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Abstract: Three-dimensional printing concrete is a digital and automating construction technology,
which is expected to solve a series of problems existing in the traditional construction industry, such
as low automation, high labor intensity, low efficiency and high risk. However, there are still many
technical and operational challenges. The purpose of this paper is to provide insights into the effects
of process parameters on the geometry and stability of the printed layer. Firstly, a theoretical model
is established to analyze the structure of the printed layer under different nozzle speeds, material
flow rates and nozzle offset. Secondly, a slump test is carried out to select the optimal ratio suitable
for 3D cement printers, and the specimen is printed under various conditions. Finally, based on the
obtained parameters, multiple nozzles are used for printing, and a pressure value suitable for each
nozzle in the nonlinear path is calculated. The experimental results show that theoretical model can
sufficiently verify printing structure in different parameter intervals, and the process parameters
(nozzle speed, material flow rate and nozzle offset) can be changed to achieve the best effect of
cement-based material forming structure.

Keywords: 3D printing; cement-based mortar; theory model; process parameters; multi-nozzle
structure

1. Introduction

The construction industry accounts for about 10% of total world output, but produc-
tivity in construction has barely increased since 1945 [1-3]. Compared with other industrial
sectors (such as manufacturing, retail and agriculture), the productivity of the construction
industry is extremely low: there are problems such as low technological content of produc-
tion mode and lagging technological innovation. Meanwhile, problems such as the aging
population and rising labor costs are gradually aggravated. Therefore, many researchers
are urgently exploring solutions to change this situation.

With advent of Industry 4.0 [4], improving the degree of automation in the manufactur-
ing stage of the construction process is expected to solve the problem of low productivity [5].
In this context of rapid development, construction 3D printing is an effective way to im-
prove the current situation of the construction industry. Because the construction process
has better degrees of freedom, lower labor costs and faster productivity, it has received
wide attention [6-10]. At present, construction 3D printing has contour crafting [11,12],
D-shape [13], concrete printing [14] and construction methods that are applicable to the
field of architecture, and have also been successfully applied to artificial bridge construction,
military shelters, rapid disaster relief shelters [15-18] and complex structures (an ultra-high-
performance structure with complex geometric shapes designed by Gosselin et al. [19]).
Different mechanical mechanisms and process parameters have certain influence on the
shape, stability, material accumulation and fracture of the printed parts, that is, there are
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different forming effects, the geometric shape and local stability of the extrusion layer are
key factors affecting the final deforming effect.

Many researchers have studied the influence of printing parameters on forming mecha-
nism and obtained the corresponding optimal process parameters. Farahbakhsh, M et al. [20],
by manipulating process parameters, the layer geometry was changed to simulate densifi-
cation, and friction between successive layers was enhanced by periodically increasing the
printed area or enhancing compaction during printing (Figure 1a,b). Carneau, P et al. [21]
provide insights on the effect of printing parameters on the geometry and local stability
of the extruded layer. The upper and lower limit requirements for controlling lamination
are discussed from the influence of geometric and motion parameters, as well as from the
study of the properties of fresh materials. (Figure 1c). Huang, X et al. [22] introduced the
influence of printing parameters on molding quality and interlayer bond strength through
single-factor experiment, and obtained corresponding printing parameters (Figure 1d).
Chen, Y et al. [23] studied the influence of time interval and nozzle distance on the inter-
layer bond strength, and the results showed that extending the time interval could reduce
bond strength, while only increasing the nozzle distance had limited influence on the bond
strength (Figure le). Elistratkin, M et al. [24] studied the combined influence of factors such
as layer thickness, nozzle speed and screw rotation speed on the extrusion and printing
track parameters of building materials, and established the relationship between the above
factors to improve the stability of the printing process and the final structural quality
(Figure 1f). Based on the above discussion, the process parameters are the key technical
indexes for building structure printing, which not only affect the interlayer bonding effect,
but also have a certain impact on the appearance of the printed product. Therefore, it is
necessary to carry out the research on the matching of the printing process parameters.

sublayers

increasing print . -~ deformation

arca

altering the
geometry

. process
< <

NOZZI\ - Ist layer

2nd layer.

