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ABSTRACT

Three-dimensional concrete printing (3DCP) is progressing from lab pilots to large-scale
manufacturing, encountering limitations with conventional printable material - cement mortar.
Coarse aggregate concrete (CAC) emerges as a promising alternative due to its superior
material properties, cost-effectiveness, and sustainability, attracting considerable interest in
academia and industry. This paper explores the integration of CAC into 3DCP, focusing on three
critical aspects: mixture design of 3D printable concrete, innovative methods of 3D printing
process, and structural behaviours of 3D printed concrete specimens, structural members and
systems. It elucidates the relationships among mixture composition, processing parameters,
early-age material properties, and printability requirements. Furthermore, particle-bed 3D
printing technology for CAC is discussed, highlighting advantages and challenges compared to
extrusion methods. Ultimately, this review provides valuable insights into the technical
challenges and prospects of 3D printing coarse aggregate concrete (3DPCAC) technology,
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aiming to foster advancements in research and construction practices.

1. Introduction

Three-dimensional concrete printing (3DCP) is an inno-
vative digital construction method that uses computer-
controlled machines to fabricate intricate structures by
depositing concrete layers. Gaining attention for its
potential to reduce construction time, costs, and
material waste, while enabling sustainability and intri-
cate designs, 3DCP is evolving from lab pilots to large-
scale manufacturing [1-4]. Research efforts have been
made on investigations focusing on optimising material
compositions, processing methods, and structural integ-
rity, paving the way for the practical applications of 3D
printed concrete structures [5-9].

Traditionally, 3DCP employs cement mortar without
the coarse aggregate (CA) to avoid clogging during
pumping and extrusion, attributed to the larger par-
ticle size (larger than 4.75 mm) and complex properties
of CAs [10,11]. However, heightened cement usage
raises concerns about increased heat of hydration
and shrinkage risks [12,13]. In addition, CAs enhance
dimensional stability (higher elastic modulus, mechan-
ical strengths and buildability) and promote economic
and ecological sustainability (lower cost and carbon

emission) [14-16]. Incorporating CAs into 3DCP poses
challenges but opens new possibilities for superior
performances of 3D printed components and
structures.

3D printing coarse aggregate concrete (3DPCAC)
technology is in its early stages for practical applications.
Two main approaches of 3DPCAC are extrusion-based
and particle-bed printing technologies [14,17]. The
former, extensively researched and applied in the indus-
try so far, is the primary focus here. Particle-bed 3D con-
crete printing involves the coarse aggregate binding
process (CAB) technology, where mortar or paste is
selectively deposited onto CA beds to build layer-by-
layer structures [17,18]. Additionally, recycled coarse
aggregate (RCA) has been explored as an eco-friendly
material for 3DCP. Studies [12,19-21] suggested the
feasibility of using RCA as a partial replacement of
normal coarse aggregate (NCA) in cast and printed con-
crete, proving its potential to improve the cost-effective-
ness and sustainability of 3D printable mixtures.

Recent review papers [2,3,22] highlighted the impacts
of CAs on printability and mechanical properties in
3DCP. More reviews on large-scale 3DCP technology
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[5,7] indicated that CA competes favourably with fine
aggregate (FA) regarding cost, efficiency, and carbon
footprint for printing simple geometries. However,
these review papers [2,3,5,7,22,23] mainly focused on
conventional 3D printing mortar, touching on only one
or two aspects of 3DPCAC briefly. One possible reason
for this is the recent surge of related research articles
[12,19,20,24-34] published within the last 2-3 years,
revealing new physical phenomena requiring in-depth
analysis. Examples include the impact of CAs on the
interlayer bonding of printed concrete layers [19,20,25]
and the optimal CA content for desired rheological
and mechanical behaviours [27-29]. However, several
crucial questions, such as the effects of CA content on
yield stress, remain unclear and even conflicting across
various publications [12,29,34]. A systematic review of
the current literature is essential to consolidate
findings and address key aspects of 3DPCAC. However,
to the best of the author’s knowledge, there was no
such a comprehensive review on 3DPCAC technology
reported yet.

This study provides a comprehensive review of
3DPCAC technology. The incorporation of CA into extru-
sion-based 3DCP is explored at three levels: the mixture
design of 3D printable material (Section 2), novel
methods and control of 3D printing process (Section
3), and structural behaviours of 3D printed specimens,
structural members, and systems (Section 4). Addition-
ally, Section 5 introduces the particle-bed 3DPCAC tech-
nology and its unique advantages. Finally, Section 6
discusses technical challenges and future directions,
while Section 7 presents the summary and conclusions.

2. Mixture design of 3D printable CAC

This section explores the rheological behaviours of fresh
coarse aggregate concrete (CAC) and assesses the
mixture design to fulfil key printable requirements -
pumpability, extrudability, buildability and open time.

2.1. CAC rheology

2.1.1. Rheological behaviours

Rheology is an effective tool to characterise the work-
ability and to predict the flow behaviour of cementitious
materials [35]. Fresh CAC, like cement and mortar,
behaves as yield stress fluids. The rheological behaviours
can be described using the Bingham model [36], which
is expressed as.

T— Ty = uy (M

where 7is the shear stress, 7, is the static yield stress, w is
the plastic viscosity, and ¥ is the shear rate. Fresh

concrete flows only when the applied shear stress T
reaches static yield stress 7, [37].

Figure 1 illustrates the shearing stress—strain relation-
ships of mortar and CAC, both displaying four stages:
elastic, elastoplastic, plastic flow, and flow segments
[38]. A significant difference lies in the plastic flow
segment. Mortar exhibits a monotonic decrease in the
CD segment, indicating residual strength after yielding.
However, CAC displays the reappearance of elastic and
elastoplastic behaviours in FG and HI segments,
suggesting increased residual strength due to the self-
locking effect of CAs [39].

CAC exhibits thixotropic behaviours, enabling the
yield stress to increase over time [40,41]. Initially, CA
has minimal impact on thixotropic structuration, typi-
cally within the first 5 minutes after mixing. Beyond
this stage, CAC shows a higher thixotropic rate than
mortar [20,34,38,42]. The increase in yield stress of CAC
over time is commonly considered linear during the
first hour of resting [43] and exponential thereafter [44].

2.1.2. Effects of CA on rheological behaviours

Many studies [20,27,31,38,45] suggested that concrete
yield stress and plastic viscosity increased with the CA
volume fraction due to the self-locking effect of CA
and weakened lubrication effect of reduced coated
mortar. Recent research [29,42,46] indicated exponential
growth in cast and printed concrete with increasing CA
content (Figure 2 (a)). This growth can be calculated
using the Chateau - Ovarlez — Trung model [42,46] or
the Coussot model [29], based on paste yield stress
and particle volume fraction. Plastic viscosity can be
determined using the Farris model based on the unimo-
dal viscosity of paste, FAs and CAs [47].

