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A B S T R A C T

The interlocking can effectively improve the mechanical properties of concrete. However, the 
strength of 3D printed concrete with interlocking interfaces, fabricated using non-automated 
methods, is reduced due to the time-consuming interface processing. Additionally, studies on 
the effects of interlocking on the mechanical properties, failure modes, and anisotropic behavior 
of 3D printed concrete are not yet systematic. In order to address these issues, a printing forming 
scheme and nozzles were designed for interlayer interlocking 3D printing, and the mechanical 
properties of interlayer interlocking 3D printed concrete were tested. Firstly, the forming scheme 
and nozzles are specifically designed for the preparation of 3D printed concrete with interlocking 
interfaces between the layers. Furthermore, extrudability tests are carried out to determine the 
appropriate printing parameters for interlayer interlocking 3D printed concrete. Finally, speci
mens were printed, and interfacial splitting tests, interlayer interfacial shear tests, and 
compression tests were conducted. The results reveal that: (1) by utilizing the appropriate 
extrusion rate of the rotating shaft and nozzle travel speed, better-formed interlayer interlocking 
concrete filaments can be obtained. (2) the interlayer interlocking 3D printed specimens exhibit 
higher strength. The interfacial splitting tensile strength is increased by about 14.5–30.7 %, and 
the interlayer interfacial shear strength is increased by about 7.8–18.0 % compared to those with 
smooth interlayer interfaces. (3) the interlayer interlocking 3D printed concrete exhibits a 
reduction in the anisotropic coefficient of about 13.7–25.5 %, and the anisotropy is significantly 
weakened.

1. Introduction

Currently, the optimized design of structures is receiving increasing attention [1], and the 3D printed concrete technology can 
realize the accurate forming of these structures. Additionally, this technology offers high efficiency, intelligence, and reduced form
work usage [2]. In recent years, there has been a significant amount of research on several aspects of 3D printed concrete, such as 
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materials and workability [3,4], printing parameters and paths [5,6], the performance of 3D printed structures [7,8], and the con
struction of complex structures [9,10]. Moreover, the mechanical properties of 3D printed concrete have been a hot topic [11,12].

The interfaces created during the deposition of concrete filaments affect the mechanical properties of 3D printed concrete. Spe
cifically, the strength of 3D printed concrete decreases and exhibits anisotropy [13,14]. In addition, the loading direction corre
sponding to the maximum strength is not consistently determined [15,16]. To improve the mechanical properties of 3D printed 
concrete, scholars have summarized the results of mechanical properties tests on 3D printed concrete and analyzed the reasons for 
variations in strength under different loading directions [17].

Some researchers have investigated 3D printed concrete with different components and optimized the material composition and 
process parameters to enhance the strength of 3D printed concrete. Ding et al. [18] examined the mechanical properties of 3D printed 
concrete with recycled sand and analyzed the anisotropy of compressive and flexural strengths. Moreover, the workability and me
chanical properties of 3D printed concrete with other components have been explored, such as lightweight aggregate [19], nanosilica 
[20], and E6-glass fiber [21]. Jia et al. [22] investigated the impact of limestone powder on the mechanical properties of 3DP-UHPC, 
with test results demonstrating that the inclusion of 10 % limestone powder can enhance the flexural strength of 3DP-UHPC. In terms 
of the printing process, Panda et al. [23] demonstrated that reducing the distance of the nozzle to the model or increasing the travel 
speed can improve the interlayer tensile strength of 3D printed concrete. In addition, a proper curing environment [24] and an 
optimized printing path [25] can enhance the mechanical properties of 3D printed concrete. To achieve concrete filaments with 
improved mechanical properties, Xu et al. [26] investigated the effect of the combination of nozzle travel speed and volumetric flow 
rate on the printed quality. In terms of nozzle design, concrete filaments extruded through a rectangular nozzle exhibit better shape 
stability and higher mechanical strength than those extruded through a round nozzle [27]. Some researchers have also designed 
nozzles with side blades [28] to further enhance the shape stability of concrete filaments and the overall performance of 3D printed 
concrete.

