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ARTICLE INFO ABSTRACT

Keywords: This paper aims to provide a systematical review of the available printing strategies, sustainable
3D concrete printing cementitious materials and characterization methods for extrusion-based 3D concrete printing
Printing strategy (3DCP). The printing strategies, consisting of printing setup, process, and material requirements,

Sustainable cementitious material

were summarized initially. In the material aspect, the high ordinary Portland cement (OPC) con-
3D printable behavior

tent in most printable mixtures is a major issue that impedes the sustainability of 3DCP. This can

Ir:fesrl ;yr ::Perty be resolved by partially substituting OPC with supplementary cementitious materials (SCMs). In
Test method this review, the effect of different SCMs on fresh-state behaviors and 3D printing of cementitious

materials was comprehensively discussed. Finally, a series of test methods for quantitively char-
acterizing fresh properties, 3D printability and interlayer behaviors were summarized and re-
viewed.

1. Introduction

Over the past decade, there has been a dramatic development in the research of extrusion-based 3D concrete printing (3DCP)
[1-3]. Recently, considerable literature has grown up around this theme. The process of 3DCP is that filaments of cementitious mate-
rials are extruded and deposited based on 3D model data to form components without formwork [4,5]. According to Refs. [6-8],
3DCP can be considered as a sustainable construction approach of concrete. The use of 3DCP may bring many benefits to reduce envi-
ronmental impacts due to concrete construction. First, elimination of formwork reduces the construction time, cost, labor, material,
and waste generation [9,10]. Second, combined with topology-optimized structural design methods, 3DCP becomes a more sustain-
able fabrication method in practice [6,11]. About 50% of environmental impact can be reduced by employing additive manufacturing
of concrete combined with structural optimization compared to conventional construction [12,13]. Finally, sustainable cementitious
materials are feasible to be used in 3DCP. Many recent studies attempted to develop such materials by employing different ap-
proaches, for instance, partially replacing ordinary Portland cement (OPC) by supplementary cementitious materials (SCMs) [14-18],
partially substituting natural aggregate by recycled aggregate [19-21], or with other industrial wastes [22,23]. However, to date, the
way to enhance the sustainability of 3DCP, especially within the context of using low OPC (SCMs-based) binders in printable cementi-

* Corresponding author.
E-mail addresses: Y.Chen-6@tudelft.nl (Y. Chen), S.He-2@tudelftnl (S. He), Y.Gan@tudelft.nl (Y. Gan), O.Copuroglu@tudelft.nl (O. Gopuroglu),
F.A.Veer@tudelft.nl (F. Veer), Erik.Schlangen@tudelft.nl (E. Schlangen).

https://doi.org/10.1016/j.jobe.2021.103599

Received 19 February 2021; Received in revised form 9 August 2021; Accepted 5 November 2021

Available online 11 November 2021

2352-7102/© 2021 The Authors.  Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://www.sciencedirect.com/science/journal/23527102
https://www.elsevier.com/locate/jobe
mailto:Y.Chen-6@tudelft.nl
mailto:S.He-2@tudelft.nl
mailto:Y.Gan@tudelft.nl
mailto:O.Copuroglu@tudelft.nl
mailto:F.A.Veer@tudelft.nl
mailto:Erik.Schlangen@tudelft.nl
https://doi.org/10.1016/j.jobe.2021.103599
https://doi.org/10.1016/j.jobe.2021.103599
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jobe.2021.103599&domain=pdf
https://doi.org/10.1016/j.jobe.2021.103599
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Chen et al. Journal of Building Engineering 45 (2022) 103599

tious materials, has not been adequately summarized. Additionally, there is a lack of comprehensive review about the influences of
different SCMs on the rheology and 3D printability of fresh cementitious materials.

Many distinct fresh-state behaviors, e.g., pumpability, extrudability, and buildability, are required in 3DCP [24,25]. These mater-
ial behaviors are primarily constrained by the printing strategy, i.e., the printing system and process. Generally, 3D printable cemen-
titious materials should be formulated compatible with the printing strategy. In addition, the methods for investigating the fresh and
hardened properties of conventional cementitious materials did not satisfy the demands for quantifying and developing 3D printable
cementitious materials. Many modified or novel methods that were proposed in this context, therefore, need to be summarized. For a
comprehensive demonstration of state-of-the-art review on 3D printable cementitious materials, all the above-mentioned aspects
should be taken into consideration.

The goal of this study is to systematically review and discuss the printing strategies, sustainable cementitious materials, and char-
acterization methods for 3DCP. This work will be helpful to material researchers for a better understanding of 3DCP. Therefore, this
paper was organized into three distinct parts. The first part explored the available printing strategies. In the second part, a compre-
hensive review of the low OPC (SCMs-based) binders used in the available 3D printable cementitious materials was presented. The in-
fluences of different SCMs on the rheology and 3D printing of fresh mixtures were highlighted and discussed. Finally, the test methods
for characterizing the fresh properties and interlayer behaviors of 3D printed cementitious materials were summarized.

Note that the authors focused on specific issues and research interests rather than attempting to give all processes, materials and
tests related to 3DCP in this paper. Thus, the scope and limitation of this work must be clarified: (1) extrusion-based printing tech-
nique is the only digital construction method reviewed here; (2) sustainable cementitious materials represent the SCMs-based
blended cementitious materials (alkali-activated binders and low clinker cements, e.g., calcium sulfoaluminate cement, and calcium
aluminate cement, are excluded); (3) the characterization methods only include the tests about fresh state behaviors (flowability, rhe-
ology, and stiffness evolution), 3D printability and interlayer bonding properties.

2. Extrusion-based 3D concrete printing strategy

Most of the 3DCP systems being used in both academic institutes and construction industry consist of three primary units: a depo-
sition setup, a control unit, and a material conveying system. Both 3- or 4-axis gantry-based and 6-axis robotic deposition setups were
implemented [26]. The deposition setup is controlled by the control unit to fulfill a predefined printing path that is programmed by
the operator. There are at least 3 translational degrees of freedom (DOF) in the gantry-based deposition setups, e.g., x-, y-, and z-
plane. For the 4-axis gantry robot, a 4th DOF is attached on the z-axis (vertical direction) to provide a rotation. Compared to 3- and 4-
axis gantry-based deposition setups, industrial robotic arms can exhibit up to 6 rotational DOF [27], which can help to print more
complex geometries. However, controlling 3- and 4-axis gantry-based deposition setups may be much easier than 6-axis robot arms.
The material conveying system may comprise a series of components, i.e., a mixing machine, a pump, a printhead, and others, for
preparing, pumping, and extruding the fresh mixtures.

In material preparation, there are two main strategies, as mentioned by Wolfs [27]. First, the fresh mixture is mixed in multiple
batches and hereafter delivered manually or automated to the hopper of the material conveying pump (see Fig. 1 (a)). This approach
is mainly preferred in a small-scale application, e.g., printable material development and other experimental activities. Second, a con-
tinuous system, such as an inline mixing machine that works with the pump synchronously (see Fig. 1 (b)), is required for large-scale
construction. The various mixing strategies may lead to different demands on fresh mixtures. For example, the former may require
fresh mixtures with a relatively longer open time/printability window than the latter. However, it also depends on the hose length
and material flow rate. Due to the short and intense mixing procedures, the inline mixing approach may not be a proper way for
preparing certain fresh mixtures containing a high dosage of fibers and/or exhibiting high yield stress and viscosity during the mixing
process. There are still some discussions concerning which strategy would be the most appropriate. In different cases, the size of each
batch and the mixing strategy are primarily dependent on factors, e.g., the geometry of printed component, volume deposition rate
(material flow rate), and open time of the printing material [1].

In many cases, the pumping and extrusion forces are generally supplied by a ram extruder or a material conveying pump on the
basis of a rotor-stator configuration (see Fig. 1 (a) (b)). The printhead could be a simple nozzle that has the rectangle opening (most
time) with or without a geometric reduction. Roussel [28] mentioned that the shear force between fresh mixtures and the inner wall
of hose and nozzle is concentrated at the interface that is also regarded as the lubrication layer. The ability to form the lubrication
layer of fresh mixtures becomes critical to evaluate its pumpability and extrudability. During the pumping and extrusion process, a
plug zone might exist where the material may already be flocculated and exhibits a certain yield stress. Therefore, the material
showed high/sufficient stiffness and near zero-slump after deposition from the nozzle. This strategy is classified as the extrusion of
high or sufficiently stiff materials in Mechtcherine et al. [2].

However, it should be noted that the pumping distance (hose length) for extrusion of stiff materials is limited due to the high
pumping pressure induced by the high yield stress and plastic viscosity (leading to a significant increase of material temperature and
a short initial setting time). Thus, the extrusion of flowable material is proposed as a superior strategy for 3DCP. The material exhibits
exceptionally high fluidity, requiring significantly lower pump pressure and energy input than the high/sufficiently stiff material dur-
ing the mixing, pumping, and extrusion processes. However, once the flowable material is deposited from the nozzle, it should reach
sufficient stiffness rapidly. Enhancing the stiffness of the flowable mixture within a short time is quite critical in this context. Rheol-
ogy-/hydration-control (or set on-demand) as a proper way is therefore proposed by many researchers [13,31-33]. Accelerating the
stiffness of material during and after deposition is the main idea of this strategy. As mentioned by Mechtcherine et al. [2], the princi-
ple of this strategy is to mix “active agent”, which could be a chemical accelerator, an organic rheology modifier, or a kind of fast-set
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Fig. 1. Typical 3DCP experimental setups. (a) TU Delft: 3-axis gantry-based system, multiple batches (material preparation), and rotor-stator-based pump, adapted
from Ref. [26]; (b) TU Eindhoven: 4-axis gantry-based system, continuous mixing (material preparation), and rotor-stator-based pump, adapted from Ref. [29]; (c)
XtreeE: 6-axis robotic arm, peristaltic pump, and inline mixing and extrusion printhead (set-on-demand), adapted from Ref. [30]; (d) TU Dresden: 4-axis gantry-
based system, multiple batches, and screw extruder, adapted from Ref. [3].

cement slurry (such as aluminate-based cement [34]), with the fresh mixture in the printhead (see Fig. 1 (c)). To achieve the goal of
this strategy, it largely depends on the dispersion/mixing of “active agent” and the design of the printhead. Earlier attempts of this
strategy were made by Refs. [30,31,35,36]. On the other hand, the pumping process may be excluded in several 3DCP systems that
only consist of a large volume of V-shape material hopper and a screw extruder (see Fig. 1 (d)). The prepared fresh mixture is poured
into the hopper directly. Dependent on the gravitational flow with or without the additional energy input (which depends on the flu-
idity of fresh mixtures), the material is transported to the bottom of the hopper, where the screw extruder is positioned.

