
 
 

Delft University of Technology

3D concrete printing
Lattice modeling of structural failure considering damage and deformed geometry
Chang, Ze; Liang, Minfei; Xu, Yading; Schlangen, Erik; Šavija, Branko

DOI
10.1016/j.cemconcomp.2022.104719
Publication date
2022
Document Version
Final published version
Published in
Cement and Concrete Composites

Citation (APA)
Chang, Z., Liang, M., Xu, Y., Schlangen, E., & Šavija, B. (2022). 3D concrete printing: Lattice modeling of
structural failure considering damage and deformed geometry. Cement and Concrete Composites, 133,
Article 104719. https://doi.org/10.1016/j.cemconcomp.2022.104719

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.cemconcomp.2022.104719
https://doi.org/10.1016/j.cemconcomp.2022.104719


Cement and Concrete Composites 133 (2022) 104719

Available online 13 August 2022
0958-9465/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

3D concrete printing: Lattice modeling of structural failure considering 
damage and deformed geometry 

Ze Chang, Minfei Liang *, Yading Xu, Erik Schlangen, Branko Šavija 
Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, 2628 CN, Delft, the Netherlands   

A R T I C L E  I N F O   
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A B S T R A C T   

This research studies the impact of localized damage and deformed printing geometry on the structural failure of 
plastic collapse for 3D concrete printing (3DCP) using the lattice model. Two different approaches are utilized for 
buildability quantification: the (previously developed) load-unload method, which updates and relaxes the 
printing system after each analysis step and repeatedly applies the gravitational loading to the undeformed 
structure; and the incremental method, which keeps the load after each analysis step and applies the incremental 
loading to the deformed printing system. The former can consider the material yielding but cannot capture 
accurately the structural deformation during printing process. Compared to the load-unload method, the in
cremental method can not only consider deformed printing geometry but can also simulate the non-proportional 
loading conditions and disequilibrium force occurring during 3D printing. In this study, computational uniaxial 
compression tests are first conducted to compare two algorithms. The numerical results indicate the consider
ation of nonequilibrium force and deformed geometry affects the peak load and crack information for fracture 
analysis. Subsequently, the incremental method is incorporated into the lattice model to quantify buildability of 
3DCP. The predictions are compared with previously published numerical results obtained using the load-unload 
method. The lattice model based on incremental method reproduces correct failure mode; better quantitative 
agreement about critical printing height also can be obtained. These numerical analyses demonstrate that the 
incremental solution is an approximate method for buildability quantification since it can account for the 
nonequilibrium force induced by the deformed printing geometry and localized damage.   

1. Introduction 

Extrusion-based 3D concrete printing (3DCP) enables to build 
structural components from a digital model with limited or no need for 
temporary formwork. Initially proposed by Pegna [1], 3DCP has gained 
growing attention in the field of concrete construction over the past 
decades [2–5]. This layer-by-layer manufacturing process outperforms 
conventional methods in many aspects, such as reduction in cost and 
construction time and minimization of material usage [3,6]. Using this 
advanced technology, some large-scale structures have been successfully 
constructed [7,8], clearly showing a promising future of 3DCP in the 
construction industry. 

For a successful printing procedure, on the one hand, layers of 
designed objects should be deposited smoothly from the printhead 
without segregation and blockage [9,10]; after material deposition, on 
the other hand, the printed segments must be strong enough to with
stand their self-weight and carry additional loading from subsequent 

printing layers without excessive deformation or structural failure. 
Therefore, understanding the rheological and mechanical behaviors of 
printable materials plays a significant role in mix design to meet re
quirements of flowability, extrudability as well as buildability [11–13]. 
The flowability and extrudability are associated with rheological be
haviors of printable materials, namely the yield stress and viscosity, and 
a recent article gives a good overview of this process [14]. 

For buildability, the stepwise load increments due to the self-weight 
of successive printing layers result in structural failure of elastic buck
ling or plastic collapse. Two competing age-dependent processes code
termine the structural buildability of a printing object. The material 
stiffness and strength increase due to hydration to support the increasing 
gravitational loading from more printing layers [15–17]. Currently, 
several experimental methods, such as the green strength test [15,18, 
19], direct shear test [11,15], triaxial compression test [20], and vane 
shear test [10,21], are being used for measuring material properties 
relevant to structural buildability. In addition, a series of analytical and 
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numerical models have been proposed to assess when and how a 
printing object may fail. Such tools can replace or at least decrease the 
trial-and-error testing, which is resource- and time-consuming. 

These analytical and numerical models can be classified into four 
categories on a basis of fundamental theory, as listed in Table 1. The first 
category comprises analytical models based on rheology theory, and the 
typical research work is from Roussel [13]. Other notable contributions 
encompass the lower bound analytical model from Kruger et al. [22,23], 
and the empirical linear and non-linear model from Perrot et al. [24,25]. 
These rheological models allow for the effect of flocculation-induced 
thixotropy and chemical reaction on material yield stress, thereby pre
dicting critical printing height considering material yielding. The main 
advantage of these analytical methods is that they can be easily 
rewritten to define allowable printing speed in preventing structural 
failure based on the time-dependent material properties. Nevertheless, 
these analytical models do not consider the variations of process pa
rameters or the gradient of material stiffness/strength over object height 
[3]. The second category is the mathematical model proposed by Suiker 
[26] based on solid mechanics. Through this model, the structural fail
ure due to plastic collapse and elastic buckling can be predicted and the 
results show quantitative agreements with experimental data and other 
numerical results [17,27]. However, similar to other analytical models, 
it is also limited to the specific printing geometry; furthermore, geo
metric or material imperfections due to the printing process cannot be 
considered. In pursuit of more accurate quantification on structural 
buildability, the use of numerical models seems to be a preferred 
solution. 