However, some studies [12,34] demonstrated that
concrete yield stress decreases with the CA content
when CA content is low (10% - 30% of total aggregate
volume, 6.1% - 18.3% of total mixtures in Figure 2 (b)
[34]). This decrease was attributed to a smaller frictional
angle and lower uncompacted void ratio [48]. Similarly,
in [40,41], appropriately graded aggregate notably
reduces vyield stress and viscosity. These reductions
align with the excess paste theory [49], where concrete
contains paste filling spaces between aggregates and
excess paste coating and separating aggregates
(Figure 3). With low CA content (e.g. 6.1% - 18.3%),
hydrodynamic interaction between particles and fluid
occurs, resulting in a thicker excess paste layer, smooth-
ing flow, and reducing vyield stress. However, in situ-
ations with high aggregate volume, concrete rheology
is dominated by direct frictional contact between par-
ticles. In such cases, CAs impede flow and increase
yield stress [50].
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Figure 1. Rheological behaviours of mortar and concrete [38].

It is important to note that the contradicting findings
across studies may stem from variations in aggregate
gradation and paste compositions. Further research is
needed to determine an appropriate aggregate grada-
tion for 3DPCAC, enabling FAs to fill the voids
between CAs and achieve an optimal excess paste
volume, thus enhancing the rheological and mechanical
behaviours of 3D printed CAC.

2.1.3. Recycled aggregate concrete rheology

Recycled aggregate concrete (RAC) exhibits higher
static and dynamic yield stress, plastic viscosity and
shear modulus than normal aggregate concrete
(NAQ), attributed to the moisture states, irregular
shape and roughness of RCA [28,38,51]. In 3DPCAC,
using dry RCAs instead of saturated and surface-dry
(SSD) aggregates results in high water absorption
[38]. RCAs primarily utilise their water absorption
capacity during early ages, significantly reducing the

effective water-cement ratio, workability and opening
time [52,53]. For example, RAC, after a 15-minute rest,
causes nozzle blockage, unlike the successful printing
of NAC [38]. Tong et al. [54] devised a carbonation
modification approach coupled with presoaking in
nano-SiO, solution, resulting in a 21.87% reduction in
water absorption, an increase in mechanical strength
of 3D printed RAC ranging from 18.27% to 24.71%.
Additionally, employing water-reducing admixtures
and lower replacement levels of RCA (e.g. 30% by
volume [12]) represent two potentially effective
strategies.

2.2. Pumpability

Pumpability is a relationship between pressure and flow
rate and is related to the initial fluidity of the material
[55]. Adequate pumpability ensures the seamless trans-
portation of fresh concrete in pumping systems and
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Figure 2. Two typical trends of the yield stress changing with CA volume content.

relies on low or moderate yield stress, low viscosity or
forming a lubricating layer.

Figure 4 illustrates the CAC section in the pumping
pipe and printhead [20,32]. Concrete flows as slip-flow
when the shear stress at the interface between concrete
and pipe wall is below the yield stress of concrete.
During pumping, the aggregate phase (CAs and FAs)
tends to migrate to the plug flow zone (pipe centre),
while the paste phase tends to migrate to the shear
flow zone (pipe wall) due to the shear-induced particle
migration effect, as shown in Figure 4 (a). A lubricating
layer (LL) forms on the pipe wall, reducing the shear
stress and ensuring a constant flow rate [56]. This mini-
mises pumping pressure, lowers the risk of clogging,
and maintains smooth flow. The properties of the lubri-
cating layer, such as its yield stress, plastic viscosity, and
thickness, significantly impact the pumpability of
concrete.

CAC requires higher starting and flow pressures com-
pared to mortar to ensure smooth transportation [32].
The formation of the CAC lubricating layer takes more

time and depends on the geometry of the pipeline,
the trajectory along which the concrete mixture
moves, and the shear inside the pipe. Without forming
an appropriate lubricating layer at a very early stage,
the cement paste might move through the granular
matrix, causing the mixture bleeding and pump pipe
clogging [571.

2.3. Extrudability

Extrudability refers to smooth and continuous concrete
extrusion without blockage or tearing at a given flow
rate [58,59]. It also relates to minimal energy consump-
tion during nozzle extrusion [60], quantified by unit
extrusion energy (UEE) per volume. In the conventional
3DCP, satisfactory extrudability depends on low vyield
stress and viscosity. However, for 3DPCAC, special con-
siderations need to be applied.

The crucial factor is the ratio of nozzle size to the CA
maximum diameter, with a ratio above 4 preventing clog-
ging [61]. A large nozzle ensures continuous extrusion;

Figure 3. Model of fresh concrete in the excess paste theory [49].

IPas!e_.er




(a) Concrete close-up in the pumping pipe [32]
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Figure 4. The concrete section in the pumping pipe and printhead.

however, ratios below 4 [11,19,38] can cause blocking,
leading to paste separation from coarse grains and result-
ing in poor printing continuity and quality.

Cement and aggregate content also impact extrudabil-
ity. Researchers generally prioritise cement content in the
mix design to wrap aggregates, enabling extrudability
and printing quality [62]. Adequate slurry also maintains
structural, preventing expansion and vertical slipping of
printed concrete structures during stacking and harden-
ing. Chen et al. recommended a cement-aggregate ratio
of 0.3 - 0.6 for CAC with a maximum aggregate size of
20 mm, providing good flowability. Wang et al. [27] uti-
lised Ordinary Portland cement (OPC) and sulfoaluminate
cement (SAC) to produce 3D printable CAC, finding that a
paste-aggregate ratio of 1.3 ensured suitable rheological
properties and excellent printing effects.

Once a suitable paste-aggregate ratio is determined,
optimising aggregate gradation becomes crucial yet
challenging [62]. Extrusion failures were observed with
the typical ratio used for cast concrete (cement: FA:
CA =1:2:3) [63] and in lightweight expanded clay aggre-
gates (LECA) concrete with a ratio of 1:0.8:0.7, due to
excessive phase separation and diminished water reten-
tion capacity. Nevertheless, several methods were pro-
posed to determine the mixture design of 3D printable
CAC. Zhang et al. [29] successfully developed a two-
phase design strategy based on the composite of
mortar and CA, albeit ignoring the gradation optimis-
ation. Taubert and Mechtcherine [64] proposed a gener-
alisable approach to optimise the grading curve by
adjusting the mixture components and distribution
modulus, facilitating the printing of standard-compliant
concrete. However, further design methods and stan-
dardisation considerations are needed.