Nozzle standoff
Distance:
0,5 and 10 mm

Figure 1. Effect of different printing parameters. (a) Increased surface contact between successive
layers [20], (b) Altering the geometry [20], (c) Over pressing of the sublayers [21], (d) Influence of
printing speed on concrete size [22], (e) Increasing the nozzle standoff distance could lead to the
inaccurate layer deposition [23], (f) Track printing process [24].

In this paper, the influence of process parameters on material fluidity and molding
effect was studied by single-factor experiment, taking tailing sand content, resting time,
nozzle speed, pressure and nozzle offset as influencing factors, and slump, embryo strength,
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layer height and layer width as combining indicators. The self-developed 3D concrete
printing equipment was utilized to analyze the matching relationship of print parameter,
which can be adjusted to optimize printing parameter combination was obtained and
provided reference for related research.

2. Materials and Methods
2.1. Materials

In order to determine the optimum sand content, a mixing ratio test was designed
P.O 42.5 ordinary Portland cement was selected as the main cementitious, and the first grade
fly ash, S95 grade slag powder and SF96 grade silicon powder were used as admixture
to improve the micro pore structure, bonding performance, cement-based strength and
pumping performance of mortar [25]. In addition to the above cementing materials, the
chemical admixture used hydroxypropyl methyl cellulose ether and sodium gluconate
retarder, which can greatly improve the plasticity and water retention of mortar and
prevent drying and cracking. Tailing sand was selected for fine aggregate, and its physical
properties were shown in Table 1. In order to ensure accuracy of water—binder ratio, tailing
sand should be dried and sealed before use to ensure that the moisture content is 0. The
water used for the experiment was tap water or medium water (medium water generally
refers to reclaimed water, waste water or rainwater after proper treatment, to reach a certain
quality index, can be used for beneficial water), and the printing experiment were carried
out at room temperature. The process parameters were shown in Table 2.

Table 1. Physical properties of tailing sand.

Average Particle Size Bulk Density Mud Content

Fine Aggregate Fineness Modulus (mm) (kg/m®) (%)
Tailing sand 0.7 0.15 1400 0.4
Admixt Fineness (45 micron Average particle size Density Water content
muixture standard sieve) (pum) (g/ cm®) (%)
Fly ash <5% 5 2.6 <1
Slag powder <3% 38 2.8 <1
Silicon powder <3% 5 2.6 <3
Table 2. Experimental material parameters.
Tailing Sand/% Water/(;ement Cement/% Ml.n eral Ad- Thickener/% Retarder/%
Ratio mixture/%
0 0.39 80.2 19.8 0.05 0.3
10 0.39 80.2 19.8 0.05 0.3
20 0.39 80.2 19.8 0.05 0.3
30 0.39 80.2 19.8 0.05 0.3
40 0.39 80.2 19.8 0.05 0.3
50 0.39 80.2 19.8 0.05 0.3

The mixing process is as follows: Firstly, weigh out cement, admixtures, sand and
admixtures. Secondly, first the cement and admixture mix and stir evenly, then pour the
sand into the mix evenly, and then pour the admixture into the mixture, stir for 2-3 min
after all mixing. Finally, gradually add water and stir.

2.2. Methods
2.2.1. 3D Cement Printing Equipment

A self-developed four-axis motion 3D cement printer was used in the experiment
(Figure 2a,b). The X-axis, Y-axis and Z-axis motion mechanism was composed of linear
modules. Stepping motors were used to control A axis rotation. Numerical control technol-
ogy was used to control the stroke accurately. The printing system of the equipment was
divided into two parts: one is the extrusion device, including air source (Figure 2c), ink
cartridge (Figure 2d) and nozzle (Figure 2e). The other part is the Mach3 control system
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that controls the operation of equipment (Figure 2f). The specification of the 3D printing
system was show in Table 3.

