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Abstract Different from conventional mold-cast
concrete, extrusion-based 3D printable concrete
is deposited layer-by-layer without the support of
formwork. Plastic yielding may occur during the 3D
printing process, which refers to the non-reversible
deformation of the extruded material under load. It is
essential to understand and model the plastic yield-
ing of 3D printable concrete in numerical simula-
tions to ensure the high shape stability of 3D-printed
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elements. To this end, this study explores the influ-
ence of process parameters and material properties
on the plastic yielding of 3D printable concrete based
on computational fluid dynamics (CFD). The mate-
rial properties were obtained by carrying out flow
curve measurements and a Herschel-Bulkley model
was adopted. A one-layer element was numerically
modeled and validated with the cross-sections of the
3D-printed layer obtained using image analysis. The
numerical results agree well with the experiments.
After calibrating, the one-layer model was extended
to two layers using the user-defined function. The
geometrical profile and the plastic-yielded regions in
the 3D-printed layers were analyzed as influenced by
different process parameters and material properties.
Numerical results indicated a high-yielding region in
the newly deposited layer, and stresses can be trans-
ferred to the underneath layer, resulting in further
deformation.

Keywords 3D concrete printing - Numerical
simulation - Plastic yielding - Buildability -
Computational fluid dynamics

1 Introduction

Even while earlier historical attempts could be traced,
the technology of 3D concrete printing (3DCP)
mainly has its roots in the early 2000s when research-
ers and engineers began exploring in more detail the
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potential of additive manufacturing techniques for
concrete construction. One of the first known mod-
ern 3D-printed concrete structures was a wall element
printed in 2003 using the so-called contour crafting
approach [1, 2]. Since then, this technology has rap-
idly evolved, with numerous researchers and compa-
nies developing different strategies for printing con-
crete structures of various sizes and shapes. Several
different branches include extrusion-based printing,
shotcrete-based printing, powder-based printing,
binder jetting, etc. [3, 4]. Among these, the extru-
sion-based 3DCP is primarily employed, where fresh
concrete is extruded at controlled volumes to deposit
sequential layers along a pre-defined path [5, 6]. It
allows for the construction without the support of
formwork, making it possible to create architecturally
complex and non-rectilinear structures [7, 8]. How-
ever, without gaining high shape stability, also known
as high buildability, 3D printable concrete suffers
from different types of failures after being extruded
without formwork [9, 10].

Two typical failure modes include plastic collapse
and elastic buckling, which can lead to instability
during placement [11, 12]. Recently, a combination
of both failures was also observed [13]. The yield
stress of fresh concrete governs the plastic collapse,
while the elastic modulus of concrete influences the
elastic buckling failure [14]. Therefore, yield stress
and elastic modulus play a crucial role in determining
the buildability of 3D printable concrete. To evaluate
the buildability, different test methods have been pro-
posed. The most commonly used way is the so-called
stress growth test where the fresh material is sheared
with a vane rotor at a controlled rate and the shear
stress as a function of shear strain can be obtained
[15]. In addition, the squeeze flow test with a con-
stant force mode was performed to obtain the yield
stress of fresh concrete with the consideration of the
strength correction factor [16, 17]. Furthermore, the
squeeze flow test with an increasing force mode can
also be used for the elastic modulus evaluation of
the fresh material [18]. In a similar way, the uniax-
ial unconfined compression test employs cylindrical
samples with a higher aspect ratio, as compared to the
squeeze flow test. The elastic modulus and the green
strength of 3D printable concrete in the fresh state
can be obtained [19, 20]. A slow penetration test is
also an option, where the evolution of the yield stress
can be recorded during hardening [21]. In addition,

a so-called slugs-test has been introduced to assess
yield stress at nozzle exit in the case of extrusion-
based 3D printing [22]. However, as mentioned, the
newly developed 3DCP gives access to freedom of
shape that results in complex stress states, even in one
printed layer [23]. As a result, most experimental and
analytical methods cannot provide comprehensive
insights into the stress state of printed layers. Moreo-
ver, relying solely on trial-and-error experiments can
be laborious and time-intensive.

