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By
Ze Chang

1 All models are wrong, but some are useful. (George E. P. Box)

[This proposition pertains to this dissertation]

2 So far, 3D concrete printing is still more an avant-garde concept rather than a practical
construction method.

[This proposition pertains to this dissertation]

3 There is no best algorithm, only the most suited algorithm exists.

[This proposition pertains to this dissertation]

To learn without thinking is blindness, to think without learning is idleness (The Analects)
If you make a decision, acting soon rather than later is always preferable.

During the PhD process, "creep failure” is more likely than "fatigue failure.”

Literature review is not the best and most efficient method for knowledge acquisition.

o N N U1 s

Doing a PhD is not as good as you expect or as bad as you fear. The attitudes to failure and
frustration throughout the PhD process determine the level of success in the PhD.
9 Excessive pursuit of research output burns out the love for research.

10  Knowing what to give up is equally important as learning to solve problems.

These propositions are regarded as opposable and defendable, and have been approved as such by the promotor
Profdr.ir. E. Schlangen and co-promotor Dr. B. Savija.
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CHAPTER 1 13

1 » GENERAL INTRODUCTION

This chapter presents the background of 3D printed concrete. The research significance,
objectives and methods are illustrated afterwards. In the end, the thesis outline is given.
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1.1 RESEARCH BACKGROUND

Over the past decades, the construction industry has been gradually moving
towards digital manufacturing. Automated manufacturing technologies such as 3D
concrete printing (3DCP) have generated considerable interest in academia and
industry, and many groups are currently engaged in 3DCP research worldwide [1, 2].
This additive manufacturing technology can transform digital data from a computer
model to a physical product [3]. 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 [4-6], as shown in
Figure 1-1.

I

o

€)) (b)
Figure 1-1 Examples of 3DCP application on geometrically complex, non-standard structural
elements. (a) horizontal component manufacture from Loughborough University, UK.[1] (b) a
vertically printed panel component from France.[1] (c) vertical cavities inside a printed
structure from Loughborough University [7]

Based on the acknowledged feasibility of 3DCP in the construction industry, there
have also been several large-scale constructions (See Figure 1-2) over the past several
years. Eindhoven University of Technology has completed a bicycle bridge in Gemert
for public use using the 3D printing technology [8]. Zhang et al. manufactured a bus
station in situ without formwork using self-developed high-thixotropy 3D printable
materials [9]. A more complex geometric cellular structure has been printed by a
cooperative research group from the University of Southern Denmark and Politecnico
di Milano. These projects demonstrate the application of 3DCP in the construction
sector. However, full acceptance in the industry is still far from being straightforward,
and several challenges related to different aspects, including material science and
mechanical analysis, need to be solved.
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(b)
Figure 1-2 Noteworthy 3D printing applications: (a) Gemert bicycle bridge [8] (b) Bus stop [9] (c)
Trabeculae pavilion [10]

1.2 RESEARCH SIGNIFICANCE

Due to the novelty of this technology, the structural properties of 3D printed
concrete in the fresh state must be fully understood. Research gap still exists
concerning the relationship between the material properties, mechanical properties
and printing parameters.

While printing, the 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 its shape and avoid collapse or buckling under self-weight and the
gravitational load from subsequent printing layers. This is defined as buildability
performance [6, 11]. To complete the printing process and achieve good performance
for structural elements or large-scale constructions, excellent buildability is required.

However, the structure buildability is co-determined by several factors, including
material properties, printing geometry and printing parameters. Till now, most
printing parameters have been 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 modelling can
provide a cheaper, faster, and more easily controlled alternative.

However, development of numerical or analytical models to simulate the printing
process and assess structural buildability had not attracted much attention at the
moment this project has started. To the best of the authors’ knowledge, the first
numerical model for buildability quantification of 3DCP is proposed based on the
ABAQUS package at the starting stage of this PhD project in 2018 [12]. Until the
finishing stage of this PhD project in 2022, more numerical or analytical models have
been developed to study the printing process and predict the critical printing height of
3DCP [11-16]. Those models demonstrate the growing interest and feasibility of
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numerical or analytical models for quantifying buildability as an alternative to the
experimental method.

1.3 RESEARCH OBJECTIVES

This thesis aims to give insight into the structural behaviour of 3DCP in the fresh
state. A numerical model is proposed to assess the structural buildability of 3DCP. In
addition, an experimental program is presented to measure the early-age creep of 3D
printable mortar. The experimentally derived early-age creep is incorporated into 3D
printing model to study its impact on structural behaviour during the printing process.
The main objective will be completed through the following tasks:

e To develop a numerical model for buildability quantification, which can
reproduce the typical failure mode including plastic collapse, elastic buckling and
combined failure modes reported in the literature;

e To study the impact of material properties, printing geometry and printing
scheme on structural failure, this model should incorporate numerous influencing
parameters. They must include material properties development, printing velocity,
geometry of printed object, material heterogeneity and non-uniform gravitational load
due to the continuous printing process;

e To develop an experimental procedure and numerical model to characterize the
early-age creep behaviour and study its impact on buildability quantification;

1.4 RESEARCH METHOD

In order to complete the research objectives, this research will be conducted in
the following three steps:

Step 1: Preliminary understanding of the failure modes while printing
process of 3DCP

e  Define the commonly observed failure modes while printing and understand the
relevant failure mechanism towards them;

e Develop an underlying model to reproduce these common failure modes
reported in the literature quantitatively;

Step 2: Introduce a series of factors associated with printing parameters and
material properties into the developed model and study their impact on
buildability quantification

e  Analyze the influential factors associated with printing parameters during the
printing process of 3DCP;

e Introduce these factors into the numerical model and study their impact on
buildability quantification;
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Step 3: Understanding the early-age material properties such as creep on
buildability quantification

e  Devise a method to investigate the early-age creep behaviour of 3D printable
materials;

e  Develop a numerical method to simulate this early-age creep behaviour;

e Incorporate this experimentally observed behaviour into the 3D printing model
for buildability quantification and study its impact;

1.5 THESIS OUTLINE

As shown in Figure 1-3, this thesis is divided into four parts. The chapters are
arranged as follows,

PartI: A general introduction and literature review.

Chapter 1 serves as an introduction to the research background, research
objectives and thesis outline.

Chapter 2 presents a literature review on the current research process of
buildability quantification of 3DCP, early-age creep behaviour of 3D printable
materials, lattice numerical analysis and machine learning application on 3DCP.

Part II: Propose the underlying model to simulate the plastic collapse and
elastic buckling failure modes during the printing process of 3DCP.

Chapter 3 adopts the lattice model with load-unload method to simulate the
plastic collapse failure mode, which uses a new structural failure criterion and studies
the impact of non-uniform gravitational load, localized damage, and material
heterogeneity.

Chapter 4 incorporates the incremental algorithm into lattice model to
understand the impact of deformed geometry and induced damage on critical printing
height prediction of 3DCP.

Chapter 5 introduces the geometric nonlinearity into lattice model with
incremental solution and simulates the buckling failure response during printing
process.

Part III: Investigate the early-age creep behaviour of 3D printable material
and study its impact on buildability quantification.

Chapter 6 experimentally and analytically investigate the early-age creep
behaviour of 3D printable materials.

Chapter 7 proposes a numerical method to simulate the early-age creep
behaviour of 3D printable materials based on the lattice model.

Chapter 8 incorporates the early-age creep into 3D printing model and studies its
impact on structural behaviour during printing process.
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Part IV: Gives the conclusions of the thesis and indicates an outlook for

future studies.

Chapter 9 provides the main findings of this thesis and gives recommendations

for future studies.

i

]

Chapter 1- Introduction

Chapter 2 - Literature review

Chapter 3 - A discrete lattice model for assessment of buildability performance

of 3d printed concrete

Chapter 4 - Effect of deformed geometry and induced damage on
structural failure of plastic collapse

Chapter 5 - Modelling of elastic buckling failure in 3DCP

Chapter 6 - Early-age creep: experiments and analytical modelling
Chapter 7 - Lattice modelling of early-age creep

Chapter 8 - The Impact of Early-age Creep on Buildability of 3D Printed
Concrete

Chapter 9 - Retrospection, conclusions and recommendations

Figure 1-3 Thesis outline
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2 » LITERATURE REVIEW

This chapter reviews the methods for buildability quantification of 3D printable
concrete, including the experimental approaches, analytical modelling and numerical
simulations. First, a brief introduction of printing process is given. This provides a
fundamental understanding on the material behaviors in different stages. The
printability, which consists of the pumpability, extrudability and buildability, is
discussed. Subsequently, this chapter presents a brief review of the experimental and
analytical models for buildability quantification and discusses their limitations. An
overview on the numerical tools for 3DCP is then given. These numerical models serve
to predict the structural performance during printing process and optimize the
printing parameters, therefore, providing a more economical solution for buildability
quantification. In the end, a summary and discussion on the limitations of numerical
tools for buildability quantification is provided, as well as recommendations for model
improvement.
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2.1 INTRODUCTION

The construction industry serves as a cornerstone of global economy,
contributing 6% to GDP and bringing in close to $10 trillion annually [1, 2]. Despite
this, the construction technique remains low-tech, with the majority of construction
projects being executed using manual labour [3]. Besides, the increase in number of
(0.1)construction projects results in a heavy burden on the environment [4].
According to the estimation of the United Nations, the global population will rise to
around 10.9 billion by 2100. The dramatic growth will result in a significant burden on
living and housing [5].

Considering the great burdens of conventional construction methods on
sustainability and productivity it is essential to explore high-efficiency construction
strategies. An advanced technology, ie., 3D concrete printing (3DCP), has been
proposed to replace traditional construction techniques with a lower labour-and-
resource cost. Buswell et al. [7] reviewed the number of implemented projects by
means of additive manufacturing techniques, as shown in Figure 2-1. Clearly, this
advanced manufacturing technology generates a growing interest in academic and
construction sectors. The projects range from building elements to entire structures,
including a cycling bridge in the Netherlands [8], houses in China [9], the USA and the
Middle East [10-12]. In contrast to conventional construction methods, 3DCP can
create complex geometries without formwork, thereby resulting in a reduced cost
with respect to formwork materials.

40
ADCP PRE-STRESSED CONCRETE BRIDGE
TU/e, NL

35 1 SINUSODIAL WALL
XireeE, FR

30 4 3D PRINTED HOTEL SUITE
- TotalKustom, USA “\
3DCP ONTO FLEXIBLE SURFACES ____
25 1 TU Delft, NL - . )
.
6-STOREY APARTMENT BUILDING i'
WinSun, CN \ e
CONSTRUCTION-SCALE ADDITIVE =
TANUFA i PROCESS A

LITTIYS

MANUF

15 7 Lot h Univ., UK
-
FREEFORM CONSTRUCTION, .

10 4 Loughborough Univ., UK ']

2 2 .3

- L

CONTOUR CRAFTING, e ®

54 Univ. of Southern California, USA -

Cumulative number of projects
-

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Year

Figure 2-1 The increase in number of large-scale concrete 3D printed projects since 1997 [7]

Although 3D concrete printing shows potential, full adoption in the construction
sector is still far away due to the lack of knowledge regarding material properties and
structural behaviours in the fresh state. To understand the material printability, lots of
studies have been conducted from different aspects, which include material mixing,
pumping, extrusion, building-up, curing, and durability [13-15]. In order to provide a
common platform to discuss these novel ideas and research findings, three RILEM
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international conferences on the topic of 3DCP were held in Zurich in 2018 [16],
Eindhoven in 2020 [17], and Loughborough in 2022 [18].

Herein, a review of structural behaviour of printable concrete in fresh state is
provided. This work first summarizes the basic principles of the printing process,
consisting of pumping, extrusion and build-up stages. Subsequently, strategies for
buildability quantification are reviewed, including experiments, analytical and
numerical models. In the end, some limitations of analytical and numerical methods
are discussed, and research gaps are identified.

2.2 OVERVIEW OF PRINTING STAGES OF 3DCP

The 3DCP process contains at least three stages: a) the pumping stage from
pump to nozzle (i.e., the print head) through a pipe or a hose; b) the deposition
process through the nozzle; and c) the build-up stage [19, 20]. In general, three criteria,
namely, pumpability [21, 22], extrudability [23, 24] and buildability [25-27], are used
to describe the material printability in different stages, as described in Figure 2-2.
Pumpability ensures that printable material can be transferred within pipe without
blockage, which requires the material to be flowable. After that, the material will be
extruded from the print head. The geometry of the nozzle may affect material
properties [28, 29]. This is followed by the structural build-up stage, which requires
that the extruded material has sulfficient stiffness and strength to sustain its geometry
under the loading from itself and subsequent printing layers. There should be a
balance between pumpability and buildability [21]: the former requires the
cementitious material to behave as a liquid, while the latter demands the extruded
material to act as solid.

Pump Nozzle First layer Final object

Printing process L Pumping 1 Extrusion 1 Build-up 1

Critical issues Blockage Tearing/instability Plastic collpase Elastic buckling

Visco-plastic Elasto-plastic - below yield stress
Material behaviour

. Viscous-elastic-plastic
Structural behaviour
Fluid mechanics

Theory Rheology

Solid mechanics

Figure 2-2 A schematic diagram of 3DCP at different stages
To assess the printability of cementitious materials, numerical and analytical
methods have been proposed over the past several years as alternatives to

experiments. Understanding material behaviour during printing process is crucial for
mix design and printability assessment.

2.3 STAGES OF THE PRINTING PROCESS
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231 Pumping stage

The pumping stage refers to the process during which the cementitious material
is conveyed from pump to nozzle. In general, pumpability of cementitious materials
can be measured by laboratory testing. To set the optimal parameters for pumping
process, a full understanding on the relationship between material pressure and flow
rate is required [30, 31].

Printable cementitious materials are often assumed to behave as Bingham
liquids. The traditional Buckingham-Reiner equation is often used to compute the
pumping pressure for complex suspensions. However, this equation may
overestimate the pumping pressure around 2-5 times [32, 33] since it does not allow
for the impact of shear-induced cement particles and segregation and water transfer.
The pipe parameters (i.e., length and radius), pump pressure and particle size of
printable materials are the factors that determine the pumpability through the
pumping process [19]. Figure 2-3 describes the distribution of shear stress and
material flow behaviour. Since the cementitious materials for 3DCP are not
homogeneous, the shear stress may result in movement of large aggregate particles
towards the region with a lower shear rate (namely, the centre of transmission pipe).
A ‘lubrication layer’ (LL) with more water forms near the pipe wall, leaving the ‘bulk
material’ in the pipe’s centre [34, 35]. Compared to the bulk material, the LL is
exposed to higher shear stress. Due to the migration of cement particles, the material
within LL undergoes a structural breakdown process, in which shear stress breaks the
connections between cement particles built by flocculation and hydration [36, 37].
Thus, LL has a lower yield stress and viscosity compared to the bulk material [34, 38].
To investigate the impact of pipe and material properties on pumping pressure Aptor,
Kaplan et al. [39] presented two analytical models. These models incorporate a series
of printing parameters and material properties, which include flowrate @y, shear yield
stress 7o and plastic viscosity u, as shown in Eq. 2-2 and Eq. 2-3.

Pipe wall
Tow=PeRp/ 2Lp

Velocity profiles for different flow behaviors

2Rp
Tt
Tg<Ty
B A c) B dy
a)
Lp
s L Un-sheared bulk material Lubrication layer
ulk material Lubrication layer Boundary

2Rg

Torr < Tow
T <Tey<Tp
d)

b) Sheared bulk material
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Figure 2-3 Pumping processes and flow behaviour in 3DCP [19]

3Ap; R +167,L* —87,LR°*Ap;,

Q=7 -
p 24Ap3;uu|— Eq. 2-1
2L .| Q st
AP :% ﬁ—i_TO,i Eq. 2-2
pipe Q0 pipe
Qp _ Rpipe T _biee
2L, | 7R2K 4p P 3 f
AP = R M+ T
Rpipe 14_&“_ Eq. 2-3
4

Where Lpipe and Rpipe refer to the pipe length and radius.

Besides pipe and material properties, the temperature and air content also affect
the pumping pressure. The friction from the transmission pipe raises the material
temperature and causes the material to rapidly dissolve or incorporate air [36, 40, 41],
affecting its’ rheological properties.

2.3.2 Extrusion stage

After the pumping stage, the printable material should be extruded from the
nozzle. There are two commonly utilized extruders, namely, piston or screw-type [42-
45], as shown in Figure 2-4 In the piston extrusion, the barrel is filled with printable
material, the piston then applies pressure from the pump to push the material out of
the nozzle [46, 47]. An Archimedes screw or a similar device is generally used for
screw extrusion [48, 49], enabling the material to be continuously supplied to the
extruder [50].
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» COnnecting to
the material bin
[ . » screw rod
» Piston
i Tube
-« outer wall
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E.I - -.i
'J 14
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Figure 2-4 Two commonly used extruder types in 3DCP [45] (a) a piston extruder; (b) a screw-

type extruder

In the piston extruder, the stress condition of extruded material depends on the
nozzle configuration. According to Roussel [29], there are two cases due to the
different nozzles, as shown in Figure 2-5. In a rectangular nozzle, the cementitious
material is extruded in an unsheared condition. A high static yield stress can be
obtained after material deposition. Consequently, the extruded material is stiff and the
geometry of printed filament is close to cross-section of the nozzle [51]. The second
one refers to non-laminar flow from a conical kind of nozzle, and the extruded
material is subjected to shear stress because of the transition of cross-section of
printhead. In this regime, the competition between gravity and yield stress determines
the final shape of the extruded layer.

These two cases also introduce different additional loadings to the printed
structure during the extrusion process [45]. [46]. If the thickness of the individual
layer is larger than “stand-off distance” (i.e, the distance between print head and
previously deposited layers), the printed filament will be locally compressed and
deformed until the layer height decreases to that distance. For the rectangular nozzle,
the printed filament is generally placed on previously printed structure without
compression, given that the stand-off distance is larger than the layer height. In such a
case, the next printed segment may ‘drop’ into the printed structure, thereby
threatening its stability [52], as shown in Figure 2-6. When it comes to the buildability
quantification, this additional load may affect the structural build-up capacity.
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Figure 2-5 Two printing cases at the printhead and deposition zone levels zone [29] (a) laminar
flow from rectangular kind of nozzle (b) non-laminar flow from conical kind of nozzle

Figure 2-6 Illustration of printing process due to the excessive standoff distance [52]

In order to adjust the height between print head and previous layer, accessories
can be installed into the nozzle to monitor the flatness [52-54], layer height, width and
stand-off distance. The monitoring signal is sent back to the printer in order to adjust
the nozzle height in a real test, as shown in Figure 2-7. In that case, the influence of
dynamic loading which is detrimental to structural stability can be eliminated.
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Figure 2-7 Nozzle height measuring equipment (left); the position of this device during printing
process from the top view (right) [52]

Besides the installation of nozzle accessories, recently, a two-pipe printing
strategy is proposed to ensure the good buildability of printable cementitious
materials [55-59]. Unlike the traditional manufacturing method, in which the
accelerators are added in the mixing process, in the two-pipe method the accelerator
is added into the printed material in the nozzle. This advanced technique can not only
ensure the material stiffness after deposition, but also avoid the high pumping
pressure and blockages during the pumping process. At present, there are two
commonly utilized two-pipe systems, namely, dynamic and static mixers. The dynamic
mixer refers to the machine with one or more electric motor-driven shafts [60]; the
static mixer is employed to continuously mix a liquid material, by means of a number
of fixed baffles instead of moving components [61]. In contrast to the dynamic mixing
system, no issues with dead zones occur in the two-pipe pumping system since it uses
a static mixer. Besides, when employing a static mixer, a much higher pumping
pressure is needed than when using a dynamic mixer [62]. In addition, it should be
noted that printable materials with different properties can be mixed using various
kinds of static mixers. Further research is required to assess the practicability and
their influence on mix homogeneity and required pumping pressure for cementitious-
based materials.

Figure 2-8 3D concrete printing using accelerators added through inline mixing process (a) a
mixing reactor for smart dynamic casting that has a pin mixer type tool (left); a mixing reactor
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for extrusion-based 3D printing which has a pin mixer type tool (right) [58] (b) liquid additive
injection equipment. A schematic diagram for this setup (left); a general view of the accelerator
injection during printing process (right), taken [59]

2.3.3 Build-up stage

Extrusion-based concrete printing can create the computer-designed geometry
without external support. This can eliminate the need for formwork, thereby
decreasing the amount of waste in construction. However, the absence of the
formwork during the extrusion process raises the possibility of structural failure after
material deposition [35, 63, 64]. During the printing process, gravitational loading
from successive printing layers increases. Subject to the gradual incremental loading,
the printed structure may fail due to plastic collapse determined by material yielding,
structural instability dominant by elastic buckling, or a combination of the two. These
typical failure modes are shown in Figure 2-9.

(a) (b) (c)

Figure 2-9 Typical failure modes during the printing process (a) plastic collapse dominant
failure mode (b) elastic buckling dominant failure mode (c) failure mode between elastic
buckling and plastic collapse [65]

In general, to prevent structural failure during printing process, both material
strength and stiffness of the deposited materials should develop to defend the
gradually increasing loading of the printed structure [66-69]. This increment of
gravitational loading is codetermined by printing speed and material density.

To quantify whether and when the printed structure may fail during printing
process, different approaches have been proposed. These methods compare the
(minimal) development of material stiffness and strength to the (maximal) printing
speed of designed structure. In the following section, a detailed review of the
strategies for buildability quantification of 3DCP will be given from the perspectives of
experimental investigation, analytical modelling and numerical simulation.

2.4 METHODS FOR BUILDABILITY QUANTIFICATION

241 Experimental methods
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Buildability is a complicated and process-specific feature that is codetermined by
material composition and a series of parameters, such as printing velocity and
geometry [26]. Le et al. [70] stated that the most straightforward approach to assess
buildability of cementitious materials is through printing trials, in which the critical
printed layers (i.e, maximum number of printed layers) can be experimentally
measured given a specific printing geometry. A hollow cylinder [71], square [72-74]
and wall structures [74, 75] are most frequently used for buildability quantification.
Three typical failure modes mentioned above can be observed through these printing
geometries. Although the printing trials can directly reflect the structural build-up
capacity, these test procedures are time-and-labour consuming.

In pursuit of more convenient experimental methods, different studies [25, 76,
77] presented the rheological and compression tests (as shown in Figure 2-10) for
buildability quantification. Through a series of rheological tests, Le et al. [70]
concluded that there is a range of material strength for material printability
assessment. This range is highly dependent on the material mix. If lower than this
range, the fresh materials are too wet, and segregation will occur in the pipe-pump-
nozzle system. The extruded materials cannot sustain shape due to excessive
deformation. If higher than this range, the cementitious materials are difficult to be
extruded and printed continuously. The ‘uniaxial compression’ test is another method
proposed for buildability quantification. For example, Di Carlo [78] presented a
compression test to quantify the structural buildability of cylinder samples. Kazemian
et al. [79] proposed a cylinder stability test for rapid comparative assessment of
compositions’ impact on build-up capacity. In these tests, they regard the layers that
are printed on the top of each other act as the compressive loading applied to the
specimen. Panda et al. [77, 80, 81] defined the shape retention parameter to quantify
the structural shape stability. They reported that, if the stand-off distance is reduced,
the dimensional accuracy of printed structure is negatively affected [26].
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Figure 2-10 Two types of experimental methods for buildability quantification (a) a schematic
diagram of shear vane with measuring positions [70] (b) compression test: relationship between
SRF and yield stress of the printable cementitious materials [77]

2.4.2 Analytical models

To assess the structural buildability during the printing process, some analytical
methods are proposed. These analytical models can be divided into two categorifies:
rheological models and solid mechanics models. The major contribution towards
rheological model comes from Roussel [29]. He explored how a series of material
properties, such as yield stress, elastic modulus, viscosity, and structuration rate,
influence the printability [29]. Proposed criteria evaluate the rheological
requirements and examine the final geometrical dimensions of a single layer, which
include the surface cracking and structural instability. To measure the structural
build-up rate, Roussel adopted the parameter Awmix [28] and static yield stress oo to
predict the material yielding using Eq. 2-4.