Devuce

stcture

Figure 2. Three-dimensional cement printing equipment. (a) Three-dimensional concrete printing
device, (b) Device structure, (c) Air source, (d) Ink cartridge, (e) Nozzle, (f) Control system.

Table 3. 3D printing system specifications.

Parameters Value
Size specification (X x Y X Z) 800 x 800 x 600 mm?
Walking accuracy +1 mm
Print speed 0-3000 mm/min
Pressure range 0-1.0 MPa

2.2.2. Theory

Figure 3 summarizes the influence of cement-based material flow rate and nozzle
speed on printing molding. The cement-based material can be squeezed through pressure
control system, and the nozzle speed was controlled by stepper motor. With intermediate
cement-based material flow-rate and nozzle speed, the width of the print layer will be
similar to the nozzle diameter. In this case, the printing process can obtain more ideal
specimen (Figure 3a). With a high flow-rate of cement-based material or low nozzle speed,
the width of the print layer was often larger than the nozzle diameter (Figure 3b). A
wider path will strengthen the bond between the layers and consequently achieve better
mechanical properties, and on the other hand, the printing process can easily lead to
material accumulation in narrow, non-linear paths. With a low flow-rate or high speed, the
width of the print layer will be similar to or smaller than the nozzle diameter (Figure 3c).
However, when the flow-rate was reduced (pressure value was less than 0.045 MPa),
the cement-based material creates friction with the bottom surface, causing a dragging
phenomenon and subsequent fracture (Figure 3d). The relationship between nozzle velocity

and X, Y axis velocity is:
F=/Vi+V; (mm/s) 1)
F S

Vx = Ix @
F S

Wy ©
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where F is the theoretical speed of nozzle, in mm/s. S is the theoretical displacement of
nozzle, in mm. Vy is the actual speed in the X-axis direction, in mm/s. Ly is the actual
displacement in the X-axis direction, in mm. Vy is the actual speed in the Y-axis direction,
inmm/s and Ly is the actual displacement in the Y-axis direction in mm.

Breakage

Figure 3. Influence of flow-rate of material and printing nozzle speed on molding. (a) Ideal state,
(b) High flow-rate of material or low printing nozzle speed, (c) Low flow-rate of material or high
printing nozzle speed, (d) Breakage state.

The material extrusion speed Vj is:

S
t=¢ (s) 4
A = nr’b (mm3) ®)
V1= % (mm3 / s) 6)

where t is the printing time, in s. b is the height of material falling in the ink cartridge
during the printing time, in mm. r is the radius of the ink cartridge, in mm and A is the
volume of material extruded during the printing time in mm?.

Figure 4 summarizes the influence of nozzle height on printing molding under optimal
material flow-rate and nozzle speed. If the nozzle offset (H) was much larger than the nozzle
diameter (d), the material gradually tilts forward, resulting in a layer height consistent with
the nozzle offset, and the cross-section is trapezoidal (Figure 4a). In this case, the inter-layer
contact area was smaller, and the inter-layer bond strength was weaker [21]. If H was equal
to d, the surface will be slightly flattened by the nozzle, and a large inter-layer contact area
can be obtained without destroying the shape (Figure 4b). If H was much smaller than d,

the nozzle will push the cement-based material to both sides, forming thin layer (Figure 4c).
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In this case, there may be some cracks and other defects in the spilled concrete on both
sides. The relationship between nozzle offset and specimen width as

H =h (mm) (7)

w= g (mm) ®

where h is layer height, in mm. H is the nozzle offset and w is layer width in mm. When
the volume of extruded material was constant, the layer height was inversely proportional

to the layer width.
|
|
|
|
|
|
|
|
H>>d :
|
|
|

D
77z

Figure 4. Influence of nozzle offset on molding. (a) The nozzle offset is much higher than the nozzle
diameter, (b) The nozzle offset is equal to the nozzle diameter, (c) The nozzle offset is much smaller
than the nozzle diameter.

