
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Apr 29, 2024

3D concrete printing using computational fluid dynamics: Modeling of material
extrusion with slip boundaries

El Abbaoui, Khalid; Al Korachi, Issam; El Jai, Mostapha; Šeta, Berin; Mollah, Md Tusher

Published in:
Journal of Manufacturing Processes

Link to article, DOI:
10.1016/j.jmapro.2024.03.042

Publication date:
2024

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
El Abbaoui, K., Al Korachi, I., El Jai, M., Šeta, B., & Mollah, M. T. (2024). 3D concrete printing using
computational fluid dynamics: Modeling of material extrusion with slip boundaries. Journal of Manufacturing
Processes, 118, 448-459. https://doi.org/10.1016/j.jmapro.2024.03.042

https://doi.org/10.1016/j.jmapro.2024.03.042
https://orbit.dtu.dk/en/publications/ff3aed1e-89f2-46a5-989b-9be3b8c18943
https://doi.org/10.1016/j.jmapro.2024.03.042


Journal of Manufacturing Processes 118 (2024) 448–459

Available online 3 April 2024
1526-6125/© 2024 The Authors. Published by Elsevier Ltd on behalf of The Society of Manufacturing Engineers. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

3D concrete printing using computational fluid dynamics: Modeling of 
material extrusion with slip boundaries 

Khalid El Abbaoui a,**, Issam Al Korachi a, Mostapha El Jai a,b, Berin Šeta c, Md. Tusher Mollah c,* 
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A B S T R A C T   

This paper investigates the role of slip boundary conditions in computational fluid dynamics modeling of ma
terial extrusion and layer deposition during 3D concrete printing. The mortar flow governed by the Navier-Stokes 
equations was simulated for two different slip boundary conditions at the extrusion nozzle wall: no-slip and free- 
slip. The simulations were conducted with two constitutive models: a generalized Newtonian fluid model and an 
elasto-viscoplastic fluid model. The cross-sectional shapes of up to three printed layers were compared to the 
experimental results from literature for different geometrical- and speed-ratios. The results reveal that employing 
free-slip boundary conditions at the extrusion nozzle wall improves layer-mimicking quality for both constitutive 
models, indicating the presence and importance of a lubricating layer of fine particles at the concrete-solid wall 
interface. This enhanced performance is primarily due to the observed decrease in extrusion pressure that 
minimizes layer height- and width-deviations compared to the experimental prints. Furthermore, the free-slip 
boundary conditions play an important role in predicting the multilayer prints, its deformation and groove 
shapes.   

1. Introduction 

3D Concrete Printing (3DCP) is on the way to becoming the leading 
technique adopted in the building sector. Unlike traditional methods, 
3DCP enables the additive manufacture of complex geometries and free- 
form structures with minimal labor and reduced construction costs [1]. 
This innovative technique involves mixing, pumping, and then 
extruding concrete through a nozzle mounted on a robotic arm or 
traveling crane [2–4]. The concrete is deposited layer by layer along 
planned path to build structural elements without the need for formwork 
[5–7]. In the last decade, the 3DCP has gained the interest of researchers 
and engineers worldwide. Their focus lies in understanding the process 
of concrete shaping [8–10], identifying a range of acceptable rheological 
properties for printable cementitious materials [11–13], and developing 
3D printing strategies for large-scale structures [14–16]. 

Flowability of concrete plays a crucial role in technical and economic 
feasibility during 3DCP. However, to ensure successful layer deposition, 
the concrete flow must be consistent to avoid voids, gaps, or weak spots 
within the printed layers, making it uniform and thus reducing the 

deviations from the intended geometry [17,18]. This requires that the 
pumped material contains sufficient water to facilitate the formation of a 
lubricating layer of fine particles at the interface between the solid wall 
and the concrete [19–21]. This layer occurs due to dynamic segregation, 
where the coarse particles of the mixture migrate towards the low-shear 
zones, typically the center of the nozzle [22,23]. The lubricating layer 
possesses significantly lower rheological properties than pumped con
crete, enabling the concrete block to slip consistently through the pipe 
and the nozzle. Generally, the slip velocity is assumed to depend on the 
shear stress at the boundary between the concrete and the nozzle wall 
[24,25], while several experiments suggest that slip velocity also de
pends on normal stress at the wall [26–28]. Nonetheless, there is a lack 
of understanding of how the slip phenomenon affects deposited layers in 
3DCP processes [29]. This ultimately underscores the need for a more 
thorough investigation. 

Computational Fluid Dynamics (CFD) has become an essential tool 
for understanding and improving 3DCP. With its ability to simulate and 
analyze the complex aspects of the process, CFD plays a crucial role in 
optimizing concrete formulation and simulating flow inside pumping 
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pipe [30,31], extrusion through a nozzle [32,33], influence of printing 
parameters and final shape of prints [34,35], as well as applying 
different reinforcement methods to the process [36,37], reproducing 
multi-layer printing [38], etc. Research and development of more ac
curate CFD models have been driving the core understanding of 3DCP 
and sustainable construction. Comminal et al. [29] used CFD to analyze 
the cross-sectional shapes of printed layers. The proposed CFD model 
was thereafter used to investigate the influence of the printing param
eters on the layer shape [39]. The studies by Mollah et al. [40–42] 
involved simulating and explaining the deformation of subsequent 
layers as well as examining how to assure stability while minimizing the 
deformation at the bottom. CFD models can mimic the printing of cor
ners and predict their precision. This, as demonstrated by [43,44], 
empowers engineers to fine-tune printing parameters for sharp, well- 
defined corners, crucial for architectural and structural integrity. CFD 
models like those in [45,46] can predict printing strategies that ensure 
proper integration and load transfer between concrete and reinforce
ment, critical for structural stability. Šeta et al. [47–49] delved into the 
realm of fiber-reinforced composites, using CFD to predict the orienta
tion of fibers within printed strands. This knowledge is invaluable for 
tailoring printing parameters to achieve desired mechanical properties 
in the final structure. 

