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A review of methods on buildability quantification of extrusion-based 3D 
concrete printing: From analytical modelling to numerical simulation 

Ze Chang *, Yu Chen, Erik Schlangen, Branko Šavija 
Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, the Netherlands   

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

Herein, different kinds of methods for buildability quantification of 3D concrete printing are reviewed, including 
experimental approaches, analytical modelling, and numerical simulations. A brief introduction on printing 
process is first given. This discusses the material properties in different stages. Material printability, which en
compasses pumpability, extrudability and buildability, is then discussed. Subsequently, a brief review of the 
experimental and analytical models for buildability quantification is presented and they’re discussed. An over
view on the numerical tools for 3DCP is then given. These numerical models can quantify structural buildability 
and optimize the printing parameters, therefore, providing a more economical solution for buildability quanti
fication. In the end, a summary and discussion on the limitations of numerical tools for buildability quantifi
cation are provided, as well as recommendations for their improvement.   

1. Introduction 

The construction industry serves as a cornerstone of global economy, 
contributing 6% to GDP and bringing in close to $10 trillion annually 
(Gerbert et al., 2016; de Soto et al., 2018; Pang et al., 2022a). Despite 
this, the construction technique remains low-tech, with the majority of 
construction projects being executed using manual labour (Harty, 
2008). Besides, the increase in the number of construction projects re
sults in a heavy burden on the environment (Bonoli et al., 2021). Ac
cording 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 (Economic and Division, 
1999). 

Considering the great burden of conventional construction methods 
on sustainability and productivity (Wangler et al., 2019; Pang et al., 
2022b), it is essential to explore high-efficiency construction strategies. 
An advanced technology, i.e., 3D concrete printing (3DCP), has been 
proposed to replace traditional construction techniques with a lower 
labour-and-resource cost. Buswell et al. (2018) reviewed the number of 
implemented projects by means of additive manufacturing techniques, 
as shown in Fig. 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 (Salet et al., 2018), houses in China 

(He et al., 2020), the USA and the Middle East (Asprone et al., 2018; 
Siddika et al., 2020; Pessoa et al., 2021). In contrast to conventional 
construction methods, 3DCP can create complex geometries without 
formwork, thereby resulting in a reduced cost with respect to formwork 
materials. 

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 (Dey et al., 
2022; Ma et al., 2022; Batikha et al., 2022). In order to provide a 
common platform to discuss these novel ideas and research findings, 
three RILEM international conferences on the topic of 3DCP were held in 
Zurich in 2018 (Wangler and Flatt, 2018), Eindhoven in 2020 (Bos et al., 
2020), and Loughborough in 2022 (Buswell et al., 2022). 

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 dis
cussed, and research gaps are identified. 
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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 (Val
lurupalli et al., 2021; Nerella and Mechtcherine, 2019). In general, three 
criteria, namely pumpability (Tay et al., 2019; Zhang et al., 2019), 
extrudability (Ting et al., 2022; Zhi et al., 2022) and buildability (Joh 
et al., 2020; Nerella et al., 2020; Panda et al., 2019a), are used to 
describe the material printability in different stages, as described in 
Fig. 2. Pumpability ensures that printable material can be transferred 
within pipe without blockage, which requires the material to be flow
able. In this stage, the printable materials behavor like the 
non-Newtonian fluid. Therefore, the rheology and fluid mechanics are 
generally used to quantify the material pumpability and extrusion 
ability. After that, the material will be extruded from the print head. The 
geometry of the nozzle may affect material properties (Roussel, 2006, 
2018). This is followed by the structural build-up stage, which requires 
that the extruded material has sufficient stiffness and strength to sustain 
its geometry under the loading from itself and subsequent printing 
layers. Thus, the solid mechanics, which is used for the simulation of 
solid materials, is commonly used in this stage. There should be a bal
ance between pumpability and buildability (Tay et al., 2019): the former 
requires the cementitious material to exhibit followability, where it can 
easily conform and flow, while the latter demands the extruded material 
to demonstrate shape retainability, where it can maintain its extruded 
shape and structure. 

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. 

2.1. Pumping stage 

The pumping stage refers to the process during which the cementi
tious 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 (Feys, 
2019; Choi et al., 2013). 

