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Abstract

This paper compiles selected predictive analytical and numerical tools which can be used to
model and understand the mechanisms of importance at different stages during and immediately
after extrusion-based 3D printing of cementitious materials. The proposed toolbox covers
different aspects of the process including mixing, material transportation, layer deposition,
mechanical behavior of the fresh printed structure, and its early curing. Specifically, the paper
provides basic analytical methods that should be helpful for an initial, first-order analysis of a
given printing process. These methods deliver, in turn, a first estimation of some material
requirements and process parameters. Limitations of these analytical methods are also
discussed. Furthermore, the paper presents a review of advanced numerical tools that can be
used to simulate the steps in the printing process accurately. It is shown that these tools can
serve to describe complex behaviors, help in designing process parameters, or optimizing the
rheological response, even though further developments are still needed to capture fully the
attendant physical mechanisms.

Keywords: Concrete technology; additive manufacturing; 3D-printing; analytical modeling;
numerical simulations

1. Introduction

In the last decade the potential of 3D concrete printing in the construction industry has been
widely reported in the media. In 2017 CNN on its website posed the question “Will the world’s
next megacity drip out of a 3D printer?”. However, despite ubiquitous media coverage it is
important to recognize that we have barely left the period of “demonstrators”; currently,
digitally manufactured concrete in both academia and industry are mostly produced without
regard to cost, effort, and resources. Field implementations to date have mainly showcased the
potential of the technology by demonstrating that a building component or even a house can be
produced using automated digital technologies.

There is, however, a strong sense of anticipation in the construction industry, fueled by the
international recognition of the need for wider automation of construction [1,2]. Several
specialist companies have emerged, and startup initiatives are proliferating. At the beginning
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of 2013 there were 20 startups in the field. Five years later, there were more than 65 of them
offering services, tools, building components, or even entire buildings. In parallel several large,
well established companies in Europe have taken the decision to adopt this technology early
on, have made strategic moves, and have started acquiring specialized skills and capabilities in
robotics. Finally, regulation and numerous public policy measures are encouraging the adoption
of 3D concrete printing (3DCP) in many parts of the world such as the Middle East, the United
Kingdom, China, with its own draft of a national standard for 3D concrete printing, and the
U.S. 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™[3].

Most applications and demonstrators are based on extrusion, where a mineral-based, often
cement-based, material is extruded to form sequential layers via a digitally controlled nozzle
mounted on a robotic arm, gantry, or crane. The processes are similar to conventional additive
manufacturing processes except that the material characteristics and scale of manufacture give
rise to unique challenges and questions: the formulation of mixtures that can be pumped and
still be, once placed, stable in shape, can provide reliable interlayer bonding, and are
controllable in respect of curing the material. The application of 3DCP components also
suggests further questions with respect to durability, structural reinforcement, quality control,
design, and production logistics.

The outlook, however, is very promising. It is anticipated that 3D concrete printing will become
competitive with conventional in-situ and off-site construction if the existing technological
obstacles can be overcome and if engineers with the relevant skills and knowledge support the
integration of such novel processes within the industry. The degree of importance of these
obstacles varies significantly depending on the application and its technology’s degree of
readiness. However, to implement such transformations successfully in a relatively traditional
industry, the exchange of knowledge between academia and industry must not be left behind.

In Zurich in 2018 [4] and Eindhoven in 2020 [5] following the two first RILEM international
conferences on digital fabrication with concrete, it is now possible comprehensively to lay out
the global state-of-the-art knowledge. What is apparent is that the number of published papers
is exploding, various academic groups are dealing with transdisciplinary questions, and the
diversity of the technologies under study is impressive. What has grown out of this is a dynamic,
diverse, and multi-disciplinary scientific community. Moreover, it also brings with it a large
number of scientific articles published in many different journals and dealing with the
increasingly varied aspects of 3DCP.

This paper aims at compiling and organizing the fundamental principles and their
representations, allowing for the assessment of the 3D printing process as a function of its
material properties, the object’s geometry, and the printing parameters. The intent here is to
provide a comprehensive toolbox for the engineer to facilitate an a priori assessment/prediction
of the salient features of the material to be used in the specific application. This paper also
details the limitations of these first order principles and provides, when available, references to
more advanced numerical tools still under development. The paper is organized in a sequence
parallel to an actual construction process, starting with mixing, moving on to transportation.
1.e., pumping and extrusion, treating in turn the placement and stability of the in-print structure,
and examining the early-age development of the material’s characteristics.
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2. Analytical methods
2.1 Mixing

In concrete 3D printing processes, the mixing step is critical in ensuring that the printed final
component/structure exhibits the desired properties. It has, for example, been shown that the
mechanical properties of cementitious materials depend on the energy of mixing [6,7].
Moreover, high-shear mixing can induce the crushing of solid particles, which can lead to
enhanced structural build-up rates in the fresh state, thus proving useful in ensuring global
stability of the printed system at early ages [8]. However, a high level of process control is
required to enable this.

Many printing methods involve the incorporation of a chemical admixture in the printhead just
before material deposition in order to allow a rapid printing process [9]. The added product can
be an accelerator that speeds up the formation of hydrated products or a flocculent that promotes
the formation of colloidal particle bonds. The binder itself can be chemically different, e.g., an
aluminate-based binder capable of rapidly setting [10]. In such situations in the printhead, the
quality of the dispersion depends on the material’s time of residence there, which ranges
between 1 s and 100 s, as explained by Wangler et al. [11]. In order to ensure homogeneous
dispersion of the admixture in the printhead, a mixing system — either static or rotating — is
required [9]. This can be explained by the Stokes-Einstein theory, which predicts a typical
diffusion length Lp of less than a few hundredths of a micrometer, expressed as the square root
of the product of the diffusion coefficient of the accelerator and the residence time (Dymix.tres)’.
The diffusion coefficient can be computed using the following equation:

kT
6rr, 1

a

(1)

mix

Where £k is the Boltzmann constant, 7 is the temperature, 7. is the radius of the admixture
molecule, and p is the apparent viscosity of the cementitious material. According to
Mechtcherine et al. [9], the mixing system must be able to create sheared layers that must be
spaced at a distance smaller than Lp in order to ensure homogeneous dispersion for a fixed
residence time.

In practice, the mixing kinetics are often assessed using a Wattmeter that measures the time
evolution of the electrical energy consumption of the mixer. However, the recording of the
power consumption provides noisy data [12,13] that, even if it asymptotically tends to a steady-
state plateau value, is not sufficient to guarantee the homogeneity of the material [14]. Using
tracer particles in colorimetric index measurement, Jézéquel and Collin [14] described the
dispersion during the mixing process. They showed that the colorimetric index of the tracer
particles tends to a plateau value representative of the homogeneous material after following an
exponential kinetic law.

= Cplateau + (CO - Cplateau ) exp (_t/ )
‘ (2)

Where cpiarean 18 the final colorimetric index, co is the initial value and #. is the characteristic
dispersion time. Note that the characteristic time considers different mechanisms such as
crushing, erosion and diffusion. The characteristic time has been shown to depend on the
mixer’s speed (2 according to the following equation:
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Where « and g are the fitting parameters, £ depending on the material’s static yield stress. The
characteristic dispersion time was reported to vary between one and ten minutes.

Nevertheless, to use this equation, experiments are needed to estimate the fitting parameters for
the chosen materials and mixers. Mechtcherine ef al. [9] noted that printhead mixing systems
are today designed by trial and error and that numerical simulations are needed for better
predictions of dispersion of materials during mixing.

