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Abstract. This paper reports an extended lattice model for printing process
simulation of 3D printed cementitious materials. In this model, several
influencing factors such as material and geometric nonlinearity are considered.
Using this model, green strength of cementitious material is investigated,
deformation and crack pattern can be derived, which is close to the experimental
result. Subsequently, numerical analysis of 3D printing is conducted for the
simulation about printing process. Imperfections arising in the printing process
can be incorporated and two failure modes including the elastic buckling and
plastic collapse can be simulated through this model.

Keywords: Lattice model - 3D printing - Material nonlinearity - Elastic
buckling

1 Introduction

Over the past decades, 3D concrete printing (3DCP) gains much attention in the
construction industry due to the cost reduction and production rate [1-3].This tech-
nology gives capacity to construct the structures by layer-wise extrusion process
without using formwork [4]. To search for the suitable printable materials and optimize
the printing process, more than 30 research groups worldwide are currently engaged in
the research about 3DCP.

In 2008, Thorpe and his co-workers [5, 6] from Loughborough University com-
pleted one of the first 3DCP programs named Freeform construction by constructing a
gantry-based 3D cementitious materials printer and developing a high performance
printable cementitious material. Printable materials should be sufficiently strong, stiff
and stable to retain the shape and avoid large deformation under the weight of sub-
sequent layers [7-9]. More recently, explorations have started into many aspects
including the printable material compositions and printing scheme. A fundamental
understanding of printable materials and printing process has developed via two
parameters: “open time” for printable materials (open time is the period where the
mechanical properties meet the printing requirement) and the “buildability” for the
printing process (Buildability is that the object can be successfully built without failure
and large deformation) [7, 10-15].
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Albeit a steadily growing number of researchers active in the 3DCP research,
numerical and theoretical models are still in their infancy. Roussel [19, 22, 23]
investigated the rheological and thixotropic characteristics of cementitious materials
and established the linear strength evolution with hydration time. An analytical model
based on material rheology [19] was ultimately proposed to evaluate the printability of
cementitious materials [16-20]. This analytical model, which has been experimentally
validated, can predict the maximum number of printing layers considering the plastic
collapse failure mode. Successive developments of this model can be found in the
literature [5, 15-19, 22, 24]. The plastic collapse failure mode can be well predicted
using such analytical models. But some issues still remain. The other failure mode (i.e.
elastic buckling) is ignored in analytical models since the influence of structural
geometry is not considered. Confronted with this research gap, a mechanistic model
was proposed by Suiker [21] for the analysis of elastic buckling and plastic collapse.
This mechanistic model was derived using a combination of energy theory, equilibrium
equations and boundary conditions. The geometric imperfections generated during
printing of a wall was included in the buckling model by decomposing the dimen-
sionless deflection. Experiments were used to validate numerical results, which
underestimated the total number of filament layers by 10%. Furthermore, the mecha-
nistic model was limited to the straight wall structural geometry. To propose a more
versatile model, Wolfs et al. [9, 25] investigated the mechanical properties of
cementitious materials at an early stage and hardened stage through a uniaxial com-
pression test and a direct shear test to derive the mechanical properties in numerical
simulations. Based on the experimental results, numerical analyses of the green
strength and the printing process of cementitious materials were conducted using
commercial software ABAQUS [9]. The model yielded reasonable results, with 25%
overestimation of the total number of filament layers compared to the experimental
results. Importantly, by using this numerical model, the correct failure modes such as
elastic buckling and plastic collapse were predicted. From the review of current
research, it can be stated that all listed models show great progress in evaluating the
buildability and printability of cementitious materials. However, some issues still exist
in these models. For instance, most models ignore important influencing factors such as
imperfections, plastic shrinkage, and creep, among others. A more reasonable
numerical model is necessary for optimizing the printing process and guiding a real 3D
printed project.

Lattice model, based on the discontinuous formulation, can avoid singularity-
related issues in continuum-based numerical methods. Besides, the imperfection during
the printing process can be easily implemented in the lattice model. Herein, the lattice
model is utilized as the basic model to do specific improvements to meet the
requirements of 3DCP numerical analysis.

In this paper, the extended lattice model is proposed for numerical analysis of the
printing process of 3DCP. The proposed model takes the geometric and material
nonlinearity into account. The model is used to simulate the green strength and the
printing process. This paper can be divided into 3 main parts. In the first section, basic
theory of the lattice fracture model is briefly introduced and some improvements on the
lattice model for considering nonlinearity and non-proportional loading are explained
for 3D printing simulation. In the second part, the green strength of cementitious
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material is simulated for the calibration of local mechanical properties of 3D printed
concrete. Finally, using the obtained input parameters, the simulation of the 3D printing
is performed, showing the capability of the model to capture the typical failure modes.

