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Abstract: The path-dependent strength of three-dimensional printed concrete (3DPC) hinders further
engineering application. Printing path optimization is a feasible solution to improve the strength of
3DPC. Here, the mix ratio of 3DPC was studied to print standard concrete specimens with different
printing paths using our customized concrete 3D printer, which features fully sealed extrusion and
ultrathin nozzles. These paths include crosswise, vertical, arched, and diagonal patterns. Their
flexural and compressive strengths were tested. In order to verify the tested results and expose
the mechanism of strength enhancement, digital image correlation (DIC) was used to capture the
dynamic gradual fracture in the flexural tests. Also, the meso- and microstructures of the 3D-printed
concrete specimens were pictured. The results reported here show that arched-path concrete has
30% more flexural strength than others because it makes better use of filament-wise strength. The
findings here provide a pathway to improve the strength of 3D-printed concrete by path optimization,
boosting 3DPC’s extensive application in civil engineering.
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1. Introduction

In recent years, three-dimensional-printed concrete (3DPC) has attracted more and
more attention [1,2] in the research community and engineering applications, and it has
been applied in a wide range of fields such as engineering of architectures, municipal roads
and bridges, hydraulics, etc., because of its high efficiency, low cost, flexibility, intelligence,
and automation [3,4]. Compared with traditional concrete, 3DPC brings many benefits,
such as no need for formwork, rapid speed of construction, less labor, lower cost, and
manufacturing complex shapes [5-7], etc. Currently, more and more houses, apartments,
furniture, decorations, sculptures, bridges, etc., are being constructed by 3D printing
worldwide [8,9], revolutionizing the construction industry [10-12].

Three-dimensional-printed concrete (3DPC) structures are constructed by the layer-
stacking method [13] using a 3DPC printer. The construction process of a structure is
divided into three stages: modeling, slicing, and printing. The former two are performed in
digital style on a computer. In the slicing stage, the actual structures are sliced into a certain
number of layers, filaments, and pathways. During the printing stage, in a single layer, fresh
fluidic concrete is extruded through nozzles mounted on a rack or robotic arm [14,15] as the
given filaments and pathways [16,17]. When the fresh layer of the 3DPC is continuously
stacked, the old 3DPC layers keep hardening to maintain the process and avoid collapse due
to their framework-free pattern until the 3DPC structure is completely printed [18-20]. This
layered construction method introduces a novel construction approach in the construction
industry, distinct from traditional one-time casting molds. Layered construction provides
the possibility to achieve more complex and customized structures [21].

However, this kind of technology has not yet been fully applied because of its limited
strength. In 3D printing construction, due to the generation of layers, there may be
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differences in the properties of the structure in different directions, resulting in anisotropy.
This can have an impact on the mechanical characterization of 3DPC. In order to improve
the practicability of 3DPC, it is necessary to find a way to improve its strength and enhance
its load-carrying capacity [22,23]. Many attempts have been made. For instance, Hambach,
M. et al. [24] enhanced the flexural strength and compressive strength of 3DPC by mixing
Portland cement and reinforcing short fibers. Liu, M. et al. [25] proposed a 3D-printed
fiber-reinforced mortar frame with basalt and carbon fibers. Li, Y. F. et al. [26] improved
the extrudability, fluidity, setting time, and buildability of cement mortar suitable for 3D
printing by adding carbon fibers. Li, Z. et al. [27] presented high-performance concrete
suitable for 3D printing that incorporates micron materials based on fiber reinforcement.
However, the mixing of admixtures with concrete slurry has a significant impact on the
printability of concrete [28,29] and also complicates the printing process of 3DPC [30],
which easily causes printing failure and increases the cost. Considering that 3DPC is
stacked filament by filament in a layer and ignores the stage of the vibration [31], the
inter-filament adhesion of 3DPC may slightly reduce the load-carrying capacity [32,33].
Therefore, in order to simplify the printing process and ensure the printability of 3DPC,
an alternative style of strength improvement of 3DPC, printing path optimization, has
gradually attracted attention. The virtue of this style lies mainly in avoiding the complexity
of mixing with admixtures.

