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12 Abstract: As one of the ways contributing to the progress of the industrialization of the
13 construction industry, 3D printed concrete (3DPC) has attracted more and more attention in recent
14  years. The utilization of 3DPC can accelerate the construction speed, save the labor and raw
15  materials, as well as improve the design freedom of construction without formworks. However, one
16  of the most significant challenges for the application of 3DPC is the ink materials. These is a big
17  difference of the mixtures and performance between 3DPC and normal concrete. In order to provide
18  anintensive reference for future studies to satisfy the performance requirements of 3DPC structures,
19  this study firstly reviews the performance requirements of 3DPC, including the printability, fresh
20  and hardened mechanical properties, and durability. Based on this, the specialized test methods for
21  3DPC are reviewed for the effective quality evaluation of 3DPC. The last part presents a review of
22 mix design from the point of view of different materials and mix design approaches. The results
23 show that 3DPC needs to meet the printability that it has higher requirements for rheology,
24 hydration, and green strength than normal concrete. The interlayer bond is the key to study the
25  anisotropic strength and durability degradation. More accurate test methods and testing standard
26  should be developed. Besides, coarse aggregate and recycled materials need to be considered in the
27  mix design of 3DPC.
28  Keywords: 3D printed concrete; printability; rheology; green strength; testing measurements; mix
29  design

This is a peer-reviewed, accepted author manuscript of the following article: Hou, S., Duan, Z., Xiao, J., & Ye, J. (2021). A review of 3D printed concrete:
performance requirements, testing measurements and mix design. Construction and Building Materials, 273, [121745]. https://doi.org/10.1016/
j.conbuildmat.2020.121745



30

31
32
33
34
35
36
37
38
39
40
41
42
43
44

45
46

47
48
49
50
51
52
53
54
55
56
57
58

59
60
61

A review of 3D printed concrete: performance requirements, testing measurements and mix design

1 Introduction

As the progress of the industrialization of infrastructures, intelligent building technology has been
increasingly applied in the built environment in recent years. Three-dimensional (3D) printing
technology, as one form of intelligent buildings, is attracting more and more attention. According
to an analysis of the publication output of 3D printing technology in the construction industry from
1997 to 2016, a quick increase trend was observed between 2013 and 2016 as shown in Fig. 1. The
number of publications had almost doubled compared with that in 1997-2012, indicating that 3D
printing technology is a research hotspot in the field of construction in the last few years [1].
Compared with the traditional construction methods, the application of 3D printing technology in
the manufacturing of concrete structures has a high mechanization degree with fast construction
speed and low labor consumption, which can lead to a lower cost. Besides, there are no formworks
used with 3D printing technology in construction, resulting in a high degree of design liberalization
and low resource consumption [2-7]. These advantages of 3D printing technology can resolve a
series of problems facing traditional construction, including the low level of industrialization,
severe environmental pollution, and the lacking of labor and excessive use of raw materials, etc.

70

60 N,
A
A o
450 ¥
= A
o A
= A
g0 A
E A *‘J"
530 B
s s
)
20 JV R 4
e
o o
i n ot
.
pob F2
. A ¢ de

(=]

1997 »
1998
1999
2000
2001
2002
2003
2004

8 8 5 8 8
& R 8 8 %

~

2010
2011
2012
2013
2014
2015
2016
2017

Timeline
4 Journal Articles ¢ Conference Proceedings

Fig.1 Trend of publication output from1997-2016 [1]

As the development of 3D printing technology, some buildings have already been printed in the
world. In 2015, a 3D printed five-story apartment in China was constructed by WinSun company
with the contour crafting technology [8]. The next year, Acciona Company using the D-shape
technology to print a pedestrian bridge [9]. In 2019, a 3D printed bridge with a length of 26.3m was
built by using the concrete printing technology in Shanghai [10]. Contour crafting and concrete
printing [11,12] are the main construction mode for extrusion-based 3D printing technologies in
construction industry currently. The materials for contour crafting and concrete printing are
cementitious materials or geopolymer. Generally, mortar or paste with small aggregate particles is
used in contour crafting. But concrete printing can apply concrete with coarse aggregate, which has
potential to be applied in the large-scale structural prototypes. Thus, concrete printing is more
suitable for the on-site construction, leading to more and more studies concentrating on concrete
printing in recent years.

In order to fully understand the current development of 3D printing technology in construction
industry, several reviews have been carried out [13-17]. The printing systems, materials, structural
behavior, application, as well as cost and environment analysis of 3D printing technology in
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construction industry were reviewed in these literatures. It can be concluded that the preparation of
the main materials used for 3D printing technology, namely 3D printed concrete (3DPC), has
become a significant challenge due to its great influence on the mechanical performance and
printing process of printed structures. The special printability and anisotropic mechanical properties
also put forward different requirements for the rheology, green strength, and interlayer bond of
3DPC compared with those of the normal concrete.

As a result, this study focuses on the review of concrete materials of 3DPC. Firstly, this study
reviews the special performance requirements for 3DPC, including the printability (Section 2.1),
fresh mechanical properties (Section 2.2), hardened mechanical properties (Section 2.2), and
durability (Section 2.3). It helps the potential readers distinguish the requirements of 3DPC from
that of normal concrete. Then a comparative analysis of some test methods on 3DPC is conducted
to select some indexes that can effectively quantify its special requirements (Section 3), which is
essentially necessary. Finally, the mix design of 3DPC is reviewed from the aspect of different
materials and mix design approaches (Section 4). This study aims to provide a reference for future
studies on 3DPC to develop new testing methods with effective evaluation indexes and optimize
the mix proportions for better fresh and hardened properties.

2 Performance requirements of 3DPC

The preparation process of 3DPC generally includes mixing, delivery or pumping, extrusion,
disposition and forming, and hardening. In this review study, the framework from extrusion to
hardening are emphasized, as shown in Fig. 2. Due to the well-known characteristics of layer-by-
layer construction without any formwork, the printability of fresh 3DPC, including extrudability
and buildability that closely related to the rheological properties, and the fresh mechanical
properties, are the key elements for its successful construction. In terms of the hardened properties
of 3DPC, the mechanical and durability determine its service performance. The interlayer bond
performance and anisotropy caused in the printing process are the research emphasis for the
hardened properties of 3DPC.

[ Extrusion ] f:>[ Disposition ] = [ Building } = [ Hardening ]
A | | Fresh mechanical | | Hardened mechanical | | . |
' Y P \ - | | . \
' Printability . el Loy avdened mechanieal , o pyeability |
- | Y1 properties 1™ properties VT
- ——— | mFmm e
i Extrudability: ! | Buildability: VT _f_ - 11' i ! G T T TTTTTA ! FooTTTTTTTT |
| RamVscrew ! | setting time, i . res iomp trlf ssive ! i compressive ! i shrinkage, |
| extrusion, ! i structural ! : failill:zni ttérn : i strength, ! | permeability, i
i water drainage | +  build-up 1+ | rep T i flexural strength, ! I freeze-thaw
() (PR i clastic module, | | . ! | [
ﬁ ﬁ VL ! | anisotropy, ! ! cycle, |
FoTT ST T r time-dependent | | bonding strength ! | carbonation |
! Rheological properties Lo characteristics | : | i !

______________________________________________________________________

Fig. 2 The performance of 3DPC during the printing and hardened process

As aresult, the review of this paper will be organized according to the above dataflow for the 3DPC
framework, including printability, fresh and hardened mechanical properties, and then the
printability, as shown in Fig.2. Detailed reviews will be presented in the following Sections.
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However, due to the importance of testing measurement and mixed design on the properties of 3D
printed concrete evaluation, reviews on these two aspects are also presented afterwards to better
evaluate the performance for future research on 3DPC.

2.1 Printability

Printability, proposed as an important indicator to evaluate the behavior of fresh 3DPC, is related
to the ability of the material/nozzle combination to produce a well-controlled filament [4]. However,
its definition has not been completely unified. Buswell et al. [18] and Panda et al. [19] showed that
printability can be evaluated by the deformation of the freshly printed components with certain
layers, which was called buildability in other studies [20,21]. But Nerella et al. [22] defined it as a
combination of delivery/pumping, extrudability, and buildability. As the theory of
delivery/pumping for 3DPC can refer to that of normal concrete [23-26], the printability in this
study is considered as the ability of fresh 3DPC to be extruded continuously and built up with
acceptable deformation before setting, and it consists of extrudability and buildability, which will
be explained in the following sections.

