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Abstract: here is the abstract (200 words) 24 

When constructing concrete structures using 3D printing, it is important to consider the 25 

anisotropy due to the printing process. The print path influences the formation of layer 26 

interfaces and inter-filament voids, and the fracture propagation behavior of the printed 27 

specimen. In this paper, the fracture propagation behavior of printed mortar specimens 28 

under compressive, tensile, and bending stresses is evaluated for different print paths. X-29 

ray computed tomography visualizes the interior of printed specimens and shows that the 30 

pressure during material extrusion elongates the intra-filament voids. The inter-filament 31 

void structure is influenced by the print path, forming an aligned structure in one direction 32 

or a complex lattice-like structure. Anisotropy in the deformation direction under 33 

compressive stress, which is influenced by the inter-filament void structure, is assessed 34 

by 3D scanning. Under tensile stress, Digital Image Correlation (DIC) visualizes that 35 

tensile stress is concentrated in the layer interface, causing cracks to propagate along the 36 



layer interface. Under bending stress, DIC evaluates the effect of the print path on fracture 1 

propagation behavior. The results show that the mechanical properties and fracture 2 

propagation behavior of printed specimens are affected by the arrangement of the layer 3 

interface and inter-filament void, which is governed by the print path. (200 words) 4 

5 
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1 Introduction 1 

3D concrete printing (3DCP), an additive manufacturing technology using cementitious 2 

materials as extrusion material for large-scale structures, has been developed and has 3 

received much technical and research interest recently [1–5]. There are several methods 4 

of 3D printing technology such as binder jetting, material extrusion, material jetting, 5 

energy deposition, powder bed fusion, sheet lamination and vat photopolymerization [6]. 6 

Currently, the material extrusion method is mainly introduced for 3DCP [7,8], in which 7 

the material with shape stability and form buildability is extruded and printed (deposited) 8 

by controlling nozzle based on 3D CAD data (geometrical information for printing 9 

design). In the conventional concrete casting method, the material is uniformly filled into 10 

simple shape formwork and compacted appropriately. On the other hand, 3DCP allows 11 

the material to be extruded and printed directly into the three-dimensional space without 12 

formwork. It is expected to increase the flexibility of design shape [2,9]. Since 3DCP 13 

uses a larger amount of cement than conventional cast concrete [10], studies have been 14 

conducted on the use of supplementary cementitious materials for layered filament 15 

(material extruded in the form of strings) to improve the sustainability of 3DCP [10,11]. 16 

3DCP could reduce the environmental impact by the combination of sufficiently planning 17 

the material usage and the structural design [4,9,10,12]. The research achievements in 18 

laboratory tests are now applied for several construction sites in real situations [13,14], 19 

and the various studies including the installation of reinforcement materials are 20 

challengingly conducted to further increase the number of case examples to build 3D 21 

printed concrete structures [3]. 22 

In 3DCP, it is considered that the structural behavior is potentially altered due to 23 

the printing process [15–17]. The previous research related to 3DCP has mainly focused 24 

on the requirement for material extrusion, the formation and properties of layer interface 25 

and the mechanical properties of 3D printed concrete [1]. 26 

Cementitious materials used as the printing materials must have appropriate 27 

extrudability to prevent blockage inside the nozzle [18,19]. In addition, they are required 28 

to have the buildability during printing so that it prevents collapse with excessive 29 

deformation and settlement [20,21]. Many studies have been conducted related to the 30 

rheological properties required in the fresh state of such filament as 3D printing 31 

component under development of shear strength against gravity-induced stress [21–24]. 32 

In the material extrusion phase, the optimized nozzle geometry has been tried to reduce 33 

the extrusion resistance in a round-shaped nozzle by removing the extra die to avoid 34 

additional friction [25]. 35 



The filament adhesion is a major concern during the process of depositing the 1 

extruded material layer by layer. It shows unstable adhesion such as cold joints depending 2 

on the printing time interval and the filament surface condition [5,16,26]. The properties 3 

of the layer interface have been frequently analyzed regarding the printing parameters 4 

and the void structure in the layer interface region to understand the deformation 5 

mechanism [15,27]. The properties of the layer interface have been investigated mainly 6 

for the void structure of the interfacial region using X-ray computed tomography (X-ray 7 

CT) [28–31]. Several approaches have been proposed to improve adhesion at the layer 8 

interface of 3D printed concrete [32,33]. 9 

The mechanical properties of 3D printed concrete after hardening are also one 10 

of the main research topics of its structural capacity. Most of the research achievements 11 

on structural performance and fracture mechanism of 3D printed concrete have indicated 12 

that there is anisotropy in the mechanical properties of 3D printed concrete [16,23,34–13 