2.2.3. Experimental Procedure

By controlling the content of tailing sand, the cement-based materials have well fluidity,
extrudability and constructability. The tailing sand content was set to 0%-50% when the
other ratios were unchanged (gradient value of 10%), as show in Table 2. The mixed cement-
based material was loaded into a 100 x 100 mm cylinder (Figure 5a) and then tamped with
a tamper stick. The cylinder was removed, and the specimen was gradually pressurized
until the specimen severely deformed (Figure 5b). The pressure was then converted to
strength (Pressure divided by contact area, F = mg, P = F/S). After the optimal content of
tailing sand was selected, the slump and strength were tested after 0, 5, 10, 15 and 20 min,
respectively, to select the optimal printing time.
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Figure 5. Slump and strength test theoretical model. (a) Slump test, (b) The test process of strength.

The theoretical model was verified under the support of optimal mix ratio. Exper-
iments were designed to analyze the printing effect of cement-based materials under
different parameters. Firstly, the influence of nozzle speed on molding effect was analyzed
under the same pressure. The pressure was set to 0.045 MPa, and the nozzle speed was
1.667-13.333 mm/s (gradient value of 1.667 mm/s), as shown in Table 4. Secondly, the
influence of pressure on the molding effect was analyzed at the same nozzle speed. The
nozzle speed was set to 8.333 mm/s, and the pressure was set to 0.045-0.144 MPa (gradient
value of 0.009 MPa), as shown in Table 5. Finally, the influence of different nozzle height on
the molding effect was analyzed. The nozzle speed was set to 8.333 mm/s, the pressure
was set to 0.117 MPa, the nozzle diameter was set to 10 mm and the nozzle height was set
to3,5,7.5,10,12 and 14 mm, as show in Table 6.

Table 4. Different nozzle speed under the same pressure.

Number Nozzle Speed  Pressure Value Number Nozzle Speed  Pressure Value
(mm/s) (MPa) (mm/s) (MPa)
1 1.667 0.045 5 8.333 0.045
2 3.333 0.045 6 10 0.045
3 5 0.045 7 11.667 0.045
4 6.667 0.045 8 13.333 0.045

Table 5. Different pressure at the same nozzle speed.

Number Pressure Value  Nozzle Speed Number Pressure Value  Nozzle Speed
(MPa) (mm/s) (MPa) (mm/s)
1 0.045 8.333 7 0.099 8.333
2 0.054 8.333 8 0.108 8.333
3 0.063 8.333 9 0.117 8.333
4 0.072 8.333 10 0.126 8.333
5 0.081 8.333 11 0.135 8.333
6 0.09 8.333 12 0.144 8.333
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Table 6. Different nozzle offset at the same nozzle diameter.

Nozzle Nozzle
Number Nozzle Offset Diameter Number Nozzle Offset Diameter
(mm) (mm)
(mm) (mm)
1 3 10 4 10 10
2 5 10 5 12 10
3 7.5 10 6 14 10

3. Analysis and Discussion
3.1. Slump Analysis

Cement-based materials were usually extruded by nozzles, and fluidity was a key
parameter to evaluate the extrudability of materials. Therefore, the good fluidity in the
printing process can ensure that cement-based material was smoothly extruded continu-
ously from the nozzle without break, and was easy to deposit and molding. Fluidity was
usually expressed in terms of slump: the test process of slump and strength is shown in
Figure 6. Slump refers to the height of automatic deposition of cement-based material
(Figure 6a), and strength is converted by applied pressure (Figure 6b). The variation of
strength and slump with tailing sand content was shown in Figure 7a. The slump of
specimens decreased with the increase in tailing sand content, which indicated that con-
structability of cement-based materials can be effectively improved while the fluidity is
reduced. At the same time, it can be seen from the figure that the strength increases almost
linearly with the increase in tailing sand content. Combined with strength and slump
analysis, the best printing results were obtained when the tailing sand content was 40%.
The changes in slump and strength with time are shown in Figure 7b. With the increase
in time, the higher strength of material, the better constructability of material. However,
with the increase in time, the slump gradually decreased. When the time was longer than
15 min, the material was almost no slump, which will cause pipe blockage and was not
conducive to printing. Therefore, 10 min after the stirring was the optimal printing time.