The third category comprises computational fluid dynamics models 
(CFD) [28,29]. Two formulations of the constitutive law are considered: 
the generalized Newtonian and elastic-viscous-plastic fluid. A recently 
published work extends the model application to layer deformation after 
material deposition [30]. Using this kind of model, the correlations 
between the cross-sectional shape of printing segments and printing 
parameters, including printing speed, nozzle height, and extrusion force, 
can be established. More research towards buildability quantification is 
expected by virtue of CFD. 

The last category comprises numerical models with the fundamental 
theory of solid mechanics. The first numerical analysis was performed 
by Wolfs et al. using a commercial software ABAQUS, in which a hollow 
cylinder structure and a free wall layout are analyzed for structural 
failure of plastic collapse and elastic buckling, respectively [15,17,20]. 

This numerical model accurately reproduces the failure-deformation 
mode while a quantitative agreement with the experimental results 
could be improved. Inspired by this research, other research groups also 
used finite element method (FEM)-based approaches for analyses of 
3DCP [10,35,37,40]. These studies are in accordance with the same 
fundamental principle but may use different failure criteria and different 
types of functions for defining material stiffness and strength evolution 
(i.e., linear or exponentially-decaying curing function). Although these 
FEM-based models are deemed more accurate than the analytical 
models, some issues remain. Rather, these models have not incorporated 
several relevant printing parameters, such as geometrical imperfections, 
non-uniform gravitational loading and material heterogeneity, which 
may affect the structural buildability. Particularly if a complex 3D ge
ometry is analyzed, some localized damage may occur in layers other 
than the bottom one during actual printing, resulting in structural fail
ure. In our previous research, localized damage and non-uniform grav
itational loading have been introduced into the lattice model for 
buildability quantification. The published method using the load-unload 
method (LU) is able to reproduce the correct failure-deformation mode 
of plastic collapse, but a discrepancy with experimental results on crit
ical printing height is observed [38]. This deviation might be attributed 
to the drawbacks of the load-unload method. More specifically, the 
deformed printing geometry and the non-proportional loading condi
tions occurring during 3D printing are not considered in the published 
model. Besides, using the load-unload method, the layer deformation of 
a printed object is calculated by the instantaneous material stiffness 
instead of being computed based on the time-dependent elastic 
modulus. Therefore, the model underestimates layer deformation. 
Additionally, the nonequilibrium force caused by the deformed printing 
geometry and localized damage is also not considered. 

To achieve a quantitative agreement with experimental results, this 
research adopts the incremental method (IM) and updated Lagrangian 
method into the lattice model to quantify structural buildability for 3D 
concrete printing. In contrast to the published model which is based on 
the load-unload approach, the deformed printing geometry and non- 
proportional loading conditions can be considered through the newly 
proposed model. Furthermore, the nonequilibrium force via the gener
ation of localized damage and the change of printing geometry is 
incorporated into numerical analyses of structural failure. 

In this research, computational uniaxial compression tests are first 
simulated to study the impact of two algorithms (i.e., load-unload and 

Table 1 
Different methodologies for buildability quantification in 3D concrete printing.   

Theoretical 
framework/ 
model type 

Model description Model application Model limitation Main 
contributors 

Others 

1 Rheology/ 
Analytical model 

The model proposes several rheological 
requirements on printable materials 
considering flocculation-induced thixotropy 
and chemical reaction 

Analytical models consider the development of 
materials properties and printing velocity to 
estimate structural failure due to plastic collapse 
while the printing process 

Geometry 
limitation, 
structural 
variability 

Roussel [13] [11,12, 
31–33] 

The model accounts for the re-flocculation 
and structuration thixotropy mechanisms 

Kruger et al. 
[22,23,34] 

The model proposes linear and non-linear 
curing function 

Perrort et al. 
[24] 

2 Solid mechanics/ 
Analytical model 

The mechanistic model includes a series of 
printing parameters for the prediction of 
elastic buckling and plastic collapse 

The model studies impact of printing velocity, 
curing function, geometrical features, and 
material heterogeneity 

Geometry 
limitation, 
structural 
variability 

Suiker [26,27] [19,33] 

3 Fluid dynamics 
model 
/Numerical 
model 

Computational fluid dynamics models use 
generalized Newtonian fluid and elastic- 
viscous-plastic fluid constitutive 
relationship 

The relationship between the cross-sectional 
shape of printing segments and printing 
parameters, including printing speed, nozzle 
height, and extrusion force is established 

Buckling failure, 
localized damage 

R. Comminal 
et al. [28–30]  

4 Solid mechanics 
/Numerical 
model 

FEM-based numerical models adopt time- 
dependent elastic-plastic behavior and 
Mohr-Coulomb criterion 

Plastic collapse and elastic buckling Localized damage, 
structural failure 
criterion 

Wolfs et al. [15, 
17,20] 

[10,11, 
14, 
35–37] 

The extended lattice model considers time- 
dependent material properties and non- 
uniform gravitational loading 

Plastic collapse failure mode Deformation 
history, buckling 
failure 

Chang et al. 
[38,39]   
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incremental) on numerical results including the peak load and the crack 
formation. Different results derived from the two methods indicate the 
significant influence of non-equilibrium force on the analysis. Then, the 
incremental method is adopted to assess the buildability of 3D concrete 
printing. Compared to published results using the load-unload method, 
better quantitative agreements with experiments are obtained using the 
incremental method and the reasons are also discussed. 