Interlocking has been widely used in various fields [29,30]. In addition, interlocking can enhance the mechanical properties of the 
bond interface in cast-in-place concrete [31]. Scholars are interested in fully utilizing the advantages of interlocking to obtain 3D 
printed concrete with higher mechanical properties. Zareiyan et al. [32] conducted a study on the mechanical properties of 3D printed 
concrete with interlocking interfaces and smooth interfaces. The results showed that specimens with interlocking interfaces had 
enhanced splitting tensile strength and compressive strength. In another study, He et al. [33] tested the mechanical properties of 3D 
printed specimens. The results showed that 3D printed concrete with serrated interlayer interfaces exhibited higher interlayer tensile 
strength and interlayer shear strength. Wang et al. [34] improved the bonding between prefabricated 3D printed concrete parts using 
different adhesives and interlocking geometries and tested the mechanical properties of the concrete specimens. Qiu et al. [35] found 
that the grooved and 3D-printed interface effectively enhanced the interfacial bond between 3DP UHP-SHCC permanent formwork and 
post cast normal concrete. Putten et al. [36] constructed the interlocking interface using a device with combs and investigated the 
related mechanical properties.

It can be determined that 3D printed concrete with interlocking interfaces exhibits higher mechanical properties compared to that 
with smooth interfaces. Moreover, the interfacial strength of 3D printed concrete with interlocking interfaces is significantly improved. 
However, there are few studies on the interlayer interlocking 3D printed concrete forming process. Some studies used non-automated 
methods [32,36] to construct the interlocking interface between the layers. Further research is needed to understand the mechanical 
properties, failure modes, and anisotropic behavior of interlayer interlocking 3D printed concrete. In this paper, the dimensions of the 
interlocking nozzles are designed and a forming scheme is proposed. Furthermore, extrudability tests are carried out to determine the 
printing parameters for interlayer interlocking 3D printed concrete. Finally, specimens are printed and interfacial splitting tests, 
interlayer interfacial shear tests, and compression tests are conducted.

Fig. 1. Forming scheme of interlayer interlocking 3D printed concrete.
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2. Forming of interlayer interlocking 3D printed concrete

2.1. Forming scheme

In 3D printed concrete technology, the material is extruded through a nozzle and deposited layer by layer. The extruded material 
can maintain a certain geometric shape that is closely related to the geometry of the extrusion outlet of the nozzle [4,21]. This means 
that by designing extrusion outlets with different shapes, it is possible to print concrete filaments in various forms. However, ad
justments to material ratios, printing paths, and printing parameters are also necessary. In this paper, in order to realize the printing of 
3D printed concrete with interlocking interfaces, the forming scheme (Fig. 1) and nozzles are designed. The preparation of interlayer 
interlocking 3D printed specimens is achieved through the direct extrusion and deposition of concrete filaments with interlocking 
surfaces.

2.2. Design of nozzles

In this paper, nozzles that can directly extrude concrete filaments with interlocking surfaces are referred to as interlocking nozzles. 
When these interlocking surfaces are positioned between layers, these nozzles will be referred to as interlayer interlocking nozzles. The 

Fig. 2. Design of interlayer interlocking nozzles.

Table 1 
Dimension parameters of the interlayer interlocking nozzles.

Nozzle SN/mm2 ξ k θ/◦ A/mm B/mm a/mm b/mm c/mm

N1 600 1.5 1/4 - 30 20 - - -
N2 600 1.5 1/4 90 30 20 10 5 10
N3 600 1.5 1/4 135 30 20 5 7.07 10
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interlayer interlocking nozzles have an extrusion outlet with a tooth-like cross-section, as depicted in Fig. 2. The extrusion channel is 
sloped, creating a pre-forming environment for the concrete.

