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Abstract
In this work, the lattice model is applied to study the printing process and
quantify the buildability (i.e., the maximum height that can be printed) for 3D
concrete printing (3DCP). The model simulates structural failure by incorporat-
ing an element birth technique, time-dependent stiffness and strength, printing
velocity, non-uniform gravitational load, localized damage, and spatial variation
of the printed object. Themodel can reproduce the plastic collapse failure modes
reported in the literature. In this research, three main contributions for 3DCP
modeling work can be found. A new failure criterion is proposed and adopted to
improve the estimation of critical printing height; the element birth technique is
utilized to mimic the continuous printing process and study the impact of non-
uniform gravitational load; variability of a printed structure is modeled through
the inclusion of disorder during mesh generation and Gaussian distributions
of material properties. Using this model, parametric analyses on non-uniform
gravitational load and material variation are conducted to assess their impact
on the failure–deformation response and the critical printing height. Finally,
the model is validated by comparison with two 3D printing experiments from
the literature. The proposed lattice model can reproduce the correct failure-
deformation modes of two types of structures commonly used for buildability
quantification: A 3D-printed hollow cylinder and a square wall layout. Lattice
modeling of the square structure yields a relative difference of around 10%
with the experimental printing height. For the cylinder structure, the predicted
radial deformation and corresponding height show good agreement with the
experimental data; the model yields a 41.38% overprediction of the total number
of printing layers, compared with the experimental data. Possible reasons for
the quantitative discrepancy are discussed.

1 INTRODUCTION

Over the past decades, the construction industry has
gradually moved toward a digital manufacturing process.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2021 The Authors. Computer-Aided Civil and Infrastructure Engineering published by Wiley Periodicals LLC on behalf of Editor

Automated manufacturing technologies such as 3D con-
crete printing (3DCP) have generated considerable interest
in academia and industry, and many groups are currently
engaged in 3DCP research worldwide (Buswell et al., 2018;
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Chen et al., 2019; Chen, Figueiredo, et al., 2020). This
additive manufacturing technology can transform dig-
ital data from a computer model to a physical product
(Gosselin et al., 2016). Not only can 3DCP do away with
the need for conventional molds, thereby reducing post-
construction waste, it can also considerably accelerate the
manufacturing process and yield geometrically complex,
non-standard structural elements instead of rectilinear
shapes (Bos et al., 2016; Paul et al., 2018; Tay et al., 2017).
A layer-wise extrusion approach is generally adopted

for 3DCP. Specifically, the printing materials are extruded
from the nozzle to build a computer-designed object using
a robotic arm. After deposition, the material should be
strong enough to retain the shape and avoid collapse
under self-weight and the gravitational load from sub-
sequent printing layers. This is defined as buildability
performance.
The buildability performance is codetermined by the

printing process and material characteristics. Experi-
mental investigations on various materials, including
sulfur-based cement (Khalil et al., 2017), limestone-
calcined clay cement (Chen et al., 2019; Chen, Figueiredo,
et al., 2020), calcium aluminate cement (Shakor et al.,
2017), geopolymer (Panda et al., 2017, 2018; D. -W. Zhang,
Wang, et al., 2018), and magnesium potassium phosphate
cement blended with fly ash (Weng et al., 2019), have been
carried out to assess their feasibility for 3DCP. Further-
more, some researchers have also studied the influence
of environmental conditions (e.g., relative humidity and
temperature) and printing parameters (e.g., time interval,
printing nozzle height and head speed) on the final quality
and interlayer bond strength of the printed object (Panda,
Mohamed, et al., 2019; Sanjayan et al., 2018; Tay et al., 2019;
Wolfs et al., 2019). In spite of the rapid development of
3D printing technology, not many investigations concern
the relationship between the buildability performance
and printing parameters, such as the printing velocity,
time-dependent material stiffness and strength, and
randomly distributed material properties.
In general, most printing parameters are determined

through a series of trial-and-error experiments, whereby it
remains unclear whether optimized parameters have been
derived for the target object. Besides, experiments are time
and resource-intensive, especially for large structures such
as those used in real-life engineering and architectural
applications. Compared with experiments, numerical
modeling can provide a cheaper, faster, and more easily
controlled alternative.
However, due to the novelty and complexity of 3DCP,

developing a modeling approach for the printing process
presents numerous challenges. In general, the major steps
for 3DCP can be divided into two processes: (1) transport
of printable material to the nozzle; (2) deposition of

the printable material, accompanied by self-weight and
gravitational load from the subsequent printing layers.
A schematic diagram can be found in Figure 1. During
the printing process, two performance metrics, namely,
pumpability and buildability, are utilized for quantifying
the printing process. Regarding the pumpability, the mate-
rial should flow like a fluid to be transferred in the hose
and avoid blockage. The semi-solid characteristics such as
apparent viscosity and dynamic yield stress determine the
pumpability. Thus, the rheology theory or fluid mechanics
approaches such as computational fluid dynamics are
usually adopted to quantify the pumpability (Jeong et al.,
2019; Khan et al., 2020; Perrot et al., 2016; Roussel, 2018;
Wangler et al., 2016) or predict the cross-sectional shape of
3D printed segments (Comminal et al., 2020). On the other
hand, solid mechanics approaches and rheology theory
are adopted for buildability quantification as described in
Figure 1.
Among the limited approaches for 3DCP (listed in

Table 1), quantifying the buildability performance is
mostly done based on the material rheology (Kruger, Cho,
et al., 2019; Perrot et al., 2016; Roussel, 2018; Wangler et al.,
2016). Rheological models accounting for flocculation-
induced thixotropy and chemical phenomena generally
predict buildability performance based on the static yield
stress. Notable contributions include the analytical model
of Roussel (2018), the experimentally validated lower
bound analytical model of Kruger, Zeranka, et al. (2019),
and empirical models considering linear or exponentially
decaying curing function (Perrot et al., 2016;Wangler et al.,
2016). These models consider the printable material as a
non-Newtonian fluid and evaluate the buildability perfor-
mance based on rheological theory. However, in reality,
the printable material should have a high yield stress to
retain its shape and avoid collapse after extrusion. Thus,
printable materials are at rest during most of the printing
process. Consequently, their elastic-plastic behavior is
more significant than their visco-plastic behavior (Roussel,
2018). Therefore, solid mechanics might be more suitable
for buildability quantification. The most advanced exam-
ples are the mechanistic model of Suiker et al. (2018) and
the finite element model (FEM) of Wolfs et al. (2018). The
mechanistic model incorporating time-dependent mate-
rial properties, printing velocity, and geometrical features
can consider the two possible failure mechanisms of a wall
structure in 3DCP: elastic buckling and plastic collapse.
However, this mechanistic model is limited to the wall-
shaped geometry. In order to further investigate the struc-
tural failure in the experiment, an FEMmodel based on an
age-dependentMohr–Coulomb failure criterion and linear
strain-stress relation was developed by Wolfs et al. (2018)
using ABAQUS. This numerical model is able to qualita-
tively reproduce a correct failure-deformation mode for
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F IGURE 1 Processing steps and analytical methods for 3D concrete printing (3DCP) in different stages