Printable cementitious materials are often assumed to behave as 
Bingham fluids. The traditional Buckingham-Reiner equation is often 
used to compute the pumping pressure for complex suspensions. How
ever, this equation may overestimate the pumping pressure around 2–5 
times (Jo et al., 2012; De Schutter and Feys, 2016) since it does not 
consider 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 material codetermine the pump
ability during the pumping process (Vallurupalli et al., 2021). Fig. 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 (Feys et al., 2016a; 
Mechtcherine et al., 2020a). The LL is exposed to higher shear stress as 
compared to bulk material. Because of 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 (Feys et al., 2016b; Roussel et al., 
2012). Thus, LL has lower material yield stress and viscosity compared 
to bulk material (Feys et al., 2016a; Choi et al., 2016). To investigate the 
impact of pipe and material properties on pumping pressure Δptot, 
Kaplan et al. (2005) presented two analytical models. These models 
incorporate a series of printing parameters and material properties, 
which include flowrate Qp, shear yield stress τ0 and plastic viscosity μ, as 
shown in Eq. (2) and Eq. (3). 

Qp = π 3Δp4
totR4 + 16τ4

0L4 − 8τ0LR3Δp3
tot

24Δp3
totμL

Eq. 1  

△P=
2Lpipe

Rpipe

[
Qpμi

πR2
pipek

+ τ0,i

]

Eq. 2  

△P=
2Lpipe

Rpipe

⎡

⎢
⎢
⎢
⎣

Qp
πR2

pipek −
Rpipe

4μ τ0,i +
Rpipe

3μ τ0

1 +
Rpipe

4μ μi

μi + τ0,i

⎤

⎥
⎥
⎥
⎦

Eq. 3  

Where Lpipe and Rpipe refer to the pipe length and radius. The Qp and 
τ0 are the flowrate and shear yield stress. The μ is the plastic viscosity of 
printbale materiials. 

Fig. 1. The increase in number of large-scale concrete 3D printed projects since 
1997 (Buswell et al., 2018). 

Fig. 2. A schematic diagram of 3DCP at different stages (Chang et al., 2021).  
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Besides pipe and material properties, the temperature and air con
tent also affect the pumping pressure. The friction from the transmission 
pipe may raise the material temperature and cause the material to 
rapidly dissolve or incorporate air (Feys et al., 2016b; Vosahlik et al., 
2018; Das et al., 2020), affecting its rheological properties. 

2.2. Extrusion stage 

After the pumping stage, the printable material should be extruded 
from the nozzle. There are two commonly utilized extruder types, 
namely, a piston or a screw type (Nerella et al., 2019a; Perrot et al., 
2018; Mohan et al., 2021; Cao et al., 2022) (Fig. 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 (El 
Cheikh et al., 2017; Panda et al., 2019b). An Archimedes screw or a 
similar device is generally used for screw extrusion (Hass and Bos, 2020; 
Sanjayan et al., 2021), enabling a continuous supply of material to the 
extruder (Jo et al., 2020). 

In the piston extruder, the stress condition of the extruded material 
depends on the nozzle configuration. According to Roussel (2018), there 
are two commonly utilized nozzles, as shown in Fig. 5. When a 

rectangular nozzle is used, 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 
(Roussel et al., 2020). The second type involves a non-laminar flow from 
a conical 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 (Cao et al., 2022). 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 (Wolfs, 2019), as 
illustrated in Fig. 6. When it comes to the buildability quantification, 
this additional load may affect the structural build-up capacity. 

Fig. 3. Pumping processes and flow behaviour in 3DCP (Vallurupalli et al., 2021) (a) pumping process (b) shear stress distribution (c) velocity schematic of material 
flow during plug flow (d) velocity schematic of material flow during shearing flow. 

Fig. 4. Two commonly used extruder types in 3DCP (Cao et al., 2022) (a) a piston extruder; (b) a screw-type extruder.  

Z. Chang et al.                                                                                                                                                                                                                                   
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In order to adjust the height between print head and previous layer, 
accessories can be installed into the nozzle to monitor the flatness 
(Wolfs, 2019; Kazemian et al., 2019; Mechtcherine et al., 2020b), 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 time, as shown 
in Fig. 7. In that case, the influence of dynamic loading, which is 
detrimental to structural stability, can be eliminated. 

