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3D concrete printing is an emerging construction technology, and presents an opportunity for utilising materials
that are otherwise considered unsuitable for concrete construction. Incorporating underutilised solids and/or
waste solids as aggregates is a way of gaining the maximum environmental and economic benefits from the
emerging 3D concrete printing technology. In this study, desert sand (small size), river-sediment ceramsite sand

Printabilit X . . . . . .
Interlayer}l;on ding (medium size), and recycled concrete (large size) were experimentally investigated for use as aggregates in the
Shrinkage 3D printing of concrete. Three mixtures were designed with continuous, open, and interrupted gradations of

solids, respectively, based on the theory of particle interference, and aiming to meet the requirements of
extrusion-based 3D printing. The influences of the particle grading characteristics on the printability-related
early-age behaviours, mechanical properties, and shrinkage resistance have been measured and analysed. The
test results demonstrate that the self-supporting skeletal effect formed by the gradated particles reduces the
flowability of the mixtures, but the structural build-up/buildability performance is improved (under the premise
of the desired printability). The interlayer distribution and skeleton of the gradated aggregate contribute to
improving the interfacial interlocking effect and contact bonding between layers; this is visually validated
through computed tomography (CT) scanning. Further, the addition of aggregates reduces the proportion of
cementitious composites, and therefore effectively mitigates the shrinkage of the cement matrix. The grading
characteristics of the underutilised particle resources are crucial for regulating the early-age 3D printability. This
article provides feasible solutions based on experimental data for promoting the eco-utilisation of underutilised
and waste solids in 3D printing, and these solutions satisfy the minimum strength and durability requirements.

1. Introduction weak interface bonding and mesoscale flaws between adjacent fila-

ments, inadequate automated reinforcement methods, and lack of

3D concrete printing (3DCP), an emerging digital fabrication tech-
nology using concrete, promises to deliver greater automation, flexi-
bility, and freeform construction as compared to conventional (largely
manual) construction. 3DCP can potentially assist in the integration of
digital technologies such as building information modelling and virtual
reality with construction [1-6]. In recent years, 3DCP has been suc-
cessfully used for the construction of infrastructures, such as for
pedestrian bridges, bus stations, and landscape architectures, as shown
in Fig. 1. Thus, it demonstrates great potential and prospects for con-
struction applications.

The major hurdles remaining for researchers in 3DCP include the
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design, manufacturing, and quality evaluation specifications/standards
for the printed materials and structures. Until these issues are satisfac-
torily resolved, 3DCP will not replace or change traditional construction
methods. Currently, 3DCP is being used in the construction of special-
shaped structures and in low-risk structures where the strength and
durability requirements are minimised, as a way of exploring real-life
applications.

As 3DCP is a new technology, it presents an opportunity to use more
eco-friendly materials than those used in traditional construction. Most
studies so far have focused on the printability and sustainability of eco-
friendly cementitious systems such as alkali-activated mortars [10-12],
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as conventional cement is responsible for high levels of global carbon
emissions. In conventional concrete, the aggregate forms more than half
the amount of the concrete materials. There is a common preference for
virgin aggregates, as it is more convenient to control the quality of the
supply; however, this approach is increasingly becoming a major burden
on natural resources. Therefore, many studies have attempted to use
alternative aggregates to formulate 3D printable cementitious materials.
For instance, Ma et al. [13] prepared 3D printing composites by incor-
porating copper tailings, and proposed extrudability and buildability
coefficients for evaluating the printable properties. Xiao et al. [14-16]
studied the possibility of using recycled sand/aggregate instead of nat-
ural sand/aggregate to develop 3D printing concrete; the applicability of
the 3D printing recycled sand composites was validated based on the
on-site printing of a room.

The manufacturing of 3D printing concrete usually incorporates a
high content of non-renewable resources, including river sand, silica
sand, and natural aggregate [17,18]. The exploration of eco-friendly
solutions for replacing the natural (fine) aggregates by the proper
adoption of underutilised and waste solids is important for addressing
the shortages of natural resources and serious deterioration of the
ecological environment induced by the improper treatment and low
recycling rates of solid waste resources [19,20]. Desert sand (DS),
ceramsite particles (CPs), and recycled concrete aggregate (RA) are
three different types of underutilised or waste solids that have been
adopted in concrete as aggregates of small, medium, and large sizes,
respectively [21-23].

DS: According to statistics, desert areas account for approximately
33% of the total land area. DS could serve as an abundant alternative
sand resource for preparing concrete. The grain size of DS is usually
between 0.08 and 0.40 mm. It is widely used for optimising the particle
size distribution in concrete, improving the working performance,
enhancing the material compactness, improving the compressive
strength and toughness, effectively eliminating the freeze-thaw damage
in concrete, and reducing the cost [24-26].

CPs: The manufacturing of ceramsite is an effective approach to
managing river sediment and lake silt. Adopting CPs as building mate-
rials provides lightweight thermal insulation, and relieves the negative
impact of the silt on the ecological environment [27]. CPs are a type of
closed fine-honeycomb microporous structure material wrapped by a
hard ceramic shell, and provide light porosity, heat preservation, heat
insulation, salt resistance, and freezing acid resistance. They have
become the main raw materials for the preparation of lightweight con-
crete [28].
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RA: The construction and demolition waste generated each year
accounts for half of urban solid waste; this threatens the urban envi-
ronment, as less than 5% of this waste is recycled and reused, and most
of it is landfilled. The research on and applications of RA concrete are
relatively mature. For example, it is widely used in the manufacturing of
floor tiles [29], preparation of self-compacting concrete [30], produc-
tion of structural components [31] and pavement construction [32].