2 Model Development

2.1 Lattice Model

In the lattice fracture model, the material is discretized by a network of Timoshenko
beam elements, which are constituted by the random nodes in a limited domain through
the Delaunay triangulation [26]. The schematic view of lattice model generation for 3D
printing can be found in Fig. 1. In lattice model, the Timoshenko beam element is
generally used to model shear deformation considering the low ratio of length and
height of the beam elements in the lattice model.

O =

layer

CBNOUNEWN-

5

3D printing model in Lattice Lattice model generation Timoshenko Beam

Fig. 1. Schematic view of lattice model generation for 3D printing

In lattice fracture model, the element strength and stiffness are obtained by cali-
bration of experimental data [26, 28, 29]. Using these mechanical properties, a set of
linear elastic analysis is performed through the calculation of stress distribution for
each element subjected to an imposed particular load. The element with the highest
stress/strength ratio is regarded as the critical element and removed from the lattice
mesh, thereby introducing a small crack [26]. Once the critical element is found, the
mechanical properties change and the global stiffness matrix is updated due to the
damage. The step-by-step removal presents the initiation and propagation of the crack,
finally, crack pattern of the lattice model could be obtained. Meanwhile, the dis-
placement of the model, calculated by scaling factor and prescribed displacement,
determines the load-displacement curve of the model.

Based on the Timoshenko beam theory, the element is a lattice beam of uniform
cross-section and can transfer the uniaxial force, shear, bending and torsion [27]. The
stress for the lattice element is calculated by the following equation.



Extended Lattice Model to Simulate the Printing Process 817

_F (|Mi|’ijj‘>max

Where F is the normal force for the lattice beam element, M; and M; are the local
bending moment in local coordinate system, A is the cross-sectional area of an element,
and W = nD?/32 the section modulus of an element (D is the diameter of the circle
area). The coefficient « is the bending influence factor which balances the final failure
mode in which either force or bending plays a dominant role. According to previous
research [26, 28, 29], the value of the bending influence factor is set to 0.05.

2.2 Extended Lattice Model

The lattice fracture model for fracture analysis of cementitious materials has been
proposed by Schlangen [26, 28, 29]. This model is generally based on the sequentially-
linear analysis procedure, and each element has brittle behaviour.

In lattice fracture model, the element step wise constitutive relationships are cali-
brated by fitting the global load and displacement curve to represent elastic-plastic
behaviour (see Fig. 2). In every analysis step, loading or displacement is increased until
one beam in the model has the stress/strength ratio equal to one. This critical element
weakens and reduced stiffness is set to the element for the next step calculation. When
reaching the last step in the constitutive relationship, this beam is removed from the
system. The loading procedure is increasing until a predefined stop criterion (e.g. load
or displacement).

l4r The elastic-plastic curve (red dash line)
12} e
g ot @
2
v of
4r ® (DB The constitutive relationship
) pd in lattice model
2l ’/—_—_’_--@-—----::::::_ =
0.0 0.1 0.2 0.3 0.4 0.5

Strain (%)

Fig. 2. The elastic-plastic constitutive relationship in lattice model

The second improvement is related to non-proportional loading. After extrusion,
the self-weight of previous layers remains in the system, resulting in an internal force
among in the lattice elements. When the following layer is printed, the prescribed load
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increment results in failure of additional elements, which causes stress redistribution.
To overcome this issue, the improved sequentially linear solution, proposed by the
Elias [30], is incorporated into the lattice model.

Another improvement is the consideration of the geometric nonlinearity. Apart
from the removed or degraded elements, the nodal displacements’ variation in the
lattice system also results in the disequilibrium force. After occurrence of the force, a
sequentially linear redistribution process of stress release takes place until a static
equilibrium state reaches.

Taking these influencing factors into consideration, the extended lattice model is
used for simulation of 3D printing.

3 Numerical Analysis

The numerical analysis of 3DCP is investigated in two steps using the extended lattice
model. The first step concerns calibration of the local mechanical properties by sim-
ulating the compression test. A case in point, the element mechanical properties for the
simulation of green strength in 30-min is as shown in Fig. 2. In the second step the
extended lattice model is utilized to simulate the structural behaviour during the
printing process and research the failure-deformation mode.

3.1 Compression Test

The extended lattice model is used to analyse the green strength (the compressive
strength obtained from such mortar cylinders in fresh state is commonly called green
strength of the tested material) and deformation characteristics of fresh cementitious
material, relying on the experimental results from Chen et al. [12, 13].

In their experiment, cylinder specimens with diameter of 33.5 mm and height of
67.5 mm are utilized for the investigation of green strength. In the numerical analysis,
the displacement in vertical direction is applied to the top of edge of the cylinder, which
corresponds to 15% vertical strain. The bottom is simply supported in vertical direc-
tion. The step-wise constitutive relationship is utilized to represent the elastic-plastic
mechanical constitutive relation in extended lattice model.