As illustrated by the cited studies, CFD simulations help elucidate the 
complex interactions between material properties, processing parame
ters, and final printed structures. However, current modeling of 
cementitious material extrusion and layer deposition typically employs 
no-slip boundary conditions on all solid objects [50,51]. This assumes 
zero relative velocity between the extruded material and the nozzle 
surface upon contact. In fact, there are situations in which slip behavior 
occurs, notably in the case of the concrete flow in contact with a wall 
[21]. Ongoing research aims to refine existing models and integrate slip 
behavior more accurately into simulations for a more predictive and 
optimized 3DCP paradigm [52]. This is the main objective of the present 
work in numerically investigating the impact of a free-slip mortar flow 
inside the nozzle on three deposited layers. This feature could be an 
essential element in the CFD modeling of 3D concrete printing processes. 

This study investigates the influence of different slip boundary con
ditions on numerical simulations of 3D concrete printing for two rheo
logical models: a generalized Newtonian fluid (GNF) model and an 
elasto-viscoplastic (EVP) fluid model. The first part presents a detailed 
description of the methodology of the study starting with the governing 
equations and rheological modeling, computational domain and 
boundary conditions, numerical methods and simulations benchmark. 
At the end of this part, a mesh sensitivity for one-layer cross sections is 
performed. The second part discusses the influence of the critical shear 
rate for GNF and the slip boundary conditions for different printing 
conditions for both GNF and EVP models. Furthermore, the influence of 
the slip boundary conditions on the extrusion pressure and strain rate is 
discussed. Note that the numerical results are compared to the experi
mental results of Comminal et al. [29] in the case of single-layer depo
sition and to the ones of Spangenberg et al. [38] in the case of multi- 
layer deposition. The final section summarizes the main conclusions of 
the study. 

2. Methodology 

2.1. Governing equations and rheological modeling 

The flow of fresh mortar is modeled by the Navier-Stokes equations 
for incompressible fluids of constant density ρ as follows: 

∂ui

∂xi
= 0 (1)  

∂ui

∂t
+ uj

∂ui

∂xj
= −

1
ρ

∂p
∂xi

+ gi +
∂σij

∂xj
(2)  

where ui is the velocity component in the i-th direction, xi=1,2,3 is the i-th 
coordinate in the Cartesian space, t is the time, p is the local pressure, gi 
is the gravitational acceleration, and σij is the constitutive shear stress 
tensor. Eq. (1) describes the continuity equation of incompressible ma
terials, thereby Eq. (2) denotes the momentum conservation equation. 

The constitutive shear stress tensor is modeled using two constitutive 
models, an inelastic Generalized Newtonian Fluid (GNF) model, and an 
elasto-viscoplastic (EVP) fluid model, which are described as a time- 
independent as follows. 

2.1.1. Generalized Newtonian fluid model 
The GNF model is obtained by replacing the constant viscosity of the 

Newtonian fluid model with a shear rate-dependent apparent viscosity 
in which the yielding point and shear-thinning of the material are 
considered. The constitutive shear stress tensor is modeled with the GNF 
model in the isothermal and isotropic flow regime, as follows: 

σij = 2ηapp(γ̇)Dij (3)  

where ηapp (γ̇) is the shear rate-dependent apparent viscosity of the 
material, and Dij is the linearized strain rate tensor given by: 

Dij =
1
2

(
∂uj

∂xi
+

∂ui

∂xj

)

(4) 

The shear rate γ̇ is defined as the magnitude of the linearized strain 
rate tensor, yielding: 

γ̇ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
∑

i,j
DijDij

√
(5) 

The yielding and shear-thinning of fresh mortar are described 
through their apparent viscosity by using a viscoplastic Bingham 
constitutive model, the most commonly used to describe the rheological 
behavior of cementitious materials [53]. The special feature of this 
model is the yield stress τY, which defines the shear stress threshold for a 
non-zero strain rate. As a result, the apparent viscosity of the material 
becomes infinitely large at very low shear rates, indicating a solid-like 
behavior of mortar and creating a singularity problem issue in the nu
merical simulations. To avoid this problem, a bi-viscous constitutive 
equation [54] is employed in which small deformations are allowed by 
setting a maximum apparent viscosity for the low shear rate region, 
yielding: 

ηapp(γ̇) =

⎧
⎪⎨

⎪⎩

ηapp.max for γ̇ < γ̇c

τY

γ̇
+ μp for γ̇ ≥ γ̇c

(6)  

where μ p denotes the plastic viscosity of the fresh mortar, γ̇c is the 
critical shear rate which separate the two flow regimes, and ηapp.max =

τY/γ̇c + μ p is the maximum apparent viscosity corresponding to the 
lower shear rate. 