3. SCM-based cementitious materials for 3DCP

Technically, most available 3D printable cementitious materials are designed in the form of grout and mortar as typically fine ag-
gregate (grain size <2 mm) is employed. 3D printable cementitious materials in this study are mainly referred to as printable mortars
that primarily contain three components: binder, fine aggregate, and water. The manufacturing process of OPC, which consumes
large quantities of resources and energy, and generates massive amounts of greenhouse gases, results in a substantial burden on our
living environment [6,37]. Cement industry is responsible for 5-7% of the global anthropogenic CO, emission [38,39]. Compared to
mold-cast concrete, 3D printable cementitious materials may require a much higher amount of OPC. As shown in Fig. 2, the propor-
tion of OPC in most of the 3D printable cementitious materials is more than 20 wt%. Assuming a typical concrete mixture's unit
weight is 2200 kg/m?, the majority of printable mixtures would contain at least 330 kg/m?® of OPC. In Fig. 2, the aggregate to binder
mass ratio (A/B) is smaller than 2 in most of printable mixtures, whereas the A/B is of the order 3-3.5 in high strength mold-cast con-
crete (equal or greater than 60 MPa of compressive strength at 28 days), and more than 5 in moderate strength mold-cast concrete
(about 30 MPa of compressive strength at 28 days) [40].

There are two strategies for developing low OPC-content cementitious materials in the field of 3DCP: (1) Use supplementary ce-
mentitious materials (SCMs) or other types of low carbon cement to substitute a high volume of OPC; (2) Reduce the binder content
by increasing the proportion of aggregate (the binder composition is fixed). This study focuses on the cement replacement strategy,
while the reader could refer to works [25,41,42] for the A/B modification strategy.

3.1. Effect of common SCMs

Common SCMs, including fly ash, blast furnace slag, and silica fume, have been used as a partial replacement of OPC/clinker in 3D
printable cementitious materials [6,8,57]. The initial idea of using such SCMs in printable mixtures is to improve the packing density,
cohesion, and flow consistency. The addition of SCMs can significantly influence the rheological behavior of fresh mixtures. However,
for different SCMs, the impacts on fresh properties may not be the same, as shown in Table 1.

Depending on the coal composition, fly ash can be distinguished as siliceous (Class F) and calcareous (Class C) types [58]. Com-
pared to siliceous fly ash, calcareous fly ash contains a much higher content of reactive CaO, which could enable self-cementitious
properties [58-60]. In this paper, fly ash (FA) is referred to as siliceous/Class F fly ash as it was mainly used in the available printable
cementitious materials. For example, Panda et al. [43,48,55,56] proposed many 3D printable cementitious materials containing a
high volume of FA. Up to 80% of OPC in the binder mass was replaced by FA in their study [48]. FA particles having high sphericity
and smooth surface texture improve the flowability of self-compacting concrete [61,62]. Due to the “ball bearing effect”, replacing a
high amount of OPC by FA may reduce the yield stress and plastic viscosity [63], which could contribute to the pumpability of fresh
mixtures. However, the unburnt coal in FA could adsorb superplasticizer or the mixing water, which may affect the workability of
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Fig. 2. Literature survey of OPC content and aggregate to binder mass ratio in different 3D printable mortars. Data from Refs: [25,26,43-56].
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Table 1

Material characteristics of different SCMs [61,66,91].
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Fly ash (siliceous)

Silica fume

Granulated blast furnace slag

Limestone

Calcined clay
(Metakaolin as the
main phase)

Material type
Morphology

Fineness [pm]

Specific gravity
[g/em?]

Chemistry
(phase
compositions)

The maximum
proportion of
the binder
mass in
printable
mixtures

The main effect
on
rheological
behaviors

By-product

Round particle and
smooth surface
10-150 (may coarser
than cement
particles)

~2.1

Si-Al-O

80% [48].

(1) The ball-bearing
effect could improve
flowability and
reduce yield stress
and plastic viscosity.
(2) Dilution effect on
cement flocculation

By-product
Round particle

0.01-0.5.

Si-O

20% [47].

(1) Generally, it could
increase the yield stress and
plastic viscosity.

(2) It could enhance the
flocculation of cement
particles, resulting in
improved buildability and

By-product

Finely granular particle and
smooth surface

3-100 (close to cement
particles)

~2.9

Ca-Si-Al-Mg-O

85% [49]

(1) GGBS with a smooth
particle surface and low
reactivity can improve the
workability, and reduce
plastic viscosity and/or yield
stress.

(2) Workability may be

Natural material

Irregular shape and rough
surface
Close to/finer than that of

cement particles (depends on the

grinding process)
~2.7

CaCOs3

55% [92]

(1) Limestone with coarser or

similar particle size compared to

cement could reduce the yield
stress and plastic viscosity for
improving workability.

(2) The opposite effect can be
obtained by using ultrafine

Calcined natural
SCMs

Layered structure
and rough surface
Generally, finer
than other SCMs
except for SF.
2.1-2.5

Si-Al-O

40% [26]

(1) Generally, it
could reduce the
workability and
increase the yield
stress and plastic
viscosity.

(2) The structural

(high volume structural build-up of fresh negatively affected by the limestone. build-
replacement). mixtures. GGBS with high SSA and up/thixotropic
reactivity. behaviors can be
enhanced.
The main effect Pozzolanic Filler effect and pozzolanic Latent hydraulic Filler effect Filler effect (may
on hydration be for small MK
replacement) and
pozzolanic
Estimated total ~700-1100 1-2.5 300-360 Abundant accessible reserves Abundant
amount accessible reserves
[Mt/year]

fresh mixtures [61]. On the other hand, FA shows similar or relatively coarser particle size and smaller density than OPC. Using a high
volume of FA in the binding material could result in a significant dilution effect, i.e., reducing the number of cement particle flocs, ad-
versely affecting structural build-up, delaying the initial setting and early hydration [15,61]. For improving the structural build-up of
such blended mixtures, other SCMs, like silica fume/micro-silica [50,64], could be used to formulate the ternary binder system (ce-
ment-FA-silica fume) for 3DCP. Additionally, adding admixtures, e.g., nano attapulgite clay, and methyl cellulose-based viscosity
modifying admixture (VMA), can also enhance the robustness and thixotropy of such high volume of FA based printable cementitious
materials [43,52,56,65]. Besides, it should be noted that replacing OPC with a very high volume of FA (more than 50 wt% of binder)
may require alkalization for the setting and hardening process. The general approaches for activating FA-based binders included:
grinding FA (for increasing specific surface area and reducing fineness), introducing a small content of highly reactive materials (e.g.,
silica fume), and adding a proper dosage of chemical activator [15,58]. Panda et al. [55,56] added about 3 wt% (of binder) sodium
sulfate as activating agent to enhance the early strength of their high-volume FA based printable cementitious materials.
Granulated blast furnace slag (GBFS) is also a very commonly used and valuable SCM. For achieving good reactivity, slag is fur-
ther ground to a fineness comparable to cement particles [66,67]. Due to its latent hydraulic property, ground granulated blast fur-
nace slag (GGBS) can replace up to 95% of clinker in European CEM III/C cement, according to EN 197-1 [68]. Due to the micro-
filling effect, the workability may be improved by increasing OPC substitution using GGBS [58,61,67]. However, the effect of GGBS
on the rheology of fresh mixtures is mostly dependent on its physical and chemical properties. Compared to OPC, the GGBS with
smooth particle surface and low reactivity could improve workability, resulting in decreased plastic viscosity and/or yield stress (see
Refs. [69,70]). In contrast, the water and superplasticizer demands are increased by using the GGBS that has a relatively high specific
surface area (SSA) and chemical reactivity [61]. Currently, there are only a few attempts to develop GGBS-based cementitious materi-
als for 3DCP. Panda et al. [49] investigated the rheology, 3D printability, and compressive strength of ternary blends containing
GGBS, cement, and lime. Their work confirmed that it is possible to employ a high volume of slag (70-85 wt% of binder) in 3D print-
able cementitious materials. Rahul et al. [46] studied desorptivity of a GGBS-based cementitious material (50% of GGBS in binder)
for 3DCP. Chaves Figueiredo et al. [65] developed a series of printable strain-hardening cementitious composites that comprise
GGBS, OPC, and limestone. Nevertheless, most of the studies [7,71-76] in literature have focused on developing alkali-activated slag-
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or slag and fly ash-based geopolymer materials for 3D printing, which is beyond the scope of this paper, and therefore, is not dis-
cussed.

Silica fume (SF) can fill the space between other cementitious particles to increase the packing density and improve the cohesion
due to its ultrafine particle size, round shape, and extremely high SSA. The water and superplasticizer demand and inner particle fric-
tion are increased by using SF as the constituent of binder [61,77-80]. Many studies [61,81-84] showed that both yield stress and
plastic viscosity are increased upon addition of SF, whereas the opposite results (decrease in yield stress and/or plastic viscosity) were
observed in cases [70,85,86]. According to Refs. [61,84,87], this is primarily due to the different physical characteristics (e.g., surface
properties, density, and morphology) and volume fraction of SF in different studies. Besides, the effect of SF on rheology is also re-
lated to the different water to binder ratio and different types of superplasticizers. The ternary blend appears very frequently in the
available mix designs for 3DCP. Such ternary blends may comprise OPC, one of SCMs with moderate particle size (FA, GGBS, or lime-
stone powder), and one of the ultrafine materials, i.e., SF, or other inorganic fines. Examples of these ternary blend systems can be
found in Refs. [25,47,52,53,84,88]. SF was used as an SCM addition with up to 20% of binder mass [47] in 3D printable cementitious
materials. In this context, SF can improve the flow consistency of fresh mixture for extrusion and enhance the buildability and struc-
tural build-up at rest, attributed to the filler effect. As stated by Lothenbach et al. [89], more nucleation sites for the hydration prod-
ucts of cement phases are provided by the fine SCMs, like SF and metakaolin.

For a long-term application, the main challenge with respect to the utilization of common SCMs (FA, GGBS, and SF) is their gradu-
ally reducing production and availability [6,8,57,90]. As shown in Table 1, the total amount of SF is only 1-2.5 Mt/year. The quan-
tity of slag is much higher than SF, whereas it is about 5-10% of OPC. Under the environmental pressures, the amount of slag is se-
verely affected by the decrease in iron production due to the increased recycling of steel. The estimated annual production of FA is
700-1100 Mt [66]. However, not all FA is suitable for the use in cement due to quality reasons [90]. Additionally, the supply chain of
FA is threatened by reasons such as retirement or elimination of coal-fired power plants in many countries (e.g., the USA, the UK, and
the Netherlands) [66]. Finding alternative SCMs appears to be a critical task in order to ensure uninterrupted supply of SCMs-based
cementitious materials. Owing to the abundant availability worldwide, (calcined) clay and limestone stand out as the ideal alterna-
tives.