The numerical analysis for cementitious materials is performed for each stage in the
experimental program. The calibrated mechanical properties are as shown in Table 1.
The resulting load-displacement diagram in loading direction is compared with the
experimental results, see Fig. 3. The simulation results (in solid line) agree well with
the experimental finding (in dash line). Besides, the global deformation of the specimen
(t = 40 min) and the crack patterns for the sample (r = 4 h) keep the same with the
experimental diagram. Therefore, the extended lattice model is deemed possible to
model the green strength and deformation characteristic of fresh cementitious materials.
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Fig. 3. The comparison between the numerical result and experimental results (a) load-
displacement curve (b) Deformation from literature [13] (c) Deformation in numerical analysis
(d) Crack pattern from literature [13] (e) Crack pattern in numerical analysis

Table 1. Calibrated element mechanical properties in lattice model

Time/min | Segments | Part 1 Part 2 Part 3 Part 4 Part 5 | Part 6
(kPa) (kPa) (kPa) (kPa) (kPa) | (kPa)
E F. |E F. |E |F. |E |F. |E |F.|E |F.

30 6 le1| 8| 33| 8| 19| 8 13| 8|10 8| 8 8

45 6 157 13| 49| 13| 29| 13| 21| 13|16|13|13 13

60 5 197 18| 67| 18| 40| 18| 29| 18|23|18

90 6 1461 | 50| 222| 50/120| 50| 82| 50|63(50|13 |13

150 4 1261 | 128 | 478 | 128 295|128 213|128

240 2 2705 | 240 | 1200 | 240
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3.2 Printing Process

The overview of printing process parameters for cylinder and wall structure are listed in
Table 2. In both numerical analyses, the bottom layers are taken as fixed, assuming
high friction in printing bed. Each node in the extended lattice model has gravity
representing the self-weight of the printable materials. The element mechanical prop-
erties of each layer are assumed to be constant, which should be calculated during the
analysis based on their age in the printing process, for instance, after 5 layers, the initial
layer will be 32.5 min old and use the corresponding mechanical properties of that age,
while the last printing layer should be 30 min old, and so on. Since in this paper, the
model time for the designed project is less than 5 min, the strength and stiffness are
assigned as constant.

Table 2. The input parameters for the models

Parameter Value
Wall structure Wall thickness (w) 12 mm
Wall length (1) 200 mm
Height for each layer (h) | 7 mm
Printing speed 30 s/layer
Cylinder structure | Heart radius 62 mm
Thickness for each layer | 13 mm
Height of each layer 6 mm
Printing speed 30 s/layer

For the wall structure, two imperfections are introduced to the wall structure model
to investigate the imperfection influence on the final failure mode, in which 8th and
10th layers are subjected 1.5 mm horizontal shift.

Two numerical models are investigated to study structures with different geometry
and the impact of imperfections during the printing process. Figure 4 shows the initial
structure and the deformed model towards different printing shape. For the cylinder
structure, due to the restrained deformation in the radial direction, a tendency of
cylinder buckling occurs, which is a combination of elastic buckling and plastic col-
lapse. The subsequent printing layers increase the element stress and strain due to the
increasing self-weight in the model. At this point, some elements meet the failure
criteria and are removed from the model. Therefore, the system becomes unstable and
the tendency for elastic buckling are more obvious. For the wall structure, a more
obvious elastic buckling can be observed due to the horizontal shift in the 6" and the
10" layer. After the 12" layer, the imperfections cause the system to lose its capacity to
bear the load from subsequent printing layers and the model eventually fails.
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Fig. 4. (a) Hollow cylinder (b) Failure mode about the hollow cylinder (c) Wall structure
(d) Failure mode about the wall structure

4 Conclusions

In this paper, an extended lattice model is proposed to simulate the green strength of
cementitious materials, in the range of 30-min to 4-h after adding water. Subsequently,
the printing process is simulated using the input parameters derived by the calibration
of the compression test. Based on the presented results, the following conclusions can
be formulated.

e The extended lattice model is able to model the green strength and deformation
characteristics of fresh cementitious materials;

e The structural behaviour of cementitious material during 3D printing can be sim-
ulated and the corresponding failure-deformation mode can be derived using this
model.

¢ Finally, it may be concluded that the extended lattice model is suitable to simulate
3D printing of concrete. As further work, the model should be validated by com-
parison to printing experiments. Besides, more influence factors such as plastic
shrinkage will be introduced into the model and the model will be further utilized as
a numerical tool for the optimization of 3D printing.

Acknowledgements. Ze Chang would like to acknowledge the funding supported by China
Scholarship Council under grant number 201806060129.
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