2.1.1 Extrudability

After mixing and delivery/pumping, the cementitious materials is fed into the hopper of extruder,
from which the it is firstly pushed to the die and exit part and then extruded from the nozzle.
Extrudability is defined as the ability to transport the fresh concrete to a nozzle in the hopper of the
extruder as a continuous filament [27]. At present, screw extrusion and ram extrusion are the two
most commonly used extrusion methods of 3DPC, their detailed comparison on the properties,
requirements for flowable cementitious materials and application are shown in Table 1, and the
working principle of the corresponding extruders is listed in Fig. 3. It is worth noting that the
rheological behavior of cementitious materials has changed in the hopper of screw extruder (Fig.
3a) due to the existence of rotational screw, and the thixotropy of cementitious materials itself. In
terms of ram extrusion (Fig. 3b), the cementitious materials are pushed by a ram inside the extruder
barrel, with the shape of the extruded materials same to that of the extruder barrel. Compared with
screw extrusion, the materials suitable for ram extrusion needs to have smaller fluidity and hardness.
Besides, for traditional ram extrusion, a disadvantage that may hinder the industrial application of
3DPC is that cementitious materials can not be fed into the extruder continuously. Given this
problem, Ji et al. [28] developed a double-assisted print head (Fig. 3¢), which can continuously
extrude the materials. Ram extrusion is generally used in the lab to evaluate the rheological
properties and extrudability of materials [29-31], which will be discussed in Section 2.1.3.

During the extrusion process, 3DPC is required to be homogeneous and extruded continuously
without any blockage, cracking and segregation [32]. Perrot et al. [33] conducted a review on the
flow characteristics and rheological properties of extruded cement-based materials. They indicated
that the pressing force to extrude materials is mainly composed of the forming force of the
elongational flow and wall friction force of plug flow. The forming force is related to the
rheological properties of elongational flow in the shaping zone, which can be calculated based on
the Benbow and Bridgwater formula [34-36]. The wall friction force, occurred between materials
and barrel surface, is influenced by the tribological behaviors of plug flow [30]. However, It is
worth noting that the water drainage of 3DPC caused by extrusion will hinder its extrusion flow
when it behaves inhomogeneous [37,38].
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Fig. 3 Working principle of different extruders

Table 1 A comparison of screw and ram extruder used for flowable 3DPC
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2.1.2 Buildability

Buildability is used to evaluate the ability of fresh 3DPC to bear its own weight, as well as the load
of concrete from above layers, without collapse during printing. On the one hand, the 3DPC must
be able to maintain its shape deformation within the controlled range after extrusion. The layer
thickness is generally set to be small (varied from 1mm to 10cm) to limit the initial gravity stress
to control the deformation [40]. The shear stress caused by gravity must be lower than the yield
stress of cementitious materials to maintain its shape. The single-layer deformation of printed
materials immediately after extrusion can be predicted by the developed model in literature [41,42],
which is helpful for the analysis of buildability.
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Fig. 4 Different failure patterns and buildability analysis of 3DPC

On the other hand, as the layers increase in the process of concrete printing, 3DPC elements are at
a risk of collapse. Buildability, in this circumstance, also represents the ability of 3DPC elements
to resist collapse stably at a specific height. According to the previous studies on the buildability
of multi-layers 3DPC component, there are three failure modes for the layer-by-layer made
component [40], as shown in Fig. 4a. Firstly, the stress from the upper layers increases as the layer
number grows. There is a compressive failure risk in the bottom layer when the stress is higher than
the yield stress. This failure mode depends on the comparison of the development of yield stress
and the increase of stress as shown in Eq. (1) [43,46,47] while Fig. 4b shows the process of this
failure mode. A lower bound analytical model was proposed to evaluate the buildability for plastic
yielding of the bottom critical layer considering the stress redistribution of the printed layers in the
printing process by Kruger et al. [48]. Secondly, the geometrical non-conformity that occurs in the
printing process will lead to the collapse of the printing component. This is because of the
accumulation of layer deformation, which is related to the evolution of elastic shear modulus and
the rising speed of layers. Rigid materials with a fast growth of elastic modulus evolution are
recommended for 3DPC. Thirdly, the bulking is dominant of failure when the printing component
is a slender structure. It can be expected that compressive failure occurs when the number of layers
is small while the bulking failure occurs when the number of layers increases. Based on the analysis,
the critical height Hr between the two failure-criteria is shown in Eq. (2) [40]. In summary, the
behavior of materials before the final setting needs to be studied and developed to enhance the
buildability of 3DPC. Furthermore, the optimization of the printing system must be carried out
since the properties of the printing process, such as open time[14], layer cycle time [6], etc., play
an important role in the buildability.

o()>pgH /3 (1)
I+v
H, =26
r 3\/57/0 (2)

where, 7 is static yield stress, p is the density of 3DPC, H is the height of printing element, which
depends on the rising speed and time, further, the rising speed is related to the speed of nozzle (H),
the contour length scale (s) and thickness of layers (/o) [40], J is the width of the layer, v is the
Poisson coefficient, . is the critical shear strain at flow onset.
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2.1.3 Relationship between printability and rheology

From the above discussion, it is necessary to study the fresh properties of 3DPC to reveal its
evolution mechanism and to further optimize its printability. Rheology, which can describe the
evolution of viscosity, plasticity and elasticity of materials under shear stress, is applied in fresh
concrete because cementitious materials behave as visco - plastic materials and exhibit non -

Newtonian behavior [49].

In the process of screw extrusion, the cement-based material is sheared in the barrel. The material
flows when the shear stress is higher than the corresponding dynamic yield stress. The rheological
properties of materials have influenced the power of screw extrusion. For example, the greater
screw power is required to maintain the same screw rotating speed for the materials with larger
viscosity. Because the materials are sheared during the process of screw extrusion, the printable
materials become more fluid at first, but then get stiffer with time. This can be explained by the
thixotropy properties of printable materials. The rheological properties of printable materials after
extrusion relate to the properties of the screw, including the rotate speed, shape, and the screw time.
Nerella et al. [22,50] showed that there was a non-linear relationship between flow rate and
rotational velocity because of the slippage at the elastomeric stator surface. In terms of ram
extrusion, the flow of cementitious materials in the barrel is the same as that in pumping. A large
part of the materials is un-sheared, and the shear occurs in a narrow zone between barrel wall and
cementitious materials, called lubrication layer, at which the rheological properties (yield stress and
plastic viscosity) of paste with fine particles determine the flow behavior of the cementitious
materials. The cementitious materials are forming from the barrel zone to die zone, where the
diameter of the barrel decreases, called the shaping zone. The forming force from the shaping zone
is related to the rheological properties (yield stress) of the cementitious materials, as shown in Eq.
3[30,34,35].

nD?

2

F, =

p

(o, +aV"* )ln(g) 3)

where, F is the forming force, 6y is the elongational yield stress, o, Z\/gz'o, 701s the yield stress of

materials, o and ngp are fitting parameters, D and d are the diameter of the barrel and die zone,
respectively.

The extruded layer is basically at rest, and becomes stronger and more rigid with the layer by layer
printing, which means that the static yield stress and shear elastic modulus are increasing. The static
yield stress is the critical stress at a very low shear rate that the concrete begins to flow, and it is
related to the thixotropic behavior of fresh concrete. It determines the ability of the printed layer to
maintain shape after extrusion as shown in Eq. (1). When the concrete is at rest below the static
yield stress, it exhibits the elastic behavior with the shear elastic modulus: G= ©./y., where z. is the
static yield stress and y. is the critical shear strain [40]. The development of fresh 3DPC is mostly
related to the increase of static yield stress and shear elastic modulus with time at rest, which can
be attributed to the flocculation and hydration of binders. The parameter “structuration rate” was
developed to predict the increase of static yield stress of cementitious material with time. Roussel
et al. [51,52] developed a linear model to predict the structuration rate by testing the static yield
stress at different rest time, It is worth noting that the structuration rate might no longer be constant
and the relationship between static yield stress and time no longer be linear, because the 3DPC had
more complex properties due to the addition of a higher amount of admixtures [53-57].



223
224
225
226
227
228

229

230

231
232
233
234

235

236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257

A review of 3D printed concrete: performance requirements, testing measurements and mix design

Nowadays, the research on the cementitious materials used in 3DPC is still at an early stage with
many challenges. There are two important reasons for this. Firstly, the common test methods for
fresh properties of normal concrete can not accurately capture the properties of 3DPC. On the other
hand, the newly proposed evaluation methods are limited and a lack of sufficient experimental
verification. At this circumstance, the rheology is a better choice for 3DPC with accurate results to
describe the printability.