Besides the installation of nozzle accessories, a two-pipe printing 
strategy has been proposed to ensure good buildability of printable 
cementitious materials (Tao et al., 2021, 2022a, 2022b; Reiter et al., 
2020; Maltese et al., 2007) (as shown in Fig. 8). Unlike the single pipe 
approach, 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 can not only ensure the material stiffness after deposi
tion, but also avoid the high pumping pressure and blockage during the 
pumping process. Currently, there are two commonly utilized two-pipe 
systems: dynamic and static mixers. The dynamic mixer refers to the 
machine with one or more electric motor-driven shafts (Zhang et al., 
2012); the static mixer is employed to continuously mix a liquid mate
rial, by means of a number of fixed baffles instead of moving compo
nents (Thakur et al., 2003). 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. Additionally, when using a static mixer, significantly 
higher pumping pressure is required compared to using a dynamic mixer 
(Rauline et al., 2000). 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. 

Fig. 5. Two printing cases at the printhead and deposition zone levels (Roussel, 2018) (a) laminar flow from rectangular kind of nozzle (b) non-laminar flow from 
conical kind of nozzle. 

Fig. 6. Illustration of printing problems caused by the excessive standoff dis
tance (Wolfs, 2019). 

Fig. 7. Nozzle height measuring equipment (left); the position of this device during printing process from the top view (right) (Wolfs, 2019).  

Z. Chang et al.                                                                                                                                                                                                                                   
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2.3. 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 
(Mechtcherine et al., 2020a; Bos et al., 2016; Perrot et al., 2021). During 
the printing process, gravitational loading from successive printing 
layers increases. Subject to the gradual incremental loading, the printed 
structure may fail due to material yielding, structural instability domi
nant, or a combination of the two. In 3DCP, the material yielding will 
lead to the structural failure of plastic collapse however, the elastic 
buckling is used to describe the structural instability. These typical 
failure modes can be found in Fig. 9. 

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 
(Reiter et al., 2018; Leal da Silva et al., 2019; Chen et al., 2020; Perrot 
et al., 2016). 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 experi
mental investigation, analytical modelling and numerical simulation. 

3. Methods for buildability quantification 

3.1. Experimental methods 

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 (Nerella et al., 2020; Cui et al., 2022). 
Le et al. (2012) 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. Hollow 
cylinder (Wolfs et al., 2018; Moini et al., 2022), square (Wolfs and 
Suiker, 2019; Suiker et al., 2020; Suiker, 2018) and wall structures 
(Suiker, 2018; Wolfs et al., 2019) are most frequently used for build
ability 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 (Joh et al., 2020; Casagrande et al., 2020; Panda and Tan, 2018; 
De Vlieger et al., 2023) presented the rheological and compression tests 

Fig. 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 for extrusion-based 3D printing which has a pin mixer type tool (right) (Reiter et al., 2020) (b) liquid additive injection equipment. A 
schematic diagram for this setup (left); a general view of the accelerator injection during printing process (right), taken (Maltese et al., 2007). 

Fig. 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 (Ghent, 2020). 

Z. Chang et al.                                                                                                                                                                                                                                   
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(as shown in Fig. 10) for buildability quantification. Through a series of 
rheological tests, Le et al. (2012) concluded that there is a range (i.e., 
0.3–0.9 kPa)of material strength for material printability assessment. 
This range is highly dependent on the material mix. If lower than this 
range, i.e., 0.3 kPa, 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, i.e, 
0.9 kPa, the cementitious materials are difficult to extrude and be 
printed continuously. The ‘uniaxial compression’ test is another method 
proposed for buildability quantification. For example, Di Carlo (Di Carlo 
et al., 2013) presented a compression test to quantify the structural 
buildability of cylinder samples. Kazemian et al. (2017) presented a 
cylinder stability test for rapid comparative assessment of the impact of 
mix design on build-up capacity. In these tests, they regard the layers 
which are placed on the top of one another as compressive loading 
applied to the specimen. Panda et al. (Panda and Tan, 2018; Panda et al., 
2018a; Paul et al., 2018) defined a shape retention parameter to quantify 
the structural shape stability. They reported that, if the stand-off dis
tance decreases, the dimensional precision of printed structure is 
compromised (Nerella et al., 2020). 