2. Model description 

2.1. Model introduction and applicability 

In this study, the incremental method is introduced into the lattice 
model to predict the structural failure of plastic collapse. The impact of 
localized damage and deformed geometry is reflected in the form of a 
nonequilibrium force. Structural instability due to elastic buckling is not 
discussed herein and is a part of a related study [41]. The aim of that 
work is how to incorporate the geometric nonlinearity into lattice model 
and reproduce the asymmetric failure of buckling response without 
introducing initial geometrical imperfections. This proposed model ap
plies to objects with a short printing time from minutes versus 1 h 
earlier, in which the printable materials are at a fresh stage. The model is 
based on the assumption of solid mechanics, and printed materials are 
considered in a solid-state. The fracture behavior of concrete in a fluid 
state is not simulated, despite the fact that it is a more important factor 
in the extrusion process. In addition, the viscous behavior is not 
considered, and the model in this study is therefore not capable of 
time-dependent deformation, namely early-stage shrinkage and creep. 
In relation to viscous deformation, relevant experimental data of fresh 
printing materials are required to provide input parameters for the nu
merical analysis. However, to the best of the authors’ knowledge, no 
reliable published work reveals the mechanism behind these. This is 
therefore beyond the scope of the current work and will be addressed in 
the future. 

2.2. Model generation and discretization 

Fig. 1 gives an overview of pre-processing steps of 3DCP analysis, 
which includes model generation, discretization, material properties 
assignment, and failure criterion. Both the load-unload and incremental 
method share the same procedures on structural analysis, which can be 
divided into several steps and detailed information can be found from 
our previous work [38].  

a) Model generation: A cubic domain is first built and divided into a 
number of cubic cells, in which sub-cells are generated. The lattice 
nodes are then randomly placed within these sub-cells through a 
pseudorandom number generator [42–44], allowing for mesh 

disorder. The cell size refers to the mesh resolution, and the length 
ratio between cell and sub-cell is defined as system randomness. 
Considering the low ratio of element length and height, the Timo
shenko beams are adopted to consider shear deformation and 
discrete the printed object through Delaunay triangulation, as indi
cated in Fig. 1 (a).  

b) Model establishment: The designed printing geometry is projected 
into the cubic domain for model establishment. For example, when 
generating a hollow cylinder structure, the hollow cylinder shape is 
projected into the cubic domain, as shown in Fig. 1 (b). Afterwards, 
the lattice nodes and elements inside the designed object are 
reserved while the rest are removed from the mesh system.  

c) Layer division: While printing process, the non-uniform gravitational 
loading from successive printing layers leads to nonuniformity of 
structural deformation and generation of localized damage, causing 
fewer layers to be printed than otherwise expected. Therefore, 
modelling the non-uniform gravitational loading is essential to 
quantify structural buildability. In this study, each layer of the 
designed object is divided into several printing segments to mimic 
the continuous printing process, as indicated in Fig. 1 (c).  

d) Nodal force calculation: In the lattice model, the nodal force allows 
for system gravitational loading. Considering the Delaunay triangu
lation is utilized to mesh system, the domain of a printed object is 
composed of a series of Voronoi cells. The volume of an individual 
Voronoi cell is computed to determine the magnitude of gravita
tional loading of each node, and the detailed procedures can be 
found in our previous research [38].  

e) Element failure criterion: The lattice elements are assigned with 
tensile and compressive strength, which allows for material yielding. 
These material properties are calibrated via the green strength test 
simulations, as described in section 5.1. Once the element stress 
reaches the strength, it will be removed from the system, repre
senting the localized damage during the printing process. Once an 
early-age fracture is initiated on the printed sample, the system is no 
longer in the elastic stage. Subjected to the non-uniform gravita
tional loading, the printing structure eventually fails with increasing 
plastic deformation.  

f) Structural analysis: After model pre-processing, the buildability 
quantification will be performed through LU and IM, as indicated in 
Fig. 1 (d). The next printing segment is always placed on the initial/ 
designed position rather than being adjusted based on deformed 
geometry, which is consistent with the actual printing process [15, 
27].  

g) Structural failure criterion: In general, three typical failure modes 
can be found in 3D printing experiments, i.e., plastic collapse, elastic 
buckling, and combined failure mode, as reported in the literature 
[22,27,45]. All of them follow the same structural failure criterion, i. 
e., the next printing segment fails to be placed on the deformed 

Fig. 1. Flowchart of lattice modelling on 3DCP (a) model generation (b) model establishment (c) layer division (d) structural analysis (e) structural failure criterion.  
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geometry. To describe the experimentally observed failure criterion, 
here the printing object is regarded as failed once the next printing 
segment fails to be placed on the printed system, which means that 
the offset between the design and actual position is at least equal to 
the width of the individual layer, as described in Fig. 1 (e). In gen
eral, this failure criterion accurately defines structural failure. 
However, when it comes to the printed structure with homogenous 
material properties, a uniform collapse of the printing structure can 
be achieved if the printing speed is low enough. In that situation, 
depending on this failure criterion, our model may overestimate the 
critical printing height. To avoid this unusual occurrence, we nor
mally output the failure mode associated with the critical printing 
height to see when the printed structure exactly fails. 