3.2. Effect of limestone and calcined clay

Limestone powder is utilized as a kind of filler component in binding material. Similar to the SCMs mentioned earlier, the effect of
limestone on rheology is linked to the physical properties of limestone particles, i.e., fineness and roughness of the surface. These ma-
terial characteristics strongly affect the packing density and the demand for water and superplasticizer [61]. In the case of limestone
powder with similar or coarser fineness compared to that of cement, the addition of limestone may improve workability by reducing
yield stress and plastic viscosity [93]. In contrast, such parameters can be increased by using the ultrafine limestone [94] due to the
high adsorption of water and superplasticizer, as well as the enhancement of inner particle friction. Also, the cement flocculation may
be enhanced and accelerated by decreasing the particle size of limestone (for the fixed limestone proportion) [95] or increasing the
volume of limestone (for the fixed fineness of limestone) [83]. Filler effect can be regarded as the main influence of limestone addi-
tion on cement hydration, which may relate to two mechanisms: the dilution of cement, and the increase of nucleation sites provided
by the limestone surface, as stated by Berodier and Scrivener [96]. Replacing a partial amount of OPC by limestone could accelerate
the early age hydration, especially when the average particle size of limestone is very fine, because of the increase of nucleation sites
[96]. However, it may affect the mechanical performance and increase the porosity of hardened cementitious materials when the sub-
stitution of OPC by limestone alone is higher than 10% in the binder [90,97]. This is attributed to the dilution effect of limestone
filler. There are only several examples [92,98] of using limestone as the main substitute of OPC for formatting the binary binder sys-
tem for 3DCP. Many 3D printable cementitious materials employ a blend of limestone and one or two of SCMs, e.g., GGBS [65,99], SF
[30,100], fly ash [65,99], or calcined clay [26,46,57,100,101] as the OPC replacement.

The utilization of calcined clay as an SCM for concrete has attracted much attention in the past decade. The advantages of using
calcined clay as the OPC substitute can be summarized as follows.

(1) The raw materials (clays) are vastly abundant worldwide. As the most suitable type, kaolinitic clay is rich in tropical and
subtropical environments, especially in India and Southeast Asia [102].

(2) The calcination process requires fewer fuels and emits much less CO, compared with that of clinker production. The burning
temperature is about 700-850 °C for manufacturing calcined clay (around 1450 °C for clinker) [90,103]. The heating time
could be controlled within several tenths of a second using flash calcination units [104]. As reported by Huang et al. [105],
only 0.25-0.37 kg of CO, is emitted by producing 1 kg of calcined clay, which is much less than that for producing 1 kg of
OPC (about 0.9 kg of COs).

(3) The ternary blends, containing limestone, calcined clay, and clinker (referred to LC3), were studied by many researchers
[106-108]. The most typical one, LC3-50, comprises 50% clinker, 15% limestone, 30% calcined clay, and 5% gypsum.
Metakaolin (MK), as the primary reactive phase in calcined clay, is the calcined product of high purity kaolinitic clays. MK, at a
relatively high price (near three times of cement), is generally used in other industries, including paper, ceramics, and
refractory [90]. According to Refs. [109,110], using the calcined low-grade kaolinitic clay (containing 40% of MK) in LC3-50
cement could reach compressive strength comparable to that of plain OPC from 7 days. Such low-grade kaolinitic clays are also
the low-cost raw material for producing cement and probably available around quarries of cement plants [90].

(4) The amorphous alumino-silicate in MK (AS,) could react with the calcium hydroxide (CH) for forming aluminate hydrates and
C-(A)-S-H (see Eq (1)). Besides, the calcite (Cc) from limestone can react with alumina species (C3A and A from AS,) in the pore
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solution to generate hemi/mono-carboaluminate (C4AcosHis) (see Eq (2)(3)) for inhibiting formation of ettringite
[90,97,103,107,111]. All the aforementioned products could refill the pores and reduce the total porosity, contributing to
enhancing the strength and durability of hardened cementitious materials [90,103,112]. Using LC3 could improve the durability
of hardened concrete, for example, the excellent chloride resistance [113-116], proper performance under the sulfates attack
[117,118], and mitigation of the alkali-silica reaction [90,117,119].

AS» +3CH+6H - C—-A—-S—H+C,ASHg (@)
C3A+0.5Cc+0.5CH+ 11.5H - C4AcosHy, 2
A +0.5Cc+3.5CH +85H — CyAcosHin 3

As shown in Fig. 3, clays, without calcination, are categorized according to the way that tetrahedral (AI3* for Si**) and octahedral
(Fe3*, Fe2*, or Mg2™ for Al3*) sheets are combined into layered structures. The clay is referred to the 1:1 or t-o clay if only one tetra-
hedral and one octahedral sheet are available in each layer. The layers are linked by hydrogen bonds. In contrast, the 2:1 or t-o-t clay
contains two tetrahedral sheets positioned at both sides of one octahedral sheet. The interlayer electrostatic forces and cations bond
the layers in this case [120,121]. Different amounts of water molecules and various types of ions can be hosted at the large interlayer.
Induced by the changes of relative humidity, the 2:1 clay may easily swell and shrink. Kaolinite is a typical non-swelling 1:1 clay. For
those 2:1 clays, muscovite is a non-swelling clay (in the group of illites), whereas montmorillonite belongs to a swelling clay (in the
group of smectites) [121]. Polycarboxylate ethers (PCEs), as the most common superplasticizer, can be significantly adsorbed on the
swelling clays, which strongly affects or even nullifies the dispersion of PCEs. Consequently, the other fines in the mixture could not
get enough PCEs for achieving the designed workability. However, this is not a critical issue for non-swelling clays [121,122]. The
possible mechanisms of PCEs adsorption by swelling clays were explained elsewhere [33]. As mentioned earlier, low-grade kaolinitic
clay is recommended to be used for producing LC3. Except for MK, the calcined low-grade kaolinitic clay may contain quartz, lime-
stone, iron-bearing phases, and other calcined/uncalcined clay minerals. Therefore, the characterization of crystalline phases in cal-
cined clay appears to be essential, especially to determine if swelling clays are present. The phase transformation of natural clay un-
der different temperatures is illustrated in Fig. 4. At a relatively low temperature, water from the interlayers of clays is removed. After
that, a progressive dehydroxylation process results in removing hydroxyl groups, and layers collapse with increased temperature. The
amorphous structure that shows the highest pozzolanic reactivity is formed at this stage. Nevertheless, if exceeding this temperature
(850 °C for the kaolinitic clay), the amorphous structure is transformed into a crystalline or glass formation [111]. After calcination
under 850 °C, kaolinitic clay transforms into the amorphous phase (MK), whereas 2:1 clays, including illite and montmorillonite,
could keep a layered crystalline structure (because the required temperature for 2:1 clays is much higher than 850 °C) [123].
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Fig. 3. Diagram showing the structure of muscovite, kaolinite, and montmorillonite, adapted from Ref. [121].
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Fig. 4. Clay phases transformation at different calcined temperatures, adapted from Ref. [111].
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The addition of calcined clay could generally reduce the workability of fresh cementitious materials [16,93,123], which results in
high water and superplasticizer demands [124-126]. However, these impacts on the rheology of fresh mixtures may vary depending
on the type of calcined clay used. Calcined clays provided by different suppliers may exhibit various chemical and physical character-
istics [116], for example, the different MK contents (40-90%), secondary phase (quartz, limestone, clays, and others), fineness, SSA,
morphology, and density. These differences may be induced by different raw materials (2:1 or 1:1 clay), calcination methods (temper-
atures and devices), cooling, and grinding processes. Ferreiro et al. [127] compared the workability and strength of two calcined
clays (calcined 2:1 and 1:1 clays). They reported that adding calcined 1:1 clay (the 1:1 clay contains 92% kaolinite) in mixtures in-
creases the water demand compared with that of calcined 2:1 clay (the 2:1 clay consists of 68% montmorillonite) for archiving the
same flowability at a fixed PCE dosage. Studies [123,128] pointed out that the calcined clay containing quartz (even a small amount)
could reduce the demands of water and PCEs. Sposito et al. [123] also reported that the SSA, zeta potential, and water demand of cal-
cined clay (except for metamuscovite) could be used to indicate the demand for superplasticizer. In their study, the required dosage of
superplasticizer significantly increased with increasing these three indicators' value. The calcination and grinding methods may influ-
ence the morphology of calcined clay. The spherical MK particle that was manufactured using a flash calcination method proposed by
Claverie et al. [129] could primarily enhance the workability of fresh cementitious materials. On the other hand, Akhlaghi et al.
[130] introduced a modified PCE-based superplasticizer that could efficiently disperse mixtures containing a high content of calcined
clay and a high concentration of sulfate ions. This superplasticizer may be an ideal option for LC3 or other multi-component cement
systems.

Calcined clay is also a good ingredient to improve the structural build-up of fresh mixtures at rest, which could be regarded as an
advantage of developing calcined clay-based cementitious materials for 3DCP. According to Muzenda et al. [131], the addition of cal-
cined clay could increase the rheological parameters, i.e., thixotropic index, apparent viscosity, cohesion, static and dynamic yield
stresses of fresh pastes. Beigh et al. [132] characterized the static yield stress of LC3 paste at different resting times (23-120 min).
They found that the structuration rate of LC3 paste is much higher than that of the reference OPC paste. The enhancement of struc-
tural build-up may be attributed to the high SSA and layered particle structure of calcined clay [131]. However, as mentioned earlier,
using different calcined clays may result in the various structural build-up of fresh mixtures. For example, Chen et al. [57] reported
that increasing the MK content in calcined clay could increase the green strength and decrease the initial setting time of limestone and
calcined clay-based cementitious material. Similarly, Aramburo et al. [133] found that the structuration rate of the fresh mixture can
be enhanced using the calcined clay with a high content of reactive aluminate. Besides, the presence of uncalcined kaolinite may also
affect the structural build-up of fresh LC3 pastes [134].