3.2. Analytical models 

The experimental method is a reliable approach to test the build
ability of cementitious materials; however, this kind of method is time- 
and-resource consuming. To assess the structural buildability using a 
more efficient way, some analytical methods were proposed. These 
analytical models can be divided into two categories: rheological models 
and solid mechanics models. The major contribution towards rheolog
ical models came from Roussel (2018). He explored how a series of 
material properties, which includes yield stress, elastic modulus, vis
cosity, and structuration rate, influence the printability (Roussel, 2018). 
Proposed criteria evaluate the rheological requirements and examine 
the final geometrical dimensions of a single filament, which include 
surface cracking and structural instability. To measure the structural 
build-up rate, Roussel adopted the parameter Athix (Roussel, 2006) and 
static yield stress σ0 to predict the material yielding using Eq. (4). 

τ0(trest)= σ0,t=0 + Athixtrest Eq. 4  

Here, the trest refers to the resting time after material deposition, and σ0, 

t=0 refers to material initial yield stress. It should be pointed that the 

Fig. 10. Two types of experimental methods for buildability quantification (a) a schematic diagram of shear vane with measuring positions (Le et al., 2012) (b) 
compression test: relationship between SRF and yield stress of the printable cementitious materials (Panda and Tan, 2018). 
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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. Athix is 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 (Perrot et al., 2015; Lecompte and Perrot, 
2017). Further investigations into thixotropy and other rheological 
properties have been conducted, providing a theoretical basis for 
research in this field (Zhang et al., 2019; Cardoso et al., 2009; Chen 
et al., 2018; Jeong et al., 2019; Jayathilakage et al., 2019; Kruger et al., 
2019a, 2019b, 2021). These rheological models have been mainly used 
to characterize the extrusion and pumping processes from the stand
point of material rheology. Kruger et al., 2019c, 2019d, 2019e, 2021 
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. Two mechanisms (namely, re-flocculation (Rthix) and 
structuration (Athix)) are considered with aspects to thixotropic behav
iour of printable materials. Fig. 11 depicts the time-dependent yield 
stress, which is mathematically expressed as: 

τs(t) = τD,i + Rthixt for t ≤ trf

τs(t) = τs,i + Athix
(
t − trf

)
for t > trf

trf =
τs,i − τD,i

Rthix

Eq. 5  

where τs(t) is the static or the apparent yield stress of the printed ma
terial after agitation. Τs,I and τD,i stand for initial static and dynamic yield 
stress of printed material, respectively, which can be measured with 
rheological tests; trf means the time range in which re-flocculation 
occurs. 

Perrot et al., 2015, 2016 presented a similar analytical model to 
define the optimal build-up rate considering material yielding. Their 
model predicts the critical printing height considering instantaneous 
strength of printed material, as shown in Eq. (6). If the stress in the 
bottom layer reaches the material strength, plastic collapse is assumed 
to occur. 

Hcritical =

̅̅̅
3

√
τ0
(
tpr
)

ρg
Eq. 6  

Here, the tpr refers to the printing time after material deposition. Simi
larly, Wangler et al. (2016) computed the maximal horizontal printing 

velocity Vr,max, as shown in Eq. (7). 

Vr,max =

̅̅̅
3

√
LAthix

ρgHlayer
Eq. 7  

where L refers to the contour length. In contrast to other analytical 
models, this model studies the impact of structural geometry on the 
prediction of plastic collapse dominant failure mode since a geometric 
coefficient is introduced into this equation. However, this parameter is 
only valid for the typical wall geometry. 

However, in addition to plastic collapse, elastic buckling is also 
important for buildability quantification (Joh et al., 2020; Casagrande 
et al., 2020). Roussel (2018) presented an analytical model to predict the 
critical printed height for buckling failure, mathematically described as: 

Hc,buck ≃

(
8EI
ρgA

)1/3

Eq. 8  

where E and I refer to the material stiffness and second moment of 
inertia, and A refers to the horizontal rectangular cross-section area. 
Then, this model is modified through the consideration of printing ge
ometry. When it comes to wall structure with the I equal to δ3/12 (δ 
refers to the width of wall), this equation can be rewritten as: 

Hc,buck ≃

(
2Eδ2

3ρg

)1/3

Eq. 9 

Although other studies also attempted to use similar models to 
quantify structural build-up (Perrot et al., 2016), the geometry and 
structural heterogeneity are still difficult to consider (Zhang et al., 2019; 
Kruger et al., 2019d, 2019f; Panda et al., 2018b; Briffaut et al., 2012; 
Qian and Kawashima, 2016). 