the hollow cylinder structure with plastic collapse failure
mode, but the quantitative agreement with experimental
data still needs to be improved. More importantly, this
model simulates the printing process through a layer-by-
layer extrusion process, and the system state is regarded
as having failed as soon as any point in the printed object
reaches the material yield strength. Therefore, this numer-
ical modelmight underestimate the loading capacity of the
printed system since thematerial strength is exceeded only
locally, while in reality, stress redistribution may occur.
Furthermore, 3DCP is a continuous printing process, and
the gravitational load is applied to the system in a gradual
fashion. This kind of loading leads to the non-uniform
stress distribution and threatens the structure buildability.
In addition, the printing material undergoes an extrusion
process, which may heighten material heterogeneity.
Combined with the non-uniform gravitational load, this
heterogeneity may also play a significant role in the occur-
rence of localized damage, thereby affecting the structural
buildability. However, at present, no approaches consid-
ering these effects have been put forward in the published
literature.
To investigate the failure mechanism in 3DCP, develop-

ing reliable tools is essential for buildability quantification.
Given the aforementioned reasons, the solid mechanics
method is adopted for buildability quantification in this
study. Since the printable materials generally have the
yield stresses as high as a couple thousand pascal (Pa)
after deposition, the gradual increasing self-weight can
ultimately result in cracking or localized damage similar
to that observed in fragile solids (Roussel, 2006, 2018).
This localized damage affects the stress redistribution and
influences printing characteristics. Considering the need
to account for localized damage, a lattice model that is
suitable for fracture analysis is extended to quantify the
buildability for 3DCP.
In this numerical model, a new failure criterion is

proposed and adopted for buildability quantification. Con-
sidering the continuous printing process, the element birth
technique is adopted and utilized for investigating the
influence of non-uniform gravitational load. Compared to

the previous homogeneous models for 3DCP, variability of
a printed structure is simulated through the inclusion of
disorder through the mesh generation and using Gaussian
distributions to assign the breaking parameters of the
lattice elements. Through this proposed model, the build-
ability performance of a 3D printed object is quantified and
the printing characteristics, namely, the critical printing
height, radial deformation and corresponding height are
predicted. This article is organized as follows. Section 2.1
gives an overview of model development. The model
discretization, the failure criterion, loading condition and
time-dependent material strength and stiffness, the plastic
collapse typical failure mode and the model applicability
are described in Sections 2.2 to 2.10. After the model
synopsis, validation efforts are conducted by employing
two 3D printing experiments with different geometries. In
Section 3.1, computational uniaxial compression tests are
first performed to calibrate the time-dependent material
properties. To further investigate the influence of material
and printing parameters, parametric analyses including
the non-uniform gravitational load and randomly dis-
tributed material properties are performed to study their
impact on printing characteristics. Then, based on the
calibrated linear stress-strain relations and parametric
analyses, two experimental campaigns are simulated
through this proposed model for buildability quantifi-
cation in Section 3.3. Finally, conclusions are drawn in
Section 4.

2 MODEL DEVELOPMENT

2.1 Model overview

An overview of the numerical approach based on the
lattice model is presented in Figure 2, which comprises
six branches. In the flowchart, the k and K stand for the
local and global stiffness matrix, respectively. T is the
transformation matrix used to relate the local and global
coordinate systems. L and D are the global load vector and
displacement vector, respectively.
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F IGURE 2 A general procedure for simulating the concrete 3D printing process using the lattice model

Branch A: Establish a numerical model for 3DCP. The
details are given in Sections 2.2 and 2.3.
Branch B: Assemble the global stiffness matrix K, the

load vector L and displacement vector D based on the
current printing time. When reaching the predetermined
printing time, the corresponding printing pieces are
activated and the inner elements within these activated
printing pieces are then assigned with age-dependent
stiffness and strength.
Branch C: Calculate the nodal force. After the printing

pieces activation, the self-weight of these parts and the
boundary conditions (as indicated in Section 2.5) are
applied to the current system. Then, a conjugate gradient
solution procedure is utilized for displacement solution;
parallel computation is employed to improve the comput-

ing efficiency and enable the modeling of a large lattice
system.
Branch D: Update the analysis model and check the

system stability. Through the conjugate gradient solution,
nodal displacements are found and used to determine
stresses in the lattice elements. Afterward, all critical
elements (i.e., those reaching the compressive/tensile
strength) are removed from the lattice mesh. The removal
of these elements stands for localized damage during the
printing process. The solution procedure within this time
step repeats until no additional elements rupture and the
system stabilizes. Eventually, the system state is regarded
as a failure when reaching the predetermined system
failure criterion. The structural failure criterion can be
found in Section 2.6.



642 CHANG et al.

T
A
B
L
E

1
M
et
ho
ds
fo
rq
ua
nt
ify
in
g
bu
ild
ab
ili
ty
pe
rf
or
m
an
ce

Pu
bl
ic
at
io
n

Th
eo
re
ti
ca
l

fr
am

ew
or
k

M
od
el
ty
pe

Fa
ilu

re
m
od
e

1
2

3
4

5
6

M
od
el

va
lid

at
io
n

D
iC
ar
lo
et
al
.(
20
13
)

So
lid

m
ec
ha
ni
cs

A
na
ly
tic
al
m
od
el

M
at
er
ia
l

U
U
CT

Pe
rr
ot
et
al
.(
20
16
)

Rh
eo
lo
gy

A
na
ly
tic
al
m
od
el

M
at
er
ia
l

√
U
U
CT

W
an
gl
er
et
al
.(
20
16
)

Rh
eo
lo
gy

A
na
ly
tic
al
m
od
el

M
at
er
ia
l

√
–

W
ol
fs
an
d
Su
ik
er
(2
01
9)

So
lid

m
ec
ha
ni
cs

Fi
ni
te
el
em

en
tm

od
el
(F
EM

)
M
at
er
ia
l/
st
ab
ili
ty

√
√

√
C
yl
in
de
r/
w
al
l

Su
ik
er
(2
01
8)

So
lid

m
ec
ha
ni
cs

M
ec
ha
ni
st
ic
m
od
el

M
at
er
ia
l/
st
ab
ili
ty

√
√

√
√

Sq
ua
re
/w
al
l

Ro
us
se
l(
20
18
)

M
ix

A
na
ly
tic
al
m
od
el

M
at
er
ia
l/
st
ab
ili
ty

√
√

–
Je
on
g
et
al
.(
20
19
)

Rh
eo
lo
gy

A
na
ly
tic
al
m
od
el

M
at
er
ia
l

√
–

K
ru
ge
r,
Ze
ra
nk
a,
et
al
.