To date, the implementation of using calcined clay or MK as the cement substitute in 3D printable cementitious materials is still
limited. Only a few attempts are available. For instance, small dosages of MK (0-5%) were employed in Refs. [100,135] for modifying
the thixotropy of the developed 3D printable cementitious pastes. Bohuchval et al. [136] studied the effects of different proportions of
MK (6%, 12%, and 20% of binder mass) on the rheology and printability of fresh mortars. The blend of 24% fly ash and 6% or 12%
MK was suggested as an optimal cement replacement for increasing the yield stress and cohesiveness, as well as enhancing printabil-
ity and reducing water drainage of the developed fresh mixture. Chen et al. [26,101] proposed a series of limestone and calcined clay-
based cementitious materials for 3DCP. In their mixtures, up to 60% of OPC was replaced by a blend of limestone and calcined clay in
a 1:2 proportion. The impacts of different dosages of VMA on various printability aspects and hardened properties of developed lime-
stone and calcined clay-based cementitious materials were studied in Ref. [26]. In another work [101], the effects of different grade
levels of calcined clays on 3D printability, compressive strength, and hydration of such mixtures were investigated. The different cal-
cined clays (containing 50%, 62.5%, and 75% of MK) were made by mixing high grade-calcined clay (HGCC) and low grade-calcined
clay (LGCC) in three different proportions. By increasing the HGCC content, the material flow consistency, thixotropy, and buildabil-
ity were significantly increased; the early-age hydration was slightly accelerated and enhanced, whereas the printability window and
interlayer bonding were decreased.

4. Characterization methods of fresh-state and interlayer behaviors

4.1. Fresh properties and test methods

4.1.1. Flowability

The flowability test is a common and straightforward assessment for studying the rheology of fresh cementitious materials. Many
conventional methods, e.g., slump and slump flow tests, V-funnel test, and L-box test, show potential to evaluate the flowability of
printable mixtures [23,137]. Among them, slump and slump flow tests might be the most appropriate tests to effectively indicate the
printability of studied mixtures. Tay et al. [59] mentioned that the slump value (slump test) is dominated by the solid-state physical
properties of microstructure and the static yield stress of the printable mixture, which may indicate the buildability in 3DCP. As men-
tioned earlier, most of the printable cementitious materials from literature belong to mortar technically. Thus, a mini-slump cone
with dimensions of 50 mm top diameter, 100 mm base diameter, and 150 mm height [23] for mortar or 19 mm top diameter, 38 mm
base diameter, and 57 mm height [138] for cement paste is appropriate to be used for the measurement of slump value. Higermann
cone (70 mm top diameter, 100 mm base diameter, and 60 mm height) was also employed in many earlier studies [26,139,140] to
determine the shape retention of fresh cementitious materials. Besides, a cylindrical mold could be applied for the slump test to indi-
cate the buildability of printable cementitious materials (see Ref. [42]). According to Flatt et al. [141], for the very low spread, the
yield stress 7, of studied mixtures can be obtained using the modified model (Eq (4)) of Murata approach.
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where p is the unit of weight of the mixture. g is the gravity constant, and H is the height of the demolded sample. This model may
only be valid once the ratio between the initial height and radius is in the range of 0.8-2.

Héigermann cone is primarily used for performing the slump-flow test (also known as jump table test) of mortar composites. The
test procedure could refer to ASTM C1437-15 [142]. The spread diameter is measured to quantify the flowability of studied mixtures
and is related to the dynamic yield stress, which may influence the pumpability and extrudability of studied mixtures in 3DCP. Tay et
al. [139] found that the fresh mixtures with a slump value within the range of 4-8 mm (Hagermann cone), and a spread diameter be-
tween 150 mm and 190 mm showed the optimal printing quality and buildability using their 3DCP setup. In contrast, Ma et al. [23]
performed the slump flow test with different material ages and attempted to find the correlation between the flowability and print-
ability window. In their study, the recommended ranges of the slump value and spread diameter for 3DCP were 32-88 mm (mini-
slump cone for mortar), and 174-210 mm, respectively. The various findings between different studies may be due to the differences
in 3DCP setup and slump cone in the slump test.

(C))

4.1.2. Ram extrusion

Ram extruder as a test device commonly comprises four components: a stand frame, a piston, a barrel, and a die with a round or
rectangular opening (see Fig. 5 (a)). The fresh mixture is filled in the barrel, and then the ram is driven by a compression device to
push the material towards an abruptly constricted or gradually narrowing die [143]. Ram extrusion is used as a tool in the laboratory
for investigating the extrusion flow, describing rheological properties, and examining the extrudability of materials [143-146]. As
mentioned by Chen et al. [147], ram extrusion can be regarded as an extrusion model for quantifying the fresh properties of printable
cementitious materials. Studies from Refs. [50,148] determined the extrudability of their mixtures by measuring the extrusion force.
Chen et al. [57] used a ram extruder to measure the extrusion pressure at different material ages to indicate the time-dependent prop-
erty of extrudability for cementitious materials. Additionally, ram extrusion is also feasible to characterize rheological and tribologi-
cal behaviors of stiff cementitious materials that cannot be conducted using a rotational rheometer [65,101,143,147,149,150]. The
model proposed by Benbow and Bridgwater [151] that employs a plasticity approach is commonly used to analyze the experimental
results (extrusion rheology data) from ram extrusion tests. Benbow-Bridgwater equation is expressed as Eq (5) when a sharp-edged
orifice equips the ram extruder.

P=2(0p +aV")ln(%) 5)

where P denotes the extrusion pressure. oy is the elongational yield stress, and a and n are the fitting parameters. D, and D are the
inner diameter of the barrel and die. V is the material flow rate. For studying the ram extrusion rheology of printable cementitious
materials, Benbow-Bridgwater model was employed by Refs. [65,72,100,152].

Basterfield et al. [153] pointed out that the fitting parameters a and n in Benbow-Bridgwater equation are non-intrinsic material
factors that do not have any physical meaning. The authors have proposed a modified model (Basterfield et al. model, see Eq (6)) that
is adapted from the Gibson equation (without the end effect) for characterizing rigid-viscoplastic materials. This model assumes a
spherically convergent flow and neglects the shear stress in the barrel. The detailed derivation process was reported by Refs.
[150,153].

_ D, 2 . " D\ /2V\" 6
P =20y lnf + ak(sm Omax (1 + €08 Opax)) <1 - (E) ) (F) (6)
where k and n mean flow consistency and flow index, respectively. 6,,,, denotes the angle of the maximum convergent flow (see
Fig. 5 (b)). For most of the paste-like materials, the value of 6,,,, is of the order of 45° (in the range of 40-60°). The obtained elonga-
tional yield stress 6, can be used to compute the related shear yield stress 71, since the cementitious materials are considered to follow
the Von-Mises criterion [146,153].

00
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Zhou et al. [150] investigated the rheological properties of discrete short fiber-reinforced semi-solid cementitious materials by us-
ing this model (Eq (6)). Similarly, studies of the authors in Ref. [101] employed Basterfield et al. model to analyze the experimental
results of the ram extrusion test for quantifying the effects of different calcined clays on fresh-state behaviors (see the example: Fig. 5
(c) (d)). Based on Basterfield et al. model, Perrot et al. [146] added the contribution of shear stress on the tapered surface and studied
the rheological and tribological behaviors of cementitious materials.

Nevertheless, it must be noted that many factors may influence the experimental results of the ram extrusion test. First, the fric-
tion between the piston and the inner surface of the barrel is not taken into consideration in many earlier cases. As mentioned by Refs.
[57,147], applying silicone release or other types of compounds on the surface of these components is one way to minimize such fric-
tion, whereas it is impossible to eliminate this wall friction. Second, a dead/static zone may exist near the die (see Fig. 5 (b)). The test
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Fig. 5. (a) Scheme of the ram extrusion setup; (b) Illustration of the orifice entrance flow region based on a spherical coordinate system; (c) A predefined ram extru-
sion test protocol; (d) An example of test results and the fitted curve (Basterfield et al. model). Adapted from Ref. [101].

results from Refs. [50,146,148] revealed that the extrusion force increased irrationally when the piston approached the orifice. Thus,
it requires the computation of the maximum length of the dead zone (Lg,) via Eq (8) before performing tests.

(Do — D)
Liyz=57——7—
a 2 tan 0,,,,

(8)

The maximum value of Ly, is obtained when 6,,,, equals 40°. The sufficient distance between the ram and dead zone should be left
to minimize the influence of the dead zone, which can be predefined in the experimental program. Third, the fresh cementitious ma-
terials are assumed as rigid-viscoplastic materials to be incompressible during the ram extrusion process. The material flow rate V
that is not measured directly is calculated by using the predefined ram speed V,, [150].

4.1.3. Pumpability, extrudability, and open time tests

Pumpability is a primary criterion to assess the fresh properties of some cementitious materials, including self-compacting con-
crete, shotcrete, and 3D printable cementitious materials. In 3DCP, the term of pumpability is specifically used to indicate the ease
with which fresh cementitious materials are delivered from the pump to the printhead (nozzle) [1,24,25]. During the pumping
process, problems like the blockage of the hose, extremely high pumping pressure, material bleeding, and particle segregation may be
induced by the improper mix designs and pumping rates that are possibly determined using the pumpability test. However, until now,
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a standard test protocol and setup for evaluating the pumpability of 3D printable cementitious materials are not available. Many re-
searchers proposed trial-based methods by using their material pumping setups. For instance, Chaves Figueiredo et al. [65] examined
the pumpability of different fresh mixtures that showed various shear and bulk yield stresses using a rotor and stator-based pump un-
der the identical pumping rate with or without a hose of 5 m. A similar approach was also occupied by Tay et al. [139].

The pumpability of cementitious materials can be evaluated by the pumping pressure (P) under a specific pumping flow rate (Q)
related to Bingham parameters. Eq (9) is used to describe this relation [53,154].

P=(Sx @)t ©

where R and L are the radius and length of the hose/pipe, respectively. 7, and k stand for the dynamic yield stress and plastic vis-
cosity. Since R is commonly smaller than 1 m, z; and k dominate the pumping pressure for a specific pumping system under a fixed
pumping flow rate. Nevertheless, the quantification of pumpability for printable cementitious materials is still an opened research
field. Techniques, like Sliding Pipe Rheometer [155,156] and other visco-/tribo-meters [157], have shown feasibility to characterize
the pumpability of ordinary concrete [158]. Further investigation about using these techniques for quantifying the pumpability of
printable cementitious materials is urgently needed.