To Lot =Toro T Apibrest Eq. 2-4

Here, the trest refers to the resting time after material deposition and 7ot=0 refers to the
material initial yield stress. It should be pointed that the sheared extruded material
has a lower static yield stress than the unsheared one because of the breakdown of the
connection among cement particles, as explained in Section 2.3.2. Amixis the yield
stress development due to the structuration and flocculation. According to the time
range considered, the material development can be described by a linear or non-linear
tendency [82, 83]. Further investigations into thixotropy and other rheological
properties have been conducted, providing a theoretical basis for research in this field
[22, 84-90]. These rheological models are mainly used to characterize the extrusion
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and pumping processes from the standpoint of material rheology. Kruger et al. [90-93]
found that re-flocculation of the cement particle network must be taken into account
once the printable materials are subjected to high shear stress. They presented a bi-
linear model to describe the evolution of material yield stress, which determines the
material yielding during the printing process. The impact of two mechanisms (namely,
re-flocculation (Rwmix) and structuration (Awmix)) are considered with aspects to
thixotropic behaviour of printable materials. The time-dependent yield stress shown
in Figure 2-11 can be mathematically expressed as follows:

T, t =75, + Ryt fort <t,
T, U =74+ Anx (t—t) fort>t,

t _Tsi—Tp
f

| Rthix

where ts(t) is the static or the apparent yield stress of the printed material after
agitation. Ts;and tp, stand for initial static and dynamic yield stress of printed material,
respectively, which can be measured with rheological tests; t;y means the time range in
which re-flocculation occurs.

Eq. 2-5

Perrot et al. [69, 82] proposed a similar analytical model to define the optimal
build-up rate considering material yielding. Their model predicts the critical printing
height based on the instantaneous material strength, as shown in Eq. 2-6. If the stress
in the bottom layer reaches the material strength, plastic collapse is assumed to occur.

o \/57—0 (t pr)
critical —
r9

Here, the tpr refers to the printing time after material deposition. Similarly, Wangler et
al. [94] computed the maximal horizontal printing velocity Vimax, as shown in Eq. 2-7.

— \/éLAhix
P g H layer

where L refers to the contour length. In contrast to other analytical models, this
analytical model studies the impact of structural geometry on the prediction of plastic
collapse dominant failure mode.

H Eq.2-6

\Y/

r,max

Eq. 2-7

However, in addition to plastic collapse, elastic buckling is also important for
buildability quantification [25, 76]. Roussel [29] presented an analytical model to
predict the critical printed height for buckling failure, mathematically described as:

BEl 1

H >~ (——
¢,buck (pgA

Eq.2-8
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Where E and I refer to the material stiffness and second moment of inertia, and A4
refers to the horizontal rectangular cross-section area. Then, this model is improved
through the consideration of printing geometry. When it comes to wall structure with
the I equal to /12 (Srefers to the width of wall), this equation can be rewritten as:

2E6? yis
3p9

Although some other studies also attempted to use similar models to quantify
structural build-up [69], the geometry and structural heterogeneity are still difficult to
consider [22, 92, 95-98].

epuck = ( Eq.2-9

Static Yield Stress
A

Tg(t)

Ts,| —

Rthix

Tp,i

ity
Re-flocculation: Structuration

>t

Material Resting Time/

Time After Deposition

Figure 2-11 The development of static yield stress as a function of the concrete age considering
the re-flocculation and structuration, the different stages can be mathematically described by Eq.
(2-4) [93]

To incorporate the above-mentioned factors, a mechanistic model presented by
Suiker [74] considers a series of parameters, i.e, time-dependent material stiffness
and strength, printing velocity, boundary conditions, the structural imperfections and
non-uniform gravitational loading. Two failure modes (i.e., elastic buckling and plastic
collapse, as shown in Figure 2-12), are considered to analyze the build-up
performance of a wall structure [72-74]. As explained in Suiker’s model [73, 74], the
criterion in Eq. 2-10 can be used to examine whether straight wall structures fail due
to elastic buckling or plastic collapse during printing process.
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Plastic collapse (strength) Elastic buckling (stability)
(a) (b)

Figure 2-12 Wall failure mode during printing process [74] (a) plastic collapse due to material
yielding, which is dominant by material strength (b) elastic buckling due to the structural
instability, which is dominant by material stiffness
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In which, the dimensionless parameter A refers to “failure mechanism indicator”.
Based on this model, the failure mechanism is codetermined by a series of factors,
including wall thickness h, initial material yield strength o0, initial bending stiffness
Do of the printed wall structure, material density p and the gravitational acceleration g.

In contrast to other analytical models, this mechanical model studies the impact
of more influencing factors on buildability. Several printing geometries, including the
wall structure [74], rectangular [72], and square structures [73] are used for model
validation. This model predicts the critical printing height close to the experimental
results.

The primary advantages of Suiker’s model lie in its simplicity of use and time
efficiency. However, this model has the same limitation as other analytical models, e.g,,
being applicable only for specific printing geometries. Additionally, it does not apply to
printing geometries other than wall structures. In contrast, the numerical models can
explore the impact of geometric features and material heterogeneity on structural
analysis during printing process. Such kind of tools also can replace or at least reduce
the resource and time-consuming trial-and-error testing. Thus, it is essential to
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present the numerical tools for buildability quantification. After material deposition,
the printed filaments are at rest, behaving roughly like elasto-visco-plastic materials
subject to gravitational loading. Two kinds of theories, namely, fluid and solid
mechanics, are adopted in numerical models.

2.4.3 Numerical models

Computational fluid dynamics (CFD) models based on fluid mechanics have been
used to investigate the effect of constitutive relationships (such as generalized
Newtonian fluid and elasto-visco-plastic fluid) on cross-sectional geometry of a
printed layer [99], as shown in Figure 2-13. Furthermore, the relationship between
the layer geometry and a series of printing parameters, including printing velocity and
nozzle height, has been studied as well [100-103]. The CFD is capable to describe the
filament instability and tearing induced by the imbalance between the nozzle
movement speed and the material flow (as shown in Figure 2-14), enabling the design
of an optimal extrusion process [102]. In addition, a CFD model has also been used to
simulate the non-uniform material deposition at corners during printing process, as
illustrated in Figure 2-15. So far, the majority of CFD models focused on the extrusion
process or geometry prediction of a single printing layer. Recently, the stability and
deformation of multiple layers are simulated as well by means of this method, as
shown in Figure 2-16. However, CFD models have not been used for buildability
quantification.

Extrusion volumetric

Translation

Extruded material speed V

Moving nozzle

Figure 2-13 A schematic diagram of 3D printing simulation using the CFD model [103]



36 CHAPTER 2

Figure 2-14 Simulation of individual layer printing using CFD with possible printing results, i.e.,
nominal extrusion, filament tearing and filament buckling [102]
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Figure 2-15 Simulation of material deposition at corner during printing process; the left is the
ideal material deposition with the corner equal to 90-degree and the right one is the non-ideal
material deposition with the corner equal to 30-degree
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Figure 2-16 Simulation of stability and deformation of muti-layers in 3D concrete printing using
CFD model (a) a wall with five layers [99]; (b) a numerical case with three layers [101]

To better understand the structural failure during printing process, a Finite
element method (FEM) based model using the ABAQUS package has been developed
by Wolfs et al. [71, 72, 75] to quantify the structural buildability. This 3D printing
model can simulate two typical failure modes, i.e., plastic collapse and elastic buckling,
during printing process. The time-dependent material characteristics and Mohr-
Coulomb failure criterion are employed for plastic collapse simulation. The material
properties are derived from the uniaxial compression and shear tests at different
material ages. This 3D printing model applies the model change option in ABAQUS to
mimic the layer-by-layer printing process. In each analysis step, the material
properties (strength and stiffness in this case) develop with the printing time to
account for the impact of hydration. A geometric nonlinear analysis is carried out to
consider the impact of large deformation on the structural analysis. Once any point of
the printed structure reaches the material strength, the printed structure is regarded
as having failed and the critical printed height is calculated. This model can
qualitatively reproduce the experimental results, as shown in Figure 2-17. However,
there is a large quantitative disagreement with the printing experiment, almost 60%.
This difference is mainly due to the neglect of localized damage, stress redistribution
and non-uniform gravitational loading. In terms of bucking, Wolfs et al. [75] first
performed linear buckling analysis to get possible buckling modes. An initial
imperfection based on the first-mode instability was obtained and then incorporated
into numerical model for nonlinear buckling analysis. A quantitative agreement with
printing test can be derived. However, the buckling failure modes produced by the
FEM-based method are different from those observed from the printing tests, as
shown in Figure 2-18. For wall structure, an asymmetric buckling failure mode can be
observed from experiment, which is different from the symmetric failure mode in the
numerical analysis. For rectangular layout, the buckling failure occurs close to the end
of the structure while the numerical model produces buckling failure in the middle of
the rectangular structure. The possible reason to these differences is the neglection of
non-uniform gravitational loading in 3D printing simulations. The buckling failure
mode of analyzed object is determined by the initial imperfection in the numerical
analyses. To reproduce the experimentally observed failure mode for elastic buckling,
researchers from Ghent university [104] tried to incorporate the non-uniform
gravitational loading into the buckling analysis of wall structures, and asymmetric
failure of buckling response can be derived. However, there is no published work
which describes the relationship between the non-uniform gravitational loading,
geometric nonlinearity and buckling failure during printing process. Previous studies
demonstrate that the FEM-based method is able to reproduce the experimentally
derived results for 3D concrete printing. However, some model limitations exist and
need to be addressed.


http://www.youdao.com/w/buckling%20mode/#keyfrom=E2Ctranslation

38 CHAPTER 2

nlLayers= 5 35 40 40

‘
HORNWANON®OSEE
[oY-T-T-T-Y-T-T-T-T-T- PG iGN

Figure 2-17 FEM-based numerical model for plastic collapse failure model simulation vis hollow
cylinder structure [71]
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Figure 2-18 Typical buckling failure mode during printing process [52] (a) wall structure (b)
rectangular structure [ In each subfigure, the left is the numerical analysis and the right is the
experimental result]

Using this FEM-based method model as a base, Ooms et al. [105-107] proposed a
parametric tool to create input files for 3D printing models without extensive manual
modelling. This parametric tool automizes pre-processing step for structural analysis
of 3DCP, especially for complex printing geometries. The general methodology of this
parametric tool is shown in Figure 2-19. Using this technique, they split each printing
layer into several segments and studied the impact of non-uniform gravitational
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loading on failure height. Furthermore, they also investigated the different interaction
methods (ie, tie constraints and contact-based interactions) on structural
deformation. A schematic diagram of these two interaction methods can be found in
Figure 2-20. In addition, they investigated the model change interaction for structural
analysis during printing process, which allows for the simulation of deactivation and
reactivation of printed segments. Based on their finding, the option (i.e.,, model change
interaction with strain) is the only choice for buildability quantification of 3DCP for
the FEM-based 3D concrete model.

FEA
Import input file

~omp -ail sig (/ . . ey
(‘nm lf'er aided design Numerical modelling [E:
(‘rs,atn.sfmpor( g«.'(m‘lury . Import print path & .
Create/import printing path print settings Run the FE analysis
Process results

. ‘ Extract/interpret date
— Layer-wise mesh generation actinterp atd
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Define time-dependent material properties,
interactions, solver settings
g Generate input file
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Figure 2-19 General methodology of the proposed method for 3DCP simulation [105]
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Figure 2-20 Different interactions in ABAQUS: (a) tie constraints (b) contact-based interactions
[105]

Similar to Ooms et al.’s research, Nguyen-Van et al. proposed a novel computational
framework to model the structural buildability of complex triply periodic minimal
surface via the given toolpath [108]. The general procedure is shown in Figure 2-21.
Using this technique, the effect of printing velocity on critical printed height and
vertical deformation is studied.
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Figure 2-21 The general procedure for the computational framework for 3D concrete printing
[108]

Besides the above-mentioned research, some other works are performed to
analyze influencing factors during the printing process. This includes the improved
FEM models [105, 106, 109] and other novel methods [105, 107, 110, 111]. For
instance, to investigate the impact of viscoelasticity at finite strain for buildability
quantification, Nedjar [112] incorporated the viscosity and geometric nonlinearity
into the FEM model for buildability quantification. In his model, viscosity refers to
early age creep, which is simulated via an internal variable method. The evolution of
early creep is modelled through a generalized Maxwell model. Furthermore, the
incremental algorithm is also incorporated into his model based on the Lagrangian
formulation for buildability quantification. For model validation, a hollow cylinder
structure and a wall structure were used. The predicted structural failure of these two
printing geometries can be found in Figure 2-22. The biggest improvement of this
model is the incorporation of the viscosity of printable cementitious materials into the
3D printing model. However, the model is similar to the FEM-based 3D printing model
proposed by Wolfs et al. The localized damage and non-uniform gravitational loading
during printing process are not taken into account. Besides, the viscosity adopted in
these numerical analyses does not correspond to that of a printable cementitious
material.



CHAPTER 2 41

40 layers

10 mm

:NA"—“ (a) 20 layers (b) 28 layers (c) 31 layers

(a)

4
(b) 19 tayers (€) 20 layers

()18 layers

(b)

Figure 2-22 Numerical simulations for 3D concrete printing (a) hollow cylinder (b) wall
structure [112]

Besides Nedjar’s 3D printing model with incremental viscoelasticity, a chemo-
mechanical model on the basis of FEM is presented for buildability quantification of
3DCP [109]. This model accounts for several important features of the printable
cementitious concrete at a fresh stage, including early-age creep, plasticity and ageing
effect due to hydration. In particular, the hydration process of cementitious material
after the deposition is described by a modified affinity hydration model. The
contribution of this model is to bridge the chemical reaction with structural analysis
during printing process.

In addition to FEM-based 3D printing model, Particle Finite Element Method
[113] has also been used for layer shape prediction and printing parameters
optimization. This method is Lagrangian-based Particle Finite Element Method using a
Bingham constitutive model. This approach allowed for the numerical analysis of flow
processing simulations with different process and material parameters. Laboratory
3D-printing experiments which measure the layer geometries are used for model
validation. The numerical result can be found in Figure 2-23. However, similar to the
CFD method, the model has been applied only to the layer deformation prediction not
to buildability quantification.
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Figure 2-23 Stress distribution of numerical analysis of a single printing layer after material
deposition using Particle Finite Element Method [113]

The previous research demonstrate that the 3D printing models listed in Table
2-1, are beneficial tools regarding the prediction of structural deformation and
buildability quantification of 3DCP. However, based on the published research, most
models simulate extrusion-based 3D printing process. As soon as any point of the
printed structure reach the material strength, the structure is considered to have
failed. In that way, these models might underestimate the critical printing height of
printed structure because the material yielding might only locally occur and the
stress-redistribution can happen to ensure the printed structure avoids failure.
Additionally, 3DCP is a continuous printing process, in which the gravitational load is
gradually applied to the printed system. Thus, non-uniform stress distribution may
occur. In addition, the printing material undergoes a layer-by-layer extrusion. A 3D
printing process will likely cause the material to have more variable mechanical
properties (such as strength and stiffness) compared to casting process [75]. Due to
the material variation and non-uniform gravitational loading, some localized damage
may occur, thereby affecting structural buildability. However, till now, no method
considering these factors is found in the published literature. It is necessary to
incorporate the material heterogeneity, non-uniform gravitational loading, localized
damage and stress redistribution into 3D printing model for buildability quantification.

In FEM-based model, in order to simulate elastic buckling during printing
process, a bifurcation linear buckling analysis is first conducted to get the geometric
imperfection. Then, this imperfection is introduced into initial model for non-linear
buckling analysis [75]. Consequently, a symmetric mode of buckling failure can be
obtained through nonlinear analyses regarding structural stability of wall and
rectangular structures. To reproduce the experimentally observed asymmetric
buckling failure, a new method with the incorporation of geometric nonlinearity
should be developed.

The numerical models based on solid mechanics rely on the assumption that the
behaviour of the material is elasto-plastic. This implies that only instantaneous strain
is considered during the printing process, while time-dependent deformation is
neglected. This delayed deformation is induced by the creep, plastic and autogenous
shrinkage, and consolidation settlement under distributed compressive loading and
increases with printing time. Herein, the term ‘early-age creep’ is used to describe this
time-dependent deformation. In the published research, several early-age creep tests
of 3D printable mortar/paste have been performed [114, 115]; experiments indicate
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that early-age creep makes for about 7% of the viscoelastic deformation of the tested
sample [115]. Therefore, early-age creep needs to be incorporated into 3D printing
model to explore its effects on the prediction of structural deformation and the
buildability quantification. Further research that investigates the impact of early-age
material behaviour, such as plastic and autogenous shrinkage on buildability
quantification is recommended.



Table 2-1 Different methodologies for buildability quantification in 3D concrete printing

Theory Model description Model application Limitation Main contributors ~ Others
The model proposes several rheological
requirements on printable materials Roussel [29]
considering flocculation-induced thixotropy Analytical models consider the develop-
Rheology/ and chemical reaction ment of materials properties and printing Ici;ri?tr:t?grz/ (78, 84-
Analytical The model accounts for the re-flocculation  velocity to estimate structural failure due structural Kruger et al. [88, 8’7]
model and structuration thixotropy mechanisms to plastic collapse while the printing variability 92, 96]
] ] process
The model proposes Imea_r and non-linear Perrort et al. [69]
curing function
SOI'd. The mechanistic model includes a series of The model studies impact of printing Qeqmgtry
mechanics/ " L. . ) : . limitation, .
. printing parameters for the prediction of velocity, curing function, geometrical Suiker [73, 74] [78, 116]
Analytical : . - X . structural
model elastic buckling and plastic collapse features, and material heterogeneity variability
The relationship between the cross- Bucklin
CFD Computational fluid dynamics models use sectional shape of printing segments and ckiing .
. - - . . S . . L failure, R. Comminal et
/Numerical generalized Newtonian fluid and elastic- printing parameters, including printing . [102]
. . - A - . . . . localized al. [99-101]
model viscous-plastic fluid constitutive relationship  speed, nozzle height, and extrusion force is d
. amage
established
. FEM-based numerical models adopt time- Localized Wolfs et al. [71 [87, 105,
Solid dependent elastic-plastic behavior and Plastic collapse and elastic buckling damage, 79 75]' ' 107, 109,
mechanics Mohr-Coulomb criterion structural ' 117-119]
/Numerical - — — - failure
model Incremental viscoelasticity at finite strains Plastic collapse and elastic buckling criterion Nedjar [112] [109]

for the modelling of 3D concrete
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2.5 CONCLUSIONS

This chapter summarizes the basic principles of different stages in 3DCP, which
include pumping, extrusion, and building-up process. A review of the current
strategies for buildability quantification is given from three aspects, including
experimental investigations, analytical modelling and numerical simulations. Based on
the presented state of art on methods for buildability quantification of 3DCP, some
conclusions can be drawn:

Experiments and analytical methods for buildability quantification of
3DCP have been proposed in the literature. However, experiments are
labour-and-time consuming, while the applicability of analytical models
is limited to specific printing geometries.

Numerical methods have been a promising tool to analyze the structural
behaviour during printing process. A reliable numerical model can be
utilized to investigate the structural behaviour and optimize the
printing parameters and material design. However, there are obvious
limitations to current numerical models. Some important factors such as
localized damage and stress redistribution are not considered.
Therefore, current numerical methods are not accurate enough to
predict the structural behaviours of 3DCP in the fresh state. More efforts
are needed in the development and improvement of numerical methods
for the buildability quantification of 3DCP.

Due to the simplicity of current 3D printing models, almost all the
reviewed models only take the time-dependent stiffness and strength
into account for buildability quantification. The time dependent
behaviours such as early-age creep and shrinkage may also significantly
affect structural buildability and should be analyzed.

In the following chapters, a new 3D printing model based on lattice model will
be presented to characterize the structural behaviour of 3DCP during printing process.
An experimental program will also be developed to measure the early-age creep
behaviour to provide input parameters of this 3D printing model.
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3 » ADISCRETE LATTICE MODEL FOR
ASSESSMENT OF BUILDABILITY
PERFORMANCE OF 3D PRINTED

CONCRETE

In this chapter, a discrete lattice beam model is adjusted to study the printing process
and quantify the buildability of 3D concrete printing. This model simulates structural
failure by incorporating the element birth technique, time-dependent development of
stiffness and strength, printing velocity, non-uniform gravitational load and localized
damage of the printed object. Using this model, parametric analyses on non-uniform
gravitational load and randomly distributed material properties are first conducted to
assess their impact on the failure-deformation response and the critical printing height.
Then, two 3D printing experiments (i.e., a hollow cylinder and a square wall layout)
from the literature are adopted for model validation. Modelling of the printed
structures reproduces the correct failure-deformation modes, but the quantitative
agreement on the buildability could be improved. Possible reasons for the quantitative
discrepancy are discussed in the end.

Part of this chapter has been published as Chang, Ze, et al. "A discrete lattice model for assessment of buildability
performance of 3D-printed concrete.” Computer-Aided Civil and Infrastructure Engineering 36.5 (2021): 638-
655.
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3.1 INTRODUCTION

In extrusion-based 3D concrete printing, the cementitious 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 subsequent printing layers.
Considering the 3D printing is a continuous process, the non-uniform stress
distribution, material heterogeneity and structural localized damage might affect the
structural buildability. However, no published approaches [1-5] have taken these
effects into account.

To investigate the above-mentioned factors on buildability quantification, this
chapter adjusts the discrete lattice model to quantify the structural buildability. In this
numerical model, a new failure criterion is proposed and adopted for buildability
quantification. To mimic the continuous printing process, the element birth technique
is adopted and utilized for investigating the influence of non-uniform gravitational
load. Besides, the randomly distributed material properties (i.e., stiffness and strength)
are assigning to different lattice elements based on the Gauss distribution. Their
quantitative impact on critical printing height is analyzed and a typical plastic collapse
failure mode can be reproduced. This numerical analysis demonstrates the feasibility
of discrete lattice for assessment of buildability performance of 3D printed concrete.

3.2 MODEL OVERVIEW

An overview of the numerical approach based on the lattice model is presented in
Figure 3-1, which comprises six branches. In the flowchart, k and K stand for the local
and global stiffness matrix, respectively. T is the transformation matrix used to relate
local and global coordinate systems. L and D are the global load vector and
displacement vector, respectively.

Branch A: Establish a numerical model for 3DCP. The details are given in Section
3.2.1 to Section 3.2.8.

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 pre-
determined 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 forces. After the printing pieces activation, the self-
weight of these parts and the boundary conditions (as indicated in Section 3.2.5) are
applied to the current system. Then, a conjugate gradient solution procedure is
utilized for displacement solution; the parallel computation is employed to improve
the computing efficiency and enable the modelling of a large lattice system.
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Branch D: Update the analysis model and check the system stability. Through the
conjugate gradient solution, nodal displacements are found and used
stresses in the lattice elements. Afterwards, 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 pre-determined system failure criterion. The structural failure criterion can be
found in Section 3.2.7.

Branch E: Output the system displacement and localized damage.

to determine

Branch F: Describe the system failure criterion, as stated in Section 3.2.8.