3. Recapitulation of load-unload and incremental methods 

3.1. Overview 

The modeling of fracture in cementitious materials has been under 
investigation over the past decades, two different non-iterative solving 
methods will be discussed in this study, i.e., the IM and LU. 

The load-unload method removes the applied loading after each 
analysis step and then loads the system by a load increment which 
exactly results in one element break. This solution procedure repeats 
until a stopping criterion is reached. Fundamentally, the linear concept 
of the ‘event-by-event’ is preserved in the load-unload method; no it
erations are utilized. Fig. 2 (a) shows a simulation result of a uniaxial 
compressive test using the load-unload method. Considering the analysis 
at each step is always conducted based on the initial statue, the 
assembling of the stiffness matrix is only done once through the entire 
analysis. This algorithm has been introduced into the lattice model for 

fracture analysis [46–49] due to its robustness and simplicity. Different 
from the LU, the IM considers the influence of deformed geometry and 
non-proportional loading problems. 

For each analysis step, the incremental load is applied to the 
deformed system obtained from the last step. Subjected to the incre
mental load, some elements may break, resulting in disequilibrium 
force; and the stress redistribution is then conducted until a static 
equilibrium state is reached again; after that, the incremental load of the 
next analysis step is imposed on the system and the solution procedures 
continue until the final criterion is reached. Fig. 2 (b) shows an example 
of the response of a uniaxial compressive test derived using IM. This 
method is not only valid for non-proportional loading issues but also 
available for time-dependent problems. 

There is however one drawback with IM, which is that the 
displacement that is used as feedback should be defined a priori. The 
displacement of the nodes that are chosen should always increase and no 
snap-backs can be simulated. As a consequence, this method is therefore 
size-dependent. In case of situations in which it is sure that the 
displacement always seems to increase, like in the case of early age 
material and 3D concrete printing, the method (IM) is valid. In case of 
large deformations in the material and progressive deformation IM is of 
course a much better option than LU, because node coordinates can be 
updated all the time and stress redistribution can be included in a better 
way by disequilibrium forces. 

3.2. Case study: computational uniaxial compression test 

During printing, the localized damage has a substantial impact on 
plastic collapse of structure failure. The primary goal of the case study is 
to highlight the difference between two numerical solutions (i.e., LU and 
IM) regarding the damage analysis through computational uniaxial 
compression tests. The investigated objectives involve the fracture per
formance and crack information, including the number of cracks, as well 
as their distribution and sequence. If the different damage information is 
obtained, these two methods may show different performance on 
buildability quantification of 3DCP. In contrast to the load-unload 
method, the incremental approach considers the influence of a num
ber of parameters, including the deformed geometry, induced non- 
equilibrium force and non-proportional loading condition. Theoreti
cally, it should better mimic the actual printing process. 

First, computational uniaxial compression tests are performed to see 
how two approaches (i.e., LU and IM) affect numerical results including 
the load-displacement curve and fracture information. Three groups of 
input parameters are utilized, representative of concretes for different 
hardening times as shown in Table 2. All models are cylinder-shaped 

Fig. 2. Schematic diagram towards load-displacement curve using two methods (a) load-unload method (b) incremental method.  

Table 2 
Computational uniaxial compression tests with different material properties.  

Model Input parameters Peak load 

LU IM Difference 

1 E = 50 KPa ft = 0.71 KPa fc = 7.1 
KPa 

14375 
mN 

13780 
mN 

4.32% 

2 E = 100 KPa ft = 1.42 KPa fc =
14.2 KPa 

28980 
mN 

27836 
mN 

4.11% 

3 E = 10 GPa ft = 10 MPa fc = 100 
KPa 

202.77 
kN 

204.26 
kN 

− 0.73% 

*: E: elastic modulus; ft: material tensile strength; fc: material compressive 
strength; Difference =(IM-U)*100%/IM. 
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with the dimension of 70 mm diameter and 140 mm height. 
There is a small difference in peak load for three models with 

different materials properties, as shown in Table 2. Model 3 with the 
lowest material properties generates the largest variance using these two 
methods (4.32%). Fig. 3 provides the number of broken elements with 
displacement using LU and IM analyses. Overall, these results show a 

discrepancy in the crack information obtained from two methods, which 
leads to the same results with the simulation from Eliáš, J. [50] (who 
considered hardened concrete). A further increase in the discrepancy in 
the number of broken elements can be found with increased displace
ment. These discrepancies are due to the impact of deformed geometry 
and the influence of the nonequilibrium force induced by the localized 
damage. This case study demonstrates the inclusion of nonequilibrium 
force and deformed geometry affects peak load and crack information, 
and the influence is obvious for early-age concrete. 

4. Model methodology on 3D concrete printing 

4.1. Load-unload method 

In brief, the load-unload method applies the total gravitational load 
to the current printing system and computes the structural deformation 
based on the instantons material properties. After each analysis step, this 
load will be removed from the system. This solution method generally 
underestimates the structure deformation, resulting in an overestimated 
critical printing height. Furthermore, deformed geometry is not 
considered and the stress redistribution is also neglected. More detailed 
information about the numerical procedures can be found in Ref. [38]. 

4.2. Incremental analysis 

In this study, an enhancement of the incremental method is proposed 
to simulate non-proportional loading characteristics and capture correct 
layer deformation based on the updated Lagrange approach. 