Extrudability is used to describe the ability to continuously print the material through a (round or rectangle opening) nozzle with
an acceptable printing quality (minimum degree of tearing/splitting of extruded filament) [1,25,51,159]. The extrudability test in
this study means the inline measurement of the extrudability of 3D printable cementitious materials by using a 3DCP setup as an ex-
perimental device. Most of the extrudability measurements belong to the qualitative characterization [3]. Visual inspections have
been applied to evaluate the printing quality of deposited filaments, i.e., surface quality and dimensional consistency. Kazemian et al.
[51] stated their evaluation criteria of printing quality: (1) no surface defects, (2) visible layer edge, (3) dimension conformity. The
authors measured the width of the single printed filament at different positions for checking the printing consistency. Similar ap-
proaches were adopted in Refs. [73,75,160]. As mentioned by Refs. [26,45,50], the filament dimension consistency depends on not
only the fresh-state behaviors of materials but also the relation between the linear flow rate of material (V,,,) and nozzle moving speed
(V). If V,, > V,, the ‘buckled’ layer could be observed. In contrast, if V,, < V,, it could result in width reduction or even discontinu-
ity of the extruded filament. Generally, V,, should be equal to V,, during the printing process. Additionally, Nerella et al. [50] intro-
duced an inline and quantitative method for characterizing the extrudability of 3D printable cementitious materials. Under a specific
material flow rate, the required energy (electric power) for extruding the fresh mixture was measured and recorded as the corre-
sponding extrudability index-unit extrusion energy (UEE) [J/cm?]. For achieving a similar printing quality, the material with a
smaller value of UEE is more extrudable.

Due to cement hydration, yield stress increases with time. Pumping and extrusion operation windows should be determined to en-
sure acceptable printing quality and to avoid nozzle blockage [1,24,161]. Open time, also known as the printability window, is de-
fined as the operation window for extrusion of a given volume (batch) of printable cementitious materials. It is to be noted that the
open time is only significant for the printing process with multiple batches of material preparation. The volume of each batch is rela-
tively large, such as 45-60 L, and the required time for completely extruding one batch of material is 30-60 min (material flow rate:
1-1.5 L/min). In this case, only the printable material with a minimum open time of 30 min is allowed. Inline measurement of open
time was proposed by studies [23,26,101]. At a predefined printing speed, a filament with the designed dimension is extruded from
the 3DCP setup at different material ages. The width of the filament is measured at different positions to evaluate the dimensional
consistency of printing. The time gap between the two subsequent filaments is 10 min. During the time gap, a pre-shearing process is
required due to the thixotropic nature of the cementitious material. The test is terminated once the filament disruption occurred, or
the width of filament becomes 10% smaller than the design width. The test time is referred to the open time of the tested material (see
Fig. 6). Moreover, applying offline approaches at different resting times, including slump and slump flow tests [26], shear strength
measurement [25], and ram extrusion test [57], show great potential for indicating the open time of printable cementitious material.
Most of these tests have attempt to characterize the workability loss of fresh cementitious material with time.

4.1.4. Buildability

Buildability is used to indicate the shape retention property of deposited material under the gradually increasing load induced by
the subsequent upper layers [24]. Generally, the buildability is characterized as the maximum layer number that could be built up by
using a fresh mixture [25,101,139]. In many cases, the height of the deposited layers is measured to quantify the material plastic de-
formation to evaluate buildability [23,26,51,88]. It must be noted that the printing parameters, i.e., the geometry and length of print-
ing/nozzle path (shape of the designed object for printing), nozzle variables (shape, dimension, and flow direction), the time intervals
between two subsequent layers (also known as cycle time [1]), nozzle standoff distances and printing speeds, may significantly influ-
ence the buildability assessment.

Extending the time gap between successive layers could improve the buildability of printable cementitious material since the stiff-
ness and rigidity of the deposited layer develop with time, which is related to the flocculation and nucleation between cement parti-
cles at rest [28]. For a non-stop test process, the time interval is primarily dependent on the printing path length and printing speed
[26]. As mentioned by Wolfs et al. [162], two failure modes can be observed during the buildability test: material plastic collapse and
elastic buckling failure. Material failure is induced by the exceeded load on the deposited layer, leading to yielding and flow out. In
contrast, the local or global instability of layered structure can result in the uncontrolled deformation [2,162]. The former one ap-
pears to be mainly dominated by the static yield stress/green strength of printable cementitious material. The resistance of material
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Fig. 6. An example of the open time measurement. The width of the nozzle opening used in this test is 40 mm.

failure can be improved by enhancing and accelerating the yield stress development of deposited materials at rest [31]. From the ma-
terial perspective, a possible solution is to reach setting by accelerating very early-age hydration via physical and/or chemical ap-
proaches (see Refs. [31-33]). However, elastic buckling failure can be attributed to material behavior and process variations. Most lo-
cal instability may occur induced by the changes in boundary and geometry conditions during the printing process [2,27,162,163].
The geometry of the printing path is critical in this context. For instance, printing a straight and long wall may fail relatively easily
compared to a curved wall with the same path length because the curvature of the wall would likely increase the structural stability
[2].

Another critical stability issue concerns the nozzles with a down-flow direction and round opening, where a new layer compresses
the substrate layer upon deposition. Here, the bottom layer needs to sustain a combination of the load from the weight of the new
layer and the force applied by the nozzle [101,164]. Due to the deformation of substrate layers, this load may be decreased by adjust-
ing the nozzle standoff distance that also recovers layer thickness (see Fig. 7 (a)). Once the load reaches the yield stress of the sub-
strate, material collapse is expected. However, buckling failure induced by a high nozzle standoff distance may occur before material

Nozzle:
Down-flow
Round opening

(@)

Nozzle:
Back- and down-flow
Rectangle opening

(b) |

Fig. 7. (a) Illustration of the printing using the down-flow nozzle with a round opening and the cross-section of the printed sample. (b) Illustration of the printing using
the back- and down-flow nozzle with a rectangle opening and the cross-section of the printed sample. The dashed line represents the contact area between layers. Mod-
ified from Ref. [101].
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failure (see Fig. 8 (a)). Misalignment of the printing path and a dropped layer process can reduce the contact area between two subse-
quent layers, increasing the possibility of buckling collapse [4,5]. Employing a back-flow or hybrid back- and down-flow nozzle with
a rectangle opening can increase the contact area between two layers resulting in a more stable printing process [27] (see Fig. 7 (b)).
Nerella et al. [165] used a back-flow nozzle with a rectangle opening to print a straight wall for assessing the resistance of material
failure. A similar approach was performed by Chen et al. [101]. It is noteworthy that the excess material on both sides of each fila-
ment must be appropriately removed (the printer could not be terminated after finishing one filament immediately). Uncontrolled
shapes and positions of the filament boundaries/sides could result in a severely buckling collapse. As introduced by Mechtcherine et
al. [3], an advanced printhead containing a shutter that could automatically stop the printing for finishing the filament is a solution to
improve this buildability test (see Fig. 1 (d)). Furthermore, many other studies [23,88,162,163] used a different method to perform a
straight wall printing test. They employed a down-flow nozzle with a rectangle opening, and the wall was printed in a continuous
printing trial. As shown in Fig. 8 (b), this process may lead to more material deposited on both sides (start and end printing points)
than other regions of each layer. The excess deposited material on both sides potentially influenced the stability of the printed struc-
ture, which may be the reason for the elastic buckling failure initiating from one side in Ref. [162].

In the buildability test, local instability of a printed structure can cause stress concentrations resulting in material failure. In many
cases, it is hard to determine the dominant source of test failure. Process monitoring techniques appear to be very useful for a better
inspection and understanding of the failure during the buildability test [165]. The gradually increased layer deformation can be mea-
sured using optical sensors [148] or analyzing the images recorded during the test process [166].

4.1.5. Green strength

Since it can take up to 3—-4 h to print one building component (about 3 h is required to print a wall with 3 m height at the building
rates of 1.1 m/h from Ref. [167]), the yield stress evolution of the bottom layers is severely critical during this period. Applying direct
load on the fresh cementitious materials is one way to determine the applicable building rate and to assess shape stability for specific
printable materials [31,167]. Perrot et al. [167] simulated the loading induced by the layer-by-layer construction process on the first
deposited layer by using a plate-stacking test. The cylindrical sample with a 60 mm diameter and 30 mm height (aspect ratio: Height/
Width = 0.5) was employed and placed between two parallel plates. The authors applied a 1.5 kN load increment on the top plate
with a time gap ranging from 11 s to 60 s, simulating a building rate of about 1.1-6 m/h. The deformation of the tested sample was
recorded using an LVDT-type displacement transducer. Similar approaches can be found in studies [7,27,51,140,168].

Measuring the uniaxial unconfined compressive strength of fresh cementitious materials at different ages (e.g., within the first
4 h) is an approach to monitor the very early-age strength development of studied mixtures. The obtained compressive strength can
be regarded as the green strength of the tested young age sample [169]. In such a test, cylindrical samples with an aspect ratio of 2 are
commonly used [26,55,57,166,169-172]. This aspect ratio can indicate the failure of printed structure [31] and also allows the for-
mation of a diagonal shear failure plane [166]. Displacement control at a rate of 0.2-0.5 mm/s [26,57,166,170,172] is usually pre-
ferred for performing the green strength test. Up to 20-25% of strain could be reached for each sample eventually. Note that, as men-
tioned by Refs. [26,166], a double-layer of Teflon or other types of sheets should be placed on both sides of the sample to reduce fric-
tion between sample and steel base plates. Optic measurement methods (see Refs. [26,55,57,166,172]) should be employed to record
the horizontal displacement of the sample during the test. According to the test results in most studies [55,57,166,170,172], two typi-
cal strain/stress curves and crack patterns can be observed (see Fig. 9). For the samples with younger ages (within the first 1 h, how-

(a)

(b)

Fig. 8. (a) Printing failure induced by the increase of nozzle standoff distance, adapted from Ref. [101]; (b) The excess material deposited on both sides of each fila-
ment, adapted from Ref. [162].
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Fig. 9. (a) Typical failures observed in green strength tests at different material ages; (b) Typical stress-strain relations in green strength tests. Modified from Ref. [57].
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

ever, it largely depends on the mixture), the stress near-linearly increases with the increase of strain until to reach a plateau. The
cross-section of the sample expands during the increase of deformation. Finally, instead of forming a distinct crack pattern, the young
age sample fails with a barreling effect. In contrast, for the samples with older ages (after 1 or 2 h), a strain-softening behavior is ob-
served after the stress reached the peak value. Meanwhile, more distinct cracks are formed during testing of older age samples. Addi-
tionally, the obtained experimental results could be used as one of the inputs for optimizing the printing process via numerical studies
(see Refs. [162,166]). The shear strength of fresh cementitious materials at different ages can be conducted by using direct shear
tests. More details about direct shear tests can refer to studies [166,173].