2.2 Mechanical properties

Mechanical properties of 3DPC are also very important, since they determine the practical
application of 3DPC in construction directly. Compared with the normal concrete, the evolution of
mechanical properties before final setting, the weak interface bond between layers, and the
anisotropic mechanical properties are worth more attention.

2.2.1 Mechanical properties of fresh 3DPC

The development of mechanical properties of early age concrete from the plastic and deforming
state to hardened state is very important for the 3D printing construction application. The early age
mechanical properties have influenced the buildability, which further affects the construction
process of 3DPC. Besides, the hardened properties are related to the fresh mechanical properties.
It is reported that two clearly different stages of the development of the compressive strength and
stress-strain relationship exist (as shown in Fig. 5a) [41,45,58]. Firstly, at the very young stage of
the specimen forming process, there is a slow increase in green strength. The increase in strength
is small but it will produce large deformations, and the stress-strain curve finally reaches a plateau
condition. The failure mode of the specimen is barreling, similar to that of the plastic material, that
the cross-sectional area increases as the vertical deformation increase. Secondly, as the
development of hydration with time, the growth of compressive strength is faster. The increase of
strength is growing until a peak value, after that the strength decreases, showing a brittle failure
behavior of concrete. The lateral expansion is slight during this stage and a distinct failure plane
can be found on the specimen. The layer-by-layer construction method requires rapid development
of the compressive strength of 3DPC (as shown in Fig. 5b) to carry the stress from the above layers.
By optimizing the mixtures of 3DPC, the demarcation of green strength to compressive strength
varied from 30 min to 120 min in the previous studies [41,45,59]. The authors applied the recycled
sand in 3DPC, leading to the fast development of early age strength, which can be attributed to the
high water absorption of recycled sand [59]. In terms of the shear stress of 3DPC at the early age,
it is shown that the variation trend of shear strength was similar to that of compressive strength
with an equal development rate. The elastic modulus and cohesion increased linearly with ages
while the Poisson's ratio and angle of internal friction remained constant [45].
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Fig. 5 The early age mechanical properties of extruded mortar

In order to predict the failure of 3DPC in the printing process, a model was proposed based on the
first failure mode as described in Section 2.1.2 [45]. The green strength was found strongly related
to the interparticle friction and cohesion, which could be evaluated based on the time-dependent
Mohr-Coulomb failure criterion (Eq. 4). The time-dependent elastic modulus and Poisson's ratio
were also applied in this model to estimate the stability of the printed element. The structural
behavior was modelled by competing for the stepwise added layers and the development of
mechanical behavior of materials with time during the printing process [45,60,61], that could be
used to optimize the performance of fresh concrete.

7, = C(t) + o, - tan(e(1)) 4)

where, 7, is the shear yield stress, C is the cohesion, 0, is the acting normal strength, ¢ is the

angle of internal friction.

There is a risk of plastic cracking for the fresh 3DPC due to lack of curing, especially in severe
environments, such as hot and windy conditions [62,63]. Moelich et al. [62] found that the cracks
were formed in 2 hours after extrusion, which was earlier than that of normal concrete. Generally,
the occurrence of plastic shrinkage is due to the rapid evaporation of water from the concrete
surface, which results in certain shrinkage stress. Thus, the plastic cracks appear when the shrinkage
stress is higher than the corresponding tensile stress, which is very low for fresh concrete. Fibers
have been used in many research to improve the ductility of fresh 3DPC [64,65]. Besides, the
printing process also influences the plastic crack. For example, the unmatched nozzle speed and
extrusion speed will lead to the cracks. The high speed of nozzle will lead to tension stress on the
filament when the extrusion speeds are kept the same, resulting in cracks on the surface of the
concrete filament. The possibility of cracking increases in the outer edge with a small radius of the
corner or wheel of the printing component [66].

2.2.2 Mechanical properties of hardened 3DPC

Compared with conventional concrete, the key problems of the mechanical properties of 3DPC are
the interlayer bond strength and anisotropy. The reduced interlayer bond strength is not a new issue
because the standard fluid concrete, such as self-compacting concrete, which also has a weak bond
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strength, named “cold joint” or “distinct-layers casting” [6,67-69]. It is the weak interface bond that
leads to the reduction of mechanical properties and durability of 3DPC [70-72]. The interlayer bond
strength can be affected by a number of factors. Firstly, the parameters of the printing process,
including the interval time, the print head speed, and the print nozzle height (Fig. 6), have great
effects on the interface bond strength. As shown in Fig. 7a, the interface bond strength generally
decreases with an increase of the interval time [27,71,73,74], since microstructure is denser with
smaller voids and pores inside with a decreased time gap [75,76]. Panda et al. [77] developed the
“time window” to evaluate the effect of interval time on the bond strength. The results showed that
the effect was slight when the interval time was within the time window, otherwise, the effect was
significant. Panda et al. [73,78] found that the low values of print head speed and the print nozzle
standoff distance led to the increase of interface bond strength. While wolfs et al. [79] reported that
there was no clear relation between nozzle height and interface bond strength.

Vnozzle

|

hnozzle,d

0
0

Fig. 6 The interface bond strength of 3DPC is related to several process parameters [4]

The properties of 3DPC also play a role in the interface bond strength. Roussel and Cussign [68]
observed that the thixotropic property of cementitious materials had a negative effect on the
interface bond strength, which was contradictory to the requirement of printability. Viktor et al.
[80] found that the bond strength of 3DPC was related to the yield stress. The properties of 3DPC
are affected by the properties of raw materials and mix proportions, and the detailed introduction
will be discussed in section 4. The bond strength was further influenced by the printing environment
and curing condition, which affected the surface moisture of samples and the activity of admixtures
[81]. The high surface moisture content had a positive effect on the bond strength as shown in Fig.
7b [79,82].

'
in

Relative 140% O protected from drying
elative

EN

interface & exposed from drying
F %S Upperbound  Mean strength Characteristic strength strength 120% ----reference
€ * a3 y=2410%  y=151x015 (10% dafactiva)
g L] g P 'y R'=0.81 y=1.21x"12 100% +----------- # ---$ ------------ ¢ _._q:_) ________________
® 2. . 2=
§ 4 [_ ’ [} i . R*=0.75 ¢
R R - 80%
2 15"‘*“-:‘-}““:. . $ ¢ . 4
8 "I LI =8k Tl . 60% 4) 4) 4&
. Y VRO Sl SO
= ey Vo=t 4
05 y=o.79x0 = s e S SRR 40%
{‘:‘r":—;‘e ¢ [ 15m  30m th  2h  4h  8h 18h1d 3d 7d 20% |
strength Printingtime gap (m - minute, h - hour, d - day)
0%
1 10 100 1000
Resting time between layers (minutes)
(a) Effect of printing time gap [71] (b) Effect of different drying conditions [40]

Fig. 7 Effect of printing time gap and surface moisture content on interface bond strength

A number of methodologies have been adopted to enhance the bond strength of 3DPC. Through
adding a thin layer to glue the interlayers with paste [83,84] or polymer [85], a great enhancement
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of bond strength can be achieved. Zareyian et al. [86] developed the effective interlocking on
interlayer by adjusting the print nozzle opening geometry, showing an average increase of 26% on
the bond strength. Therefore, various factors, including optimizing the printing process, properties
of cementitious materials, and environmental conditions, need to be taken into account in 3D
concrete printing to enhance its bond strength.

2.2.3 Influence of anisotropy on mechanical properties

The anisotropy of mechanical properties refers to the mechanical properties of 3DPC from different
directions, which depend on inter-layer and inter-strip bonds [87]. The mechanical properties of
3DPC are influenced strongly by the printing direction. Le et al. [71] showed the minimum
compressive strength occurred when the loading was parallel to the layers. Similar results of
flexural strength were also found [65,87,88]. Table 2 shows the strength differences of 3DPC in
different loading directions, which are evaluated by the standard deviation and variable coefficient.
A significant range of standard deviation of compressive strength was obtained, which was because
the different printing paths and fibers played a great role in the anisotropic mechanical properties
of 3DPC [89,90]. The largest variation of compressive strength was obtained when the specimens
were printed with fibers by the crosshatch shape [90]. Besides, the different printing paths might
lead to cavities in concrete (Fig. 8a), which decrease the strength of 3DPC. A coefficient was
defined by Ma et al. [64] to evaluate the anisotropic behaviors of mechanical properties of 3DPC
(Eq. 5). The value of I, was 0 for cast concrete, and the larger value (in the range of 0 to 1) of I,
indicated a greater anisotropy of material.