The utilisation of desert sand, ceramsite particles, and recycled
concrete as aggregates for optimising the composition of 3DCP raw
materials and expanding the range of aggregate particle sizes is consis-
tent with the aims of 3DCP technology, i.e. to provide economic and
environmental benefits [14]. However, so far, there has been very little
research in this area.

Previous studies using fine aggregate mortars have proven that the
continuous grading (CG) of fine aggregates contributes to achieving the
optimal static and dynamic yield stress and lowest plastic viscosity in
cementitious materials. These are important for improving the print-
ability and buildability performances [33-36]. The incorporation of
alternative aggregates in the concrete for 3DCP poses technical diffi-
culties in regard to providing smooth extrusion (extrudability) and sta-
ble deposition (buildability). This is particularly the case for waste
solids. The effects of the sizes and particle gradations of the coarse ag-
gregates on the printability and mechanical behaviours of the concrete
require further analysis and investigation.

This study investigates of alternative aggregates composed of DS,
CPs, and RA, as formulated with three types of gradings: continuous
dense grading (CG), continuous open grading (OG), and interruption/
discontinuous dense grading (IG). The effects on fresh concrete prop-
erties such as flowability, buildability, and printability, as well as on
hardened concrete properties such as the mechanical and shrinkage
properties, are reported and discussed. The meso-structure of the con-
crete is probed through advanced computed tomography (CT) scanning.
A methodology is presented for the optimisation of the 3D printing
concrete.

2. Materials and methods
2.1. Physical characterization of particles

The raw materials used in the manufacturing of printing concrete are
DS, river-sediment CPs, and recycled concrete as the RA. Their

geometrical morphologies are illustrated in Fig. 2. The mud content of
these three aggregates was processed and controlled to be less than

Fig. 1. 3D printed concrete bridges (a) constructed in the Netherlands with a span of 12.0 m [7], (b) built at the campus of Hebei University of Technology (China)

with a span of 17.94 m [8], and (c) 3D-printed bus station [9].
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Fig. 2. Solid waste aggregate (a) desert sand (b) ceramsite particles (c) recycled aggregate.

0.4%. The size distribution characteristics of each aggregate are shown
in Fig. 3. The particle sizes of the DS, CPs, and RA were in the ranges of
0-0.30 mm, 0.30-4.75 mm, and 4.75-9.50 mm, respectively. As is
evident from Figs. 2 and 3, there are some crucial differences between
solid waste aggregates and natural aggregates in concrete engineering.
The DS had a more uniform gradation, with more than 90% of the grains
smaller than 0.20 mm; this represented ‘superfine’ sand with a
maximum grain diameter of 0.30 mm, i.e., much finer than river sand or
machine-made-sand. As the intermediate particle size, the CPs are
spherical, with more than 50% and 90% of the grains smaller than 2.3
and 4.0 mm, respectively. The shape of the RA particles is cuboid, and
the maximum particle size of the aggregates should not be greater than
1/3 of the printing nozzle diameter to avoid blockage of the printing
nozzle. The RA was obtained from a domestic recycling plant in China
after the mechanical crushing, screening, and cleaning of the concrete.
According to the Chinese national standard GB/T 25177-2010 ‘recycled
coarse aggregate for concrete’ [37,38], the 14-day expansion rate was
less than 0.1%, indicating that there was little potential for alkali-silica
reaction problems.

The measured physical properties included the bulk density,
apparent density, and void fraction of the DS, river-sediment CPs, and
RA. The various physical parameters of the DS, CPs, and RA are pre-
sented in Table 1.

From the measured results, the water absorption rate values w, of the
RA and CPs reached 9.7% and 92.1%, respectively, after immersion in
water for 24 h. The wrapping of old mortar on the surface of RA usually
induces defects regarding a high water absorption and low density,
which can be mitigated by using an oversaturated RA [39,40]. The
honeycomb microporous structure inside ceramsite determines the high
water absorption. Significantly, the ceramsite can absorb the free water
in the fresh concrete material, greatly reducing the workability, and can
also greatly increase the shrinkage of the material, although this latter
effect can be mitigated by prewetting for 24 h [41]. The mechanical
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Table 1
Physical property index of aggregates.
Type  popkg/  poukg/ v/% 0, (20 0, (60 Wq Strength
m® m® min) min) (24h)  (MPa)
DS 2573 1405 45.39 / / / /
CPs 1489 850 26.09 60 66.8 92.1 4.50
RA 3378 1788 47.07 5.6 5.8 9.7 9.70

properties of concrete show a downward trend with an increase in
ceramsite content [27]. Therefore, to avoid negative influences in this
study, the RA and CP were initially blended with the additional water
before the mixing of concrete to place them in the saturated and over-
saturated surface states, respectively.

2.2. Raw materials and mix proportion
The materials for 3D printing composite included:

e ordinary Portland cement (P.O 42.5), which provided a 28
d compressive strength of 48.6 MPa and flexural strength of 8.6 MPa;

o silica fume with a density of 1.6-1.7 g/cm® and specific surface area
of 18-24 m?/g;

e polycarboxylate superplasticiser with a solid content of 8% and
water reducing rate of 27%; and

e asmall amount (0.4%) of basalt fibre to improve the consistency and
crack resistance.