4.1.6. Penetration resistance

The penetration test is a continuous mechanical measurement to indicate the structuration of fresh cementitious materials at rest
[174]. The penetration setup is very commonly used in the field of civil engineering, e.g., Hilti nail gun, Vicat, and Gillmore needles
[175], penetration plunger [176], and penetrometer [177]. In the cases of Vicat needle and cone plunger tests, the penetration force
is kept identical (induced by the weight of the needle or plunger), and the penetration depth is used to indicate the stiffness of fresh
cementitious materials [175,176]. The use of a Vicat needle to investigate the setting behavior of 3D printable cementitious materials
could be found in Refs. [57,72,178-182]. During the Vicat test, two forces induced by the tested materials, i.e., compressive and shear
resistances, are exerted on the needle. A balance between the Vicat needle's gravity and such resistances could be reached during the
initial and final set of cementitious material [183]. If assuming a plastic failure criterion for the compressive resistance in this context,
the compressive strength is of the order of twice the shear strength [183,184]. The force equilibrium equation can be expressed as:

mg

_ 10
2nrh + 2nr? 10)

Tp

where 7, is the shear strength, and h is the penetration depth. m and r denote the mass and radius of the Vicat needle. However,
due to the standard dimension of cone mold and penetration needle, the Vicat apparatus can only measure or indicate a limited range
of static yield stress, especially between the initial and final setting times of the studied mixture. This could not satisfy the demands
for monitoring the yield stress evolution of printable cementitious material at a very early age (for example, after depositing the first
several layers).

Penetrometer uses a different technique in comparison with Vicat. The penetration tip is driven at a constant speed to penetrate
the sample, and the required force is measured and recorded at different material ages until the final set [177]. Customized penetrom-
eters were developed and employed by researchers [175,185,186]. The penetration resistance measurement based on a penetrometer
could be used to determine the stiffness development of fresh printable cementitious materials directly, see Refs. [23,51,187]. Com-
pared to the Vicat test, the penetration test performed by using a penetrometer could measure a broader range of yield stresses from
1 kPa to 200 kPa, which is of interest for indicating the structuration of the deposited material in digital fabrication of concrete
[174]. Lootens et al. [177] employed many penetration tips with different geometries (conical and hemispherical) and dimensions
(see Fig. 10) in the penetration test under a slow speed (1 pm/s). The relations between the yield stress of the cement paste and pene-
tration force in different conditions were determined in their work (see Table 2). The penetration forces scale with the yield stress,
which is related to the contact surface between the penetration tip and tested materials. It should be noted that the yield stress in their
study was obtained from ultrasonic measurements. Different contact surfaces could be attributed to the different shapes and sizes of
penetration tips. The correlation between penetration forces and yield stress in Ref. [177] was validated and strengthened by Ref.
[173]. The authors studied the very early-age strength development of self-compacting mortar that was employed in slip-forming by
employing a set of mechanical experiments, including compression (green strength measurement), tensile, shear, and bending tests.
Similar validation can be found in Refs. [32,174]. Based on these studies [32,173,174,177], using penetration measurement could in-
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Fig. 10. Schematic illustration of different penetrometer tips, modified from Ref. [177].

Table 2

A summary of relations between penetration force (obtained by penetrometer measurement) and yield stress (from Lootens et al. [177]).

Penetrometer type Parameter Relation with yield stress or compressive strength (or green strength)
Conical tip Radius R, Cone height h;, and connected cylinder height h = F
=
7R\/R? + h? + 2z Rh
Hemispherical tipl ~ Radius R, and connected cylinder height h = F
3R + 27Rh
Hemispherical tip2  Radius R
)=
37R?

*F stands for the measured penetration force.

dicate the yield stress evolution of fresh paste and mortar, which showed good agreement with the results obtained by compression,
vane rheometry, ultrasound, and other tests (see Fig. 11 (b)).

In comparison with slow penetration measurement in Ref. [177], the fast penetration test (see Fig. 11 (a)) has also been applied by
many studies [173,174,188] (penetrating rate: 1 mm/s). As shown in Fig. 11 (b), similar results can be obtained at either fast or slow
rates [174]. However, in the fast penetration test, multiple samples are required for determining the yield stress at different rest
times. Compared to the fast one, the slow penetration test can provide a continuous measurement of yield stress for the tested materi-
als using a single sample. This advantage becomes quite significant if an extended period test is of interest [32,174]. Nevertheless, the
limitations of the penetration test should be noted. Reiter et al. [32] stated that the yield stress in mortar and concrete is dominated
by friction between aggregates, which is also variable with time induced by water consumption of cement hydration process. The in-
ternal friction angle cannot be determined via penetration measurements directly. The slow penetration test currently has only been
applied to examine the yield stress of mortar that contains a small volume fraction of sand.
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Fig. 11. (a) Fast penetration test at different times (using conical tip); (b) The evolution of penetration force and yield stress obtained by using different approaches.
Both (a) and (b) adapted from [174].
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4.1.7. Rheometry

The coaxial rheometer has been successfully used to characterize the rheological behaviors of 3D printable cementitious materials
in many earlier studies [42,44,47,48,52,53,84,189]. The vane-in-cup geometry is very suitable and commonly used to study the rhe-
ology of concentrated suspensions [190,191]. Some 3D printable cementitious materials containing fine aggregate (maximum size:
1 mm) can be tested by using this geometry [1]. The employment of rheometry with different specific test protocols could character-
ize the minimum shear stress, critical strain for flow, suitable printing rate (material flow rate) for extrusion, and the structural build-
up of cementitious materials after deposition [189,192].

(1) Flow onset

Due to the thixotropy, the rheological behavior of fresh cementitious materials largely depends on their flow history. Therefore,
care should be taken before starting the measurement of the shear stress peak and critical strain for ensuring the test reproducibility.
It is essential to perform a pre-shearing process to keep the same destructed status [192,193]. A specific protocol of the constant shear
rate (CSR) test proposed by Roussel et al. [194] was recommended and summarized. First, during the pre-shearing session, the sample
is sheared at a relatively high shear rate (e.g., 150 s™!) for about 200 s. Second, the sample is kept at rest of 5 min and afterwards
tested under a constant and low shear rate (e.g., 0.005 s~1). Consequently, a typical shear stress VS. shear rate curve can be obtained
in Fig. 12 (a). It could be found that the shear stress showed a linear increase before it reached the yield stress. This demonstrates the
elastic behavior of tested material in its solid regime. The material starts to flow after the shear stress and strain exceeds the static
yield stress and critical strain. The peak stress is related to the breakage of attractive colloidal interactions between particles. Besides,
as shown in Fig. 12 (b), another peak stress can be identified before the critical strain because of the breakage of hydrates formed be-
tween particle grains [192].

(2) Hysteresis loop test

Fresh concrete can be described as a Bingham fluid within a specific range of shear rates. For a typical Bingham material, the shear
stress, above the threshold value for flow called yield stress, is increased linearly with the increase of shear rate [195]. The Bingham
model is expressed as Eq (11).

T =74+ HpY (1)

where 7 and y are the shear stress and shear rate. 74 and p, denote the yield stress and plastic viscosity of the tested material. In
many studies [7,47,53,54,135,140,196,1971, 3D printable cementitious materials were assumed to show the Bingham fluid behaviors
within a range of shear rate. A hysteresis loop test protocol can be employed by using the rheometer in this context. As shown in Fig.
13 (a), the shear rate was increased from 0 s~! to the maximum value (e.g., 60 s~1, 100 s~1, or 200 s~1) within a short time. The shear
rate was directly decreased to 0 s~! at the same time as it increased (see Refs. [53,54,135,196,197]), or it was kept at the maximum
value for about several minutes and then decreased to 0 s~! (see Refs. [7,47,140,189]). The relation between the measured torque/
shear stress and shear rate showed a thixotropic loop containing the up and down curves (see Fig. 13 (b)). The larger the enclosed
area between the up and down curves, the higher the thixotropy of the tested material [196]. The down curve could be used to fit
Bingham model (Eq (8)) for obtaining the flow parameters, including dynamic yield stress and apparent viscosity [47,53,196]. These
material parameters can be used to compare different mixtures and achieve the optimal mix design of 3D printing. According to Refs.
[26,158], the fresh mixtures should exhibit moderate dynamic yield stress and relatively low apparent viscosity for displaying favor-
able pumpability and extrudability. Additionally, based on the test results of hysteresis loop measurement, Herschel-Bulkley model
was found to be more suitable for characterizing the dynamic rheological behaviors of some 3D printable cementitious materials, and
more details could refer to Ref. [135].

Nonetheless, it must be noted that the wall slip phenomena cannot be avoided in rheometry, no matter what the applied rotor
geometry is used [1,191], mainly when we test the printable mixture with high stiffness and less fluidity. Once the material contains
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Fig. 12. CSR test of cement paste (W/C = 0.4)-the relationship between shear strain and shear stress. (a) Shear strain from 0% to 15%; (b) Shear strain from 0% to
0.4%. Adapted from [194].
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Fig. 13. (a) A hysteresis loop test protocol; (b) A typical result of the hysteresis loop test. Adapted from Ref. [53].

aggregate, even fine sand (less than 1 mm of diameter), particle migration can occur during the measurement, leading to the mea-
sured viscosity lower than the expected one [1]. Besides, for the same material (at the same material age), the results of Bingham fluid
parameters obtained by using different rheometers and/or test protocols seem to be less comparable, probably due to the variables in
flow history.

(3) Structural build-up

For quantifying the structuration rate of fresh cementitious materials at rest, two methods are commonly employed, including the
CSR test and small amplitude oscillatory shear (SAOS) test [198]. Both methods have been applied in the context of 3D printable ce-
mentitious materials. In this case, the CSR test can be performed at different material ages for determining the evolution of material
static yield stress. The obtained static yield stresses at different ages could be furtherly used to predict the structuration rate of the
studied material [167,198-201]. Due to the low yield stress of self-compacting concrete, a very low shear rate, such as in the range of
0.001-0.01 s~! [194,201-203], is feasible to reach flow onset within a short test duration (e.g., 100-200 s) [189]. In contrast, the
printable cementitious materials show relatively high stiffness. Also, this test is conducted at different material ages. With time pass-
ing, the rigidity and stiffness of studied fresh cementitious material are increased. According to Yuan et al. [203], a relatively long test
duration is required for achieving flow onset by using the slow shear rate (0.001-0.01 s~!), which may not be suitable in this situa-
tion. Nerella et al. [189] introduced a strain-based test method for quantifying structural build-up of printable cementitious materi-
als. They employed different shear rates from 0.08 s~! to 0.24 s! at different resting times. A similar approach was used in Refs.
[132,134]. Their results confirmed that the structuration of less/non-flowable cementitious materials could be characterized via this
strain-based approach.

