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Abstract

The quality control of digital fabrication with concrete has more stringent requirements than traditional casting. Firstly, since formwork is typically absent,
or removed at an early stage in production, the material is exposed to external influences that can result in deformations, collapse, or deterioration.
Therefore, the evolution of properties during the process has to be controlled. Secondly, the fabrication systems are typically more sensitive to dosing
fluctuations, and the produced, optimized objects are more sensitive to defects, which requires the process variations to be controlled at a higher
resolution. A framework is presented that categorizes quality control experiments into destructive and non-destructive, according to their systematic error,
and according to the location of testing with respect to the process. This framework is applied to the fresh state mechanical performance of concrete and
quality control strategies are derived from it. Lastly, research gaps are identified that are critical for the further development and adoption of these quality

control strategies in digitally fabricated concrete.
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1 Introduction

The quality of traditionally cast concrete is primarily
controlled by compression tests at 28 days, sampled between
every 40m3 to 150m3, depending on the strength class [1].
Additionally, the water/cement factor, density, and
consistency (slump flow, L-box test) are verified at a similar
sampling frequency to determine the environmental class,
homogeneity, and self-compacting capability, respectively
[1]. Furthermore, the evolution of strength during hardening
can be monitored using calorimetry and the concept of
maturity from the moment the hydration reactions give a
measurable temperature increase [2].

For digital fabrication with concrete (DFC), a family of
concrete processing technologies that have recently
experienced rapid growth in academic and industrial
applications, the quality control procedure will have to be
more elaborate for three reasons. Firstly, the evolution of
material properties has to be determined from the deposition
to the hardened state. Secondly, the DFC systems and
materials, as well as the designs that are typically produced
by them, are more sensitive to process variations. Finally,
some materials that are used in these fabrication methods are
much more sensitive to processing conditions. Controlling the
fabrication process is furthermore important since it can
influence the long-term structural performance and durability
[3-7], and allows for immediate action in case of a detected
fault [8, 9], resulting in a higher quality of the end product,
increased productivity, and a higher degree of material
minimization [10]. Itis, therefore, not surprising to find a large
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number of on-line and in-line experiments and sensors being
applied in other industries [11].

1.1 Evolution (EV)

Since the formwork is typically removed at an early age or
completely absent for many DFC technologies, the material
properties are to be controlled from an early stage in
production. Seconds after the deposition of the material,
the strength (yield stress) and stiffness determine the shape
of a filament [12], the capacity to fill a (temporary) formwork
[13], or the capability to follow the shape of [14] and adhere
to a surface [15]. Minutes after deposition the strength and
stiffness increase, providing a load-bearing capacity that is
greater than the self-induced stresses and allowing for the
vertical growth of the object, either by stacking of layers [16,
17], movement of a slip formwork, or decrease of static
pressure [17]. Hours or days after deposition the yield stress
has increased sufficiently for the object to carry a load that is
much greater than its self-weight, allowing for the application
of additional loads coming from the assembly of a structure
and eventually live loads.

The experiments that are required to measure the evolution
highly depend on the process that is considered. For example,
for particle-bed 3D concrete printing the material can be
dormant initially [18] and slowly develop strength and
stiffness since it is fully supported, for one component (1K) 3D
concrete printing the initial yield stress is typically relatively
high and develops slowly, and for two-component (2K) 3D
concrete and shotcrete printing the yield stress develops
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extremely rapid. The total evolution of yield stress and
stiffness spans many orders of magnitude [19] and the rate
and moment in the process at which this evolution occurs
varies as well, which necessitates a custom solution per
process for the measurement of evolution.

1.2 Process variations (PV)

The sensitivity to process variations depends on the object
design, processing system, and used material. Firstly, DFC
generally aims to minimize material use, resulting in slender
elements and complex geometries. Such objects are more
sensitive to (local) defects unless special care for robustness
has been taken [20]. Secondly, continuous or batch-
continuous systems with relatively small-volume mixing
chambers compared to the flow rate, commonly used in DFC,
do not dampen out low-frequency fluctuations in dosing [21,
22], resulting in artifacts in the final product [23]. Thirdly, the
used materials for production have an intrinsic sensitivity to
variations as well, which depends on the material
composition [2, 24]. These three factors determine how
sensitive the process is to unintended variations. The process
can vary intentionally as well, for example by varying the flow
rate to maximize productivity or by varying material
properties to allow for functional grading [25-27].