2.1.2. Elasto-viscoplastic fluid model 
The EVP fluid model describes an elastic behavior for which the 

applied stresses are below the yield stress, characterized by recoverable 
strain due to an elastic shear modulus, G. Beyond the yield stress, it 
transitions to a viscoplastic regime where plastic flow occurs alongside 
viscous dissipation. This intricate behavior can be represented by a 
combination of Hookean spring (representing elastic shear stress), 
dashpot (representing viscous shear stress), and dry sliding element 
(accounting for plastic strain through yield stress). The constitutive 
shear stress tensor of the EVP fluid is a summation of elastic and viscous 
shear stress tensors, as follows: 

σij = σE
ij + σV

ij (7) 

The specific goal of the EVP model is to solve the deviatoric elastic 
shear stress tensor σij

*E according to the local strain of the incompressible 
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material. For small strains, σij
*E is computed by the isotropic Hooke's law 

as a linear function of the deviatoric strain tensor εij through the elastic 
shear modulus: 

σ*E
ij = 2Gεij (8) 

The overall non-linear elasticity of the mortar is predicted by the 
incremented strain tensor that is solved by integrating the strain rate 
tensor, Dij, over a small-time step Δt = t - t0: 

εij(t) = εij(t0)+ΔtDij (9) 

A differential form of the incremental elastic shear stress tensor is 
given as a combination of temporal and material derivatives: 

∂σ*E
ij

∂t
+

∂uiσ*E
ij

∂xi
−
(

σ*E
ij ⋅Wij +WT

ij ⋅σ*E
ij

)
= 2GDij (10) 

Eq. (10) expresses the total rate of change in the elastic shear stress 
tensor, considering temporal variations at a fixed location and spatial 
changes due to advection and rotation of stress as the material moves, 
where Wij is the vorticity tensor, given by: 

Wij =
1
2

(
∂uj

∂xi
−

∂ui

∂xj

)

(11) 

The elastic shear stress tensor of the yielded EVP mortar is approx
imated as a function of the yield stress τY, expressed as: 

σE
ij = min

(

1,
τY

τvM

)

σ*E
ij (12)  

where τvM is the von Mises yield stress criteria applied to assume the 
material yield point, defined by: 

τvM =

̅̅̅̅̅̅̅̅̅̅̅
2
3

IIσ*E
ij

√

(13)  

where IIσ*E
ij
= tr

((
σ*E

ij

)2
)

is the second invariant of (σ*E)2. The condi

tion for material yielding stipulates that τvM exceeds the yield stress 
limit: 

τvM ≥ τY (14) 

The viscoplastic regime is represented by the viscous shear stress 
tensor, defined as: 

σV
ij = 2μpDij (15) 

The Table 1 below provides a summary of the material properties 
employed in the simulations. 

2.2. Computational domain and boundary conditions 

The computational domain is a rectangular box designed to represent 
the mortar extrusion and layer deposition. The key elements involved in 
this phase are the extrusion nozzle, the substrate, and the material being 
extruded (Fig. 1.a). The extrusion nozzle is a hollow cylinder with an 
inner diameter, D = 25 mm, and a thickness of 2 mm. The extrusion 
nozzle is stationary at the beginning and starts to move with the printing 
speed, V [mm/s], as soon as the extruded material touches the substrate. 
The material is extruded at an extrusion speed, U [mm/s]. The substrate 
is a non-moving plate that is designed to support the deposited material. 
The entire computational domain is discretized with a uniform Cartesian 
mesh. Solid components are represented in the computational domain 
by a cell porosity technique called Fractional Area/Volume Obstacle 
Representation (FAVOR) method [55]. 

The interface between the fresh cementitious mortar and substrate is 
assigned to a no-slip boundary conditions, whereas at the nozzle, the slip 
boundary conditions are varied. Two types of slip boundary conditions 
have been varied numerically: no-slip and free-slip boundary conditions. 
A constant extrusion speed is assigned at the top of the computational 
domain and a fluid region is created inside the nozzle to allow the fresh 
concrete to flow and exit the nozzle orifice with a fully developed pro
file. The bottom boundary of the domain is set as a stationary wall and 
contains the substrate. The other domain boundaries are set as contin
uative, implying zero velocity vector field derivative across these 
boundaries (Fig. 1.b). 

2.3. Numerical methods and simulations benchmark 

To accurately model the intricate processes involved in 3D concrete 
printing and establish a reliable benchmark for future simulations, this 
paper employed a combination of robust numerical methods and 
meticulously defined printing parameters. The governing equations of 
the fresh concrete flow are discretized using the finite volume method 
and then solved by means of the FLOW-3D® solver (version 12.0, 2019) 
[56]. The velocity and pressure fields are solved implicitly in time by the 
generalized minimum residual. This iterative method is used to 
numerically solve nonsymmetric linear systems of equations by mini
mizing the norm of the residual vector within a Krylov subspace [57]. 

Table 1 
Rheology and concrete properties [29].  

Material properties Symbols Corresponding values and units 

Density ρ 2100 kg/m3 

Plastic viscosity μ p 7.5 Pa⋅s 
Yield stress τY 630 Pa 
Critical shear rate 

(GNF model) 
γ̇c 0.01 s− 1 

Elastic shear modulus 
(EVP model) 

G 2⋅105 Pa  

Slip nozzle b.c.

No-slip substrate b.c.

H

Inlet flow, U

Bulk material

Inlet flow b.c.

Shear layer
X

Z

ba

Fig. 1. Key elements of the computational domain and boundary conditions  
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The momentum and fluid fraction advection terms are explicitly 
approximated by a second-order monotonicity-preserving upwind- 
difference method. This discretization scheme uses a piecewise 
second-order polynomial approximation of the advective quantity 
within each cell to ensure second-order accuracy in space [58]. The time 
step size is determined by the solver and is controlled dynamically based 
on the stability and convergence criterion in order to avoid numerical 
instabilities [56]. The viscous stress of the momentum equation is solved 
implicitly using a successive under-relaxation method [59]. The Euler
ian Volume of Fluid (VOF) method introduced by Hirt and Nichols [60] 
is adapted to flow simulations involving immiscible fluids with highly 
deformable interfaces. This method is used to track the free-surface flow 
by defining a volume fraction function αv comprised between 0 and 1 for 
each grid cell classified as full, empty, or partially filled with material 
[61]. In these simulations, the following advection equation is used to 
calculate αv: 

∂αv

∂t
+ ui⋅

∂αv

xj
= 0 (16) 

The success of the VOF method strongly depends on the scheme used 
to discretize the convection term of the volume fraction function αv. 
Therefore, special care must be taken in the discretization of this con
vection term in order to obtain a sharp interface. The advection equation 
of the VOF method is solved over time with the Split Lagrangian method 
known as TruVOF [55,60,61]. 