Table 1 summarise the ratio of cement, FA, and CA
and other key parameters and properties in 3DPCAC
from literature. Figure 5 depicts the ratio of cement,

FA, and CA in concrete from Table 1, serving as an
empirical guide for mixture design in 3DPCAC. Blue
points represent successful printed mixtures, while
blue points with red crosses indicate unsuccessful ones
[45,61]. Most blue points fall within a ‘Printable zone,
defined by three lines: the X axial, FA=CA, and FA +
CA =3.6. This indicates that most printable mixtures
meet two requirements: (@) CA content is lower or
equal to FA content, and (b) total aggregate content is
less than 3.6 times the cement content. Requirement
(b) implies a cement-aggregate ratio of more than
0.28, consistent with the recommended ratio of 0.3 -
0.6 [11]. Green points show cases [14,24,26,27,51,65]
where successful printing occurred with special treat-
ments, including scraper systems and two-stage material
handling, discussed in Section 3 allowing for higher CA
and FA content in 3D printable concrete.

2.4. Buildability

Buildability is the ability of a material to maintain geometri-
cal stability under sustained and increasing loads [55].
Some studies [11,27,29,38,45] have highlighted that CAs
enhance buildability due to their high shear and compres-
sive yield stress, high elastic modulus, high internal friction
angle, skeleton effect and dewatering during extrusion.
However, as discussed in Section 2.1.2, a few studies
[12,34] indicate that CAs reduced yield stress and plastic
viscosity and therefore decreased buildability. In such
cases, adjusting superplasticiser dosages can help
3DPCAC achieve similar buildability to the control mixture.

2.4.1. Shear properties
Shear properties of fresh concrete are commonly charac-
terised by the Mohr-Coulomb criterion [68], given as.

7y, = C(t) + oy - tan(e(t)) (2)
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Table 1. Key information of 3DPCAC in literature.

Extrusion parameters

Rheological behaviours

Printed/cast mechanical strengths after
28 days (MPa)

D Initial

Damax u flowability Compressive Flexural Tensile Surface
Cement: FA: CA (mm) D, (mm) Damax Yield stress (Pa) (mm) strength strength strength quality  Study
1:3.4:0.9 10 150x50 5 58.2/57.7 7.45/7.41 Smooth [14]

(10 d) (10 d)
1:3.2:3.6 1:3:34 15 200%x 100 6.67 24.1/28.8 Smooth [65]
1:1.3:0.2 1:1.1:0.5 10 30x30 3 184 —187 Smooth
1:0.7:1 1:1:1.5 20 55x55 2.75 178-200 64.6/67.6 6.7/7.0 Rough [11]
1:1.3:22 1:1.4:2
1:1.8:0.8 9.5 30 3.16 160-210 2.6/2.7  Rough [10]
1:1:1.5 12 40 33 3120 (NAC) 3144 219-223 Smooth to [38]
\3884 (RAC) Rough

1:2.8:0.8 8 2.2-26 [66]

12 40 33 2300-3200 54/66 6.8/7/7 Rough [25]
1:2:1.3 10 100x40 4 42/41 6.2/5.6 Convex [24]
1:0.6:0.6 1:0.5:0.7 10 40 4 64/54 10.5/6.5 1.8/1.7 Smooth [27]
1:0.4:0.9 1:0.3:1
1:2.4:1 8 50%x20 25 33/54 8.7/8.7 Smooth [12]
1:24:2.2 16 15050 3.125 Convex [26]
1:1:1.5 12 40 33 2300-3100 (NAC) 52/65 7/7.8 Rough [20]

3200-5800 (RAC)

1:1.8:1.26 1:1.8:1.62 10 40 4 3300-3600 150-160 72/78.8 Convex [29]
1:2:1.2 10 100 10 37/47 5.2/6.0 Convex [28]
1:2:1.3
1:1.96:1.3 10 100 10 29/39 6.0/5.1 3.1/29 Convex [51]
1:2.6:0.3 1:2.3:0.6 8 50x20 25 1360 180 Rough [34]
1:2:0.9 1:1.7:1.2
1:1.41.4
1:0.6:1.4 8 100x30 3.75 57/55 3.4/3.5 Convex [31]
1:1.71:1.43 1:1.99:1.41 10 40 4 53.1/37 2.6/2.75 Convex
1:2.17:0.86

1:2.46:0.57 1:2.74:0.29

Note: D; max is the maximum diameter of CA, and D,, is the characteristic dimension of nuzzle, respectively. The listed yield stresses indicate the range when the
concrete exhibits a relatively good printing effect. The listed printed mechanical strength is the maximum strength in three directions.

where C(t) is the cohesion force, o, is the normal
effective, and ¢ (t) is the internal friction angle.

Fresh concrete exhibits higher friction angles and
cohesion compared to mortar, primarily attributed to
the self-locking effect of CAs. For example, concrete con-
taining 15% CA displays an approximate 8° increase in
friction angles, a 1.67 kPa increase in cohesion and a
3.20 kPa increase in yield stress in the first hour [32].

The friction angle and cohesion of fresh concrete typi-
cally increase over the rest time. However, a recent study
[32] noted an unexpected bi-linear cohesion behaviour
of CAC containing 15% CA: the cohesion decreased
rapidly in the first hour, followed by a subsequent
increase. This unique phenomenon is likely connected
to the specific CA volume content (6.1% - 18.3%)
discussed in Section 2.1.2.

2.4.2. Compressive properties

The uniaxial compressive stress-strain relationship of
CAC evolves from elastoplastic at younger ages to
strain-softening at older ages, typical of hardened con-
crete, as shown in Figure 6 [45]. Barrelling type failure
and shear cracks can be found in the specimens of

younger and older ages, respectively. The evolutions of
compressive strength and elastic modulus are from
linear to exponential growth, as modelled using the
Perrot type model [45].

2.4.3. Skeleton effect

Fresh concrete comprises a saturated mix of pore fluid
(free water and pore gas), cementitious materials, and
an aggregate skeleton. Material deformation and
strength only depend on the effective stress from
cementitious materials and the aggregate skeleton
[10]. CAs act as an internal support framework under
external loading: vertically enduring compression and
diagonally preventing the formation of shear stress
sliding surfaces, significantly increasing material yield
stress and buildability.