Numerical simulation has proven to be an efficient
approach to understand the behavior of 3D printable
concrete in the fresh state [23, 24]. Among differ-
ent numerical strategies, the finite element method
(FEM) has been used to simulate 3DCP by modeling
the extrusion process, as well as the behavior of the
3D-printed material and different failure patterns [19,
24]. In this regard, a Grasshopper plug-in for voxel-
based numerical simulation of 3DCP has been devel-
oped by Vantyghem et al. [13]. In addition, the dis-
crete element method (DEM) was used to simulate
the concrete extrusion and deposition processes [25,
26]. A novel simulation model for concrete flow has
been introduced, which describes fresh concrete as
a collection of particles composed of hard, spherical
grains that represent aggregates, surrounded by con-
centric layers representing mortar or cement paste
[25]. In addition, the lattice model with geometric
nonlinearity was used to simulate elastic buckling
in 3DCP [27]. Computational fluid dynamics (CFD)
is an alternative approach to simulate the extrusion
process of 3D printable concrete, considering that
it has been extensively adopted to model the mix-
ing and pumping stages of fresh concrete [28, 29].
In a recent study, Comminal et al. [30] predicted the
cross-sectional shape of a 3D-printed layer through
virtual printing simulations in the framework of CFD.
Specifically, the authors compared different constitu-
tive laws and discussed the plastic deformation due
to self-weight and extrusion pressure. Following that,
Spangenberg et al. [31] utilized an elastic-viscous-
plastic constitutive model to simulate the flow behav-
ior of 3D-printed layers and predicted the yielded
regions of the mortar during printing. Even though,
only one representative model was presented showing
yielded and unyielded regions. In addition, Mollah
et al. [32, 33] investigated the stability of deformable
layers during material extrusion additive manufac-
turing (MEX-AM) by using CFD and predicted the
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deformation of 3D printed layers as influenced by
the processing parameters (such as printing speeds,
extrusion fluxes, layer heights, and nozzle diameters),
rheological properties, and the presence of reinforce-
ment. Despite the inspiring outcomes from the stud-
ies, the effect of the printing parameters and rheo-
logical properties on the formation of local plastic
yielded regions during the multiple-layer extrusion
process was explored to a limit extent.

In the current study, we focus on the plastic yield-
ing of extruded materials as influenced by process
parameters and material properties. First, the model
was validated by visualizing and comparing the
layer height and width obtained from experimental
and numerical results. Furthermore, the geometri-
cal profile of multi-layer elements was evaluated as
influenced by different process parameters including
the nozzle diameter, the printing speed, and the noz-
zle height. Finally, the distribution of local plastic
yielded regions and the yielded area in multi-layer
elements was analyzed.

2 Numerical model

The numerical simulation was carried out with
the commercial software package ANSYS Fluent.
The single-fluid approach was used to simulate the
concrete extrusion process. The pressure—velocity
coupling was established by employing the semi-
implicit method for pressure-linked equations (SIM-
PLE). Given the assumption that fresh concrete is
an incompressible fluid in an isothermal condition,

Fig. 1 Computational
domain of the numerical

model . .
Computational domain

Printing path

the fresh concrete was modeled by the continuity
and momentum equations [30, 34]:

Vou=0 )
du 2
p(E - V)u) = _Vp+ uVu+pg )

where p is the fresh concrete density (kg/m?), u is the
velocity vector (m/s), u is the viscosity (Pa s), ¢ is the
time (s), p is the pressure (Pa), and g is the accelera-
tion due to gravity (m/s).

The computational fluid domain of the model
comprises the printing nozzle, the planar building
surface, the printing path, and the area for material
extrusion in Fluent (see Fig. 1). The printing noz-
zle is modeled as a hollow cylinder with a length of
80 mm, a wall thickness of 2 mm, and varied inner
diameters (15, 20 and 25 mm). The planar building
surface is 350 mm in length, 80 mm in width, and
5 mm in height. The printing path is created using
Rhino/Grasshopper and integrated into the compu-
tational domain.