Path optimization is a biological evolution strategy that changes anisotropy into
isotropy and enhances the strength of the material by means of making full use of the pros
and bypassing the cons of materials [34]. For example, the cross-section of beetle elytra
achieves high stiffness through particular microstructures [35]. In helicoidal composites,
the layers of locally parallel filaments are laminated to each other in such a way that each
adjacent layer is skewed by a constant angle from the layer below it. Using the contact
among filaments to simulate the bonding of the soft matrix of the lobster cuticle, the axial
strength of filaments is much higher than the contact strength between filaments [36].
Compared to other methods, changing the printing path guarantees the printability and
efficiency of the product [35-37], which is indispensable when designing the structure of
3DPC. So, we tried to enhance the strength of 3DPC by changing the printing path [38-40].

Here, the mix ratio of 3DPC was studied to print standard concrete specimens with
different printing paths using our customized concrete 3D printer, which features fully
sealed extrusion and ultrathin nozzles. These paths include crosswise, vertical, arched,
and diagonal patterns. Their flexural and compressive strengths were tested. In order to
verify the tested results and expose the mechanism of strength enhancement, digital image
correlation (DIC) was used to capture the dynamic gradual fracture in the flexural tests.
Also, the meso- and microstructures of the 3D-printed concrete specimens were pictured.
The findings here provide a pathway to improve the strength of 3D-printed concrete by
path optimization, boosting 3DPC’s extensive application in civil engineering.

2. Materials, Fabrication, and Testing Methods
2.1. Mixing Design

In order to fabricate 3D-printed concrete specimens with different paths, we elabo-
rately made the mix design, as shown in Table 1, which included different proportions of

ingredients: cement, fly ash, silica fume, sand, water, sodium dodecyl sulfate, cellulose
(SDSC), and water reducer.

Table 1. Raw materials used for 3DPC material by mass ratio (g).

Cement  Fly Ash Silica Sand Water SDSC Water
Fume Reducer

1000 500 100 625 700 18.5 12.5
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The cement is ordinary Portland cement, whose main chemical composition consists
of CaO, SiO;, Fe;03, and Al,O3. Fly ash is a fine ash in the flue gas produced by coal
combustion, which is composed of S5iO;, Al,O3, Fe;O3, CaO, MgO, and SOs. Silica fume is
a kind of ultrafine silica powder formed by the rapid oxidation and condensation of SiO,
and Si gas and oxygen in the air during the smelting of ferrosilicon alloy and industrial
silicon. SDSC is a new type of cement mortar admixture composed of natural polymer
materials, and it can enhance the strength of cement mortar and improve its workability and
cohesiveness. The specific gravities of materials used are shown in Table 2. Silica fume and
SDSC were introduced to reduce the shear force between particles and the friction of the
slurry and the nozzle or pipe. As for the admixture, polycarboxylic acid high-performance
water reducer was used as a water reducer to control the workability of the slurry.

Table 2. Chemical composition of source materials.

Chemical Composition (Mass %)

Components of Binders

CaO SiOZ Fe203 A1203 MgO 503
Cement >65 23-25 4-6 5-8 5-7 -
Fly ash 8-10 55-61 5-8 17-20 3-5 <1
Silica fume 0.1-1 95-98 0.1-2 0.5-2 - -
Sand <1 95-99 <1 <1 <1 -

Before the experiment, SEM was performed on the powders of four ingredients,
namely, cement, fly ash, silica fume, and SDSC, and the microscopic photos of the four
powders are shown in Figure 1. The angular irregular particles of the cement, PO 42.5,
range from approximately 5 to 10 pm. Fly ash has a sphere-like shape with a diameter
of 2-20 um. The size of the silica fume grain is 1 pm. SDSC is aimed at improving the
plasticity and consistency of the fluidic concrete with 20 pm grains. Figure 2 shows the
particle size distributions (PSDs) of the materials used. Water reducer was introduced to
guarantee the slump of the fluidic concrete.