Branch A - Modelling - Pre-Processing

Model discretization = Element material property assignment

o Mesh generation e Mechanical property Applied boundary

o Printing piece division ~ ¢ Pre-determined printing time condition
L mn
Branch B - Determining the printing time ->the elements within the printing time are activated
Stiffness matrix assembly Load and displacement vector assembly
Determine the local stiffness ::\ Assembly _Assembly
matrix & dependence on the load displacement
activated element vector L vector D
Determine the transformed Jl
matrix T based on the node [
coordinate
Build system linear equations
> Assembly the global K*D=L
stiffness matrix K
Branch C - Solution procedure
Solve the linear equation, calculate
element node displacement and
element stress
Compare the element stress and
material yield stress
Element stress>material yield stress
Yes, localized damage No, localized damage does
occurs not occur
Branch D system update and stable Branch E - Output of displacement and
stage check localized damage
Remove all critical elements. Output deformation and broken
Update the local stiffness matrix element in the step
Branch F - System failure
No
Failure criterion
1 Yes Update

End printing time
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Figure 3-1 A general procedure for simulating the concrete 3D printing process using the lattice
model

3.2.1 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 cylindrical 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 pseudorandom number generator
[6]. The ratio between the length of the sub-cell and the cell is defined as the mesh
randomness, the representative of the mesh disorder. Considering that printable
cementitious materials are not completely isotropic, the randomly distributed
material properties are mimicked through irregularities of the network geometry [6-
9]. Based on our previous research, randomness of 0.2 is adopted in this study to
avoid large variations in lengths of individual lattice elements [10]. As soon as the
lattice nodes are generated in the cubical domain (as shown in Figure 3-2 (a)), the
target printed object is then established in this domain, as indicated in Figure 3-2 (b).
After that, the nodes within the printed object are retained for model discretization
while the outside nodes are deleted, as shown in Figure 3-2 (c).

. Lattice node

Lattice node ~
v =~ Printed
object
ral

Printed
object

(a) (b) ()

Figure 3-2 Schematic view of lattice model establishment (a) lattice nodes in the cubical domain
(b) printed object mapping (c) final printed object

3.2.2 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 3-3
(a). Delaunay triangulation is then performed to establish the node connectivity [11].

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 3-3 (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 3-3 (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.
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Figure 3-3 (a) Schematic view of lattice model generation (b) Schematic view of printing object
with different printing layers [cubic cell number: 25000] (c) diagram on printing sequence for
each layer [cubic cell number: 5000]
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3.2.3 Element Birth Technique

The continuous printing process is simulated using the element birth technique,
in which elements are activated according to the printing time. Each element has an
initial time to less than zero and this initial time is determined by the element's
location in printed system. This initial time for the specific element can be derived
based on

_-ad

t
v

Eq. 3-1
where the Ad 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.

3.2.4 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. The development of mechanical properties can be
derived from experiments such as compression tests, direct shear tests [12] and
triaxial compression tests [13]. At present, two types of relations have been proposed
in the literature to account for the development of mechanical properties of printable
concretes at a very early age: a linear relationship [12-16] and an exponentially-
decaying relationship between the strength/stiffness and curing time [2, 14,17, 18]. In
principle, both types of relations can be incorporated into the lattice model to define
the stiffness and strength development in time.

3.2.5 Non-Uniform Gravitational Load
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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 [19]. 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
continuous 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 [5, 12, 20-23]. To account for the continuous printing
process, each printing layer is divided into several sequential printing pieces (as
indicated in Figure 3-4). 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 3.2.5.

Printing layer for Printing segment
one object for one layer

-1t .15t
--nd ’ L_gnd

_-3rd _-3r

gt ’ gt
I__s.h I__sm

(a) (b) ©

Figure 3-4 (a) Schematic view of 3D printing object with sequence printing (b) 3D printing
model in lattice (c) layer division

In the lattice model, the structure heterogeneity is taken into account from two
aspects, namely, model discretization and randomly distributed material properties.
The model discretization, as described in Sections 3.2.3 and 3.2.4, generates randomly
distributed lattice nodes that are connected by beam elements with different lengths
and orientations. These parameters introduce geometric heterogeneity into the
system. For 3DCP, the gravitational load is applied to the system as nodal forces. As
beforementioned, 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 [24], as shown in
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Figure 3-5. This volume can then be used to determine the equivalent gravitational
force acting on each node in the mesh as:

f=Vxpxg Eq.3-2

where the frepresents the nodal force; V and p are the nodal volume and unit weight
of the material, respectively; g is gravity acceleration (g = 9.8 m/s2).

——— Nodal volume

Lattice node

Figure 3-5 Voronoi diagram for a given set of nodes within a cubic domain

3.2.6 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 distribution within the lattice mesh. The
element failure criterion, consisting of normal force and bending moment determines
the critical element and is given as:

M.[,IM.
O'ZQN%-I-O(M (| '|\‘NJ‘)max Eq.3-3
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Here, F is the normal force in the lattice beam element; Mi and M stand for the bending
moments in the local coordinate system; and oyiea 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 [14, 20]. A is the
element cross-sectional area, and W is the section modulus (W =nD3/32, where D is
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the effective diameter of the lattice element). The coefficients an and am 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 an is
commonly adopted as 1.0 [25-27], and the am value is set to 0.05 in agreement with
the literature [6, 10, 26, 28-30].

3.2.7 Structural Failure Criterion

In previous 3D printing models [12, 20], 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
underestimate 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 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, the next printing layer cannot be placed into the printed system.
Even if the object somehow does not collapse, such excessive deformation may 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 indicated in Figure 3-6. 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,
representative of the localized damage during the printing process. Such local damage
is typically accompanied by stress redistribution, which allows for the printing
process to continue. 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.
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Figure 3-6 Structural failure for 3DCP due to large offset of the top layer

3.2.8 Failure Mode

Due to the absence of moulds, 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 3-7. The
details related to the calibration of input parameters and experimental validation are
given in the next section.

displacement Magnitude
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Figure 3-7 Plastic collapse dominant failure mode for 3D printing. The plotted greyscale
indicates the displacement magnitude (unit: mm)

3.2.9 Model Applicability

In this model, the solution procedure is based on the lattice beam model with the
assumption of the linear elastic theory and small deformation. In practical applications
of concrete 3D printing, the onset of elastic buckling or plastic 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, geometric nonlinearity plays a significant role in
buildability quantification since even a small offset can introduce significant stress in
the structure. Other geometries usually fail due to material yielding. This chapter
focuses on the plastic collapse dominant failure mode with a relatively short printing
time. The second-order effects are not considered, and structural instability due to the
loss of geometry (e.g, elastic buckling) will be studied in Chapter 5.
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In addition to mechanical analysis, in practice, the process of 3DCP is influenced
by hydro-thermal phenomena through a combination of cement hydration (and
associated heat development and cooling), shrinkage (autogenous, plastic and drying)
and viscoelastic deformation (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 buildability performance quantification. Extensive investigations on the
aforementioned factors are beyond the scope of this chapter and will be studied in the
following chapters.

3.3 NUMERICAL ANALYSES

The experimental validation of the lattice model for buildability quantification is
performed by simulating two printing geometries (see Figure 3-8) using two types of
materials, namely, Figure 3-8 (a) a cylindrical geometry with material model A and
Figure 3-8 (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 quantitively analyzed to study their
impact on the printing characteristics, namely the critical printing height and failure
mode. On the basis of these parametric analyses and calibrated time-dependent
material properties, two 3D printing numerical campaigns are carried out for model
validation, in which the derived printing characteristics are compared with
experimental results from the literature.
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Figure 3-8 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)

3.3.1 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 demonstrate the detailed steps for parameter calibration.

During the 3D printing process, cementitious materials undergo a transition
from a fluid-like stage 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 buildability performance, the material is
actually in the transition process, in which the cement hydration continues, impacting
the physical and rheological behavior. To be specific, when the material stress reaches
the yield stress, the hydrate bridges between percolated cement particles break and
they flow. As a consequence, the printable materials display a viscous behaviour and
the shear rate is proportional to dynamic yield stress based on the plastic viscosity. [4,
21, 31, 32]. 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 [14]. 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 chapter, 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 [12] are simulated to
determine the properties of lattice elements to reflect the time-dependent material
properties. In the experiment, the printable material is cast into steel 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 diameter 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
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corresponding mechanical properties for fresh concrete at t=0, 15, 30, 60, and 90 min
are tested.

Because the printable material subjected to the uniaxial compression test
undergoes a compaction process, a homogeneous sample with increased strength and
stiffness and decreased compressibility is achieved, as explained by [12]. For the
computational uniaxial compression test, a numerical model of a cylinder structure
with the same size as the experimental specimen is created. Considering the
computational time and accuracy, a cell size of 5mm is selected in the numerical
campaign. The model in UUCT consists of 4317 nodes and 30614 Timoshenko beam
elements. Considering the low friction support condition in the experiments, radial
deformation of the top and bottom boundary conditions is free. Nodal displacements
on one side are applied and the opposite side is fixed, as shown in Figure 3-9.

Figure 3-9 Computational compressive test. Loading is applied in the z-direction

In the lattice model, there are four input parameters that determine the material
properties: elastic modulus, shear modulus, compressive strength, and tensile
strength. The compressive strength is assumed to be 10 times higher than tensile
strength considering the fact that the cementitious materials have a higher resistance
to compressive loading than tensile loading [33, 34]. 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 [10].

After calibration, the time-dependent stiffness and strength used in the lattice
model are listed in Figure 3-10. Note that, in general, the local mechanical properties
of the individual lattice element differ from the global ones [35]. For example, the
lattice element mechanical properties with the compressive strength equal to 10.96
kPa, elastic modulus equal to 77.9 kPa are calibrated by the computational uniaxial
compression test in 0 min. The derived Young’s modulus and compressive strength
are compared to the experimental data, see Figure 3-10. In the literature, two types of
“curing” functions have been proposed for describing the development of early age
mechanical properties of 3DCP: linear curing and exponentially-decaying curing
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functions [14, 17]. Here, the linear function is adopted for the material properties
calibration based on the previous research [12]. 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 3-10 and the R? values are calculated
through the linear regression function and the average experimental results on

different concrete stages.

25_....

- N
(&) o

Compressive strength (kPa)
>

L N B L L SN

Numerical results

O Wolfs et al. experimental results

o y=0.147x + 5.984

B by b b Ny

g 3 R2=0.99
5¢
ol N IR R SR R BT R
0 15 30 45 60 75 90
Concrete age (min)
RO e e L . LA LA L
r ®m  Numerical results §
F O Wolfs et al. experimental results | -
250 [
G :
L o
< 200 |
» L
5 L
3 [
o 150 -
€ L
0 L
g’ 100¢- y=1.207x+77.9 ]
2 R?=0.9966 1
> ]
> B © ]
50 b
O'....l....|....|....|....|....|...‘
0 15 30 45 60 75 90

Concrete age (min)

Figure 3-10 Comparison between the experimental and numerical result of the compression test
for material model A, with concrete age 0 to 90min [12]

Table 3-1 Calibrated lattice element parameters for material model A with a range of time 0 to

90 min
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age (min) modulus strength (kPa) modulus strength (kPa)
(kPa) (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

The time-dependent stiffness and strength for lattice elements are described
using the following linear relation,

E” (t)=77.9+1.21-t

Eq.3-4
£ (t)=10.96+0.27-t

E°® (t)=48.56+2.61-t

B Eq.3-5
f.°(t)=5.2+0.6-t
where E represents Young’s modulus [kPa], which affects the elastic deformation; fc
stands for the material compressive strength [kPa] and t is curing time within 90
minutes; the superscripts A and B stand for the material type.

3.3.2 Parametric Analyses

As mentioned in Section 3.3.1, the cylinder specimen for UUCT underwent a
compaction process [12]. This vibration process reduces the local porosity, breaks the
material internal structure, and promotes the re-flocculation and structuration
process, thereby probably 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 [36]. 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 may therefore be
crucial for realistic buildability quantification of 3DCP. Besides, as discussed in Section
3.2.3 and Section 3.2.5, the continuous printing process in the experiment 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 distributed material properties are investigated for buildability
quantification.
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3.3.2.1 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 3-3) 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 3.2.5. 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 3-2
Input parameters for the numerical analyses on non-uniform gravitational load. 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 applied as a
boundary condition.

Table 3-2 Input parameters for the numerical analyses on non-uniform gravitational load

geometry Parameter Value
Density 2070 kg m®
Diameter 500 mm
Layer thickness 40 mm
. Layer height 10 mm
Cylinder Randomness 0.2
Cell size 5mm
Printing time per layer 18.6 s
Material model A
Density 2100 kg m’3
Side length 250 mm
Layer thickness 55 mm
Square Layer height 10 mm
Randomness 0.2
Cell size 5mm
Printing time per layer 9.6s
Material model B

Table 3-3 Numerical models for non-uniform gravitational load investigation

Number of printing pieces

Printing time per piece

Model Geometry oer layer )
1 1 18.6
2 . 10 1.86
3 Cylinder 30 0.62
4 60 0.31
5 Square 1 9.6
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Figure 3-11 provides the critical printing height for two kinds of printing
geometries. It can be illustrated from 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 Figure 3-11 (b). Regarding
the failure mechanism, the non-uniform gravitational load may reduce the critical
printing height due to the uneven displacement of 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 system mechanical property in a finer time step, as a consequence,
stronger loading capacity for each layer is accompanied. These two opposing factors
codetermine the critical printing height. Which one plays a more significant role
depends on the printing geometry, the printing time and mechanical properties
development. Based on this numerical analysis, it is observed that the non-uniform
gravitational load influences the critical height for the model with a relatively low
printing speed or the numerical campaign with a 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 3-12 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 model 1 and model 5, the system deforms in an axial-symmetric way. In
contrast, the failure zone in all models subjected to non-uniform loading arises from
the non-uniform stress distribution to the structure, resulting in non-uniform
deformation per layer. Consequently, 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.
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Figure 3-12 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

3.3.2.2 Randomly Distributed Material Properties

As mentioned before, two methods are used to introduce spatial variability
within the printed system: random placement of the lattice nodes (within each sub-
cell) and random assignment of the material properties using 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 [37, 38],
they mainly focused on the 7 d or 28 d material strength influenced by the vibration.
Some studies do provide information about the strength measured 24 hours after
casting, but this is far beyond the timeframe of a concrete 3D printing process [39].

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 distribution (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 influence of material heterogeneity, in lieu of more
advanced representations of material heterogeneity. Although the value of Young’s
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modulus should correlate with strength, it is taken as constant herein at a given
printing time for single variable comparison. Two standard deviation values, i.e., 2 kPa
and 3 kPa, are chosen for qualitatively evaluating the effect of randomly 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, compressive 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 number of elements should be assigned with negative
strength 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 performed with the same
loading and boundary conditions as described in Section 3.3.1. Figure 3-13 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 the non-uniform
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 eventually system
failure. Increasing the standard deviation of strength reduces the achievable printing
height. Introducing 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.
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3.3.3 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 3-8.

3.3.3.1 Cylinder Geometry

A cylinder structure with a diameter of 500 mm, a thickness 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 3-8 (a) and Table 3-2. The numerical
model is in line with the specimen in the trial printing [12], as indicated in Figure
3-14a. 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
interface 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 (ie. those
corresponding to t = 0 min). In the UUCT [12], the printable materials show a standard
deviation value equal to 1.07 kPa for UUCT. Based on this global standard deviation, a
standard deviation of 1.96 kPa for the lattice elements can be derived and this value is
adopted in this numerical analysis.
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In the 3D printing model, the cell size is set to 5 mm, the same as the
computational unconfined uniaxial compression test. Using the same cell size can
eliminate the influence of element size on the material properties. Each layer consists
of 5000 nodes connected by around 360000 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 [12]. The relevant
gravitational load with the average material density of 2070 kg/m3 is calculated by
employing Equation (2).

Figure 3-14 shows the maximum structural deformation affiliated with the
printing process and ultimate global failure. 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 bending 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 damage negatively affects the
structural stability and significantly governs the critical printing height. Eventually, the
system fails at the 415t printing layer, with the radial deformation equal to 14.42 mm,
which occurs at the corresponding z position of 115.36 mm.
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Figure 3-15 shows the relation between the radial deformation 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 410 mm within 12.71 min.
Concerning the printing process, excessive deformation occurs when placing 41st layer
and the system eventually collapses after the placement of the 42nd layer. The
excessive radial deformation of the top area at the layer 41 stage is noticeable,
demonstrating that the current printing layer cannot be placed in the pre-determined
position. Thus, the object fails to ensure the printing quality and meet printing
accuracy due to the excessive deformation in the top zone therefore 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 dominated by the accumulation of damage leading
to plastic collapse.
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Table 3-4 gives a comparison of the final printing characterizations between the
newly developed lattice model, and the FEM and experimental result from the
literature [12]. The average number of 41 layers derived from the lattice model
overestimates the experimental 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 FE model employed by [12]. 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 overestimate 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 that the numerical analysis ignores extra loading from
updated structural deformation; besides, the influence of manufacturing
imperfections in the printing process is also another possibility. Since the failure of
cylindrical structures is notoriously sensitive to imperfections in geometry [40-42],
the initial imperfections or the defection caused by the additional loading may
decrease the critical printing height due to similar forms of structural instability. To
obtain a better quantitative agreement result on buildability, a different algorithm
which can reflect the impact of non-equilibrium force due to the updated system will
be developed in Chapter 4.
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Furthermore, experimental techniques are needed for determining the in-situ
properties of the printed materials. The use herein of UUCT data, obtained from
specimens that were consolidated through vibration, may be another source of error.

Table 3-4 The overview of printing characterizations between the current lattice model and
previous simulations and experiments

Parameter Layer value Relative error
Experiment 29 --
Critical printing height Wolfs et al. 46 58.62%
Lattice 41 41.38%
. . Experiment 15.3 --
Max rad'?r'ndrgorma“o” Wolfs et al. 13.89 10.87%
Lattice 14.42 5.75%
. . Experiment 114.7 --
Zpositon of max1adiel  wos tal. 1158 19
Lattice 115.36 <1%

3.3.3.2 Square Structure

In this section, a relatively small square wall structure 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 3-8 (b) and Table 3-2.

In the numerical campaign, the bottom layer is fixed to correspond with the high
friction on the print bed [20]. The time to place one layer is set to 9.6s, determined by
the printing speed in the experimental campaign. Each layer consists of around 4300
nodes, connected by around 31000 lattice beams; each layer is divided into four
printing pieces, which enables 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).
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Figure 3-16 shows the failure-deformation mode and the localized damage in-
plane A-A. A comparison with experimental data is given in Table 3-5. As for the
analyses of the cylindric structure, under the gradually increasing gravity load, the
lattice elements eventually exceed the material strength, causing localized damage in
the printed object. This kind of damage negatively affects the structural stability and
governs the critical number of printing layers. Eventually, the system fails at the
printing of the 24t layer because of the accumulation of damage in the bottom layer.
The lattice model is verified via comparison with the experimental results of Suiker et
al [20]. With respect to critical printing height, there is a relative difference of around
10% (Table 3-5), 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 will be further studied in
Chapter 4.

Table 3-5 Number of layers at plastic collapse for square wall layout

Parameter Value Relative error

Experiment 218.5 mm

Critical printing height L attice 240 mm 9.84 %

3.4 CONCLUSIONS

In this chapter, the lattice model is adopted to quantify the buildability of 3DCP.
This model, incorporating an element birth technique, the time-dependent nature of
the mechanical properties, printing velocity, non-uniform gravitational load and
localized damage 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. Thereafter, 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. The main conclusions are summarized below.

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 single event, stress-
based failure criteria, the proposed criterion provides a more realistic measure of
critical printing height.

In the 3DCP numerical analysis, structural heterogeneity of the printed object
can be approximated in two ways. Firstly, the random positioning of nodes within the
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sub-cells produces an irregular lattice. This leads to nonuniform stresses in the
elements even under uniform loading. Secondly, the strength properties of the lattice
elements are randomly assigned, according to a Gaussian distribution, to mimic the
material heterogeneity. A higher standard deviation value causes a lower critical
printing height based on the parametric analysis results.

By means of the element birth technique, the continuous printing process can be
simulated 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 affected less the critical printing height of the square
structure.

Lattice modeling 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.

In this chapter, a new numerical method is proposed to quantify the buildability
of 3DCP. Compared with current published numerical and analytical models, this
present lattice model is the first that studies the impact of localized damage, non-
uniform gravitational loading and randomly distributed material properties for
buildability quantification. It can be seen as an intermediate step toward accurate
buildability quantification.

However, the lattice model results are comparable to those of the FE models. The
tendency for all models to overestimate the critical printing height suggests there are
aspects of the printing process, which requires further study. According to the newly
published research [20], the additional force due to deformed geometry and related
imperfection during the printing process may be a neglected factor in the current
numerical models. A potential solution is to incorporate an incremental method as this
algorithm can compute the non-equilibrium force caused by structure deformation.
Using this method, the imperfection that occurred during the printing process can be
simulated and the quantitative agreement is possible be improved. This is further
explored in chapter 4.
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4 » EFFECT OF DEFORMED GEOMETRY
AND INDUCED DAMAGE ON
STRUCTURAL FAILURE OF PLASTIC
COLLAPSE

In this chapter, a different numerical approach for buildability quantification in
the lattice model is presented: the incremental loading method (or the incremental
method for short). With the incremental method, the loading is applied in increments to
the deformed printing system. Through this method, the impact of localized damage
and deformed printing geometry on the structural failure of plastic collapse for 3DCP
can be taken into account. A hollow cylinder structure and square layout are utilized
for model validation. The predictions are compared with numerical results obtained
using the load-unload method (presented in Chapter 3). The lattice model based on
incremental method is able to predict the correct failure mode; furthermore, better
quantitative agreement of critical printing height can be obtained compared to the load-
unload method (from Chapter 3). These numerical analyses demonstrate that the
incremental solution is an accurate method for buildability quantification since it can
account for the nonequilibrium force induced by the deformed printing geometry and
localized damage.

Part of this chapter has been published as Chang, Ze, et al. "3D concrete printing: Lattice modeling of structural
failure considering damage and deformed geometry.” Cement and Concrete Composites 133 (2022): 104719.



82 CHAPTER 4

4.1 INTRODUCTION

In recent studies, several numerical methods have been proposed for the
buildability quantification of 3DCP [1-4]. They usually reproduce the correct failure-
deformation mode qualitatively while a quantitative agreement with the experimental
results could be improved. The majority of published numerical models follow the
same fundamental principle but may use different failure criteria and different forms
of material stiffness and strength evolution (i.e. linear or exponentially-decaying
curing function). Although these numerical models are deemed more accurate than
the analytical models, some issues remain. Rather, these models have not
incorporated at least one or even several printing parameters, such as geometrical
imperfections, non-uniform gravitational loading, material heterogeneity, and
deformed structure and localized damage. These influence factors have different
effects on the structural buildability. For instance, the deformed geometry usually
induces non-equilibrium force to the current printed system, resulting in stress
redistribution and damage. Particularly if a complex 3D geometry is analyzed, some
localized damage may occur in layers other than the bottom one during the printing
process, resulting in structural failure.

To incorporate this kind of damage into the numerical analysis and achieve a good
quantitative agreement with experimental results, herein the incremental method (IM)
and the updated Lagrangian method are incorporated into the lattice model to
quantify structural buildability for 3D concrete printing. In this way, non-equilibrium
force and related damage can be taken into account and an integrated discrete lattice
model for plastic collapse failure mode can be completed. Structural instability due to
elastic buckling is not discussed herein and will be explored in Chapter 5.

4.2 MODEL DESCRIPTION
4.2.1 Model introduction and applicability

In this chapter, the incremental method is introduced into the discrete lattice beam
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.
This proposed model applies to objects with a short printing time from first minutes
after casting to initial setting time, in which the material is in a fresh stage. The model
is based on the assumptions 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 an important factor in the extrusion process. In addition, the
viscous behavior is not considered, and the model in this chapter is therefore not
consider 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 numerical analysis. However, to the
best of the authors’ knowledge, no reliable published work reveals the mechanisms
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behind these. This is therefore beyond the scope of Chapter 4 and will be addressed in
Chapters 6,7 and 8.

4.2.2 Model generation and discretization

Figure 4-1 gives an overview of pre-processing steps of 3DCP analysis, which
includes model generation, discretization, material properties assignment, and failure
criterion, as described in Chapter 3. Both the load-unload (Chapter 3) and incremental
method share the same procedures for structural analysis.
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Figure 4-1 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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4.3 RECAPITULATION OF LOAD-UNLOAD AND INCREMENTAL
METHODS

4.3.1 Overview

The modeling of fracture in cementitious materials has been under development
over the past decades. Two different non-iterative solving methods will be discussed
in this Chapter, i.e., the incremental method (IM) and load unload method (LU).