A tetrahedral grid is utilized for the wall of the
printing nozzle, while a hexahedral grid is used
for the computational fluid domain, with appropri-
ate refinement near the nozzle. Upon importing the
mesh model into Fluent, no-slip boundary condi-
tions are applied. Meanwhile, other parts of the
computational domain have free boundary condi-
tions, which permit the unrestrained deformation
of materials [30]. Moreover, to ensure volume con-
servation, the extrudate’s volume must be identical

Material inlet

Printing nozzle

Building plate
350*80*5 mm
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Fig. 2 a Schematic views of the extrusion configuration with two layers, and b example of cross-sectional plane for image analysis

to the print material’s volume, as illustrated in
Fig. 2a. The cross-sectional area is determined by
the speed ratio Sy =V/U, where V represents the
printing speed (mm/s) and U represents the material
extrusion flux (mm/s), according to the following
equation:

}LnDZU = AV (3)

where U is the material extrusion flux (mm/s), D is
the nozzle diameter (mm), A is the cross-sectional
area of one printed layer (mm?), and V is the printing
speed (mm/s).

Other parameters to be noted include the thick-
ness of one printed layer H; (mm), the width of one
printed layer W, (mm), and the nozzle height Hy
compared to the previous layer (mm).

Custom generation is adopted to describe the fluid
movement with the printing nozzle, which is not
pre-defined in Fluent. The momentum source terms,
which stack on top of each other and move recipro-
cally during the extrusion of 3D-printed concrete,
are loaded using a user-defined function (UDF). This
ensures that the source terms of all meshes in the
zone are related to the defined coordinates, as well
as the interaction between the dynamic meshes of the
bottom layer and the second layer. Figure 2b illus-
trates the effect of the computational model loaded
for the two-layer element.

Seven numerical models with varying grid quanti-
ties (from 150,000 to 1,000,000, see Fig. 3) were set
up individually, while all other material and physi-
cal parameter settings were kept the same. This was
done to evaluate the impact of mesh refinement on
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Fig. 3 Cross-sectional profile using different numbers of grids
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fluid flow field calculation. The cross-sectional profile
obtained from the numerical simulation of single layer
3DCP was compared, as illustrated in Fig. 3. It dem-
onstrates that the grid size directly impacts the shape
of the cross-section of the printed layer. When the grid
number increases to 400,000 or more, the overall shape
of the cross-section remains relatively stable, with a
denser data point distribution, resulting in a smoother
and more rounded cross-section. The trend of the cross-
sectional distribution was similar when the grid num-
ber was around 500,000 compared to the larger grid
number of about 1,000,000. Hence, a grid number of
approximately 500,000 was selected for calculation in
this paper, meeting the computational domain require-
ments while conserving computational resources.

This paper describes the rheological proper-
ties of 3D-printed concrete by employing the Her-
schel-Bulkley model, which will be further discussed in
the following section. Different printing speeds, nozzle
heights, nozzle diameters, and rheological properties
were set in the model to evaluate the influence of print-
ing process parameters and rheological properties on
the geometrical profiles and plastic yielding of extruded
layers. The established CFD model employed a scalar
approach to distinguish the rheological characteristics
of two layers [33]. This distinction is crucial for accu-
rately simulating the deposition process, where a fresh
layer with a lower yield stress value was deposited onto
the bottom printed layer with a yield stress buildup.
In the current study, only one mixture with a yield
stress value of 405.7 Pa was developed for experimen-
tal testing (see Sect. 3.2). To describe the yield stress
buildup during 3D printing and to determine the lower
and upper boundaries of yield stress values, the high-
est yield stress value of the bottom layer is determined
when the bottom layer remains entirely unyielded in the
model, regardless of changes in the second layer. The
lowest yield stress value of the second layer is selected
when the second layer itself is completely yielded in the
model. The other values are linearly interpolated. See
more details in Table 1.

3 Experimental program

3.1 Materials and mixture preparation

The current study used Portland cement (52.5 N) and
quartz sand with a maximum grain size of 2 mm.