2.4.4. Dewatering

Dewatering, occurring during extrusion, is a phase sep-
aration process similar to the migration effect during
pumping but intensified due to accelerated material
flow and compaction from reduced printhead diameter
[45]. During extrusion, aggregate and paste phases
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become layered within the filament, with the external
sparse area dominated by the paste phase with a high
water-cement ratio (see Figure 4 (b)) [20]. This area,
characterised by lower cohesive force, affects both
fresh and hardened mechanical properties. The water-
retaining capacity of the mix can be evaluated by the
desorptivity. Compared with mortar, the CAC shows a
23 - 39% decrease in desorptivity when the CA content
is 15 - 45% [45]. While phase separation is inevitable,

600 |
——240 min
----300 min
" ---=420 min
400

0 5 10 15 20
Displacement (mm)

Figure 6. Concrete evolution from elastoplastic type to strain
softening type [45].

proper management enhances buildability and surface
quality, as the external paste phase provides a smoother
surface compared to CA. However, excessive dewater-
ing, often due to high CA content, challenges extrudabil-
ity and surface quality.

2.5. Printability

Figure 7 depicts the relationship among composition
design (material parameters), processing parameters,
early-age material properties and printability in
3DPCAC. The bolded aspects demand special attention
in 3DPCAC considerations. Material and processing par-
ameters distinctly shape the material properties of fresh
CAC, with a focus on satisfying printability requirements.
However, inherent material traits of CAC, such as high
yield stress, viscosity, internal friction angle, and the skel-
eton effect, enhance buildability while challenging
pumpability and extrudability [45]. To address this
issue, a specially designed admixture composition,
alongside optimised processing parameters and novel
technology (discussed in Section 3), is essential.

For a tailored composition design in printable CAC, a
key strategy involves utilising diverse mineral and
chemical additives to reconcile the inherent conflicts
among pumpability, extrudability, and buildability.
Table 2 outlines additives used in 3DPCAC and their
impacts on rheological and other behaviours. Additives
like metakaolin, recycled power, hydroxypropyl methyl-
cellulose (HPMC) and early strength agent (ESA)
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Figure 7. The relationship among material and processing parameters, early-age material properties and printability in 3DPCAC.

enhance concrete strength but diminish workability
[38,51,66,69-71]. Notably, HPMC plays a crucial role in
the composition design of printable CAC. It acts as a vis-
cosity-modifying agent by swelling and thickening
effect, transforming the concrete from low yield stress
and low plastic viscosity to high yield stress and moder-
ate plastic viscosity [51]. It also improves the water reten-
tion capacity post extrusion, avoiding the bleeding and

Table 2. Effects of various additives on rheological and other
behaviours of concrete.

Additives

Effect on rheological
behaviours

Other main effects on
concrete

Metakaolin

Increasing yield stress and
viscosity, and reducing

Increasing compressive
and flexural strengths

Recycled power workability Increasing mechanical
properties
HPMC -
ESA Increasing structuration Increasing early strength
rate

SF Increasing pumpability Increasing compressive
strength, bond strength,
and abrasion resistance

GGBS Uncertain effect on yield Increasing durability

stress and decreasing
plastic viscosity
FA Reducing yield stress -
SP significantly and viscosity
moderately, and improving
workability

PVA fibre Reducing workability, but ~ Overcoming interlaminar

PE fibre can be compensated with degradation

PP fibre SP

Basalt fibre

Steel fibre

blockages caused by CAs. Regarding silica fume (SF),
its impact on yield stress and plastic viscosity varies
[67]. While many studies [72-74] suggest an increase,
others [75,76] propose a reduction, contingent on
specific superplasticizer (SP) and water-cement ratios.
Generally, SF can enhance concrete pumpability by
filling voids between particles and increasing lubrication
effects [35].

On the other hand, fly ash (FA) and SP can signifi-
cantly decrease yield stress and moderately reduce
plastic viscosity, thereby improving flowability. Ground
granulated blast-furnace slag (GGBS) generally
decreases plastic viscosity, but its effect on yield stress
is uncertain [12,34,35]. Effectively reducing viscosity
with additives remains challenging and requires
further study [29].

Various fibres, including polyvinyl alcohol (PVA), poly-
ethylene (PE), polypropylene (PP), steel, and basalt
fibres, were used to overcome interlaminar degradation
and improve buildability and mechanical strengths of 3D
printed CAC [10,12,31,34,38,77]. Although these fibres
reduce workability, this effect can be mitigated by SP
[78,79]. In addition, CAs lead to divergence and the
weakened orientational alignment of fibres [77].

To evaluate the printability of CAC before actual
printing and optimise the additive formulations,
various rheological indicators used for assessing the
workability of cast concrete can be employed, including
yield stress, (initial) flowability, and slump. As shown in



Table 1, the static yield stress of printable NAC generally
falls within the range of 2300 - 3600 Pa, which is higher
than that of mortar (2100 - 2700 Pa) and lower than the
corresponding RAC (3200 - 5800 Pa) [20,25,29,38]. The
typical dynamic yield stress of CAC is around 900 Pa
[29,34]. Note that the yield stress increases over time,
and the listed values represent the stress when the con-
crete exhibits a relatively good printing effect. For
mortar and NAC, the time is typically around 10 mins
after mixing, while for RAC, it is about 5 mins due to
higher water absorption [38].

Zhang et al. [29] suggested that residual slump and
flowability correlate well with static and dynamic yield
stresses of CAC, respectively. Studies [38,45] showed
that the initial flowabilities of mortar and CAC are
similar, but they differ by about 4 - 20% after 15 mins,
depending on the CA type and content. Many studies
[10,11,34,38,45] recommended an initial spread range
of approximately 160-210 mm that meets the flowability
and buildability requirements of 3DPCAC.

3. 3D printing process control for CAC

In the conventional 3DCP, processing parameters like
printing speed, nozzle-to-layer height, and material
flow velocity have a notable impact on printed material
properties and geometry. However, in 3DPCAC, the
focus shifts to ensuring extruding continuity and satis-
factory surface quality. Factors like pump types, two-
stage material handling, and extrusion parameters
should be carefully considered.

3.1. Pump types

Due to the higher starting and flow pressure required in
3DPCAC, using conventional positive displacement
pumps for 3DCP to pump CAC is challenging [80]. To
overcome this barrier, Rahul et al. [45] adopted a long,
slow-moving piston-pump-based system, allowing
larger aggregates to migrate inwards and embed
within the binder during extrusion. Additionally, CON-
Print3D technology utilises rotor pumps that provide a
smoother, more uniform, and nearly shock-free material
flow to the printhead, reducing pumping mast oscil-
lations compared to common piston pumps [14].