The LU method removes the applied loading after each analysis step, and then
loads the system by a load increment which results in breakage of exactly one element.
This solution procedure is repeated until a global stopping criterion is reached.
Fundamentally, the linear concept of the ‘event-by-event’ is preserved in the load-
unload method; no iterations are needed, and the algorithm always converges. Figure
4-2 (a) shows a simulation result of a uniaxial compressive test of hardened concrete
obtained using the load-unload method. Considering that the analysis at each step is
always conducted based on the undeformed state, 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 [5-8] due to its robustness and
simplicity.

Unlike the LU, the IM presented herein considers the influence of deformed
geometry and non-proportional loading. In each analysis step, incremental load is
applied to the deformed system obtained in the previous analysis step. Subjected to
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the incremental load, some elements may break, resulting in a disequilibrium force;
the stress redistribution is then conducted until a static equilibrium state is reached
again; after that, the incremental load of the following analysis step is imposed on the
system and the solution procedure continues until the final criterion is reached. Figure
4-2 (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 for time-
dependent problems [9].

There is however one drawback of 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 step-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 to reflect the deformed shape and stress
redistribution can be included in a better way by disequilibrium forces.
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Figure 4-2 Schematic diagram towards load-displacement curve using two methods (a) load-
unload method (b) incremental method.

4.3.2 Case study: computational uniaxial compression test

During printing, localized damage has a substantial impact on plastic collapse of
structure failure. The primary goal of this case study is to highlight the difference
between two numerical solution approaches (i.e., LU and IM) regarding the damage
analysis through computational uniaxial compression tests. The investigated
objectives involve the fracture performance and crack information, including the
number of cracks, as well as their distribution and sequence. If different damage
information is obtained, these two methods may show different performance in
buildability quantification of 3DCP. In contrast to the load-unload method, the
incremental approach considers the influence of a number of parameters, including
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the deformed geometry, induced non-equilibrium force and non-proportional loading.
Intuitively, 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 Table 4-1. All
models are cylinder-shaped with the dimension of 70 mm diameter and 140 mm
height.

Table 4-1 Computational uniaxial compression tests with different material properties

Predicted peak load

Case Input material properties using two methods _Model
E(MPa) fu(KPa) f.(KPa) LU(N)  IM(N)  Difference

1 0.05 0.71 7.1 14.375 13.780 4.32%

2 0.1 1.42 14.2 28.980 27.836 4.11%

3 10,000 10,000 100,000 202,770 204,260 -0.73%
*: E: elastic modulus; fi: material tensile strength; f.: material compressive strength;
Difference =(IM-LU)*100%/1M;
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Figure 4-3 Number of broken elements with displacement (a) model 1 (b) model 2 (c) model 3

There is a small difference in peak load for the three models with different
material properties, as shown in Figure 4-3. Model 3 with the lowest material
properties results in the largest variance between these two methods (4.32%). Figure
4-3 provides the number of broken elements versus displacement using LU and IM
analyses. Overall, these results show a discrepancy in the crack information obtained
from two methods. A similar trend has previously been reported by Elias [10] (who
considered hardened concrete). An increase in the discrepancy in the number of
broken elements can be found with increased displacement. 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 that the inclusion of
nonequilibrium force and deformed geometry affects the peak load and the crack
information, both of which are relevant for early-age concrete.

4.4 MODEL METHODOLOGY ON 3D CONCRETE PRINTING
441 Load-unload method

In Chapter 3, the lattice model to analyze the structural failure of the plastic
collapse of 3DCP was presented. The load-unload solution method computes the
structural deformation based on transient material stiffness; however, the ‘real’
structural deformation is a summation including a series of incremental
displacements. Therefore, this solution algorithm underestimates structural
deformation. On the other hand, the unloading procedure provides a convenient and
robust solution, as a prize, the non-equilibrium due to structural deformation is
neglected. As a consequence, the predicted critical printing height is likely higher than
the real one.

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

4.4.3 Theoretical framework

Compared to the load-unload approach, the incremental method applies the
gravitational load in increments. In each step, the incremental displacement is
computed based on the incremental gravitational load from newly printed segments.
Thus, the layer deformation is a summation of a series of incremental displacements
which need to 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 occurs. In that way, at
this time step, the stable stage is reached and the printing process proceeds. The total
analysis procedures are schematically described can be found in Figure 4-5.

44.4 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 Figure 4-5. The model initialization,
fracture check, and structural failure criterion in 3DCP are identical to those in the
previously published study using load-unload method in Chapter 3. The numerical
solution and stress redistribution owing to deformed geometry and damage, on the
other hand, are new in this approach.

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 the corresponding printing
time to assemble the system stiffness matrix K.

Branch B: load increment

In each analysis step, the incremental load is the difference between the
gravitational loading of printed segments and element force, which is affected by the
generation of localized damage and the change of printing geometry. Subject to the
disequilibrium force, a series of linear analyses are conducted to derive the
incremental 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 used for computational efficiency.

Branch C: Fracture check

During the printing process, layers of cementitious materials are placed on top of
each other without the use of formwork to support and stabilize the printed object.
Although this is an advantage from a sustainability and economic point of view, it also
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raises the risk of crack occurrence. Regarding the buildability quantification 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 computed through the
equation.

Branch D: localized damage and stress redistribution

When removing critical elements from the system, the material stiffness and
strength of theose elements is set to zero, thereby resulting in a disequilibrium force
to the current printing system. Subsequently, stress redistribution is then performed
for another iteration. As soon as no damage occurs, the iterative computation of this
step stops, indicating that a stable stage is derived for the deformed printing geometry.

Fia
Fia
State 1: Element force State2:
Damage occurs calculation Stress redistribution

Figure 4-4 A diagram for stress redistribution due to damage

Branch E: structural failure criterion

After each analysis step, the structural failure criterion as described in section 3.2.7
(Chapter 3) 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.
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Figure 4-5 Flowchart of the developed incremental algorithm on 3DCP

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 [11, 12]. 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. 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.

4.5 NUMERICAL ANALYSES

This section studies the impact of the non-equilibrium force caused by localized
damage and deformed printing geometry on the structural failure of plastic collapse
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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 numerical results using the load-unload method from Chapter 3; and
model performance is evaluated compared to the experimental results from the
literature [13, 14].

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

451 Model calibration

The model formation and calibration process follow the same procedure as Section
3.3.1 (Chapter 3). The numerical results derived from the computational uniaxial
compression test are shown in Figure 4-6 along with the test data. The relevant
material properties of lattice elements are obtained from the calibration process, and
are then adopted as input parameters for buildability quantification. Eq. 4-1 to Eq. 4-4
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 differences in terms of calibrated material properties between load-
unload and incremental methods. This is because the incremental solution updates
the system stiffness matrix after each analysis step, thus the disequilibrium force
induced by deformed geometry can be taken into account. In contrast, the load-unload
method always simulates the structural behaviour based on the initial system state.
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Figure 4-6 Compressive strength and Young’s modulus development from experimental results
and lattice model, with concrete age 0 to 90 min
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EAY (1) =77.9+1.21-t

Eq.4-1
£AM (t)= 10.96+0.27 t !
EPY(t)=48.56+2.61-t

Eq. 4-2
f2Y(t)=5.2+0.6-t
EA™(t)=77.9+1.21-t

Eq.4-3
fAM(t)=12.02+0.28-t
E®™ (t)=48.56+2.61-t

Eq. 4-4

f.2™M(t)=4.63+0.75-t

Here, t is defined as the printing time; E is Young’s modulus of lattice elements,
determining elastic deformation within each time frame during the printing process; fc
is the material compressive strength, codetermining the localized damage together
with tensile strength; superscripts A and B refer to different types of printing
materials; LU and IM refer to load-unload and incremental approach, respectively.

4,52 Model validation

4.5.2.1 Hollow cylinder structure

To study the effect of deformed geometry and induced damage on structural
buildability, the same printing cases, i.e., a hollow cylinder structure with 500 mm
diameter, 40 mm thickness, and 10 mm layer height (as shown in Figure 3-8), are
employed for buildability quantification during the printing process. This numerical
case is in accordance with the printing trials in the literature [13]. This numerical
analysis adopts high friction as the boundary condition at the bottom, and divides
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each layer into 4 printing segments to mimic non-uniform gravitational loading due to
the sequential printing process in actual trials, see Figure 3-8. More details on this can
be found in Chapter 3.

4.5.2.2 Large Square structure

Because cylindrical geometry is sensitive to imperfections for structural analysis
[15, 16], a square layout is therefore also used for model validation. The dimensions of
the square structure are given in Figure 3-8 i.e, layer height of 10 mm, and a radial
corner of 50 mm. The model information and validation has been described in Chapter
3.

In relation to the printing velocity, the interval time between two layers is 0.31 min
and 0.16 min for the hollow cylinder and the square structure, respectively, in
accordance with the printing speed in the actual tests. Lattice modeling of plastic
collapse is carried out in 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 described in Eq. 4-1 to Eq.
4-4. 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 segments.
Consequently, the first printing segment is assigned properties corresponding to 0.31
min, age while the 5% segment has the properties of 0 min. (here the time 0 is defined
as the earliest time extruded from the nozzle) The second step concerns structural
analyses during the printing process, as explained in section 4.4, where the two
algorithms, LU and IM, are employed for buildability quantification. The numerical
analyses continue 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 the
nozzle. This is the height difference between the bottom of the nozzle and the top of
the printed structure. Depending on this distance, two subcategories of the 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 affects the structure deformation. Once this distance is negative, the newly
printed segments are extruded to the printed structure under the gravitational load
and compressive pressure from the nozzle. This pressure significantly affects the
structure deformation, and 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 the pressure force
(i.e. with a positive standoff distance), as described in the literature [13, 14].

4.5.3 Numerical results

Figure 4-7 shows radial deformation and the occurrence of localized damage
during the printing process, showing that a growing number of printing layers result
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in a larger radial deformation. In addition, an 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 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, the majority of lattice elements in the
bottom layers break (as shown in Figure 4-8), leading to structural failure of plastic
collapse. Concerning the system deformation (defined as the square root computed
through the displacements in three translations, x, y, and z ie, the

Jx%2+y? 4+ z2)zone with maximal deformation derived from the load-unload
method is close to the top area, as shown in Figure 4-8 (a). However, the incremental
method predicts maximum deformation near the middle of the cylinder height, as
shown in Figure 4-8 (b), while numerous broken elements also can be observed due
to large radial deformation in Figure 4-8 (c). Comparison with the experimental
results from the literature (Figure 4-8 (d)) indicates that the incremental method
better reproduces the failure-deformation mode [13]. In relation to the generation of
localized damage, Figure 4-9 (a) indicates that the number of broken elements
obtained with the incremental method is higher than that obtained using 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.

Radial
Deformation
(mm)

|-15
-12 Radial  |ocalized
deformation damage

% damage . ':‘
Layer 20 Layer 25 Layer 30 Layer 32

Figure 4-7 Lattice model results deformed shape and occurrence of localized damage for hollow
cylinder structure using the incremental method
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Figure 4-8 Final-deformation mode of hollow cylinder structure (a) load-unload method (41st
layer) [Chapter 3] (b)incremental method: failure deformation (32nd layer) (the structural
deformation is magnified to see. Unit: mm) (c)incremental method: localized damage (32nd

layer) (d) experimental results. Reproduced from [13]. Copyright 2018, Elsevier
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Figure 4-9 Generation of localized damage during the printing process (a) hollow cylinder
structure (b) square structure

Figure 4-9 (b) describes the generation of localized damage versus the printing
layers for the large square structure. Compared to the load-unload method, more
broken elements are obtained using the incremental solution, which is attributed to
the inclusion of disequilibrium force and updating of nodal coordinates with
increasing deformation, thereby taking into account the occurrence of large
deformation. Figure 4-10 provides the failure-deformation mode and the occurrence
of localized damage of the square layout using the two algorithms. Although two the
two 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 Figure 4-10 (c). This
failure mode with an obvious cross-section increasing on the bottom layers can be
easily observed from Figure 4-10 (b), which is in accordance with the experimental
findings as shown in Figure 4-10 (d) [14].
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Figure 4-10 Final-deformation mode of square structure (a) load-unload method (24" layer)
[Chapter 3] (b) incremental method: failure deformation (20 layer) (the structural deformation
is magnified to see. Unit: mm) (c) incremental method: localized damage (20™ layer) (d)
experimental results. Reproduced from [14]. Copyright 2020, Elsevier

Table 2 lists a series of failure characterizations, consisting of critical printing
height, maximum radial deformation, and corresponding z position among lattice
model using the load-unload (Chapter 3) and the incremental method, the FEM model
from Wolfs et al. [13], and the experimental results [13, 14]. Differences are obtained
between the experimental data and the different simulation methods. These
differences are expected also because of variation of material properties and
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circumstances when performing the experiments. The most important, however, is to
conclude is that the IM method predicts the same failure mechanism as in the
experiment and is therefore, in that sense, better than the LU method.

Table 2 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
Experiment 29 layers --
Load-unload 0
Critical method 41 layers 41.38%
printing height Incremental 32 layers 10.34%
method
Wolfs et al. 46 layers 58.62%
Experiment 15.3 mm --
Hol- Max radial Load-unload 14.42 mm 5.75%
low . method
cylin- defc()rrnrrrﬁ)tlon Incremental 14.9 mm 2 61%
der method ' oL
Wolfs et al. 13.89 mm 10.87%
Experiment 114.7 mm --
Z posmor_1 of Load-unload 115.36 mm <1%
max radial method
deformation Incremental 128.09 mm 11.67%
(mm) method
Wolfs et al. 115.8 mm 1%
Experiment 218.5 mm --
Critical Load-unload 240 mm 9.84%
Square . . method
printing height Incremental
200 mm -8.47%
method

4.6 DISCUSSION

When comparing the predicted critical heights from the lattice model using the
two approaches, the numerical results indicate that the incremental method predicts a
lower critical printing height than the load-unload method, which is ascribed to
consideration of deformed geometry and disequilibrium force. Specifically, the total
deformation of the printing structure is determined by the transient material stifftness
using the load-unload method. However, the layer deformation is a summation
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. Considering that the lattice
model with incremental approach reproduces the correct failure-deformation mode
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as well as better 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 is still present. 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 imperfections 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 [13, 14]. This may result in a low early-
stage material stiffness and strength within the time frame of the first 30 mins
compared to the actual printed material [17]. Furthermore, viscoelastic effects like
creep and relaxation are not taken into account, while both will be present in the
green strength testing, but also during printing. Consequently, the critical printing
height is underestimated. To obtain more reliable input parameters, some
improvements on the material testing procedures 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 is found for hollow cylinder structure, which can be
attributed to another factor; namely, presence of geometric imperfections induced by
the extrusion and printing process. In 3DCP, 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 imperfections resulting from the printing procedure. The critical printing
height may therefore be overestimated using the lattice model with the incremental
solution, especially for the hollow cylinder structure. This is because the cylinder
geometry is much more sensitive to imperfections compared with the square
structure [14, 18]. If presence of imperfections such as large air voids or layer tearing
and the development of shrinkage stresses during the manufacturing process are
taken into account, a better quantitative agreement with experimental data may be
achieved.

4.7 CONCLUSIONS

This chapter investigates the influence of disequilibrium force due to localized
damage and deformed printing geometry on the structural failure of plastic collapse
by incorporating incremental methods into the lattice model. A series of novel insights
and conclusions can be reached as below:

Compared to the load-unload method (In Chapter 3), the incremental method
considers disequilibrium force via generation of localized damage and the change of
printing geometry. In the computational uniaxial compression test, the inclusion of
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this kind of force results in different peak load and crack information, and the
influence is more significant for early-age cementitious materials.

For 3D concrete printing analysis, the load-unload method (presented in Chapter
3) underestimates the layer deformation based on instantaneous material stiffness.
The 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 more accurate in capturing the structural
deformation during the printing process.

The incremental approach reproduces more accurately the failure-deformation
mode as well as quantitively agreement results with experimental data. This is due to
the consideration of the deformed geometry and the inclusion of nonequilibrium force.
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 disregarding the impact of geometrical
imperfections generated during the extrusion and printing process.

These numerical results demonstrate that the incremental solution is a more
suitable method for buildability quantification since it can account for the
nonequilibrium force induced by the deformed printing geometry and localized
damage. Using this method, a typical plastic collapse failure mode can be obtained and
a good quantitative agreement on critical printing height can be achieved.

However, the plastic collapse failure mode is not the only failure mode that may
occur during printing process of 3DCP; elastic buckling is the other common failure
mode. To study the buckling-dominant failure mode, an algorithm which considers the
impact of geometric nonlinearity will be discussed in Chapter 5.
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5 » MODELLING OF ELASTIC BUCKLING
FAILURE IN 3DCP

This chapter explores the buckling failure during the printing process of 3SDCP by
incorporating the geometric nonlinearity into previously developed discrete lattice
beam model. The computational uniaxial compression tests were first conducted to
calibrate age-dependent elastic modulus and yield stress. Subsequently, analyses of the
3D printing process of a free wall structure and a square layout were performed. The
model can reproduce the asymmetry of buckling failure accurately without introducing
any initial geometric imperfection. A good quantitative agreement in terms of critical
printing height is found between the numerical results and experiments from the

literature.

Part of this chapter have been published as Chang, Ze, et al. "Numerical simulation of elastic buckling in 3D
concrete printing using the lattice model with geometric nonlinearity.” Automation in Construction 142 (2022):
104485.
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5.1 INTRODUCTION

In 3DCP, the extrusion-based printing process can generally be divided into two
processing steps: material deposition and structural build-up [1-6]. This first stage
concerns pumping of the printable material from the pump to the printhead, in which
material elastic/plastic viscosity is crucial. After material deposition, the printed
layers should be stiff enough and strong enough to retain the self-weight and
gravitational loading of subsequent layers without excessive deformation or collapse
[7]. In general, two competing failure modes are frequently reported: plastic collapse
through material yielding and structural instability by local or global buckling [8-11].
Plastic collapse failure is characterized by maximum stress of the critical layer
reaching the material yield stress, while elastic buckling is determined by a loss of
geometrical stability.

The majority of published numerical or analytical models concern purely strength-
based material yielding, whereas structural failure of a printed object is sometimes a
result of local or global buckling, as illustrated by printing trials in the literature [2, 12].
Predicting the buckling response is therefore also crucial for structure build-up.

The remaining numerical models predict buckling failure mode by introducing
geometrical imperfections into the initial model which is derived from a bifurcation
linear buckling analysis. Using this method, an asymmetric mode of buckling failure
can be obtained through nonlinear analyses regarding structural stability of wall and
rectangular structures. However, the predicted failure mode is different from the
experimentally observed one.

In order to fill these gaps, geometric nonlinearity is introduced into the previously
developed discrete lattice model for simulating the buckling failure mode during 3DCP.
This modified lattice model incorporates time-dependent mechanical properties,
different printing velocities, material heterogeneity, localized damage, non-uniform
gravitational loading, deformed geometry and geometric nonlinearity. Using this
newly proposed model, asymmetric buckling failure can be simulated without
introducing initial geometrical imperfections. As will be shown, this can be attributed
to a combined effect of geometric nonlinearity and system heterogeneity, including
mesh randomness of model discretization, localized damage, and printing segment
division.

5.2 MODEL OVERVIEW

In this chapter, the geometric nonlinearity is introduced into the lattice model
based on the incremental algorithm. The application of this improved model includes
prediction on plastic collapse and elastic buckling. The viscous behavior is not
considered, and the model in this chapter is therefore not capable of time-dependent
deformation, such as early-age creep. This will be studied in the following chapters. In
terms of the pre-processing steps of 3DCP analysis, this model shares the same



CHAPTER 5 103

procedures with the previous method. The details can be found in Section 3.2
(Chapter 3).

5.3 GEOMETRIC NONLINEARITY

In previous chapters, lattice model for 3DCP showed that it can reproduce the
plastic collapse failure mode and is in quantitative agreement with experimental data.
However, it was not applicable to elastic buckling, considering the failure mechanism
is generally induced by local or global geometrical stability. Therefore, assessing
structural failure of elastic buckling might be possible if geometric nonlinearity is
introduced into the lattice model [2, 13].

5.3.1 Theoretical framework

In this research, the implementation of geometric nonlinearity considers
kinematic descriptions in principle while physical non-linearity due to material
development is considered through updating the material stiffness matrix. By means
of virtual displacement formula and second-order elastic analysis, the effect of finite
deformations and displacements in structural analysis can be accounted for through
the following equations [14, 15],

(K +K,)AD = AF
AF = I:ex_Fin

Eq.5-1

in which the AF and AD are incremental loading and displacement of printing
system, respectively. For structural analysis of 3DCP, this incremental force can be
computed based on the external load Fexand the internal element force Fin.

In the model, K: is the material stiffness matrix, dependent on Young's modulus
(E) (transient material properties during printing process) and B. (strain-
displacement relation), which is computed based on strain condition and
interpolation function (as described in equation Eq. 5-2). More specifically, G includes
the differentials towards every strain measure and condition while H contains the
interpolation function. The geometric stiffness matrix Kg is updated on the basis of
kinematic descriptions and derived element force after each analysis step; the C
represents 214 Piola-Kirchhoff stress in matrix form, and BNL is the shape function in
non-linear form considering incremental loading, mathematically described as follows
[14]:
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B, =GH

|
K, = [B/EB] dx
0 Eq.5-2

|
K, = [ BY,.C.Bl.dx
0

5.3.2 Numerical implementation

The pre-processing procedures of the numerical analysis have been described in
Section 3.2 (Chapter 3) and the corresponding solution flowchart concerning
geometric nonlinearity will be explained in this section. The extended lattice model
with geometric nonlinearity for buildability quantification of 3DCP encompasses six
branches: A, B, C, D, E and F, as indicated in Figure 5-1.

In this flowchart, the k and K stand for local and global stiffness matrix,
respectively. To be specific, subscripts ¢’ and ‘g’ refer to material stiffness and
geometric stiffness matrix. The T is the transformation matrix transferring the local
domain to the global domain. The L and D are the global load and displacement
vectors, respectively. The subscript ith stands for the analysis step. Also, cand Ao are
the cumulative element stress and incremental element stress within one analysis
step. The structural deformation 6 is a summation including a series of incremental
displacements Ad. The F refers to load vector, and subscript ‘ext’ and ‘int’ stand for the
external load due to gravitational loading and internal load stored in the printing
system derived from the last known equilibrium stage. The AF is derived
disequilibrium force between the external load and the internal load.
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Branch A - Modelling -Pre-processing -
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matrix7" based on J_L AF' = Fugi - Fg
updated node coordinate
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Branch C - Solution procedure

Solve the nonlinear equation, calculate incremental
node displacement 4D and element stress Ao
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T
Branch E - Search for broken elements “/

Update element force and stress based on 4c;
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End

Figure 5-1 Implementation of geometric nonlinearity in the lattice model

Branch A: Modelling procedure.

A brief introduction has been given in Section 2, and detailed information can be
found from previous research [16].

Branch B: Update printing time and activate new printing segments considering
geometric nonlinearity.
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B1: In the lattice model, layers of a printed object can be subdivided into different
segments, allowing for sequential printing process. These time-based segments will be
activated immediately once the pre-determined time is reached. They are
subsequently assigned with material behaviors, which grow in a linear or an
exponentially decaying fashion. For instance, if the interval period between two
segments is 1 min; after 5 segments, the initial one is characterized by 5-min material
properties, the 3t printing segment also is assigned with 3-min old stiffness and
strength, and so on.

B2: Once transient material properties are assigned to corresponding elements,
the element stiffness matrix k in the local coordinate system can be assembled.
Combined with the transformation matrix 7, the global tangent stiffness matrix K: and
geometry stiffness matrix Kg of each activated element can also be derived, as
mathematically expressed in the Eq. 5-3. Typically, the Kt is a linear elastic component
and determined by transient material properties while K, the geometry stiffness
matrix, is relevant to the 2nd Piola-Kirchhoff stress and calculated based on element
force, as discussed above.

.
K, =T kT

Eq.5-3
K, =T'kT

Branch C: Structural analysis in each time step.