The numerical simulations carried out in this work consist of 
reproducing the 3D printing of mortar walls (Fig. 2) by a sequential 
extrusion of three 300 mm layers under different printing parameters 
(Table 2), [29]. 

The computational domain dimensions are set to 350 × 80 × 80 mm3 

in order to form a wall by printing 300 mm long layers. As the printing 
path is straight, only half the domain was simulated to reduce compu
tational time. The total number of cells of the half domain is 8 960,000 
cells. The region between the nozzle orifice and the substrate is adapted 
to have 25 cells. The material is introduced at the nozzle inlet using a 
mass momentum source model [56]. The nozzle is raised of Δz = H [mm]

at the end of each deposited layer. As a result, the entire wall is obtained 
by continuously printing the subsequent layers without stopping the 
extrusion nozzle. 

2.4. Mesh sensitivity analysis 

A mesh sensitivity analysis was conducted using five different mesh 
cell sizes. The numerical simulations were performed for 300 mm long 
single-layer printing based on the printing parameters of case 5. The 
total number of cells changed from 514,550 to 9 041,382 cells (Table 3). 
Fig. 3 illustrates the simulated cross-sectional shapes for the five grids. It 
is worth noticing that the simulated cross-sectional shapes are derived 
by slicing a plane in the middle of each deposited layer. From the fourth 
grid, the simulation results were consistent and it was concluded that 
additional refinement was not needed. Therefore, Grid 4 involving 3 
240,000 cells is adopted for all the simulations benchmark. 

Fig. 2. Three sequences of 3D printing of the wall.  

Table 2 
Printing parameters of 3DCP simulations.  

Case ID Printing height 
H [mm] 

Printing speed 
V [mm/s] 

Extrusion speed 
U [mm/s]  

1  

7.5  

50  40.5  
2  40  35.1  
3  30  38.2  
4  20  36.3  
5  

12.5  

50  33.4  
6  40  31.6  
7  30  33.6  
8  20  30.8  
9  

17.5  

50  36.9  
10  40  46.1  
11  30  26.7  
12  20  33.6  

Table 3 
Grid information for mesh sensitivity analysis.  

Grid ID Cell size [mm] No. of cells  

1  1  514,550  
2  0.9  648,296  
3  0.7  1,281,987  
4  0.5  3,240,000  
5  0.3  9,041,382  

−30 −20 −10 0 10 20 30
0

10

20

30

40

]
m

m[
Z

Y [mm]

Grid 1

Grid 2

Grid 3

Grid 4

Grid 5

Exp. [29]

Fig. 3. Cross-sectional shape derived from mesh sensitivity analysis.  
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3. Results and discussion 

3.1. Effect of critical shear rate on layer deposition 

The critical shear rate used in the bi-viscous regularization Bingham 
constitutive equation [54] for the GNF modeling and is a purely nu
merical parameter for which the sole purpose is to avoid infinite 
apparent viscosity at zero shear rates. This prevents the existence of 
computational singularities. Therefore, choosing the optimal critical 
shear rate is crucial for maintaining numerical accuracy in the simula
tion results. Hence, a numerical analysis was conducted to investigate 
the sensitivity of 3D concrete printing simulations to five critical shear 
rate values within the range of 0.0005 s− 1 to 0.1 s− 1, compared to the 
experimental data presented in [29]. Fig. 4 elucidates a qualitative 
analysis of the effect of these critical shear rates on the numerical results 
across six simulation cases. 

The critical shear rate variation has no significant influence on the 
simulated cases. Indeed, the cross-sectional shapes were found almost 
identical, except for a minor difference observed in case 9, involving a 
higher speed ratio, V/U (the ratio between printing speed and extrusion 

speed). Furthermore, the use of smaller values of γ̇c fails to improve the 
virtual outcomes when compared to the experimental data. Particularly 
when the geometrical ratio H/D surpasses 0.5 mm, it was noted that 
there is no longer contact between the substrate and the deposited layer 
(Fig. 5). This phenomenon is attributed to the exceptionally high 
apparent viscosity, resulting from the low critical shear rate values. Such 
high apparent viscosity leads to a very solid-like behavior of the mortar, 
which hinders the layer from being deposited on the substrate. There
fore, the critical shear rate value of γ̇c = 0.01 s− 1 was found to be effi
cient in terms of layer shape accuracy and computational stability. 

3.2. Effect of slip boundary conditions on layer deposition 

Due to its granular nature, the composition of the concrete leads to 
slippage near the wall, the phenomenon of concrete slippage on steel has 
been observed and studied by Kaplan [26] who showed that when 
concrete flows through pipes it does not behave like a conventional fluid 
due to the formation of a lubricating layer at the interface between 
concrete/concrete and pipe wall. This layer is characterized by a slip 
velocity that is itself proportional to the shear stress at the wall. 