3.2. Two-stage material handling

Two-stage material handling involves adding additives
to concrete during mixing and on the printhead
[14,81]. These additives, such as HPMC, typically increase
yield stress and viscosity. Incorporating them on the
printhead can enhance buildability and mitigate their
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impacts on pumpability and extrudability. Ji et al. [65]
developed a double-assisted print head, achieving
two-stage material handling and uninterrupted concrete
printing (Figure 8 (a)). Xiao et al. [51] printed RAC with a
90-110 mm slump through secondary mixing of HPMC.
This secondary mixing results in a greater increase in
static yield stress compared to 30 minutes of resting
and higher HPMC dosages. Furthermore, Wang et al.
[27] used a secondary high-precision pressure pump to
introduce admixtures into flowing concrete in the extru-
der, successfully printing CAC.

However, these methods raise printhead weight,
challenging pump mast stability and printing precision,
especially with high CA content and printing rates
[14,27]. Refining drive components, control algorithms,
and control systems [82] are vital to address these con-
cerns and enhance the robustness of printing systems.

3.3. Extrusion parameters

Extrusion parameters, including the dimension, shape
and direction of the nozzle, extrusion method and
scraper, significantly affect the extrudability, mechanical
properties, and surface quality of 3D printed concrete.
For effective extrusion, the nozzle dimension should
be at least four times larger than the CA diameter,
making rectangular nozzles preferable for 3DPCAC due
to their capacity to accommodate larger lengths, typi-
cally ranging from 50 mm to 200 mm [12,14,24,26,65].
Rectangular nozzles also produce concrete with
smoother surfaces and lower porosity [83,84]. Regarding
nozzle orientation, vertical nozzles are commonly used
since extrusion pressure helps redistribute the CA and
reduces pore diameter, enhancing compactness and
strength, especially flexural strength [27,65]. Conversely,
horizontal nozzles weaken the interface bond [85].
Ram and screw extrusion are two common extrusion
methods in 3DCP [23]. However, extruding CAC poses
challenges for both, necessitating modifications. Tra-
ditional ram extrusion may generate a dead zone in
the printhead [86], disrupting the continuous extrusion
of CAC. To address this, Ji et al. [65] developed the
double-assisted print head (Figure 8 (a)). On the other
hand, screw extrusion can interfere with hydration
product nucleation in concrete, reducing the yield
stress and improving flowability [24]. However, larger
particles may jam in the hopper and screw. To solve
this problem, Chen et al. [11] used delivery blades to
transport concrete and utilised spirals to generate con-
crete shear thinning (Figure 8 (b)). Additionally, vibrating
the nozzle and storage bin before printing can also
rapidly reduce concrete yield stress, facilitating extrusion
[87,88]. Wang et al. [27] attached a vibration motor to
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Figure 8. Various extrusion systems developed for 3DPCAC.

the storage bin, ensuring continuous vibration during
concrete extrusion and resulting in improved mechan-
ical properties compared to cast concrete.

The scraper system, originally from the Contour
Crafting [89], is increasingly used in 3DPCAC to
enhance surface quality [14,27]. In the CONPrint3D
technology (Figure 8 (c)), shaping plates maintain
smooth printed filaments, while a shutter and multiple
actuators allow diverse wall cross-section printing [14].
Scrapers prevent excessive concrete spreading,
improving mechanical properties and filament geome-
try. Furthermore, Ji, et al. [24] developed an automatic
height-adjusting scraper system (Figure 8 (d)) to
accommodate longer scrapers, which could further
optimise performance [24].

4, Structural behaviours of 3D printed CAC
and practical application

4.1. Anisotropic mechanical strengths

The practical application of 3D printed CAC structures
predominantly relies on the hardened properties of

(d) Automatic height-adjusting scraper system [24]

printed concrete, including mechanical strengths, struc-
tural behaviours, surface quality and shrinkage.

CA improves compressive, flexural, and splitting tensile
strength and elastic modulus of concrete in young and
old age, attributed to CA increasing internal friction
angle and aiding dewatering during extrusion
[27,45,65]. The increase in flexural strength is particularly
significant due to enhanced crack resistance and fracture
behaviours [27,66,90]. An optimal CA dosage exists for the
development of compressive and flexural strength in
printed or cast concrete; surpassing this threshold
results in diminishing strengths [91]. Studies of 3DPCAC
[27,29,45] demonstrated that CA content of 25%, 25%,
and 20%, respectively, resulted in 11%, 25%, and 45%
to 60% increases in compressive strength compared to
mortar. Machine-learning  technology, specifically
Support Vector Machine, was employed to predict the
flexural and tensile strengths of 3D printed CAC based
on data from 25 literature studies, though the small
sample size posed a risk of overfitting during training [92].

3D printed CAC specimens are generally weaker than
cast concrete due to introduced pores, weak interlayer
bonds, and lower density, as shown in Table 1.



However, some studies [27,31] achieved 3D printed CAC
with lower porosity and improved mechanical properties
compared to cast concrete, attributed to suitable
material properties and printing processes.

Anisotropy is inherent in layer-by-layer 3D printing,
with patterns influenced by aggregate combination,
processing parameters and the resting time [93].
Typical compressive strength patterns for 3D printed
CAC are X>Y>Z axis [20,25,27] and Z>X>Y [12,51],
while for flexural strengths, common patterns include
Y>Z>X[11,12,24,28,51] or Z>Y > X [20,25]. The aniso-
tropy can be quantified using an anisotropy coefficient
[94]. Compared to mortar, the coefficient for 3D
printed CAC is lower, attributed to CAs penetrating inter-
faces and bridging neighbouring layers, enhancing
material strength [27].

Liu et al. [19,20,25] extensively investigated the aniso-
tropy, pores, and interlayer bond of 3D printed hardened
NAC and RAC and they proposed the multiple partition-
interface model and filament interfacial bonding system.
It was found that, compared to mortar, 3D printed CAC
exhibits larger pores with more pronounced boundary
angles (irregular geometry) and lower compactness.
These pores are generally flat and ellipsoidal, differing
from the spherical pores found in cast concrete, attributed
to uneven, porous CAC filament surfaces, hindering
fusions between filament interfaces. The unique pore geo-
metry induces crack initiation and propagation, causing
weakly bonded interfaces and leading to anisotropy.

Despite for causing large, irregular pores, CAs signifi-
cantly enhance the interlayer bond strength, surpassing
that of mortar. For instance, the splitting tensile strength
of 3D printed CAC in [25] was more than double that of
mortar. Splitting tensile tests in [27,95] revealed aggre-
gates splitting at the interface of the broken specimen,
indicating that CAs penetrate the interface, bridge
layers, and widen the force transfer path, ultimately
improving the bonding strength.