1.3 Processing conditions (PC)

Some materials that are used in DFC are very sensitive to the
processing conditions under which they are prepared. Firstly,
when materials show strong time-dependent behavior, for
example in 2K 3D concrete printing, the quality control
experiment has to closely match the characteristic time in the
original process. This characteristic time can be the contact
time for highly accelerated chemical reactions, the
flocculation time for colloidal interactions, or the mixing time
to ensure equal dispersion. Secondly, when the material has
a consistency that makes it sensitive to a certain characteristic
load, this should be closely matched in the quality control
experiment as well. This characteristic load can be a pressure
in the production system, the vibration in the compaction of
a sample, or a load that is introduced in the handling of the
samples. Materials with a yield stress below ~10Pa flow easily
and are therefore not sensitive to external conditions.
Materials with a yield stress above ~10kPa are not sensitive
either, since their strength is larger than the typically applied
forces. In the intermediate range, extra care has to be taken
to closely match the shear history and avoid unintentional
thixotropic breakdown [19]. This coincides with the range in
which many of the DFC materials are situated since it is often
required for the material to remain pumpable before, and
rapidly gain strength after deposition [19].

For every processing method, the importance of evolution,
process variations, and process conditions is different and the
quality control strategy has to be, therefore, different as well.
The traditional tools available to control the quality are not
sufficient, as they would require an extremely large number
of samples to capture evolution and process variations and
are, furthermore, not representative of all processing
conditions. In this paper, a framework is presented to design

quality control strategies that are tailored to the needs of
each particular fabrication method. This is essential to
produce objects that are safe and utilize the material
minimization and productivity optimization that DFC has to
offer. Section 2 describes the main categories of the
framework. The framework is then applied to fresh-state
quality control for extrusion-based DFC in section 3 as an
example of how the framework can be applied to control the
manufacturing process. To control the quality during the use
phase of the object durability and hardened state
experiments are required as well, but this falls outside the
scope of this contribution. Subsequently, quality control
strategies are identified in section 4. Lastly, the framework is
used to identify research gaps in the adoption of these
advanced quality control strategies, which can be used as
guidelines for the further development of experiments.

2 Framework

Within the current framework, experiments and sensing
methods are categorized into destructive and non-
destructive measurements on one axis and according to their
systematic error on the other. Furthermore, tests are grouped
according to the location at which they are typically
performed with respect to the fabrication process: off-line,
on-line, in-line, and in-situ, and finally according to how they
measure evolution and process variations: individual samples
at low frequency or continuous measurements at high
frequency.

2.1 Destructive and non-destructive

Destructive measurements refer to experiments that do not
preserve the sample, while in non-destructive experiments
the sample is preserved. The advantage of the former is that
they can directly measure mechanical properties. Not all non-
destructive measurements can do so and therefore typically
require a correlation to destructive test measurements. The
latter, however, provide the advantage of being able to
continuously measure the evolution or process variations, as
the sample is not destroyed, which significantly reduces the
required number of samples.

2.2 Systematic error

Any measurement or observation contains an observational
error, which is the difference between the measured value
and the true value [28]. Here, the true value refers to the
property of the material in the object of which the quality is
to be controlled, which might be different from the measured
value if the processing conditions are not representative or if
a process variation occurs. Within observational error,
systematic and random error can be distinguished, which is
illustrated in Fig. 1. The former refers to errors that occur
between replicate experiments that have been made and
conducted in the same way. The latter refers to errors that
consistently occur between the true value and the measured
value. Within the proposed framework, tests are categorized
according to this systematic error. The first source of error
considered is processing conditions, which can for example be
the result of handling or compacting of the sample that does
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not occur in the original process. The second source is process
variations, which can occur when the experiment is
performed on a non-representative sample of material that is
for example caused by a variation in composition due to
dosing fluctuations or a variation in material temperature due
to the heating up of the system. Other sources of systematic
error, such as wrong calibration of sensors, are not
considered in the framework as they do not lead to a
meaningful categorization.
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Fig. 1 Schematic representation of systematic and random error,
adapted from [28].

2.3 Off-line, on-line, in-line, in-situ

Off-line measurements are conducted separately from the
process, and on-line measurements are conducted using the
process itself. Both types do not measure the same material
that is in the final object since the material is prepared
separately or extracted from the process. In-line and in-situ
measurements are conducted on the processing setup and
measure the same material that is or will be in the object. The
former refers to measurements on the processing line, such
as pressure, temperature, and flow sensors, while the latter
refers to measurements on the object, such as a terrestrial
laser scanner or thermal camera. It should be noted that

Destructive

these definitions differ slightly from what is found in the
literature [29, 30], where, firstly, at-line experiments are
defined to be conducted close to the process. Since the only
difference between off-line and at-line experiments is the
location, and, therefore, any off-line experiment can be an at-
line experiment as well, this latter category is omitted.
Secondly, the term on-line refers in some definitions to
experiments that are conducted on a bypass of the processing
line. Since this is typically not applicable to concrete
processing, on-line has been redefined.