2.2 Material delivery

There are two stages in material delivery in the case of extrusion-based 3D-printing processes.
While pumping is used to deliver the material from mixer to printhead over a length of many
meters, extrusion takes place at the printhead.

2.2.1 Pumping

Even though large-scale pumping experiments with printable concretes have not yet been
reported, pumpability over long distances is a prerequisite for many onsite projects. Concrete
pumpability depends on materials and processing parameters, and can be described by the
pressure-flow rate relationships [15,16].

Pressure calculations carried out using the traditional Buckingham-Reiner equation for complex
suspensions such as concrete result in overestimating pumping pressures, often by 2 to 5 times
[17-19]. This discrepancy is attributed to shear-induced particle migration (SIPM) and resulting
segregation, along with some water migration, leading to the formation of the so-called
lubricating layer (LL) at the wall of the pipe. The LL exhibits much lower values of Bingham
parameters; i.e., yield stress 7,; and plastic viscosity £; in comparison to the bulk concrete which
forms a plug around the longitudinal axis of the pipe [15,17-20]; see Figure 1. Kaplan et al.
[15] described concrete flow in pipes as slip-flow, when the shear stress 7; at the concrete-pipe
wall interface is lower than the yield stress 7o of concrete. Otherwise, slip-plus-shear flow
occurs.

Pipe wall
Lubricating layer (LL)
Concrete bulk

Suspending medium
Suspended particles

'.o-'o-.-:':

s Sheat R .. Shear Flow

o Induced q"..: >

2 Particle 0.09 J —
4 Migration ‘.‘.s. Plug Flow —a
@ siPM)  Oog 0 —

v
— >100
H,

Figure 1: lllustration of lubrication layer, plug and shear flows during concrete pumping
indicating flow-induced particle migration. Adapted from [21].

‘— Shear Rate in LL: y,, =

Considering the various approaches to 3D concrete printing based on extrusion, different flow
patterns can be expected. Referring to the extremes suggested by Roussel [22], the
implementation of the “infinite brick” approach with the corresponding high yield stress of
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printable concrete results in slip/plug flow, while the “free flow” approach is associated with
slip-plus-shear flow in the pipe due to low yield stress of concrete used in such applications
[9,22]. Kaplan [23] proposed and validated two analytical models to relate pressure AP and
flowrate O, using Bingham parameters, shear yield stress 7o and plastic viscosity u, for bulk
concrete and interface Bingham-like parameters for the lubricating layer; see Eqgs. 4 and 5. Eq.
4 is valid in the case of slip/plug flow; the fitting coefficient & can be obtained by means of
tribological measurements [15,24].

2’L ipe Q /’li
:R—WLRP2 k+T°”} ¥

pipe pipe

where Lyipe 18 the pipe length and Ry its radius.

Eq. 5 covers the case of slip-plus-shear flow, where the properties of both concrete and LL are
considered:

Qp _ Rpipe I+ Rpipe r
2L, | 7R,k A M 3ut
AP = pipe pipe H H lUi + TO,[ (5)
Rpipe 1+ Rpipe ﬂi
4u

To determine the rheological properties of concrete and lubricating layer as well as the LL
thickness is a challenging task which limits the applicability of above models for the prediction
of pumping pressures [25-27]. Hence, simplified prediction approaches have been suggested
based on testing devices that mimic pumping procedure to some extent, most prominent of
which is the so-called SLIPER (SLIding Pipe rheometER) device [19]. Such tools and the above
models give rough estimations of pumping parameters; however, their validity has not been
systematically verified for high-yield stress printable concretes as yet. Although pumpability
primarily depends on the plastic viscosity of concrete and LL, the influence of yield stress
increases with increasing zo/u [28]. Pumpability prediction of various printable concretes in
complex pipe geometries and the exact determination of the LL thickness require the use a
multiphase approach and appropriate numerical tools.

2.2.2 Extrusion

The extrusion of concrete is associated with material flow through the printhead with the section
narrowing towards the nozzle exit. The literature dealing with this process step is mainly
inspired by the work of Benbow and Bridgwater [28], initially developed for ceramic forming
to enable the prediction of the additional pressure required to shape the extruded material
exiting through an axisymmetrical nozzle. The corresponding formula for estimating the
extrusion pressure Py is based on the ideal work theory which links plastic bulk elongational
and interfacial shear yield stresses of the extruded material; see Eq. 6 below:

D L.
P, =2(c,+a,V,")In(=*)+4 ﬂ'(fo,i +a.V,")) (6)

die die

Where oy is the elongational yield stress, 7o, is the interfacial shear yield stress, duie is the die
diameter, D.x the extruder diameter, V.. the material average velocity, and ayp and a; are



191  empirical coefficients that are used to describe the flow-rate-dependent behavior of the
192  materials. Assuming axisymmetrical convergent flow, Basterfield et al. [29] generalized the
193  theory of Benbow and Bridgwater to make it compatible with Herschel-Bulkley (HB) modeling
194  parameters, see Eq. 7. This formula can be used for predicting extrusion force on the basis of
195  data obtained by rheological measurements.

n +1 n

D 2 2V..D, > . L,

196 F, =2\/§T0 In| == |+ U\/gn el et | sin@(1+cosd)" (1-(d,, /D,,)" )+4ﬂ(rol.+alV’”)
e 3n.2 d D ’

die ext

197 (7)

198  Where 1 is the shear yield stress, 77 is the HB viscosity, n the flow index from the HB model,
199  and @is the angle of the conical drawn by the convergent flow.

200  Many authors have adapted the Benbow/Bridgwater or Basterfield et al. models to specific
201  cases with particular nozzle geometries in the extrusion of cementitious materials [30-39]. In
202 each of these works, extrusion pressure is a combination of the pressure needed to overcome
203  interfacial friction at the extruder wall and the plastic work needed to reshape the bulk material.
204  Note that all these models assume cylindrical geometry; the development of analytical models
205  of the extrusion pressure for non-axisymmetrical geometries becomes very difficult; thus,
206  numerical simulation becomes necessary.

207  Furthermore, for complex extruder geometries, determining exact material flow rate Q. at the
208  outlet of the extruder is an essential task for controlling the 3D printing process. For example,
209  progressive cavity pumps (PCPs) or eccentric screw pumps are the devices most frequently
210  used in extrusion-based 3D concrete printing due to their robustness and precision as well their
211  ability to deliver high viscous granular suspensions. PCPs contain a stator and rotor assembly;
212 they work based on the principle of progressively opening the conveying chambers with the
213 rotor’s eccentric motion in the stator. The eccentricity e defines the relative displacement of the
214 rotor center with respect to the center of stator during operation; see Figure 2 [40]. The
215  parameter overlap w can be defined as the algebraic difference of the rotor diameter D, and the
216  inner diameter of the stator. Depending on w, the PCPs can be categorized into: a) equal fit
217  PCPs, b) clearance fit PCPs (w < 0), and c) interference fit PCPs (w > 0). The interference fit is
218 possible by making the stator’s inner walls out of compressible elastomers. The theoretical
219  volumetric flow rate O, in a PCP with a stator pitch Py can be calculated by multiplying
220  volume of material displaced per rotation (Ve =4 - € - D, - Pst) by the rotational velocity of the
221  rotor n,:

222 pcp = 4'6 'Dr 'Ps[ 'nr (8)

223 A detailed derivation of Eq. 8 can be found in [40]. While Eq. 8 is valid for PCPs, for the cases
224 of clearance fit or interference fit, equations presented in Pessoa et al. [41] can be applied.