3D printed RAC possesses slightly inferior mechanical
properties compared to 3D printed NAC, mainly due to
the lower mechanical properties of old mortar aggre-
gates. However, two factors partially offset this decrease:
(a) the rougher surface of RCA, which enhances bonding
with mortar, and (b) the high water absorption and sub-
stantial cement content of the old mortar, reducing the
local water-cement ratio around the RCA [20].

4.2. 3D printed early-age specimens and
structural behaviours

Strength, stiffness, and stability are crucial aspects of
structural design. 3D printed early-age CAC multilayer
structures typically fail in two modes - (strength-
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based) plastic collapse and (stability-based) elastic
buckling.

Plastic collapse occurs when concrete stress reaches
its yield point, via compressive or pressure-dependent
shear failure, defined by the maximum stress and
Mohr-Coulomb theories, respectively [96]. Compression
failure stems from constituent crushing (Figure 9 (a))
[38], while shear failure results from particle shear move-
ment (Figures 9 (b) and (c)) [10]. The inclined plane
failure is common in 3D printed mortar specimens,
where shear strength is mainly provided by the cohesion
of the cementitious material. The multi-crack failure
occurs in 3D printed CAC specimens, with shear resist-
ance stemming from both the cohesion of the cementi-
tious materials and the friction and bite force of the
aggregates.

Figure 10 compares the early-age compressive load -
displacement curves of 3D printed mortar and CAC mul-
tilayer structures (see Figures 9 (b) and (c) for their
respective failure modes) [10]. The CAC structure has a
bearing capacity five times larger than that of mortar
counterpart, highlighting the pronounced effects of
the aggregate skeleton on enhancing yield strength
and buildability. Moreover, the CAC curve exhibits an
S-shaped profile, with three distinct stages: (a) Initial
stage showcases high bearing capacity and minimal
deformation, crucial for constructability; (b) Upon sur-
passing the ultimate bearing capacity, mid-term
bearing capacity is achieved, marked by marginal load-
bearing capacity variation and large deformation,
leading to gradual structural degradation within a
material failure zone, and (c) Later loading stages
witness a more compact internal particle size, resulting
in a rapid increase in the load-bearing capacity.

Elastic buckling occurs due to a loss of equilibrium of
forces and moments, initiating uncontrolled defor-
mations or displacements, and is controlled by the
material shear modulus G and structural geometry.
Table 3 provides analytical solutions for three failure
modes of 3D printed concrete structures. Equations (3)
and (5) predict the maximum printed height of plastic
collapse and elastic buckling, respectively [55,97],
although Equation (5) may underestimate elastic buck-
ling [38,45]. Equations (4) and (6) are their rewritten
forms considering 3D printing process parameters and
structural geometry, respectively: the left side of the
two formulations relates to material parameters, while
the right side relates to process parameters [38]. These
formulations enable rough estimations of the
maximum printed height and buildability of 3D printed
CAC structures based on material yield stress and
shear modulus. For example, compared to mortar mix,
3D printed CAC exhibits a 45-60% increase in
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Figure 9. Plastic collapse of 3D printed concrete specimens [10,38].

compressive yield stress and a 25-50% increase in elastic
modulus, resulting in 56-72% and 10-17% increases in
critical height considering plastic collapse and elastic
buckling, respectively [45].

Figure 11 compares Equations (3) and (5) in the same
coordinate system, illustrating the required yield stress
and shear modulus for the successful printing of a
specific object [38]. Yield stress governs successful printing
when the printing height is below the critical threshold,
while shear modulus becomes crucial beyond this height.
As the demand for shear modulus increases cubically
with height, it is more sensitive to changes in height. Com-
pared to mortar, CAC necessitates a higher shear modulus
due to its increased density. Precise control of printing set-
tings is vital to prevent premature elastic buckling. In cases
where increasing shear modulus cannot meet require-
ments, engineering applications may resort to batch print-
ing and assembly moulding.

Concerning stiffness-based failure, Equation (7) [55]
defines the critical shear modulus G to prevent excessive

deformation. 3D printed concrete multi-layer structures
lose height due to gravitational loads, with the bottom
layer experiencing the most deformation. This defor-
mation extent can be evaluated by the shape-stability
test. Higher CA and reduced slurry contents result in
the deformation increased due to lower material
density and inadequate slurry to envelop and restrict
the flow of CA [11] . However, stiffness-based failure is
less prominent in 3DPC, and there is a lack of defined
failure criteria. One reason might be that when accumu-
lated layer deformation becomes excessive, extra layers
can be printed to reach the desired height.

4.3. 3D printed hardened structural members and
large-scale structural systems

Some mortar structures include buildings, bridges, and
other civil infrastructure have been successfully 3D
printed [98,99]. However, to withstand structural loads
such as static, wind, snow, and seismic forces, 3D
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Figure 10. Compressive load — displacement curves of 3D printed multilayer structures [10].



Table 3. Analytical solutions of three failure modes of 3D
printed concrete structures.

Failure mode Analytical solution

t

Plastic collapse H, = 7(t) 4
P9

7/pg = Vhot/~/35 @)

1

Elastic buckling H, = <BE(T)/>3 5)
pgA

G(1+v)/pg = 3H* /48 )

Stability-based failure G = pgho/ Vs, @)

printed concrete structures must integrate CAC and
reinforcement to prevent catastrophic brittle failure.
Despite advancements, the application of 3D printed
CAC structures is still in emerging stage. Two common
construction methods widely adopted so far are print-
in-place (PIP) and preprint [79,100]. PIP, the focus here,
generally offers higher efficiency and lower costs com-
pared to the preprint, which resembles prefabricated
buildings with limited transportability. One typical PIP
production process involves printing hollow walls or
columns as formworks and subsequently filling them
with concrete. Chen et al. [101] printed permanent
CAC formworks of structural components with a splitting
tensile strength of 2.3-4.4 MPa, surpassing 3D printed
mortar formwork by 1.2-3.3 MPa. However, these form-
works displayed shear fractures in the interlayer under
compression loads, leading to main crack development
and extensive spalling from the core concrete. To
address this, they devised a novel square stirrup with
reserved reinforcement holes built into the 3D printed
permanent formwork, enhancing printed column per-
formance, as shown in Figure 12 (a) [30].
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Figure 11. Required yield stress and shear modulus as a func-
tion of printing height [38].
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Table 4 summarises key large-scale practical appli-
cations of 3D printed CAC structures. The US Army
Corps of Engineers [102,103] constructed semi-perma-
nent B-Hut structures, showcasing continuous CAC
printing with optimised geometries and reinforcement.
Engineered to endure ASCE 7 design loads, traditional
concrete foundations and roofs were used with 3D
printed walls. Wall contours were printed onto foun-
dations and anchored using steel angles and bolts.
Upon reaching 28-day strength, walls were filled with
self-consolidating concrete (SCC), and L-hook anchors
were installed for roof connection. Chevron wall geome-
try (Figure 12 (b)) was used for optimising space utilis-
ation and reinforcing placement. Additionally, NASA
[104] developed Additive Construction with Mobile
Emplacement (ACME) technology for lunar and Martian
infrastructure, executing prototypes and full-scale addi-
tive structural construction with CAC and indigenous
materials.