3 Quality control of fresh state mechanical
performance

The framework is applied to the quality control for fresh-state
mechanical properties for DFC. The resulting scheme is shown
in Fig. 2.

An extensive list of experiments can be categorized as
destructive and off-line with a relatively high systematic error
since the processing conditions and material differ from those
in the fabricated object. For example, due to the compaction
of a sample that is taken from a process, or due to the
handling time in between sampling and testing. This category
includes compression tests (unconfined [31, 32], squeeze
flow [33], triaxial [34]), tensile test [32, 33, 35], slump [36],
ram extrusion [37-39], and shear tests (direct shear [31, 40],
vane [41], and constant shear rheometry [33, 42, 43]). Since
the geometry and loading conditions of these tests vary,
detailed material behavior can be studied, for example
thixotropic, viscous, and pressure-dependent behavior.
Furthermore, these tests are not direct replacements for one
another and, therefore, one might use a combination of these
tests to get a complete insight into the behavior. For these
experiments, multiple individual samples are needed to
measure the evolution and process variations, and the
sampling rate per testing setup is typically low (~1073 Hz).
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Fig. 2 A framework for quality control of fresh state mechanical performance of digitally fabricated concrete. Rectangular boxes indicate how
evolution (EV) and process variations (PV) can be measured, where dots refer to individual samples, a line refers to a continuous measurement,
and 0 refers to a measurement at or around the initial value of the evolution.
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At the top-right of the scheme, non-destructive off-line tests
with, again, a relatively high systematic error are categorized.
These are penetration tests (for example slow cone
penetration, Vicat needle) [36, 44-47], ultrasonic
measurements [47-49], and oscillatory rheometers [50-53].
In these setups, the samples are preserved and
measurements can be done continuously over time, reducing
the number of required samples by one order of magnitude
compared to the previous category when the evolution has to
be measured at a high resolution over a large domain. To
measure process variations, however, separate samples have
to be taken. These tests have the potential to be
implemented in-line if the samples remain in the process line.
To the best of the authors’ knowledge, this has not yet been
developed and therefore the tests are all categorized as off-
line.

In the destructive, on-line category two groups of tests are
identified. The first group can be labeled as near-nozzle tests,
currently consisting of near-nozzle droplet formation (“Slugs
test”), cantilever beam test, and the on-line gravity-induced
compression test [35, 54—59]. The sampling rate of these tests
is significantly higher than that of the destructive off-line test
(~1 Hz) and can therefore continuously measure process
variations. The timescale at which the tests can be performed
is however limited to the first seconds after extrusion at the
most. The second group of on-line destructive tests consists
of production trials. With these tests, a sample is produced
until failure, and the material properties are reverse-
engineered, which requires an accurate model of the object.
So far, this has only been done for 3D concrete printing [16],
but it could be extended to other DFC methods as well. The
number of required samples for these tests is high, since
evolution and process variations are measured with separate
samples, and the sampling rate is low. The tests do, however,

Destructive

capture all of the processing conditions, since it is the process
itself that is used to produce the sample and the tests can be
performed in a highly automated manner. These experiments
do not, however, measure the same material as the material
in the final object and, therefore, do not have the lowest
possible systematic error. This can be relevant if process
variations occur.

In the non-destructive section, two groups of tests are found
that have the lowest systematic error. Firstly, in-line sensors
and measurements such as pressure sensors, flow sensors,
temperature sensors, tracer experiments [22], as well as
torque and frequency measurements of motors [37]. These
can measure process variations at high frequency (~10% Hz)
and can be correlated to destructive properties to function as
in-line non-destructive measurements of the mechanical
properties directly after extrusion. Correlation to the
development over time might be possible for the initial
evolution but is limited since this is an extrapolation.
Secondly, sensors such as laser line profile scanners [8, 60],
computer vision [9], and (near) infrared sensors [60] can
measure deformations and surface properties at a high
resolution on the object itself, which can be correlated to the
fresh state mechanical performance properties. Depending
on the positioning of these sensors, they can be used to
measure the evolution and process variations at high
resolution.

4  Quality control strategies

From the framework, a road map for quality control strategies
is derived. These strategies specifically target the
measurement of evolution (EV), measurement of process
variations (PV), and reduction of systematic error due to
processing conditions (PC). The road map is schematically
illustrated in Fig. 3.
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Fig. 3 A road map for quality control strategies. Strategy EV can be used to measure evolution, PC to measure under representative processing
conditions, and PV to measure process variations.
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Quality control strategy 0 exclusively uses off-line destructive
experiments and can be applied when the evolution is to be
measured at only a few points in time, the expected process
variations and the sensitivity to it are minimal, and off-line
measurements accurately represent the process conditions.
Examples of production processes that can follow this
strategy are prefab and on-site casting of concrete elements
with self-compacting concrete.