C1: The numerical analysis of printing process is based on lattice model using an
updated Lagrangian method and the numerical equation of equilibrium (i.e., Eq. 5-1) is
solved using the midpoint Runge-Kutta method [15]. A parallel computation approach
has been adopted for computing efficiency, clearly showing model feasibility for large
scale structural analysis.

Branch D: Update printing system based on solved displacement.

D1: The node coordinates are updated as well on the basis of obtained 4D using
an updated Lagrangian method. Then, the element length is recalculated based on
new node coordinate, and the cross-section is updated considering constant element
volume.

Branch E: Search for broken elements & Branch F: update printing system
considering localized damage

After the solution procedure, derived nodal displacement are utilized for
determining the elemental stresses. Afterwards, critical elements are immediately
removed from the mesh according to the same element failure criterion (Chapter 4
Equation (1)), and their internal forces are also released.

Branch G: Output structure deformation and localized damage after one-step
analysis

Branch H: Evaluate system failure.
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H1: In the numerical procedure, the numerical analysis of buildability
quantification will be performed until the structural failure criterion (as described in
Section 3.2.7, Chapter 3) is reached. For each analysis step, the next printing segment
is placed on the designed/original position instead of being adjusted along with
deformed geometry, and this solution method is in accordance with actual trails [12,
17]. As soon as the next printing segment is successfully placed on top of the current
system, the printing process will proceed, in which the printing time updates and a
new printing segment is activated.

In the next analysis step, the deformed shape is utilized as the reference frame
and the incremental equation will be built here with relation to Updated Lagrangian
formulation [18]. It should be mentioned that a series of parameters, including
stiffness matrix, external and internal loading, must be updated based on this
reference geometry.

The necessity of matrix modification, consisting of stiffness matrix K: and
geometry matrix Kg, is also required given deformed structure. On the one hand,
presence of localized damage produced in the previous analysis step reduces the
material properties of critical elements to zero, which is detrimental to the printing
system; the sequential printing process, on the other hand, activates more printing
segments and linearly or exponentially enhances the material properties of existing
elements. The geometric stiffness matrix allowing for the effect of geometric
nonlinearity on structure analysis, and material stiffness standing for localized
damage and material development, are computed based on the element force,
updated material properties and deformed structure. The contradictory effect of
material development and occurrence of localized damage results in uncertain
prediction of buildability and their influence will take effect in next step analysis.

The load vector of internal force also renews after each step, which can be
attributed to two aspects. First, the incremental gravitational loading is applied on the
system, which causes the element internal forces to evolve. Second, the updated
transformation matrix T results in orientation variation of beam elements, leading to a
different internal load force vector in the global domain.

Based on the updated printing system, the numerical analysis of buildability
quantification will be continuously performed to assess when and how the printed
object fails.

5.4 NUMERICAL MODEL

In this section, we perform numerical analyses of structural instability through
two layouts sensitive to buckling failure: a free wall and a large square structure [19,
20], as indicated in Figure 5-2. In relation to buildability quantification, computational
uniaxial compression tests are first performed to calibrate essential material
behaviors such as stiffness and strength [17, 20]. The calibrated material properties
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are subsequently employed for structural build-up in which failure-deformation mode,
as well as critical printing height, is predicted [19]. Herein, this study adopted
experimental campaigns, including material tests and 3D printing trials, from Wolfs et
al. [17, 19] for model calibration and validation.

55 mm

H

60 mm
]
H

|
B= 1000 mm N

D

500 mm

D

(@) (b)

Figure 5-2 Geometrical characteristics of the free wall and rectangular structure for 3DCP (a)
free wall structure (b) rectangular layout, both viewed from the top

5.4.1 Model calibration: computational uniaxial compression test

Similar to the model calibration procedure presented in previous chapters, the
uniaxial compression tests from the literature [2, 17] is utilized to calibrate model
parameters. In this study, two types of materials are employed for 3DCP: material A
for the free wall structure and the material B for the square layout. The detailed
calibration process can be found from Chapter 3.

The calibrated elastic modulus and compressive strength are listed on Table 5-1.
In contrast to experimental results. The numerical results are in excellent agreement
with the experimental findings, which proves this numerical model has accurately
derived material stiffness and strength of fresh concrete. These time-dependent
material properties are therefore adopted and then can be utilized for formulation of
curing function. Two time-dependent material properties, i.e, a linear and an
exponential relationship, are often adopted for time-dependent material properties.
Considering the exponential yield stress evolution can describe a smooth transition
from initial linear increase to exponential evolution [21, 22], it is adopted herein to
describe age-dependent material properties (i.e., elastic modulus and compressive
strength). It should also be noted that some experimental results show considerable
scatter, which is attributed to the compaction process. The material usually does not
undergo a compaction procedure during the printing process. However, green
strength tests on the material B are conducted after a compaction process. The
published research indicates [2] that there is a difference between samples subjected
to a compaction process and those that are not. The influence becomes more
pronounced with concrete age. Thus, the aging time above than 30 min is not taken
into account during calibration process. Here, the material A without compaction
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process enables to identify curing function according to all calibrated results, while
regarding material B only transient material properties under 15 and 30 min are
adopted for material development to eliminate experimental scatter induced by
compaction process. This identified material development will be taken as time-
dependent material properties for structure analysis of bucking response in next
section. There is no doubt that the fitting function of time-dependent material
properties would be more reliable given more available data. A possible way to
accomplish this is to perform green strength tests without compaction. However, this
is beyond the scope of the current work. On the basis of calibrated material properties
listed in Table 5-1, the time-dependent material behaviors of lattice elements can be
described as Eq. 5-4 and Eq. 5-5.

Table 5-1 Calibrated mechanical properties with a range of time 0 to 90 min

Mate- . . . L
rial Input mate_rlal properties in Computatlongl uniaxial
lattice model compression test
type
A Concrete ;ggﬁﬁj: Compressive ;gl(;ﬁflguz Compressive
age (min) (kPa) strength (kPa) (kPa) strength (kPa)
15 60.20 7.35 60.20 7.29
30 104.08 10.00 104.08 9.97
60 128.57 12.86 128.57 12.71
90 197.96 20.92 197.96 20.87
B 15 101.41 8.05 101.41 7.89
30 135.21 12.37 135.21 12.62
EA — 55 97e0.0142t
¢ Eq.5-4
fcA =22.76e%01"
E[B =76.31e*""
Eq. 5-5

f,2 =11.10%%

Here, the E represents the elastic modulus, determining the elastic deformation; fc
stands for the material compressive strength.

5.4.2 Model validation

5.4.2.1 Free wall structure

Model validation of buckling response starts from a free wall structure printed
with material A, the dimensions of which are 1000 mm length and 60 mm width [20,
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23]. The printing velocity equal to 6250 mm/min was employed. The detailed
information about this free wall structure is given in Table 5-2.

Table 5-2 Printing process parameters for wall structure

Parameter Value
Wall thickness (mm) 60 mm
Concrete density (kg/m?®) 2100
Printing velocity (mm/s) 6250 mm/min
Initial material stiffness (kPa) 55.97 kPa
Initial material strength (kPa) 22.7 kPa

Prior to structural analysis of buckling failure, each printing layer, including 4000
lattice nodes connected by around 35,000 Timoshenko beams, is divided into three
printing segments to study the impact of non-uniform gravitational loading based on
Chapter 3. It means that sequential printing segments are continuously added
alongside each other with a time frame of numerical analysis, as described in Section 2.
Rather, mesh resolution of 5 mm, which is line with computational uniaxial
compression test, has been characterized for the purpose of elimination of mesh size
effect on buildability quantification. The layer height of 10 mm is therefore adopted in
this numerical analysis, slightly different than the experiment (9.5 mm). A fully fixed
support was utilized on the bottom to capture high friction caused by printing bed in
the trials. In terms of loading condition, nodal forces representing gravitational load
are determined by the material density (2100 kg/m3) and the volume of each Voronoi
cell, as described in Chapter 3. One point should be noted, unlike the FEM analyses of
buckling failure in 3DCP discussed above, no geometric imperfection is introduced
into the printed object in advance. The structure failure due to elastic buckling is
therefore a combined effect of localized damage and non-uniform gravitational
loading due to sequential printing process.

The typical failure mode of free wall structure is depicted in Figure 5-3,
indicating this failure-deformation mode is dominated by elastic buckling. Figure 5-4
provides the comparison of localized damage before and after structure failure. In
relation to the critical printing height, failure occurred at 18% layers, while no
excessive deformation could be observed before the final failure, as illustrated from
Figure 5-3 (a). This is attributed to the combined effect of heterogeneity consisting of
non-uniform loading and mesh randomness, in accordance with localized damage of a
printed object during an actual process. Further exploration goes to failure process
and mechinism observed from the numerical analysis: although homogeneous
material properties are assigned to lattice elements, the printed object still shows
strong heterogeneity caused by the random lattice mesh and non-uniform application
of gravitational load (i.e, division in printing segments). This expedites localized
damage and loss of geometrical stability, in which the former governs the plastic



CHAPTER 5 111

collapse, while the latter is crucial for elastic buckling. Under the effect of system
buckling, a growing number of broken elements also can be observed from Figure 5-4

(b).

In comparison with experimental results from the literature [2, 12], this model
not only reproduces the experimentally derived failure-deformation mode accurately
without introducing initial geometric imperfections, but also predicts the
experimental results well in quantitative terms. Specifically, when placing the 18t
layer into original position, the offset between the design position and deformed
geometry is larger than the width of an individual layer. It can be observed that the
final failure occurred at the 18t layer, and that the critical printing height is 180 mm,
around 12% lower than the test data (i.e., 204.25 mm). A deviation of up to 20% is not
exceptional, considering that the input material properties are calibrated by uniaxial
compression experiments, where significant scatter exists (i.e., the relative standard
deviations up 21% for elastic modulus and around 17% for the yield stress).

displacerment Y
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—
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(b)

Figure 5-3 Failure by elastic buckling of a free wall structure (a) before failure (b) after failure
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Figure 5-4 Localized damage (shown in black) for wall structure (a) before failure (b) after

failure

Table 5-3 Experimental value and model prediction of the critical printing height for free wall
and rectangular structure

Printed sample Experiment Lattice model Relative difference
Free wall 204.25 mm 180 mm -11.87%
Square structure 261.14 mm 230 mm -11.92%

5.4.2.2 Alarge square structure

In this section, a square structure (side = 500 mm and width = 55 mm) was
modeled through material B with an exponential material evolution [19, 23], and the
relevant parameters are listed in Table 5-4. Each layer of the square structure,
consisting of 8000 lattice nodes connected by around 61000 Timoshenko beams,
includes four segments to coincide with the continuous printing process. Like the
above modeled free wall structure, a fully fixed boundary condition and the same
solution of nodal force have been employed, as well as the mesh fineness. Similar to

the wall structure, no initial geometric imperfection is introduced for numerical
analysis of structural stability.

Table 5-4 Printing process parameters for square layout

Parameter Value
Wall thickness (mm) 55
Model length/B (mm) 500
Model width/D (mm) 500
Concrete density (kg/m?) 2100
Printing velocity (mm/s) 83.3
Initial material strength (kPa) 11.10

Initial material stiffness (kPa) 76.31
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The typical failure mode of the square structure is shown in Figure 5-5, and
comparison with experimental data associated with printing height is indicated in
Table 5-3. Figure 5-6 provides the comparison of localized damage before and after
structure failure.

Regarding the failure process, dead weight of the stepwise increasing layers
induced some damage near to the bottom (as indicated in Figure 5-6 (a)), thereby
exacerbating structural instability. The rectangular structure fails after the 23w
printing layer due to out-of-plane displacement in A-A plane, predicting critical
printing height equal to 230 mm. Furthermore, significant localized damage can be
observed near the buckling zone, as depicted in Figure 5-6 (b). In contrast to
experimental result with 261.125 mm, a deviation around 12% can be derived, i.e.,
less than 20%. It is therefore concluded that the model for the square structure not
only can reproduce the correct buckling-dominant failure mode, but also that the
critical printing height is in good quantitative agreement with the experiments.
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Figure 5-5 Failure by elastic buckling in the numerical analysis of rectangular layout structure
(a) before failure (b) after failure
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Figure 5-6 Localized damage for square structure (a) before failure (b) after failure

5.5 DISCUSSION

The above numerical analyses indicate that the extended lattice model enables
correct simulations with respect to structural buckling failure, qualitatively similar to
printing trials from the literature [2, 12]. In relation to the critical printing height
computed for these two structures, deviations of 11.87% and 11.97% were derived
for the free wall and square layout, respectively.

When it comes to the failure process, some localized damage occurs first,
detrimental to structural stability. Subjected to heterogeneity, including mesh
randomness and non-uniform gravitational loading, numerical models are likely to fail
because of combined failure mode, here the elastic buckling plays a dominant
influence. In addition, this kind of buckling response also causes more localized
damage to printed systems in return, as observed from Figure 5-4 (b) and Figure 5-6
(b). It can be concluded that structural failure of concrete during 3D printing is a
complex combination of plastic collapse and elastic buckling. Assessing build-up
performance of printed system merely considering one of them will likely result in
errors since their interaction, which actually exists in print trials, is ignored.

In this study, a comparison between the numerical analyses and experimental
results strengthens the necessity to correctly characterize the behavior of printing
materials. Specifically, time-dependent material behaviors of 3D printed concrete are
characterized through the uniaxial compression test, in which up to 20% material
variation has been experimentally reported [2, 12]. Considering that structural
analyses of printed objects are performed based on the average material stiffness and
strength of green strength tests, the deviation on buildability quantification around 12%
can be considered an excellent quantitative agreement.

Nonetheless, the critical printing heights computed from lattice model are lower
than those in actual print trials in both validation cases. This suggests that there are
some effects that are not incorporated into numerical analyses which may positively
affect the build-up performance. Three possible reasons may be hypothesized. First,
the material stiffness and strength experimentally established by green strength test
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in the literature might be lower than real values in 3D printing trials due to the
compaction influence, especially for material B. Besides, the unconfined compression
test is utilized to characterize material stiffness, while a fully fixed boundary condition
is employed in printing trials. In reality, low friction in terms of boundary condition
might cause a reduction in material stiffness [2].

The 3D printing process also causes the material to heat up, which is ascribed to
the friction in the mixer-pump and the hose. This may influence the mechanical and
rheological behaviors [24] due to speeding up of the hydration process, especially for
larger objects with a longer printing process. Recently, an outcome of the ultrasound
tests conducted by Wolfs et al. [2] showed an influence of temperature on structural
properties of 3D printing materials at the early age.

The time-dependent deformation at early stage, consisting of shrinkage and
creep, may also affect the structural stability by means of stress redistribution and
local deformation. But to the best of our knowledge, the influence of early-stage
shrinkage and creep on buildability has yet to be explained. More experimental
research work is essential to be first performed for behind mechanism or input
parameters of numerical analyses.

5.5.1 Model limitation and possible extension

In this research, the geometric nonlinearity has been incorporated into lattice
model combined with different features of heterogeneity, the structural instability of
buckling response can be reproduced and quantitative agreements with experimental
data also can be computed by the extended lattice model.

In contrast to the FEM analysis of Wolfs et al. [2, 23], this model can reproduce
the buckling failure without a bifurcation analysis or introducing an initial geometrical
imperfections. This shows that the buckling response is a combined effect of system
heterogeneity and geometry loss during the printing process. Furthermore, for both
geometries used for validation, the experimentally observed asymmetry of failure
mode can be derived without introducing any initial geometric imperfection; the
structural failure due to elastic buckling is attributed to the combined effect of
localized damage, geometric nonlinearity and non-uniform gravitational load.

Regarding the limitations of the model and possible future extensions, the
updated Lagrangian method and linear elastic assumption have been adopted for
solution procedure and material properties, and the structural instability can be
simulated through this extended lattice model. However, the viscoelastic properties of
fresh 3D printed concrete, including early-age creep and shrinkage, also cannot be
simulated using this model. However, more recently, several numerical methods,
including experimentally informed lattice model proposed by Gan et al. [25], and
lattice modeling the drying shrinkage proposed by Gao et al. [26, 27], showcase the
possibility to incorporate viscoelastic behavior into lattice fracture model.
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Although potential solutions for time-dependent deformation at early ages are
available in terms of numerical analyses, there is no literature available that reveals
the mechanisms of these effects in 3D printable concretes and their impact on
buildability quantification; a comprehensive study of these factors is a topic of ongoing
research and the corresponding analyses will also be incorporated into lattice model
in the future.

5.6 CONCLUSIONS

In this chapter, geometric nonlinearity is incorporated into the lattice model to
quantify the buildability of printing objects by considering the elastic buckling failure
mechanism. The computational uniaxial compression tests were first carried out to
calibrate the time-dependent material properties. Subsequently, two buckling-
sensitive geometries, a free wall structure and a rectangular layout, were adopted for
model validation. Based on the results presented, a number of conclusions and novel
points are summarized below:

In 3DCP, several heterogeneity characteristics of printing objects affect the
structural stability. When subjected to non-uniform gravitational loading, some
localized damage due to material yielding might occur to the printing objects, thereby
expediting structural failure. To study their impact on buildability quantification, these
heterogeneities should be incorporated into numerical or analytical models.

Using this model, the asymmetric buckling failure mode can be reproduced
without introducing any initial geometrical imperfection and bifurcation linear
buckling analysis, which are of necessity for published FEM-based models for
buildability quantification in 3DCP.

Lattice modelling of printing objects is not only able to reproduce experimentally
derived failure modes qualitatively, but also to agree quantitatively with experimental
results.

During model validation, some discrepancy between numerical predictions and
experimental results is observed. This can be attributed to underestimated material
properties, temperature influence and early-age material behavior. This results in
differences between the data used for the input (i.e.,, measured on cast specimens) and
the real (i.e.,, extruded/printed) material properties. It may be useful to devise a better
testing methodology that considers the intricacies of the 3D printing process and their
influence on the mechanical properties.

This chapter demonstrates that structural failure through elastic buckling for
3DCP can be reproduced by considering non-uniform gravitational loading using
lattice model with geometric nonlinearity instead of introducing initial geometric
imperfections.

In Chapters 3-5, the most common failure modes in 3DCP i.e., plastic collapse and
elastic buckling during the printing process, have been simulated using the discrete
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lattice model. In the coming chapters, the dependent-deformation, i.e., creep, will be
incorporated into the model to study their effects on the early-age behavior of 3D
printed concrete.
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6 » EARLY-AGE CREEP: EXPERIMENTS AND
ANALYTICAL MODELLING

This chapter proposes an experimental setup to characterize the early-age creep of
3D printable mortar. The testing protocol comprises quasi-static compressive loading-
unloading cycles, with 180-second holding periods in between. An analytical model
based on a double power law was used to establish the relationship between creep
compliance, hardening time and loading duration. Subsequently, this analytical model
was validated by comparison to uniaxial compression tests in which loading is
increased incrementally, i.e., in steps, showing a good quantitative agreement. Minor
differences between the two results were noted, most notably at the beginning of the
test. This is because the determination of creep compliance for 3D printable mortar at
fresh stage depends on the load level. In the end, the volumetric strain of tested samples
from uniaxial compressive test is used to explain why the compressive loading affects
the creep deformation.

Part of this chapter has been submitted for publication as Chang, Ze, et al. "Early-age creep of 3D printable
mortar: experiments and analytical modelling”.
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6.1 INTRODUCTION

The 3D printable materials differ from conventional cementitious materials in
several aspects: (1) high paste volume; (2) low water to cement (w/c) ratio; (3)
addition of viscosity-modifying agent (VMA) [1-3]. These features affect the visco-
elastic properties of 3D printable materials in their fresh state; for example, the high
paste volume will make shrinkage and creep more pronounced compared to
traditional concrete [4]. Moreover, the layer-by-layer extrusion process may result in
increased porosity compared to casting [5]. This creates more free space for water
movement and may result in higher creep [6]. Thus, understanding the time-
dependent deformation of the cementitious materials used in 3DCP is crucial. This
type of deformation occurs during the printing process and consists of basic creep,
autogenous shrinkage, plastic shrinkage, and the consolidation settlement under
compressive load. Since this delayed deformation certainly continues to increase over
time under constant compressive loading for cementitious materials at fresh stage, the
term ‘early-age creep’ is utilized to define this delayed strain in this PhD project.

Some explorations about the early-age behaviour of 3D printable materials
comes from uniaxial compression tests conducted by Esposito et al. [7] and
rheological tests performed by Chen et al. [8]. However, the effects of hydration,
loading rate, and load level on the determination of creep compliance are not
controlled during the testing process. In addition, the relationship between creep
compliance with hardening time and loading duration is not known. Therefore, it is
difficult to incorporate these experimental data into a numerical or analytical model
and investigate their effect on the structural deformation prediction and failure mode
simulation.

To capture this kind of delayed deformation during the printing process, herein
an early-age creep testing approach is proposed. Then, a relationship between early-
age creep and printing time using analytical modelling is established and
experimentally validated. Given that the total deformation is what is observed during
printing process, this research, therefore, does not distinguish the contribution of each
factor (i.e, autogenous shrinkage, drying shrinkage, basic creep and consolidation
settlement) to the result. Thus, the proportion of each factor and their influence
mechanism on the final deformation is outside of the scope of this study.

6.2 MATERIALS AND METHODS
6.2.1 3D printable mortar

6.2.1.1 Mixdesign

Here, a printable mortar was designed. To ensure the stiffness and strength after
material deposition, a low w/c ratio is utilized for mix design [9, 10]. The 0.0024% of
hydroxypropyl methylcellulose-based VMA is also added to the material to increase its
viscosity in order to fulfil the criteria of pumpability [11]. Consequently, this material
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can be extruded from the nozzle without blocking it. The mix design is given in Table
6-1.

Table 6-1 Compositions of 3D printable materials utilized in this study [kg/m?]

Cement Water VMA  Sand (0.01-0.02mm)  w/cratio  Cement type

1140 342 0.83 770 0.3 |

6.2.1.2 Pumpability and buildability test

The most straightforward method to assess the printability of cementitious
materials is through laboratory tests for pumpability and buildability, as suggested by
Le et al. [12]. Fig. 6-1 illustrates the extrusion-based mortar 3D printer utilized in this
study. This printer employs a gantry system and a 3D printed plastic nozzle is
equipped on the gantry frame to move along in the x-y plane for printing. The print-
table can move along the z axis to raise or lower itself to the designed height. The
effective printing size is 480 mm (I), 480 mm (w), and 500 mm (h), and the maximum
volume of printing material in a batch is 1.5 L. Table 6-2 describes the procedures for
sample preparation and buildability test.

Figure 6-2 (a) depicts mortar being extruded from the nozzle. It can be observed
that mortar can be smoothly extruded from the nozzle without blockage, which
demonstrates its good pumpability. Then, the buildability of this material is evaluated
through printing a hollow cylinder geometry and a free wall structure. After 20 layers
of deposition, the hollow cylinder geometry with a 150 mm diameter and 6 mm layer
height was successfully produced in around 20 mins, as illustrated in Figure 6-2 (b).
The critical printing height of the free wall structure was then investigated in the
second test, as shown in Figure 6-2 (c). This wall structure, composed of extruded
layers with 15 mm width, 4 mm thickness and 350 mm length, failed due to the out-of-
plane displacement (i.e., elastic buckling failure mode) at 34 layers. A suitable
pumpability and buildability performance can be observed through these three tests.
Then, further experimental programs on early-age material characteristics, consisting
of green strength and creep behaviour, will be introduced.

Table 6-2 Mixing procedures for the fresh mortar preparation and testing

Mixing procedures

-2:00 Mix dry blends at low speed using a HOBART mixer

0:00 Add water during mixing

4:00 Stop, start to fill the barrel of the printer
4:00-20:00 Preparation before printing

20:00 Start printing
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Figure 6-2 Printability quantification of designed material (a) pumpability test (b) buildability
test: hollow cylinder structure (c) buildability test: wall structure

6.2.2 Experimental methods

Cement paste generally plays a significant influence in the creep of mortar and
concrete [22]. Creep of Portland cement paste is highly co-determined by the porosity
and calcium silicate hydrates (C-S-H). Macroscale experiments to evaluate the creep
evaluation of hardened cementitious materials usually adopt a low creep loading,
below 30% or 45% of compressive strength [13, 14], which aims to exclude the
influence of damage on creep measurement. This load ratio is generally adopted for
creep analysis of hardened cementitious material; however, it might need to be
revised for cementitious materials at fresh stage.