Ji et al. [65] printed a power distribution substation
using C25 ready-mixed CAC, incorporating construc-
tional columns and ring beams to meet seismic require-
ments. They first printed underground structures,
including the cable trench, equipment foundation, and
oil collection tank, along with the wall. Constructional
columns were then constructed using supporting form-
works, steel bars, and casting concrete. Furthermore, a
Chinese construction company, HuaShang Tenda, 3D
printed a two-storey house on-site, built to withstand
earthquakes up to magnitude 8 on the Richter scale
[105]. The house frame, with rebar support and plumb-
ing pipes, was erected first. Then, 250-mm-thick walls
were printed using ordinary C30 concrete. The printer
used a forked extruder to simultaneously lay concrete
on both sides of the steel reinforcement, encasing it
within the walls.

In those above-mentioned cases, horizontal and ver-
tical steel bars or mesh were strategically placed in the
(reserved) concrete hollow or between layers before,
during or after printing to bolster structural integrity. It
has been found that bond strengths between 3D
printed CAC and steel bars exceed those of mortar and
parallel placement of rebar and printed segments
shows stronger bond strength than vertical ones [106].
However, all reinforcement applications were manual,
underscoring the pressing need for further automation
development.

4.4. Economic and environmental benefits

3DPCAC technology offers a cost-effective, eco-friendly
alternative to traditional concrete construction. It signifi-
cantly reduces construction time and manual labour
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Figure 12. 3D printed CAC structural members and structures.

while also minimising waste and dust pollution. Tra-
ditional methods often allocate 35-60% of expenses to
formwork material and labour costs [9], which can be
saved with 3DPCAC. Printing the main building com-
ponent usually consumes only one-tenth of the total
construction time, resulting in a 60-80% reduction com-
pared to casting concrete [65,103]. However, practical
construction issues such as pump wear and material
blockages can cause printing stoppages and exacer-
bated evaporation drying effects. Continuous printing
with robust equipment and efficient project scheduling
further reduce delay time and overall construction dur-
ation [102,103].

Regarding the environmental impact, 3DPCAC can
substantially reduce the carbon footprint while 3DCP
generally has higher carbon emissions than traditional
concrete construction, due to higher cement content
[14,108]. The Portland cement and cement mortar
release around 0.82 and 0.24 kg CO, equivalent (kg
CO,/kg product), respectively, while typical CAC and

Table 4. Key information of large-scale 3D printed CAC structures

(b) B-Hut structures with Chevron wall geometry [102]

reinforced concrete are about 0.14 and 0.18 kg CO,
equivalent, respectively [5]. Furthermore, incorporating
RCA into 3DPC shows both environmental and econ-
omic benefits since (a) RCA can reuse construction
waste and (b) the price of RAC is much lower than
NAC and the main cost of 3DPC is building materials
[108].

4.5. Surface quality and shrinkage

The surface quality of 3D printed CAC structures in Table
1 is categorised into three levels: smooth, convex, and
rough, based on close-up observations in the literature,
as shown in Figure 13. Rough surfaces are common in
3DPCAC, with typical defects such as voids, cracks,
exposed aggregate, intralayer fracture, and continuous
interlayer fracture [11,45,109], potentially leading to sig-
nificant durability and impermeability losses [11]. Exces-
sive CA content is a primary cause of poor surface
quality, leading to inconsistent movement of CAs and

Building size and

Application Concrete Reinforcement Construction flow Design level time
B-Hut structures 5000 psi (34.5 MPa) Horizontal bars at the 1. Casting concrete foundations with ASCE 7 a512ft% (16 ft x 32
[102, 103] concrete with the bottom and top of walls; reinforcement. 2. Printing wall contours with ft x9.25ft)in 5
maximum vertical steel bars in the placing reinforcement. 3. Filling the wall days
aggregate size of wall core hollow using SCC. 4. Connecting precast roof
9.5 mm
The power (25 ready-mixed Horizontal steel mesh in 1. Printing the underground structure and - 55.66 m* (12.1 m x
distribution concrete with walls at a 500-mm wall. 2. Constructeing the constructional 46 mx 4.6 m) in
substation 5-15 mm CA interval; steel cage in columns 35 days (54 days
[65] constructional columns for cast concrete)
The two-storey ~ Ordinary C30 Horizontal and vertical 1. Erecting house frame with rebar support Level 8 400 m? in 45 days
house [105] concrete with steel bars and plumbing pipes. 2. Printing walls earthquake
5-20 mm CA resistant
The six-storey RAC Horizontal and vertical 1. Placing pre-printed wall. 2. placing beam - 1100 m?

apartment steel bars

[107]

columns and steel rebar within the walls




mortar during pumping and extrusion, resulting in
inadequate mortar filling gaps and the formation of
pits and tears in the printed strips [27]. Table 1 also pre-
sents instances of smooth 3D printed CAC specimens,
achieved through various methods such as reducing
CA content [45], increasing nozzle size [14,24,65], and
applying special treatments on the nozzle, like scrapers
[14,24].

Shrinkage significantly affects concrete volume defor-
mation, cracking, and durability. Shrinkage development
in printed CAC (e.g. 500 - 1000 wm/m in 8 hours [10]) is
much faster than cast CAC (e.g. 600 - 750 um/m in 8
days [12]), due to the higher cement content in printable
material and the lack of formwork [110]. It is found that
increasing CA content reduces chemical and autoge-
nous shrinkage by decreasing cement paste and
restrains dry shrinkage [111]. However, limited studies
on the shrinkage behaviour of 3D printed CAC exist,
partly due to practical difficulties in experiments such
as attaching ‘DEMEC pins' to printed samples [12]. Bai
et al. [10] carried out non-contact and contact shrinkage
tests to evaluate shrinkage behaviours of 3D printed
RCA, revealing adverse effects of the printing process
and aggregate types. A more profound analysis is
imperative for a comprehensive understanding of 3D
printed CAC shrinkage behaviours.