Quality control strategy EV uses off-line or in-situ non-
destructive experiments to measure the evolution
continuously over a large domain. A correlation is required to
off-line destructive experiments when the property of
interest is destructive by definition, such as the yield stress,
and a truly non-destructive strategy therefore cannot exist.
Applying quality control strategy EV is beneficial if this
correlation is already present or if the domain of evolution is
so broad that the reduction of labor outweighs the labor that
is required for the correlation. Most DFC methods require
evolution properties over a large domain and can therefore
make use of this strategy. When the process variations are
small, the object and material are insensitive to process
variations and processing conditions, it can be sufficient to
use the off-line correlation. Otherwise, expanding the
strategy with in-situ measurements and potentially
combining it with strategy PV is required. The first case
applies, for example, to course-resolution objects like on-site
printed buildings that are produced in large-volume mixing
chambers, and the second case applies to fine-resolution
objects [61] that are produced with systems that have a small
volume or high volumetric flow rate.

Quality control strategy PV uses non-destructive in-line and
the initial measurement of in-situ sensors that are correlated
to destructive on-line experiments to measure process
variations. If these on-line experiments are not available for
the property of interest, the correlation can also be drawn
with off-line destructive measurements. The strategy is
suitable when process variations can occur and the material
and object are sensitive to it. An example of a digital
fabrication method that can use this strategy is fine-
resolution 3D concrete printing [61].

Quality control strategy PC uses on-line destructive
experiments to measure under the correct processing
conditions. Correlations with off-line destructive experiments
can be used to indirectly measure properties for which on-line
experiments are not available. For example, by measuring the
yield stress on-line and off-line, and measuring the stiffness
only off-line, the on-line stiffness modulus can be estimated.
Quality control strategy PC is firstly suitable when materials
have a highly time-dependent behavior, such as accelerated
materials that are applied in additive manufacturing [62, 63]
and Smart dynamic casting [13]. Secondly, it is suitable for
materials that have a consistency that makes them sensitive
to externally applied conditions, which is for example the case
for many materials that rely on colloidal interaction for shape
stability and initial buildability.

5 Conclusion and research gaps

In this paper, a framework is presented that allows for the
systematic categorization of quality control experiments for
DFC. The control strategies that are derived from it, show that
there is a need for destructive on-line and non-destructive
off-line, in-line, and in-situ experiments to measure evolution
and process variations, and to control the quality under
representative processing conditions. Off-line destructive
experiments are an essential part of the advanced strategies
as well, either to correlate destructive and non-destructive
measurements or when the property can only be measured
in an off-line or destructive setting. To allow for the complete
adoption of these strategies, the following research gaps can
be identified.

First, the experiments and sensors that have recently been
developed by the DFC research community, mostly belonging
to the destructive on-line and non-destructive off-line and in-
line categories, need standardization. These experiments and
sensors have not yet been adopted in codes and standards.
Since they are a crucial part of all of the advanced quality
control strategies, this is a key threshold for adoption.

Second, the applicable domain (loading conditions and
material properties) of existing experiments, falling in the off-
line destructive category, needs to be expanded to allow for
the materials that are used in DFC. Since the strength and
stiffness of materials used in DFC fall in between those of cast
fresh and hardened concrete [19], the testing equipment
needs to be adapted accordingly. This can include the loading
device, load cell, applied geometry, and underlying material-
related assumptions for the analysis of the results.

Third, off-line destructive experiments often have the
potential to be applied on-line, and off-line non-destructive
experiments have the potential to be used in-line or in-situ,
which allows for a reduction in systematic error. To enable
this, the standardized geometries of the test setups might
have to be adapted to suit the production method, which in
turn requires the development of (numerical) analyses with
which the effect of geometry can be studied.

Fourth, robust correlations need to be determined between
destructive and non-destructive experiments. These robust
correlations are a key enabler for all of the detailed quality
control strategies and if these are missing it could be a
threshold for the adoption of DFC with optimized materials,
processes, and designs in the long term. To enable this, a
large-scale collaboration between laboratories and DFC
facilities is required to make these correlations widely
applicable to many materials and processes.

Competing interest

The authors declare that they have no competing interests
that are relevant to the content of this article.

Funding

This publication is part of the Ph.D. project of the first author,
which is funded by Saint-Gobain Weber Beamix.



D. Bos and R. Wolfs, RILEM Technical Letters (2023) 8: 106-112

111

Authorship statement (CRediT)

Derk Bos: Conceptualization; Writing — original draft; Writing
- review and editing.