225  These analytical relationships have some limitations since they are based on the assumption
226  that the extruded material remains homogeneous. As a result they neglect issues such as liquid
227  drainage [42,43] and blockage of the coarse aggregates [44] related to extrusion-induced
228  heterogeneities that can occur during the 3D printing of cementitious materials. For such cases,
229  dedicated numerical tools, capable of analyzing multiphase flow in extruder need to be
230  developed.
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Figure 2: A sectional view of a progressive cavity pump (PCP) geometry. Three cases based
on stator and rotor diameters are depicted.

2.3 Material deposit

Material deposition deals with the requirement that the printed layers be deposited in
conformance with the targeted geometry. The analytical approach to this problem is limited to
the case of linear deposition of a continuous layer of constant height and width. In addition, the
material is considered to be isotropic and homogeneous. A deposition strategy ranging between
two opposite asymptotic cases can be chosen: the first, “infinite brick extrusion” deposits an
unsheared firm material, and the second, “free flow deposition” uses a highly flowable material
with the addition of accelerating admixtures just before the deposition [22][45].

For the deposition of the material, simple analytical formulations describing the ability of the
material to withstand its own weight and support the pressure of the nozzle can be used as a
first approximation [46,47]. Once the material exits the nozzle, the flow ceases if the yield stress
of the network of interacting particles is greater than the applied stress. It should be noted here
that static yield stress depends on shear history and microstructure build-up, and describes the
initiation of the flow, while dynamic yield stress corresponds to the yield stress that develops
during the steady-state flow of the material, for example, during pumping [48]. These values
differ, and realistic yield stress values depending on the shear profile within the printhead
should be chosen according to the processing conditions. For example, if the material is strongly
sheared during the process, dynamic yield stress should be used, mainly for flowable material.
Otherwise, static yield stress is more appropriate.

Depending on the extrusion process chosen and the material properties, the final cross-section
of a printed layer can take different shapes. Adapted from the work of Roussel [22],
Mechtcherine ef al. [9] and Carneau et al.[49], Figure 3 shows different cases occurring during
deposition by extrusion of materials with different yield stresses and printing strategies. In cases
a) and b), the deposited material is already flocculate, and its final shape is imposed by the
nozzle cross section. For cases ¢) and d), the material is shaped and spread under self-weight or
under the pressure applied by the printhead.
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Figure 3: Different layer shapes obtained with existing printing strategies. a) Infinite brick; b)
Shaped brick by means of nozzle geometry reduction; c) material shaped under the pressure
applied by the printhead; d) flowable material spreading during deposition

In the case of the infinite brick, flow can be assumed to be elongational, and the material yield
stress should fulfill at least the condition given by Eq. (9) to ensure the targeted layer height
Hiayer. Thus the targeted yield stress should be at least 12.5 Pa per millimeter of layer thickness
(for a density of 2.2 g/cm?) [9]. This equation can be used independently of the shape of the
cross section [50]. In the present form, eq. (9) considers the additional pressure applied by the
nozzle during deposition, Pozzze:

H, . +P
pg layer nozzle < r (9)

\/§ =70

Considering a highly flowable material, cases ¢ and d, it can be assumed that if pure shear flow
occurs the material will spread and the final thickness of the layer can be computed using the
spread flow theory developed by Roussel and Coussot [9,51-53]. The sample height as a
function of the distance » from the sample center can be obtained from the following equation:

22, (B 12-7))
Hluyer (r) = pg (10)

Where Biaer is the width of layer that can be computed from the equation of volume
conservation. For highly flowable materials, surface tension effects could also contribute when

Higyer <+/¥/pg, i.e. layer thickness is lower than a couple of mm if we assume a surface
tension effect of the cement similar to the surface tension of water [22]).

The shape of the deposited layer depends as well on kinematic considerations. The expected
cross-section of the extruded filament is obtained if the extrusion flow rate Q. is defined as
Qe = Vi-Shozz1e, With V. the printhead displacement velocity. Coordination between the robot
displacement velocity and that of the material exiting should be achieved to avoid surface
cracking, layer bending or even coiling [9]. If Q, < S,0z21e Vs, under-extrusion, which generates
tensile stresses, can occur, and if Q, > S;,5,21.Vs, Over-extrusion, where compressive stresses
occur during the deposit of the printed material. For example, a discrepancy of 10% between
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the extrusion velocity and the velocity of the robot can induce deformation of 30% in the
materials deposited, which is sufficient to lead to material shear and fracture, and can initiate
the failure of the in-print structure. Description of the discrepancy between the real section of
the layer and an ideal rectangular section can be expressed as:

D . *?
nozzle — ﬁ
4B, H

layer~~ layer

(1)

S

For the pressing strategies (cf. fig d)), a second kinematic condition depending on the extrusion
speed V. and the robot displacement velocity V. can be expressed as:

H

layer

V
= Dnozzle 7i ( 1 2)

From results of Carneau et al. [49] it seems that an overall criterion defined as the ratio of the
pressing force Fro-zie and the stress induced by the self-weight of the material, defined as
4Fnozzle\/g
7":DnozzleZ.D.ngayer

is greater than the self-weight of the material if Eq. (12) is fulfilled.

shows that decreasing H,4,¢, below 1 cm allows having a pressing force which

2.4 Structural behavior during 3D printing

It is now accepted that the absence of formwork in the extrusion-based 3D concrete printing
process gives rise to the possibility of structural failure during 3D printing [22,54—-58]. The
gradual increment of loading due to the self-weight of successive layers can lead to either elastic
buckling, instability failure, or plastic collapse, material yielding, of the unsupported printed
structure. To prevent the occurrence of these failure types, both the strength and the stiffness
properties of the freshly extruded concrete should develop sufficiently rapidly to keep up with
the increasing self-weight [59]. This increment of loading is likewise time-dependent and
defined by the rising speed of the object, which in turn follows from the contour length of the
printed layer, the printing velocity, and the filament geometry. To assess whether structural
integrity is maintained during the printing process, various analytical methods have been
presented that relate the (minimal) development of material properties to the (maximal) rising
speed of the printed object.

The development of the material strength of fresh concrete, or static yield stress 7y, is typically
captured through the parameter A [60], which is a measure of the structural build-up rate of
fresh cementitious materials at rest (Eq. (13)).

TO (tre.vt)zrojo +A t (13)

thix *" rest

Where #.: is the time at rest after deposition and 7,9 is the initial yield stress value. Depending
on the time frame considered, the structuration rate may be described by both a linear and non-
linear trend [61-63]. Perrot et al. [64] presented a theoretical framework to define the optimal
build-up rate in a 3D concrete printing process considering plastic collapse, given both linear
and non-linear structural build-up of the yield stress. Basically, it permits estimation of a critical
object height H. s which induces the plastic collapse of the first layer:
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Hr,coll :# (14)

PE

Where #,,1s the time elapsed since the beginning of the printing. Wangler et al. follow a similar
approach to define the maximal horizontal printing velocity V. m.x, above which plastic collapse
would occur [65]:

= \/chon UurA ix 15
Y, s , % o) (15)

Where Lconiour 1S the contour length.