The measured static yield stresses at the different material ages could be analyzed by using either the linear model (Eq (12)) pro-
posed by Roussel [82] or the exponential model (Eq (13)) from Perrot et al. [167].

(1) = 10,0 + Asnixt 12)

where 7o and A, mean the initial static yield stress and structuration rate constant that is the increased rate of static yield stress
over time. The exponential model is the extension of the linear one since the structural build-up of cement paste showed an exponen-
tial increase after a critical time point (t.), as reported by Perrot et al. [167].

T(trest) = 700 + Aumix (€7 = 1) 1, (13)

The value of t, is used to adjust the curve to achieve the best fit with test results. When ¢, tends to 0, Perrot et al. model asymptoti-
cally tends to Roussel model. According to Refs. [2,167], the value of t, is related to the setting of the studied material.

SAOS test is a proper way to investigate the viscoelastic properties of fresh cementitious materials for studying the structuration
behavior [189,192,204]. Both static yield stress (CSR test) and elasticity (SAOS test) are essential for evaluating the structural build-
up of printable cementitious materials since both colloidal and hydration effects strongly influence the control of the printing process,
e.g., shape retention for each layer, building rate, and stability of printed structure [192]. The SAOS test procedures can be described
as: applied a continuous sinusoidal excitation with a controlled shear strain (deformation) on a single sample and recorded the stress
response [189,192,198,204]. The complex modulus (G*) can be given as Eq (14).

G =G 4G a4

G is the storage modulus that belongs to the in-phase and elastic component of the response. In contrast, G' means the loss mod-
ulus, and is the out-of-phase and viscous component of the response [192]. The SAOS test can be regarded as a nondestructive ap-
proach, when a very low excitation is applied, which could ensure the tested material remains in the elastic regime [204]. For ce-
mentitious pastes, the applied strain is 10~4 to 10~> (with or without superplasticizer), which is also the critical strain range of such
materials [198,204]. The evolution of G with time showed a similar pattern with static yield stress obtained using a CSR test
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[189,203]. As mentioned earlier, the critical strain of cementitious materials in the SAOS test is related to the breakage of C-S-H
bridges between cement particles [189,192,194]. A few examples employed the SAOS test for quantifying the viscoelastic properties
of 3D printable cementitious materials. Tay et al. [44] measured storage modulus G development of studied material over time.
They found that the storage modulus at the bottom layer strongly influenced not only the layer stability but also the interlayer bond
strength. Moeini et al. [205] studied the effects of superplasticizer and nano-clay on the critical shear strain and storage modulus of
their pastes at different resting times. However, as mentioned by Refs. [2,198], the SAOS test is only valid for pastes and fine mor-
tars. Sensitive and expensive devices are required.

On the other hand, a large amplitude oscillatory shear (LAOS) test is a promising method to characterize the thixotropy of cemen-
titious materials [1,192,206]. As stated by Conte and Chaouche [206], the yield stress and flow curves measured by using the SAOS
test cannot be defined rigorously in cementitious materials, since the test duration and flow history dominate such properties. The
steady-state cannot be reached under a stress or strain rate in the SAOS test of cement pastes. Theoretically, the flow curve cannot be
obtained in this case. Compared to the SAOS test, the LAOS test showed many advantages for dealing with non-linear properties, such
as thixotropy, shear-thinning, or -thickening. Generally, the rheometer equipped with a cross-hatched parallel plate geometry was
employed for performing the LAOS test [1,131,206]. An example of using the LAOS test to study the flow behaviors and predict the
open time of 3D printable cementitious materials was reported by Ref. [1]. Further study is still required to provide more data and de-
tails of such tests.

4.2. Interlayer behaviors and test methods

Compared to mold-cast cementitious materials, interlayer behaviors may be the most critical research direction for 3D printed ce-
mentitious materials. Thus, hardened properties and test methods related to the interlayer behaviors of 3D printed cementitious ma-
terials were discussed in detail.

4.2.1. Interlayer bonding

Due to the layer-by-layer printing process in 3DCP, the interlayer bonding, also known as interface, and layer adhesion, is a poten-
tial and unavoidable weak point in the 3D printed structure [167,207,208]. The weak interlayer bonding that is also referred to ‘cold-
joint’ could result in anisotropy and affect both mechanical performance and durability of the printed element/structure [207,209].
As mentioned earlier, the high thixotropy/structural build-up of printable material is desired. However, a weak interface may be
formed because of the high thixotropy [28,101,210-212]. Except for the thixotropy, many printing parameters may also influence
the interlayer bond strength.

4.2.1.1. Printing parameters. According to Refs. [4,5,44,213], different printing parameters might affect the interlayer bonding of
the printed cementitious material. In this study, the following parameters that have been reported in earlier works were selected and
discussed.

(1) Time intervals

The time interval between two subsequent layers may be one of the most critical printing parameters influencing both buildability
and interlayer bond strength. By extending the time gap between layers, the shape stability of deposited layers could be enhanced
[26,167], whereas the interlayer bond strength may be significantly reduced [4,5,44,213]. In literature, the time interval ranges from
several seconds/minutes to more than 24 h. For the short time intervals (within 1 h), the structural build-up behavior of deposited
materials has a severe impact on the layer adhesion. Tay et al. [44] reported a good correlation between the interlayer bond strength
and the storage modulus evolution of material over a series of short time intervals (1-20 min). Wangler et al. [161] pointed out that
the maximum operation time (time gap) tj, ,,q, for avoiding the cold-joint is primarily dependent on the structuration rate A, and
plastic viscosity u, of printable cementitious materials (see Eq (15)), for the fixed printing parameters, such as speed, nozzle standoff
distance and others.

(s | ( 2V \?
12 + h

(15)

Ih,max = A .,
thix

where p, g and h denote the density of the material, gravity constant, and layer thickness. V is the printing rate in the horizontal di-
rection.

For some printable cementitious materials, increasing the time interval between layers could increase the chance of air void for-
mation at the interface region [5,44,56], which can be regarded as the main reason for reduction of the interlayer bond strength. The
formation of the air void seems to be mostly dependent on the stiffness of the bottom layer. For a relatively long-time gap (tens of
minutes but within an hour), the deformation of the substrate after depositing the top layer is reduced due to the evolution of material
stiffness that may be attributed to the material drying process and nucleation between cement particles. Consequently, fewer effi-
ciently interacted bond areas between layers are formed, and many unfilled areas are left, resulting in wide macropores/air voids at
the interface [5], as illustrated in Fig. 14. However, after long-time intervals, such as a few hours, or even tens of hours, the printing
environment may dominate the interlayer bond strength instead of the thixotropy of material since the deposited material may be set
already.

(2) Printing environment and curing condition
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Fig. 14. Illustration of air void formation induced by extending the time gap between layers, adapted from Ref. [5].

In practice, it may require several printing sessions to finish a large-scale building element. The time gap between two sessions can
range from several hours to one day that is regarded as the long-time interval. The impacts of the printing environment on interlayer
bonding may become significant [5]. Many studies [4,213,214] attempted to investigate the effect of long time-intervals on the bond
strength of printed samples. For example, Panda et al. [213] measured the bond strength of printed samples with up to 6 h of time
gap. Wolfs et al. [4] extended the maximum time interval to 24 h. If keeping the time gap identical, the curing conditions of the first/
deposited layer(s), including the ambient temperature, and humidity, may dominate the interlayer bonding of printed samples. Both
the ambient temperature and humidity could influence the drying rate of deposited materials. As reported by Refs. [28,210], expos-
ing the substrate under the drying environment can induce a severe reduction of bond strength. Keita et al. [210] pointed out that the
superficial, extremely localized drying is attributed to the origin of this decrease in interlayer bond strength. In contrast, protecting
the layer from drying during the time interval, such as increasing the moisture of the deposited layer, is a proper way to improve the
layer adhesion. A good correlation between the moisture content and interlayer bond strength was observed by Refs. [182,215].

(3) Nozzle standoff distances

The deformation of deposited layers is unavoidable, and it is hard to keep the default setting of nozzle standoff distance continu-
ously during the printing process. The nozzle standoff distance is increased with the growth of substrate deformation. The increase of
nozzle standoff distance increases the possibility of inaccurate layer deposition, changing the contact areas and pressures between
layers. Therefore, the interlayer bonding may be influenced [5]. The effects of different nozzle standoff distances on the interlayer
bonding have been studied by Refs. [4,5,213]. By increasing the nozzle standoff distance, a severe reduction in more than 30% of
bond strength was reported by Panda et al. [213]. In contrast, Wolfs et al. [4] and Chen et al. [5] found less significant effects of this
parameter on the average interlayer bond strength. Only the standard deviations of results were increased by increasing the nozzle
height from the default value in their studies. The various effects between different studies may be attributed to the variables of mate-
rials and printing setup, especially the nozzle types.