To incorporate the above-mentioned factors, a mechanistic model 
presented by Suiker (2018) 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 Fig. 12), are considered to analyze the 
build-up performance of a wall structure (Wolfs and Suiker, 2019; Suiker 
et al., 2020; Suiker, 2018). As explained in Suiker’s model (Suiker et al., 
2020; Suiker, 2018), the criterion in Eq. (10) can be used to examine 
whether straight wall structures fail due to elastic buckling or plastic 
collapse during printing process. 

Fig. 11. The development of static yield stress as a function of the concrete age with the consideration of re-flocculation and structuration, the different stages can be 
mathematically described by Eqs. (2)–(4) (Kruger et al., 2019e). 
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lcr

lp
< ∧ : elastic buckling

lcr

lp
> ∧ : plastic collpase

with ∧ =

(
h

D0

)
σp,0

(pg)2/3

Eq. 10  

In which, the dimensionless parameter Λ 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 σp,0, initial bending stiffness D0 of the printed wall structure, 
material density ρ 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 (Suiker, 2018), rectangular 
(Wolfs and Suiker, 2019), and square structures (Suiker et al., 2020) 
have been used for model validation. This model predicts the experi
mentally derived critical printing height quantitatively. 

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, numerical models can explore the 
impact of geometric features and material heterogeneity on structural 
analysis during the 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 present the numerical tools for build
ability 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, have been adopted in numerical models. 

3.3. Numerical models 

Computational fluid dynamics (CFD) models based on fluid me
chanics have been used to investigate the effect of constitutive re
lationships (such as generalized Newtonian fluid and elasto-visco-plastic 
fluid) on cross-sectional geometry of a printed layer (Mollah et al., 
2021), as shown in Fig. 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 (Serdeczny et al., 
2019; Comminal et al., 2019, 2020; Wolfs et al., 2021). The CFD is 

capable of describing the filament instability and tearing induced by the 
imbalance between the nozzle movement velocity and the material flow 
(as shown in Fig. 14), enabling the design of an optimal extrusion pro
cess (Wolfs et al., 2021). In addition, a CFD model has also been used to 
simulate the non-uniform material deposition at corners during printing 
process, as illustrated in Fig. 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 Fig. 16. 
However, CFD models have not been used for buildability 
quantification. 

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. (Wolfs et al., 2018, 2019; Wolfs and 
Suiker, 2019) 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 
uniaxial compression and shear tests performed at different material 
ages. This 3D printing model applies the model change option in ABA
QUS to mimic layer-by-layer extrusion printing process. In each analysis 
step, material properties (strength and stiffness in this case) develop 
with the printing time to account for the impact of hydration. A 

Fig. 12. Wall failure mode during printing process (Suiker, 2018) (a) plastic collapse, which is dominant by material strength (b) elastic buckling, which is dominant 
by material stiffness. 

Fig. 13. A schematic diagram of 3D printing simulation using the CFD model 
(Comminal et al., 2019). 
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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 Fig. 17. However, there is a large quantitative disagreement 
with the printing experiment, almost 60%. This difference is mainly due 
to the discarding of localized damage, stress redistribution, and 
non-uniform gravitational loading. In terms of bucking, Wolfs et al. 
(2019) 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 the numerical model for nonlinear 
buckling analysis. A good quantitative agreement with printing test was 
obtained. However, the buckling failure modes produced by the 
FEM-based method are different from those observed from the printing 
tests, as shown in Fig. 18. For a 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 a rectangular 
layout, the buckling failure occurs close to the end of the structure while 
the numerical model predicts buckling failure in the middle of the 

Fig. 14. Simulation of individual layer printing using CFD with possible printing results, i.e., nominal extrusion, filament tearing and filament buckling (Wolfs 
et al., 2021). 

Fig. 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. 