In addition to these plastic collapse criteria, Roussel [22] presented an analytical method to
define the critical object height H. sucr, at which elastic buckling is expected to occur:

1/3

8EI

Hc,buck = [ j (1 6)
pga

Where E is the elastic modulus of the material, / is the quadratic moment of inertia, and 4 is the
horizontal rectangular cross-sectional area. Here, it should be noted that the requirement on the
elastic Young’s modulus to prevent buckling rises with the cube of the object height, whereas
the yield stress requirements to prevent plastic collapse increases linearly with H.

The elegance of these analytical methods lies with the ease with which they can be rewritten to
define both the development of material properties as well as the allowable printing speed.
Instantaneously they can provide a first estimation of these requirements in preventing
structural failure during 3D printing. There is, however, a price to be paid for their simplicity.
These methods do not consider the gradient of material properties or variations of process
parameters over object height and are independent of object geometry. Particularly in the case
of elastic buckling, the geometrical contribution to the object’s stiffness can be substantial, and
thus, its omission in analytical methods can introduce a significant error. For these cases, where
more accurate assessment is desired, the use of numerical modelling provides a solution.

2.5 Material drying and curing

In extrusion-based 3D printing, fresh cement-based material is deposited without use of a mold.
Thus, it may dry significantly before setting. Drying decreases the amount of water available
for hydration. In the case of limited initial water content, water loss can be significant enough
to affect the hydration process. This problem is limited to millimeter-sized layers, where the
surface-to-volume ratio is high. Usually, bulk hydration is not affected by drying because the
loss of mass is small compared to the total mass.

However, the water loss may be localized at the free surface. Then, in a thin crust, hydration
may not be complete, leading to weak mechanical properties of the interface between successive
layers [66]. Keita et al. showed that the interfacial strength between two layers of mortar
successively cast with a time gap of up to a two-hour interval depends on the initial water to
cement ratio (W/C). For high W/C, the interface strength is as good as the bulk set material;
whereas for W/C lower than 0.35, the strength is halved; see Figure 4. Moreover for weak
samples, formation of a crust occurs [66].
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Figure 4: Relative interface strength as a function of W/C ratio after two-hour rest between
mortar layers. Dashed line represents the reference level for bulk materials. Adapted from [66].

Dried crusts at the free surface occur due to the water flow inside the material to respond to the
evaporative demand. As water evaporates, suction leads to liquid flow inside the porous
structure [67—69]. If flow is fast enough, the evaporated water is compensated, water
distribution remains homogenous, and the cement hydrates evenly. The maximum pressure
drop is equal to capillary pressure and allows estimation of water flux /.4, inside the material.

To avoid the formation of a crust and provide water to the surface, the following condition
should be fulfilled:

J, >, (17)

cap
where J, the initial drying flux at the free surface.

In practical applications [68,70], the condition can be rewritten as /.4, > 5 * J.. The drying flux
J. at the free surface is:

J, =—#Sfl—'? (18)
P

w air

Where p,,is the water density, S the surface exposed to air, and m the sample mass. At room
temperature and under laboratory conditions, the drying flux J,, as defined in eq. (18), is around
1077 m/s, corresponding to a water loss of 0.1 kg/m*/hour. However, the drying rate can vary
significantly depending on external conditions such as temperature, humidity, and wind. For
3D printed cementitious materials, the temperature may be increased significantly over 20-
25°C, due to friction during extrusion and the use of accelerators. This may increase the drying
rate by a factor of up to 100 above that of room temperature, leading to a value of J, ranging
between 1078 and 10~° m/s. Practically, the drying flux can be easily measured by the initial
drying rate divided by the free surface of the sample. In case the material is not available for
tests, the initial drying rate can be estimated by drying a cup filled with water.

The other member of equation (17), Jeup evaluates the flow capacity under capillary pressure
P.qp, and can be estimated by the Darcy flow over the height of the printed element (/) [67]:
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Where ¢ is porosity, tuaer fluid viscosity, and k permeability. The viscosity can be considered
as that of water so long as few polymers are in solution. Indeed, unabsorbed polymers may
increase the viscosity of the interstitial fluid between the cement grains by a factor of up to 100.
Thusn = 1 — 100 mPa.s. The capillary pressure P4, = y/7,, Where y is the air/liquid surface
tension. Surfactants could decrease the surface tension effect by a factor of 2; otherwise
air/water surface tension is 70 mN/m. The radius of the pore 7, in the cement paste depends on
the particle size distribution of the powder and its packing density. For classical cement with
grains of approximately 10 pum median size, the pore size 7, is around 1-2 pm [71].

The permeability k of cement-based materials can be experimentally measured [72]. However,
the right order of magnitude of £ can be estimated by the Kozeny-Carman formula k =
$31,%/45(1 — ¢p?). The characteristic radius for liquid flow is considered to be of the same
order as the radius for capillary pressure, i.e., around 1 pum. The porosity ¢ depends on the
mixture design, and can be calculated from the volume fraction of aggregates [73] and W/C
leading to permeability values ranging from 10~ 15to 10~1®m? for mortars.

Finally, under laboratory conditions, /.4, varies from 0.01 times to 10 times /.. To avoid drying
issues, eq. (17) should be fulfilled. Thus, in many circumstances J, should be decreased or J.4,
increased. As J, depends mostly on external conditions, decreasing the water demands
correspond to decreasing the temperature and the wind velocity, or increasing the humidity.
Jcap depends mostly on W/C and the aggregate volume fraction: from W/C = 0.45 to 0.2, /4y
decreases by a factor 10. Indeed, such variation is high enough to yield heterogenous mortar
and a weak interface, as shown in Figure 4, and increases the difficulty in 3D-printing concrete
directly onsite.

In addition to interface layer weakness, shrinkage can be detrimental to a 3D printed structure.
It occurs under dimensional instabilities because of the movement of water molecules or
volume change of reaction products in general. Typically total shrinkage (5%, can be
represented as the sum of plastic (g,), drying (&4), autogenous (€4y¢0), and carbonation (g.)
shrinkages [74,75] as shown below:

Epa =€+ 64+ Epy T (20)

total auto c

The total long term shrinkage strain in concrete is primarily effected by drying shrinkage;
autogenous shrinkage contributes only 5% of the total strain, and carbonation is more of a
surface effect [76]. However, plastic shrinkage can be detrimental to 3D printed structures in
the short-term especially because of the unique rheology of the mixtures and the higher surface
area-to-volume ratio, which could cause cracking, roundness errors, or even structural collapse
[77].

There are different models and equations to account for and predict shrinkage in concrete and
similar cementitious systems. The most common ones include the ACI 209-82 model [78,79],
CEB-FIP model [80], and B3 model [80—82]. Generally, shrinkage is associated with the drying
of the surface as a result of evaporation and bleeding, which increase pore pressure and the
radius menisci which induces stresses in the pore. Figure 5a shows the variation of capillary
pressure when evaporation overtakes bleeding and there is a net loss of water from the surface
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of a cast concrete specimen. Figure 5b shows the mass loss over time where the initial bleeding
compensates for the evaporation loss. But beyond the intersection point of the graphs, drying
induces shrinkage. There have been several models developed to quantify and simulate the
shrinkage process. The most common and fundamental model is of the form [83] as:

gsh = ashH% (2 1)

where agy, is the coefficient of shrinkage and Ho; is the ambient relative humidity. Other models
consider shrinkage strain based on capillary pressure [84], partial saturation levels in porous
solids [85], simultaneous action of capillary pressure and disjoining pressure [86], water content
[87,88], and moisture diffusion [89,90]. Several works have developed models in terms of a
severity index [91] and plastic shrinkage cracking [92], both of which are specifically applicable
to immediate plastic shrinkage which is relevant in the fresh conditions of cement mixtures in
the immediate printed state. The main differences that conventional models for cast in-situ
concrete differ from printed elements in shrinkage is the need to model the effects of differences
in the fundamental mechanisms inducing the shrinkage process. The main differences include
a) the primary significance of plastic shrinkage, b) the combined effect of the squeezing of
layers along with capillary bleeding-induced evaporation, and c) the direction of water loss
through multiple exposed surfaces when compared to the vertical-only direction in the case of
a closed mold casting.