Table 1 Values of the printing parameters and material
parameters used in the model

Parameters Numerical values
Printing speed (mm/s) 10, 20, 30, 40
Nozzle height (mm) 5,10, 15,20
Nozzle diameter (mm) 15, 20,25

Yield stress of bottom layer 405.7, 604, 803, 1002, 1201,
(Pa) 1400

Yield stress of second layer 190, 243.75, 297.5, 351.25,

(Pa) 405.7
Consistency index 74.07
Power index 0.81

Hydroxypropyl methyl cellulose ether with an amount
of 0.15% by the mass of cement and polycarboxylic
acid with an amount of 0.1% by the mass of cement
was used as the viscosity modifying admixture and
the water-reducing admixture, respectively. The solid
content of the water-reducing admixture is around
20%. The water-to-cement ratio is 0.35 and the
sand-to-binder ratio is 1. The mixture was prepared
with the following procedure. First, quartz sand and
cement were mixed for 60 s. After that, water with the
dissolved water-reducing admixture was added and
mixed for 120 s. After scraping and resting for 60 s,
the viscosity-modifying admixture was added and
continually mixed for 240 s. The rotational speed was
controlled constantly at 60 rpm.

3.2 Rheological measurements

The eBT-V rheometer (Schleibinger) equipped with
coaxial cylinders was used, where the inner cylin-
der measures a speed range of 0—40 rpm. The height
and diameter of the blade vane rotor were 103 mm
and 80 mm, respectively. The capacity of the con-
tainer was 15 L and the inner diameter was 244 mm
(without considering anti-slip bars). The flow curve
measurement consisted of two stages. The first stage
was the pre-shearing stage (35 rpm for 30 s) to reach
a reference state of the material. After pre-shearing,
six steps were carried out, with the maximum speed
set to 35 rpm and the minimum speed set to 2 rpm.
At each testing step, the rotational speed decreased
by an equal amount, with a measurement interval of
5 s. Only data points from the last 3.5 s of each inter-
val were collected as speed and torque can fluctuate
during the speed change transition period (usually the
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first 1.5 s of 5 s). Approximately 50 stable data points
were collected for each stage. The Herschel-Bulkley
relation will be applied, as expressed:

T =1y +ky" 4)

where 7 denotes the shear stress, 7 is the yield stress,
y is the shear rate, k is the consistency index, and n is
the power index.

The flow curve measurements were carried out
twice for verification.. The values for the yield stress,
the consistency index, and the power index are 405.7,
74.07, and 0.81, respectively. The time-dependent
behavior is crucial for 3DCP. In the current study, the
time-dependent behavior is considered by assigning
different yield stress values to the first and the second
layer. More details can be found in Sect. 4.3.1.

3.3 3D printing tests

A gantry type 3D printer was used, which consists
of two main components: the printer system and
the accessory part (see Fig. 4). The printer system

printing head

v

building plate

contains the print head, stepping device, and PLC
control system, while the accessory part includes the
overall frame, printing platform, and other associated
elements. The PLC control system governs the overall
device stepping and can automatically slice the print-
ing model and optimize the path.

The single-axis stepping speed ranges between
0 and 50 mm/s, and the servo motor’s accuracy
accounts to 0.01 mm, enabling accurate three-axis
linkage. The printer was equipped with a print head
compatible with the printing material’s largest par-
ticle size of 2 mm. The nozzle diameter was 20 mm
for the 3D printing tests. In addition, different nozzle
heights (10 and 20 mm) and printing speeds (10, 20,
30, and 40 mm) were set to validate the model. Four
cross-sections were measured for each series.

3.4 Image analysis

Image analysis was employed to analyze the geome-
try of layer cross-sections. Initially, the filming device
(Andor CCD camera) matrix was calibrated, fol-
lowed by contour detection utilizing a custom image

(d) 3D-printed layers

Fig. 4 3D concrete printing system, including a gantry framework, b controlling system, ¢ printing nozzle indicated in the red circle,

and d 3D-printed layers
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processing script based on spatial filtering and image
binarization. The data were calibrated to obtain the
coordinates of each corner point in the image. This
was achieved by capturing images of the calibration
matrix board from different angles using the film-
ing equipment and simulating the image information
acquisition conditions and filming environment using
the calibration tool library in MATLAB. To further
binarize the image, the next step involved convert-
ing the grayscale image into a binary image. This is
achieved by assigning a value of 1 (white) to all pix-
els in the input image that have a brightness greater
than a specified value (i.e. a threshold value) while
assigning a value of O (black) to all other pixels. The
range of values specified is related to the potential
signal level of the image. For example, a value of 0.5
corresponds to a medium intensity value between the
minimum and maximum values of the image. After
obtaining the binary image, the outline is traced by
recognizing non-zero pixels as objects and zero-val-
ued pixels as the background. A specific starting point
on the object’s boundary is identified, along with the
initial search direction for the next object pixel. The
row and column coordinates of the pixels along the
object’s boundary are then saved, creating a smoother
cross-sectional profile with more uniformly distrib-
uted data points. The height and the width of the layer
are then obtained at the central-axis position, i.e. in
the middle of the sample.