6.2.2.1 Green strength test

The green strength tests were carried out to measure the compressive strength
of 3D printable material in the fresh stage [15]. The displacement-controlled
compression tests were performed on cylindrical samples, which were 70 mm in
height (h) and 70 mm in diameter (d), at a rate of 0.5 mm/s in an Instron equipped
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with a 150 N load cell with an accuracy of 0.1 N. This test was performed at multiple
fresh mortar ages of t=20 and 30 min. Here, t=0 was defined as the moment when the
water was added to the dry mixture. The displacement is measured through the
stroke of the machine. The experimental load-displacement curves and computed
stress-strain curves are given in Figure 6-3. The material compressive strength is
found to be around 5.1 kPa. The sample stress under a load of 5 N is below 1.7 kPa,
which is less than 30% of early-age compressive strength. This stress level is thought
to be outside of the non-linear creep domain, which often results in microcracks
within the tested samples [16, 17]. On the other hand, this load level results in the

creep deformation that can be measured with a high accuracy within the machine
sensitivity.
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Figure 6-3 Green strength test results (a) load-displacement curves (b) stress-strain curves
(different colors represent different samples)

6.2.2.2 Creep test

6.2.2.2.1 Sample preparation

Early-age creep tests under uniaxial compressive loading were performed on
cylindrical specimens. The samples are designed with the h/d ratio of 1 to minimize or



126 CHAPTER 6

eliminate the risk of structural instability during testing. The sample preparation
included mixing, placement, and compaction, which take around 10 minutes in total.
Subsequently, the prepared samples are placed in the mould for approximately 10
minutes with a sealed cover on the top. The sample for the creep test is then demolded
using specialized demolding equipment (as illustrated in Figure 6-4 (a)). This ensures
that the sample remains upright, thereby preventing the occurrence of eccentric
loading. Oil is used in the mold to reduce friction. In addition, this minimizes the water
loss. The absence of bleeding during sample preparation and testing process shows
that there is sufficient VMA to ensure water retention [11].

Demolding
machine

s Loading
casting point

Testing Steel
sample

Testing
sample

(a) (b)

Figure 6-4 Self-developed experimental setup (a) demolding setup (b) creep test setup

6.2.2.2.2 Creep testing

Here, a quasi-static compressive loading-unloading cycle test is performed to
characterize the early-age creep of 3D printable material. The test is based on the
research of Irfan-ul-Hassan at al. [18]. Since it is difficult to keep the top surface of the
testing specimen completely flat in the fresh stage, a rotation boundary condition is
introduced into the creep setup. For the loading to remain centric, the compressive
loading is transferred from a loading point to a rotatable steel plate. Therefore, the
creep loading can be applied to the whole upper surface with a minimum of localized
damage. The relative humidity (RH) and the environmental temperature were
measured and remained constant during the testing process, i.e, 40% RH and 32 °C
Thus, the plastic shrinkage due to the water loss and temperature fluctuation can be
significantly reduced.

This study aims to experimentally derive the creep deformation of 3D printable
materials at different hardening times, which refers to clearly different
microstructures due to the hydration process and consolidation settlement under a
compressive load distribution. The early-age creep experimental program consists of
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quasi-instantaneous compressive loading-unloading cycles, as well as 180-second (3
minutes) holding periods in each step. Each cycle takes 10 mins. The loading duration
(3 mins) is short enough such that the micro-structure remains unaltered during each
three-minute creep test. In the remaining seven minutes, a compressive force of 0.5 N
ensures that the sample remains upright. The creep strain rates induced by this stable
load decay quickly, such that they can be neglected compared to the significantly
larger creep strain captured during the three-minute testing process. The early-age
creep tests were performed at multiple fresh mortar ages in the range of 20 to 90 min
after material casting.

An infinite loading speed is desirable for a creep test, which is, of course, not
possible. Herein, a force-controlled approach is utilized, with a prescribed loading rate
of 2.5 N/s, which corresponds to a stress rate of around 1 kPa/s. The overall loading
time is 2 s. This quick loading rate ensures that the loading duration is around two
orders of magnitudes less than the subsequent constant loading duration of 180 s.
Unloading is performed via a force-controlled stress rate, amounting to 1 MPa/s.
Following an initial acceleration and before the piston’s final deceleration, a constant
creep loading is kept on the tested sample during 180 s loading duration. Figure 6-5
shows the physical force path and displacement measured during a loading-unloading
creep test. Structural deformation during one loading-unloading event is depicted in
Figure 6-6.
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Figure 6-5 Typical force reading capture during the creep test (a) loading path (b) structural
deformation (Note that the time 0 in the figures refers to the mortar age of t=20 min)
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Figure 6-6 Typical loading path and structural deformation in one cycle (a) loading path (b)
structural deformation

6.3 ANALYTICAL MODELLING
6.3.1 Theoretical background

The early-age creep deformation is a time-dependent process under constant
loading. Since the creep loading in this study is below 30% of green strength, the
tested sample is assumed to be undamaged. The entire loading path includes a series
of loading steps, and creep is assumed to be independent of one another under
various loading steps. Therefore, the previous loading condition does not affect the
creep deformation in subsequent stages. As a result, the entire creep response of the
printed segments at all time steps can be computed based on the Boltzmann
superposition principle, as described in Eq. 6-1.

(t) = f J(t—7,7)do(7) Eq. 6-1

Here, ] refers to the creep compliance function determined by the hardening time
() and loading duration (t- 7); Ao is the incremental stress, which may alter due to
hydration process and loading condition. Creep occurs in hardened cementitious
materials due to the slip between C-S-H particles in a shear process where water acts
as lubricant [6, 19]. However, the mechanism behind early-age creep is unknown.
While herein an experimental program to investigate the early age creep and analyze
creep compliance using the linear viscoelastic theory is proposed, study of governing
mechanisms of this behaviour is beyond the scope of this study.

In 3DCP, each printed segment experiences increasing loading due to the
subsequent printing layers. The stress history of each printed segment can therefore
be divided into a series of loading stages with the time interval At. The creep force is
applied to the testing sample at the beginning of the interval, and remains constant
until the end of the interval (as shown in Figure 6-7 (a)). During the entire printing



CHAPTER 6 129

process, the structural deformation shows a significant development, including the
elastic and creep deformation. The red lines in Figure 6-7 (b) represent the
instantaneous elastic deformation caused by the incremental creep load at the onset
of each time interval, whereas the black lines refer to the creep evaluation under
constant loading at this time interval.

A A
o &

\4

(@) (b)

Figure 6-7 llustration of creep evaluation based on Boltzmann superposition principle: (a)
loading history (b) system deformation

Followed by Eq. 6-1, the creep evolution after ¢3 is the summation of all the strain
curves (i.e,, dashed grey curves in Figure 6-7 (b)) which can be expressed as:

M) =od(t—tyt)) + (0, —0)I(t -t t)+ (05 —0,)I(t—1,1,) Eq6-2

It can be illustrated that a creep compliance function related to hardening and
loading duration is required for structural deformation prediction. In this research,
early-age creep experiments at multiple fresh mortar ages will be used to describe this
relationship using an analytical model.

6.3.2 Quantification of creep behaviour

Figure 6-5 (b) shows the measured deformation of the tested sample when
subjected to compressive creep loading. The initial loading-unloading step causes a
comparatively significant proportional plastic deformation. One of the potential
causes may be the collapse of macropores/large air voids as a result of the
compressive loading. This type of irreversible deformation is not taken into
consideration in the creep analysis in order to decrease or eliminate its influence on
the computation of creep compliance. When analyzing the experimental data, the
second loading-unloading step is where the creep analysis begins, and the initial
displacement at the onset of this loading duration is taken as the reference point for
this step’s creep computation.

In this work, the creep behavior at different fresh mortar ages under constant
loading is characterized using a power-law expression as described in Eq. 6-3 [20].
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e(t—t5,t;)=oxC(t—t,,t,)

b Eq.6-3
C(t—t,,t))=1/E,+1/E x(t—t,)

Here, E.is the elastic modulus, E refers to the creep modulus, and b is the creep
power-law exponent. Through the evaluation of the minimal square creep strain
between experimental findings and the analytical model, a set of creep coefficients,
comprising creep modulus, elastic modulus, and creep exponent, can be fitted for each
creep interval time [18]. This is further discussed in Section 6.4.4.

The relationship between creep compliance and loading time at different
hardening times can be determined using Eq. 6-3. The effect of hardening time on the
prediction of creep compliance, however, is not well captured or reflected by the fitted
power-law function. A double power law expression based on two international
standard codes, Euro Code 2 [31] and ACI-209R [32], offers a solution to this problem,
and their formulation can be described as:

J(t—7,7)=1E(T)+C,C,(T)C,(t—7) Eq. 6-4

Here, Co is a coefficient related to general material properties and microstructure
formation as a result of hydration, which is also affected by external conditions like
temperature and relative humidity; C: is a power function used to study the impact of
hardening time (7) on creep compliance; and C: is a power function determined by the
non-ageing/loading duration (t-7) [21].

6.3.3 Determination of unloading elastic modulus

The unloading procedure in this quasi-static compressive creep test is utilized to
determine the unloading elastic modulus [20]. Figure 6-6 illustrates the unloading
part, in which that the middle part of the curve is used for the calculation of unloading
elastic modulus, while discarding the top 10% and the bottom 5% of the unloading
curve to minimize error [18], as illustrated in Figure 6-6 (b). Through dividing the
residual force reading by the cross-section area of the cylindrical specimen, which is
equal to 3846.5 mm?, it is possible to calculate the imposed stress. The structural
strains can be computed through dividing the machine output displacement by the
sample height, which is 70 mm. As a result, the unloading elastic modulus can be
determined.

6.4 RESULTS

The proposed early-age creep test provides quantification of temporal evolution
of unloading elastic modulus and creep of 3D printable mortar in the time range of 30
to 90 min with a 10-min interval. Three samples are used for the test and all three
exhibit similar properties.
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6.4.1 Unloading elastic modulus

Figure 6-6 (b) shows the elastic recovery during the unloading process,
indicating that this printable material is in viscous-elastic-plastic state. As described in
Section 3.2, the unloading elastic modulus can be determined through the calculation
of elastic recovery through each cycle’s unloading process. Figure 6-8 illustrates how
the time-dependent unload elastic modulus grows monotonically with material age. A
linear fit can be found, as shown in Figure 6-8. It should be noted that the R-square
value is computed between the regression and average experimental data for each
time point.

y=0.019639xt+4.0563 [R?=0.98553]

b o o o o
©® o N o
T T T

Unload elastic modulus (MPa)
N
o

IS
S
¢

50 60 70 80 90
Time (min)

&
o N
o
w
S
B
S

Figure 6-8 Time-dependent unloading elastic modulus

6.4.2 Creep compliance curves

As previously mentioned, the power-law function, as described in Eq. 6-3 is
adopted to fit the early-age creep behaviour in the time range from 30 to 90 mins after
material deposition. When calibrating the analytical model, the objective function is
determined by the R-square value, which reflects the difference between the mean
experimental data from three testing specimens and the power-law regression. Figure
6-9 shows the temporal evolution of the creep modulus and calibrated power-law
functions at various material ages.
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Figure 6-9 Time dependent creep compliance at different aging time

It can be seen in Figure 6-9 that the power-law function can fit the early-age
creep behaviour with high RZ Figure 6-10 describes the development of time-
dependent creep parameters with hardening time. Both the creep modulus and elastic
modulus increase with the hardening time. Note that this type of delayed deformation
differs from the basic creep in hardened cementitious materials. As previously
discussed, it is determined by the combined effect of hydration process and
consolidation settling under compressive stress distribution. However, this
experimental program makes it possible to mimic the time-dependent deformation
that occurs in printing trials, which is what we want to measure.

—30
——40

50| |
—60
——70

b
©

o
o

—090 |1

0.4

Creep compliance (1/MPa)

o
[N}

%——
(/

0 50 100 150 200
Loading time (s)

(@)



134 CHAPTER 6

Creep modulus (MPa)
&
Elastic modulus (MPa)

10 2
30 40 50 60 70 80 20 30 40 50 60 70 80 90
Time (min) Time (min)
(b) @]

Figure 6-10 Evolution of creep parameters with the increasing age of printable material (a)
creep compliance curves at different ages (b) creep modulus with hardening time (c) elastic
modulus with hardening time

Based on the experimentally derived creep deformation, analytical modelling
was used to compute the creep compliance at different ages. However, the creep
deformation during the printing process is associated with mortar age and loading
duration, thus a clear relationship between creep compliance and hardening time and
loading duration is required.

6.4.3 Creep compliance surface

The influence of hardening time and loading duration on creep deformation can
be reflected in a creep compliance surface, as discussed in Section 6.3.2. Here, a double
law power expression in Eq. 6-4 is used to describe this relationship. The smallest
square root (i.e., the difference between the fitted function surface and experimental
data) can be obtained using the optimal creep parameters, which are composed of (3,
C2, C3 and E. Figure 6-11 describes the fitted creep compliance surface after
optimization process.
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6.4.4 Evolution of early-age material properties with hardening time
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In this study, this specialized experimental program consists of a 180 s loading
period, in which the microstructure remains unaltered due to flocculation and
structuration. The experimental results at multiple material ages refer to the different
stages of the hydration process. The evolution of unloading elastic modulus and creep
modulus describes the impact of hydration process on the material properties. In
3DCP, the printable materials are extruded from the nozzle and placed on the printed
structure. The hydration process continues throughout this stage, resulting in varying
microstructures. From a microstructural perspective, the flocculation and
structuration processes make the printed materials display the initial material
characteristic such as yield stress and elastic behaviour. The mixing and pumping
processes disperse the cement particles throughout the printing process. After
flocculation, these particles connect to form a network that can transfer stress. The
elastic material behaviour results from attractive colloidal force while the viscous
property is primarily caused by the interstitial water between the cement grains.
Although the printable mortar is still in the rest state, solid bridges between the
interconnected particles are formed when hydrate nucleation occurs at pseudo-
contact points in the network of particles. The structuration process strengthens the
bonding among inter-particle connections and causes the loss of workability [22].
Additionally, it can be seen that a stronger framework eventually develops at the
microscopic level along with the hydration process. As a result, the elastic modulus
increases at the macroscopic level with hydration time, as does creep modulus.

Besides the hydration process, the consolidation settlement under compressive
loading is another influential factor for the measured early-age creep in this study. A
lot of free space exists between the dispersed cement particles. These dispersed
particles are gradually compacted and eventually collapse when subjected to
compressive force. This compaction process is similar to the consolidation settlement
in soil mechanics [23, 24]. If more voids are compressed, less deformation space may
be found. The entire structure has a higher material density as a result.

6.5 MODEL VALIDATION

The fitted creep compliance surface allows predicting creep deformation with
the loading condition and printing time as inputs. To verify if this analytical model can
predict the early-age creep deformation during printing process, an
incremental loading test is designed to mimic the loading condition in 3DCP. The
cylindrical sample is the same size as in the previous creep test. Figure 6-12 describes
the loading path and obtained structural deformation. The first loading step results in
a significant plastic deformation, like the early-age creep test. When analyzing the
structural deformation, the onset point of the second loading step is taken as the
moment at which data analysis begins.

For creep prediction, the entire loading process can be divided into a series of
loading sequences, each assumed to remain constant from the onset of time interval to
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the end. As a result, early-age creep under various loading conditions is independent
of one another. Thus, the entire creep response of this sample at all time steps can be
computed based on the Boltzmann superposition, as described in Section 6.3.1. The
total deformation of the sample is a summation consisting of elastic and creep
portions.
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Figure 6-12 Compressive creep test with incremental loading (a) loading path (b) structural
deformation (Note that the time 0 in the figures refers to the mortar age of t=20 min)
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Figure 6-13 The comparison results between the analytical solution and experimental result
(Note that the time 0 in the figures refers to the mortar age of t=20 min)

Figure 6-13 demonstrates that analytical modelling of the early-age creep can
quantitatively reproduce the experimental results. This indicates that the analytical
modelling can account for the stress history and reproduce the time-dependent
deformation during the printing process. However, there is some discrepancy
between the analytical solution and the experimental data in the initial phase. The
variability of the creep data from compressive test could be one of the causes. In
particular, the creep loading lower than 30% of compressive strength is used to
determine the early-age creep behaviour. This is because that stress level is within the
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linear creep domain, which excludes the impact of damage on the time-dependent
deformation. However, as discussed before, this assumption origins from creep
analysis of hardened cementitious materials. The validity of this assumption may be
challenged for cementitious materials in the fresh stage, in which the creep
mechanism is possibly different. In the following section, more creep tests with
various loading magnitudes are conducted to study the impact of load level on the
creep compliance.

6.6 DISCUSSION
6.6.1 The impact of load level on creep compliance curves

Herein, the same experimental program but with different compressive loading
(i.e., 2.5 N and 10 N) is used to characterize the early-age creep at the multiple mortar
ages: t=30, 40, 50, 60 mins. Figure 6-14 and Figure 6-15 show the experimental
findings as well as the calibrated creep curves based on the power-law function. R
square reflects the difference between the mean experimental data from three testing
specimens and the power-law regression. The fitted results demonstrate that the
power-law expression is able to represent the evaluation of early-age creep under
different magnitudes of compressive loading. Figure 6-16 describes the evolution of
elastic modulus and creep modulus with hardening time at different loading
conditions. The experimental finding verifies the previous conclusion, i.e., both the
elastic and creep modulus increase with the hardening time.
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60 min

Figure 6-14 Creep compliance curves with the compressive load of 2.5 N
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Figure 6-16 The relationship between the creep parameters and hardening time (a) creep
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Figure 6-17 The creep compliance curves with different compressive loading (a) 30min (b) 40
min (c) 50 min (d) 60 min

Figure 6-17 shows a comparison of creep compliance with different loading
magnitudes for sample ages from 30 to 60 mins. It is found that the creep compliance
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decreases as the loading increases. This can help to explain a slight discrepancy
between the experimental results and analytical prediction, most notably at the
beginning of the test. It is possible that the creep compliance for 3D printable mortar
in the fresh stage depends on the load level. More specifically, experimental results
from the creep test under 5 N are used to determine the creep compliance. However,
the validation test adopts incremental compressive loading starting at 2.5 N with a 2.5
N increment. At the beginning of the test, the compressive load applied to the sample
is below 5 N. However, the creep compliance surface obtained from 5 N is adopted to
predict the creep deformation. A small difference between the testing results and
analytical prediction therefore can be observed. The reason is unclear. To the best of
the authors knowledge, only one published article focused on the impact of loading
magnitude on the creep compliance [8]. Experimental results from [17], shown in
Figure 6-18, conflict with the trends observed herein. In that work, a very small shear
force is applied to 3D-printed cement composites using a rheometer to characterize
the early-age creep. Their experiments show that the creep compliance increases with
the applied shear stress. The rheological test measures the bonding force among
particles, which is attributed to flocculation and structuration. In the rheological test, a
higher shear stress can create more microcracks, therefore, creep increases with the
stress level. In contrast, the uniaxial compression test measures the creep evolution
with the consideration of the compaction process of the internal pores. The creep
deformation is somewhat similar to the time-dependent deformation of 3D printed
segments with high porosity [5, 25]. During the test, the impact of pores or air voids
will be reflected through the creep behaviour in macroscale. The higher compressive
stress compacts more pores within the tested sample. With the increased compressive
load, there are less voids within the tested sample which can be compressed, thereby
resulting in less creep. Compared to the rheological test, this kind of uniaxial
compression test mainly reflects the impact of compressed internal voids within the
tested sample on creep evolution.
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Figure 6-18 Typical creep curves of cementitious materials obtained using rheometer using
various shear stress, reproduced from [8].

6.6.2 Volumetric strain under incremental compressive loading
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To further investigate why the load level affects the creep compliance, an
experimental program is designed to characterize the volumetric strain under the
compressive force. Figure 6-19 shows the experimental setup. Two samples are used
to test the repeatability of the testing protocol. During the testing process, a camera is
utilized to capture sample deformation, and an incremental vertical compressive load
is applied at the rate of 0.01 mm/s. The volume of the tested sample in each step is
computed based on the horizontal and vertical deformation.

Figure 6-19 Experimental set-up for volumetric strain capture

Figure 6-20 (a) describes the normalized volumetric strain, which is defined as
the ratio between the loaded sample volume and the initial one, versus structural
vertical strain. It can be observed that the lowest normalized volumetric strain occurs
at structural strain about 1%. This suggests that the free space, consisting of voids
between cement particles, is compacted under the compressive loading until that
vertical stain reaches 1%. After that, a transition of the measured curves can be found,
and lateral expansion is observed due to the Poisson’s effect. It can be concluded that
the lots of internal pores within the tested sample are compressed before the
transition point. After that, fewer pores are available to be filled under the
compressive load, therefore, less creep deformation for a unit increment in creep load
will be derived. Figure 6-20 (b) gives a relationship between compressive loading
with structural vertical strain. It can be easily found the equivalent compressive
loading at 1% sample strain is below 5 N. According to this inflexion point, as
indicated in Figure 6-20 (a), the samples are easily compressed up to a structural
vertical strain of 1%, whereas after that point, specimens with collapsed large pores
are more difficult to compress under a unit compressive loading.
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6.7 CONCLUSIONS

In this study, an experimental setup was proposed to characterize the early-age
elastic and creep behaviour of 3D printable mortar. The experimental program
consists of quasi-static compressive loading-unloading cycles as well as 180-second
holding periods in between. Based on the experimental results, a double power-law
model is established to describe the relationship between creep compliance and
hardening, loading duration. Subsequently, this analytical model was validated by
comparison to uniaxial compression tests with incremental loading. Based on this
research, the following conclusions can be drawn:

The printable mortar at fresh stage is visco-elastic plastic; the elastic
recovery can be observed during the unloading process and the
unloading elastic modulus also can be derived;

The power-law expression can describe the early-age creep behaviour;
both the elastic modulus and the creep modulus increase with
hydration time; the possible reasons include consolidation settlement
under compressive loading and the hydration process, consisting of
flocculation and structuration;

Analytical modelling of early-age creep behaviour during printing
reproduces the experimental results quantitatively; it demonstrates the
feasibility of proposed method for time-dependent structural
deformation prediction in 3DCP; A small discrepancy between the
analytical solution and the experimental data can be found, especially in
the initial phase. This is because the underestimation of creep
compliance due to the magnitude of creep loading;

The higher compressive stress indeed results in a lower creep
compliance. The inverse tendency can be found from the rheological test
in the literature. This is because the different measured characteristics



CHAPTER 6 143

towards these two methods. In the rheological test, a higher shear stress
can create more microcracks, therefore, creep increases with the stress
level. In contrast, this uniaxial compression test mainly reflects the
impact of compaction process and internal pore on creep evolution.

Through this study, the time-dependent deformation during the printing process
in 3DCP can be precisely predicted through a combination of analytical modelling and
experimental investigation. Further research will be conducted to study the impact of
early-age creep evolution on the prediction of structural deformation and buildability
quantification during the printing process of 3DCP.
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7 » LATTICE MODELLING OF EARLY-AGE
CREEP

In this chapter, a new numerical method is proposed to analyze the early-age creep
of 3D printed segments with the consideration of stress history. The integral creep
strain evaluation formula is first expressed in a summation form using the
superposition principle. The experimentally derived creep compliance surface is then
employed to calculate the creep strain in the lattice model based on the stored stress
history. These strains are then converted into element forces and applied to the
analyzed object. The entire numerical analysis consists of a sequence of linear analyses,
and the viscosity is modelled using the imposed local forces. The model is based on the
incremental algorithm, and one of its main advantages is the straightforward
implementation of stress history. The creep test with incremental compressive loading
from Chapter 6 is utilized to validate the model. Numerical modelling of early-age creep
agrees well with experimental data, demonstrating the feasibility of the lattice model for
early-age creep analysis under incremental compressive loading. In addition, a
numerical analysis of a printed segment is carried out to demonstrate the impact of
early-age creep on the prediction of structural viscoelastic deformation occurring
during printing process. The numerical result highlights the necessity of creep for the
accurate prediction of viscoelastic deformation of 3D printed concrete.