4 i /
s Bleeding [ 11

Mass loss

AWepa

Capillary pressure

gﬂ Eperticat = K at atal = AP
5 W - water loss p — pore water pressure
E
< k- constant @ - constant
Casting Bleeding state Drying state
Time Time
(a) (b)

Figure 5: Shrinkage modelling for 3D printing of cement concrete (3DPC) - (a) pressure
evolution with time [93] - (b) Bleeding vs. drying state [94]

The exact description of the heterogeneous nature of shrinkage in a complex 3D printing
process requires the development of dedicated numerical simulation tools which consider
complex shapes and pertinent boundary conditions.

3.  Toward a numerical toolbox of methods for the 3D printing process

3.1 Mixing step

Analytical methods to assess mixing procedure require an experimental campaign to evaluate
the concrete’s homogeneity. However, such experimental work needs expensive tools because

concrete is opaque and visual inspection remains insufficient for assessing concrete quality.
Even though it is possible to model the flow in a truck mixer geometry using the finite volume
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method (FVM) using a supercomputer as shown in Wallevik and Wallevik [95], the preferred
methods to study the mixing step using numerical tools is based on DEM, distinct or discrete
elements methods [96,97].

This method, originally developed to study the dynamics of granular media [98], was
implemented to study concrete flow in the 1990s [99,100]. It considered cementitious material
as a network of separate particles interacting with each other. Forces among the particles are
computed using relevant interaction laws. Newton’s second law allows the computation of the
displacement of each particle considering the forces due to its interaction with surrounding
particles during a fixed time step. This time-iterative procedure is repeated in order to obtain
the description of the flow of concrete during the entire period under study.

To describe the flow of cementitious materials accurately, it is crucial to use relevant force-
displacement relationships. Both so called “contact laws” are needed for the normal and
tangential direction to the particles’ surfaces in order to describe the global viscoplastic
behavior as expected of the flow of fresh cementitious material. For example, as proposed by
Mechtcherine et al. [96,101], a combination of dashpot, springs and sliders provides a
physically acceptable force-displacement relationship between aggregates embedded in a
cement paste, as shown in Figure 6.

Force (N)

In tension

Maximal
tensile force

]

Spring Contact
(stiffness) law Bond

—>
\4 J strength

@@

f Elastic-like >
behaviour

Loss of
contact

\

Distance between
particles (m)

Dashpot

(viscosity) \

In compression

Figure 6: Example of a force-displacement relation in the normal direction used to model the
interaction between two aggregates embedded in a cement paste or a mortar (adapted from

[1017).

DEM has been applied to the mixing of cementitious materials because it allows for the fast
visualization of the quality of the mixing process by using particles of different colorations,
initially separated [96,102]. Moreover, DEM can also be used to study the segregation and
dispersion of particles having different sizes, i.e. sand and gravel.

More recently, progress in computation methods has facilitated the development of more
complex contacts laws, using time-dependent contacts laws [103] or also for different types of
particles, e.g., liquid and solid particles. It leads to the fact of different types of force-
displacement relationships being useful within the same time-step of a numerical simulation,
depending on which types of particles are in contact [104].

For example, Krenzer et al. [104] modelled the mixing of cementitious materials, taking into
account the transfer of water content during the interaction of a solid dry particles with a liquid
droplet. Such numerical simulation of the mixing requires the use of evolving contact laws that
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describe the transition of dry bulk material to a suspension depending on the local water content.
This type of numerical simulation paves the way to the numerical study of the dispersion of
accelerator within the printhead. The use of DEM for this purpose is expectantly awaited in
order to optimize nozzle shapes and in-line mixing systems.

3.2 Material delivery
3.2.1 Pumping

Similar to analytical tools, there have been many numerical tools developed for simulating
concrete pumping process. So far, the numerical tools have been focused on enabling estimation
of pumping pressures in consideration of the concrete’s rheological properties, influence of the
lubricating layer and its properties, and process pipeline variations, including bends and
diameter changes. The following is a brief summary of selected numerical modelling works on
the concrete pumping.

The majority of the published research on numerical modelling of concrete pumping utilizes
the Computational Fluid Dynamics (CFD) approach [17,97], in which concrete is modelled as
one single or as multiple phases in a continuum. This means that the rheological properties of
concrete in a phase are constant throughout the modelled geometry. A numerical solution for
fresh concrete’s rheological behavior is then made possible using the conservation laws or the
Navier—Stokes equations in conjunction with the Bingham or Herschel-Bulkley models.

Jo et al. [17] developed a computational approach to estimate the lubricating layer (LL) in
concrete pumping. Choi ef al. [105] simulated fresh concrete flow in a 170 m long pumping
circuit using a single-fluid CFD approach. The best fitting thickness for LL was determined by
comparing calculated pressure with the experimentally measured values at a flow rate of 50
m>/h. Furthermore, they analyzed pressure profiles comparatively along the circuit geometry
with the pressure profiles measured experimentally [105]. Choi et al. [106] investigated the
formation of the lubricating layer and simulated the mechanism of shear-induced particle
migration (SIPM) during concrete pumping. Influences of particle shapes were indirectly
modelled by solving SIPM equations, and by implementing a User-Defined Scalar into ANSY'S
Fluent [106]. It was found that numerical simulations considering particle shape correlated well
with experimentally measured velocity profiles using an Ultrasonic Velocity Profiler. Chen et
al. [107] performed CFD simulations of wet shotcrete flow in a pipe and determined the
thickness of LL. Tan et al. [108] developed a multi-phase numerical model to investigate wear
mechanisms of a concrete piping wall. They combined DEM and CFD approaches: DEM to
model concrete aggregates as discrete particles and CFD to model the continuous fluid phase.
Nerella et al.[109] developed a single-phase CFD model for simulating SLIPER experiments,
in which the lubricating layer was implemented using a user-defined function to vary the
material properties radially, as in experiments. Secrieru ef al.[21] implemented similar model
in large-scale pumping simulations of various types of concretes. If the rheological properties
of the LL cannot be experimentally determined, then they can be estimated indirectly using
numerical simulations in combination with analytical particle-suspension models such as
Chateau-Ovarlez-Trung and Krieger-Dougherty models, as shown by Nerella ef al.[109].

All these abovementioned tools could be applicable for 3D-printable concretes. However, there
are certain research challenges that still need to be addressed:

e Pumping during printing is often interrupted to move the printhead to new printing
position or to leave a wall opening, e.g. for windows, etc. As reported in the
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experimental work of De Schutter et al.[110], pumping pressures after a break could
increase drastically. Implementation of thixotropic material models is therefore of high
significance to develop numerical models as comprehensive tools in simulating the
pumping process of printable concretes. De Schryver ef al.[111] validated implantation
of thixotropy in CFD by linking the thixotropic internal structure to concrete viscosity.
e Experimental investigation focusing on the pumping of high-yield-stress, printable
concrete with various degrees of thixotropy are yet to be reported and are needed to be
conducted in conjunction with verification of analytical and numerical tools.