(2
01
9)

Rh
eo
lo
gy

A
na
ly
tic
al
m
od
el

M
at
er
ia
l

√
C
yl
in
de
r

Ja
ya
th
ila
ka
ge
et
al
.(
20
20
)

Rh
eo
lo
gy

A
na
ly
tic
al
m
od
el
+
FE

M
M
at
er
ia
l

√
C
yl
in
de
r

Va
nt
yg
he
m
et
al
.(
20
20
)

So
lid

m
ec
ha
ni
cs

FE
M

M
at
er
ia
l/
st
ab
ili
ty

√
√

–
Th
is
re
se
ar
ch

So
lid

m
ec
ha
ni
cs

La
tti
ce
m
od
el

M
at
er
ia
l

√
√

√
√

√
C
yl
in
de
r/

sq
ua
re

N
ot
es
:1
:T
im
e
ef
fe
ct
;2
:I
m
pe
rf
ec
tio
n;
3:
Ra
nd
om

ly
di
st
rib
ut
ed

m
at
er
ia
lp
ro
pe
rt
ie
s;
4:
N
on
-u
ni
fo
rm

gr
av
ita
tio
na
ll
oa
d;
5:
En
vi
ro
nm

en
ti
nf
lu
en
ce
;6
:F
re
e-
fo
rm

pr
in
tin
g
sh
ap
e;
U
U
C
T:
U
nc
on
fin
ed

un
ia
xi
al
co
m
pr
es
si
on

te
st
.

F IGURE 3 Schematic view of lattice model establishment (a)
lattice nodes in the cubical domain, (b) printed object mapping, and
(c) final printed object

Branch E: Output the system displacement and local-
ized damage.
Branch F: Describe the system failure criterion as stated

in Section 2.7.

2.2 Model establishment

In the lattice model, the continuum object is represented
by a lattice mesh. When establishing a numerical model
such as that of a cylinder structure, the cubical domain is
first divided into a number of cubic cells, representative of
the continuum system. Then, sub-cells are generated in the
middle of each cell. Nodes are then randomly positioned
within each sub-cell using a pseudorandomnumber gener-
ator (Qian, 2012). The ratio between the length of the sub-
cell and the cell is defined as the mesh randomness, a rep-
resentative for the mesh disorder. Considering that print-
able cementitious materials are not completely isotropic,
the randomly distributedmaterial properties aremimicked
through irregularities of the network geometry (Berton
et al., 2006; Bolander et al., 2005; Qian, 2012; H. Zhang
et al. 2018b; H. Zhang, et al., 2018a). Based on our previous
research, a randomness of 0.2 is adopted in this study to
avoid large variations in lengths of individual lattice ele-
ments (Chang et al., 2020). As soon as the lattice nodes are
generated in the cubical domain (as shown in Figure 3(a)),
the target printed object is then established in this domain
as indicated in Figure 3(b). After that, the nodes within the
printed object are retained for model discretization while
the outside nodes are deleted as shown in Figure 3(c).
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F IGURE 4 (a) Schematic view of lattice model generation, (b)
schematic view of printing object with different printing layers
[cubic cell number: 25,000], (c) diagram on printing sequence for
each layer [cubic cell number: 5000]

2.3 Model discretization

After the model establishment, the target object can be
defined using a set of lattice nodes. Employing these lattice
nodes, the printed structure is discretized as a network
of beam elements. An example of model discretization is
shown in Figure 4(a). Delaunay triangulation is then per-
formed to establish the node connectivity (Yip et al., 2005).
A 3D printed object is manufactured by a layer-by-layer

printing process. In this numerical model, the printed
object comprises a series of layers, representative of the
continuous printing process (as shown in Figure 4(b)).
To account for the non-uniform gravitational load that
occurs during the printing of a single layer, each layer is
subsequently divided into a series of printing pieces (as
shown in Figure 4(c)). Regarding the interface between
different printing pieces, tie constraint is utilized, which
means that different printing pieces share the same nodes
and there is no relative motion between two neighboring
pieces.

2.4 Element birth technique

The continuous printing process is simulated using the
element birth technique, which is based on the deactiv-

F IGURE 5 The continuous printing process with element
birth

iting and reactivating elements that compose the printed
object. Each element has an initial time t0 less than zero,
and this initial time is determined by the element location
in printed system. This initial time for the specific element
can be derived based on

𝑡0 =
−Δ𝑑

𝑣
(1)

where Δd represents the placement distance to the starting
point of the printed structure; and v is the printing velocity.
During the printing process, the element time label t

increases by an incremental time step. Once the current
printing time t is more than zero for a given printing
segment, the elements representing that segment are
activated. This process is illustrated in Figure 5 for the
placement of segments 1 through 4.

2.5 Properties of lattice elements

Since the ratio between the length and cross-section of
the lattice beam is generally low in the lattice network,
Timoshenko beam elements are utilized to account for
the shear deformation. To simulate the development of
the mechanical properties in time due to hydration, the
lattice beams are assigned time-dependent stiffness and
strength properties. At present, two types of relations have
been proposed in the literature to account for the devel-
opment of mechanical properties of printable concretes
at a very early age: A linear relationship (Paul et al., 2018;
Suiker, 2018; Wolfs et al., 2018, 2019) and an exponentially
decaying relationship between the strength/stiffness and
curing time (Panda, Lim, et al., 2019; Billberg, 2003; Perrot
et al., 2016; Suiker, 2018; Wangler et al., 2016). The actual
development of mechanical properties can be derived
from experimental programs such as compression tests,
direct shear tests (Wolfs et al., 2018) and triaxial compres-
sion tests (Wolfs et al., 2019). In principle, both types of
relations can be incorporated into the lattice model to
define the stiffness and strength development in time.
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F IGURE 6 Schematic view of (a) 3D printing object with
sequence printing, (b) 3D printing model in lattice