4.2.1. Theoretical framework 
Compared to load-unload approach, the incremental method applies 

the gravitational load in increments. In each step, the delate incremental 
displacement is computed to integrate the previous structural defor
mation for the total one. Thus, the layer deformation is a summation 
including a series of incremental displacements which should be 
computed based on the time-dependent material stiffness. Meanwhile, 
the delta displacement induced by the incremental load is also 
computed, altering the printed geometry. Thus, a stress distribution 
occurs, bringing an additional force to the printed system. Within this 
analysis step, this stress redistribution needs to be conducted until no 
further damage happen. In that way, at this time step, the stable stage is 
reached and the printing process proceeds. 

4.2.2. Model implementation 
The model implementation based on the incremental analysis can be 

divided into five branches: A, B, C, D, and E, as indicated in Fig. 4. The 
model initialization, fracture check, and structural failure criterion in 
3DCP are identical to those in the previously published study using load- 
unload method [38]. The numerical solution and stress redistribution 
owing to deformed geometry and damage, on the other hand, are new. 

4.2.2.1. Branch A: model initialization. After model establishment and 
discretization, numerical analyses of structural failure are conducted 
using the incremental method. The element stiffness and strength of 
printing segments are first computed based on corresponding properties 
of printing time to assemble the system stiffness matrix K. 

4.2.2.2. Branch B: load increment. In each analysis step, the incremental 
load is the difference between the gravitational loading of printed seg
ments and element force, which is affected by the generation of localized 
damage and change of printing geometry. Subjected to the disequilib
rium force, a series of linear analyses are conducted to derive the in
cremental displacement, leading to the renewal of the internal force and 
the printing geometry. Here, the second-order Runge-Kutta method is 
adopted for solving the system of equations, and parallel computing is 

Fig. 3. Number of broken elements with displacement (a) model 1 (b) model 2 
(c) model 3. 
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used for computational efficiency. 

4.2.2.3. Branch C: fracture check. Regarding the buildability quantifi
cation of 3DCP, the element removal mechanism is adopted to mimic the 
localized damage during the printing process. Once the material yield 
stress is reached, these elements will be marked as critical elements and 
removed from the system. For element failure criterion, the uniaxial 
force and bending moment is adopted for stress computation, as follows, 

σ = αN
F
A
+ αM

(
|Mi|,

⃒
⃒Mj

⃒
⃒
)

max

W
σyield ≤ σ

(1)  

where, F and M refer to uniaxial force and bending moment in the local 
coordinate of an element; A is element cross-section and W stands for 
section modulus, both of them are the same for all elements; the co
efficients αN and αM account for the influence of normal force and 
bending on element failure, and αN equal to 1.0 [44,47,51,52] and αM 
equal to 0.05 are generally adopted in agreement with the literature [44, 
51,53–56]. The σyield is the yield stress, which usually adopts the ma
terial tensile and compressive strength as default values [38]. 

4.2.2.4. Branch D: localized damage and stress redistribution. When 
removing critical elements from the system, the material stiffness and 
strength of these elements will be set to zero, thereby resulting in a 
disequilibrium force to the current printing system, as shown in Fig. 4. 
Subsequently, stress redistribution is then performed for another 

iteration. As soon as no damage occurs, the iterative computation of this 
step stops, indicating a stable stage is derived for the deformed printing 
geometry. 

4.2.2.5. Branch E: structural failure criterion. After each analysis step, 
the structural failure criterion as described in section 2.1 is utilized to 
assess whether the printed object fails or not. Once the structural failure 
criterion is reached, the critical printing height will be determined; 
otherwise, the numerical analysis will continue until structural failure. 

This algorithm is similar to the incremental sequentially linear 
analysis in which the applied load is kept in the system and the next 
reference load is added for the exact one element broken [57,58]. 
However, two points of difference should be noted: first, the geometry 
will be updated based on the derived incremental displacement after 
each iteration solution; second, more than one element is removed 
within one analysis step. These modifications are in accordance with the 
actual printing trials, in which the applied gravitational loading results 
in a deformed printing geometry and lots of localized damages. Through 
the incremental method, the effect of the disequilibrium force due to the 
occurrence of localized damage and change of printing geometry on 
buildability quantification can be investigated. 

5. Numerical analyses 

This section studies the impact of the nonequilibrium force caused by 
localized damage and deformed printing geometry on the structural 
failure of plastic collapse for 3D concrete printing using the lattice model 
with the incremental solution. The effect of disequilibrium force on 
buildability quantification is studied through the comparison with pre
viously published numerical results using the load-unload method [38]; 
and model performance on 3D printing analysis will be evaluated 
compared to the experimental results in the literature [15,27]. 

For buildability quantification, computational uniaxial compression 
tests are first conducted to calibrate material properties, including ma
terial stiffness and strength. Structural analyses of plastic collapse are 
then employed to assess when and how printed objects fail. Several 
failure-based characterizations, consisting of failure-deformation mode, 
critical printing height, and localized damage, are adopted to evaluate 
the prediction performance through load-unload and incremental 
methods for 3DCP. 

5.1. Model calibration 

This section discusses model calibration to derive age-dependent 
stiffness and strength of fresh, 3D printing materials. Herein, the 
computational uniaxial compression tests from the literature [15,27] are 
performed using two types of printing materials, with multiple 
measured ages spanning from 0 to approximately 90 min. Noted that the 
t = 0 is defined as the earliest time point with the possibility of starting 
the test, and approximately 5 min after material casting [15]. Specif
ically, material A is employed for hollow cylinder structure while square 
layout uses material B for the structural build-up of 3DCP [15,27]. 