3.2.2 Extrusion

The use of numerical methods in studying the extrusion of cementitious materials allows the
description of the occurrence of multiphase flow and to account for the heterogeneous and
multi-scale nature of cementitious materials.

For example, El Cheickh et al. have modeled the extrusion flow of cementitious materials using
DEM [44]. The authors have used so-called soft-shell contact [112] considering each particle
as a composite material consisting of a hard core, the aggregate, surrounded by a soft shell, the
suspending cement paste. Using this method, the authors were able to determine the maximum
diameter of sand particles and sand volume fraction that can be used in a mortar mix-design of
a specified cement-paste rheological behavior. Where more complex geometries are involved,
e.g., a section-varying screw extruder [113], it can be noted that DEM has also been used to
simulate the orifice extrusion of cementitious materials or to predict the flow-induced
orientation of fibers within an extruded layer [96,114].

With the ability to model individual constituents discretely with sizes of a few millimeters and
actively track their particle level interactions, DEM simulations offer efficient tools for
extrusion processes. Recently the researchers of IAB Weimar GmbH and TU Dresden,
collaboratively developed a DEM simulation model of a large-scale screw extruder that can
extrude concretes with aggregates up to 8 mm diameter. Results showed that DEM can be
utilized to model material flow of heterogeneous high-yield stress printable concretes in
complex extruder geometries accurately; see Figure 7.
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Figure 7: Simulation of printable concrete in large-scale screw extruder elucidating both
extrusion and deposition processes (Courtesy of: Knut Krenzer, IAB Weimar gGmbH).

It is also important to note that water drainage during extrusion has been modeled using a finite
difference method [115]. Using an adapted version of the Terzaghi consolidation theory, this
model allows the practitioner to describe the local evolution of the water content and the
rheological behavior of cementitious materials undergoing extrusion. In the framework of this
study, the authors also developed a description of the mechanical behavior with a transition
from visco-plastic to pressure-dependent Coulomb type frictional material. This method can be
helpful in order to ensure that the material remains homogeneous during extrusion, where
consolidation kinetics are far slower than the process kinetics, and merits being extended to
two- or three-dimensional problems.

3.3 Material deposition

The use of numerical simulation based on finite element methods for the deposition step during
cementitious materials 3D printing is very useful in order to obtain the exact shape of the
deposited layer in real cases that are between asymptotic cases presented in section 2.3.
Moreover, it allows estimating the stress distribution within the layer to predict crack formation
or surface defects.

Several options exist for modeling the flow behavior of mortars and concretes during the
material deposition step: an elastic-visco-plastic model [51], a bi-viscous model where two
viscosities are used to simulate rheological behavior up until and the subsequent to exceeding
the yield stress of fluids [116] [117] or a continuous visco-plastic model [118,119]. For the
elastic-visco-plastic model, the material follows a Kelvin-Voigt model up to the yield stress and
behaves as a Bingham fluid beyond the yield stress. This approach consists in adding a high
enough Young’s modulus such that the material’s elastic deformation remains negligible in
comparison with viscous deformation.

The robustness of the numerical modelling of deposition also depends on achieving repeatable
rheological measurements before prototyping the final component, as presented in [120] and
[22]. To include reliable material properties, especially for high yield-stress materials, viscosity
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evaluation may not be easily evaluated [121]. Experiments inspired by soil mechanics or
hardened concrete testing can be used, for example, to estimate the elastic properties of the
material [54,122].

The sketch of a numerical simulation of mortars or concretes extrusion can be found in [123].
The Finite Volume Method (FVM) [123-125], using CFD (Computational Fluid Dynamics) or
PFEM (Particles Finite Element Method) [126] [127] can be used to simulate printed layers
using a complex fluid assumption. Such methods use a Lagrangian framework with an updating
mesh. The PFEM approximates the behavior of the material using a Perzyna formulation, a
rate-independent yield function used to describe the visco-plastic strain, of the Bingham model
that allows the taking of elastic deformation before material flow into account.

Using FVM it has been recently shown [ 128] that if robotic arm velocity suits the material flow
rate, nominal speed, and nozzle cross-section, then no variation in stress distribution occurs in
the filament. Such numerical modelling highlights the notion that increasing deposition height
or material properties such as stiffness, yield stress, and viscosity can be used to avoid over-
extrusion or even buckling of the filament [128]. Also, if under-extrusion occurs, then a
reduction of the maximal strain that the material can withstand before yielding reduces the
tearing of the filament [128].

The PFEM, in which a system of equations is solved by a set of pseudo-particles, which are
discretized by standard finite elements, is used in [127] to simulate the extrusion process and
predict layer shape. Figure 8 shows simulations of the influence of material flow rate on layer
cross section. Reinold et al.[127] reported that with PFEM, computed and measured cross
sections differ by less than 1% if the scaling of the velocity, nozzle section, and flow rate
process parameter is carried out. Extrusion-induced dynamic forces act on the top of the
currently printed wall segment and may influence the early age stability of the structure. As
proposed by [127], a generalized conclusion on the optimal tuning of the material properties is
not yet possible based on numerical results only.

Q=0.8 Qo
Q=1.0 Qo
Q=1.2Qo
(a) (b)
3
£ s P PR
e & ToE o MR, kst e
I= / / Q=1.0-Q, \ \
21 :‘ 1 i L
% ; L“q‘ ---x---Q=1.2.Q, Pﬂ 5
0 X———-x———é<—7;+——x— x;e:——-x——@-—x———{—]x———aﬂ—,——’-x————x—d/ I
-3 0 3 6

Width [cm]

~
(@]
~



618

619
620
621
622
623
624
625
626

627
628
629
630
631
632
633
634
635

636

637
638
639
640
641
642
643
644
645
646
647
648
649

Figure 8: a) Experimental result with constant flow rate (right wall), b and c¢) PFEM

numerical simulation of geometry variation with varying material flow rate, here
00=0.0001053 m’/s. (Courtesy of Janis Reinold, Ruhr-Universitiit Bochum,).

Concerning useful improvements that need to be implemented in the numerical modeling of the
deposition phase, elastic-visco plastic models could provide new insight by modeling creep
flow which cementitious material can undergo. Moreover, thermo-mechanical modelling
should be included, as in the case of the infinite brick process, friction can lead to a temperature
increase within the material and thus to a different stress distribution as well as for flowable
material where accelerators are added just before deposition, thereby very rapidly increasing
the temperature of the material. Also, physical properties such as the porosity induced by the
process can be optimized by modeling the meso-structure.

The time required to carry out complex numerical modelling is relatively long and needs to be
reduced. Assuming symmetry or axisymmetric conditions can also reduce computational cost.
Optimization loops used to fit the input parameters of numerical modeling should be carried
out to improve the deposit modeling; digital image correlation or calorimetry tests can be used,
for example, as non-destructive tests to assess the reliability of the numerical model used. This
has begun to be done in the work of [129], in which the model input parameters are initially
determined and then subsequently adjusted through an optimization loop minimizing the
difference in the displacements predicted by the model and the measurements which could be
performed by ultrasound examination or digital image correlation.