2.6 Non-uniform gravitational load

In the 3D printing process, the material strength competes
with the gradual increasing load, codetermining the
buildability performance. In principle, little is known
about the actual loads acting on the object during printing
(Mechtcherine et al., 2020). The most significant load
is certainly the self-weight, the magnitude of which can
be established relatively easily. However, the effects of
the kinematic pressure from the filament deposition and
non-uniform gravitational load caused by the deposition
process have not been quantitatively studied.
In general, the non-uniform gravitational load is

ascribed to the continuous printing process during the
printing period of a single layer. Since printing is a continu-
ous process, the deadweight loading for the newly printed
layer is gradually transferred into the whole system,
resulting in the non-uniform loading force in the vertical
direction. Consequently, this non-uniform gravitational
load may threaten the overall stability of the object being
printed, allowing fewer layers to be printed than otherwise
expected. However, this influence has not been studied in
any of the previous prediction models (Kruger Cho, et al.,
2019; Kruger, Zeranka, et al., 2019; Roussel et al., 2020;
Suiker et al., 2020; Wolfs et al., 2018, 2019). To account
for the continuous printing process, each printing layer
is divided into several sequential printing pieces (as indi-
cated in Figure 6). In the numerical analysis, the value and
position of system gravity are associated with the number
of activated printing pieces. Thus, the influence of non-
uniform gravitational load can be investigated through the
number of printing pieces as shown in Section 3.2.
In the lattice model, the spatial variability is taken into

account from two aspects, namely, model discretization
and material variability. The model discretization, as
described in Sections 2.2 and 2.3, generates randomly
distributed lattice nodes that are connected by beam
elements with different lengths and orientations. These
parameters introduce spatial variability into the system.

F IGURE 7 Voronoi diagram for a given set of nodes within a
cubic domain

For 3DCP, the gravitational load is applied to the system as
nodal forces. As mentioned before, the continuum system
is discretized by a series of lattice nodes connected by
the Timoshenko beams using the Delaunay triangulation.
Given that the Voronoi tessellation is used to partition
the domain, the volume of each Voronoi cell is used to
assess the self-weight load for the corresponding nodal
force (Pan et al., 2017) as shown in Figure 7. This volume
can then be used to determine the equivalent gravitational
force acting on each node in the mesh as

𝑓 = 𝑉 × 𝜌 × 𝑔 (2)

where f represents the nodal force; V and ρ are the nodal
volume and unit weight of the material, respectively; g is
gravity acceleration (g ≈ 9.8 m/s2).

2.7 Element failure criterion

As discussed before, the printing object is discretized by
a series of lattice beams. Herein, the removal of lattice
beams is utilized to account for localized damage that
occurs during the additive manufacturing process. Again,
in 3DCP, two competing parameters determine whether
an object can be successfully printed or not. Specifically,
the increasing strength and stiffness need to keep up with
the gradually increasing load as more layers are deposited
from the nozzle. The former can be incorporated into the
lattice model through the development of mechanical
properties in time, and the latter can be reflected via the
incremental load in each step. Subjected to non-uniform
gravitational load and boundary conditions, linear elastic
calculations are performed to determine the stress dis-
tribution within the lattice mesh. The element failure
criterion, consisting of normal force and bending moment
determines the critical element and is given as

𝜎 = 𝛼N
𝐹

𝐴
+ 𝛼M

(|𝑀𝑖|,|𝑀𝑗|)max
𝑊

𝜎𝑦𝑖𝑒𝑙𝑑 ≤ 𝜎
(3)
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Here, F is the normal force in the lattice beam element;
Mi and Mj stand for the bending moments in the local
coordinate system; and σyield stands for the material yield
stress. Specifically, a lattice element is assumed to break in
compression or tension in accordance with the maximal
stress theory, where the limiting stresses are represented
by the uniaxial compressive and tensile strengths (Suiker,
2018; Suiker et al., 2020). A is the element cross-sectional
area, and W is the section modulus (W = πD3/32, where
D is the effective diameter of the lattice element). The
coefficients αN and αM are the normal force factor and
the bending influence factor, which control the degrees
to which normal force and bending moment govern the
failure mode. The value for αN is commonly adopted as 1.0
(Schlangen et al., 1997; D. -W. Zhang et al., 2016; H. Zhang
et al., 2017), and the αM value is set to 0.05 in agreement
with the literature (Chang et al., 2020; Qian, 2012; Qian
et al., 2017; Schlangen, 1993; Vassaux et al., 2014; D. -W.
Zhang et al., 2016).

2.8 Structural failure criterion

In previous 3D printing models (Suiker et al., 2020; Wolfs
et al., 2018), the structure is considered to have failed
when any point of the printed object has reached the
material yielding. This failure criterion may be reasonable
for a homogeneous system under uniform loading. Under
non-uniform loading, however, the point reaching the
yield strength generally causes only localized damage
instead of system failure. The printed structure may still
be able to retain the shape and allow for the printing
process to continue since some stress redistribution could
occur. Therefore, this kind of failure criterion may under-
estimate the buildability performance under the complex
printing geometry or the non-uniform gravitational
loading.
To accurately model the printing process and quantify

the buildability, a different structural failure criterion
should be established. In the 3DCP experiments, the
structures usually fail because of the system instability or
material yielding. This means that a relatively large offset
occurs between the new printing layer and the designed
position. As a consequence, a new printing layer may
fail to be placed into the system at a stable stage. Even
if the object somehow does not collapse, such excessive
deformationmay be considered a "failure” when the aim is
to print a predefined geometry, since the printing process
is usually pre-programmed and does not correct for such
deviations. In this numerical model, failure occurs when
the lateral offset of a layer surpasses the width of an
individual layer (i.e., when the next printing layer fails
to find a position to be placed into the printed system) as

F IGURE 8 Structural failure for 3DCP due to large offset of
the top layer

F IGURE 9 Plastic collapse dominant failure mode for 3D
printing. The plotted grayscale indicates the displacement
magnitude (unit: mm)

indicated in Figure 8. This printing process stops since the
structure has reached the maximum printing height.
Regarding a point in the structure reaching the limiting

stress in tension or compression, the corresponding
element will be removed from the printed object, rep-
resentative of the localized damage during the printing
process. Such local damage is typically accompanied by
stress redistribution, which allows for the printing process
to be continued. In other words, by modeling failure as
an incremental process rather than as a single event, the
critical printing height is less likely to be underestimated.

2.9 Failure mode

Due to the absence of molds, the object may collapse
during the printing process. A model must be able to
capture the typical failure modes to quantify buildability
performance. Herein, using the lattice model, plastic
collapse results from the accumulation of local damage in
the lower layers as depicted in Figure 9. The details related
to the calibration of input parameters and experimental
validation are given in the next section.