A cylinder geometry with a diameter equal to 70 mm and height 

Fig. 4. A diagram for stress redistribution due to damage.  

K

Fext

Fint F=Fext  Fint  

K

D 

No localized damage 
until the end within 
this step analysis

Localized damage 
occurs within this 

step analysis

K
Fint

F=Fext  Fint  

D 

Next time step 
analysis

Next iteration

Fig. 5. Flowchart of the developed incremental algorithm on 3DCP.  
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equal to 140 mm in accordance with the experimental sample in the 
literature is used to calibrate transient material properties [15,27]. This 
numerical model with a mesh resolution of 5 mm consists of 30614 
Timoshenko beams connected by 4317 lattice nodes through Delaunay 
triangulation. The computational uniaxial compression tests are con
ducted under the boundary condition without friction, corresponding 
with friction minimization set in actual tests [15]. The model calibration 
is conducted using LU and IM, respectively. For the element failure 
criterion, the yield stress in the compressive state is assumed as 10 times 
higher than the tensile; this hypothesis is generally available to hard
ened cementitious materials and perhaps needs to be adjusted based on 
future experimental insights in 3D printable fresh materials. The 
detailed calibration procedures can be found in our published research 

[38,44]. During the calibration process, the time-dependent compres
sive strength and Young’s modulus computed from the green strength 
test are the targets of the lattice simulation. The numerical results 
derived from the computational uniaxial compression test are shown in 
Fig. 5 along with test data. The relevant material properties towards 
lattice elements are what we want to get from the calibration process, 
which is adopted as input parameters for buildability quantification. Eqs 
(2)–(5) mathematically describe time-dependent Young’s modulus and 
compressive strength of the lattice elements using linear functions. A 
linear relation seems valid at very early age, although at later age the 
development will slow down with time. Note that there are some dif
ferences in terms of material properties between load-unload and in
cremental methods. This is because of the combined effect caused by 

Fig. 6. Compressive strength and Young’s modulus development from experimental results and lattice model, with concrete age 0–90 min.  

Fig. 7. Dimensions of cylinder structure for 3d concrete printing (a) layers of hollow cylinder structure (b) single layer division (c) dimensions of the printed object.  
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localized damage and deformed geometry, as explained in Section 3.2. 

EA, ​ LU(t) = 77.9 + 1.21⋅t
fc

A,LU(t) = ​ 10.96 + 0.27⋅t (2)  

EB,LU(t) = 48.56 + 2.61⋅t
fc

B,LU(t) = ​ 5.2 + 0.6⋅t (3)  

EA, ​ IM(t) = 77.9 + 1.21⋅t
fc

A,IM(t) = ​ 12.02 + 0.28⋅t (4)  

EB,IM(t) = 48.56 + 2.61⋅t
fc

B,IM(t) = ​ 4.63 + 0.75⋅t (5)  

where t is defined as printing time; E is Young’s modulus of lattice ele
ments, determining elastic deformation within each time frame during 
the printing process; fc represents material compressive strength, code
termining the localized damage together with tensile strength; two su
perscripts A and B refer to different types of printing materials; LU and 

IM refer to load-unload and incremental approach, respectively. 

5.2. Model validation 

5.2.1. Hollow cylinder structure 
The hollow cylinder structure with 500 mm diameter, 40 mm 

thickness, and 10 mm layer height (as shown in Fig. 6), is employed for 
buildability quantification during the printing process, which is in 
accordance with the printing trials in the literature [15]. This numerical 
analysis adopts high friction as the boundary condition and divides each 
layer into 4 printing segments to mimic non-uniform gravitational 
loading due to the sequential printing process in actual trials, see Fig. 6 
(b). To remove mesh size influence, 5 mm mesh resolution is utilized in 
this simulation. Each layer composes of about 5000 lattice nodes con
nected by around 360,000 lattice beams. The nodal force is code
termined by Voronoi volume and material density, which is around 
2100 kg/m3 derived from experimental data [15]. 

Fig. 8. Dimensions of square structure for 3D concrete printing (a) layers of square structure (b) single layer division (c) dimensions of a square layout.  

Fig. 9. Lattice model results deformed shape and occurrence of localized damage for hollow cylinder structure using the incremental method.  
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5.2.2. Large square 
Considering the fact that cylindrical geometry is sensitive to imper

fections for structural analysis [59,60], a square layout is therefore 
added for model validation. The size information of the square structure 
is listed in Fig. 7, i.e., layer height of 10 mm, and a radial corner of 50 
mm. Regarding model discretization, the same mesh resolution (5 mm) 
is employed and each layer of the square layout includes around 4300 
lattice nodes and 31,000 lattice elements. The nodal force, characterized 
by Voronoi volume and material density of 2100 kg/m3, is comparable 
to the numerical analysis of hollow cylinder structure, as well as the 
boundary condition and layer division. 

In relation to printing velocity, the interval time between two layers 
is 0.31 min and 0.16 min for hollow cylinder and square structure 
correlated with printing speed in actual tests. Lattice modeling of plastic 
collapse is carried out through two steps. The first step concerns the 
development of material properties, in which new printing elements are 

activated and material stiffness and strength develop following a linear 
function, as mathematically described from eqs (2)–(5). For instance, 
when assuming the interval time between two segments is 0.62 min, the 
total printing time reaches 3.1 min after deposition of 5 printing seg
ments. Consequently, the first printing segment is assigned to corre
sponding properties of 0.31 min age while the 5th segment has the 
properties of 0 min. The second step concerns structural analyses during 
the printing process, as explained in section 4, where the two algo
rithms, namely, LU and IM, are employed for buildability quantification. 
The numerical analysis is performed until the structural failure criterion 
is reached, i.e., the next printing segment fails to be placed on deformed 
geometry. 