Rob Wolfs: Conceptualization; Writing - review and editing.

References

[1] KIWA Nederland B.V., "Beoordelingsrichtlijn 1802 'Betonmortel,™
2016. [Online). Available: www.kiwa.nl

[2] T. Wangler et al., "Printable Cement-Based Materials: Fresh
Properties Measurements and Control," in RILEM State-of-the-Art
Reports, vol. 36, Springer Science and Business Media B.V., 2022,
pp. 99-136. https://doi.org/10.1007/978-3-030-90535-4 4

[3] A. Das, Y. Song, S. Mantellato, T. Wangler, D. A. Lange, and R. J.
Flatt, "Effect of processing on the air void system of 3D printed
concrete," Cem Concr Res, vol. 156, Jun. 2022.
https://doi.org/10.1016/j.cemconres.2022.106789

[4] S. C. Figueiredo et al., "Quality Assessment of Printable Strain
Hardening Cementitious Composites Manufactured in Two
Different Printing Facilities," in Second RILEM International
Conference on Concrete and Digital Fabrication, Freek Bos, Sandra
Lucas, Rob Wolfs, and Theo Salet, Eds., Eindhoven: Springer, 2020,
pp. 824-838. https://doi.org/10.1007/978-3-030-49916-7 81

[5] R.J. M. Wolfs, F. P. Bos, and T. A. M. Salet, "Hardened properties of
3D printed concrete: The influence of process parameters on
interlayer adhesion," Cem Concr Res, vol. 119, pp. 132-140, May
2019. https://doi.org/10.1016/j.cemconres.2019.02.017

[6] T. Marchment, J. G. Sanjayan, B. Nematollahi, and M. Xia,
"Interlayer Strength of 3D Printed Concrete," in 3D Concrete
Printing Technology, Elsevier, 2019, pp. 241-264.
https://doi.org/10.1016/B978-0-12-815481-6.00012-9

[7] H. Kloft et al., "Influence of process parameters on the interlayer
bond strength of concrete elements additive manufactured by
Shotcrete 3D Printing (SC3DP)," Cem Concr Res, vol. 134, Aug.
2020. https://doi.org/10.1016/j.cemconres.2020.106078

[8] L. Lachmayer, R. Dérrie, H. Kloft, and A. Raatz, "Process Control for
Additive Manufacturing of Concrete Components," in Third RILEM
International Conference on Concrete and Digital Fabrication, vol.
37, R. Buswell, R. Blanco, A. Cavalaro, and P. Kinnell, Eds., 2022, pp.
351-356. https://doi.org/10.1007/978-3-031-06116-5 52

[9] R. Rill-Garcia et al., "Inline monitoring of 3D concrete printing using
computer vision," Addit Manuf, vol. 60, Dec. 2022.
https://doi.org/10.1016/j.addma.2022.103175

[10] N. Labonnote, A. Rgnnquist, B. Manum, and P. Rither, "Additive
construction: State-of-the-art, challenges and opportunities,”
Automation in Construction, vol. 72. Elsevier B.V., pp. 347-366,
Dec. 01, 2016. https://doi.org/10.1016/j.autcon.2016.08.026

[11] A. L. Bowler, S. Bakalis, and N. J. Watson, "A review of in-line and
on-line measurement techniques to monitor industrial mixing
processes," Chemical Engineering Research and Design, vol. 153,
pp. 463-495, Jan. 2020.
https://doi.org/10.1016/j.cherd.2019.10.045

[12] N. Roussel, "Rheological requirements for printable concretes,"
Cement and Concrete Research, vol. 112. Elsevier Ltd, pp. 76-85,
Oct. 01, 2018. https://doi.org/10.1016/j.cemconres.2018.04.005

[13] E. Lloret-Fritschi et al., "From Smart Dynamic Casting to a growing
family of Digital Casting Systems," Cement and Concrete Research,
vol. 134. Elsevier Ltd, Aug. 01, 2020.
https://doi.org/10.1016/j.cemconres.2020.106071

[14] H. R. Schipper, "Double-curved precast concrete elements
Research into technical viability of the flexible mould method,"
2015.
https://doi.org/10.4233/uuid:cc231bel-662c-4b1f-alca-
8be22c0c4177.