Fig. 16. Simulation of stability and deformation of muti-layers in 3D concrete printing using CFD model (a) a wall with five layers (Mollah et al., 2021); (b) a 
numerical case with three layers (Comminal et al., 2020). 
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rectangular structure. A possible reason to these differences is the fact 
that non-uniform gravitational loading in 3D printing simulations has 
been ignored. The buckling failure mode of analyzed object is deter
mined by the initial imperfection in the numerical analyses. To repro
duce the experimentally observed failure mode for elastic buckling, 
researchers from Ghent university (Ghent, 2019) tried to incorporate the 
non-uniform gravitational loading into the buckling analysis of wall 
structures, and derived an asymmetric buckling failure However, no 
published work describes the relationship between the non-uniform 
gravitational loading, geometric nonlinearity and buckling failure dur
ing printing process. Previous studies demonstrate that the FEM-based 
models can reproduce the experimentally derived results for 3D con
crete printing. However, some model limitations still exist and need to 
be addressed. 

Building upon FE models described above, Ooms et al. (Ooms et al., 
2021; Vantyghem et al., 2020, 2021) 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 Fig. 19. 
Using this technique, they split each printing layer into several segments 
and studied the influence of non-uniform gravitational loading on fail
ure height. Furthermore, they also investigated how different interac
tion methods (i.e., the tie constraints and contact-based interactions) 
affect structural deformation. A schematic diagram of these two inter
action methods can be found in Fig. 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. Their work shows: if 3D printing model based on 
ABAQUS is used, the option (i.e., model change interaction with strain) 
is the only choice with regards to printing process. 

Similar to Ooms et al.’s research, Nguyen-Van et al. presented a 

Fig. 17. FEM-based numerical model for plastic collapse failure model simulation vis hollow cylinder structure (Wolfs et al., 2018).  

Fig. 18. Typical buckling failure mode during printing process (Wolfs, 2019) (a) wall structure (b) rectangular structure [ In each subfigure, the left is the numerical 
analysis and the right is the experimental result]. 
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novel computational framework to model structural buildability of 
complex triply periodic minimal surface via the given toolpath 
(Nguyen-Van et al., 2021). The general procedure is shown in Fig. 21. 

Using this technique, the influence of printing speed on the critical 
printed height and vertical deformation is studied. 

Other studies have been performed to analyze influencing factors 

Fig. 19. General methodology of the proposed method for 3DCP simulation (Ooms et al., 2021).  

Fig. 20. Different interactions in ABAQUS: (a) tie constraints (b) contact-based interactions (Ooms et al., 2021).  

Fig. 21. The general procedure for the computational framework for 3D concrete printing (Nguyen-Van et al., 2021).  
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during the printing process. This includes improved FEM models (Ooms 
et al., 2021; Vantyghem et al., 2020; Wang et al.) and other novel 
methods (Chang et al., 2021; Ooms et al., 2021; Vantyghem et al., 2021; 
Nedjar, 2021). For instance, Nedjar (2022) incorporated the viscosity 
and geometric nonlinearity into the FEM-based 3D printing model for 
buildability quantification to investigate the impact of viscoelasticity at 
finite strain on 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 quanti
fication. For model validation, a hollow cylinder structure and a wall 
structure were used. In terms of these two printing geometries, the 
predicted structural failure modes can be found in Fig. 22. The biggest 
improvement of this model is the incorporation of the viscosity of 
printable cementitious materials into the 3D printing model. 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 materials. 

Besides Nedjar’s 3D printing model with incremental viscoelasticity, 
a chemo-mechanical FEM model was presented for buildability quanti
fication of 3DCP (Wang et al.). This model accounts for several impor
tant features of printable concrete at a fresh stage, including early-age 
creep, plasticity, and ageing due to hydration. In particular, the hydra
tion process of cementitious material after deposition is described by a 
modified affinity hydration model. The contribution of this model 
studies the impact of chemical reaction on structural analysis during 
printing process. 

In addition to FEM-based 3D printing model, Particle Finite Element 
Method (Reinold et al., 2022) has also been used for layer shape pre
diction and optimization of printing parameters. 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 pa
rameters. Laboratory 3D-printing experiments which measure the layer 
geometries are used for model validation. The numerical result can be 

found in Fig. 23. However, similar to the CFD approach, the model is 
only used to simulate the deformed geometry of extruded layer. There is 
no published work about the buildability quantification through the CFD 
model. 