L=(f.= L)+, = L) +(f. = L) L, 5)

where, f,, f, and f. are strength (contains compressive, flexural strength and so on) of 3DPC from
three different directions, f. is the strength of casted samples.

The anisotropic mechanical properties of 3DPC also leads to the difference between 3DPC and
casted samples. Comparing the strength of printed specimens and casted specimens, both increase
and decrease trend can be found (as shown in Table 2). The greatest reduction appears in the tension
strength as expected.

(O W T i N

(a) The under-filling problem of 3DPC (b) Different printing paths for a printed
beam
Fig. 8 The impact of printing paths on 3DPC performance

In conclusion, the key factor affects the anisotropy of strength is the weak interface bond strength,
which leads to the degradation of mechanical properties and durability. The research on relationship

11
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between the interface bond strength and the anisotropy of mechanical properties and durability, is
still limited nowadays, and should be furtherly studied to improve the performance of 3DPC. In
addition, the printing paths also have a great effect on the mechanical performance of 3DPC. Fig.
8b shows the common four different printing paths in one layer for a printed beam, different printing
paths have a great effect on the structural behavior of 3DPC components as well as the thermal
performance.

Table 2 The difference of strength of casted concrete and 3DPC with different loading direction
(data from [64,65,71,79,87-91])

Strength of 3DPC from different Variation of strength of 3DPC from
loading directions compared different loading directions
with casted samples standard deviation variable coefficient
Compressive 67.4%-114.6% 0.53-39.9 2.4%-70.8%
strength
Flexural 54.5%-157.1% 0.31-5.03 3.8%-43.1%
strength
Tension 23.3%-112.2% 0.09-1.15 2.4%-11.9%
strength
Elastic / 1.1-1.2 18.6%-43.7%
modulus

Note: The strength for casted samples were regarded as 1.

2.3 Durability

As the research of 3DPC is still in the primary stage, it mainly focuses on the mix design and early-
age properties. Considering the importance of durability to the service life of concrete structure,
the research on the durability of 3DPC, though still limited nowadays, needs to be emphasized. It
is generally accepted that the durability of concrete depends on the concrete performance and the
service environment. Some typical environmental factors that are adverse to the durability of
concrete structures, include freeze-thaw cycle, carbonation, chloride penetration and alkali-
aggregate reaction, most of which are related to the water transpiration process in the pores of
concrete [92,93]. Therefore, the weak interface bond of 3DPC, caused by the loose microstructure
with more and larger pores (as shown in Fig. 9), leads to the degradation of durability, and shall be
considered in the future work. Moreover, the increase of cracks due to the shrinkage of 3DPC,

which is the most concerned durability problem [6,94], will also lead to the decrease of its durability.

The generation of greater plastic shrinkage and dry shrinkage can be attributed to the exposure of
large area of the fresh printed concrete to the environment since no formwork is used in the printing
process [71]. As there are already many effective solutions proposed to mitigate the shrinkage and
crack of normal concrete, including internal curing, fibers, admixtures containing shrinkage-
reducing and shrinkage-compensating and some other methodologies [95,96], their applicability to
3DPC should be carefully studied in the future.
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e I
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Fig. 9 The weak bond between interlayers of 3D printed concrete [64]

3 Testing measurements of 3DPC properties

In the review of the previous section, the property requirement of 3DPC is introduced in detail, on
how they will affect the behavior of 3DPC. As a result, the methodologies to test and evaluate its
properties is very important to better improve the property of 3DPC before they are widely used in
practice. Available testing measurement methods of normal concrete and some newly developed
testing methods are reviewed in this section. Different indexes are concluded and proposed to
quantitatively evaluate the printability, mechanical properties, and durability of 3DPC.

3.1 Testing measurement of printability for 3DPC

Good printability is vital for the successful printing of 3DPC. Different from the workability of
normal concrete, the printability required for 3DPC is more complex. Thus, most of the testing
measurements for normal concrete are not suitable for use. However, the new developed parameters
for evaluating the printability are limited in 3DPC. At this circumstance, rheological tests are
applied in many studies, which can evaluate the printability with different rheological parameters.
Therefore, the testing measurements from different studies for printability can be divided into three
types in this study that will be summarized below.

3.1.1 Available conventional testing measurements

Although most of the conventional workability testing measurements for normal concrete are not
regarded as the best testing measurements for 3DPC, some test methods, including slump and slump
flow, are utilized with simple operation and low cost after determination of the suitable range for
printing [20,97-100]. The slump and slump flow values with time were tested in the printing process
until the 3D printing materials could not be successfully extruded or collapsing during the layer-
by-layer building. The printable region was defined by the slump and slump flow values, which
can be a preliminary reference for the mix design [99]. The slump and slump flow tests with time
were also used to define the open time [27]. It should be noted that the printable region varied with
the mixtures of 3DPC. Tay et al. [99] recommended the slump and slump flow of printable mortar
in the range of 40-80 mm and 150-190mm, respectively. Ma et al. [20] advised a larger range of
slump and slump flow of 32-88mm and 174-210mm. The variation of the printable region in
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different studies is related to the characteristics of the printer head. The slump and slump flow
values can be regarded as a preliminary reference to reflect the pintable region of 3DPC, but they
cannot be able to accurately evaluate the printability. The conventional tests should be combined
with some other methods to comprehensively evaluate the printable performance of 3DPC.

3.1.2 Newly developed testing measurements

The most intuitive test methods for printability are measuring the properties of components in the
printing process as shown in Fig. 10. The extrudability can be evaluated by the shape of the printing
specimens. The qualitative results of extrudability are defined as “YES” with continuous extrusion
without blockage or fracture and “NO” with discontinued extrusion [27]. Besides, the deformation
in the width of specimens determines the quality of the extrusion. The closer the specimen size is
to the print nozzle size, the better is the extrudability (as shown in Fig. 10a). The variations of
specimen shape and dimension, such as length, width, number and shape of filaments
[20,27,98,101], are attracting attention from different studies because there is no standard for this
test method at present. Besides, this method is conducted by visual observation with less accuracy,
which is greatly affected by human factors and cannot be accurately and quantitatively used in the
printing process.

(b) The deformation of specimens to evaluate buildability
Fig. 10 Testing measurements during the printing process

In terms of the buildability, it was evaluated by the deformation of a certain layer [19-21,101,102]
or the maximum layer without collapsing [27,97,100] in the printing process. Fig. 10b shows the
deformation test for buildability. Low deformation and high maximum layers illustrate a better
buildability. Similar problems also exist for extrudability where there is a measurement error in the
testing process. Besides, the testing results are affected by the layer cycle time, printing speed,
shape and size of each layer and machine precision. Generally, long cycle time, low printing speed
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and high machine precision are beneficial to buildability. In terms of the printable element shape,
the filament element has the minimum layer number compared with the rectangle or circle element
when the material amount remains the same. The above-mentioned influencing factors lead to the
difficulty of standardizing the test measurement. Although the testing measurements based on the
printing process have some disadvantages, they are the most convenient methods with intuitive
results at present. Therefore, more research should be conducted in the future to develop accurate
and robust testing measurements during the printing process.

Nerella et al. [50] proposed an inline and quantitative method to characterize the extrudability of
3DPC with a new test device. The electric power consumption and extrudate flow rate were
recorded at different rotational velocities of a progressive cavity pump. An index of unit extrusion
energy (UEE), defined as the energy consumed per extruded unit volume, was developed to
evaluate the extrudability. The lower the value of UEE, the higher the extrudability of 3DPC. For
the current testing measurements, an adequate amount of materials needs to be extracted from the
printing system, which leads to the waste of materials. Moreover, the tests are generally conducted
after printing that they are unable to evaluate the test results effectively due to the time-dependent
properties of fresh 3DPC. A real-time test method [97] was proposed through mounting a strain
gage recording apparatus and wattmeter on the screw to record the real-time energy consumption
of screw extruded motor. It can be used to evaluate the extrudability of 3DPC, and also to adjust
the properties of 3DPC by adding admixtures during the printing process. Besides, the method can
be used in a real scale application with real-time feedback and adjustments of fresh performance of
3DPC, which has great potential for application. In future research work, more attentions should
be paid to the development of 3D concrete printing systems including the real-time testing of
printability, feedback and adjusting. The evaluation parameters should not be only the energy
consumption of the motor but also the rheological properties of fresh concrete for the
comprehensive evaluation of the printability of 3DPC.