Silica fume Sodium Dodecyl Sulfate and Cellulose
Figure 1. SEM microscopic images of main ingredients: (a) cement, (b) fly ash, (c) silica fume, and
(d) SDSC.
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Figure 2. Particle size distribution of different raw materials.
The material ratio required is shown in Table 1.

2.2. Desktop 3DPC Printer

Our adopted concrete specimens were fabricated using a customized extrusion-based
3DPC printer, which consists of a gantry framework, a fluidic concrete delivery system,
an extrusion system, the slice software (Ultimaker Cura 5.1.0), and the firmware with a
maximum printable size of 200 x 200 x 200 mm?3, as shown in Figure 3. The printer’s
positioning accuracy is within 1 mm. The extruded fresh concrete layers are stacked into
the desired specimens. As time goes by, the bottom fresh layers gradually solidify and
become hard to supper the upcoming fresh layers. During the fabrication process, the
nozzle moves as the given pathway, simultaneously, extrudes out the fresh concrete. The
given pathway is set by the slice software and executed by the firmware.

The fresh fluidic concrete conveying system includes an air compressor, a piston, a
pipe, and the material tank of the cylinder, as shown in Figure 3. The fresh fluidic concrete
is sealed in the tank with the piston. The air pressure generated by the air compressor
pushes the piston to extrude the fresh concrete into the pipe. Under the air pressure of
0.5 MPa, the fresh concrete is extruded out from the nozzle connected to the pipe. During
the extrusion process, the moving pattern of the nozzle controls the figure of one layer.
The diameter of the nozzle was 6 mm, and the thickness of the layer was set to 5 mm. The
moving speed of the print nozzle was set to 15 mm/s. The printing process was controlled
by the firmware. The 3D model of the specimens can be read by the slice software.

Four different printing paths of the specimens were fabricated: crosswise, vertical,
arched, and diagonal. According to ASTM C39/C39M, the size of the specimens was set to
40 mm x 40 mm x 160 mm, as shown in Figure 4.
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(®)

Nozzle Concrete 3D printer

Figure 3. (a) Extruder with 150 mm height and 6 mm nozzle; (b) customized concrete 3D printer.

(a) L:160mm (b) L:80mm

W:40mm Wi40mm
H:40mm = = H:160mm8=

Crosswise

(c) L:160mm (d) L:160mm
W:40mm

H:40mm

Arched Diagonal

Figure 4. Modeling diagrams of four printing paths: crosswise (a), vertical (b), arched (c), and
diagonal (d).

2.3. Fabrication

Fabrication of the specimens included four stages: fresh concrete, printing, hydration,
and maintenance. Fresh concrete was made by blending cement, fly ash, silica fume, water,
water reducer, and SDSC according to the mix ratio in Table 1 and stirring them. Then,
the fresh concrete was sealed into the tank. Under air pressure, it was compressed into
the nozzle and extruded. The extruded filaments were pasted into layers. Multiple layers
construct the united specimen. When the upper layers are being extruded, the bottom older
printing layers begin hydrating and hardening. Finally, the specimens with four different
paths, as shown in Figure 5, were maintained at 20 °C in water for 28 days.
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Figure 5. Four different specimens: crosswise (a), vertical (b), arched (c), and diagonal (d).

2.4. Testing Methods

Flexural and compressive tests were conducted according to ASTM C39/C39M. The
concrete flexural test was performed using a universal mechanical testing machine. As
shown in Figure 6, the loading patterns indicate that the crosswise specimen has filament
tension, the vertical specimen has interlayer tension, the arched specimen has filament
compression, and the diagonal specimen indicates a hybrid state. During the flexural test,
a high-speed camera and DIC analysis were used to capture the fracture process, as shown
in Figure 7.

(a) (b)
l‘—&)mm—,i

¥

aVatata'a'a'as)
O
U
40mm

1, 30mm i 100mm 1, 30mm
|« Pt >le >
Crosswise Vertical
© ! w !
Q@ [ ]
Arched Diagonal

Figure 6. Schematic diagram of flexural test loading of four different printing paths: crosswise (a),
vertical (b), arched (c), and diagonal (d).
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Universal
testing

Figure 7. Machines used to capture fracture process of flexural test: (a) universal testing machine and

(b) high-speed camera.