Clearly, 3D printing models (summarized in Table 1) are beneficial 
tools for prediction of structural deformation and buildability quantifi
cation 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 crit
ical 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. (Wolfs et al., 2019). 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 (Wolfs et al., 2019). In 
that case, only symmetric buckling failure modes can be obtained. 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 

Fig. 22. FEM-based model for buildability quantification (a) hollow cylinder (b) wall structure (Nedjar, 2022).  
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deformation is induced by the creep, plastic and autogenous shrinkage, 
and consolidation settlement under distributed compressive loading and 
increases with printing time. Herein, the terminology ‘early-age creep’ is 
used to describe time-dependent deformation during printing process. In 
the published research, several early-age creep tests of 3D printable 
mortar/paste have been performed (Chen et al., 2019; Esposito et al., 
2021); experiments indicate that early-age creep makes for about 7% of 
the viscoelastic deformation of the tested sample (Esposito et al., 2021). 
Therefore, early-age creep needs to be introduced into 3D printing 
model to explore its influence on the prediction of structural deforma
tion and the buildability quantification. 

Some of these issues have been tackled recently. To study the impact 
of localized damage occurred during build-up stage, a 3D printing model 
based on the lattice approach is proposed. This numerical model in
cludes several factors, including the printing velocity, time-dependent 
material stiffness and strength, non-uniform gravitational loading and 
localized damage. It can reproduce two typical failure modes, i.e., 
plastic collapse and elastic buckling failure modes, which are similar to 
experimental findings (as shown in Fig. 24). In addition, the critical 

printing heights obtained from these numerical analyses are close to 
experimental results. Recently, early-age creep behaviour of 3D print
able mortar measured via cyclic compressive loading test (Chang et al., 
2022a) has been incorporated into this model to study the impact of 
early-age creep on buildability quantification. 

The numerical methods show promising future on buildability 
quantification of 3DCP. However, those published models have their 
limitations and further research is required for model improvement. 

First, these 3D printing models do not study the influence of cold 
joints or the high porosity in the interface zone, which may occur due to 
water loss and hydration process. Thus, these models are only suitable to 
printing cases with short printing time in which the cold joint effect can 
be ignored. To predict the structural behaviour of printing cases with 
long printing time, in the future, the impact of cold joints should be 
included. 

In addition, as discussed before, one of the advantages of 3DCP is to 
eliminate the use of formwork. This leads to high water loss during the 
manufacturing process. As a result, more localized damage may occur 
due to plastic shrinkage (Roussel, 2006, 2018; Mohan et al., 2021; Khan 

Fig. 23. Stress distribution of numerical analysis of a single printing layer after material deposition using Particle Finite Element Method (Reinold et al., 2022).  

Table 1 
Summary of all kinds of methods for buildability quantification in 3DCP (Chang et al., 2021, 2022b).   

Theory Model introduction Application Limitation Main contributors Others 

1 Rheology 
Analytical 
model 

Rheological model 
considering flocculation- 
induced thixotropy and 
chemical reaction 

Analytical models consider the 
development of materials properties 
and printing speed to predict 
structural failure due to plastic 
collapse 

Geometry limitation, 
structural variability 

Roussel (Roussel, 
2018) 

(Moini et al., 2022; Di Carlo et al., 
2013; Cardoso et al., 2009; Chen 
et al., 2018; Jeong et al., 2019;  
Jayathilakage et al., 2019) 

Rheological model considers 
re-flocculation and 
structuration mechanisms 

Kruger et al. (Kruger 
et al., 2019a, 2019d, 
2019f) 

An empirical model 
considering two curing 
functions for material 
development, i.e., linear and 
non-linear 

Perrort et al. (Perrot 
et al., 2016) 

2 Solid 
mechanics 
Analytical 
model 

A mechanistic model predicts 
elastic buckling and plastic 
collapse of wall structure 
based on different boundary 
conditions 

The model analyses influence of 
printing velocity, curing function, 
geometrical features, and material 
heterogeneity 

Suiker (Suiker et al., 
2020; Suiker, 2018) 

(Di Carlo et al., 2013; Panda et al., 
2019c) 

3 CFD 
Numerical 
model 

CFD-based models with 
generalized Newtonian fluid 
and elastic-viscous-plastic 
fluid constitutive 
relationship 