[15] S. Neudecker et al., "A New Robotic Spray Technology for
Generative Manufacturing of Complex Concrete Structures
Without Formwork," in Procedia CIRP, Elsevier B.V., 2016, pp. 333-
338. https://doi.org/10.1016/].procir.2016.02.107

[16] R.J.M.WolfsandA.S. J. Suiker, "Structural failure during extrusion-
based 3D printing processes," International Journal of Advanced
Manufacturing Technology, vol. 104, no. 1-4, pp. 565-584, Sep.
https://doi.org/10.1007/s00170-019-03844-6

[17] L. Reiter, T. Wangler, N. Roussel, and R. J. Flatt, "The role of early
age structural build-up in digital fabrication with concrete,"
Cement and Concrete Research, vol. 112. Elsevier Ltd, pp. 86-95,
Oct. 01, 2018. https://doi.org/10.1016/j.cemconres.2018.05.011

(18]

(19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

(33]

(34]

(35]

(36]

(37]

D. Lowke, E. Dini, A. Perrot, D. Weger, C. Gehlen, and B.
Dillenburger, "Particle-bed 3D printing in concrete construction -
Possibilities and challenges," Cem Concr Res, vol. 112, pp. 50-65,
Oct. 2018. https://doi.org/10.1016/j.cemconres.2018.05.018

N. Roussel et al., "Assessing the fresh properties of printable
cement-based materials: High potential tests for quality control,"
Cem Concr Res, vol. 158, Aug. 2022.
https://doi.org/10.1016/j.cemconres.2022.106836

R. N. Kackar, "Taguchi's Quality Philosophy: Analysis and
Commentary," in Quality Control, Robust Design, and the Taguchi
Method, vol. 1, Boston, MA: Springer US, 1989, pp. 3-21.
https://doi.org/10.1007/978-1-4684-1472-1 1

Octave Levenspiel, Tracer Technology, 1st ed., vol. 96. Saint Martin
d'Heres Cedex: Springer, 2012.
https://doi.org/10.1007/978-1-4419-8074-8 1

A. Deetman, D. Bos, J. Blaakmeer, T. Salet, and S. Lucas, "An in-line
dye tracer experiment for mixing and pumping of concrete,"
Manuscript submitted for publication.

D. Bos, A. Deetman, J. Blaakmeer, S. Lucas, and T. Salet, "Variable-
volume reactors in 3D concrete printing," Manuscript in
preparation.

W. Zuo, H. Bessaies-Bey, Q. Tian, C. Miao, and N. Roussel,
"Robustness of cement-based materials: From dosage variations to
yield stress fluctuations," Cem Concr Res, vol. 139, Jan. 2021.
https://doi.org/10.1016/j.cemconres.2020.106260

Z.Y.Ahmed, F. P. Bos, M. C. A. J. van Brunschot, and T. A. M. Salet,
"On-demand additive manufacturing of functionally graded
concrete," Virtual and Physical Prototyping, vol. 15, no. 2. Taylor
and Francis Ltd., pp. 194-210, Apr. 02, 2020.
https://doi.org/10.1080/17452759.2019.1709009

F. Craveiro, S. Nazarian, H. Bartolo, P. J. Bartolo, and J. Pinto Duarte,
"An automated system for 3D printing functionally graded
concrete-based materials," Addit Manuf, vol. 33, May 2020.
https://doi.org/10.1016/j.addma.2020.101146

R. J. M. Wolfs, T. A. M. Salet, and N. Roussel, "Filament geometry
control in extrusion-based additive manufacturing of concrete: The
good, the bad and the ugly," Cem Concr Res, vol. 150, Dec. 2021.
https://doi.org/10.1016/j.cemconres.2021.106615

Douglas A. Skoog, F. James Holler, and Stanley R. Crouch, Principles
of Instrumental Analysis, 7th ed., no. 3. Cengage Learning, 2017.
https://doi.org/10.1515/pac-2015-0305

Biopharma PAT, "Quality Attributes, Critical Process Parameters &
Key Performance Indicators at the Bioreactor" [White Paper],
2018,

https://craft-

sensors.s3.amazonaws.com/WhitePaper Biopharm PAT.pdf.

L. Dagge, K. Harr, M. Paul, and G. Schnedl, "Classification of process
analysis: offline, atline, online, inline," Cement International, vol. 7,
pp. 72-81, 2009.

R. J. M. Wolfs, F. P. Bos, and T. A. M. Salet, "Early age mechanical
behaviour of 3D printed concrete: Numerical modelling and
experimental testing," Cem Concr Res, vol. 106, pp. 103-116, Apr.
2018. https://doi.org/10.1016/j.cemconres.2018.02.001

L. K. Mettler, F. K. Wittel, R. J. Flatt, and H. J. Herrmann, "Evolution
of strength and failure of SCC during early hydration," Cem Concr
Res, vol. 89, pp. 288-296, Nov. 2016.
https://doi.org/10.1016/j.cemconres.2016.09.004

Y.Jacquet, A. Perrot, and V. Picandet, "Assessment of asymmetrical
rheological behavior of cementitious material for 3D printing
application," Cem Concr Res, vol. 140, Feb. 2021.
https://doi.org/10.1016/j.cemconres.2020.106305