5. Coarse aggregate binding process

The coarse aggregate binding process (CAB) is a new
advancement in particle-bed 3DCP. In this method,
cementitious material filaments are selectively depos-
ited onto CAs bed to form layer-by-layer structures
[112]. The deposition of mortar or paste can be achieved
either by extruding, as demonstrated in Aggregate-bed
3D concrete printing (Figure 14 (a)) [17] or by spraying,
as in Large Particle 3D Concrete Printing (Figure 14 (b))
[6].

The particle-bed 3DCP process involves two repetitive
steps: applying dry particles and selectively binding the
particle layer by locally depositing fluid. Non-bonded
particles are removed in the de-powdering process
[113]. Shi et al. [17] extended this concept to aggre-
gate-bed 3DCP, printing CAC with 40% CA content
and achieving compressive and flexural strengths up
to 48.9 and 7.5 MPa, respectively. Based on this technol-
ogy, Lyu et al. [114] developed 3D printed sandwich-
structured porous concrete, which offers higher water
drainage or retention permeability, making it ideal for
constructing sponge cities [115]. On the other hand,
Mai et al. [6] presented Large Particle 3D Concrete Print-
ing, using a large-scale demonstrator to print shotcrete
with CAs up to 36 mm diameter, reducing cement
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usage by over 50% and increasing compressive strength
to 65 MPa. This technology also incorporates the auto-
matic fabrication of prefabricated reinforcement inlays,
featuring corrosion-resistant glass fibre roving with an
epoxy resin coating [116].

Compared with extrusion-based 3DCP, the most sig-
nificant advantage of CAB is using more CAs without
concerning blocking issues, achieved through the separ-
ation feeds of CA and cement. Satisfactory buildability
and the ability to print overhangs can be also achieved
due to the mechanical stability of CAs [17,117].

The main challenge of the CAB technique is control-
ling paste penetration into CAs, crucial for strength
and shape accuracy. Complete penetration ensures
robust layers and prevents anisotropic behaviour. To
achieve this, the paste requires sufficient fluidity with a
relatively low yield stress and plastic viscosity. Exces-
sively yield stress results in elliptical layer shape, decreas-
ing accuracy, while too low yield stress weakens
bonding. Higher plastic viscosity increases coarse air
void volume, reducing overall strength. Analytical
methods were proposed to predict the penetration
depth based on the material properties and driving
pressure gradient [112,118]. To balance penetration
and skeleton strength, a water-cement ratio of 0.4 and
a sand-cement ratio of 1.0 were recommended to main-
tain moderate yield stress and relatively low plastic vis-
cosity [18].

6. Challenges and future directions

While there have been some advancements in integrat-
ing CAC into 3DCP, challenges remain, careful consider-
ation of the mixture design for 3D printable CAC is
essential to achieve the desired printability. Most
research utilised empirical methods but there are no
design codes and standards established yet. To further
optimise mixture design, further studied are suggested
to conduct as follows:

o The effects of CA content on yield strength need to be
clarified, especially for the volume content in a range
of 6.1% to 18.3%.

¢ To determine the optimal cement/paste content and
aggregate gradation, novel quantitative mixture
design approaches and formulations, such as those
discussed in literature [29,64], should be developed.

e The plastic viscosity of CAC needs to be further
reduced by implementing novel additives or adjust-
ing aggregate gradation.

» Short open time and a limited understanding of dura-
bility are two crucial factors affecting the application
of RAC, which is valued for excellent buildability and
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Figure 13. Three levels of surface quality of 3D printed CAC structures.

sustainability. The former issue may be alleviated by
using various additives or compensated mixes with
SSD aggregates.

While novel pumping and extrusion technologies
have been proposed for continuous CAC delivery, they
may increase printhead weight and reduce positioning
accuracy. Practical construction issues, such as pump
wear and material blockages, often disrupt the printing
process. Solutions may involve developing optimised
drive components, control algorithms, and systems to
enhance printing precision and system robustness [14].

Regarding 3D printed CAC structures, further investi-
gation is needed on stiffness-based failure criteria. Prac-
tical applications of large-scale on-site 3D printed CAC
structures are still limited, mainly due to challenges in
placing reinforcement, which is currently performed
manually. The placing method and automatic lay-up of
steel reinforcement during 3D printing process, such
as steel printing [119] and fibre reinforcement [78],
would significantly improve the construction speed

Cement paste ' Coarse aggregates

Paste [ceder

..' £ .l
j_ 1202062020

Application of

Application of
X 1* layer of paste

1* layer of aggregates

(a) Aggregate-bed 3D concrete printing [17]

Figure 14. CAB technologies.

with providing a much more efficient alternative con-
struction approach for industry.

7. Concluding remarks

The paper presents a comprehensive review of two pro-
minent 3DPCAC technologies: extrusion-based and par-
ticle-bed concrete printing. Incorporating CAC into
extrusion-based 3DCP is examined across three perspec-
tives: 3D printable material, 3D printing process, and 3D
printed structures. From this review, the following con-
clusions can be drawn:

e CAs improve buildability but pose challenges for
pumpability and extrudability due to high yield
stress, plastic viscosity, and internal friction angle.
Careful considerations are required for an optimal
mixture design to achieve desired rheological and
mechanical behaviours and printable requirements.

* Novel pumping and extrusion technologies, along
with two-stage material handling, have been

(b) Large particle 3D concrete printing [6]



successfully proposed to transport CAC smoothly.
Vertical rectangular nozzles with scrapers can
provide superior mechanical behaviours and surface
quality of printed concrete.

e CAs reduce anisotropy and enhance the mechanical
properties of 3D printed concrete, including compres-
sive, flexural, and interlayer bond splitting tensile
strengths, as well as elastic modulus.

e 3D printed CAC structures exhibit higher printing
heights to prevent early elastic buckling and plastic
collapse and different compression failure modes
compared to mortar structures. To prevent premature
elastic buckling, higher elastic modulus and precise
printing control are essential.

o With the incorporation of reinforcement into 3DPCAC,
large-scale 3D printed concrete structures that with-
stand structural loads in design codes can be
achieved. It offers improved structural behaviours,
cost-effectiveness and sustainability compared to 3D
printed mortar structures. Automated steel reinforce-
ment applications and standardised construction
methods would boost industrial advancement.

e The CAB process allows for printing concrete with a
high content of CA (40%). The main challenge lies in
effectively controlling paste penetration into CAs.
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