To study the effects of particle grading on the performance of 3D
printing concrete, mixture ratios were designed for CG, IG, and OG using
interactions based on the theory of particle interference [42]; these
mixes were represented by the terms Mix-CG, Mix-IG, and Mix-OG,
respectively. The grading curves are shown in Fig. 3(a). The average
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Fig. 3. (a) Particle size distribution and (b) gradation design curve of solid waste aggregate gradation.
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particle size of the CPs was 3.8 mm, and approximately 70% of the
particle sizes were distributed in 2.36-4.75 mm, indicating that particles
with sizes between 0.3 and 2.36 mm were insufficient. The interrupted
particle size range of the three raw particle materials made it difficult for
the grading curve of Mix-CG to achieve excellent continuity. The raw
materials and mix proportions are presented in Table 2. The water
binder ratio of the three groups of materials was set as 0.5. The dosage of
the water-reducing agent was slightly adjusted in the preparation pro-
cess to meet the desired printability. In the manufacturing processes, all
of the cementitious materials and various particles were added and
premixed evenly. Then, all of the premixed water and water-reducing
agents were added into the mixer and stirred for ten min to obtain the
final composites.

2.3. 3D printing equipment

A gantry-type 3D printer with maximum effective printing dimen-
sion of 1.8 m (L) x 1.8 m (W) x 1.5 m(H) was adopted. The extrusion
system adopted a screw rotation extrusion mode, which can realise the
uniform and stable extrusion of materials. The opening diameter of the
round nozzle was determined as 30 mm, to facilitate the extrusion of the
aggregates. The prepared materials were pumped into the extrusion
system, the horizontal printing speed was set as 50 mm/s, the vertical
printing speed was set as 10 mm/s, the extrusion speed was set as 1.5 L/
min, and the layer thickness was 10 mm.

2.4. Test methods

2.4.1. Assessment of flowability

The flowability was measured through a jumping table test, ac-
cording to the Chinese national standard GB/T 50080-2016. Image
acquisition was conducted during the test process to quantitatively
characterise the fluidity of the prepared concrete. The sampling fre-
quency was consistent with the jumping table frequency, as shown in
Fig. 4(a). The flowability was characterised by two process parameters,
i.e., the instantaneous flow velocity (v) and average flow velocity (v),
which were established in Egs. (1) and (2), as follows:

v=" (€8]

In the above, v is the instantaneous flow rate (mm/s) of the mixtures
at a certain time, [ is the increase in the flow expansion diameter (mm) of
the mixture after each vibration, and t is the unit time.

L
V== 2

T 2
Here, v is the average flow rate of the entire process (mm/s), L is the final
flow expanding diameter (mm), and T is the time from de-moulding to
flowing and resting.

2.4.2. Assessment of buildability

The buildability of the prepared mortar was assessed by loading the
printed layers in compression at a specific loading rate to simulate the
vertical layer-upon-layer stacking process, as shown in Fig. 4(b). The
length of the test specimen was 300 mm, the width was 35 mm, and the
height was 100 mm (printing of 10 layers). The compression loading rate
was determined so as to be consistent with the actual printing speed of
concrete materials, according to the following calculations. The self-

Table 2
Mix proportions for 3D printing composite by mass ratios.
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weight of each layer of material was 3 N, the horizontal printing
speed was 50 mm/s, and the elapsed time was 6 s. Therefore, the vertical
loading rate was set as 0.5 N/s. The age at buildability testing was 30
min from the time when all of the water was added for mixing. The
buildability was characterised based on the compressed deformation of
the printed specimen during loading.

2.4.3. Assessment of physical property

The water absorption and density of the prepared 3D printing con-
crete were tested according to GB/T 50081-2019, ‘Standard for test
methods of physical and mechanical properties of concrete’ [43];
specimens cut from a printed structure with a size of 100 mm x 100 mm
x 100 mm cut were adopted.

2.4.4. Assessment of mechanical strength

The interfaces between adjacent layers are critical to the mechanical
and durability performances of printed concrete. It was expected that
the interlayer bonding could be improved using embedded aggregates.
The interlayer bonding strength was assessed using a direct splitting
tensile test. The size of the split tensile specimen was 50 mm (L) x 35
mm (W) x 60 mm (H). The test adopted a loading rate of 0.05 MPa/s,
and the split tensile strength was calculated using Eq. (3), as follows:

_OF

In the above, f is the splitting tensile strength (MPa), F is the failure
load (N), and A is the splitting area of the specimen (mmz).

The printed samples were placed in a moist cabinet for proper curing
at an ambient temperature of 20 + 1 °C and relative humidity of 95 +
5% for 28 days. After that, the splitting tensile strength test was con-
ducted under a laboratory environment at a temperature of 23-25 °C
and relative humidity of 30-65%.

2.4.5. Assessment of shrinkage property

Samples with dimensions of 300 mm (L) x 100 mm (H) x 35 mm (W)
were printed for assessment of the shrinkage; the print speed was 50
mm/s, the squeezing speed was 1.5 L/min, and the layer thickness was
10 mm. A nozzle with a diameter of 30 mm was adopted. The early age
shrinkage evolution within the first 24 h was tested by using a laser
displacement meter for non-contact measurement. The data were
collected hourly, in the setup shown in Fig. 5(a). After a testing period of
24 h, a dial gauge was set up on the printed samples for contact mea-
surement, and the data collection frequency was daily for 28 d (in the
setup shown in Fig. 5(b). The positions of the laser displacement meters
and dial indicators on both sides of the printed specimen were controlled
so as to be on the same straight line in the same horizontal plane. As
above, the entire test process was conducted under the laboratory
environment at a temperature of 23-25 °C and relative humidity of
30-65%.