R. J. M. Wolfs, F. P. Bos, and T. A. M. Salet, "Triaxial compression
testing on early age concrete for numerical analysis of 3D concrete
printing," Cem Concr Compos, vol. 104, Nov. 2019.
https://doi.org/10.1016/j.cemconcomp.2019.103344

Y. Jacquet, V. Picandet, D. Rangeard, and A. Perrot, "Gravity
induced flow to characterize rheological properties of printable
cement - based materials," RILEM Technical Letters, vol. 5, pp.
150-156, 2020. https://doi.org/10.21809/rilemtechlett.2020.128
A. Szabo, L. Reiter, E. Lloret-Fritschi, F. Gramazio, M. Kohler, and R.
J. Flatt, "Mastering yield stress evolution and formwork friction for
smart dynamic casting," Materials, vol. 13, no. 9, May 2020.
https://doi.org/10.3390/ma13092084

V. N. Nerella, M. Nather, A. Igbal, M. Butler, and V. Mechtcherine,
"Inline quantification of extrudability of cementitious materials for
digital construction," Cem Concr Compos, vol. 95, pp. 260-270, Jan.
2019. https://doi.org/10.1016/j.cemconcomp.2018.09.015




D. Bos and R. Wolfs, RILEM Technical Letters (2023) 8: 106-112

112

(38]

[39]

[40]

[41]

[42]

(43]

[44]

(45]

[46]

[47]

(48]

[49]

(50]

(51]

[52]

(53]

[54]

(55]

[56]

A. Perrot, D. Rangeard, and Y. Mélinge, "Prediction of the ram
extrusion force of cement-based materials," Applied Rheology, vol.
24, no. 5, 2014. https://doi.org/10.3933/APPLRHEOL-24-53320.

A. Perrot, C. Lanos, P. Estellé, and Y. Melinge, "Ram extrusion force
for a frictional plastic material: Model prediction and application to
cement paste," Rheol Acta, vol. 45, no. 4, pp. 457-467, 2006.
https://doi.org/10.1007/s00397-005-0074-y

R. Jayathilakage, J. Sanjayan, and P. Rajeev, "Direct shear test for
the assessment of rheological parameters of concrete for 3D
printing applications," Materials and Structures, vol. 52, no. 1, Jan.
2019. https://doi.org/10.1617/s11527-019-1322-4

N. Q. Dzuy and D. V. Boger, "Direct Yield Stress Measurement with
the Vane Method," J Rheol (N Y N Y), vol. 29, no. 3, pp. 335-347,
Jun. 1985. https://doi.org/10.1122/1.549794

I. Ivanova and V. Mechtcherine, "Possibilities and challenges of
constant shear rate test for evaluation of structural build-up rate of
cementitious materials," Cem Concr Res, vol. 130, Apr. 2020.
https://doi.org/10.1016/j.cemconres.2020.105974

O. H. Wallevik and J. E. Wallevik, "Rheology as a tool in concrete
science: The use of rheographs and workability boxes," Cem Concr
Res, vol. 41, no. 12, pp. 1279-1288, Dec. 2011.
https://doi.org/10.1016/j.cemconres.2011.01.009

L. Reiter, T. Wangler, N. Roussel, and R. J. Flatt, "Slow penetration
for characterizing concrete for digital fabrication," Cem Concr Res,
vol. 157, Jul. 2022.
https://doi.org/10.1016/j.cemconres.2022.106802

U. Pott, C. Ehm, C. Jakob, and D. Stephan, "Investigation of the Early
Cement Hydration with a New Penetration Test, Rheometry and In-
Situ XRD," 2020, pp. 246-255.
https://doi.org/10.1007/978-3-030-22566-7 29

L. Reiter, "Structural Build-up for Digital Fabrication with Concrete-
Materials, Methods and Processes," 2019.
https://doi.org/10.3929/ethz-b-000456199.