Fig. 4. Effect of fives critical shear rates on the obtained cross-sections.  
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Therefore, the use of free or partial slip boundary conditions turns out to 
be more appropriate for modeling the interaction between the concrete 
and nozzle wall. In this section, the influence of slip boundary conditions 
at the nozzle wall on the flow and stability of the simulated cross- 
sectional shape of the printed layers is studied. Two types of slip 
boundary conditions have been implemented and numerically tested: 
no-slip and free-slip boundary conditions (b.c.). The simulations were 
performed according to three printing heights H of 7.5, 12.5, and 17.5 
mm, respectively. The simulated layers were printed under two different 
printing speeds V, mainly equal to 50 and 30 mm/s. Fig. 6 presents the 
cross-sectional shapes of deposited layers obtained with no-slip and free- 
slip boundary conditions compared to the experimental results. The 
simulations show that boundary conditions at the wall have a significant 

influence on the deposited layers. 
No-slip and free-slip simulations for lower geometrical ratios and 

higher speed ratios (i.e., H/D < 0.5 and V/U > 1) have not shown a 
noticeable variation of the cross-sectional shapes compared to the 
experiment (case 1). On the other hand, a considerable difference in 
layer shape between no-slip and free-slip simulations is observed for 
lower geometrical- and speed-ratios (i.e., H/D < 0.5 and V/U < 1). The 
difference lies in an excessive deposition rate that creates swelling of the 
extruded material around the nozzle outlet. This might be due to the 
overestimation of frictional forces in the case of no-slip boundary con
ditions, increasing the extrusion pressure contrary to free-slip boundary 
conditions. Thus, strong adhesion between the extruded mortar and the 
substrate can create additional resistance to flow and contribute to 

Gap

Fig. 5. Insight of gap between printed layer and substrate for case 9 (absence of contact)  

Case 1:

H = 7.5; V = 50 mm/s; U = 40.5 mm/s

Case 3:

H = 7.5; V = 30 mm/s; U = 38.2 mm/s

Case 5:

H = 12.5 mm; V = 50 mm/s; U = 33.4 mm/s

Case 7:

H = 12.5 mm; V = 30 mm/s; U = 33.6 mm/s

Case 9:

H = 17.5 mm; V = 50 mm/s; U = 36.9 mm/s

Case 11:

H = 17.5 mm; V = 30 mm/s; U = 26.7 mm/s
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Fig. 6. Wall slip boundary conditions effect on the cross-sectional shape of the printed layers.  
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unyielding. The predicted cross-sectional shapes were found to have 
better agreement with the experimental results when free-slip boundary 
conditions combined with higher geometrical- and speed-ratios (i.e., H/ 
D > 0.5 and V/U > 1) were used. Fig. 7 captures a special phenomenon 
observed at the nozzle orifice, called “die-swell”. This is a flow effect 
that occurs whereby the material experiences rapid stress and dimen
sional changes upon exiting the nozzle. Therefore, the die-swell is an 
important feature for the extrusion flow processing and this effect in
fluences the final dimensions of the printed layer and imparts residual 
stresses. In all performed simulations, this flow characteristic is more 
remarkable when applying no-slip boundary conditions in contrast with 
free-slip boundary conditions where the die-swell does not occur. 

Fig. 8 presents the cross-sectional shape of the 3D-printed wall. 
Particularly, the obtained results are analyzed according to the experi
mental 3DCP and predicted results from a CFD model provided in [38]. 
The numerical simulation is based on the printing parameters of case 7 
while the material is modeled with the Bingham GNF model. The CFD 
model involving no-slip boundary conditions predicts well the experi
mental printing in terms of layer heights. However, a slight deformation 
occurring at the lateral sides is observed for the three deposited layers. 
Partially, this deformability could be due to the compression load dis
tribution that strains and spreads the mortar against the substrate during 
simulation time. In addition, it was found that the height of the 
measured cross-sections slightly exceeds the height set between the 
nozzle and the substrate because of the hydration of the material. In 
contrast, the CFD model involving free-slip boundary conditions 
improved the predicted first printed layer. After the second and third 
layers have been deposited, the first layer undergoes less deformations, 
mainly due to the absence of shear stress between mortar and nozzle 
wall, thereby decreasing the extrusion pressure acting on the already 
deposited layer. 

Moreover, a slight difference between numerical and experimental 

results is observed at the surface of the grooves formed by the three 
deposited layers. This discrepancy can be explained by the lack of 
modeling time-dependency of the rheological properties that were kept 
constant when using the Bingham GNF model along the virtual printing, 
while in the real experiments time dependency could be an important 
factor. This dependence factor stems from the thixotropy of cementi
tious materials, which is characterized by a rate of restructuration that 
evolves over the manufacturing time frame until reaches the hardened 
phase of the deposited layers [51]. However, in [38] a retarder admix
ture was used to reduce the early age of the material and its restructu
ration kinetics. Indeed, the printed mortar exhibits both a viscoplastic 
behavior when flowing and an elastic behavior at rest. The described 
Bingham GNF model above does not account for elastic regime which is 
a key characteristic in most 3DCP applications [62]. 

The elastic response of the material at low shear stresses could be 
represented through the EVP model that uses an elastic stress tensor as a 
source of stress in the governing equations in order to account for elastic 
deformation. In this case, a CFD model based on the EVP fluid and the 
printing parameters of case 7 was developed to reproduce the numerical 
simulation of the 3D-printed wall for which the cross-sectional shapes of 
the three stacked layers are depicted in Fig. 9. The virtual outcomes are 
obtained by imposing both no-slip and free-slip boundary conditions at 
the nozzle wall. 

The results show an accurate improvement of the behavior at the 
layer junctions when applying free-slip boundary conditions instead of 
no-slip boundary conditions. Indeed, the wall shear boundary conditions 
involving free-slip at the nozzle wall have improved the accuracy of the 
numerical results for the first layer while a very small discrepancy 
located at the surface of the grooves coming from the layers is observed. 
Therefore, the EVP model was found capable of mimicking the 3DCP 
process more accurately. Furthermore, it is observed that the free-slip 
boundary conditions enhance the numerical predictions of the width 

Fig. 7. Die-swell phenomenon for both a) no-slip and b) free-slip b.c.  
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Fig. 8. Effect of slip boundary conditions on the numerical results of the GNF model (case 7).  
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and height of three-layers as well as the lateral sides of the wall for both 
rheological models. 