2.4.6. Assessment of meso-structure by computed tomography (CT)
scanning

Non-destructive X-ray CT scanning has been widely adopted to
provide accurate identification of the meso/microscopic structures of
engineering materials. In this study, advanced CT technology was
employed to detect the voids and weak bonding interfaces formed by the
filaments, distribution patterns, and skeletons of the various aggregates,
as well as the relative positions between the fracture path and interfaces.

Mixtures OPC SF RA CP DS Superplasticizer Water Basalt fiber
Mix-CG 0.8 0.2 0.63 0.78 0.69 0.017 0.5 0.4 vol %
Mix-IG 0.63 0 1.47 0.018

Mix-OG 0.63 1.47 0 0.015
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Fig. 5. (a) Non-contact shrinkage test (0-24 h), (b) contact shrinkage test (1 d-28 d) ®Laser displacement meter 1; @Laser displacement meter 2; ®Printed sample;

@Dial gage 1; ®Dial gage 2; ®Displacement collector & data analysis.

For scanning, a high-resolution CT with a maximum spatial resolution of
10 pm was adopted, after rotating the sample 360° to improve the
clearness of the detecting images; this satisfied the needs for recon-
structing the meso-level structures.

3. Results and discussions
3.1. Effect of aggregate gradation on the flowability

The three types of mixtures, i.e. Mix-CG, Mix-IG, and Mix-OG, were
tested for flowability and extrudability. Fig. 6 shows the jump tables test
results. The rings with the same colour represent the spreading diameter
at an identical time. The tests were repeated three times to obtain an
average result. The final spreading diameters of Mix-CG, Mix-IG, and
Mix-OG are 163 mm, 210 mm, and 178 mm, respectively. Both the
particle grading and slurry layer produce distinct influences on the
flowability of the concrete. Mix-CG shows the lowest flowability,
demonstrating the effect of a skeleton formed by the continuous grading
of particles, which can restrict the spreading flow of the composites.
According to the results from Zhang et al. [33], the excess slurry layer
acts as the lubrication layer between sand particles. The reduction of the
excess slurry layer thickness will lead to an increase in the yield stress of
the mortar. Due to the lack of desert sand, the specific surface area of
Mix-OG is less than Mix-CG, the rich slurry thickness increases, and
therefore the flowability is greater than Mix-CG. The aggregate of
Mix-IG is composed of recycled aggregate and desert sand, and the
particle size difference between them is large. The interlocking is inef-
fective and the inhibition effect on the fluidity of the composite is
insignificant, therefore the largest flowability is performed.

The measured instantaneous flow rate and average flow rate are
shown in Fig. 7. For Mix-CG, the skeleton effect between aggregates is
evident, owing to the existence of the various particle sizes. The
instantaneous flow velocity curve shows a gradual and slow downward

trend during the flow process owing to aggregate friction and mechan-
ical interlocking, as depicted in Fig. 7(a). Mix-IG lacks an intermediate
particle size, the recycled coarse aggregates are in a suspended state in
the freshly mixed material, and the skeleton effect is not apparent. The
flow behaviours at the early stages are closer to the characteristics of
mortar. As the material flows and the recycled coarse aggregate grad-
ually makes contact, the skeleton effect appears, and the flow speed
decreases. Therefore, the instantaneous flow velocity curve initially
declines, and becomes slow. Mix-OG lacks small-grain aggregates and is
rich in medium- and large-grain aggregates. The skeleton effect is
evident, owing to the close contact and interlocking of the aggregates in
the early flow stage, and the flow velocity is smaller than Mix-IG. With
the flow and spreading process, the RAs and CPs separate, and the
interlocking effect is relieved with an increase in the flow rate. At the
later stages of flowing, the coarse materials in contact with each other
become a major factor in the skeleton and further reduce the flow ve-
locity, so that the instantaneous flow curve is high in the middle, and
low at both ends.

The average flow speed is obtained by measuring the cumulative
flow diameter at a specific point in time, as shown in Fig. 7(b). The total
flow is substantially linear with time, with the slope of the line repre-
senting the flow velocity. The average flow rates of Mix-CG, Mix-IG, and
Mix-OG are 2.36 mm/s, 3.52 mm/s, and 2.64 mm/s, respectively. The
average flow speed reflects the overall influence of the aggregate skel-
eton on the concrete workability. The smaller the value of the speed, the
more the material is affected by the aggregate skeleton. As a result, the
skeleton effect of Mix-CG is the most evident, followed by those of Mix-
OG and Mix-IG. Mix-IG has the weakest aggregate skeleton.

A printing material containing coarse aggregate with a spreading
diameter of 163 mm (Mix-CG) can still be smoothly extruded. This is
similar to the case with 3D printing mortars [13], demonstrating that the
addition of the aggregate hinders the fluidity of the material but does not
reduce its extrudability, based on the premise that the particle size of the
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Fig. 6. Flowability evaluation of (a) Mix-CG, (b) Mix-IG, and (c) Mix-OG, based on measuring the spreading diameter.
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Fig. 7. (a) Instantaneous flow rate, (b) average flow velocity of various mixtures.

maximum aggregate particle is smaller than the nozzle size.