Part of this chapter has been submitted for publication as Chang, Ze, et al. " Lattice modelling of early-age creep
of 3D printed segments with the consideration of stress history."
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7.1 INTRODUCTION

In 3DCP, the structural deformation during printing process is codetermined by
the instantaneous and time-dependent deformation. The former refers to the elastic-
plastic deformation, while the latter refers to the delayed strain, namely, early-age
creep mentioned in Chapter 5. Only a few published models investigate the impact of
early-age creep on the prediction of structural deformation of 3DCP. Based on the
published research, the majority of the creep models are applicable to hardened
cementitious materials subjected to constant loading [1-3]. Li et al. [4] have proposed
a numerical method to explore the early-age viscoelastic behaviour of hydrating
cement paste based on the computer-generated microstructural models. Han et al. [5]
presented a nonlinear model to predict early-age creep of concrete (about 2 days)
subjected to compressive load. However, early-age creep of conventional cementitious
materials, in general, refers to the moment after the final or at least the initial setting
time. At that stage, the hydration products grow along with the surface of the cement
particles, eventually forming a solid particle skeleton. Creep in the fresh stage (i.e.
after casting or deposition from the nozzle in case of extrusion-based 3D printing) has
not been considered in the concrete modelling literature.

This chapter aims to propose a numerical method to predict the evolution of
early-age creep of 3D printed segments while allowing for stress history of individual
elements. The creep analysis consists of a sequence of linear analyses, in which the
elastic and creep coefficients are determined based on creep tests. The viscosity can
be simulated via an imposed local force, which is similar to the effective elastic
modulus method proposed by Bazant [6-8]. A series of non-ageing/ageing creep tests
are then employed for model validation.

7.2 METHODOLOGY

This section summarizes the fundamental theory of viscoelasticity and analytical
models for prediction of creep compliance. The method for computing the creep strain
of each element will next be presented with the computed creep compliance and
stored element stress as inputs. At the end of this section, the incorporation of creep
strains into the lattice model with an incremental algorithm is discussed.

7.2.1 Theoretical background

Laboratory studies of 3DCP demonstrate that the structural deformation of
printed segments at fresh stage tends to increase when the gravitational loading is
maintained at a constant level. The term "early-age creep" is commonly used to
describe this phenomenon.

To describe the early-age creep under incremental compressive loading, the
stress history must be considered. However, storing the entire stress history will
result in a high computational cost and extensive memory use. To address this issue,
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numerous methods have been proposed to simplify the computation of creep strain,
such as the rate-type creep approach [9, 10], effective modulus method [11], ageing
coefficient method [12], parallel creep method [13], and others [14]. Using these
methodologies, the integral stress-strain relation of creep evolution can be converted
into new formulations that only store a limited number of history variables instead of
the entire loading history. For instance, the continuous creep function is transformed
into the Dirichlet series approximation using the rate-type technique. However, the
Dirichlet series expansion involves numerous empirical parameters which are difficult
to identify correctly [15].

Herein, a numerical model to predict this delayed deformation during the
printing process is proposed; it does not distinguish the contribution of some
influential factors like plastic and autogenous shrinkage, nor the consolidation
settlement under compressive stress. The creep behaviour of cementitious materials
can be analyzed using linear viscoelasticity, which enables the consideration of the
entire stress history. The eq. (6-2) explains how to compute the creep strain of lattice
elements by means of Boltzmann superposition principle.

It must be noted that the Boltzmann superposition is only valid if each period is
assumed to be independent. In other words, previous loading steps do not affect the
creep response resulting from the applied force at later stages. The superposition
principle is valid given that all the principal stresses are below 40-50% of uniaxial
strength [16, 17]. In that case, the analyzed object is not damaged, and linear elasticity
is valid [17]. When it comes to a higher stress level, a damage law must be
incorporated into the numerical model for non-linear creep behaviour description [6,
18].

7.2.2 Lattice model implementation

Section 7.2.1 briefly describes how to compute the creep strain of lattice

elements. In this section, these computed strains will be converted into element forces

and applied to the elements. This approach is termed ‘local force method’ herein. The
detailed procedures about model implementation can be found in Figure 7-1.
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Figure 7-1 Flowchart about Lattice model on creep analysis

This flowchart describes how lattice model simulates the viscoelasticity
behaviour of 3D printable mortar, which includes 8 steps, A, B, C, D, E, F, G, and H.

Step A: Model discretization.
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Model discretization is the same with the 3D printing model. The relevant
material properties are assigned to the beam elements. Besides, the designed load
path is imported into the lattice model as the external boundary for creep and fracture
analysis.

Step B: Determination of creep parameters

When it comes to the creep analysis, the creep compliance plays a significant role,
and can be computed with the hardening time and loading duration as inputs. The
obtained creep compliance is then incorporated with the superposition principle for
the calculation of element creep strain, as expressed by Eq. 6-2.

Step C: Incremental load.

The difference between the external and internal loading is defined as a
disequilibrium force in the incremental algorithm, as expressed by Eq. 5-1. The former
refers to the loading condition imported from the load path while the latter is
computed considering the internal force as well as element orientation.

Step D: Linear analysis.

In this step, the numerical equation is solved by means of the conjugate gradient
method.

Step E and F: Creep analysis.

Given the known creep compliance and obtained delta element stress, the creep
strain of individual elements can be computed based on Eq. 6-1. These element strains
are then converted into axial forces. The difference between two steps’ creep forces is
defined as incremental creep force in each analysis step. These forces are calculated as:

Ucr,i = E<C;cr,i
fcr,i = Ucr,iA Eq.7-1
Afcr,i = fcr,i - fcr,i—l

Here, E refers to the elastic modulus of printable mortar and A is the area of cross-
section of lattice beam. f and o are element force and stress for creep analysis. This
derived delta creep force Afei is then applied to the lattice element, as shown in Figure
7-2, together with the previously computed disequilibrium force in each step. These
applied local forces enable the simulation of time-dependent deformation. In this
study, this kind of solution approach is defined as ‘local force method’. Using this
method, the entire viscoelastic analysis can be conducted by solving a series of
fictitious elastic problems. This is similar to the effective modulus approach proposed
by BaZant [8], with the exception that the local force instead of the effective modulus is
updated in each analysis step.
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Figure 7-2 The creep deformation and local axial force of an individual beam element.

Step G: System update.

In the lattice model, the entire simulation process consists of a sequence of linear
analysis steps, in which the lattice beam is assumed to be linear elastic. The
comparative stress within the individual element can be computed using Eq. 3-3.
When the element stress is lower than the material strength (compressive or tensile),
the Boltzmann superposition is valid because the element is in an undamaged state.
Once the stress exceeds the material strength, this element will be removed from the
mesh system, allowing for damage initialization and propagation. Creep analysis with
the inclusion of element removal mechanism is adopted in the model to simulate the
creep evolution under high load level (i.e., higher than 40%-50 % material strength).

In each analysis step, those elements whose stress is higher material strength
will be removed from the system, representing a series of cracks. A group of
equivalent element forces, consisting of normal force, shear force, bending moment
and torsion, is utilized to replace this removed element for stress redistribution. The
system stiffness is then updated considering the broken elements. In this way, the
non-linear material behavior can be simulated in a sequence of linear analysis steps.

Step H: Stop criteria.

For creep analysis under various loading conditions, two stop criteria are utilized.
The first one regulates the timing of each loading component. When the numerical
analysis reaches the loading duration of a given step, it moves into the following step.
The entire numerical analysis stops until the whole load path is applied to the mesh
system.

7.2.3 Model applicability

This newly proposed model adopts the local force method to simulate the
viscosity behaviour of cementitious materials, similar to the effective elastic modulus
method [6]. The model is based on the incremental algorithm and one of the main
advantages is the straightforward implementation of stress history consideration.
Besides, this method significantly reduces the computational cost and memory
intensity since it stores just one stress parameter (i.e.,, element comparative stress) at
each step of the analysis. In addition, the lattice model adopts the linear elastic
analysis for individual steps. Once the computed stress is below material strength,
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there is no damage to individual elements. Thus, those lattice elements are in the
elastic stage, the Boltzmann superposition for creep strain computation of each
element is always valid. As a result, the lattice model with element removal technique

and the incremental algorithm is valid for creep analysis of cementitious materials
under high load levels.

7.3 MODEL VALIDATION

7.3.1 Comparison with the analytical solution

In this section, the predicted results from the lattice model are compared with
the analytical solution. In addition, step size sensitivity analysis is carried out to
investigate its influence on deformation prediction. The model dimension is 100 by
100 mm with a mesh resolution of 1 mm. Each load step must be independent;
damage is therefore not considered in this numerical case study. Three different step
sizes, namely, 1s, 3s, and 5s, are used for the sensitivity analysis. Eq. 7-2 describes the
input creep function, and the initial hardening time is 2400 s. The load path includes
two parts, as shown in Figure 7-3 (a).

J(t—7,,7,) =1/4.2254 +59.75x 7% x (t — 7,)**% Eq.7-2
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Figure 7-3 Creep analysis on incremental compressive load (a) load path (b) structural strain

Figure 7-3 (b) shows a comparison between the analytical solution and predicted
results using the lattice model with different step sizes. It can be concluded that all of
them reproduce the analytical solution quantitatively, namely R? =1. It means this
newly proposed model can account for the impact of stress history and accurately
describe the creep behaviour of cementitious materials.

7.3.2 Early-age creep test of 3D printable mortar
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7.3.2.1 Non-ageing creep tests

The non-ageing creep tests conducted in Chapter 6 are adopted for model
validation. Detailed information about the sample preparation and testing process can
be found in Chapter 6.

Here, the power-law function is assumed and directly adopted to fit the creep
evolution of experimental findings for 3D printable materials. The creep compliance
function can therefore be expressed by Eq. 7-3.

J(t—74,7) ::L/Ee(To) +]/Ec(7—o)(t_7—o)'ﬁ Eq.7-3

Here, E. and E. refer to the elastic and creep modulus of all lattice beams; Sis the
creep exponent. The fitted power-law expressions are then introduced into the lattice
model as inputs for creep strain computation of beam elements.

The 3D numerical model is built with a mesh size of 3 mm, which consists of
10,255 lattice nodes connected by 74,195 Timoshenko beams. The radial deformation
at the top and bottom sides are fixed to mimic the high friction boundary in the real
test. The analyzed object is subjected to the uniaxial compressive force of 5 N. Figure
7-4 (b) gives the schematic diagram of the numerical model for creep analysis.

7 H=70 mm

/] r

/

| e -

Y |l RN

Ay D=70 mm >
7 Fixed boundary
i S LSRN NN N &

Figure 7-4 Schematic diagram of creep simulation

Simulated creep deformation is then compared the with experimental findings.
Figure 7-5 shows the comparisons between the experimental results and numerical
predictions. It can be seen that lattice modelling of the early-age creep is in good
agreement with experimental data. This demonstrates the feasibility of the lattice
model on non-ageing creep evolution of cementitious materials in the fresh stage.
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7.3.2.2 Ageing creep test

In this section, the ageing creep test with incremental loading condition is
utilized to verify whether this newly proposed model can reproduce the creep
evolution under the incremental compressive loading. The input parameters can be
derived from Figure 7-6 and Figure 6-11. Figure 7-7 shows a comparison between the
simulation and the experiments in relation to the creep deformation subjected to
incremental compressive loading. Lattice modelling of early-age creep evolution can
reproduce the experimental results. This quantitative agreement suggests that this
newly proposed model enables to account for the effect of time-dependent material
properties and the stress history, thereby producing a similar early-age creep
deformation with the actual test. Although the modelling results are similar to the
experiments, some discrepancy between the predicted values and experimental data
can still be found, particularly at the beginning of the loading stage. The main cause is
due to the impact of load level on creep compliance determination, which is examined
experimentally in Chapter 6.

y=0.019639xt+4.0563 [R?=0.98553]
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Unload elastic modulus (
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Figure 7-6 Time-dependent elastic modulus for creep analysis through lattice model
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Figure 7-7 Comparison between lattice modeling and experimental result for early-age creep
analysis

7.4 DISCUSSION

The above numerical analyses show that the proposed model can account for the
stress history and simulate the creep behaviour of cementitious materials from fresh
to hardened stages. In this section, the impact of hardening time and loading duration
on creep analysis will be quantified through a series of numerical simulations.
Subsequently, the early-age deformation of printed segments will be modelled to
study the effect of creep on the prediction of structural deformation.

7.4.1 Hardening time and loading duration

In 3DCP, a specific printed segment may experience different loading situations
during the printing process (namely, constant, unloading and loading situations).
During the loading period, the hardening time and loading duration codetermine the
creep evolution. When it comes to the unloading process, the creep recovery plays a
significant role in predicting the structural response and understanding the
mechanism of creep behaviour.

In this section, a 3D numerical model with a diameter of 70 mm and a height of
70 mm is built. The mesh size equal to 3 mm is adopted. The whole model consists of
10,255 lattice nodes connected by 74,195 Timoshenko beams. The step size is set to 6
s in these analyses. Detailed information about these numerical analyses can be found
in Table 7-1. The input parameters about creep compliance are mathematically
described in the following equation.

J(t—7,,7,) =1/4.6453+ 23260 x 7,-** x (t — 7,)** Eq.7-4
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These numerical cases adopt the elastic modulus as constant values to ensure the
single variable analysis. A loading-unloading process is utilized to explore the model
feasibility to simulate the creep recovery and investigate the impact of time
(hardening time and loading duration) on creep analyses.

Table 7-1 Parametric analyses of early-age creep with different loading duration and hardening

times
Case Applied force Hardening time Loading Unload force

N) (s) duration (s) (N)
1 5 1800 300 0.5
2 5 1800 600 0.5
3 5 1800 900 0.5
4 5 180 600 0.5
5 5 18000 600 0.5

Figure 7-8 describes the creep development of cementitious materials with
different input parameters. It can be illustrated that both the loading duration and
hardening time affect the creep evolution. Given the loading duration extends three
times, the final strain of analyzed sample increases from 0.1814% to 0.2027%. The
final system strain with 180 seconds of hardening time is more than 100 times larger
than that with 18000 seconds of hardening time, indicating that the hardening time
has a greater impact on creep evolution than the loading duration. In 3DCP, the
hardening time refers to the moment when the printable materials are extruded from
the nozzle and placed on the print bed. It can be inferred that the initial printing time
may highly affect the structural deformation during printing process. Relevant
numerical analyses are essential to explore the impact of early-age creep on the
prediction of structural deformation in 3DCP. In addition, the elastic and creep
recovery can be observed during the unloading process, which demonstrates that the
proposed model is able to simulate the creep recovery behaviour of cementitious
materials.
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7.4.2 Creep analysis of a 3D printed segment

During the printing process, cementitious materials are extruded from the nozzle
and placed on the deformed geometry, as described in Figure 7-9. The compressive
force from the subsequent printing layers is applied to one specific printed segment.
Together with the self-weight, these forces codetermine the structural deformation,
which includes the elastic, plastic, and time-dependent deformation.

This section will study the early-age creep influence on structural viscoelastic
deformation. The model presented in the previous section is adopted and the creep
compliance described in Figure 7-6 (b) is utilized. It should be noted that the elastic
modulus is taken as constant value during the numerical process. Figure 7-9 (a)
describes the loading path of this printed segment, and Figure 7-9 (b) demonstrates
the structural deformation with or without the consideration of creep. It should be
noted that the red and orange curves refer to the creep evolution with different ageing
times (namely, 600 s and 1800 s). It can be seen that the structural deformation with
the consideration of creep increases significantly compared to that not considering
creep. In particular, the strain in the model with the ageing time equal to 600 s is more
than 20 times larger than the one without creep. This demonstrates the necessity of
considering creep for predicting the deformation of a printed system. In next chapter,
early-age creep will be incorporated into the 3DCP model for buildability
quantification to study its impact structural deformation prediction.
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7.5 CONCLUSIONS

In this chapter, a numerical method was proposed to analyse the early-age creep
of 3D printable mortar. The creep compliance surface and time-dependent material
behaviours obtained from Chapter 6 were taken as input parameters. The model was
then validated through a creep test with incremental compressive loading. Below are
some insights and conclusions.

e The local force method is suitable for simulating the viscoelastic behavior of
cementitious materials. One of the main advantages of this approach is the
straightforward implementation of stress history. This solution method
requires no approximation of the creep constitutive law, and reproduces
exactly with the solution;

e The superposition principle is incorporated into the lattice model based on
the incremental algorithm. The entire simulation of creep includes a
sequence of linear analyses. Lattice modelling of the early-age creep is in
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good agreement with experimental results. It demonstrates the model ability
for creep analysis of 3D printable mortar under incremental/constant
compressive loading;

When predicting structural deformation of 3D printed concrete, hardening
time has a greater influence on the determination of creep development than
loading duration. In comparison to the model without early-age creep
consideration, the numerical result shows a very different prediction on
viscoelasticity deformation. This highlights the necessity of considering creep
for accurate prediction of viscoelastic deformation for 3D printing concrete.
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8 » THE IMPACT OF EARLY-AGE CREEP ON
BUILDABILITY OF 3D PRINTED
CONCRETE

This chapter incorporates the local force method, presented in chapter 7, into the
3D printing model to study the impact of early-age creep for buildability
quantification. This enables to study the impact of early-age creep on typical failure
modes, i.e., structural instability due to buckling and plastic collapse resulting from
material yielding. The green strength and early-age creep tests are first employed to
characterize the visco-elastic-plastic material properties. The model is then validated
with the comparison to printing experiment in relation to critical printing height and
failure mode. A series of parametric analyses are subsequently performed to quantify
the influence of early-age creep on various printing geometries in which different
failure modes are dominant. The numerical results highlight the significance of initial
printing time and material mix design for predicting the buildability of 3D printing of
concrete. In the end, an explanation about how creep affects structural buildability is
given from the perspective of localized damage and creep strain.

Part of this chapter has been submitted for publication as Chang, Ze, et al. "Does early age creep influence
buildability of 3D printed concrete? Insights from numerical simulations "
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8.1 INTRODUCTION

In 3DCP, numerical modelling has proved to be a beneficial tool with regard to
the prediction of structural deformation and buildability quantification. However,
numerical models based on solid mechanics mostly rely on the assumption that the
behaviour of the material is elastic-plastic [1-3]. This implies that only instantaneous
strain is considered during the printing process, while time-dependent deformation is
neglected. This delayed deformation is induced by the basic creep, plastic and
autogenous shrinkage, and consolidation settlement under distributed compressive
loading and increases with printing time, as shown in Chapter 6 and Chapter 7. In this
chapter, the terminology of ‘early-age’ is used to describe this time-dependent
deformation. In the published research, several early-age creep tests of 3D printable
mortar/paste have been performed [4, 5]. The experimental finding indicates that
early-age creep makes for about 7% of the viscoelastic deformation of the tested
sample [4]. Therefore, it is clear that the early-age creep needs to be incorporated into
3D printing model to explore its effects on the prediction of structural deformation
and the buildability quantification.

To the best of the authors' knowledge, only one published work fill this research
gap [6]. Here, the previously developed lattice model is employed to investigate the
impact of early-age creep on structural analysis during printing process. The uniaxial
compression test and early-age creep test in Chapter 6 are utilized to calibrate the
input material properties. The model is then validated by comparison to a 3D printing
experiment using wall structure. The quantitative effect of early-age creep on
structural analysis is determined through a series of parametric analyses. In the end,
an explanation about how creep affects structural buildability is given from the
perspective of localized damage and creep strain.

8.2 MODEL IMPLEMENTATION

Chapter 7 presents a ‘local force method’ for simulating the early-age creep of
cementitious materials under different loading conditions (i.e., constant, loading and
unloading). In this approach, the creep strains of lattice elements are first computed
with the stored element stresses and creep compliance as inputs. The derived results
are then converted into element force and applied to the analyzed object. In this
chapter, the detailed procedures on how to incorporate the local force method into 3D
printing model for structural analysis during printing process will be given. This
method is based on the buckling model proposed in Chapter 5. The numerical
implementation consists of seven steps: A, B, C, D, E, F and G, as shown in Figure 8-2.

In the schematic diagram, the k and K refer to the local and global system
stiffness matrix, which consists of material stiffness ki/K: and geometric stiffness kg/ K.
The superscript 7" stand for the printing time, which determines the viscoelasticity
material property and gravitational loading from the activated printing segments.



CHAPTER 8 165

Detailed information abouts Step A, B and C can be found in Chapter 5.
Step A: Model generalization

Step B: Material properties determination

Step C: Structure analysis of printed segments

The transient material properties are introduced into the 3D printing model for
the material stiffness matrix determination. The computed element stresses are then
used as incremental stresses for creep strain computation. The derived incremental
displacement is utilized to update the printing geometry.

Step D: Local force computation

With the known creep compliance and stored element stress as inputs, the creep
strain of lattice elements can be derived, as described in Chapter 7. Subsequently,
these computed strains are transferred into axial forces, which refers to the local force
in this study. Given that this numerical analysis adopts the incremental solution, the
difference about creep force between two steps are then calculated, as described in Eq.
7.2.1.

Step E: Viscoelastic analysis

Together with the incremental load, the local forces in incremental formulation
are applied to the lattice system to simulate the viscoelasticity behaviour of printed
structure, as shown in Figure 8-1.

N, = fufip o

= N
UN'.!' - E:.{'F'.!'
Jori =04

- Aeri = i = Sera-

First step: elastic stage Other steps: vicoelasticity
Figure 8-1 The viscoelasticity analysis of an individual beam element

Step F: System updates

The nodal displacement derived from Step C is utilized to update the numerical
model. Meanwhile, critical elements in which element stresses are higher than the
material strength (tensile or compressive) are removed from the lattice mesh.
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At the end of each step analysis, the structural failure criterion mentioned in
Section 3.2.5 is adopted to determine whether or not the analyzed model fails. The
numerical analysis continues until the structural failure criterion is met. In that case,
the predicted critical printing layer will be given, as well as the failure mode.

8.3 NUMERICAL ANALYSIS

In this section, a numerical study is carried out to evaluate the lattice model with
the incorporation of geometric nonlinearity, early-age creep, and localized damage for
predicting the buildability of 3DCP. The model performance will be quantified through
the comparison to printing experiment, which consists of the critical printing height
and failure mode.

8.3.1 Model calibration

3D printable mortar/paste behaves approximately as a visco-elastic-plastic
material. After material deposition, the printed segments are at rest for the majority of
the duration of the printing process [7]. The instantaneous and time-dependent
deformation codetermine the structural deformation. The former is associated with
the elasto-plastic material behaviour, and the unconfined uniaxial compression/green
strength test is commonly used to determine time-dependent stiffness and strength.
The latter, on the other hand, refers to the early-age creep, which is caused by a
combination of basic creep, autogenous and plastic shrinkage, and consolidation
settlement. To describe this viscoelastic behavior, early-age creep tests are generally
performed to provide the creep compliance required in this local force method.

8.3.1.1 Green strength test

This section gives a brief overview of the model calibration on the early-age
material stiffness and strength of 3D printable mortar at fresh stage. The uniaxial
compression tests taken from Chapter 6 are utilized to calibrate the time-dependent
material properties. The cylinder sample with a height of 70 mm and diameter of 70
mm is utilized in this test. This sample geometry is inherited from the early-age creep
test and allows for the occurrence of eccentric loading during the testing process. In
view of computational convenience of solution accuracy, the mesh resolution equal to
1 mm is employed, creating a model composed of 10,255 lattice nodes connected by
74,195 beam elements. To account for the fact that cementitious materials have a
higher resistance to compressive loading than tensile loading, the compressive
strength is assumed to be 10 times that of the tensile strength throughout the
calibration procedure. Details of the calibration process can be found in Chapter 3. The
calibrated time-dependent material properties of lattice elements are expressed as:
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E(t)=53+t
f.(t)=20.54+05-t Eq.8-1
f,(t)=2.054+0.05-t [kPa]

Here, t refers to the hardening/printing time (min); E is the material stiffness, i.e,
‘elastic modulus’ from the green strength test. fc and fi refer to the material
compressive and tensile strength, respectively.