D. Lootens, P. Jousset, L. Martinie, N. Roussel, and R. J. Flatt, "Yield
stress during setting of cement pastes from penetration tests,"
Cem Concr Res, vol. 39, no. 5, pp. 401-408, May 2009.
https://doi.org/10.1016/j.cemconres.2009.01.012

R. J. M. Wolfs, F. P. Bos, and T. A. M. Salet, "Correlation between
destructive compression tests and non-destructive ultrasonic
measurements on early age 3D printed concrete," Constr Build
Mater, vol. 181, pp. 447-454, Aug. 2018.
https://doi.org/10.1016/j.conbuildmat.2018.06.060

Y. Chen, Z. Li, S. C. Figueiredo, O. Copuroglu, F. Veer, and E.
Schlangen, "Limestone and Calcined Clay-Based Sustainable
Cementitious Materials for 3D Concrete Printing: A Fundamental
Study of Extrudability and Early-Age Strength Development,"
Applied Sciences (Switzerland), vol. 9, no. 9, May 2019.
https://doi.org/10.3390/app9091809

N. Roussel, G. Ovarlez, S. Garrault, and C. Brumaud, "The origins of
thixotropy of fresh cement pastes," Cem Concr Res, vol. 42, no. 1,
pp. 148-157, 2012.
https://doi.org/10.1016/j.cemconres.2011.09.004

L. Nachbaur, J. C. Mutin, A. Nonat, and L. Choplin, "Dynamic mode
rheology of cement and tricalcium silicate pastes from mixing to
setting," Cem Concr Res, vol. 31, no. 1, pp. 183-192, 2000.
https://doi.org/10.1016/S0008-8846(00)00464-6

M. A. Schultzand L. J. Struble, "Use of oscillatory shear to study flow
behavior of fresh cement paste," Cem Concr Res, vol. 23, no. 2, pp.
273-282, Mar. 1993.
https://doi.org/10.1016/0008-8846(93)90092-N

T. Conte and M. Chaouche, "Rheological behavior of cement pastes
under Large Amplitude Oscillatory Shear," Cem Concr Res, vol. 89,
pp. 332-344, Nov. 2016.
https://doi.org/10.1016/j.cemconres.2016.07.014

N. Ducoulombier, P. Carneau, R. Mesnil, L. Demont, J.-F. Caron, and
N. Roussel, "'The Slug Test'": Inline Assessment of Yield Stress for
Extrusion-Based Additive Manufacturing," in Second RILEM
International Conference on Concrete and Digital Fabrication, 2nd
ed., vol. 28, F. Bos, S. Lucas, R. Wolfs, and T. Salet, Eds., Cham:
Springer, 2020, pp. 216-224.
https://doi.org/10.1007/978-3-030-49916-7 22

N. Ducoulombier et al., "The 'Slugs-test' for extrusion-based
additive manufacturing: Protocol, analysis and practical limits,"
Cem Concr Compos, vol. 121, Aug. 2021.
https://doi.org/10.1016/j.cemconcomp.2021.104074

D. Bos and R. Wolfs, "Automated Visual Inspection of Near Nozzle
Droplet Formation for Quality Control of Additive Manufacturing,"

[57]

(58]

[59]

(60]

(61]

(62]

(63]

in RILEM Bookseries, vol. 37, Springer Science and Business Media
B.V., 2022, pp. 453-459.
https://doi.org/10.1007/978-3-031-06116-5 67

J.T.Kolawole et al., "Selected Test Methods for Assessing Fresh and
Plastic-State 3D Concrete Printing Materials," in Third RILEM
International Conference on Concrete and Digital Fabrication,
2022, pp. 460-466.

https://doi.org/10.1007/978-3-031-06116-5 68

D. Bos, R. Wolfs, J. Blaakmeer, S. Lucas, and T. Salet, "On-line gravity
induced compression test for 3D concrete printing: 'the inverse
slugs test," Manuscript in preparation.

A. Geffrault, H. Bessaies-Bey, N. Roussel, and P. Coussot, "Instant
yield stress measurement from falling drop size: The 'syringe test,"
JRheol (NY NY), vol. 67, no. 2, pp. 305-314, Mar. 2023.
https://doi.org/10.1122/8.0000557

J. Versteege, R. Wolfs, and T. Salet, "In-line measurement systems
for 3DCP: Evaluating key properties affecting interlayer bond
strength," Manuscript in preparation.

S. Lim, R. A. Buswell, T. T. Le, S. A. Austin, A. G. F. Gibb, and T.
Thorpe, "Developments in  construction-scale  additive
manufacturing processes," Autom Constr, vol. 21, pp. 262-268, Jan.
2012. https://doi.org/10.1016/j.autcon.2011.06.010

C. Gosselin, R. Duballet, P. Roux, N. Gaudilliere, J. Dirrenberger, and
P. Morel, "Large-scale 3D printing of ultra-high performance
concrete - a new processing route for architects and builders,"
Mater Des, vol. 100, pp. 102-109, Jun. 2016.
https://doi.org/10.1016/j.matdes.2016.03.097

A. Anton, L. Reiter, T. Wangler, V. Frangez, R. J. Flatt, and B.
Dillenburger, "A 3D concrete printing prefabrication platform for
bespoke columns," Autom Constr, vol. 122, Feb. 2021.
https://doi.org/10.1016/j.autcon.2020.103467