3.4 Structural behavior during 3D printing

The maturity of 3D concrete printing is reflected by the increasing complexity of objects created
by the technology. Bespoken architectural elements and objects with optimized material usage
are appearing in practice, and the potential of on-demand or graded material printing strategies
is being explored. For such advanced geometrical features and material distribution, the
application domain of analytical methods is quickly exceeded. Moreover, while the main
loading condition during 3D printing may be the self-weight of printed objects, as object
complexity increases, other loading types may occur due to the eccentric placement of layers,
kinematic pressure in the deposition process [49], or non-vertical pressure by secondary
materials [9,54]. In this regime, numerical modelling can provide detailed insight into structural
behavior as well as the occurrence and type of in-print failure as demonstrated by Figure 9 that
shows the comparison between the printing of an empty column of mortar and its numerical
simulations. In this 3D Finite Element Method (FEM) model, the material is modelled using an
elasto-plastic behavior using a pressure-dependent plastic criterion (Coulomb’s law).
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Figure 9: Comparison of printing process with numerical simulations. Description of shape-
dependent complex failure model. Color-scale provides the level of displacement (Courtesy of
R. Hameed).

The application of numerical methods in controlling structural behavior during 3D concrete
printing was for the first time demonstrated by Wolfs ef al. [54]. A 3D FEM model has been
developed, which simulates the successive placement of filaments during the printing process
and the corresponding development of material properties and self-weight loading. By linking
the FEM model to 3D CAD software, and including process parameters such as the printing
speed, the numerical model is essentially a digital twin of the 3D printing process, and thus, can
theoretically consider any complex geometry, variation in material properties, as well as
loading and support conditions. As the model includes both strength and stiffness parameters,
and features a geometrically non-linear analysis, the structural behavior during 3D printing can
be studied systematically, considering both failure types of elastic buckling and plastic collapse.

Rapidly to evaluate whether a 3D printed wall structure is susceptible to structural failure during
printing, Suiker developed a parametric mechanistic model [55]. The wide ranges of process
parameters and material properties were in this model reduced to five unique dimensionless
parameters to define both elastic buckling and plastic collapse. Suiker adopted a numerical
procedure to formulate convenient design formulas and design graphs for the three geometrical
cases of a free wall, a simply supported wall, and a fully clamped wall.

In a subsequent study [130], the two numerical approaches, an FEM-based and a parametric
mechanistic approach, were compared. The input for these analyses was based on extensive
experimental studies of the early age mechanical behavior of 3D printed concrete [122,131].
The numerical results of both methods were found to be in very good agreement. More recently
a comprehensive experimental validation study was performed, demonstrating the transition
behavior from elastic buckling to plastic collapse, the influence of geometrical imperfections
on buckling failure, and the effect of printing speed (analogous to variations in structuration
rate) on object stability. The results of these printing trials were in very good agreement with
the numerical predictions, highlighting the potential of numerical methods in analyzing the
structural behavior during 3D printing. Consequently, numerical methods may be adopted to
define, for instance, optimal printing speed or the minimal structuration rate without the
occurrence of failure during the 3D printing process. It is interesting to note that other research
groups have started to develop FEM-based numerical simulations in order to study the structural
behavior of in-print structures [129,132—137]. These studies are based on the same principles
but use different criteria for plasticity and the modelling of the evolution of mechanical
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properties over time. Recently, Chang et al. developed an extended lattice model using a 3D
network of Timoshenko beams with properties calibrated using green strength measurement of
the cementitious materials in order to study the stability of the structure during printing [138].
To model the process, the authors gave a gradient of mechanical properties to the beams along
the structure height.

While numerical methods are deemed more accurate than their analytical counterparts, the price
to be paid is in computational cost. Particularly if both geometrical non-linearity for buckling
and material non-linearity for plasticity are to be considered, and a complex 3D geometry is
analyzed such that symmetry conditions cannot be applied to reduce model size, computational
time can be excessive. This raises the question of accuracy versus speed and, more particularly,
the stage in which the assessment of structural integrity is to be performed. If an a priori
assessment of the optimal printing speed or structuration rate is to be defined, dedicated FEM
simulations may be a suitable strategy. However, as the 3DCP community is increasingly
moving towards real-time feedback and control as well as set-on demand strategies
[59,139,140], rapid decision making is required and to this end, a more simplified yet
instantaneous analytical assessment may suffice.

Until now, material behavior is expressed exclusively as a function of time. However, it has
been shown that additional environmental and process parameters can play a significant role,
such as temperature variation during printing sessions, which has a significant effect on early-
age strength and stiffness properties and, thus, on the occurrence of in-print failure [122,130].
Also, the bond strength between filaments is a critical feature which has been shown to be in
similar fashion strongly dependent on process parameters and environmental conditions
[66,141-143]. The inclusion of thermal and hygric parameters in the numerical simulations
may serve as a first step in extending the simulation into the hardened phase, as shown in the
next part.

3.5 Material curing and drying

Specific numerical tools on drying and early shrinkage of 3D printed materials are still under
development. Understanding the fundamentals of the shrinkage in printable mixtures helps in
modelling the phenomenon and applying it specifically to 3D printed (3DP) structures. Existing
models on shrinkage in cementitious systems have to be coupled with structural and procedure-
specific mechanisms in 3D printing for different materials such as metals, ceramics, polymers,
etc. which can be used to model the shrinkage phenomenon in 3DP of concrete (3DPC).

Figure 10 shows the effects of differences in boundary conditions while modeling the moisture
loss that induces shrinkage of specimens in cast in-situ and printed specimens. Due to the closed
boundaries, which do not allow any evaporation, the net evaporative flux is unidirectional, as
shown in Figure 10a, under capillary action in cast specimens. However, additional squeezing
under the overburden pressure of the layers and the open surfaces in the vertical direction need
to be incorporated for printed specimens.
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Figure 10: Difference in shrinkage modeling boundary conditions of cast in-situ and printed
specimens. (a) Unidirectional evaporative flux in cast specimens [131 |— (b) Cast in-situ vs.
printed specimen boundary conditions in moisture loss

Modeling 3D printed systems for shrinkage is additionally challenging, considering the layered
state of the system, which generally negates that innate assumption of isotropy and homogeneity
of material characteristics. Figure 11a shows the staircase phenomenon in binder jetting [145]
where layers differentially shrink at the boundaries and cause a trapezoidal edge. The time taken
for each layer to be placed and the material structure evolution will be additional parameters
that can address this effect in the case of cementitious binders. This idea can then be translated
to appropriate model elements, e.g., Maxwell, Kelvin-Voigt, Burgers etc., to identify layer
effects and appropriately address possible differential shrinkage as shown in Figure 11b [146].
Additionally, a 3D-lattice model to couple moisture diffusion and cracking in shrinkage for
strain hardening cementitious composites [83] and discrete element models [147,148] are also
proposed as suitable candidates to model these systems.
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Figure 11: Different model provisions associated with 3D printed specimens - (a) Staircase
effect in shrinkage of layered systems [145] - (b) Modelling elements for differential shrinkage
in layered systems [146]

Although drying shrinkage in printable cementitious binders have been recently reported [149—
151], the results were independent of the printing procedure and focused on material
characteristics like the amount of nanopores, dispersion, specific surface area, and energy
activity of solid phases [149]. The ACI and FIB models were used to evaluate drying shrinkage
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in fiber-reinforced 3DP binders to propose a porosity based model in [150] while a novel
shrinkage measurement technique was proposed for 3D printed cementitious filaments in [151].
Due to the lack of literature in shrinkage model development in 3DPC, results from other fields
and materials could be relevant benchmarks for review.