In 3DCP, there is a standoff distance between the printed structure 
and nozzle in 3DCP. Depending on this distance, two subcategories of 
printing processes for extrusion-based materials can be distinguished. If 
the standoff distance is positive, the printed materials are extruded from 
the nozzle and placed on the deformed structure. In that case, the 
gravitational load due to the printed segments mainly affect the struc
ture deformation. Once this distance is negative, the newly printed 
segments are extruded to the printed structure under the gravitational 
load and extrusion pressure. This extrusion pressure significantly de
termines the structure deformation. This pressure must be considered in 
the model when quantifying the structure buildability in such an 
instance. In these two printing experiments, the new printing segments 
are placed on the deformed structure without pressure force, as 
described in the literature [15,27]. As a result, we did not include this 
sort of force in our model for quantifying buildability. 

5.3. Numerical results 

In 3DCP, failure modes, critical printing height, and structural 
deformation are common experimentally derived parameters for build
ability quantification in 3DCP. In this section, modelling the printed 
structures reproduces the correct failure mode qualitatively, much like 
visual inspection. The critical printing height, radial deformation, and 
structure deformation are provided for quantitative comparison. 

Fig. 8 shows radial deformation and occurrence of localized damage 
during printing process, showing that a growing number of printing 
layers result in a larger radial deformation. Meanwhile, increasing 
amount of damage can also be observed from the deformed printing 
geometry. This is attributed to the non-uniform gravitational loading 
from successive printing segments, and due to the disequilibrium force 
caused by the generation of localized damage and the change of printing 
geometry. To be specific, a new printing segment is placed on the 
deformed printing system, resulting in more localized damage occur
rence and a larger structural deformation. This influence may, in turn, 
affect the non-uniform state of stress which can result in structural 
collapse. In the end, a majority of lattice elements in the bottom layers 
break (as shown in Fig. 9), leading to structural failure of plastic 
collapse. Concerning the system deformation (defined as the square root 
computed through the displacements in three translations, i.e., sqrt 
(x^2+y^2+z^2)), the zone with maximal deformation derived from the 
load-unload method is close to the top area, as shown in Fig. 9 (a). 
However, the incremental method predicts structural maximum defor
mation near the middle of the cylinder height, as shown in Fig. 9 (b). 
Meanwhile, numerous broken elements also can be observed due to 
large radial deformation in Fig. 9 (c). The experimental result from the 
literature (Fig. 9 (d)) indicates that the incremental method better re
produces the failure-deformation mode [15]. In relation to the genera
tion of localized damage, Fig. 10 (a) indicates that the number of broken 
elements derived from increment methods is higher than that obtained 
through the load-unload solution under the same gravitational loading 
condition. Thus, the incremental method (IM) predicts a lower critical 
printing layer than the load-unload method (LU). Eventually, the 
printing object fails due to material yielding. 

Fig. 10 (b) describes the generation of localized damage versus the 

Fig. 10. Final-deformation mode of hollow cylinder structure (a) load-unload 
method (41st layer) [ [38]] (b)incremental method: failure deformation 
(32nd layer) (the structural deformation is magnified to see. Unit: mm) (c)in
cremental method: localized damage (32nd layer) (d) experimental results. 
Reproduced from Ref. [15]. Copyright 2018, Elsevier. 
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printing layers for the large square structure. Compared to the load- 
unload method, more broken elements are found using the incremen
tal solution, which is attributed to the inclusion of disequilibrium force 
and updating of nodal coordinates with increasing deformation as 
shown in Fig. 11. Fig. 12 provides the failure-deformation mode and the 
occurrence of localized damage of the square layout using the two al
gorithms. Although two different approaches predict different failure 
zones with maximal deformation, the failure-deformation modes, 
characterized by localized damage and excessive deformation, are 
comparable. Eventually, numerous lattice elements within the bottom 
layers break, leading to the structural failure of plastic collapse, as 
illustrated in Fig. 12 (c). This failure mode with an obvious cross-section 
increasing on the bottom layers can be easily observed from Fig. 12 (b), 
which is in accordance with the experimental findings as shown in 
Fig. 12 (d) [27]. 

Table 3 lists a series of failure characterizations, consisting of critical 
printing height, maximum radial deformation, and corresponding z 
position among lattice model using load-unload [38] and incremental 
method, FEM-based model from Wolfs et al. [15], and experimental 
results [15,27]. Differences are obtained between the experimental data 
and the different simulation methods. These differences are expected 
also because of variation of material properties and circumstances when 
performing the experiments. The most important, however, is to 
conclude that the IM method predicts the same failure mechanism as in 
the experiment and therefore it seems better than the LU method. 

6. Discussion 

When comparing the predicted critical heights from the lattice model 
using the two approaches, the numerical results indicate that the in
cremental method predicts a lower critical printing height than the load- 
unload method, which is ascribed to consideration of deformed geom
etry and disequilibrium force. Specifically, the total deformation of the 
printing structure is determined by the transient material stiffness using 
the load-unload method. However, the layer deformation is a summa
tion including a series of incremental displacements which should be 
computed based on the time-dependent material stiffness. Besides, 
based on the deformed printing geometry, the disequilibrium force 
induced by the geometry change and damage generation can be 
included using the incremental solution. The localized damage has sig
nificant influence on plastic collapse during the printing process. 
Considering that the lattice model with incremental approach re
produces the correct failure-deformation mode as well as quantitative 
agreement result with experimental data, it can be considered as a more 
precise method for buildability quantification of 3DCP. 