2.10 Model applicability

In this model, the solution procedure is based on the lat-
tice beam model with the assumption of the linear elastic
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F IGURE 10 Dimensions of the printing objects: (a) cylinder
structure, (b) square structure. The rounding radius for the corners
of the square structure is 50 mm (unit: mm)

theory and small deformation. In practical applications of
concrete 3D printing, the onset of elastic buckling or plas-
tic collapse is the only thing that matters in a 3D printing
experiment. Once the system fails, excessive deformation
will occur. In that sense, large deformation is not relevant
for predicting the critical printing height. Some structures,
such as the wall geometry, are sensitive to elastic buckling.
For these structures, the geometric non-linearity plays
a significant role in the buildability quantification since
even a small offset can introduce significant stress in the
structure. Other geometries usually fail due to material
yielding. This study focuses on the plastic collapse dom-
inant failure mode with a relatively short printing time.
The second-order effects are not considered, and struc-
tural instability due to the loss of geometry (e.g., elastic
buckling) is outside of the scope of the current study.
In addition to the mechanical analysis, in practice, the

process of 3DCP is influenced by hydrothermal phenom-
ena through a combination of cement hydration (and
associated heat development and cooling), shrinkage
(autogenous, plastic and drying) and viscoelastic deforma-
tion (creep). All of these factors may, to a certain extent,
influence the buildability quantification, especially for
cases with long printing time. The influence of most of
these factors has not yet been experimentally studied and
is poorly understood. The present model can therefore
be seen as an initial processing step for the buildability
performance quantification. Extensive investigations on
the aforementioned factors are beyond the scope of this
research and will be studied in the future.

3 NUMERICAL ANALYSES

The experimental validation of the lattice model for
buildability quantification is performed by simulating two
printing geometries (see Figure 10) using two types of
materials, namely, (a) a cylindrical geometry withmaterial
model A and (b) a square structure with material model B.
The 3DCP numerical analyses are performed in three steps

using the lattice model. First, the computational uniaxial
compression tests are carried out for calibration of the
time-dependent stiffness and strength. Then, two printing
parameters including the non-uniform gravitational load
and randomly distributed material properties are quanti-
tively analyzed to study their impact on the printing char-
acteristics, namely, the critical printing height and failure
mode. On the basis of these parametric analyses and cal-
ibrated time-dependent material properties, two 3D print-
ing numerical campaigns are carried out for model vali-
dation, in which the derived printing characteristics are
compared with experimental results from the literature.

3.1 Computational uniaxial
compression test

In this section, the unconfined uniaxial compression tests
(UUCT) are simulated to calibrate the time-dependent
stiffness and strength of lattice elements. As previously
noted, two types of printable materials are considered.
Material model A is regarded as the case study to demon-
strate the detailed steps for parameters calibration.
During the 3D printing process, cementitious materials

undergo a transition from a fluid- to a solid-like stage
at an early age. The development of yield stress (static
yield stress to be more precise) can be regarded as the
transition between these two stages. When it comes to the
buildability performance, the material is actually in the
transition process, in which the cement hydration con-
tinues, impacting the physical and rheological behavior.
To be specific, when the material stress reaches the yield
stress, the hydrate bridges between percolated cement par-
ticles break and they flow. As a consequence, the printable
materials display a viscous behavior and the shear rate is
proportional to dynamic yield stress based on the plastic
viscosity (Buswell et al., 2020; Roussel, 2018; Roussel
et al., 2012, 2020). Once the structure reaches the critical
weight load, it will collapse. In such a “load-controlled”
situation, further stress redistribution within the whole
system is not possible as explained by Suiker (2018). It can
be concluded that the yield stress plays a dominant role in
the final printing characteristics. Therefore, in the initial
stage of this model developed in this research, the local
post-peak behavior is not considered: Only the material
yield stress and elastic modulus are considered for the
buildability performance quantification.
Regarding the determination of material properties

at different curing times, five computational uniaxial
compressive tests from the literature (Wolfs et al., 2018)
are simulated to determine the properties of lattice ele-
ments to reflect the time-dependent material properties.
In the experiment, the printable material is cast into steel
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F IGURE 11 Computational compressive test. Loading is
applied in the z-direction

cylindrical molds and undergoes a compaction process
three times on a 30 Hz vibration table for a homogeneous
sample realization. Then, cylindrical samples with a diam-
eter of 70 mm and a height of 140 mm are loaded through
an INSTRON setup in which a Teflon sheet is placed on
both sides of the specimen to minimize the friction at the
supports. The corresponding mechanical properties for
fresh concrete at t = 0, 15, 30, 60, and 90 min are tested.
Because the printable material subjected to uniax-

ial compression test undergoes a compaction process,
a homogeneous sample with increased strength and
stiffness and decreased compressibility is achieved as
explained by Wolfs et al. (2018). For the computational
uniaxial compression test, a numerical model of a cylinder
structure with the same size as the experimental speci-
men is created. Considering the computational time and
accuracy, a cell size of 5 mm is selected in the numerical
campaign. The model in UUCT consists of 4317 nodes
and 30,614 Timoshenko beam elements. Considering the
low friction support condition in the experiments, radial
deformation of the top and bottom boundary conditions
are free. Nodal displacements on one side are applied and
the opposite side is fixed as shown in Figure 11.
In the lattice model, there are four input parameters

that determine the material properties: Elastic modu-
lus, shear modulus, compressive strength, and tensile
strength. The compressive strength is assumed to be 10

times higher than tensile strength to consider the fact that
the cementitious materials have a higher resistance to
compressive loading than tensile loading (H. Zhang et al.,
2018a; H. Zhang et al., 2020). Concerning the calibration
process, Young’s modulus can be computed dependent
on the initial slope of the curve, and the compressive
strength is calibrated based on the peak load. The detailed
calibration process is based on the previously published
research on hardened cementitious materials and may
need to be reassessed in the future (Chang et al., 2020).
After calibration, the time-dependent stiffness and

strength used in the lattice model are listed in Table 2.
Note that, in general, the local mechanical properties of
the individual lattice element differ from the global ones
(Delaplace et al., 2007). For example, the lattice element
mechanical properties with the compressive strength
equal to 10.96 kPa and elastic modulus equal to 77.9 kPa
are calibrated by the computational uniaxial compression
test in 0 min. The derived Young’s modulus and compres-
sive strength are compared to the experimental data (see
Figure 12). In the literature, two types of “curing” func-
tions have been proposed for describing the development
of early age mechanical properties of 3DCP: Linear curing
and exponentially decaying curing functions (Perrot et al.,
2016; Suiker, 2018). Here, the linear function is adopted for
the material properties calibration based on the previous
research (Wolfs et al., 2018). The development of the
time-dependent strength and stiffness within the first 90
min can be determined as indicated by the black solid
lines shown in Figure 12 and the R2 values are calculated
through the linear regression function and the average
experimental results on different concrete stages.
The time-dependent stiffness and strength for lattice

elements are described using the following linear relation:

𝐸A (𝑡) = 77.9 + 1.21 ⋅ 𝑡

𝑓𝑐
A
(𝑡) = 10.96 + 0.27 ⋅ 𝑡

(4)

𝐸B (𝑡) = 48.56 + 2.61 ⋅ 𝑡

𝑓𝑐
B
(𝑡) = 5.2 + 0.6 ⋅ 𝑡

(5)

TABLE 2 Calibrated lattice element parameters for material model A with a range of time 0 to 90 min

Local mechanical properties of individual
element Computational uniaxial compression test

Concrete
age (min)

Elastic
modulus (kPa)

Compressive
strength (kPa)

Elastic
modulus (kPa)

Compressive
strength (kPa)

0 77.9 10.96 77.9 5.98
15 99.0 15.01 99.0 8.19
30 111.7 19.04 111.7 10.39
60 154.0 27.12 154.0 14.80
90 186.0 35.21 186.0 19.21
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F IGURE 1 2 Comparison between the experimental and
numerical result of the compression test for material model A, with
concrete age 0 to 90 min (Wolfs et al., 2018)

where E represents Young’s modulus (kPa), which affects
the elastic deformation; fc stands for the material com-
pressive strength (kPa), and t is curing time within 90
min; the superscripts A and B stand for the material type.

3.2 Parametric analyses

As mentioned in Section 3.1, the cylinder specimen for
UUCT underwent a compaction process (Wolfs et al.,
2018). This vibration process reduces the local porosity,
breaks the material internal structure, and promotes the
re-flocculation and structuration process, thereby proba-
bly resulting in a (relatively) homogeneous sample with
higher material strength, compared to the one in the 3D
printing process. The material in the 3D printing process
goes through a pump and is extruded through a hose and
a nozzle, which may also result in higher local porosity
(Chen, Jansen, et al., 2020). Consequently, the material
subjected to a 3D printing process will probably have lower
mechanical properties (i.e., strength, stiffness) and larger
variations in randomly distributed material properties.
Thus, considering the variability of material properties

TABLE 3 Numerical models for non-uniform gravitational
load investigation

Model Geometry

Number of
printing pieces
per layer

Printing time
per piece (s)

1 Cylinder 1 18.6
2 10 1.86
3 30 0.62
4 60 0.31
5 Square 1 9.6
6 4 2.4
7 8 1.2

may therefore be crucial for realistic buildability quan-
tification of 3DCP. Besides, as discussed in Sections 2.1
and 2.4, the continuous printing process in the experi-
ment leads to the non-uniform gravitational load to the
structure. This type of loading condition leads to localized
damage, which may eventually result in structural failure.
In the following sections, the influence of non-uniform

gravitational load and randomly distributedmaterial prop-
erties are investigated for the buildability quantification.

3.2.1 Non-uniform gravitational load

In this section, the impact of non-uniform gravitational
load on the printing characteristics and geometry will be
quantitatively analyzed. Two kinds of geometries under
various non-uniform gravitational load scenarios (see
Table 3) are analyzed. For the numerical analysis, each
printing layer is divided into several printing pieces,
which stands for the continuous printing process in the
experiment and reflects the influence of non-uniform
gravitational load as explained in Section 2.4. Here, seven
numerical models with a different number of printing
pieces and geometries are established to study their impact
on the printing characteristics, and the corresponding
input parameters can be found in Table 4. The model with
a number equal to 1 means that one layer is added into
the system in each step, while the model with a piece
number equal to 10 will divide one layer into 10 sequential
pieces to print. Note that the high friction at the bottom is
utilized as a boundary condition.
Figure 13 provides the critical printing height for two

kinds of printing geometries. It can be illustrated from Fig-
ure 13(a) that the non-uniform gravitational load decreases
the number of printing layers at failure for the cylinder
structure. The critical printing height converges to a stable
value by increasing the number of printing pieces. On the
other hand, the non-uniform gravitational load plays a
negligible influence on the square wall layout as shown in
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F IGURE 13 Relation between the printing divisions per layer
and printing characteristics: (a) cylinder geometry, (b) square wall
layout

Figure 13(b). Regarding the failure mechanism, the non-
uniform gravitational loadmay reduce the critical printing
height due to the uneven displacement for each layer.
Specifically, the non-uniform gravitational load introduces
uneven stress in each layer, leading to localized damage
to the structure. On the other hand, the model with more
printing pieces updates the systemmechanical property in

a finer time step, and as a consequence, stronger loading
capacity for each layer is accompanied. These two oppos-
ing factors codetermine the critical printing height. Which
one plays a more significant role depends on the printing
geometry and the printing time. Based on this numerical
analysis, it is observed that the non-uniform gravitational
load influences the critical height for the model with
relatively low printing speed or the numerical campaign
with relatively large size, while the non-uniform loading
hardly affects the printing critical height for the objects
with fast printing speed and small printing size.
Figure 14 shows the ultimate global failure related to

the influence of non-uniform gravitational load, clearly
showing that non-uniform gravitational load influences
the final failure mode. For the model under uniform
gravitational load, namely, models 1 and 5, the system
deforms in an axial-symmetric way. In contrast, the failure
zone in all models subjected to non-uniform loading arise
from the non-uniform stress distribution to the structure,
resulting in the uneven deformation per layer. Conse-
quently, the radial deformation in the top area increases,
such that the next printing layer may fail to be placed on
the system within the printing accuracy.