The loading speed was set to 5 mm/s, and the capturing frequency of the camera was

50 images per second.

After the concrete flexural test, each specimen was broken into two pieces to be used
for the following concrete compressive test. The schematic diagram of the compression test
loading is shown in Figure 8. Each piece was placed into a 40 mm x 40 mm fixture for the
compressive test to be crushed, and the relevant data of the compressive strength of each

one were saved.
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Figure 8. Schematic diagram of compressive test loading of four different printing paths: crosswise
(a), vertical (b), arched (c), and diagonal (d).

3. Results and Discussion

In order to expose the underlying mechanisms of the strength enhancement of print-
ing path optimization, flexural and compressive tests were conducted. During the tests,
the progressive fracture processes were captured to calculate fracture toughness. Also,
microstructural tests were carried out to prove the experimental results.

3.1. Flexural Strength
From the force-displacement curves of the flexural tests, as shown in Figure 9a—d, the
average failure load that crosswise, vertical, arched, and diagonal specimens have is about
1800, 800, 2700, and 1800 N, respectively. Then, the flexural strength can be calculated by
Equation (1):
2P p

= —— = U. 7— 1

fis =~ = 0637 (1)
where f;s is flexural strength, P is failure load, the maximum load before specimens fail
under flexural stress; and A is the specimen’s split surface area.
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Figure 9. Force—displacement diagram of four printing paths: crosswise (a), vertical (b), arched (c),
and diagonal (d).

The average flexural strength of the crosswise, vertical, arched, and diagonal spec-
imens was calculated as 4.4, 1.9, 6.3, and 4.3 MPa, respectively, as shown in Figure 10a.
Among them, the arched specimens have the highest, the vertical specimens have the small-
est, and the diagonal and crosswise specimens are in the middle, approximately equal. The
results reported here indicate that path optimization indeed enhances the flexural strength
of 3DPC. Although their material composition and volume consumption are completely
the same, the arched specimens have the best strength, 50%, 50%, and 200% more than the
crosswise, diagonal, and vertical specimens. According to Figure 9, the arched specimens
convert tension into compression, while the vertical specimens convert fully into tearing
along the inter-filaments.

(a) (b)
8 o 25
=7 E 6.3 E | 123
%6 2 T S0 5g 124
= - 44 4.3 e1y) B
B3 T ' 515 | 10.4
= =]
(] 4 — _J_ 172 -
k= - %)
23k 1.9 2 10 -
g0 F 7zt
Ha -
=l g
0 O 0
CrosswiseVertical Arched Diagonal CrosswiseVertical Arched Diagonal

Figure 10. (a) Flexural and (b) compressive strength diagrams of specimens for each printing path.

Compared with the other results of the flexural tests, the regulations obtained from
our tests have been verified by other researchers [24,25,32]. The flexural strength of these
four paths is analyzed as follows:
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(1) The arched path greatly enhances the flexural strength of the specimens. The load
on the arched specimens is located at the vault, as shown in Figure 9d, because concrete
has higher compressive strength than tensile strength and the arched structure converts the
tension of the concrete part into compression. Therefore, the arched specimens have high
flexural strength.

(2) The crosswise specimens have normal flexural strength, which is almost equal to
the diagonal specimens. The load direction on the crosswise specimens is perpendicular
to the layer orientation, as shown in Figure 9a. The bottom layers of the specimens are
stretched, and the direction of the principal stress can be parallel to the filaments. The
load direction on the diagonal specimens forms an angle of 45° with the diagonal lines, as
shown in Figure 9¢, and the filaments in the cross-arranged diagonal path support each
other, which enhances the flexural strength of the specimens.

(3) The vertical specimens have the lowest flexural strength. The load direction on
the vertical specimens can be completely longitudinal to the layer orientation, as shown in
Figure 9b. This indicates that the flexural strength largely depends on the interlayer adhe-
sion between the layers. Due to the easy formation of cracks between layers, insufficient
interlayer adhesion results in low flexural strength.