3.3. Effect of slip boundary conditions on the extrusion pressure 

The extrusion pressure reflects the compression load at the nozzle 
outlet required to reshape the extruded material against the substrate. 
This pressure is defined as the combined effect of the energy needed to 
spread the unyielded bulk material under interfacial friction at the 
nozzle wall and the plastic work expended to force and deform the 
yielded bulk material through the nozzle outlet. In the different printing 
cases, the extrusion pressure acts orthogonally and continuously onto 
the surface of the deposited layer as the nozzle moves along the printing 
path. In all simulations, the extrusion pressure was estimated by aver
aging the pressure values obtained at the center of cells within the nozzle 
outlet. The effect of slip boundary conditions on extrusion pressure is 
analyzed as a function of the geometrical ratio H/D and the speed ratio 
V/U. 

No-slip conditions enforce zero velocity at the wall, causing the 
flowing mortar to experience shear stress due to frictional interaction 
with the nozzle surface. This shear stress contributes to the overall 
pressure buildup within the nozzle. In contrast, free-slip conditions 
allow the mortar to slide freely along the wall without experiencing 
significant shear stress. This minimizes the frictional energy dissipation 
and reduces the pressure required to push the material through the 
nozzle outlet. Therefore, the flow conditions are crucial in facilitating 
the flow by reducing the extrusion pressure. Table 4 summarizes the 
extrusion pressure reported as a function of the slip boundary conditions 
for different virtual printing cases. 

Graphic visualization of all of these values is represented in Fig. 10. 
Apart from the rheological properties of the mortar, the free-slip 

boundary conditions were employed to tailor an understanding of the 
extrusion pressure dependence with respect to the applied shear stress 
and the printing parameters. It is observed from all simulations that the 
extrusion pressure decreases when employing free-slip boundary con
ditions despite changing the printing parameters. Furthermore, an in
crease in the total extrusion pressure was noticed for V/U < 1. This could 
be explained by a pressure buildup under the extrusion nozzle due to the 
excess amount of deposited material against the substrate, which causes 
ranging of the printed layer. 

For lower geometrical ratios (H/D = 0.3), the extruded mortar 
consumes more extrusion pressure to spread in a limited space. 
Furthermore, the difference in extrusion pressure between no-slip and 
free-slip boundary conditions decreases as the geometrical ratio in
creases. This allows more space for extruding the mortar before 
encountering the substrate with less pronounced shear stress. However, 
the difference in terms of layer height decreases as the speed ratio in
creases (i.e., V/U > 1). In contrast to the no-slip boundary conditions, 
the layer height tends to equal the printing height when employing free- 
slip boundary conditions. In Fig. 11, the total extrusion pressure is 
analyzed as a function of slip boundary conditions while applying 
different geometrical- and speed-ratios for cases 1, 5, and 9. 

The extrusion of mortar while the nozzle moves has created an 
asymmetry of the pressure distribution. This asymmetry can be attrib
uted to the effect of flow direction, where the material encounters high 
resistance on the opposite side of the printing speed, leading to a pres
sure buildup on the left-hand side of the moving nozzle. This pressure 

Table 4 
Extrusion pressure for different case studies.  

Case ID Printing height 
H [mm] 

Extrusion pressure [Pa] Difference [Pa] 

No-slip b.c. Free-slip b.c.  

1  

7.5  

7102  6365  737  
2  7463  6910  553  
3  8396  7700  696  
4  9220  8496  725  
5  

12.5  

1768  1162  607  
6  2699  2448  251  
7  4360  4119  241  
8  6026  5655  372  
9  

17.5  

1691  1220  472  
10  2992  2608  384  
11  2119  1601  518  
12  4752  4420  333  

Fig. 10. Extrusion pressure of the GNF model-based simulations involving 
one-layer. 
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imbalance results in the observed asymmetry. Fig. 12 presents the 
pressure distribution at the nozzle outlet for multi-layer printing of case 
7 obtained with the GNF model. Multi-layer printing reveals intriguing 
pressure patterns. The first striking observation is the higher-pressure 
buildup opposite the printing direction. This stems from interfacial 
friction against the nozzle wall and the lack of space. Interestingly, 
pressure drops towards the nozzle center, reflecting the velocity profile 
under no-slip conditions. Free-slip simulations show a significant overall 
pressure decrease, highlighting the influence of interfacial friction on 
flow behavior. Notably, the pressure falls steadily with each subsequent 
layer, likely due to enlarged printing space between the nozzle outlet 
and substrate and potential mortar changes. 

The extrusion pressure results were obtained with the GNF model. In 
addition, the EVP model can significantly contribute to the decrease of 
the estimated extrusion pressure. This is because the EVP model allows 
for elastic deformations under shear stresses that verify the yielding 

criterion 2ε/
̅̅̅
3

√
> τY/G, where ε =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2tr
(

ε2
ij

)√

is the magnitude of the 

small strain tensor and τY/G is a material parameter that defines the 
plastic strain threshold. Indeed, materials that experience significant 
elastic deformations before yielding can demand high pressure. These 

materials are characterized by a high plastic strain threshold that re
flects the yield stress relative to their stiffness. On the other hand, ma
terials that deform more readily might experience less pressure buildup 
but may require different printing parameters. Therefore, this could be a 
relevant feature for optimizing the mix design and the 3D printing. 

3.4. Strain rate analysis according to the slip boundary conditions 

This section analyzes the effect of slip boundary conditions on the 
strain rate magnitude (shear rate, γ̇) of the extruded material. In this 
regard, the CFD model provides numerical visibility into the flow 
behavior and enables quantification of the extent of yielded and 
unyielded material regions during the extrusion and deposition process, 
providing insights into the rate of deformation experienced by the ma
terial under different printing parameters, and even boundary condi
tions (no-slip versus free-slip). The strain rate distribution within the 
printed layers allows for identifying the intricate relation between ma
terial properties, printing parameters, and flow behavior for optimizing 
the 3DCP process. The distribution of the strain rate magnitude is shown 
for a range between 0 and 10 s− 1 in the cross-sectional and longitudinal 
planes at the middle of the printed layers (cases 1, 3, 5, 7, 9, and 11) in 

Fig. 11. Pressure distribution at nozzle orifice according to the slip boundary conditions.  