Based on the related studies [37–40], and the team’s research results, the dimensions of the extrusion outlet of the interlayer 
interlocking nozzles were determined, as shown in Table 1. The extrusion outlet length A is 30 mm, the extrusion outlet width B is 
20 mm, the extrusion outlet area SN is 600 mm², and the aspect ratio of the nozzle extrusion outlet ξ is 1.5. The dimension ratio k is 
defined by Eq. (1) in this paper. The dimension parameters for Eq. (1) are illustrated in Fig. 2(b). 

k = b sin(π − θ)/B (1) 

The dimension ratio k is 1/4. The N1 nozzle is a square nozzle. The N2 nozzle has a tooth angle θ of 90◦, while the N3 nozzle has a 
tooth angle θ of 135◦.

3. Material Mix ratio and printing parameters

3.1. Material Mix ratio

The material mix ratio, as shown in Table 2 and Table 3, included ordinary Portland cement (OPC 42.5) and rapid hardening 
sulphoaluminate cement (R⋅SAC 42.5). Mineral admixtures such as fly ash, metakaolin, and silica fume were also added. Poly
propylene fiber measuring 12 mm in length and 18 μm in diameter was used. Additionally, powdered naphthalene-based super
plasticizer was included as part of the printable materials. To prevent nozzle blockage, fine sand with a fineness modulus ranging from 
2.2 to 1.6 and an average grain size of 0.35–0.25 mm was selected.

The material and flowability test is shown in Fig. 3. The flowability test of 3D printed concrete was carried out in accordance with 
the Chinese standard GB/T 2419–2005 [41]. The samples were prepared using the mix ratio outlined in Table 2 and Table 3. The 
spreading diameter of the 3D printed concrete ranges from 131 mm to 140 mm.

3.2. Printing parameters

3.2.1. Printing parameters test scheme
In the extrudability test, the ability of the concrete to be continuously and stably extruded from the nozzle can be observed directly. 

By testing the quality of filament forming and filament width at different printing parameters, the better interlayer interlocking 
printing parameters can be determined. In this test, concrete filaments of 600 mm in length were printed using N2 and N3 nozzles, 

Table 2 
Compositions of cementitious materials.

Material OPC R⋅SAC Fly ash Metakaolin Silica fume

Weight (%) 71 4 10 10 5

Table 3 
Mix ratio of 3D printed concrete (by weight).

Mix Cementitious materials Water FS PP Fiber Superplasticizer

Ratio 100 25 80 0.30 0.35

Fig. 3. Material and flowability test.
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respectively. The printed model is shown in Fig. 4(a). Three measurement points are taken at equal intervals along the filament, as 
illustrated in Fig. 4(b).

Printing parameters, such as the distance of the nozzle to the model, nozzle travel speed, and extrusion rate of the rotating shaft, 
greatly affect the quality of the concrete filament forming. The distance of the nozzle to the model was determined as 20 mm, based on 
nozzle design theory [42]. Following the team’s established methodology [43,44], the extrusion rate of the rotating shaft was set at 1 
r/s, while the nozzle travel speed was varied to print interlayer interlocking concrete filaments. The quality of the concrete filament 
forming was observed, and the widths of the filaments after stabilization were recorded. The filament widths at three measurement 
points, denoted as W1, W2, and W3, were recorded. The width variation value (δ) was calculated according to Eq. 2. 

δ = Wavg − A (2) 

where Wavg is the average value of W1, W2, and W3, δ is the value of filament width variation, and A is the nozzle extrusion outlet 
length.

3.2.2. Results of printing parameters test
The extrusion rate of the rotating shaft was set at 1 r/s, and the interlayer interlocking concrete filaments were printed using nozzle 

Fig. 4. Printing parameters test scheme.

Fig. 5. Results of extrudability test.

Table 4 
Filament widths with N2 nozzle at different travel speeds.

Nozzle travel speed/ (mm/s) W1/mm W2/mm W3/mm Wavg/mm δ/mm Width change rate

10 37.22 37.15 37.07 37.15 7.15 23.8 %
20 35.24 34.98 34.75 34.99 4.99 16.6 %
30 32.72 33.30 34.63 33.55 3.55 11.8 %
40 30.85 30.41 29.49 30.25 0.25 0.8 %
50 26.71 25.67 26.18 26.19 − 3.81 − 12.7 %
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travel speeds of 10 mm/s, 20 mm/s, 30 mm/s, 40 mm/s, and 50 mm/s. The test results are shown in Fig. 5. The filament widths with 
N2 and N3 nozzles are recorded in Table 4 and Table 5, respectively.