3.2. Compressive Strengths

The compressive strength can be calculated by Equation (2):

fcc = % (2)

where f. is compressive strength, P is the maximum applied load, and A is the cross-
sectional area of the specimen.

The average compressive strength of the crosswise, vertical, arched, and diagonal
specimens was calculated as 19.3, 13.9, 12.4, and 10.4 MPa, respectively, as shown in
Figure 10b. The load direction being perpendicular to the layer orientation results in
compaction between layers, whereas the load direction being longitudinal to the layer
orientation results in tearing between layers. Therefore, the crosswise specimens have
remarkably higher compressive strength than the other three paths of the specimens. The
little difference between the compressive strength of the vertical, arched, and diagonal
specimens shows minor dependencies on the printing path in the compressive strength
tests. It can be seen that the load direction, perpendicular or longitudinal to the layers
obtained in 3D printing, has a major impact on the compressive strength.

3.3. Progressive Fracture Process

DIC analysis diagrams were introduced to investigate the progressive fracture process,
as shown in Figures 11-14. The crack propagation time of the crosswise, vertical, arched,
and diagonal specimens is about 6, 0.05, 0.02, and 0.05 s, respectively. The maximum strain
of the crosswise, vertical, arched, and diagonal specimens is about 0.031, 0.003, 0.0013, and
0.001, respectively.

The fracture energy can be expressed using the stress—displacement curve obtained
from the fracture mechanics tests. It can be calculated by Equation (3):

i
GQ:/OUQdSQ (3)
0

G is the fracture energy, o is the stress at fracture, and ¢ is the displacement at
fracture.
The fracture toughness of the specimens can be calculated by Equations (4) and (5) [38]:

Kg = BFSVS a(57) @
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where W is the width, S is the span, B is the thickness, a is the crack length, Fg is the critical
load, and Kg, is the fracture toughness.
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Figure 11. (a—d) DIC analysis diagram of fracture process of crosswise specimens.
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Figure 12. (a—d) DIC analysis diagram of fracture process of vertical specimens.
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20.35s 20.4s

Figure 13. (a—d) DIC analysis diagram of fracture process of arched specimens.

15.84s 15.9s

Figure 14. (a-d) DIC analysis diagram of fracture process of diagonal specimens.

With W=0.04m,S=01m, B=0.04m, a=045 and W = 0.018 m, the fracture
toughness can be obtained.
As shown in Table 3, it can be seen that the fracture toughness is highly correlated
with the critical load, and the fracture toughness is directly related to fracture energy. The
arched specimen has the largest fracture toughness and fracture energy, in keeping with
the rule of flexural strength in this study.
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Table 3. Fracture results of specimens with four different printing paths.
Crosswise Vertical Arched Diagonal
Fo (kN) 0.6 0.84 25 1.79
Go (N'm™1) 221 161 604 487
Ko (kN-m~19) 429 600 1786 1278

The crack propagation time of the four printing paths of the specimens shows that
only the crosswise specimens manifest ductile fracture, while the printing paths of the
other three specimens manifest brittle fracture. By analyzing and comparing the fracture
energy and fracture toughness of the crosswise specimens with the other three types of
specimens, it can be observed that the ductile fracture in the crosswise specimens does not
have the maximum fracture energy and fracture toughness. Therefore, its fracture process
is closely related to the structure of the specimens. Due to only the load direction on the
crosswise specimens being perpendicular to the layer orientation, the crack propagates
from the bottom layer to the top layer of the specimens after cracking. So, the fracture
process of the specimens that manifest ductile fracture can be extremely obvious.

The other three printing paths of the specimens have similar fracture processes. Be-
cause the load direction of the vertical, arched, and diagonal specimens is longitudinal
to the layer orientation, the process of fracture shows a monolithic fracture rather than a
stratified fracture. Therefore, these three paths of the specimens have a short crack propaga-
tion time, and the fracture process appears unobvious. However, the load duration of the
crosswise, vertical, arched, and diagonal specimens is about 10, 7, 20, and 16 s, respectively.
The arched specimens have the longest load duration, which verifies the results of the
flexural strength tests in this study.