3.2. Effect of aggregate gradation on the buildability

The failure of the buildability has three modes: collapsing failures,
shear failures, and buckling failures [44-47]. The stability issues related
to a collapsing failure can be avoided by optimising the early stiffness of
the material with accurate control of the printing setting, and then
performing a stable layer stacking process. In this section, the evaluation
and prediction of the buildability is mainly focused on the shear failure
of the material at the early printing stage, i.e. before the initial setting.

Fig. 8 shows the deformation curves of different grading materials in
the early stages after exposure to continuous compression. A mortar
material lacking RA and ceramsite (denoted as ‘no coarse aggregate’
(NCA)) was tested for comparison. It can be seen from the test results
that the gradation composition of the aggregate has a more significant

impact on the buildability of the printable material. As shown in Fig. 8
(a), the deformation of the NCA gradually increases with the vertical
pressure, and the material fails when reaching the peak load, showing an
apparent yield failure limit. The peak load is 18 N and corresponds to a
compression deformation of 3 mm, equivalent to the self-weight of
continually stacking six layers with a thickness of 10 mm if no extrusion
pressure is applied. Extrusion pressure is additionally produced due to
the nozzle standoff distance is set as smaller than the nozzle diameter
[48]. Therefore, the actual layers that can be sustained is smaller than
the predicted one. The destruction states from the test results show that a
shearing cracking occurs at the 6th layer position, as shown in Fig. 9(a).

The ultimate yielding load of Mix-CG is 91 N, and the deformation at
peak compression is 25 mm, corresponding to a compressive strain of
2.5%. The yield stress is equivalent to the self-weight of continually
stacking 30 layers if no extrusion pressure is applied. As the loading
continues, the curve gradually rises again after a brief drop, as shown in
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Fig. 9. Test destruction (a) NCA, (b) Mix-CG, (c¢) Mix-IG, (d) Mix-OG.

Fig. 8(b). This may be because the initial states of the stacked materials
and internal cementitious structure are destroyed at the peak stage. The
internal aggregates are squeezed and misaligned, and the vertical and
lateral deformations continue to increase under compressive loading.
The three-dimensional skeleton network formed by the particles is
compacted, and the particles contact each other and can continue to
bear the external load; thus, the curve rises again. However, because of
their low degree of hydration at an early age, the cementitious materials
provide low cementation and cohesion; when large deformations are
produced, cracks form and propagate through the particle boundaries,
resulting in separation from each other, as shown in Fig. 9(b).

The vertical deformation of Mix-IG increases gradually with the
external load, and there is no evident ultimate failure load, as shown in
Fig. 8(c). With the gradual increase in the bearing capacity, the lateral

deformation increases. Mix-IG lacks medium-sized particles, large par-
ticles are suspended in the mortar, and the skeleton effect is weak. The
effective stress mainly arises from the cohesion of the mortar. Under a
compression load, the large particle aggregate moves and settles. The
aggregate does not show a bearing performance owing to the particle
separation, so the deformation increases gradually. However, when the
vertical deformation value is greater than 40 mm, the vertical
compression deformation exceeds 40%, and the bearing capacity in-
creases rapidly. It can be inferred that under the action of an external
force, the large particle aggregates contact and occlude each other
owing to continuous movement and play a certain role in skeleton
support for bearing the external load. However, owing to the large
vertical and horizontal deformation, as shown in Fig. 9(c), Mix-IG
cannot meet the volume stability requirements for printing.
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In Mix-OG, the vertical deformation also increases with the load.
When the load is 15 N, Mix-OG is compressed 4.5 mm (compression
deformation rate 4.5%), and the strain rate rapidly increases. The
displacement reaches 50 mm (compression deformation rate is 50%),
the bearing capacity is enhanced and the load curve rises again, as
shown in Fig. 8(d). At the inflexion point with a load of 15 N, the initial
cementitious structure of the printing material is destroyed, as shown in
Fig. 9(d). As the loading continues, the larger dosage CPs containing
spherical shapes begin to move (e.g., rolling), resulting in a rapid in-
crease in the amount of deformation when the compression deformation
rate is 50%. The RA with CPs of large particles are in dense contact,
thereby forming a stable three-dimensional support grid again for
bearing the load and deformation. However, in this case, there is a large
separation between the aggregates, and thus the mixture cannot meet
the demands for printing stability.