3.2.2 Randomly distributed material
properties

As mentioned before, two methods are used to introduce
spatial variability within the printed sytstem: Random
placement of the lattice nodes (within each sub-cell)
and random assignment of the material properties using

TABLE 4 Input parameters for the numerical analyses on non-uniform gravitational load

Geometry Parameter Value
Cylinder Density 2070 kg/m3

Diameter 500 mm
Layer thickness 40 mm
Layer height 10 mm
Randomness 0.2
Cell size 5 mm
Printing time per layer 18.6 s
Material model A

Square Density 2100 kg/m3

Side length 250 mm
Layer thickness 55 mm
Layer height 10 mm
Randomness 0.2
Cell size 5 mm
Printing time per layer 9.6 s
Material model B
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F IGURE 14 Failure mode for 3D printing simulation with
non-uniform gravitational load influence (unit: mm): (a) model 1,
(b) model 2, (c) model 5, (d) model 6

Gaussian distributions. Due to the nature of the printing
process, variability of the material properties might be
high, yet this phenomenon remains scarcely investigated.
Although investigations regarding the effects of vibration
on early age concrete have been performed (Dunham
et al., 2007; Hulshizer et al., 1984), they mainly focused on
the 7 or 28 d material strength influenced by the vibration.
Some studies do provide information about the strength
measured 24 h after casting, but this is far beyond the
timeframe of a concrete 3D printing process (C. Zhang
et al., 2005).
Herein, randomly distributed material properties are

introduced into the 3D printing model. Specifically, the
beam elements have compressive/tensile strength values
that are randomly determined from a Gaussian distribu-
tion (with an average value of 10.96 kPa for the case of
compressive strength at t = 0 s). This is an effective means
for assessing the potential influences of material hetero-
geneity, in lieu of more advanced representations of mate-
rial heterogeneity. Although the value of Young’s modulus
should correlate with strength, it is taken as constant
herein at a given printing time for single variable compar-
ison. Two standard deviation values, that is, 2 and 3 kPa,
are chosen for qualitatively evaluating the effect of ran-
domly distributed material properties on the buildability
performance of 3D printing. During the printing process,
the compressive strength and Young’s modulus increase
with the printing time following the growth rate given by
Equation (4). For the material strength distribution, com-
pressive strength is assumed to be 10 times greater than
tensile strength for each element as discussed before. Note
that, concerning the Gaussian distribution, a limited num-
ber of elements should be assigned with negative strength

F IGURE 15 Failure-deformation and final failure modes for
differing material strength distributions: (a) model with standard
deviation value of 2 kPa, (b) model with standard deviation value of
3 kPa (unit: mm)

values, which is not physically possible. Therefore, those
elements are removed from the mesh prior to the analysis.
Two numerical analyses of the hollow cylinder are per-

formed with the same loading and boundary conditions as
described in Section 3.2.2. Figure 15 shows the maximum
radial displacement and the ultimate failure-deformation
mode for these two examples before failure. It can be
concluded that allowing for disorder in the lattice system,
in terms of strength variation, reduces the number of
layers that can be printed. To be specific, heterogeneous
material behavior leads to uneven displacement for the
same layer under self-weight. Some points of the target
object reach their strength limits producing localized
damage. The accumulation of localized damage leads to
extensive deformation, progressive collapse and eventu-
ally system failure. Increasing the standard deviation of
strength reduces the achievable printing height. Introduc-
ing strength variations also produces a more asymmetric
failure mode relative to that of the homogeneous model.
It can be stated that, in practice, the printing process
should aim to ensure a homogeneous material deposition
(e.g., in terms of density and porosity) to maximize
buildability.



CHANG et al. 651

F IGURE 16 Failure-deformation mode during the printing
process (unit: mm)

3.3 Model validation

In this section, two 3D printing experimental campaigns,
namely, a cylinder and a square structure, are modeled
employing the lattice model for buildability quantification
as indicated in Figure 10.

3.3.1 Cylinder geometry

A cylinder structure with a diameter of 500 mm, a thick-
ness of 40 mm, and a layer height of 10 mm is modeled
to quantify buildability performance. The details about
cylinder geometry can be found in Figure 10 and Table 3.
The numerical model is in line with the specimen in the
trial printing (Wolfs et al., 2018) as indicated in Figure 16.
In the numerical program, each layer is subdivided into 60
pieces for sequential printing reflecting the non-uniform
gravitational load during the printing process. The inter-
face between the different pieces is modeled using tie
constraint as described in Section 2.2. The computational
printing process advances until structural failure. More
specifically, as soon as the linear elastic calculation fails to
converge, the next printing piece in the numerical analysis
cannot be placed due to the excessive deformation as
described in Section 2.7. The time interval between two
layers is set to 0.31 min, determined by the printing
speed in the experimental campaign. The development of
material stiffness and strength depends on the age of the
printing piece. For example, after the placement of 5 layers,
the initial printing piece in the first layer is 1.55 min old,
and the corresponding mechanical properties are assigned
to this piece, while the current printing piece is assigned
the initial mechanical properties (i.e., those corresponding
to t= 0min). In theUUCT (Wolfs et al., 2018), the printable
materials show a standard deviation value equal to 1.07 kPa
for UUCT. Based on this global standard deviation, a stan-
dard deviation of 1.96 kPa for the lattice elements can
be derived and this value is adopted in this numerical
analysis.
In the 3D printing model, the cell size is set to 5 mm,

the same as the computational uniaxial compression test.

F IGURE 17 Lattice model results deformed shape of
cylinders: (a) final deformed shape, (b) deformed shape after the
placement of different printing layers

The same cell size can eliminate the influence of element
size on the material properties. Each layer consists of
5000 nodes connected by around 360,000 beam elements.
Concerning the boundary condition, the bottom layer is
fixed to model the high frictional resistance of the printing
bed, corresponding to the conditions of the experiment
(Wolfs et al., 2018). The relevant gravitational load with
the average material density of 2070 kg/m3 is calculated
by employing Equation (2).
Figure 16 shows the maximum structural deformation

affiliatedwith the printing process and ultimate global fail-
ure. Specifically, the final failure-deformation is affected by
the lateral restraint in the radial direction and increasing
non-uniform gravitational load. The stepwise addition of
printing pieces causes eccentric loading, introducing bend-
ing moment to the system. The element stresses increase
under loading, such that the randomly assigned strength
values are exceeded at some locations, causing localized
damage. This localized damagenegatively affects the struc-
tural stability and significantly governs the critical printing
height. Eventually, the system fails at the 41st printing
layer, with the radial deformation equal to 14.42 mm,
which occurs at the corresponding z position of 115.36 mm.
Figure 17 shows the relation between the radial defor-

mation and corresponding position in the z-direction,
clearly showing a gradual increase of radial deformation
as more layers are printed. The model with a total of 41
filament layers is successfully printed with a total building
height of around 410mmwithin 12.71min. Concerning the
printing process, excessive deformation occurs when plac-
ing the 41st layer, and the system eventually collapses after
the placement of the 42nd layer. The excessive radial defor-
mation of the top area at the layer 41 stage is noticeable,
demonstrating that the current printing layer cannot be
placed in the predetermined position. Thus, the object fails
to ensure the printing quality and meet printing accuracy
due to the excessive deformation in the top zone; therefore,
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TABLE 5 The overview of printing characterizations between the current lattice model and previous simulations and experiments

Parameter Layer value Relative error
Critical printing height Experiment 29 –

Wolfs et al. 46 58.62%
Lattice 41 41.38%

Max radial deformation (mm) Experiment 15.3 –
Wolfs et al. 13.89 10.87%
Lattice 14.42 5.75%