Figure 6. The test process. (a) Slump, (b) Strength.
3.2. Influence of Nozzle Speed and Pressure on Molding Effect

The extrudability of cement-based materials plays an important role in the experi-
mental process, the pressure extrusion system is used to realize the on-demand extrusion
of cement-based materials. Under high pressure conditions, the ink cartridges can burst
due to excessive internal pressure and there are certain risks, cement-based materials were
difficult to control, and material was difficult to extrude under low pressure. Therefore, in
order to make the cement-based materials’ extrusion stable and controllable, the pressure
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was set to 0.045 MPa. At different nozzle speeds, the specimen morphology has different
widths and heights. The width and height of the print layer variation with the nozzle speed
are shown in Figure 8a. With the increase in nozzle speed, the width and height showed a
downward trend.
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Figure 7. Variation of strength and slump (1 = 8). (a) Variation of strength and slump with tailing
sand content, (b) Variation of strength and slump with time.
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Figure 8. Cement-based material molding relationship. (a) Variation of layer height and wide with
nozzle speed under the same pressure, (b) Variation of layer height and wide with pressure under
the same nozzle speed.

In order to study the Influence of extrusion pressure on molding effect of cement-based
materials and the optimal ratio of nozzle speed and extrusion speed, the nozzle speed
was set to 8.333 mm/s (F500) according to the result in Figure 8a. Specimen had different
morphology under different pressures. The variation of layer width and layer height with
pressure are shown in Figure 8b. With the increase in pressure, the layer width and height
showed an upward trend.

The printing effect of cement-based materials under different parameters is shown in
Figure 9. When the nozzle speed was less than 3.333 mm/s (F200) and the pressure value
was greater than 0.144 MPa, materials accumulation phenomenon will occur (Figure 9a).
The surface of the specimen printed at low speed and high pressure was uneven, and
materials accumulation can be obviously seen on the printing path (Figure 9d). However,
an increase in layer width leads to increase in the contact area between layers, so the
constructability was particularly outstanding in this case. On the contrary, when the
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nozzle speed was greater than 8.333 mm/s (F500) and the pressure value was less than
0.081 MPa, the shape of the printing specimen was not sufficient to support the printing of
the next layer (Figure 9¢). The specimens printed at high speed and low pressure have poor
construction performance and were prone to collapse during printing (Figure 9f). When
the nozzle speed was 8.333 mm/s and the pressure value was 0.117 MPa, the surface of the
printing specimen was smooth and flat, and there was no material accumulation. At the
same time, specimens has good constructability and ideal molding effect (Figure 9b,e).

T : e T i =3 T T 8

: Low speed and
| high pressure

o,

4 Materials
accumulation

-

h High speed and

Optimal nozzle |i'
low pressure

5
A
- speed and I8
extrusion speed f %

Poor support
performance

Perfect
molding effect

Uneven surface

L L e

Figure 9. Printing effect of cement-based material under different parameters. (a) Shapes at low speed
and high pressure, (b) Shape under the best matching parameters, (c) Shape at high speed and low
pressure, (d) Printing molding effect under low speed and high pressure, (e) Printing molding effect
under the best matching parameters, (f) Printing molding effect under high speed and low pressure.

3.3. Influence of Nozzle Offset on Molding Effect

Based on Section 3.2, the nozzle speed was set to 8.333 mm/s, the pressure was set
to 0.117 MPa, and the nozzle diameter was set to 10 mm. Different nozzle offset lead to
different deposition shapes. The changes in the layer width and layer height with the
nozzle offset are shown in Figure 10. With the increase in the nozzle offset, the layer height
showed an upward trend. When the nozzle offset was greater than or equal to the nozzle
diameter, the layer height was consistent with the nozzle offset. According to Equation (8),
the layer height was inversely proportional to the layer width, so the layer width showed
downward trend.