The CFD-based model predicts the 
cross-sectional shape of printing 
segments with the input parameters, 
including printing velocity, nozzle 
height, and extrusion force is 
established 

Buckling failure, 
localized damage 

R. Comminal et al. ( 
Mollah et al., 2021;  
Serdeczny et al., 
2019; Comminal 
et al., 2020) 

Wolfs et al. (2021) 

4 Solid 
mechanics 
Numerical 
model 

FEM-based numerical model Plastic collapse and elastic buckling Localized damage, 
stress redistribution, 
Cold joint, moisture 
transfer 

Wolfs et al. (Wolfs 
et al., 2018, 2019;  
Wolfs and Suiker, 
2019) 

(Jayathilakage et al., 2019; Ooms 
et al., 2021; Vantyghem et al., 
2021; Wang et al.; Jayathilakage 
et al., 2021; Jayathilakage et al., 
2020; Mengesha et al., 2020) 

Incremental viscoelasticity at 
finite strains for the 
modelling of 3D concrete 

Nedjar (Nedjar, 2022) (Wang et al.) 

Chemical-mechanical model Plastic collapse and elastic buckling 
with the consideration of viscosity 
and hydration 

Wang et al. (Wang 
et al.)  

3D printing model based on 
lattice model 

Plastic collapse and elastic buckling 
with the consideration of localized 
damage and early-age creep 

Cold joint, moisture 
transfer 

Chang et al. (Chang 
et al., 2021, 2022b, 
2022c, 2023a, 
2023b)   
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et al., 2020; Nerella et al., 2019b). Therefore, incorporating the impact 
of moisture transfer into 3D printing model is also recommended. 

Given that there is a stand-off distance during extrusion process, an 
additional compressive force sometimes occurs. For example, if the 
standoff distance is smaller than the layer height, local compression may 
occur, thereby affecting the structural stability and mechanical 

properties through interlayer porosity. To the best of the authors’ 
knowledge, no published literature focused on such loading. Further 
research is recommended to investigate its influence on the structural 
behavior during the printing process. 

Besides, all proposed numerical methods have limited applications. 
The CFD-based models mainly focus on the extrusion process while the 
solid mechanics-based models apply for the build-up stage. No numer
ical tool can simulate the whole printing process, from mixing and 
pumping to build-up stage. Developing such a model would give a deep 
insight into the impact of material properties (viscosity, stiffness and 
strength) on printability (pumpability and buildability). 

4. Conclusions 

This work 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. 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. Based on the 
presented state of art on methods for buildability quantification of 
3DCP, some conclusions can be drawn:  

• The rheological models can investigate the material failure during 
the printing process from the perspective of chemical reaction and 
physical origin. This kind of model can capture the intricate nature of 
the underlying failure mechanisms. However, it is difficult to allow 
for the geometry impact on structural failure. In contract, the model 
based on solid mechnics is able to investigate the impact of geometry 
on structural failure. 

• A reliable numerical model can be utilized to investigate the struc
tural behaviour and optimize the printing parameters and material 
design. However, there are obvious limitations to current numerical 
models. Some important factors such as cold joint formation and 
moisture transfer have not been considered. More efforts are needed 
in the development and improvement of numerical methods for the 
buildability quantification of 3DCP.  

• In terms of 3D printing, there are two typical printing method, i.e, 
the laminar flow and non-laminar flow. One difference between 
these two printing methods focuses on the existence of compressive 
force from the nozzle. However, this kind of force have not been 
considered for the buildaibility quantification. Further research is 
recommended to fill this research gap.  

• Due to the relative 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.  

• All proposed numerical methods have limited applications. There is 
no numerical method that can predict the performance of printed 
cementitious materials during the whole printing process. Devel
oping such kind of model could give a deep insight into the influence 
of material properties (viscosity, stiffness and strength) on print
ability (pumpability and buildability). 
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Fig. 24. Typical failure modes during printing process (a) lattice modelling of 
hollow cylinder structure (Chang et al., 2022b) (b) Experimental result of 
hollow cylinder structure (Wolfs et al., 2018) (c) lattice modelling of wall 
structure (Chang et al., 2022c) (d) Experimental result of wall structure (Wolfs 
et al., 2019). 
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