3.1.3 Rheology testing program

According to the previous discussion, it can be concluded that the research on the cementitious
materials used in 3DPC is still in its infancy with many challenges. This is because the traditional
parameters used for characterize the fresh properties of normal concrete are not suitable for accurate
description of 3DPC. There is also a lack of newly developed evaluation indicators obtained from
the printing process. Moreover, there is no standard for these testing measurements, which limited
their widespread application. In this circumstance, rheology is a better choice for 3DPC with
accurate results to describe the printability. Different testing programs were carried out to obtain
the rheological parameters for 3DPC. The testing program includes the stepwise decreased
rotational velocity/shear rate with each step getting an equilibrium stage, this is used to obtain the
dynamic yield stress and plastic viscosity of 3DPC [100,103,104]. The torque vs. rotational velocity
curves or shear rate vs. shear stress curves are obtained from this program. The Reiner-Riwlin
equations (Egs. 6-7) are used to transform the slope and intersection in the linear relationship of
torque vs. rotational velocity curves to yield stress and plastic viscosity. The dynamic yield stress
and plastic viscosity are obtained by fitting the curves with the Bingham model for a linear
relationship or a Herschel model nonlinear relationship [105,106]. Also, the ram extruder is used
as an appropriate tool to test rheological parameters of 3DPC as mentioned in Section 2.1.1 based
on Eq. 3 [39,107]. The yield stress can be obtained by testing four different speeds with three varied
dies with different sizes.
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where, 4 is the height of vane, 7y is dynamic yield stress, u is plastic viscosity, R, is the radius of
vane, R; is the radius of the container, G is the intersection of the torque axis, H is the slope of the
linear fitting curve of torque and speed.

Different testing programs were conducted to measure the thixotropic properties of 3DPC. In the
first method, the thixotropy is evaluated by the area of hysteresis loop circled by the shear rate vs.
shear stress curves [21,100]. The test protocol is shown in Fig. 11a. Generally, this method is
difficult to quantitatively evaluate the thixotropic properties of 3DPC [52]. As regards the second
testing program, it was developed to measure the flocculation properties of concrete to evaluate the
structuration rate of concrete. The stress grow test is carried out to obtain the static yield stress by
the maximum value at a very low speed (usually in the range of 0.001-0.1s™). Then the structuration
rate (Amix) was obtained by the evolution of static yield stress with time with the different developed
models [19,78,98,102,108,109]. Sometimes, it is difficult to conduct the stress grow test for the
stiffer 3DPC. In this case, a strain-based approach [110] was proposed to eliminate the limitation
of the low shear rate. The constant shear strain was controlled when the shear rate varied from 0.08-
0.24 s”'. Thirdly, thixotropy index was evaluated by the relationship between the static and dynamic
yield stress. Qian et al. [111] defined thixotropy index (Imix) as Imix = Ti/te, Where 1i and 1. were the
initial stress and equilibrium stress, respectively. In the study of Kolawole et al. [112] and Panda et
al. [108], the thixotropy index = (ti-te/ Tc)x 100. Fourthly, Panda et al. [102,108] developed a

viscosity recovery test with 3 steps to simulate the different stages of the extruded materials,
including the materials at rest before extrusion with a low shear rate for 60s, materials when
extruding with a high shear rate for 30s and materials after extrusion with a low shear rate for 60s,
to study the structural recovery behavior. The viscosity recovery degree was obtained by comparing
the viscosity in the first and third steps (as shown in Fig. 11b). Materials with high viscosity
recovery were suitable for 3DPC, showing the quick structural build-up properties.
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Fig. 11 Different test protocols for rheological tests
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Although rheological tests were carried out in many previous studies for a comprehensive and
accurate description of fresh 3DPC behavior, it is worth noting that the rheological results are easily
disturbed by different factors, leading to erroneous conclusions [113]. Besides, the rheological tests
are limited in measuring the 3DPC with high yield stress and viscosity.

3.2 Testing measurement of mechanical properties

The studies on mechanical properties of 3DPC includes the fresh mechanical properties, interlayer
bonding strength and anisotropic mechanical properties in accordance to the difference of 3DPC
and conventional concrete. Most of the testing measurements of the mechanical properties of 3DPC
can be referred to previous studies on the soil and conventional concrete.

3.2.1 Testing measurement of mechanical properties of fresh 3DPC

The simplest test method to reflect the internal strengthening rate of 3DPC is the penetration test
[103], which can be used at the very early age. The initial and final setting time obtained by the
penetration test via the Vicat apparatus can evaluate the flocculation and hydration rate of materials,
which further determines the stiffness development of 3DPC. Similarly, the hydration heat tests
were used to help understand the internal strengthening performance of fresh 3DPC in literature
[19,100,103].

Wolfs et al. [45] measured the fresh compressive strength by the unconfined uniaxial compression
test according to geotechnical tests. The compressive strength, vertical and lateral deformation of
specimens were recorded in the time range of 0-90 min after mixing and preparing. Each test was
performed until the vertical strain reached 50%. Similar uniaxial compressive strength was used in
literature [58,59,66]. At the same time, the direct shear test was conducted by two horizontal plates
with a circular opening filled with compacting fresh concrete. Different loads were applied on the
shear plate to get the parameters of C and ¢ in Eq. 4. Further, in order to simplify the tests, a triaxial
compression test setup was developed to obtain all essential parameters from uniaxial compressive
strength and direct shear strength tests based on the Mohr-Coulomb criterion [60]. The specimen
was located in a closed chamber, where the air pressure was confining on the samples and the ram
was used to apply pressure in the vertical direction of samples. Three different confining pressures
were applied in the test at the age of 90 mins. The compressive strength, Young's modulus and
Poisson's ratio were obtained when the confining pressure was 0. The cohesion and internal friction
angle were obtained by the Mohr-Coulomb failure envelop as shown in Fig. 12(a).

It has been proved that the ultrasonic pulse velocity could be applied in testing the mechanical
properties of hardened concrete [114,115]. In order to test the fresh mechanical properties for 3DPC
with non-destructive methods, the ultrasonic pulse velocity was studied to test the fresh mechanical
properties in literature [58,116]. Besides, the ultrasonic pulse velocity can be carried out
continuously with less human error, which is appropriate for 3DPC. The linear relationship between
ultrasonic pulse velocity waves by compression and elastic modulus or compressive strength was
set up based on the testing results for 3DPC, as shown in Fig. 12(b), proving the feasibility of using
ultrasonic pulse velocity to evaluate the fresh mechanical properties of 3DPC.
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Fig. 12 The analysis of results from different testing measurements for fresh strength of 3DPC

3.2.2 Testing measurement of mechanical properties for hardened 3DPC

The testing measurements for mechanical properties of hardened 3DPC, such as compressive and
flexural strength, can be traced to those researches of measurements on conventional concrete. But
the specimen preparation and the anisotropic test of 3DPC are still different from that of
conventional concrete. With regard to the anisotropic test, it requires a different loading direction
on the specimen, there are 3 loading directions for compressive strength and 2 loading directions
for flexural strength [65,71,117], as shown in Fig. 13(a)-(b). The specimens for 3DPC are cut from
the printed components and the size of which are sufficiently large. It should be noted that any
interference during the cutting process, no matter a fresh state or hardened state of the component
is in, may affect the accuracy of the test. Besides, there is a significant variation of the anisotropic
strength considering the different printing paths. In terms of the interlayer bonding properties,
Zareiyan et al. [86] reviewed different test methods as shown in Fig. 13(c), including the direct
tensile test, splitting test, wedge splitting test, slant shear test, torsion bond test and shear strength
test. The direct tensile test could be easily affected by the tension strength of the material and the
results had great discreteness. The results of the splitting test were indirect tension. The results of
the slant shear test were generally higher than other tests. At present, the most commonly used test
methods for 3DPC are direct tensile test and splitting test [64,78]. Besides, the flexural strength
could be used to evaluate the interlayer bond strength when the loading direction was the same as
that in Fig. 13(d) [79,91]. This is because the flexural strength obtained in this direction is related
to the interlayer bond properties.
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Fig. 13 Test methods for anisotropic mechanical properties of 3DPC

Although the test methods for fresh and hardened strength of 3DPC according to the soil and
conventional concrete have been carried out in many studies, there is no standard to normalize these
test methods. For different studies, there are large differences in the loading speed, specimen size,
preparing and curing of specimens, etc., making it difficult to compare their results directly.
Therefore, it is of vital necessity to develop some universal standards for testing the printability and
mechanical properties of 3DPC, and this is also beneficial to optimize the mixture and improve the
properties of 3DPC, which will be discussed in Section 4. The test methods for the durability of
conventional concrete will be applied to 3DPC in the future even though there is limited research
on the durability of 3DPC nowadays. For example, the restrained shrinkage test and free shrinkage
test were adopted to investigate the shrinkage of 3DPC [71,97,117]. Just as mentioned in Section
2.3, more tests on the microstructure should be conducted to study the durability evolution
mechanism of 3DPC. Newly developed test methods are also necessary, such as the real-time
testing of printability, ultrasonic pulse velocity measurement for fresh strength.