The test results show that polygonal extrusion outlets have more corners compared to round and square extrusion outlets. When the 
nozzle travel speed is faster, there is a higher likelihood of printing defects such as holes and gaps on the edges or surfaces of the 
interlayer interlocking concrete filament. To ensure good filament forming quality, it is recommended to select the nozzle travel speed 
within a 15 % change in filament width. In this study, the distance of the nozzle to the model is 20 mm, the extrusion rate of the 
rotating shaft is 1 r/s, and the nozzle travel speed is 30 mm/s. The concrete filaments were printed using these printing parameters 
with N1, N2, and N3 nozzles, as shown in Fig. 6.

4. Mechanical properties of interlayer interlocking 3D printed concrete

4.1. Specimen preparation

The number of 3D printed specimens and the loading direction are presented in Table 6. N1, N2, and N3 group specimens were 
printed using N1, N2, and N3 nozzles, respectively. For the interfacial splitting test and compression test, cubic specimens measuring 
100 mm on each side were utilized. In the interlayer interfacial shear test, rectangular specimens with dimensions of 100 mm 
× 100 mm × 300 mm were used. N0 group specimens were cast-in-place specimens. The cast-in-place specimens were prepared in 
accordance with the Chinese standard GB/T50081–2019 [45]. These cast-in-place specimens used the same materials and dimensions 
as the 3D printed specimens.

The specimens were obtained by cutting the 3D printed concrete models using a rock cutter. The rectangular models were printed, 

Table 5 
Filament widths with N3 nozzle at different travel speeds.

Nozzle travel speed/ (mm/s) W1/mm W2/mm W3/mm Wavg/mm δ/mm Width change rate

10 38.18 37.24 37.12 37.51 7.51 25.0 %
20 36.25 34.63 35.38 35.42 5.42 18.1 %
30 33.25 33.17 32.63 33.02 3.02 10.1 %
40 31.86 31.78 31.72 31.79 1.79 6.0 %
50 26.59 25.88 26.32 26.26 − 3.74 − 12.5 %

Fig. 6. Concrete filaments.

Table 6 
Overview of specimens.

Test （Dimension of specimen） Loading direction Number of specimens Group

Interfacial splitting test 
（100 mm × 100 mm × 100 mm）

- 3 
（Splitting test）

N0

X 3 N1, N2, N3
Y 3 N1, N2, N3
Z 3 N1, N2, N3

Compression test 
（100 mm × 100 mm × 100 mm）

- 3 N0
X 3 N1, N2, N3
Y 3 N1, N2, N3
Z 3 N1, N2, N3

Interlayer interfacial shear test 
（100 mm × 100 mm × 300 mm）

- 3 
（Shear test）

N0

Y 3 N1, N2, N3
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as shown in Fig. 7. The printed models are shown in Fig. 8(a) and Fig. 8(b). Once the printing process was finished, the models were 
covered in plastic film. After seven days of maintenance, the 3D printed concrete models were cut. The cutting schemes are shown in 
Fig. 8(c) and Fig. 8(d). Before and after cutting, the models and the specimens were placed in an environment with a temperature of 20 
± 2 ◦C and a relative humidity of 95 ± 5 % for 28 days.

4.2. Testing method

4.2.1. Interfacial splitting test
Based on the Chinese standard [45], the interfacial splitting test was carried out using a servo-hydraulic universal testing machine. 

The loading rate is 0.05 MPa/s, and the test setup is shown in Fig. 9(a). In the loading scheme of the X and Y directions interfacial 
splitting test (Fig. 9(b) and Fig. 9(c)), the load is applied along the interlayer interface. In the Z direction loading scheme (Fig. 9(d)), the 
load is applied along the interface between filaments.

The interfacial splitting tensile strength of interlayer interlocking 3D printed concrete was calculated according to Eq. (3). 

Fig. 7. Printing process.