Z position of max radial deformation (mm) Experiment 114.7 –
Wolfs et al. 115.8 1%
Lattice 115.36 <1%

the 41st layer is regarded as the critical printing height.
The maximum radial deformation and the corresponding
z position are derived from the stage before the system
collapse (i.e., layer 41). The final failure mode is domi-
nated by the accumulation of damage leading to plastic
collapse.
Table 5 gives a comparison of the final printing char-

acterizations between the newly developed lattice model,
and the FEM and experimental result from the literature
(Wolfs et al., 2018). The average number of 41 layers
derived from the lattice model overestimates the exper-
imental findings for critical printing height (29 layers)
by 41.38%. The numerical average radial deformation
before failure is equal to 14.42, which yields a relative
difference below 1% with the experimental values. The
corresponding z position is 115.36 mm, which differs from
the experimental result by less than 6%.
There is good general agreement between the results

presented herein and those of the FEM employed byWolfs
et al. (2018). In particular, both sets of results overestimate
the critical printing height but provide accurate estimates
of maximum radial displacement and the height at which
it occurs. This agreement is remarkable considering the
large fundamental differences between the modeling
approaches.
The fact that both differing modeling approaches over-

estimate the critical printing height suggests that there are
aspects of the printing process that are underappreciated.
The remaining discrepancy between the lattice model
results and experimental data might be due to disregard-
ing the influence of manufacturing imperfections in the
printing process. The failure of cylindrical structures
is notoriously sensitive to imperfections in geometry
(Amazigo et al., 1972; Koiter, 1967; Leipholz et al., 1975).
Similarly, the initial imperfections generated in 3DCPmay
decrease the critical printing height due to similar forms
of structural instability. Furthermore, experimental tech-
niques are needed for determining the in situ properties
of the printed materials. The use herein of UUCT data,

F IGURE 18 Final failure mode for square wall layout (unit:
mm): (a) final failure mode, (b) localized damage

obtained from specimens that were consolidated through
vibration, may be another source of error.

3.3.2 Square structure

In this section, a relatively small square wall structure (in
Figure 10(b)), with the layer width equal to 250 mm and a
corner radius of 50 mm, is simulated for model validation
and buildability quantification. Additional information
about this model can be found in Figure 10(b) and Table 3.
In the numerical campaign, the bottom layer is fixed to

correspond with the high friction on the print bed (Suiker
et al., 2020). The time to place one layer is set to 9.6 s,
determined by the printing speed in the experimental
campaign. Each layer consists of around 4300 nodes,
connected by around 31,000 lattice beams; each layer
is divided into four printing pieces, which enables the
representation of the non-uniform gravitational load.
The time-dependent material stiffness and strength are
described using Equation (5): Material model B. The nodal
force is calculated based on the average material density
of 2100 kg/m3 employing Equation (2).
Figure 18 shows the failure-deformation mode and the

localized damage in plane A-A. A comparison with exper-
imental data is given in Table 6. As for the analyses of the
cylindral structure, under the gradually increasing gravity
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TABLE 6 Number of layers at plastic collapse for square wall
layout

Parameter Value
Critical printing height Experiment 218.5 mm

Lattice 240 mm
Relative difference 9.84%

load, the lattice elements eventually exceed the material
strength, causing localized damage in the printed object.
This kind of damage negatively affects the structural sta-
bility and governs the critical number of printing layers.
Eventually, the system fails at the printing of the 24th layer
because of the accumulation of damage in the bottom layer.
The latticemodel is verified via comparisonwith the exper-
imental results of Suiker et al. (2020). With respect to criti-
cal printing height, there is a relative difference of around
10% (Table 6), which is smaller than the relative difference
observed for the cylinder structure. The square layout
might be less sensitive to imperfections generated by the
printing process, but this possibility needs further study.

4 CONCLUSION

In this study, the lattice model is adopted to quantify
the buildability for 3DCP. This model, incorporating an
element birth technique, the time-dependent nature of
the mechanical properties, printing velocity, non-uniform
gravitational load, localized damage and spatial variation
of the printed object, is able to reproduce the plastic
collapse failure modes reported in the literature. Using
this model, computational uniaxial compression tests are
first conducted to calibrate the time-dependent material
stiffness and strength in the range of 0 to 90 min. There-
after, parametric analyses regarding the non-uniform
gravitational load and randomly distributed material
properties are conducted to evaluate their impact on
printing characteristics, including the failure-deformation
response and critical printing height. Based on the
calibrated material properties and parametric analyses
results, the model is finally validated by comparison with
two well-documented 3D printing experiments from the
literature. Themain conclusions are summarized below.

1. A new failure criterion for buildability quantification is
proposed and applied in the numerical model. Failure
of the system is assumed to occur when the next
printing layer fails to be placed on the current printed
system. This failure criterion allows for the occurrence
and accumulation of localized damage. Relative to a
single event, stress-based failure criteria, the proposed

criterion provides a more realistic measure of critical
printing height.

2. In the 3DCP numerical analysis, the spatial variability
of the printed object is approximated in two ways. First,
the random positioning of nodes within the sub-cells
produces an irregular lattice. This leads to non-uniform
stresses in the elements even under uniform loading.
Second, the strength properties of the lattice elements
are randomly assigned, according to a Gaussian distri-
bution, to mimic the material heterogeneity. A higher
standard deviation value causes a lower critical printing
height based on the parametric analysis results.

3. By means of the element birth technique, the con-
tinuous printing process can be simulated more
realistically. The quantitative influence of non-uniform
gravitation load can be reflected through the number of
segments for each layer. The non-uniform gravitational
load influenced the critical printing height of the
cylindrical model, which was relatively large in size
and constructed with relatively low printing velocity.
The effect of non-uniform loading less affected the
critical printing height of the square structure.

Lattice modelings of the square structure and cylinder
structure produce the correct failure-deformation patterns
and quantitative agreement with experimental data with
respect to critical printing height and maximum lateral
displacement of the printed structure. Furthermore, the
lattice model results are comparable to those of the FEM
employed by Wolfs et al. The tendency for both models
to overestimate the critical printing height suggests there
are aspects of the printing material behavior, and of the
printing process, that need further study. In particular, the
consequences of imperfections generated by the printing
process could be investigated through further numerical
studies.
Through this research work, a new numerical method

is proposed to quantify the buildability for 3DCP. The
present lattice model can be seen as an intermediate step
toward accurate buildability quantification. We anticipate
extending the lattice model to study the effects of geomet-
ric non-linearity, early-stage drying shrinkage and creep
on 3DCP buildability.
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