Comparing the buildable load-displacement curves of mixtures with
different gradation compositions, the displacements of Mix-CG, Mix-IG,
and Mix-OG are 2.7 mm, 2.4 mm, and 4.1 mm, respectively, when 15 N
is taken, i.e., immediately before the NCA reaches its peak bearing ca-
pacity. When the compression amount is 5 mm, i.e., the first inflexion
point of the curve of Mix-OG, the loads of Mix-CG, Mix-IG, and Mix-OG
are 31.5 N, 31.8 N, and 14.7 N, respectively. In this deformation situa-
tion, the NCA has been destroyed. At this stage, the compression
deformation is relatively small, and the embedded aggregate system
does not exhibit evident movement and settlement. It can be seen from
the data that Mix-CG and Mix-IG have the same resistance to deforma-
tion, which is far better than that of Mix-OG. The bearing capacity of
Mix-CG and Mix-IG is approximately two times higher than that of Mix-
OG under the condition of a 5% compression deformation. The results
demonstrate that the skeleton effect of the aggregate has an evident
effect on improving the buildability of materials; Mix-OG has the largest
compression under the same load, indicating that the ball effect of the
ceramsite ball weakens the constructability of materials, and is not
conducive to stable stacking.
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Further analysis of the construction load-displacement curves of the
different materials reveals that the materials have a high bearing ca-
pacity and small deformation at the initial stage of the constructive
bearing capacity, which is a construction area that satisfies the build-
ability. After the ultimate bearing capacity is exceeded, the mid-term
bearing capacity is reached. At this time, the load-bearing capacity
has a small change range and a large deformation amplitude, and the
built structure is gradually destroyed in a material failure zone. In the
later loading stages, the internal particle sizes of the materials are
compact, and the load-bearing capacity increases rapidly. The full curve
of the constructive load-bearing characteristic of the printable material
is S-shaped.

Fig. 10 shows the 3D reconstruction structure for each 3D printing
mixture based on CT scanning, which can directly display the spatial
distribution of the aggregates in printing materials. The aggregate is
evenly distributed in the specimens, without interlayer spacing.
Although there is no vibration process in the traditional casting process,
the layer-by-layer stacking process is also conducive to achieving a
uniform distribution of aggregates. The framework formed by over-
lapping aggregates has higher early stiffness, and the ability of the
material to bear the self-weight load of the subsequently stacked ma-
terial is improved. Therefore, the effect of the aggregate skeleton can
significantly enhance the buildability of printing materials.

For printing materials at the same age, the stacking bearing capacity
depends on the skeleton support system formed by the aggregates, and
on the cementation and cohesion provided by the mortar materials. The
construction process model for freshly mixed concrete materials can be
explained to a certain extent by referring to the effective stress principle
in soil mechanics [45,49].

Fresh concrete material is a saturated fresh material composed of a
pore fluid formed by free water and pore gas, cementitious materials,
and an aggregate skeleton. The total stress is shared by the three, as
shown in Fig. 11. The effective stress ¢° overcomes the relative slip
rolling and other deformations between the particles and is the early

Fig. 10. Visualisation of 3D reconstruction meso-structures of (a) Mix-CG, (b) Mix-IG, and (C) Mix-OG.
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Fig. 11. Schematic diagram of shear resistance of fresh concrete materials (a)without coarse aggregate (b) with coarse aggregate.

origin of the bearing capacity. The pore fluid only makes the cementi-
tious materials and aggregates subject to isotropic pressure and cannot
provide shear resistance.

Therefore, the deformation and strength of the materials depend
only on the effective stress. The total stress (¢6) on any plane in the
material can be divided into two parts: the effective stress (¢”) provided
by cementitious materials and aggregate skeleton, and the pore pressure
(u) provided by the pore fluid, shown in Eq. (4) as follows:

0':6,—&-14 (€]

From evaluating the bearing characteristics of composite materials
with different coarse aggregate particle compositions, it can be seen that
the aggregate gradation determines the internal friction angle ¢, and
further determines the shear resistance of fresh materials under the same
cohesion. The 3D printing material with NCA excludes coarse aggre-
gates, fine particles are suspended in the cementitious system, the shear
strength of the material is mainly provided by the cohesion of the
cementitious material, and the shear failure is an inclined plane failure,
as shown in Fig. 11(a). The friction and mechanical interlocking forces
between the aggregates increase the shear resistance of the materials
when larger particles are added. The shear resistance of Mix-CG, Mix-IG,
and Mix-OG is provided by both the cohesion of the cementitious ma-
terials and the friction and bite force of the aggregates. The shear failure
basically presents multi-crack failure, as shown in Fig. 11(b).

Fig. 12 shows a comparison between the design print heights and
actual print heights of the different mixtures under axial loading.
Favourable buildability depends on the yield stress of the material,
which is distinctly related to the gradations [44,50]. When the
maximum design height is at a low value (taking five layers as an
example, the corresponding design height-to-width ratio is 1.43), the
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Fig. 12. Comparison of design height and actual printed height.

aggregate characteristics and gradation have no evident influence on the
buildability, as the self-weight stress generated by the superimposed
materials on the upper layers does not reach the yield limit of the
material.

When the maximum design height reaches 10 layers, the actual print
heights of the NCA and Mix-OG deviate significantly from the design
height by 40% and 50%, respectively, i.e., a much higher level than
those of Mix-CG and Mix-IG (where the design deviation of both is less
than 5%). This shows that the contact, interlocking, and skeleton sup-
port between the aggregate particles can significantly improve the yield
stress and enhance the constructability. However, there are many
spherical ceramic particles (70% of the aggregate in Mix-OG). The ball
effect of the ceramic particles greatly reduces the contribution of the
coarse aggregate and cementitious material cohesion to the yield stress,
making Mix-OG yield more easily than the NCA.

With a further increase in the design height, e.g., when the maximum
design height is 40 layers, the corresponding design height-width ratio is
11.43, and the print deviations of Mix-CG and Mix-IG are 25% and 5%,
respectively. The reason for this difference is that there are no ceramic
particles in Mix-IG, whereas the ceramic sand in Mix-CG accounts for
37% of the aggregate. This further indicates that the ball effect of the
ceramic particles weakens the contribution of the aggregate to the in-
crease in the yield stress.