Fig. 12. Extrusion pressure at the nozzle outlet obtained with the GNF model (case 7).  
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Fig. 13. Analyzing variations in strain rate magnitude across both planes 
provides valuable insights into the spatial distribution of material 
properties and potential weaknesses in the printed layer. 

The insights provided in Fig. 13 of strain rate distributions in mortar 
printing unveil a fascinating interplay between material properties, 
printing parameters, and boundary conditions. The presence of both 
yielded and unyielded regions within the printed layers stands as a 
testament to the Bingham GNF nature of the mortar, highlighting the 
critical role of overcoming the yield stress for smooth flow. The telltale 
shear zones near the nozzle wall, especially pronounced under no-slip 
conditions, speak volumes about the concentrated stress in these re
gions, a consequence of interfacial friction. The free-slip conditions 
provide a different prediction. The lower strain rates observed suggest 

reduced friction, leading to a more uniform pattern and a smaller 
unyielded core. This opens doors for exploring alternative boundary 
conditions to potentially achieve smoother deposition and better control 
over flow behavior. 

Printing height also plays a key role. As we move towards higher 
heights (cases 5, 7, 9, and 11), the strain rates steadily decrease. This can 
be attributed to the gain in space, leading to lower overall shear stress. 
The interplay between printing and extrusion speeds further adds 
complexity to the equation. Higher speeds (cases 1, 5, and 9) tend to 
boost strain rates, expanding the yielded regions and influencing both 
flow dynamics and material deposition. The insights given by both cross- 
sectional and longitudinal planes reveal an understanding of how vari
ations in strain rate might translate into variations in material properties 
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Fig. 13. Strain rate magnitude constrained by wall conditions during mortar extrusion and layer depositions.  

K. El Abbaoui et al.                                                                                                                                                                                                                            



Journal of Manufacturing Processes 118 (2024) 448–459

458

and ultimately, the structural integrity of the printed object. Future 
research directions lie in validating these findings through experimen
tation, exploring more complex rheological models, and delving deeper 
into the intricacies of multi-layer printing. 

4. Conclusions 

This work investigated the influence of cementitious materials' slip 
behavior during virtual 3D printing using computational fluid dynamics. 
The presented models were used to replicate the experimental printing 
of 3D-printed walls comprising up to three layers. Specifically, the 
interface between the mortar and nozzle wall was modeled by free-slip 
boundary conditions and compared with the usual no-slip boundary 
conditions, mimicking more closely lubrication theory in nozzle-mortar 
flow. Our findings suggest that slip boundary conditions play an 
important role in increasing the accuracy of the predicted mortar layer 
shape in 3D concrete printing. The main conclusions of this work are 
outlined as follows: 

• Simulations with the free-slip boundary conditions yield more ac
curate layer shapes in single and multi-layer printing compared to 
experiments, especially for higher geometrical ratios.  

• Free-slip simulations mostly eliminate die-swell, a flow effect 
impacting layer shape and residual stresses, which is prominent 
under no-slip boundary conditions.  

• Regardless of the printing parameters, free-slip boundary conditions 
reduce extrusion pressure compared to no-slip boundary conditions, 
resulting in smaller deformations of the printed layers.  

• Absence of wall friction reduces the strain rate magnitude for all 
simulations, resulting in a more uniform velocity profile in the 
nozzle. However, moving beyond free-slip boundary conditions to 
incorporate partial slip, accounting for a proportional relationship 
between shear stress and slip velocity at the wall, is necessary for a 
more realistic simulation. 

Although the inelastic GNF model with free-slip boundary conditions 
predicts better compared to the no-slip GNF model, it still displays a 
minor discrepancy at the grooves between the printed layers. This 
discrepancy could be due to the distribution of the yielded and the 
unyielded regions near the nozzle influenced by free-slip boundary 
conditions. The elastic EVP model with free-slip boundary conditions 
improves even more, the final shape of 3D-printed layers including the 
grooves matching the experiments almost completely. Overall, the CFD 
simulations provide valuable insights into the complex interplay be
tween different boundary conditions, flow dynamics, pressure and strain 
rate distributions in 3D concrete printing. In the future work, the effect 
of free-slip boundary conditions and rheological models has to be tested 
for different nozzle geometries as the flow conditions may differ. 
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analysis of yield stress buildup and stability of deposited layers in material 
extrusion additive manufacturing. Additive Manufacturing:103605 2023. https:// 
doi.org/10.1016/j.addma.2023.103605. 

[43] El Abbaoui K, Al Korachi I, Mollah M, Spangenberg J. Numerical modelling of 
planned corner deposition in 3D concrete printing. Archives of Materials Science 
and Engineering 2023;121(2):71–9. 

[44] Mollah MT, Moetazedian A, Gleadall A, Yan J, Alphonso WE, Comminal RB, et al. 
Investigation on corner precision at different corner angles in material extrusion 
additive manufacturing: an experimental and computational fluid dynamics 
analysis. In: Solid Freeform Fabrication Symposium 2022: 33rd Annual Meeting. 
The University of Texas at Austin; 2022. p. 872–81. 