Fig. 8. Printed models and cutting schemes.
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fts =
2F
πS

= 0.637
F
S

(3) 

where fts is the interfacial splitting tensile strength of 3D printed concrete (MPa), F is the specimen failure load (N) in the interfacial 
splitting test, and S is the specimen splitting area (mm2).

4.2.2. Interlayer interfacial shear test
According to the Chinese standard [46], the interlayer interfacial shear test was conducted using a servo-hydraulic universal testing 

machine. The loading rate is 0.06 mm/min. The loading scheme is shown in Fig. 10(a), and the test setup is shown in Fig. 10(b). The 
thickness of the steel bar, denoted as H, is 5 mm, which is less than 1/10 of the specimen section height h (h=100 mm). The spacing 
between the outer surfaces of the upper knife edges, denoted as L, is 100 mm. Additionally, the misalignment (α) between the upper 
and lower knife edges is within 1 mm.

The interlayer interfacial shear strength of interlayer interlocking 3D printed concrete was calculated according to Eq. (4). 

fv =
Fv

2bsh
(4) 

where fv is the interlayer interfacial shear strength of 3D printed concrete (MPa), Fv is the specimen failure load (N) in the interlayer 
interfacial shear test, bs is the width of the specimen section (mm), and h is the height of the specimen section (mm).

4.2.3. Compression test
The compression test was conducted using a servo-hydraulic universal testing machine to determine the compressive strength of 3D 

printed concrete specimens. The load was applied along the X, Y, and Z directions, respectively. The loading scheme is illustrated in 
Fig. 11. The loading rate is 0.5 mm/min.

The compressive strength of interlayer interlocking 3D printed concrete was calculated according to Eq. (5). 

fc =
Fc

Sc
(5) 

where fc is the compressive strength of 3D printed concrete (MPa), Fc is the specimen compressive failure load (N), and Sc is the 

Fig. 9. Interfacial splitting test.
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specimen compressive area (mm2).

4.3. Results of mechanical properties

4.3.1. Results of interfacial splitting test

(1) Cast-in-place specimens

The cast-in-place specimens are denoted as the N0 test group, and the test results of the N0 group specimens are shown in Fig. 12. 

(2) Interfacial splitting test (X direction)

The test results of 3D printed concrete specimens are illustrated in Fig. 13. In Fig. 13(a), it can be observed that the N1 group 

Fig. 10. Interlayer interfacial shear test.
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specimens exhibit a failure mode similar to that of the N0 group specimens. Specifically, when the specimens were damaged, vertical 
through cracks appeared in the middle of the specimens. Additionally, a linear crack was present in the middle of the top surface of the 
specimens.

The failure modes of N2 and N3 group specimens are illustrated in Fig. 13(b) and Fig. 13(c), respectively. Vertical through cracks 
were observed in the middle of N2 and N3 group specimens. However, unlike the N0 and N1 group specimens, some of the cracks on 
the top surface of the N2 and N3 group specimens extended along the interlocking interface. On the fracture surfaces of the N2 and N3 
group specimens, it is evident that a part of the concrete in the convex portion of the interlocking interface was damaged. 

(3) Interfacial splitting test (Y direction)

In the Y-direction interfacial splitting test, vertical through cracks were observed in the middle of the specimens of the N1 group 
(Fig. 14(a)). However, specimens of the N2 and N3 groups exhibited cracks along the interlocking interface (Fig. 14(b) and Fig. 14(c)). 
Furthermore, the fracture surfaces of the specimens of the N2 and N3 groups show damage to the convex portion of the interlocking 
interface between the layers. 

(4) Interfacial splitting test (Z direction) 
In the Z-direction interfacial splitting test, the failure modes of the 3D printed specimens were similar to those of the N0 group 

specimens. In addition, the ultimate loads of the specimens in groups N1, N2, and N3 were similar.
(5) Summary of interfacial splitting test

Fig. 11. Loading scheme of compression test.

Fig. 12. Failure mode of cast-in-place specimens (N0).
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The splitting tensile strength of cast-in-place specimens (N0 group) is 6.27 MPa. The ultimate load and splitting tensile strength of 
3D printed specimens in the test are recorded in  Table 7, Table 8, and Table 9, respectively. The results of the interfacial splitting test 
are shown in Fig. 15.