4 Mix design of 3DPC

4.1 Materials

The materials selected for the additive manufacturing process is an important part to meet the
requirement of 3DPC. According to the high requirements of fresh properties of 3DPC, different
supplement cementitious materials (SCMs), admixtures, fibers and aggregates are applied.
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4.1.1 Supplement cementitious materials

The cement to aggregate ratio of 3DPC at present is much higher than that of normal concrete to
achieve the required printability, which may lead to an increased cost. SCMs like fly ash, silica
fume, limestone filler, and blast furnace slag, are used to partially replace cement. Table 3 shows
the characteristic of different SCMs and their effects on the properties of concrete. Currently, there
are already many studies [20,21,39,72,97,118,119] utilizing these SCMs as the materials of 3DPC.

As regards the research of different SCMs in 3DPC, Chen et al. [118] demonstrated that the
combined use of silica fume and fly ash could be used to replace 45% of cement. Panda et al. [102]
developed a type of 3DPC with a high volume of fly ash (45%-80% of binders by mass). Metakaolin
was adopted to satisfy the buildability of 3DPC due to the improvement in thixotropy [120,121].
Nano silica, with an optimal dosage of 1%, was used to optimize the properties of 3DPC with
increased re-flocculation rate, thixotropy and initial static yield stress[57,122]. The ternary binder
system can enhance the fresh and hardened properties of concrete as well as reduce the CO»
emissions [123], leading to sustainable 3DPC. Liu et al. [104] developed a mix design approach of
3DPC through a comparative study on the effect of individual and combined use of different
cementitious materials on the rheological properties of concrete, and the optimal volume fraction
for each component of different cementitious materials were also determined, in which the cement,
fly ash and silica fume occupied 15%, 26% and 4% of the concrete volume, respectively. Nerella
et al. [72] observed that 3DPC with binders of 55% cement, 30% fly ash and 15% micro silica had
high strength and low anisotropy and less reduction of interface bond strength compared with
cement 3DPC. The research by Papachristoforou et al. [97] indicated that the application of fly ash
and ladle furnace slag to partly replace cement and limestone filler to partly replace sand had slight
effect on the strength but significant positive effect on the durability of 3DPC.
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Table 3 The SCMs used in concrete and their influence on concrete performance (results from literature [49,124-139])

Characteristic The influence of SCMs on rheological properties The influence of SCMs on hardened properties
» high content of SiO; and Al,O3, low content of the addition of fly ash has a great effect on the > low early strength and long setting time
CaO, rheological properties of concrete with different because of the lower early hydration heat of fly
» fine particle size in the range of 0.4-100um, results, ash,
Fly ash » specific gravity in the range of 2.0-2.2, specific the varies in rheological properties are related to the > the late-age mechanical properties and
surface area varies from 300 to 500 m*/kg, type, particle size and particle shape of fly ash, durability are enhanced by the secondary
» particle shape of class F fly ash is spherical class F fly ash has a greater effect on reducing the hydration effect of fly ash and Ca(OH)..
with smooth surface. plastic viscosity than class C fly ash.
» high content of SiO,, the addition of silica fume increases the yield stress, » the compressive and flexural strength are
» average particle size in the range of 0.1-0.3um, plastic viscosity and flocculation rate and decreases increased with the application of silica fume,
. » specific surface area varies in the range of flowability of concrete, leading to the high > thereis aslight effect of silica fume on splitting
Silica 20000-28000 m/k iformity and cohesi f h
fume m-/kg. uniformity and cohesiveness of concrete, strength, - .
the water to binder ratio and SP types has an > high content of silica fume increases the
important effect on the rheological properties of autogenous shrinkage.
concrete with silica fume.
» high content of CaO, SiO, and AL,Os3, the addition of blast furnace slag can improve the > increasing the long-term compressive strength,
Blast > spec%ﬁc gravity is ab(.)ut. 2.9, Workability and reduce the plastig viscosity, enhancing the ﬂexural strength, no maFter earlly
furnace » specific surface area is in the range of 350-550 the yield stress of concrete s related to the or later age, slight effects on the static elastic
slag m?/kg, replacement ratio and specific surface area of blast modulus,
> bulk density varies from 1200 to 1300 kg/m?. furnace slag. » reducing the water and chloride ion
permeability.
» the main component is CaCOs, in most cases, the addition of limestone filler > the addition of limestone filler may increase the
Limest > particle size is from below 1 um to several tens increases the yield stress and plastic viscosity, compressive strength due to the filler effect and
one of um, the rheological properties of concrete depend on the nucleation effect of the finer particles.
filler ~ > irregular and rough particle shape, specific surface area and particle size distribution of
» high adsorption ability of SP. limestone filler.
» the main components are SiO» and AL,Os, the slump is reduced and the setting time is increased > increasing the compressive and flexural
Metaka » a large part of the ' paﬂigleg is smaller than yvith thg additioq of metakaolin, strength at a proper replacement rajtio,
olin 16um, the mean particle size is about 3um, increasing the thixotropy of concrete. » reducing the ASR effects, shrinkage and
» specific gravity is about 2.60, permeability, which increase the durability.
> bulk density is in the range of 0.3-04 g/cm?>.
» very high content of SiO,, reducing the slump flow, slump and setting time, and > refining the pore structure and leading to
Nano » the average particle size is about 9 nm, the increasing the yield stress and plastic viscosity due denser microstructure,
o specific surface area is about 300 m?/g. to the accelerating effect, » enhancing the strength and durability of
silica . . . . ) . .
the increase of yield stress is greater than plastic concrete due to its physical, acceleration and
viscosity. pozzolanic effects.
600
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4.1.2 Admixtures

Different admixtures are necessary to improve the properties of 3DPC during different printing
processes. Superplasticizer is almost applied in every mixture of 3DPC for the its capacity to
successful extrusion. The addition of superplasticizer can reduce the yield stress and plastic
viscosity of concrete due to the dispersion effect of the binder particles. It should be noted that the
applied dosage of superplasticizer should be between the critical and saturation dosage.
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Fig. 14 Influence of different VMASs on the properties of 3DPC

Viscosity modified agent (VMA) was frequently used in 3DPC to enhance the viscosity and
cohesion and then improve the shape stability after extrusion. The addition of VMA could increase
the yield stress, viscosity and thixotropy with a shear-thinning behavior of cementitious materials
[140]. The effect of VMA on concrete performance depended on the type and applied dosage. In
terms of 3DPC, the most common types of VMA applied in the previous studies were cellulose-
based VMA and nano clay. Fig. 14 shows the influence of different VMAs on the properties of
3DPC, where the data comes from different literatures as shown in Figs. 14 (a)-(d). The addition
of hydroxy propyl methyl cellulose (HPMC) could remarkably enhance yield stress and viscosity,
with the increase of extrusion pressure and shape retention of 3DPC [107]. However, as the dosage
of HPMC increased, the 28-day compressive strength decreased greatly, which was caused by the
delayed hydration degree of cement paste with HPMC and the increased air voids in concrete [141].
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Both microcrystalline cellulose (MCC) [21] and nano clay increased the yield stress, viscosity,
thixotropy and 28-day compressive strength of 3DPC. Nano clay, with a needle shape, was applied
in the 3DPC because of its significant effect on the thixotropy [142-144]. A small amount of nano
clay could remarkably enhance the thixotropy, further improve the buildability and green strength
of 3DPC [19,56,100]. Rahul et al. [98] indicated that the combined use of silica fume, methyl
cellulose-based VMA and nano clay could result in an appropriate mix design of 3DPC with
improved robustness.