4 Results and discussion
4.1 Model validation

A visual comparison of layer height and width
between numerical and experimental results is shown
in Fig. 5, revealing that the model calculation results
agree well with the experimental results for differ-
ent printing speeds. It should be noted that the fluid
extrusion flux U was adapted based on the actual
cross-section area considering the flow fluctuation
in practical printings. This is because the process
parameters, as well as the material properties such
as cohesion, directly impact the geometrical profile
of the extruded layer. A printing speed that is too fast
or too slow can result in underfilling or overfilling of
the material, as well as fracture of the material in the
fresh state [35, 36].

Note that the simulation outcomes may not align
with experimental results optimally in extreme cases,
such as Case 1 and Case 8 in Fig. 6. In the numerical
model, it assumes the fresh concrete as an ideal grav-
ity flow, while in a practical situation, compression
can also be caused, as well as the friction at the print-
ing nozzle, especially when admixtures such as cel-
lulose ether are added to 3D printed concrete. There
is a likelihood of drag effects occurring because of
the cohesive nature of fresh concrete. As a result, the
surface of 3D printed concrete tended to be flatter
in experiments than the simulated one (see Case 1)
when a low printing speed was adopted. Conversely,
employing high printing speeds (e.g. 40 mm/s) and
substantial nozzle heights (e.g. 20 mm) resulted in a
practical printed layer width that is narrower than the
simulated counterpart, attributable to the influence of
drag forces (see Case 8).

In Fig. 7, a quantitative comparison of the layer
height and width between numerical and experi-
mental results with respect to the speed ratio is pre-
sented. It shows that as the speed ratio increased, the
layer height decreased slightly, while the layer width
largely decreased. This follows the actual 3D printing
cases where the height of one single layer is mainly
controlled by the nozzle height [37, 38]. The results
demonstrate that the experimental results correspond
to the numerical simulation results, thereby confirm-
ing the effectiveness of utilizing the Herschel Bulkley
constitutive law to characterize the fresh material.

4.2 Geometrical profile evaluation
4.2.1 Influence of nozzle diameter

The diameter of the printing nozzle can significantly
impact the width of the printed layer, therefore, alter-
ing the nozzle diameter mainly affects the interlayer
bonding state by modifying the contact area between
the layers and the flatness of the layer surface [39,
40]. Figure 8a shows that changing only the diameter
of the printing nozzle leads to a significant reduc-
tion in layer thickness when the nozzle with a smaller
diameter is used, as the fluid extrusion flux remains
constant (U=32.93 mm/s). Each layer has a concave
shape during printing, leading to more significant
transverse deformation and more severe geometric
defects. Furthermore, the increased local flow raises
the likelihood of plastic damage to the printed layer.

niem
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Fig. 5 Comparison between numerical simulation and experimental results, where red lines indicate numerical results and dashed

lines indicate experimental results

Fig. 6 Dragging effect dur-
ing 3D printing for a Case
1, and b Case 8

Figure 8b illustrates the situation where the
fluid extrusion flux is adjusted proportionately to
the printing nozzle diameter to maintain the cross-
sectional shape of the printed layer. As the diam-
eter increases, the printed layer tends towards a

rectangular shape, resulting in a larger contact
area. In addition, the increased diameter expands
the range of stresses acting on the printing noz-
zle, reducing the occurrence of stress concentration
and minimizing overall deformation, which will be
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further discussed in the following section. There-

fore, adjusting the nozzle diameter and fluid extru-

sion flux accordingly promotes overall stability.