8.3.1.2 Early-age creep test

In this section, the early-age creep tests are adopted to calibrate the
viscoelasticity of the printable materials. This experimental program consists of quasi-
instantaneous compressive loading-unloading cycles, as well as 180-second (3
minutes) holding periods. The experimental results from non-ageing creep test (as
shown in Figure 6-11 (a)), are employed to fit a creep compliance surface (as shown in
Figure 6-11 (b)), which describes the relationship between the creep compliance and
loading duration and hardening time. This fitted double power law function (as
expressed in Figure 6-11 (b)) is then incorporated into 3D printing model as the creep
coefficients to simulate the viscoelasticity behaviour.

8.3.2 Model validation

A wall structure with the 350 mm length, 15 mm width, and 4 mm layer height is
employed for buildability quantification with the consideration of early-age creep, as
shown in Figure 8-3. The printing velocity is set to 600 mm/min in this experiment to
avoid instability and tearing of the extruded filament caused by the imbalance speed
between nozzle movement and material flow. More detailed information about the 3D
printer, printable mortar, and the printing process can be found Chapter 6.

A numerical model with the wall layout printing geometry is created to simulate
the printing experiment, as shown in Figure 8-4 (a). This numerical model divides
each printing layer into three segments (as shown in Figure 8-4 (b)) to mimic the non-
uniform gravitational loading condition caused by the continuous printing process
and employs high friction as the boundary condition during structural analysis. To
minimize the effects of mesh size, this wall structure uses the same mesh resolution,
i.e., 1 mm, which is in accordance with the computational green strength and early-age
creep test. In the end, a wall structure is built, each layer of which is composed of
21,060 lattice nodes connected by 157,950 elements.

The structural analysis for buildability quantification is conducted with the time-
dependent material stiffness and strength, as well as creep compliance as inputs. The
critical printing height and the structural failure mode are two commonly used criteria
for model validation. Lattice modelling of the printing process reproduces the
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buckling dominant failure mode, which is similar to experimental findings. In relation
to the critical printing height, the wall structure fails at the 34t layer due to the out-of-
plane displacement in the printing test. In contrast, lattice model predicts that this
wall structure fails at 320 layer. There is around 5% difference between the
numerical prediction and the experimental result. It can be inferred that this 3D
printing model can reproduce the experimentally derived failure mode and relatively
accurately predict the critical printing height.

(a) (b)
Figure 8-3 Wall structure for 3DCP (a) schematic diagram for designed wall structure (b) 3D
printing test

£ c
(a) ®
Figure 8-4 A numerical model with wall structure for 3DCP (a) layers of numerical model (b)
layer division

(@) (b)
Figure 8-5 Typical failure mode for wall structure (a) numerical modeling (b) experimental
result
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8.4 DISCUSSIONS

Lattice modelling of wall structure shows similar results with experimental
findings in terms of the critical printing height and failure mode. The impact of early-
age creep on buildability quantification will then be quantitatively analyzed through a
variety of printing geometries which are dominant by different failure modes. In the
end, the relevant explanation of these impacts will be given from the perspective of
system damage and the proportion of creep strain.

84.1 Factors influencing creep compliance at early age

Hardening time, loading duration, and material characteristics are the main
factors that determine the creep compliance. Chapter 7 demonstrates that the
hardening time outweighs the loading duration for creep prediction of 3D printed
segments. In this section, the creep compliance function with various ageing times will
be incorporated into the 3D printing model to investigate its impact on structural
analysis during printing process. Here, the simulation cases with ageing time of 2100 s
are regarded as the references, which are consistent with printing trials conducted in
Chapter 6. In addition, the experimental results in published research indicate that the
early-age creep accounts for more than 1% of the overall deformation at resting time
of 0 min [4], which is roughly 100 times greater than our previous test result in
Chapter 6. This difference suggests a significant impact of material mix design on
early-age. Herein, the numerical cases with 100-time augmented creep coefficient Co
are conducted to investigate the creep due to material properties on buildability
quantification during printing process.

8.4.2 Failure modes

This numerical analysis allows for three typical failure modes: elastic buckling,
plastic collapse, and a combination of the two. The hollow cylinder structures with
different sizes are taken as the designed printing geometries. These numerical cases
employ the time-dependent material properties expressed in Eq. 8-1 as well as same
creep compliance coefficients, described in Eq. 7-4, including material properties Co,
aging time exponent C: and loading duration coefficient Cz Table 8-1 summarizes the
input parameters and failure information of all cases. Each printing layer is divided
into 4 printed segments for non-uniform gravitational loading consideration. The
numerical examples with the identical geometry share the same input model, making
it possible to remove the influence of mesh disorder on printing process simulation.
The failure step, failure mode, and deformed structure are provided to quantify the
creep impact on 3D printing simulation. It should be noted that the failure step in this
chapter refers to the critical printing step, in which the analyzed object reaches the
structural failure criterion and fails.

Table 8-1 Summary of numerical cases for creep analysis

Nr. Size (mm) Creep Failure Failure  Difference




CHAPTER 8 171

. A 0

LD W H Ageing  Amplification mode step (%)
time (s) Co

1 No creep 0 166 0

2 36 1 Plastic 165 0.6%

3 100 1212 2100 1 collapse 166 Ref

4 2100 100 88 46.99%

5 No creep 0 123 0

6 36 1 . 122 0.81%

7 200 12 12 2100 1 Combined 123 Ref

8 2100 100 79 62.6%

9 No creep 0 70 0

10 36 1 Elastic 70 0

11 400 1212 2100 1 buckling 70 Ref

12 2100 100 60 14.29%

Noted: L: Length; D: Diameter; H: layer height; Difference refers to the deviation between
the reference model with the analyzed one.

8.4.3 Numerical results

Figure 8-6 describes the failure modes of all cases listed in Table 8-1. When
comparing the numerical examples with or without creep inclusion (i.e, 1 and 3, 5 and
7, as well as 9 and 11), it can be illustrated that the creep effect on structural analysis
of 3DCP might well be ignored in the context of this 3D printable material. In terms of
the impact of ageing time, the failure steps obtained from numerical cases (i.e., 2, 6 and
10) indicate that an early ageing time makes the designed structures easier to fail.
Although this difference (i.e., 0%, 0.6% and 0.81%) is small, it also should be pointed
out that the structures in which plastic collapse is the dominant failure mode are
affected more than those in which buckling is dominant. When comparing such
numerical samples with different creep coefficient Cy, significant differences (i.e.
46.99, 62.6% and 14.29%) in critical printing height can be found. Figure 8-6 shows
the numerical cases with augmented creep coefficient Co reproduce different failure
models with others. These numerical results show that the impact of creep on the
structural buildability differs depending on the printing materials. It can be concluded
that early-age creep must be considered for buildability quantification of 3DCP for
printable materials with high creep.

Comparing the numerical cases (i.e, 4, 8 and 12) with augmented creep
deformation to the reference ones (i.e, 3, 7 and 11), Figure 8-7 shows the deformed
shape of hollow cylinder structures under different printing steps. Figure 8-8 provides
the damage information for structural analysis during the printing process. The
numerical cases with larger creep coefficients result in more localized damage. As a
result, a lower critical printing height is found. In contrast to material yielding
dominant failure mode, the buckling determined failure geometry is less affected by
creep deformation. This is because the material stiffness instead of the strength
determines the critical printing height for such kind of printing structure.
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In contrast, the numerical finding indicates that the early-age creep without
augmented creep coefficient shows a limited influence on structural deformation for
the reference cases (i.e., 3, 7 and 11). The possible reason is that the creep accounts for
small deformation to the deformed structure, therefore, its impact can be neglected.
Figure 8-9 provides the ratio between the creep to total strain for all beam elements
during the numerical analysis for case 3. This small ratio (i.e., roughly 1%) suggests
that there is a limited contribution from early-age creep to the entire deformation.
Figure 8-10 describes the creep evolution of a randomly chosen element during the
structural analysis. Although the creep evolution of this lattice element increases
during the numerical analysis, the creep strain is still limited until the system
eventually fails. As a result, the buildability quantification and structural deformation
of 3DCP remain almost unchanged with the consideration of early-age creep.

During the numerical analysis, positive incremental element stresses (namely,
tensile stress) can sometimes be observed (as shown in Figure 8-10 (a)), which means
that this selected element is sometimes exposed to the incremental tensile stress. This
basic reason for this phenomenon is that the continuous extrusion process results in
some printed segments subject to different loading conditions (namely, loading and
unloading situations). It also reveals the printed segment during printing process is
not always increased but sometimes varies based on printing parameters and
geometry. Thus, it requires the proposed model to account for the loading-unloading
situation in element scale. The research in chapter 7 has demonstrated that the ‘local
force method’ is able to mimic the creep behaviour under various loading conditions.
Thus, the creep impact of buildability quantitation of 3DCP can be accurately analyzed.
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8.5 CONCLUSIONS

In this chapter, the local force method is incorporated into previously proposed
3D printing model to study the impact of early-age creep on structural analysis. The
green strength and early-age creep tests are first employed to characterize the
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viscous-elastic-plastic material properties of lattice elements. A printing experiment is
then utilized to validate the model. After that, a series of parametric analyses are
performed to investigate how the early-age creep affects the structural analysis of
3DCP, ranging from the critical printing height, failure mode, and structural
deformation. Based on this research, some insights and conclusions can be reached:

The presented 3D printing model can simulate the early-age creep behaviour
under various loading conditions. In comparison to printing experiment, it
not only can reproduce buckling dominant failure modes but also predicts
the experimentally derived critical printing height accurately;

In terms of the impact of hardening time on structural analysis, the failure
height obtained from numerical cases indicate that an early ageing time
makes the designed structures easier to fail. However, this influence is
limited (i.e., 0%, 0.6% and 0.81%), because the elastic-plastic deformation
determines the structural deformation, not creep. In contrast to buckling
determined geometries, the collapse dominant structures are more affected.
The creep impact on the structural buildability differs depending on the
printing materials. When introducing a large creep compliance function into
the 3D printing model, the critical printed height decreases significantly. In
relation to different failure modes, the buildability of the elastic buckling
failure mode declines with increasing creep compliance, but the typical
failure model remains almost unchanged; in contrast, the buildability of the
plastic collapse failure mode increases with creep compliance and the creep
deformation also affects the failure mode.
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9 » RETROSPECTION, CONCLUSIONS AND
RECOMMENDATIONS

In this chapter, a brief overview of this thesis work is given. Then follow the
general conclusions. In the end, some recommendations for further work are indicated.
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9.1 RETROSPECTION

Over the past decade, additive manufacturing has been a revolutionary
technology which generates enormous interest in both industry and academia. 3DCP,
an automated construction method, can manufacture a computer-designed model
through material deposition. Although this technique shows enormous potential, full
adoption in construction sector is still far due to the lack of fundamental knowledge
regarding material behaviors of printable cementitious materials, as explained in
Chapter 2. To fill this knowledge gap, investigations on material and mechanical
properties of 3DCP are required. For this reason, the first goal of this thesis was to
present a method to simulate the build-up stage.

To achieve this research goal, a numerical tool based on the lattice model was
developed to quantify the structural buildability during the printing process. This
model takes a series of factors into account, which include the printing velocity, time-
dependent material properties, non-uniform gravitational loading, geometric
nonlinearity, localized damage, early-age creep and stress redistribution. By means of
this model, three typical failure modes, namely plastic collapse, elastic buckling and a
combination thereof, can be reproduced. The impact of printing parameters and
material properties on buildability quantification can be quantitatively analyzed.
Given a specific printing geometry, this numerical tool can be further used to design
and optimize the printing scheme.

9.2 CONCLUSIONS

This thesis analyzes the structural behaviour and early-age material properties
of 3DCP in the fresh state. The main research can be divided into two parts, a) lattice
modelling of printing process on buildability quantification; b) investigation of early-
age creep behaviour for 3D printable materials. This thesis presents a promising
numerical tool to engineers and researchers to quantify the structural buildability of
3DCP. It also proposes an experimental method to measure the early-age creep
evolution of 3D printable cementitious materials and study its impact on structural
behaviour during the printing process. General conclusions are given below:

The 3D printing model based on the lattice fracture model is a promising tool for
buildability quantification of 3DCP. The original lattice model, which can avoid the
singularity-related issues in fracture analyses, can simulate the localized damage
which occurs during the printing process. The incorporation of geometric nonlinearity
allows the 3D printing model to consider buckling as well. The element birth
technique, proposed in Chapter 3, can mimic the continuous printing process of 3DCP,
allowing for the non-uniform gravitational loading. The quantitative influence of non-
uniform gravitation load can be reflected through the number of printing segments for
each layer. The calculated critical printing height decreases and converges to a
constant value with the increased number of divided printing segments for each layer.
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The non-uniform gravitational loading and geometric nonlinearity are two significant
factors for simulation of buckling failure. This newly proposed model, incorporating
all the above-mentioned factors, can predict the experimentally observed failure
modes and critical printing height. On the one hand, the impact of material properties
and printing parameters on buildability quantification can be directly analyzed via this
numerical tool without a series of trial-and-error tests. On the other hand,
understanding the effect of each factor on buildability quantification provides
instructive feedback towards the exploitation and improvement of other 3D printing
models.

The incremental method is considered to be a more accurate method to quantify
buildability during the printing process compared to load-unload method. The load-
unload approach computes structural deformation in each step based on the
instantaneous material stiffness. As a result, this numerical solution underestimates
the structural deformation and ignores the stress redistribution that occurs due to
deformed geometry. In contrast, the incremental method computes the layer
deformation as a series of incremental displacements which are derived based on
time-dependent material stiffness. It can reproduce more accurate failure mode in
terms of plastic collapse. This is due to the consideration of deformed geometry and
the inclusion of nonequilibrium force. The understanding of the stress redistribution
is extremely important for the simulation of plastic collapse. It also explains the large
quantitative discrepancy between previous FEM-based numerical simulations and
experimental results [1].

The experimental program consisting of quasi-static compressive loading-
unloading cycles can characterize early-age creep of 3D printable mortar. The elastic
modulus, creep deformation and elastic recovery can be obtained using this
experimental method. The magnitude of creep load plays a significant role in creep
compliance determination. Unexpectedly, a higher compressive stress results in a
lower creep compliance. This is opposite from what has been observed from
rheological tests in the literature [2]. This is because these two experimental methods
measure the early-age creep considering different factors. In the rheological test, a
higher shear stress can create more microcracks, therefore, creep increases with the
stress level. In contrast, this uniaxial compression test proposed in this thesis mainly
reflects the impact of the compaction process and internal pores on the creep
evolution. Using the experimental method presented in this thesis, the early-age creep
for other kinds of printable cementitious materials can be directly examined. The
relationship between creep compliance and time (i.e., loading duration and hydration
time) can, therefore, be built for creep prediction.

The ‘local force method’ is suitable for simulating the viscoelastic behaviour of
cementitious materials. One of the main advantages of this approach is the
straightforward implementation of stress history. This solution method requires no
approximation of the creep constitutive law and reproduces the same result as the
analytical solution. The superposition principle is incorporated into the lattice model
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based on the incremental algorithm. The entire simulation of creep includes a
sequence of linear analyses. Lattice modelling results of the early-age creep are close
to experimental results. This demonstrates the ability of the model for creep analysis
of 3D printable mortar under incremental/constant compressive loading. Therefore,
this simulation method can be incorporated into other numerical models to study the
viscosity effect on mechanical and fracture analysis without introducing numerous
empirical parameters which are difficult to identify correctly.

The impact of early-age creep on the buildability quantification depends on the
printing material and the print geometry. When introducing a large creep deformation
into the 3D printing model, the critical printing height decreases. Compared to elastic
buckling, the structures dominant by plastic collapse are more affected by the early-
age creep with respect to the failure-deformation mode and the critical printing height.
These numerical analyses reveal the influence of early-age creep on structural
buildability in terms of different printing geometries and material designs.

9.3 RECOMMENDATION FOR FUTURE RESEARCH

In this research, a new 3D printing model is proposed to quantify buildability.
However, there are still some points for model improvement. Further research is
recommended as follows.

First, this 3D printing model does not incorporate the impact of cold joints or the
high porosity in the interface zone, which occurs due to water loss and hydration
process. Thus, this model is only suitable to printing cases with short printing time in
which the cold joint effect can be ignored. In the future, the impact of cold joints
should be considered.

In addition, as discussed in Chapter 2, one of the advantages of 3DCP technique is
to eliminate the use of formwork. This leads to increased water loss during the
manufacturing process. As a result, more localized damage can occur due to plastic
shrinkage [3-7]. Therefore, considering the moisture transfer in the 3D printing model
is recommended.

Given that there are different extrusion methods, an additional compressive
force discussed in Chapter 2 sometimes occurs. For example, if the standoff distance is
smaller than the layer height, the local compression may occur, thereby significantly
affecting the structural stability and mechanical properties through interlayer
porosity. To the best knowledge of the author, there is no published research focusing
on this kind of loading. Further research is recommended to study its impact on
structural behaviour during the printing process.

Furthermore, the numerical model developed in this thesis can be combined
with optimization methods such as topology optimization to search for the optimal
printing parameters with the maximum critical printing height as the objective
function. In addition, it also can be incorporated with some advanced machine
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learning methods, such as the active learning [8] or reinforcement learning [9] for mix
design and printing parameter optimization.
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SUMMARY

For some decades now, additive manufacturing has been a revolutionary
technology which generates enormous interest in both industrial and academic
applications. 3D concrete printing (3DCP), an automated construction method, is able
to manufacture the computer-designed model through material deposition. This
innovative technique can considerably accelerate the construction process, and make
it economically and technically feasible to implement complex structural elements in
practice. Although this technique shows a promising future, full adoption in
construction sector is still far from possible due to the absence of fundamental
knowledge about printable material and structural analysis during or after printing
process.

In 3DCP, the material after deposition should be strong enough to retain the
shape and avoid collapse under self-weight and the gravitational load from
subsequent printing layers. This is defined as buildability, which is codetermined by
the printing parameters and material properties. The most straightforward method to
assess the buildability of cementitious materials is the printing tests. Through a series
of printing trials, a conservative program may be guaranteed while experimental
methods are time-and-labor consuming. Therefore, this research aims to propose a 3D
printing model to give a full understanding on the buildability and mechanical
properties. To accomplish this research objective, this PhD research was carried out in
two steps:

First, to fully understand the failure mechanism and quantify the structural
buildability, a 3D printing model based on the lattice model is proposed. This newly
developed model incorporates a series of influential factors, including the printing
velocity, time-dependent material properties, gravitational loading, geometric
nonlinearity, localized damage, element birth technique, geometric nonlinearity and
stress redistribution. By means of this model, the localized damage and stress
redistribution during the printing process can be taken into account for buildability
quantification. Meanwhile, the asymmetric buckling failure mode can be reproduced
without introducing any initial geometrical imperfection and bifurcation linear
buckling analysis, which are of necessity for published FEM-based models for
buildability quantification in 3DCP.

To investigate the impact of early-age creep on buildability analysis, a specialized
experimental setup is designed to characterize the early-age creep of 3D printable
mortar. An analytical model based on a double power law is used to establish the
relationship between creep and loading duration and ageing time. A local force
method based on the Boltzmann superposition principle is proposed to simulate the
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early-age creep behaviour. Then, this simulation idea is incorporated into the 3D
printing model to study the impact of early-age creep on buildability quantification.

Based on the research work, a new numerical method for buildability
quantification is proposed. This research gives a deep insight of material and
structural behaviour of 3D concrete printing in the fresh state. Based on this work,
further research about the structural design and printing parameters optimization can
be performed. Such a numerical model will be beneficial to the application of 3DCP in
construction industry, from the printing performance quantification and printing
parameters optimization.
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Al enkele decennia is additive manufacturing een revolutionaire technologie die
een enorme belangstelling wekt voor zowel industriéle als academische toepassingen.
3D-betonprinten (3DCP), een geautomatiseerde constructiemethode, kan het door de
computer ontworpen model vervaardigen door middel van materiaaldepositie. Deze
innovatieve techniek kan het bouwproces aanzienlijk versnellen en het economisch en
technisch haalbaar maken om complexe constructieve elementen in de praktijk te
realiseren. Hoewel deze techniek een veelbelovende toekomst biedt, is volledige
acceptatie in de bouwsector nog verre van mogelijk vanwege het gebrek aan
fundamentele kennis over printbaar materiaal en structurele analyse tijdens of na het
printproces.

In 3DCP moet het materiaal na plaatsing sterk genoeg zijn om de vorm te
behouden en instorting onder het eigen gewicht en de zwaartekracht van volgende
lagen te voorkomen. Dit wordt gedefinieerd als bouwbaarheid, die mede wordt
bepaald door de printparameters en materiaaleigenschappen. De eenvoudigste
methode om de bouwbaarheid van cementgebonden materialen te beoordelen, zijn de
printproeven. Door een reeks drukproeven kan een conservatief programma worden
gegarandeerd, terwijl experimentele methoden tijdrovend en arbeidsintensief zijn.
Daarom heeft dit onderzoek tot doel een 3D-printmodel voor te stellen om een
volledig inzicht te krijgen in de bouwbaarheid en mechanische eigenschappen. Om dit
onderzoeksdoel te bereiken, is dit promotieonderzoek in twee stappen uitgevoerd:

Ten eerste, om het faalmechanisme volledig te begrijpen en de structurele
bouwbaarheid te kwantificeren, wordt een 3D-printmodel voorgesteld op basis van
het lattice model. Dit nieuw ontwikkelde model bevat een reeks invloedrijke factoren,
waaronder de  printsnelheid,  tijdsathankelijke = materiaaleigenschappen,
zwaartekrachtbelasting, = geometrische  niet-lineariteit,  plaatselijke  schade,
elementgeboortetechniek, geometrische niet-lineariteit en herverdeling van spanning.
Door middel van dit model kan de gelokaliseerde schade en herverdeling van de
spanning tijdens het printproces in aanmerking worden genomen voor kwantificering
van de bouwbaarheid. Ondertussen kan asymmetrisch knikbezwijken worden
gereproduceerd zonder enige initiéle geometrische imperfectie en bifurcatie lineaire
knikanalyse te introduceren, die noodzakelijk zijn voor gepubliceerde op FEM
gebaseerde modellen voor kwantificering van bouwbaarheid in 3DCP.

Om de impact van kruip op jonge leeftijd op bouwbaarheidsanalyse te
onderzoeken, is een gespecialiseerde experimentele opstelling ontworpen om de
kruip op jonge leeftijd van 3D-printbare mortel te karakteriseren. Een analytisch
model gebaseerd op een dubbele machtsfunctie wordt gebruikt om de relatie tussen
kruip- en laadduur en verouderingstijd vast te stellen. Een lokale krachtmethode
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gebaseerd op het Boltzmann-superpositieprincipe wordt voorgesteld om het
kruipgedrag op jonge leeftijd te simuleren. Vervolgens wordt dit simulatie-idee
opgenomen in het 3D-printmodel om de impact van kruip op jonge leeftijd op de
kwantificering van de bouwbaarheid te bestuderen.

Op basis van het onderzoekswerk wordt een nieuwe numerieke methode voor
kwantificering van bouwbaarheid voorgesteld. Dit onderzoek geeft een diepgaand
inzicht in het materiaal- en constructiegedrag van 3D-betonprinten in verse toestand.
Op basis van dit werk kan verder onderzoek naar het structureel ontwerp en
optimalisatie van afdrukparameters worden uitgevoerd. Een dergelijk numeriek
model zal gunstig zijn voor de toepassing van 3DCP in de bouwsector, van de
kwantificering van de printprestaties tot de optimalisatie van de printparameters.
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