In other words, the skeleton interlocking of coarse aggregates can
significantly increase the yield stress of the material. However, the ball
effect of the ceramic particles reduces and replaces the occlusive effect
of the aggregate, becoming the main factor affecting the construction
quality; that is, with the increase in the ceramic content, the con-
structability decreases.

3.3. Influence of aggregate grading on splitting performance

In this section, a splitting test is applied to evaluate the influences of
the aggregates on the mechanical properties of printing concrete, and
particularly, to validate the influence of the embedded aggregates on the
interlayer bonding properties. Fig. 13 shows the splitting test results for
the various prepared materials. Owing to the inherent laminated meso-
structure, the 3D printing materials show mechanical anisotropic
properties, with insignificant differences. This may be owing to the
combined effect of the spatial distribution characteristics of the aggre-
gate and the weak surfaces between layers. For the casted materials, the
strength of Mix-OG is the lowest, and may be affected by the high
content of ceramsite particles. The porous structure makes it of low-
strength, and easy to crack. The higher the ceramic content, the lower
the strength of the material. For printing materials, the splitting test
along the z-direction can more directly explain the influence of the
aggregate on the interlayer properties. The interlayer tensile strength of
Mix-OG is the highest, at 2.60 MPa, which is 41.2% and 52.7% higher
than those of Mix-IG and Mix-CG, respectively. Meanwhile, the inter-
layer tensile strength of Mix-OG accounts for 92.9% of the
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corresponding casted material, i.e., much higher than that of the other
two materials. In the hardening stage of the composites, the saturated
ceramic sand migrates its own water into the matrix to supplement
water for the hydration reaction of the material, performing internal
curing effect and contribute to the mechanical properties. In general,
Mix-CG has the lowest splitting strength, whereas Mix-OG has a higher
splitting strength, which is opposite to the case with the casted material.

Fig. 14 below shows the fracture morphology of the specimen along
the Z direction. It is evident that the cross-section of Mix-CG is relatively
flat, the angular RA is separated from the matrix of the cementitious
material, and the damage occurs in the interface transition zone of the
aggregate. Mix-OG produces the largest section roughness, and the
protruding RAs observed at the interface are mostly wrapped with the
cementitious matrix, indicating a good bonding performance of aggre-
gate with matrix. The coarse RA can cross the weak surface between
layers and plays a bridging role to help improve the weak surface be-
tween layers. Simultaneously, it is found that almost all of the ceramic
particles are destroyed in the splitting process. From the fracture surface
morphology, it can be seen that the printing interlayer interfaces of Mix-
OG and Mix-IG have no significant effect on the fracture extension,
whereas the straight fracture surface of Mix-CG basically coincides with
the interlayer weak surface, indicating that the crack propagates along
the printing interface. This is consistent with the test results for Mix-CG
samples with lower splitting tensile strength.

In 3D printing concrete, the interlayer bonding performance de-
termines the mechanical properties and durability of the printing
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structure. The interlayer tensile/shear capacity of the printing materials
mainly depends on the bonding area between layers, skeleton effect
formed by the interactions between aggregates, and strength of the
aggregate itself.

Based on the above analysis, it is found that (1) recycled coarse
aggregate can connect adjacent printing layers, improve the mechanical
interlocking ability between printing layers, and enhance the bonding
force between layers; this is validated and visualised by micro-CT tests
on fracture sections (Fig. 14(d-f)). However, the improvement of the
weak surface using RA also depends on the bond performance of the
interface transition zone of the aggregate. The better the strength of the
interface transition zone, the more favourable the aggregate is for
improving the interlayer weak surface. (2) The splitting tensile strength
of the cast material is weakened owing to the inherently low strength of
ceramsite particles, but the interface strength is improved. This may be
owing to the pre-soaking process before blending into the concrete. In
the printing process, the interfaces are inevitably exposed to air, which
can easily accelerate the evaporation of water; accordingly, stacking
without vibration can easily cause small gaps/voids at the interfaces.
These factors weaken the bonding performances between the layers. A
ceramic aggregate treated by soaking water can provide moisture for the
hydration of the interlayer materials, and the internal curing of the
ceramic particles enhances the hydration degree and formation of hy-
dration products, thereby improving the interface bonding strength.
Meanwhile, the moisture stored in the porous structure of the ceramic
particles can also improve the microstructure of the interface transition
zone of the RA and improve the wrapping ability of aggregate and
cementitious matrix, as shown by the fracture surface morphology
depicted in Fig. 14(c).

3.4. Effect of three aggregate gradation on the shrinkage property

3D printing materials are easily prone to producing micro shrinkage
cracks, owing to a lack of aggregate and/or the high proportion of
cementitious materials. The proper addition of coarse aggregate is an
effective solution for alleviating the shrinkage problems of 3D printing
materials.

Fig. 15 and Fig. 16 present the instantaneous and cumulative
shrinkage of the prepared materials as the surrounding temperature and
relative humidity change in the early and curing periods. From the early
period shrinkage results with non-contact measurement given in Figs. 15
(a) and Fig. 16(a), it can be seen that the cumulative shrinkages of Mix-
CG, Mix-IG and Mix-OG are 1022 pm/m, 698 pm/m, and 607 pm/m,
respectively, accounting for 84.1%, 93.1%, and 90.0% of the entire day
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Fig. 14. Fracture morphologies of (a) Mix-CG, (b) Mix-IG, and (c) Mix-OG, and micro-CT scanning slices of (d) Mix CG, (e) Mix-IG, and (f) Mix-OG.
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Fig. 16. Cumulative shrinkage test results (a) early age and (b) curing period.