Fig. 7 Geometrical profile
of one printed layer as
influenced by the speed
ratio Sg: a layer height and
b layer width

H, [mm]

4.2.2 Influence of printing speed

Altering the printing speed is an effective way to

enhance the construction speed, however, an exces-
sive high printing speed can add uncertainties to
the printing process [41]. Figure 9a indicates that
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when solely modifying the printing speed (from
20 to 40 mm/s) with other factors being constant
(D=20 mm, Hy=10 mm), the width of the printed
object decreases correspondingly due to the reduced
amount of material, resulting in a circular cross-sec-
tion of the printed layers. This decreases the inter-
layer contact area, thereby increasing the possibility
of geometric defects [42, 43].

If the flow rate is scaled while changing the print-
ing speed, it can keep each layer of the printed body
almost the same, ensuring the layer contact area, as
shown in Fig. 9b. However, a faster speed and larger
extrusion flow rate may increase local instantaneous
extrusion stress, leading to greater vertical deforma-
tion, which will be further explained. Consequently,
the material undergoes lateral deformation, posing
a greater risk to the overall stability [16]. Therefore,
altering the printing speed results in a higher risk for
overall stability, whether only changing the speed
or matching the corresponding working conditions.
Therefore, adjusting the printing speed to match other
factors is not recommended.

4.2.3 Influence of nozzle height

The effect of the nozzle height on the cross-sec-
tional geometry is shown in Fig. 10. Different noz-
zle heights were compared, including 5, 10, 15, and
20 mm. Previous studies indicated that changing
the nozzle height can also alter the deformation and
stress distribution of each layer [44, 45]. Therefore,
matching other processes, such as the printing speed
or the extrusion flux, with the print height to obtain a
better-printed layer and ensure proper layer stacking
is required.

Two approaches, including adjusting the print-
ing speed (from 12-60 mm/s) and the extrusion
flux (from 16.47-82.33 mm/s), were adopted in the
study. Other parameters such as the nozzle diameter
(20 mm) were kept the same. As indicated in Fig. 10,
although adjusting the printing speed or the extrusion
flux can meet stability requirements, the effect on the
plastic yielding remains complicated, which will be
discussed further in Sect. 4.3.3.

4.3 Plastic yielding analysis
4.3.1 Influence of yield stress difference

Stacking the second layer applies two main compo-
nents of force on the bottom layer: the self-weight of
the top layer and the transient local squeezing stress
of the printing nozzle. The plastic yielding region
appears when the stress exceeds the yield stress of
the extruded material. For the numerical analysis, the
yield stress of the bottom layer material is denoted
as 7y ;, the yield stress of the second layer material is
denoted as 7 5.

Figure 11a exhibits the plastic yielding region dur-
ing extrusion. By assessing the volume of the mate-
rial that reaches the yield stress in different cases,
we can obtain a valid indicator of the likelihood of
potential plastic yielding. The yield stress of the top
layer is set as 405.7 Pa. It can be observed from the
figure that when the yield stress of the bottom layer
material is greater than 1000 Pa, no plastic yielding
region can be found in the bottom layer, indicating
that it can withstand all the loads during the extru-
sion process. Nevertheless, in case the yield stress
of the bottom layer is at the same level as the second

Fig. 10 The influence of 40
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Fig. 11 The influence of
yield stress on plastic yield-

ing, a distribution of plastic Ty =00k
yielded region, and b plastic
yielded area in function of
yield stress (D =20 mm,
V=30 mm/s, Hy=10 mm)
7y, =850Pa
7,, =1400Pa

(@

deposited layer, i.e. 405.7 Pa, a large yielded region
can be observed.

The volume of plastic yielding in both layers is
illustrated in Fig. 11b when the yield stress of the
top and bottom layers changes. It can be observed
that the volume of material reaching plastic yielding
remains approximately constant when the yield stress
of the bottom layer is large enough. This is because
the bottom layer no longer yields during the extru-
sion process as the yield stress of the bottom layer
reaches 1400 Pa, allowing it to withstand the upper
load fully. In this case, only the top layer yields near

Fig. 12 The influence 0.06
of nozzle diameter on
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the extrusion nozzle. In addition, if the yield stress of
the top layer is minor, the upper layer load may not
be able to transfer to the bottom layer. Therefore, as
shown in the figure, when the yield stress of the cover
layer is less than 297.5 Pa, it has a minimal effect on
the bottom layer.