However, compared to experimental results, some discrepancy can 
also be found. The incremental solution underestimates printing height 
of the hollow cylinder structure while the opposite is observed for the 
square layout. This difference is attributed to exclusion of geometric 
imperfection and possible underestimation of material properties used 
as input in the model. 

The development of material properties is obtained using the green 
strength test, in which printable materials are actually cast and therefore 
undergo a compaction process [15,27]. This process may result in a low 
early-stage material stiffness and strength with the time frame of the first 
30 min [20]. Furthermore, viscoelastic behavior like creep and relaxa
tion is not considered. This will both be present in the green strength 
testing, but also during printing. Consequently, the critical printing 
height is underestimated derived using these material properties. To 
obtain more reliable input parameters, some improvements on the ma
terial test are recommended without the compaction process may be 
needed, however, this is beyond the scope of current research. 

The underestimation of the number of critical layers can be found 
from square geometry while the opposite tendency is also found for 
hollow cylinder structure, which can be attributed to another factor, 
namely, presence of geometric imperfection induced by extrusion and 
printing process. For 3DCP, there are two types of imperfections may be 
generated during the printing process; the first one comes from the 
manufacturing process given the fact that printable materials cannot be 
smoothly extruded from the nozzle; the second one is localized damage. 
The model presented in this chapter only allows for localized damage 
that is generated due to the loading conditions but neglects imperfec
tions resulting from the printing procedure. The critical printing height 
is possible to be overestimated using the lattice model with the incre
mental solution, especially for hollow cylinder structure instead of the 
square layout. This is because the cylinder geometry is much more 
sensitive to imperfections compared with the square structure [26,27]. 
Once the imperfection like air pore and layer tearing and development 
of shrinkage stresses during the manufacturing process are considered, a 
better quantitative agreement with experimental data may be achieved. 

7. Conclusions 

This research investigates the influence of disequilibrium force due 
to localized damage and deformed printing geometry on the structural 
failure of plastic collapse by comparing load-unload and incremental 
methods through the lattice model. A series of novel insights and con
clusions can be reached as below: 

Fig. 11. Generation of localized damage during the printing process (a) hollow cylinder structure (b) square structure.  
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1. Compared to the load-unload method, the incremental method 
considers disequilibrium force via the generation of localized dam
age and the change of printing geometry. For the computational 
uniaxial compression test, the inclusion of this kind of force results in 
different peak load and crack information, and the influence is 
obvious for early-age cement-based material. 

2. For 3D concrete printing analysis, the load-unload method un
derestimates the layer deformation based on instantaneous material 
stiffness. The correct layer deformation is a summation including a 
series of incremental displacements which should be computed 
based on the time-dependent material stiffness. The lattice model 
with an incremental approach is considered an accurate method to 
capture structural deformation during the printing process.  

3. In contrast to the published load-unload method, the incremental 
approach reproduces more accurate failure-deformation mode as 
well as quantitively agreement results with experimental data. This 
is due to the consideration of deformed geometry and the inclusion of 
nonequilibrium force.  

4. A small deviation between lattice modeling using the incremental 
method and the experimental results can be found. This is likely 
because of the underestimated material properties from testing, and 
because of disregarding the impact of geometrical imperfections 
generated during the extrusion and printing process. 

Based on the numerical results, it can be concluded the lattice model 
with the incremental method can be considered as a more approximate 
method for buildability quantification of 3DCP. Through the incre
mental method, in the next research, several time-dependent factors 
such as creep and shrinkage will be incorporated into the lattice model 
to study their impact on buildability quantification. 
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Table 3 
Overview of failure-deformation results of the cylinder and square structures 
including critical printing height, radial deformation, and corresponding height.  

Object Parameter Value Relative 
error 

Hollow 
cylinder 

Critical printing height Experiment 29 layers – 
Load-unload 
method 

41 layers 41.38% 

Incremental 
method 

32 layers 10.34% 

Wolfs et al. 46 layers 58.62% 
Max radial 
deformation (mm) 

Experiment 15.3 mm – 
Load-unload 
method 

14.42 
mm 

5.75% 

Incremental 
method 

14.9 mm 2.61% 

Wolfs et al. 13.89 
mm 

10.87% 

Z position of max 
radial deformation 
(mm) 

Experiment 114.7 
mm 

– 

Load-unload 
method 

115.36 
mm 

<1% 

Incremental 
method 

128.09 
mm 

11.67% 

Wolfs et al. 115.8 
mm 

1% 

Square Critical printing height Experiment 218.5 
mm 

– 

Load-unload 
method 

240 mm 9.84% 

Incremental 
method 

200 mm − 8.47%  
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[56] H. Zhang, B. Šavija, S. Chaves Figueiredo, M. Lukovic, E. Schlangen, Microscale 
testing and modelling of cement paste as basis for multi-scale modelling, Materials 
9 (11) (2016). 

[57] C. Yu, P. Hoogenboom, J. Rots, Extension of incremental sequentially linear 
analysis to geometrical non-linearity with indirect displacement control, Eng. 
Struct. 229 (2021), 111562. 
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