(0-24 h, 1135 pm/m, 829 pm/m, and 652 pm/m), respectively. The
shrinkage is mainly within the first 8 h at an early age (0-24 h), tends to
slow after 8 h, and stabilises within 10 pm/m, i.e. similar results to those
in Ref. [40].

The shrinkage results from contact measurements show that the
shrinkage changes with age. Fig. 16(b) presents the cumulative test re-
sults from the curing period. Mix-OG exhibits the maximum shrinkage at
1321 pm/m, followed by Mix-CG (1014 pm/m); the minimum shrinkage
is shown by Mix-IG (903 pm/m). During the hardening period, the sig-
nificant shrinkage is mainly concentrated on the first day. The 1-
d shrinkages of Mix-CG, Mix-IG, and Mix-OG account for 81.8%,
72.2%, and 86.0% of the 28-d value, respectively. The shrinkage ratio
from large to small is Mix-IG, Mix-CG, and Mix-OG under identical
temperature and humidity environments, demonstrating the inhibitory
effect of the aggregate on the later shrinkage of the material; it may also
indicate the effectiveness of the pre-treatment of ceramsite on relieving
shrinkage after hardening [21,41].

The shrinkage cracking of concrete materials mainly occurs in the
early stage, and the shrinkage within the first 24 h is mainly autogenous
shrinkage. Autogenous shrinkage occurs over three different stages after
concrete mixing, namely, during the liquid phase, skeleton formation,
and hardening [51]. During the liquid phase, the internal material of the
concrete is movable, and can quickly repair the defects caused by
shrinkage. During the skeleton formation and hardening phase, the
shrinkage resistance of concrete increases with a more rigid structure.
However, if the shrinkage value is greater than the anti-shrinkage
ability, irreversible damage will occur, and the greater the shrinkage
value, the more serious the damage. For 3D printing concrete materials,
the material shrinkage causes greater challenges. Because the fluidity
and setting time are too small and short with ordinary concrete, there is
no liquid stage to fill in the voids wing to shrinkage. Moreover, the early
shrinkage is mainly concentrated at 0-8 h after mixing with water,
indicating a very serious potential threat for 3D materials of concrete.

From the shrinkage test results, it is possible to determine the dif-
ferences in the shrinkage properties of Mix-CG, Mix-IG, and Mix-OG.
Mix-OG produce the largest early age shrinkage, followed by Mix-CG,
and the smallest is Mix-IG. Regarding the CP content, Mix-OG is the
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highest (CPs accounts for 70.0% of the total aggregate mass) followed by
Mix-CG (37.1%); Mix-IG does not contain CPs. A value of 1000 pm/m at
24 h has been proposed in the literature [52] to characterise the high
risk of cracking of concrete at an early age. Only Mix-OG shows a 24-h
shrinkage higher than this critical value. The water-saturated ceramic
particle can perform internal curing effect and be benefit to mitigate the
drying shrinkage due to the water supplement. While the effects of in-
ternal curing on the shrinkage are influenced by many factors, such as
the content of light-weight aggregate, relative humidity of surrounding
environment, curing time etc. As the presented results, the shrinkage of
composites increases with the content of ceramic aggregates, showing
adverse influences. If this phenomenon is caused by the low relative
humidity in the early ages and high evaporation speed induced by the
large exposed area of printed concrete requires further in-depth inves-
tigation and analysis.

4. Conclusion

In this study, 3D printing materials with different grades of
underutilised or waste solid aggregates were investigated. The print-
ability properties of the fresh concrete and hardened concrete properties
were evaluated, including the extrudability, buildability, mechanical
properties, and shrinkage. The following conclusions can be drawn.

e The optimal gradation was found to be continuous. However, this
advantage was somewhat weakened by the CPs.

The instantaneous flow velocity and average flow velocity were
found to be adequate measures of the fluidity of 3D printing concrete
materials with RA, CPs, and DS. Good fluidity was achieved when the
average flow velocity and expanded diameter were in the ranges of
2.3-3.5 mm/s and 160-210 mm/s, respectively.

Increasing compression loading was used to simulate the accumu-
lated layer loading during the printing process. The findings indi-
cated that the skeleton function of Mix-CG has an evident effect. This
is confirmed by the failure mode, in which the aggregate is sur-
rounded by cracks on the fracture surface. Mix-IG has a weak skel-
eton effect. This was confirmed by the failure mode, which was along
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a 45° angle with the horizontal direction, i.e., similar to the failure
mode without aggregates. Owing to the lubrication effect of CPs,
Mix-OG showed a more evident fluidity failure under the same load
relative to Mix-CG and Mix-IG.

The existence of RA between the layers can roughen the interlayer

interface, increasing the interlayer surface area. This results in an
enhanced interlayer bond.

Non-contact and contact shrinkage test methods with different gra-

dations were used to evaluate the shrinkage properties. Both the 3D
printing process and aggregate types adversely affect the shrinkage.
The shrinkage performance requires further research.

There are significant differences with or without large particle size

aggregates in solid waste aggregates. The fluidity of the mix and type
of printing equipment are the key parameters in determining
whether a mix is printable.
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