The experimental results indicate that the interlayer interlocking 3D printed concrete with N2 and N3 nozzles exhibit higher 
interfacial splitting tensile strength in both the X and Y directions compared to that with the N1 nozzle. Specifically, the X-direction 
strength of the N2 group specimens increased by approximately 18.3 %, and the Y-direction strength increased by approximately 

Fig. 13. Failure mode of 3D printed concrete specimens (X direction).

Fig. 14. Failure mode of 3D printed concrete specimens (Y direction).
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14.5 %. The X-direction strength of the N3 group specimens increased by about 30.7 %, and the Y-direction strength increased by 
about 27.6 %. In contrast, the interfacial splitting tensile strength in the Z direction is relatively consistent, ranging from approxi
mately 3.07 to 3.17 MPa.

3D printed specimens with a square nozzle yield pure adhesive failure in the interfacial splitting test [18,47]. However, the failure 
mode of 3D printed concrete with a tooth-like nozzle differs from that with the square nozzle. When the load is applied along the 
interlayer interface, some cracks extend along the interlocking interface. Additionally, the specimens with interlocking interfaces 
between the layers exhibit a mixed mode of cohesive and adhesive failures. It is important to note that both adhesive failure and the 
mixed failure mode may coexist on a concrete filament, as seen on the fracture surface of the interlayer interlocking 3D printed 
specimen.

The cohesive failure is considered to be the ideal failure mode of the specimen, usually correlated to the highest strength [48,49]. 
The experimental results demonstrated that the interlocking interface effectively enhanced the interfacial splitting tensile strength of 
3D printed concrete. The strength in the X direction increased by approximately 18.3 %-30.7 %, while the strength in the Y direction 
increased by about 14.5 %-27.6 %. Additionally, when the load was applied along the Z direction, the strengths of the specimens were 
similar, indicating that the interlocking interface between the layers had less impact on the strength of the interface between the 
filaments. The splitting tensile strength and failure mode of the bilayer specimens were correlated with the notch depth as well as the 
tooth angle [32,33]. The test results revealed that a mixed failure mode occurred for both specimens with a tooth angle of 90◦ and a 
tooth angle of 135◦, at a layer thickness of 20 mm and a notch depth of 5 mm. Furthermore, the specimens with a tooth angle of 135◦

exhibited higher strength in the X and Y directions compared to those with a tooth angle of 90◦. According to the CT-scan images 
(Fig. 16), the filaments with a tooth angle of 90◦ may introduce more porosity during deposition, which reduces the strength of the 
specimens.

4.3.2. Results of interlayer interfacial shear test
In the shear test, Fig. 17 depicts the different failure modes of the specimens. Fig. 17(a) and Fig. 17(b) demonstrate that the N0 

group specimen exhibits a fracture surface with an inclination angle, while the crack on the N1 group specimens extends along the 
interlayer interfaces. On the other hand, the failure modes of the specimens of the N2 and N3 groups differed from those of the N0 and 
N1 groups (Fig. 17(c) and Fig. 17(d)). Specifically, zigzag cracks appeared when the specimen was damaged.

The ultimate load and shear strength of specimens in the test are recorded in Table 10 and Table 11, respectively. The results of the 
interlayer interfacial shear test are shown in Fig. 18. The test results demonstrate that the interlocking interface can improve the 
interlayer interfacial shear strength of 3D printed concrete. The strength enhancement is approximately 7.8–18.0 % compared to the 
3D printed specimens with smooth interlayer interfaces.

3D printed specimens with smooth interfaces yield pure adhesive failure in the interlayer interfacial shear test [50]. Beushausen 
[51] and Wu [52] conducted studies on the failure mode of concrete interfaces with notches under shear. While cohesive failure was 
observed in the N0 group specimens and pure adhesive failure was observed in the N1 group specimens, the interlayer interlocking 3D 

Table 7 
X direction interfacial splitting tensile strength.