3.4. Meso- and Microstructures

As shown in Figure 15a—d, the macroscale comparison of the cross-sections of the
specimens in the four paths shows that obvious voids occur in the printed specimens. Down
to the mesoscale level, in Figure 15e-h, the cross-sectional voids, which are magnified
60 times, of the four paths have no difference, which is proved by the statistics of the
proportion and total porosity area in Figure 16a,b.

Crosswise Vertical Arched Diagonal

Figure 15. (a,e) Cross-sectional and mesoscale views of crosswise specimens; (b,f) cross-sectional and
mesoscale view of vertical specimens; (¢,g) cross-sectional and mesoscale view of arched specimens;
(d,h) cross-sectional and mesoscale views of diagonal specimens.
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Figure 16. Comparison of total porosity (a) and pore area (b) of specimens made by four differ-
ent paths.

Various porosities are evenly distributed in the four paths of the specimens, as shown
in Figures 16 and 17. The pores sizes of the crosswise specimens range from 0 to 0.1 mm?,
vertical from 0 to 0.3 mm?, arched from 0 to 0.2 mm?, and diagonal from 0 to 0.4 mm?. Tt
can be seen that the four paths of the specimens have approximately equal porosity because
the voids are located in the filaments, which have no difference.

Further down to the microscale level, the comparison between the microscale images
of these four paths indicates that calcium silicate hydrate (C-S-H) effectively adheres to
silica fume, fly ash, SDSC, and sand, as shown in Figure 18. The microstructures of the
four paths have no obvious difference because we used the same mix ratio of concrete.
The same microstructures show that the printed filaments have the same strengths. The
different strengths only depend on the different paths of 3DPC on the macroscale level.
Therefore, path optimization is beneficial for the strength of 3DPC.
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Figure 17. Comparison of pore distribution of specimens made by four different paths: crosswise (a),
vertical (b), arched (c), and diagonal (d).
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Arched Diagonal

Figure 18. SEM microscopic pictures, magnified 5000 times, of specimens in four printing paths:
crosswise (a), vertical (b), arched (c), and diagonal (d).

4. Conclusions

In summary, in order to obtain the optimized strength of 3DPC, we proposed four
different printing paths of 3DPC, including crosswise, vertical, arched, and diagonal
patterns. The mix ratio of 3DPC was studied to print standard concrete specimens using our
customized concrete 3D printer, which features fully sealed extrusion and ultrathin nozzles.
Flexural and compressive testing were carried out to compare the strength enhancement. In
order to verify the tested results and expose the mechanisms of the strength enhancement,
DIC was used to capture the dynamic gradual fracture in the flexural tests. The progressive
fracture process verifies that arched-path concrete has the highest flexural strength. Also,
the meso- and microstructures of the 3D-printed concrete specimens were pictured, which
verifies that path optimization is beneficial for the strength of 3DPC. Some conclusions are
as follows:

(1) Printing path optimization simplifies the printing process and ensures the print-
ability of 3DPC, compared with the other methods, to enhance the strength of 3DPC.

(2) By making better use of filament-wise strength, the arched-path concrete specimen
has 30% more flexural strength than the others.

(3) In the case of 3DPC that needs to be under compression, the crosswise path
optimization method can enhance its compressive strength.

(4) Due to the perpendicular orientation of the load direction to the layer on the
crosswise specimens, only the crosswise specimens manifest ductile fracture.

(5) The microstructures and pore sizes and distributions are similar among the four
paths of the specimens, which demonstrates that the microscopic structure does not influ-
ence the strength of the specimens. The strength is only determined by the arrangement of
the printed filaments.

The findings here provide a pathway to improve the strength of 3D-printed concrete
by path optimization, boosting 3DPC’s extensive application in civil engineering. In a
word, path optimization can indeed enhance the strength of 3DPC. It is necessary to choose
the most appropriate printing path for different working conditions. But in this study, only
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four basic printing paths were tested. In further research, more intricate printing paths can
be designed, or combinations of different printing paths can be explored. This can enhance
the mechanical performance of 3D-printed concrete, not only improving its strength but
also contributing to the aesthetic appeal of its structure.
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