It is relevant to note that in 3D printed Polylactic Acid (PLA) parts, the shrinkage decreases
with an increase in layer height and print speed while it increases with print length [152], which
could be relevant in the case of cementitious mixtures as well. Also, in metal fused filament
fabrication (FFF), shrinkage is reported to be independent of the infill percentage [153] while
fused deposition modeling (FDM) of PLA parts using viscoelastic models and numerical
modeling have been used to develop interior structures (infills) that compensate for the overall
shrinkage of the otherwise solid print. This information could be used to modify the model and
print parameters in compensation modeling [153—157] for shrinkage mitigation. This shows
that relevance of infill patterns to influence the shrinkage properties of printed structures.
Hence, these remain as gaps in research and underly the significance of research in
understanding the fundamental mechanisms and modelling approaches for plastic and drying
shrinkage in 3D printed cementitious systems.

4. Summary and discussion of the relevant tools

Analytical models are useful in providing rapid insights into the rheological requirements and
process parameters for 3D printing, but they are insufficient in real practice, i.e., with complex
geometrical configurations, or when materials exhibiting gradients of consistency between self-
consolidating materials and zero-slump concrete are used. For example, the analytical stability
criteria proposed in Egs. (14) and (16) enable prediction of the failure of the structure in the
simplest case, i.e., with a constant rate of printing, perfectly vertical structures and also for Eq.
(16) a material with homogeneous properties, but cannot be used to predict failure in real
situations accurately. In these cases, numerical modelling methods are suitable to obtain precise
prediction of the process. This practice paves the way to the in-line monitoring of the process
through a digital process twin which can be used for process control, process calibration or
material optimization.

However, if these tools exist, they must be optimized in terms of computation requirements and
have their use simplified in order to be democratized on the industrial engineering scale. All
selected methods detailed in this work are summarized in table 1.

Table 1: Summary of selected analytical models and numerical tools for each step of the
printing process of cementitious materials.

. Model parameters
Step Equations / Tools - D Ref
Material | Process Geometry
MiXiIlg Characteristic diffusion time - | z: viscosity [9]
Eq. (1) Tace: accelerator
molecule radius
Mixing kinetic law - Eq. (2) te: characteristic | Q: Mixing rate
mixing time [14]
Numerical tools:
DEM methods with evolving and heterogeneous contact laws [104]
Pumping 70: shear yield stress [18]
AL Viscosity




Kaplan flow rate predictions -

Eq. (4) and (5)

70,2 wall shear yield
stress

AP:  loss  of
pressure

Op: Pumping flow

Rpipe:  Hose  pipe
radius
Lpipe:  Hose pipe

M. viscosity inside | rate length [15]
the LL
Numerical tools:
Computational Fluid Dynamics (CFD) approach using Bingham and Herschel-Bulkley |[17]
constitutive law [105]
CFD consideration of shear-induced particle migration [106,
107]
CFD with heterogeneous materials [109]
Extrusion |Benbow-Bridgwater equation | oo: yield stress Vext: extrusion [29]
Eq. (6) (elongational) velocity
ao, ai, no, m: viscous | Pex: extrusion
fitting parameters pressure
Basterfield model 79: shear yield stress daie: die diameter
Eq (7) 7, n: parameters of Dex: extr. diameter
HB model (viscosity) Laie: die length
70,i: interface yield 0: convergent flow
stress angle
M. viscosity inside
the LL
Progressive cavity pump (PCP) Opep : PCP flow | e excentricity
flow rate rate Vpep: PCP volume | [41]
Eq. (8) ny: rotational Dy rotor diameter
rotor velocity Dys; stator diameter
P stator pitch
Numerical tools:
DEM with soft-shell contact law [44]
DEM with “Bingham” type interaction [96]
Deposit Layer height prediction: [9,22,
Infinite brick asymptotic case Prozzie: pressure | Hiayer: single layer | 49]
Eq. (9) exerted by the height
nozzle on the Biayer: single layer
) . p: material density layer width
Layer height prediction: Free | . chaar yield stress | Frozze: force /3 geometrical [9,53]
flow asymptotic case exerted by the accuracy parameter
Eq. (10) nozzle on the Dhozzie: Nozzle
layer diameter
Shape accuracy: Ve: extruded layer [49]
Eq. (11) velocity
V»: Robot head
velocity
Numerical tools:
Particles finite element method (PFEM) [126]
Finite volume method (FVM) [128]
[125]
Stabi]ity Base layer plastic collapse: 70: shear yield stress | Vimax: Maximum | H: height of the [64]
Eq. (14) (15) Auwmix: structural build- | robot velocity printed structure
up rate value for plastic | He,conr: critical
p: material density collapse criterion | height for plastic
trest: time elapsed | collapse
Elastic buckling failure: E: elastic modulus since material is | He,buck: critical [22]

Eq. (16)

left at rest after
deposit

tyr: time elapsed
since print starts

height for elastic
buckling

Lcontour: contour
length

I: quadratic
moment of inertia
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of the horizontal
cross-sectional area
A: cross sectional
horizontal area

Numerical tools:

FEM with elasto-plastic behavior with pressure dependent criterion [54]
Parametric mechanistic modeling [55]
Extended lattice network of Timoshenko beams with varying properties [138]
Drying and Comparison between capillary | p,: water density Jeap: water flux | m: material mass [66]
. and evaporation flux Jeap and Je | 7,: water viscosity induced by Sair: free surface
curing Eq. (17) (18) (19) k: permeability capillary pressure | H : sample height
¢: porosity Je: Water.
7. air/water surface | €vaporation flux
tension
rp: pore radius
Shrinkage [74]
Eq. (20)

Numerical tools:

Methods to be developed by implementing cementitious materials behavior within 3D printing
geometry.

5. Conclusions

This paper provides a review of the tools that can be used to describe the extrusion-based, 3D
printing process of cementitious materials. A comprehensive review of the literature and a
synthesis of all available models and tools are provided in the expectation of helping both
academia and industry by making available an exhaustive toolbox that can be used at different
stages of the development of a printing process, or for process monitoring. The paper follows
the process from the initial mixing to the early curing conditions which can alter the final
hardened behavior of the printed concrete.

In the first section, analytical models that can be used to provide approximate estimations of
rheological requirements of the materials and/or the process parameters are enumerated.
Kinetics of mixing, equations linking flow rate and pumping/extrusion pressure, prediction of
the layer height of fluid and firm cementitious materials (i.e. asymptotic cases), stability
criterion for in-print structures with simple geometry and description of adequate curing
conditions are presented. It is shown that these methods can be used for simple cases or as a
first estimation attempt in the early development of a new process by considering simple
asymptotic cases, i.e., infinite brick or highly flowable material.

However, it is also shown that the above methods are not accurate enough to provide a complete
and comprehensive description of the process. It makes them inefficient in optimizing the 3D
printing process or for in-line monitoring. For this purpose, advanced numerical solutions have
been or are being developed. These numerical approaches are listed in the second section.

It has been shown that DEM, the Distinct Elements Method, is very promising for the
simulation of the mixing process, initial or in-line, and for the prediction of granular blocking
during extrusion and pumping. Moreover, FEM, the Finite Elements Method, is able to simulate
the deposition step and provide the description of the shape of the deposited layer or to predict
the stability of the structure during printing. These advanced numerical tools can be used for
optimizing the printing process in the case of the printing of complex shapes and can be used
with appropriate complex constitutive laws such as time-dependent behavior, pressure-
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dependent behavior, thermal and hygric effects etc., and for gradients of properties and
composition.

All the methods are listed in a final table, which can serve as a toolbox reference for engineers
developing printing processes or building increasingly complex printed concrete structures.
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