Group Ultimate load /kN Interfacial splitting tensile strength /MPa Average /MPa

1 2 3 1 2 3

N1 59.58 52.34 55.26 3.80 3.33 3.52 3.55
N2 68.49 66.88 62.63 4.36 4.26 3.99 4.20
N3 73.49 70.58 74.21 4.68 4.50 4.73 4.64

Table 8 
Y direction interfacial splitting tensile strength.

Group Ultimate load /kN Interfacial splitting tensile strength /MPa Average /MPa

1 2 3 1 2 3

N1 57.65 58.32 56.28 3.67 3.71 3.59 3.66
N2 61.81 68.98 66.36 3.94 4.39 4.23 4.19
N3 73.92 73.15 72.64 4.71 4.66 4.63 4.67

Table 9 
Z direction interfacial splitting tensile strength.

Group Ultimate load /kN Interfacial splitting tensile strength /MPa Average /MPa

1 2 3 1 2 3

N1 44.00 52.02 48.59 2.80 3.31 3.10 3.07
N2 48.23 49.56 51.66 3.07 3.16 3.29 3.17
N3 52.35 46.95 48.24 3.33 2.99 3.07 3.13
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printed specimens exhibited a combination of cohesive and adhesive failures, resulting in the appearance of zigzag cracks.
The shear key angle [53] and the base area [54] have a significant impact on the shear strength of the specimens. The interlayer 

interfacial shear strength of the 3D printed specimen, with interlocking interfaces between the layers, increased by approximately 
7.8–18.0 % compared to that of the N1 group specimens. Additionally, the strength of the N3 group specimens increased by about 
9.4 % compared to that of the N2 group specimens. This suggests that the specimens with a tooth angle of 135◦ had a larger base area, 
which contributed to the improvement.

Fig. 15. Results of the interfacial splitting tensile strength.

Fig. 16. CT-scan images of 3D printed specimens.
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4.3.3. Results of compression test
In the compression test, the failure modes of the specimens are shown in Fig. 19. The compressive strength of the specimens is 

recorded in Table 12. The results of the compression test are shown in Fig. 20.

Fig. 17. Failure mode of specimens (shear test).

Table 10 
Shear strength of cast-in-place specimens.

Group Ultimate load /kN Shear strength /MPa Average /MPa

1 2 3 1 2 3

N0 87.62 79.35 84.49 4.38 3.97 4.22 4.19

Table 11 
Interlayer interfacial shear strength of specimens.

Group Ultimate load /kN Interlayer interfacial shear strength /MPa Average /MPa

1 2 3 1 2 3

N1 60.41 50.51 65.75 3.02 2.53 3.29 2.95
N2 67.31 59.66 63.52 3.37 2.98 3.18 3.18
N3 68.96 71.58 68.30 3.45 3.58 3.42 3.48

Fig. 18. Results of the interlayer interfacial shear strength.
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As depicted in Fig. 19, the failure modes of the N2 and N3 groups specimens differed from those of the N1 group specimens. 
Specifically, the number of interfacial cracks is decreased and the degree of horizontal slip is reduced. Compared to the compressive 
strength of 3D printed concrete with a square nozzle, the interlayer interlocking 3D printed concrete demonstrated an increase of 
approximately 13.0–18.4 %. Moreover, the cracking load of the interlocking interface is enhanced compared to the smooth interface, 
resulting in an increased compressive strength of interlayer interlocking 3D printed concrete.

4.4. Mechanical anisotropy evaluation

The above test results show that the 3D printed specimens have significant anisotropic behavior. The anisotropic coefficient, Ia, was 

Fig. 19. Failure mode of 3D printed specimens (compression test).

Table 12 
Compressive strength of specimens.

Group Compressive strength 
/MPa

Compressive strength in the X 
direction /MPa

Compressive strength in the Y 
direction /MPa

Compressive strength in the Z 
direction /MPa

N0 62.80 - - -
N1 - 47.03 37.34 35.37
N2 - 53.13 42.19 41.46
N3 - 53.88 44.21 40.65
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Fig. 20. Results of the compressive strength.

Table 13 
Anisotropic coefficient of compressive strength.