The molding effect is shown in Figure 11. When the nozzle offset was less than 7.5 mm,
compression condition of specimen was extremely serious, so the layer width was large
(Figure 11a). When the nozzle offset was low for printing, the layer contact area was
increased, and the constructability was improved. However, due to the severe extrusion of
the printing layer, the materials will overflow on both sides of the printing path (Figure 11d).
On the contrary, when the nozzle offset was greater than 10 mm, the layer height was larger
and the layer width was smaller, which was not conducive to the support function of the
lower layer to the upper layer, and higher the nozzle offset leads to inaccurate deposition,
therefore, the constructability was poor (Figure 11c,f). In relative terms, the nozzle offset
was set to be slightly smaller than the nozzle diameter. On the premise that the printing
layer was not severely compressed, ensures good constructability, and at the same time,
there was no material spillage during the printing process (Figure 11b,e).
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Figure 10. Effect of nozzle offset on layer height and layer width.

v
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Figure 11. Printing effect of cement-based material under different nozzle offset. (a) Width of the print
layer when the nozzle offset is 3 mm, (b) Width of the print layer when the nozzle offset is 7.5 mm,
(c) Width of the print layer when the nozzle offset is 12 mm, (d) Height of the print layer when the
nozzle offset is 3 mm, (e) Height of the print layer when the nozzle offset is 7.5 mm, (f) Height of the
print layer when the nozzle offset is 12 mm.

3.4. Effect of Different Pressure on Multi-Nozzle Printing Molding

The nozzle device of the printer used in this paper can switch between single-nozzle
extrusion and multi-nozzle extrusion by Mach3 control board. When multi-nozzle printing
was carried out, different nozzles should be set different pressure values on the non-
linear path to ensure that there was no materials accumulation. Based on the results
of Sections 3.2 and 3.3, the nozzle speed of 8.333 mm/s, the pressure of 0.117 MPa, and the
nozzle height of 7.5 mm were set as the basic parameters.

The molding effect of multi-nozzle printing as shown in Figure 12. When printing
with double nozzles, the nozzle spacing can be adjusted, and the extrusion speed of each
nozzle can be controlled by pressure, so as to meet the printing requirements of complex
components. As shown in Figure 12a, the pressure value of inner ring was 0.099 MPa, and
the pressure value of outer ring was 0.117 MPa. Therefore, the forming effect of the inner
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Two channel
nozzle

and outer rings was inconsistent. When the three nozzles are printed without spacing, the
pressure value in the linear path was unified to 0.117 MPa. However, in the non-linear
path, because the paths of the three nozzles are different, the pressure value of the nozzles
should be adjusted to achieve the effect of no materials accumulation (Figure 12b). The
relationship between material extrusion speed and arc length as

Ihw
Vi= s ©)
where 1is the arc length, in mm. layer height and layer width were fixed values, the volume
of material required to calculate the nonlinear path, and the printing time was the same.
Therefore, extrusion speed of different paths was obtained, and pressure value of each
nozzle was determined according to the extrusion speed.

Distance - Different

adjustable

corner pressure

Three channel
nozzle

Figure 12. Multi-nozzle extrusion printing effect. (a) Double nozzle printing, (b) Three nozzle printing.

4. Conclusions

The 3D printing concrete process opens up a novel construction method, which
will improve the complexity, diversity and geometric accuracy of products, and bring
higher production efficiency to the construction industry. This paper aimed to investigate
the influence of different printing parameters on the material printing molding through
theoretical analysis and experimental methods. The conclusions are as follows:

(1) The success of the printed structure depends on the suitability of the properties of
the cement-based material. Through strength and slump experiments, the optimal
mix ratio suitable for 3D building printer was obtained, which can provide technical
support for subsequent experiments.

(2) According to the influencing factors such as nozzle speed, material flow rate and
nozzle offset, the theoretical models under different process parameters were analyzed,
which can provide theoretical support for the subsequent parameter experiments.

(3) The experimental results show that the theoretical model can fully verify the print
structure in different parameter intervals, the layer width and layer height can be
controlled by changing the related parameters, which can effectively control the nozzle
speed, material flow and nozzle offset to achieve the best effect of cement-based
material forming structure.
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