively numerical simplified analyses (2D models) were to compare exper-
imental and numerical data were carried out and presented in order to validate
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Fig. 6.19 Impact test (Bos et al. 2019)

Fig. 6.20 Front view and back view of the straight beamwith strainmeasurement devices (Asprone
et al. 2018)
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Fig. 6.21 Equipped specimen for the three points bending test (BeamUniNa) (Asprone et al. 2018)

numerical simulations as well as to obtain a better interpretation of the experimental
test.

This has led to outcomes that have demonstrated that the initial flexural stiffness
of the printed RC beam is comparable with an equivalent solid RC beam whereas
the overall nonlinear flexural behaviour is influenced by local failure mechanisms,
i.e. shear damage at the interfaces between adjacent concrete segments and steel–
concrete anchoring failure. Even though several issues need to be addressed, thisDFC
technique can introduce a novel rational use of additive manufacturing technologies
in structural engineering as it enables the fabrication of complex shapes (e.g. curved
beams of variable height). The topological optimization of shapes enables harvesting
innumerous advantages such the reduction of concrete volume and mass (and conse-
quently mitigation of self-weight loadings), the elimination of complex formwork
systems, and easy transportability and installation.

6.6 Conclusions

Principally, laws and codes, as well as common sense, require structures to be safe for
use. To safeguard this, elaborated quality control procedures have been implemented
for traditionally produced concrete structures in the construction industry, which are
generally founded on regulations regarding three different target pillars:

• Construction products and materials.
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• Construction processes (execution).
• Design (e.g. structural and durability).

The implementation of DFC impacts on each of these pillars. Therefore, current
quality assurance systems and design codes do not adequately address DFC appli-
cations in practical cases. Considering the current state of progress of DFC as well
as the time involved in design code development and subsequently its legal binding
implementation, it should be expected that this situation is likely to continue for some
time. Meanwhile, with ever more and more ambitious projects being proposed, the
need to understand the structural engineering specifics and subsequently to develop
unified approaches, is rapidly increasing; it is evident that the scientific and tech-
nical communities are aware of this need and a number of research and development
projects are being developed to fill this gap.
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