[45] Mollah MT, Comminal R, Leal da Silva WR, Šeta B, Spangenberg J. Computational 
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[49] Šeta B, Sandberg M, Brander M, Mollah T, Pokkalla DK, Kumar V, et al. Numerical 
modeling of fiber orientation in additively manufactured composites. In: IOP 
Conference Series: Materials Science and Engineering. vol 1. IOP Publishing; 2023. 
p. 012033. 

[50] Nguyen-Van V, Li S, Liu J, Nguyen K, Tran P. Modelling of 3D concrete printing 
process: a perspective on material and structural simulations. Addit Manuf 2023; 
61:103333. 

[51] Roussel N, Spangenberg J, Wallevik J, Wolfs R. Numerical simulations of concrete 
processing: from standard formative casting to additive manufacturing. Cem Concr 
Res 2020;135:106075. 

[52] Perrot A, Pierre A, Nerella V, Wolfs R, Keita E, Nair S, et al. From analytical 
methods to numerical simulations: a process engineering toolbox for 3D concrete 
printing. Cement and Concrete 2021;Composites:104164. 

[53] Bingham EC. An investigation of the laws of plastic flowvol. 278. US Government 
Printing Office; 1917. 

[54] O’Donovan EJ, Tanner RI. Numerical study of the Bingham squeeze film problem. 
Journal of Non-Newtonian Fluid Mechanics 1984;15(1):75–83. https://doi.org/ 
10.1016/0377-0257(84)80029-4. 

[55] Hirt C, Sicilian J. A porosity technique for the definition of obstacles in rectangular 
cell meshes. In: International Conference on Numerical Ship Hydrodynamics, 4th; 
1985. 

[56] FLOW-3D®. Version 12.0 [Computer software]. Santa Fe, NM: Flow Science, Inc. 
https://wwwflow3dcom/; 2019. 

[57] Saad Y, Schultz MH. GMRES: a generalized minimal residual algorithm for solving 
nonsymmetric linear systems. SIAM Journal on Scientific and Statistical Computing 
1986;7(3):856–69. 

[58] Van Leer B. Towards the ultimate conservative difference scheme. IV. A new 
approach to numerical convection. J Comput Phys 1977;23 (3):276-299. https:// 
doi.org/10.1016/0021-9991(77)90095-X. 

[59] Evans DJ, Li C. Successive underrelaxation (SUR) and generalised conjugate 
gradient (GCG) methods for hyperbolic difference equations on a parallel 
computer. Parallel Computing 1990;16(2):207–20. https://doi.org/10.1016/0167- 
8191(90)90059-I. 

[60] Hirt CW, Nichols BD. Volume of fluid (VOF) method for the dynamics of free 
boundaries. J Comput Phys 1981;39(1):201–25. https://doi.org/10.1016/0021- 
9991(81)90145-5. 

[61] Comminal R, Spangenberg J. Three-dimensional cellwise conservative unsplit 
geometric VOF schemes. J Comput Phys 2021;442:110479. 

[62] Reiter L, Wangler T, Roussel N, Flatt RJ. The role of early age structural build-up in 
digital fabrication with concrete. Cem Concr Res 2018;112:86–95. 

K. El Abbaoui et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.matpr.2022.02.080
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0130
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0130
https://doi.org/10.1016/j.conbuildmat.2018.03.003
https://doi.org/10.1016/j.conbuildmat.2018.03.003
https://doi.org/10.1016/j.cemconcomp.2019.103495
https://doi.org/10.1016/j.cemconres.2020.106256
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0150
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0150
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0150
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0150
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0155
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0155
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0155
https://doi.org/10.1016/j.conbuildmat.2023.133714
https://doi.org/10.1016/j.conbuildmat.2023.133714
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0165
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0165
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0170
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0170
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0170
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0170
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0170
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0175
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0175
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0175
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0180
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0180
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0185
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0185
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0185
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0190
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0190
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0190
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0195
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0195
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0195
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0195
https://doi.org/10.1016/j.addma.2021.102193
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0205
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0205
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0205
https://doi.org/10.1016/j.addma.2023.103605
https://doi.org/10.1016/j.addma.2023.103605
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0215
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0215
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0215
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0220
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0220
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0220
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0220
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0220
https://doi.org/10.1016/j.cemconres.2023.107263
https://doi.org/10.1016/j.cemconres.2023.107263
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0230
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0230
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0230
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0230
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0235
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0235
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0235
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0240
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0240
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0240
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0240
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0245
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0245
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0245
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0250
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0250
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0250
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0255
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0255
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0255
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0260
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0260
https://doi.org/10.1016/0377-0257(84)80029-4
https://doi.org/10.1016/0377-0257(84)80029-4
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0270
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0270
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0270
https://wwwflow3dcom/
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0280
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0280
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0280
https://doi.org/10.1016/0021-9991(77)90095-X
https://doi.org/10.1016/0021-9991(77)90095-X
https://doi.org/10.1016/0167-8191(90)90059-I
https://doi.org/10.1016/0167-8191(90)90059-I
https://doi.org/10.1016/0021-9991(81)90145-5
https://doi.org/10.1016/0021-9991(81)90145-5
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0300
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0300
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0305
http://refhub.elsevier.com/S1526-6125(24)00256-1/rf0305

	3D concrete printing using computational fluid dynamics: Modeling of material extrusion with slip boundaries
	1 Introduction
	2 Methodology
	2.1 Governing equations and rheological modeling
	2.1.1 Generalized Newtonian fluid model
	2.1.2 Elasto-viscoplastic fluid model

	2.2 Computational domain and boundary conditions
	2.3 Numerical methods and simulations benchmark
	2.4 Mesh sensitivity analysis

	3 Results and discussion
	3.1 Effect of critical shear rate on layer deposition
	3.2 Effect of slip boundary conditions on layer deposition
	3.3 Effect of slip boundary conditions on the extrusion pressure
	3.4 Strain rate analysis according to the slip boundary conditions

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