Accelerator and retarder were used to control the setting time of 3DPC. Accelerator, such as lithium
carbonate [21], was recommended to obtain a short setting time to bear the stress from the upper
layer. Retarder could delay the hydration process of cement, which were always used to control the
setting time for concrete with high early strength cement [144]. The application of retarder could
lead to a relatively smooth surface of the printable specimen. This is because the retarder, such as
sodium gluconate, has the effect of reducing water and improve the fluidity of mortar at a suited
dosage [145-147]. So, the free water increases in mortar, leading to the smooth surface of mortar.
Although the addition of accelerator has been proved to be beneficial to the buildability and early
strength, there are few studies applied it in the mixtures. This is because accelerator has a negative
effect on the open time and extrudability, which may lead to the blockage of materials in the
printing process. It is better to add the accelerator in the extruder nozzle or spray liquid accelerator
on the printed element, which not only has a slight effect on the extrudability but also has a great
effect on the structural build-up ability of concrete. The way of how to add accelerator is worthy of
further study.

As discussed above, different types of SCMs and admixtures are used in 3DPC. Attentions should
be paid to the interaction of different SCMs and admixtures to avoid poor performance. For
example, the combined use of silica fume and polycarboxylate superplasticizer/sulfonated
naphthalene polymer had a varied effect on the rheological properties of concrete [148]. The
combined use of nano clay and polycarboxylate superplasticizer could lead to the high thixotropy
and static yield stress of 3DPC with low dynamic yield stress [142].

4.1.3 Fibers

Considering the brittle failure modes of 3DPC, which are caused by the low ratio of tensile to
compressive strength, reinforcement addition to the 3DPC is a good way to improve its structural
property. However, embedding the reinforcement into the 3DPC continuously is difficult because
of the layer-by-layer printing construction mode. Under this circumstance, the application of fibers
attracted more attention. The organic fiber, steel fiber, basalt fiber, carbon fiber and glass fiber have
been used in 3DPC. Organic fibers are the most commonly used including the polypropylene fiber,
polyethylene fiber and polyvinylalcohol fiber. The addition of fiber had an evident impact on the
flexural and tensile strength, which was caused by the alignment behavior of fiber after
extrusion[65,90]. It should be noted that the increased flexural and tensile strength of 3DPC with
fiber was dependent on the printing path [64]. However, the compressive strength and interface
bond strength were only slightly increased but might be decreased by the addition of fiber. Panda
et al. [65] found the glass fiber of 3mm could decrease the compressive strength because the fibers
were parallel to the printing direction. Al-Qutaifi et al. [74] indicated that the steel fiber was not

suitable for 3DPC because the protrusion of steel fibers could impede the adhesion of the interface layers.

Generally, it is believed that a large volume of fibers had a negative effect on the extrudability and might
cause the block in extrusion [31,64]. However, Ogura et al. [149] found that the volume of fiber was
not the most important parameter to affect the extrusion. The increase in fibers could lead to a
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decrease in the extrusion force. Soltan and Li [150] applied a typical fiber volume fraction for
engineered cementitious composite (2% by volume) in 3D printing with improved tensile strain
capacity and a high early age compressive strength. The steel cable, which is softer than the steel
bar, has been adopted in 3DPC [89,151]. Lim et al. [151] embedded the steel cable into the extruded
filament by a special device. In addition, the polyvinylalcohol fiber was hybrid adopted to prevent
the cable slippage attributed to the interaction between the short fiber and microcracks caused by a
long steel cable. The results showed that the hybrid reinforcement improved the flexural strength
and the load for the first crack. The future study on applying fibers in 3DPC to improve the
performance should concentrate on a number of directions. Firstly, a high volume of fiber can be
used in 3DPC with good extrudability by optimizing the mixtures with different SCMs and
admixtures. Secondly, the desired direction of fiber alignment can be obtained by adjusting the
extrusion process. The future study on the optimal printing path with different fibers can be carried out.

4.1.4 Aggregates

Aggregates, which occupy a 60%-70% volume of concrete, play an important role in the
performance of concrete. Compared with the cement paste, the yield stress and plastic viscosity are
increased with the addition of aggregates, especially for aggregate with large gain size. Besides,
the mechanical properties and shrinkage are related to the volume of aggregates. At present, only
few studies applied coarse aggregates in 3DPC [28,101], most of the researchers studied 3D printed
mortar without coarse aggregates. This is caused by the limitation of extrusion nozzle size and the
complex properties of 3DPC with coarse aggregates. The volume friction and gradation greatly
affect the rheological properties of 3DPC. Chaves Figueiredo et al. [39] found that the decrease of
the maximum size of fine aggregate led to the development of the tight composite and increased
the initial bulk yield stress. Zhang et al. [117] and Ogura et al. [149] found the sand to binder ratio
had a great influence on the rheological properties and extrudability of 3DPC. The increase of sand
to binder ratio led to the improvement of yield stress and plastic viscosity and the reduction of
thixotropy.

As natural sandstone resources shortage, a series of policies and regulations to limit natural sand
mining has been adopted in China, leading to the soaring prices of natural sand. At this
circumstance, the sustainable aggregates were applied in 3DPC to replace sand. Ma et al. [20] used
copper tailings to replace natural sand in 3DPC, they found that flowability increased and
buildability decreased as the increase of the replacement ratio of copper tailings, which was caused
by the finer particles of copper tailings. The best mixture was proposed with the replacement ratio
of 40% of copper tailings with a sufficient buildability [152]. The research group of the authors
investigated the feasibility of applying recycled sand and recycled powder to replace cement or
natural sand in 3DPC [153-156]. A significant effect of recycled sand on the early age of
mechanical behavior was obtained. The green strength and buildability were enhanced while the
open time was reduced because of the high water absorption of recycled sand [59].

The application of coarse aggregates in 3DPC is an inevitable trend for a wide range of applications
of 3DPC in construction. The tries have been carried out by Mechtcherine et al. [101] with a
maximum aggregate size of 8§ mm in 3DPC. A good extrudability in 90 mins and good buildability
by printing 10 layers with a height of 500 mm in 30 min were proved. The mechanical properties
of 3DPC with coarse aggregates in the largest loading direction were not significantly different
from the casted specimen (in 10%). A large scale, on-site 3DPC building was introduced in
literature [28]. The 3DPC with a maximum aggregate size of 15 mm was adopted. The slump of
printed concrete was 110 mm and the initial setting was controlled in 5-10 mins by using
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accelerators. The compressive strength of printed concrete was similar to a casted specimen. The
study on the 3DPC with coarse aggregates is at the initial stage, which remains challenges for the
application of coarse aggregates. The rheological properties are more complex with coarse
aggregates, which are affected by the gradation and particle size, volume fraction of coarse
aggregate, shape, and surface properties and so on. It also brings difficulties to test the rheological
properties of 3DPC. This is because the present rheometers are used for high flowability concrete,
which may have problems in testing stiffer 3DPC. Besides, the addition of coarse aggregates may
increase the extrusion pressure, leading to the high requirement of the 3D printer.

4.2 3D printing geopolymer

Geopolymer is a sustainable construction material, which takes the by-products from industrial
waste as raw materials. The application of geopolymer can reduce CO, emissions with high
mechanical properties and good durability. The 3DPC made of geopolymer was developed with
adequate printability and mechanical properties [74,89,157]. Generally, fly ash, silica fume and
ground granulated blast-furnace slag were the most commonly used by-products in geopolymer.
Panda et al. [108] used silica fume and ground granulated blast-furnace slag to enhance the
properties of 3D printing fly ash-based geopolymer concrete. They found the ground granulated
blast-furnace slag had a significant effect on the development of the structural build-up with a
limited effect on the workability. The rheological properties of the geopolymer system were mostly
affected by the addition of silica fume. The activator agent is another important component of
geopolymer concrete, which can excite the activity of the by-products to be binding materials. The
effect of Si/Na ratio of the activator on the performance of a 3D printing geopolymer was
investigated. Zhang et al. [158] indicated that the Si/Na ratio of the activator affected the rheological
properties of the geopolymer. The yield stress and structural rebuilding ability increased with the
decrease of Si/Na ratio. Bong et al. [159] demonstrated that the Si/Na ratio significantly affected
the open time and shape retention ability of 3D printing geopolymers. In terms of the influence of
activator types, they found that the 3D printing geopolymer concrete with Na-based activators had
higher compressive strength than that with K-based activators. The preparation process of
geopolymer includes a conventional two-part mixing process. The alkaline solution is used in this
process, which may bring difficulties in the extrusion process of 3D printing geopolymer concrete
due to the higher viscosity of the alkaline solution. Besides, the waste alkaline solution is difficult
to dispose of because of the corrosive properties. Under this circumstance, one-part geopolymers
were used in 3DPC with a solid activator in literature [160,161]. The buildability was proved by
printing a section with a height of 300 mm with slight deformation. The high viscosity recovery
properties of 70%-80% in 60s demonstrated adequate extrudability. The results showed that a one-
part geopolymer had the potential to be used in 3DPC with lower environmental impacts.