Group fX /MPa fY /MPa fZ /MPa Ia

N0 - - - 0
N1 47.03 37.34 35.37 0.647
N2 53.13 42.19 41.46 0.497
N3 53.88 44.21 40.65 0.482

Table 14 
Anisotropic coefficient of interfacial splitting tensile strength.

Group fX /MPa fY /MPa fZ /MPa Ia

N0 - - - 0
N1 3.55 3.66 3.07 0.789
N2 4.20 4.19 3.17 0.681
N3 4.64 4.67 3.13 0.619

Y. Jiang et al.                                                                                                                                                                                                           Case Studies in Construction Materials 22 (2025) e04193 

16 



used to describe the anisotropic behavior of the printed specimens [55]. Ia was calculated by Eq. (6). 

Ia =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(fX − f0)
2
+ (fY − f0)

2
+ (fZ − f0)

2
√

f0
(6) 

where fX, fY, and fZ are the strengths of the interlayer interlocking 3D printed concrete when loaded along the X, Y, and Z directions, 
respectively, and f0 is the strength of the cast-in-place specimen. The cast-in-place specimen is treated as homogeneous material, and 
the Ia is equal to 0. The smaller the anisotropic coefficient, the weaker the anisotropy.

The compressive strength, interfacial splitting tensile strength, and corresponding anisotropic coefficient (Ia) of the 3D printed 
specimens are recorded in Table 13 and Table 14, respectively. The variation of the anisotropic coefficient (Ia) is shown in Fig. 21. The 
results indicate that the interlayer interlocking 3D printed concrete exhibits a reduction in the anisotropic coefficient (Ia) of about 
13.7–25.5 %, resulting in weaker anisotropy compared to the 3D printed concrete with smooth interfaces.

The printing interlayer is a key factor that affects the mechanical anisotropy [20]. During compression tests, interlocking increased 
the cracking load of the interlayer interface, resulting in a decrease in the number of interfacial cracks. Furthermore, the degree of 
horizontal slip caused by interfacial cracking was reduced, leading to enhanced compressive strength. In the interfacial splitting test, a 
mixed mode of cohesive and adhesive failures appeared on the fracture surface of the interlayer interlocking 3D printed specimens. 
There was a significant improvement in the bonding of the interlayer interface. As a result, the anisotropy of the interlayer interlocking 
3D printed concrete was weakened.

5. Conclusions

This study conducted extrudability tests to determine the appropriate printing parameters for the proposed forming scheme of 
interlayer interlocking 3D printed concrete. Additionally, compression tests, interfacial splitting tests, and interlayer interfacial shear 
tests were performed on the interlayer interlocking 3D printed specimens. The mechanical properties, failure modes, and anisotropy of 
the specimens were analyzed. The main conclusions are drawn as follows： 

(1) By utilizing the appropriate extrusion rate of the rotating shaft and nozzle travel speed, better-formed interlayer interlocking 
concrete filaments can be obtained. These appropriate printing parameters can prevent the occurrence of holes or gaps on the 
edges or surfaces of the interlayer interlocking filaments.

(2) The interfacial splitting tensile strength of the 3D printed specimens, with interlocking interfaces between the layers, is 
increased by approximately 14.5 %-30.7 % compared to those with a square nozzle. Additionally, for the compactness and 
interfacial splitting tensile strength, the nozzle with a tooth angle of 135◦ is more advantageous.

(3) The interlayer interfacial shear strength of 3D printed concrete with interlocking interfaces is increased by approximately 
7.8 %-18.0 % compared to the 3D printed specimens with smooth interlayer interfaces. Additionally, for the interlayer inter
facial shear strength of the specimens, the nozzle with a tooth angle of 135◦ shows a more favorable effect.

(4) Interlocking improves the bonding of the interlayer interface, increasing the strength of 3D printed concrete. Additionally, the 
interlayer interlocking 3D printed concrete exhibits a reduction in the anisotropic coefficient (Ia) of about 13.7–25.5 %, and the 
anisotropy is significantly weakened.

Fig. 21. Variation of the anisotropic coefficient.
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