(4) Nozzle types

The nozzle variables include the flow direction (e.g., the down-flow, back-flow, or hybrid of back- and down-flow), the size and
geometry of the nozzle opening (e.g., round or rectangle). The down-flow nozzle (for both round and rectangle openings) may en-
hance the interlayer bond strength of the printed sample, mostly when the nozzle standoff distance is smaller than the width or diam-
eter of the nozzle opening. This is due to the fact that the nozzle may add extra force on the deposited substrate. The pressing layer
process may provide good compaction and increase the contacted areas between two layers. This pressing force should be diminished
with the increase of nozzle standoff distance induced by the layer deformation. Once the nozzle standoff distance is equal to the width
or diameter of the nozzle opening, the effect of the down-flow nozzle on interlayer bond strength is minimized, which is the same as
the back-flow nozzle. In this situation, the substrate only sustains the gravity-induced dead weight of the top layer. The hybrid of
back- and down-flow nozzle (generally with a rectangle opening) may be a better choice to compare with totally down-flow or back-
flow nozzles [27]. The material flow angle in the hybrid-flow nozzle can be adjusted/designed by the researchers for providing suit-
able pressing force, which is less than that of the down-flow nozzle but is still sufficient for increasing the contact areas between lay-
ers. However, to date, the optimal nozzle for 3DCP is still an opened research question. It requires a series of tests to validate how
these variables influence bond strength and printability quantitively.
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4.2.1.2. Measurement of interlayer bond strength. Experimental approaches, i.e., uniaxial tensile, splitting, and flexural tests, are gen-
erally conducted by researchers to quantify the interlayer bond strength of the printed sample. As a direct way to obtain the bond
strength, uniaxial tensile test was utilized by many studies [5,44,99,182,213-216]. For tensile splitting and flexural tests, the readers
could refer to Refs. [4,207,212,214,217]. However, due to a lack of standard, variable test parameters, including sample sizes,
boundary conditions, loading rates, and setups, were adopted in different papers and yielded many difficulties in comparing the re-
sults. The same issues can also be observed in tensile splitting and flexural tests. In most cases, the test results obtained from different
studies are incomparable. For example, two types of boundary conditions for the uniaxial tensile test were implemented in literature:
rotating and non-rotating loading platens (see Fig. 15). Wolfs [27] performed uniaxial tensile tests of printed samples under both
boundary conditions for comparing the differences. In his results, both pre- and post-peak can be achieved by using the non-rotating
loading platen, whereas only the pre-peak was rational and can represent the tensile behavior of specimen by using the rotating load-
ing platen. Besides, the measured tensile strength (peak load/cross-section of the sample) via uniaxial tensile test with rotating load-
ing platen was slightly lower than the obtained value in non-rotating condition. Due to the rotating supports, uneven deformation oc-
curred during the whole test, which was less evident in the case of non-rotating platen. This uneven deformation appeared to be en-
hanced by increasing the degree of rotation. Compressions showed negative values in the load/displacement curve were expected at
a very early test point and became pronounced since the cracking initiates. Consequently, the rotating condition may induce a bend-
ing moment, which led to the extra stress concentration at the beginning of the test [27]. Even using the non-rotating loading platen
can show the required material behaviors regarding fracture mechanics, the current set-up of uniaxial tensile test in Refs. [5,27] is
still not the ideal one. Limited by the small sample size, the deformation was measured in between the two steel plates (see Fig. 15)
instead on the sample locally. Increasing the sample size by increasing layer thickness or casting excess materials on both sides
[148,218] may properly address this issue.

4.2.1.3. Methods for enhancing the interlayer bonding. Other than applying the suitable printing parameters during the printing
process, two main techniques were employed in the literature for improving interlayer bond strength between layers of the
printed cementitious materials.

(1) Increasing the contact area between layers

A lack of effective contact areas between layers is a critical issue resulting in the high void content at the interface. For increasing
the effective contact areas, Zareiyan and Khoshnevis [212] made interlocking between two subsequent layers, which indicated
clearly enhancement of interlayer bond strength. Similarly, Van der Putten et al. [215] used a comb to increase the surface roughness
of the deposited layer and create the interlayer interlocking manually. Positive results were also determined in their case. Recently,
Van Overmeir [218] equipped a comb/brush on the nozzle to automatically generate the interlayer interlocking. As recommended by
the author, adding the comb/brush shape should be considered for the future nozzle design.

(2) Increasing the adhesion between layers

Applying a thin layer of cementitious ‘glue’ paste between two subsequent layers is also an effective way to improve the interlayer
bond strength. This method is particularly suitable for material exhibiting high stiffness and weak intermixing after deposition. A
twin-nozzle printhead that can fully employ this concept (one nozzle for general material layer and another for cementitious ‘glue’
paste) was proposed by Marchment et al. [216]. The authors also found that the high and sustained flowable OPC paste could signifi-
cantly enhance the bond strength. This is attributed to the presence of a greater malleable surface area for creating an effective con-
tact area achieved by the mixture with a higher flowability. A similar approach was applied by Ma et al. [219], whereas the ‘glue’ ma-
terial in their case was a blend of OPC and high-belite CSA cement-based mortar. In their additive mortar, cellulose fiber was added as
an internal curing agent, and fine limestone filler was used for adjusting the workability and hydration.

LVDT LVDT LVDT LVDT

Rotating loading plates Non-rotating loading plates

Fig. 15. Uniaxial tensile test setup with rotating loading plates (Left) and non-rotating loading plates (Right).
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4.2.2. Characterization of void/unfilled area

During the 3DCP process, many voids may be entrapped between filaments. This phenomenon was observed by Le et al. [214] for
the first time. They found that a void in the range of 0.2-4 mm diameter may be formed between four consecutive filaments by using
a nozzle with a round opening. Buswell et al. [1] pointed out that the formation of the void depends mainly on the rheology of print-
able cementitious materials, predefined printing path, and the geometry of nozzle opening. Recently, the macropores/voids that ap-
peared at the interface of two layers were highlighted by studies [26,44,56,101,207]. The presence of these voids seems to be the
main reason resulting in the weak interlayer bond strength and anisotropy of printed cementitious materials, as mentioned in Section
4.2.1.1. Additionally, the entrapped air voids in the layer area induced by the pumping and extrusion process were also characterized
by works [220,221]. The content, size, and distribution of these air voids can influence the mechanical performance and the durabil-
ity of the printed cementitious materials, such as freeze-thaw and scaling [222]. Thus, it is essential to characterize the void system of
3D printed cementitious materials.

Generally, three main approaches have been used to investigate the voids/macropores structure of the printed sample.

First, the air voids at the interface of two subsequent layers can be directly observed under scanning electron microscope (SEM),
according to Refs. [207,210]. This method is a qualitative way to characterize voids. To quantify the air-void content, SEM may not
be an ideal tool due to its limited observation field.

Second, for mold-cast cementitious materials, the stereological examination of polished samples or thin sections using a flatbed
scanner or optical microscope was employed to rapidly quantify air voids via approaches, including point-count and linear-traverse
methods based on ASTM C457-98 [223] or NEN-EN 480-11 [224]. For exploring the impacts of pumping and extrusion processes on
the air void structure of 3D printed mortar, Das et al. [221] prepared their samples and performed the image analysis in accordance
with ASTM C457-98 [223]. However, in their case, the polished sections were sourced from the mold-cast cylindrical samples, and
therefore, the interface properties cannot be studied. Chen et al. [220] extracted thin sections with relatively small sample fields (four
layers, 35 x 14.5 mm?) from 3D printed samples (see Fig. 16). The air voids in both layer and interface regions were characterized in
their study. The authors found that most of air voids (100-6000 pm) were recognized as irregular and elongated morphology induced
by the extrusion and layer-wise 3DCP process. Due to the 2D effects, the characterization of air-void content, size, and shape using
polished/thin sections (optical microscopy/image scanning) may be inadequate to reflect the ‘real’ air-void structure of printed ce-
mentitious materials.

Third, for assessing 3D heterogeneity of air void structure, X-ray computed tomography (CT) can be implemented. Using CT scan-
ning and image analysis techniques for characterizing air void systems of mold-cast cementitious materials have been conducted by
many earlier studies [225-229]. Recently, researchers [5,26,101,209,220,230] also employed these approaches to quantify the air
void content of 3D printed cementitious materials for investigating the effects of different printing parameters or materials on inter-
layer properties. In 3D configuration, an elongated morphology of the air void volume can be observed, as shown in Fig. 17. However,
the accuracy of image analysis is primarily dependent on the resolution of acquired images. The maximum resolution of obtained
grey-scale value images via CT scanning, which is limited by the sample dimension, may be lower than that of the polished/thin sec-
tion for acquiring the same region of interest (ROI). Thus, in this context, the very small air voids that can be characterized by optical
microscopy/image scanning may not be captured by using CT scanning. Besides, as CT scanning is not a method that can be found/
used easily, the stereological examination is still the most generic way in the industry.

5. Summary and perspectives
Based on the information discussed in this study, the conclusions and perspectives could be made as follows.

(1) Printing strategy:

ROI of thin section
(scanned)

Air void Thin section-longitudinal plane

Interface|

—  35mm Interface

Height (mm)

Interface

3D printed sample

14.5 mm

(nozzle with a rectangle opening) Local porosity (%)

Fig. 16. Air void characterization by using optical image scanning (thin section) and image analysis, adapted from Ref. [220].
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Fig. 17. 3D visualization of the air voids in the 3D printed sample obtained by using CT scanning, adapted from Ref. [220].

@ Extrusion of very high/sufficiently stiff materials is still the most common printing strategy in the field of 3DCP. However,
the pumping distance for extrusion of stiff materials is limited due to the high pumping pressure induced by the high yield
stress and plastic viscosity.

@ Compared to the very high/sufficiently stiff material, the material for set-on-demand printing exhibits exceptionally high
fluidity during mixing, pumping, and extrusion processes, which may be more suitable for large-scale construction projects.
However, the study of set-on-demand printing is still limited and requires further investigations.

(2) Sustainable cementitious materials:

@ Physical and chemical characteristics of SCMs were generally believed as the main reason for influencing the rheology of
fresh mixtures.

® Compared with fly ash, slag, and silica fume, calcined clay and limestone appear to be suitable alternatives to common
SCMs for developing sustainable cementitious materials in the longer term. Feasibility of using high volumes of limestone
and calcined clay as cement substitutions in 3DCP needs further research. The variables of calcined clay, including the MK
content, secondary phase, fineness, SSA, morphology, and the presence of uncalcined kaolinitic clay or swelling clays,
could strongly influence the fresh and hardened properties of the blended cementitious materials.

(3) Characterization methods

@ For characterizing the fresh properties of printable cementitious materials during the pumping, and extrusion processes,
offline methods, like flowability, ram extrusion, and rheometry (CSR/hysteresis loop) tests can be employed. The inline
measurements, including pumpability, extrudability, and open time tests, are also necessary to be applied for validating the
printability of developed mixtures.

@ After material deposition, the quantification of buildability and structural build-up becomes critical. Development of
yield stress/stiffness with time can be quantitively determined using the green strength test, penetration test, and
rheometry (static yield stress measurement with time, SAOS, and LAOS tests). The inline buildability test incorporating
experiment monitoring systems can be implemented to evaluate the developed mixtures directly.

@ Next to the effect of material compositions, printing parameters, i.e., time intervals, nozzle standoff distances, printing
environmental conditions, and nozzle types, can also affect the interlayer bond strength of printed cementitious materials.
Additionally, the current strategies for enhancing interlayer bonding can be summarized as increasing the contact area (for
instance by interlocking), and the adhesion between layers.

@ Since standards, norms, and guidelines for 3D printable cementitious materials do currently not exist, standard tests
specifically for quantifying the fresh properties and interlayer behaviors of such materials are desired.

@ The presence of air voids appears to be an important reason for weak interlayer bond strength and anisotropy of printed
cementitious materials. The air voids in 3D printed samples can be quantitively characterized using optical image scanning
and X-ray computed tomography.
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