4.3 Mix design approaches for 3DPC

The mix design approaches need to satisfy the requirements of printability of 3DPC, which are
related closely to the corresponding printer and printing process, making it different from the
conventional concrete. In the mix design process of 3DPC, extrudability and buildability must be
considered firstly to guarantee the successful printing process. Ma et al. [94] proposed a preparation
procedure for the mix design of 3DPC according to the properties requirements of the printing
process. The raw materials (cementitious materials and aggregates) were firstly determined based
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on the requirement of extrudability considering the nozzle size. Then the admixtures, SCMs and
fibers were added to satisfy the performance requirements of buildability, setting time, strength,
and shrinkage of 3DPC. Besides, the inconsistent requirements of the concrete performance during
different processes, such as the high flowability with high water to binder ratio for extrusion but
low water to binder ratio for high strength, were balanced by the addition of superplasticizer. A
similar opinion can be found in the literature [162], which indicated that the mixture for 3DPC must
achieve the target goals of fresh properties. As we discussed before, the printability of 3DPC can
be evaluated by the rheological properties. The studies on rheological properties revealed that the
type and content of SCMs, the maximum aggregate size, the content of aggregate as well as
admixtures have a significant effect on rheological properties of 3DPC [49,148]. Liu et al. [104]
developed a mix design approach based on the correlation between SCMs (fly ash and silica fume)
and rheological properties of printable materials. The multi-objectives optimization has been done
based on the rheological requirements of printable materials to optimize the mix proportion. Le et
al. [27] proposed an optimal mix by evaluating the extrudability and buildability through the
workability of materials. Rahul et al. [98] presented a mix design approach based on yield stress.
They found that the printable materials with the yield stress in the range of 1.5-2.5 kPa could meet
the requirement of extrudability and buildability. Ivanova et al. [163] studied the effect of volume
fraction and surface area of aggregate on the static yield stress of printable concrete. They found
that the volume fraction had a more significant effect on static yield stress and buildability. The
relationship between initial static yield stress and relative volume fraction was proposed, which
contributed for the mix design of 3DPC. The Fuller and Thompson theory and the Marson-Percy
model, which were usually used to optimize the gradation and packing fraction of sand for
conventional concrete, were applied in designing the 3DPC by Weng et al. [164], and the effects
of gradations on the rheological properties, related to the extrudability and buildability of 3DPC,
were studied. The applicable 3DPC was developed by using the Fuller and Thompson theory and
the Marson-Percy model, and it can be applied as a reference for 3DPC mixture design. Qian et al.
[142] stated that the printability of 3DPC requires a balance of high static yield stress and low
dynamic yield stress as well as the high thixotropy. They studied the compatibility of
polycarboxylate superplasticizer and nano clay as well as the effect of these two materials on the
rheological properties. The results showed that 0.2% of polycarboxylate superplasticizer and 0.5%
of nano clay were benefit for the 3DPC. Different VMAs have been adopted in the mix design of
3DPC to meet the rheological requirements as we mentioned before.

Furthermore, Lu et al. [165] proposed a multi-level materials design including three inter-connected
pyramids of mixture design, printing process and composite structure of 3DPC, as shown in Fig.
15. Two apexes were used to connected the three pyramids. The properties at the lower three apexes
of each pyramid had a significant influence on the properties at the upper apex, which further
affected the performance of the upper pyramid. The proposed multi-level materials design
explained the contributions of each important factor on the performance of 3DPC, which gave a
reference for future performance enhancement. Besides, the robustness of mixtures should be
considered for mix design approaches. Rahul et al. [98] found that the addition of nano clay, VMA
and silica fume could increase the robustness of mixtures.

As the development of high performance concrete, such as high fluidity concrete, self-compacting
concrete, high strength concrete and so on, different mix design approaches have been proposed to
obtain the high performance. Shi et al. [166] suggested 5 factors for designing the good mixtures
for self-compacting concrete, which can be a reference for the mix design of 3DPC. They were (1)
wide application, (2) strong robustness, (3) technical requirements, (4) sustainability and (5) cost.
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Among them, the technical requirements are varied from different concrete, and the other 4 factors
can apply to modern concrete, including 3DPC. Some mix design methods for self-compacting
concrete can be used for 3DPC because the two types of concrete both have high requirements of
rheological properties. Nowadays, since the development of 3DPC is at the initial stage, the studies
on mix design approach for 3DPC are weak. More attentions should be paid on the mix design
approaches of 3DPC in future for the better performance.

Structural
performance

Pumpability
& Buildability

Superplasticizer

Fig. 15 The multi-level materials design from reference [165]

5 Conclusions and outlook

The development of 3D printing technology is beneficial for the construction industrialization and
intelligent building. The greatest challenge of the application of 3D printing technology in
construction is the materials-3D printed concrete (3DPC). Due to the layer-by-layer construction
mode, the properties of 3DPC is different from normal concrete. Thus, the mix design for normal
concrete is no more appropriate for 3DPC. It is necessary to review the performance requirements
of 3DPC. Based on this, the testing measurement and evaluated indexes are reviewed. At last, the
mix design of 3DPC is reviewed. The review can help to targeted evaluate and develop the
properties of 3DPC, give some suggestions for the standardization of testing methods, and enhance
the fresh and hardened properties of 3DPC. The following conclusions can be drawn:

e Performance requirement: The extrudability, buildability, open time and setting time are
generally used to evaluate the fresh performance of 3DPC. Extrudability and buildability are
related closely to the rheological properties, including the yield stress, viscosity and thixotropy.
The evolution process of fresh mechanical properties depends on the hydration process of concrete.
The weak interlayer bonding strength of 3DPC leads to the anisotropy of mechanical properties,
which may result in a degradation of durability.

e Testing measurement: Some conventional tests method and rheological tests with different
procedures, can obtain the yield stress, viscosity, thixotropy and have been used for 3DPC. Newly
developed tests for extrudability and buildability according to the printing process have been
developed. The inline and real-time testing measurements combined with the printer head with
testing, feedback and adjusting system are recommended for the future work. Fresh mechanical
properties tests can be carried out to obtain related design parameters according to the test methods
of soil. Bond strength and anisotropic strength of 3DPC can be tested in the future via the test
methods developed for conventional concrete. Testing standards for printability and mechanical
properties of 3DPC are necessary in the future.
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e Mix design: The effects of different materials, including the supplement cementitious materials,
admixtures, fibers, and aggregates on the performance of 3DPC have been reviewed, aiming to help
select the raw materials for 3DPC. The requirements of printability should be firstly considered in
the development of mix design approaches. Recycled sand can be applied in 3DPC to improve its
performance. The high water absorption of recycled sand can significantly enhance the green
strength and buildability of 3DPC.

e Outlook: The 3DPC is facing challenges from the factors of materials, testing methods and
machines. The robustness of 3DPC should be studied in the future to reduce the effect of the
variations of quality of raw materials, the printing conditions and so on. More SCMs and recycled

materials should be applied to reduce the CO; emission caused by the increased costs of 3D printing.

The mix design needs to be developed based on the printability. Durability is essential for the
service life of 3DPC. More reinforcement methods and printing strategies need to be developed for
a better structural behavior of 3DPC structures. The development of inline test methods with
feedback and conditioning system for fresh concrete in the printing process and the standard testing
measurements is necessary. Attention should be paid to the balance between the performance of
3DPC and printing characteristics, such as printing velocity and printer nozzle size. The 3D printer
with a large size of nozzle is required for printable concrete with coarse aggregates. Besides, the
large scale, onsite printer is suggested for the application of 3DPC in construction.
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