4.3.2 Influence of nozzle diameter
Figure 12a shows the distribution of plastic yielding

inside the extruded layers with two representative
nozzle diameters (20 and 25 mm). It is observed that

405 604 803 1002 1201 1400
To,1 [Pa]
—— D=15mm ——&— D=20mm

D=25mm

(b)
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a smaller print nozzle diameter results in a smaller
influenced region, causing stress concentration. In
contrast, a larger print nozzle diameter results in a
larger affected region and more dispersed stress. As
discussed earlier, when the stress exceeds the yield
stress, the material yields and undergoes plastic defor-
mation. Figure 12b shows the yielded volume when
printing nozzles with different diameters are used.
The normalized yielded volume for printing noz-
zles with larger diameters is more than that using a
smaller diameter. For example, for the extruded mate-
rial with the yield stress of 405 Pa, when the nozzle
diameter increases from 15 to 25 mm, the normalized
yielded volume is raised from 0.032 to 0.05 m>.

4.3.3 Influence of nozzle height

As can be seen in Fig. 13a, by changing the nozzle
height, it is clear that the strain rate distribution inside
the extruded material has changed. When the nozzle
height is low, the printing direction of travel creates
a large protrusion area with areas of stress concentra-
tion, resulting in two peak areas of stress concentra-
tion directly below the nozzle and at the protrusion
part, leading to more severe material shear and a
larger load on the bottom layer. This stress can pen-
etrate the second layer and reach the bottom layer. In
the case of adopting higher nozzle heights, less plas-
tic yielding region is observed in the bottom layer.

Fig. 13 The influence of
nozzle height on plastic

yielding, a strain rate s

distribution with different i -

nozzle heights of 5, 10, N

and 15 mm, and b yielded

area in function of the yield

stress with different nozzle

heights of 5, 10, and 15 mm -~

(D=20 mm, V=30 mm/s) B
[
I

(@

niem

H, =5mm

H, =10mm

H, =15mm

This situation is also reflected in the pattern of vol-
ume change of the material reaching the yield stress
obtained by varying the print height, as shown in
Fig. 13b.

4.3.4 Influence of printing speed

The impact of increasing the printing speed on the
yielded volume of extruded material is investigated in
this section. As the material extrusion flux adjusts to
the printing speed, there is a proportional rise in the
material volume within a localized range, along with
a corresponding increase in interaction between the
current overlay and the underlying layer. When the
top layer attains a yield stress of 190 Pa, there is no
impact on the bottom layer, which is demonstrated in
Fig. 14a, b. In addition, as illustrated in Fig. l4c, a
decrease in printing speed from 40 to 30 mm/s leads
to a lower yielded volume, while there is no distinct
difference between the yielded volume when compar-
ing a printing speed of 20 mm/s and 30 mm/s.

5 Conclusions

This paper discusses the plastic yielding resulting
from various process parameters of 3D printable
materials with multiple layers. The one-layer model is
extended to two layers using a user-defined function
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Fig. 14 Yielded area 0.10
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loaded with source terms. Geometrical profiles of
the extruded layers are compared and the volume of
plastic yielding is also analyzed as influenced by the
printing process parameters and material properties.

The virtual prints’ cross-sectional geometry exhib-
its qualitative agreement with the physical prints,
thereby validating the CFD modeling approach and
the effectiveness of utilizing the Herschel Bulkley
constitutive law to characterize the fresh material.
Nevertheless, to further improve the model, the time-
dependent behavior of the material, e.g. structural
build-up, can be considered during the deposition of
3D printable concrete.

The printing parameters, as well as the yield stress
of the material, remarkably influence the cross-
sectional geometry. To maintain stability, randomly
changing the printing speed is not advisable, but if the
printing height must be altered, scaling the extrusion
flow rate to match can yield a better printing quality.

Using smaller printing speeds can significantly reduce
the volume of plastic yielded region and changing the
nozzle diameter has a considerable effect on the strain
rate distribution of the extruded top layer. Still, it is
limited to the overall plastic yielding.

The current model has demonstrated the feasibility
of simulating two-layer deposition, while extending
the model to more layers with more complex shapes
is challenging due to high computational cost. New
strategies to reduce computational cost are desired.
Adopting a multi-scale model might be a sound solu-
tion for more complex calculations.
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