38]. Many studies have pointed out that the rheological properties of the extruded material 14 

in the fresh state (yield stress, plastic viscosity and so forth) and printing parameters 15 

(nozzle shape, printing speed, time interval and so forth) play an important role in the 16 

hardened mechanical properties of 3DCP. 17 

In contrast to conventionally cast concrete, the mechanical properties of 3D 18 

printed concrete are affected by the layer interface formed by the printing process [39]. 19 

The print path is known as an infill pattern in commonly used resin 3D printers, and it is 20 

an important printing parameter in the quality of object modeling [40]. Nevertheless, 21 

printing parameters that have been focused on in previous studies of 3DCP are often the 22 

printing time interval and the nozzle geometry [23,35]. It indicates that there are few 23 

studies found to consider the effects of differences in the printing direction and the print 24 

path pattern on mechanical properties and fracture behavior of 3D printed concrete except 25 

in a few literatures [41–43]. In one literature [41], the print path is varied in the horizontal 26 

plane into the reciprocating path (path1) and the rotary path (path2). However, printed 27 

specimens are printed by a repetition of only path1 or a repetition of only path2, which 28 

are the same printing path in the vertical direction. In the other literatures, the printing 29 

direction in a reciprocating path is varied to 0°, 45°, 90°, 135° [42] or 0°, 90° [43] with 30 

alternating the printed layers, resulted in changing the printing path not only in the 31 

horizontal direction but also in the vertical direction. However, while the overall 32 

anisotropic mechanical properties of the printed specimen under compression and shear 33 

loading have been evaluated, the effect of the print path on the fracture propagation 34 

behavior has not been evaluated [42]. Alternatively, the fracture propagation is evaluated 35 

by only acoustic emission [43]. Since the print path is a printing parameter related to the 36 



layer interface placement, its effect on the formation of inter-filament void structures in 1 

3D printed concrete and that on the deformation behavior needs to be investigated in more 2 

detail. 3 

3DCP allows the cement-based materials to be extruded and built freely when 4 

the design data is fabricated in three-dimensional space. Consequently, it is expected to 5 

be combined with topology optimization methods in effectively determining and 6 

constructing the most appropriate structural member [44]. Topology optimization is a 7 

mathematical method to determine the structural form that maximizes the desired 8 

performance under certain constraints such as load and boundary conditions with mass 9 

and volume limits. When printing the optimal structure determined by this mathematical 10 

method, the print path can be set at possible directions and patterns. In other words, in 11 

addition to optimizing the structural morphology, it is necessary to determine the optimal 12 

print path considering the anisotropy of mechanical properties and structural capacities 13 

[45]. 14 

In order to further investigate the mechanical properties of 3D printed concrete 15 

and to develop the construction technology taking advantage of the high design freedom 16 

of 3DCP in combination with topology optimization, it is necessary to evaluate the effect 17 

of the print path on the mechanical properties and the fracture propagation behavior of 18 

3D printed concrete. This paper aims to investigate the influence of print paths on the 19 

mechanical properties of 3D printed concrete. For this purpose, the fracture propagation 20 

behaviors under compressive, tensile and bending stresses were evaluated by means of 21 

non-destructive testing methods. In the case of applying compressive loading, X-ray CT 22 

and 3D scanning were introduced before and after loading to evaluate the effects of 23 

printing direction on the internal crack propagation and the surface deformation 24 

distribution. As for the cases of applying tensile and bending loading, the influence of 25 

print paths on fracture propagation behavior was evaluated by digital image correlation 26 

(DIC) with identifying the strain distribution in the cross-section of 3D printed concrete. 27 



2. Materials and methods1 

2.1. 3D printed specimen preparation2 

2.1.1. Material properties 3 

Table 1 shows the mix proportions. In this study, the binder (B) is the pre-mixed powder 4 

consisting of Ordinary Portland Cement (OPC) and silica fume. The fine aggregate (S) is 5 

silica sand (2.58g/cm3, F.M. of 1.73). This proportion is designed to meet the material 6 

requirements of 3DCP, such as extrudability and buildability. Water to binder ratio (W/B) 7 

is 20%, and 1.6 (mass% to B) polycarboxylate-based superplasticizer (SP) is added.8 

9 

10 

It was confirmed that the air content after mixing was 7.1%, and the mortar flow value 11 

obtained by mortar flow testing according to JIS R5201 was 149 mm. Fig. 1 shows the 12 

mortar flow testing as specified in JIS R5201. After filling the flow cone with mortar, the 13 

flow table is immediately dropped 15 times within 15 seconds. The diameter of the mortar 14 

is measured to obtain the flow value. The 28d strength of the cast specimen made with 15 

the same materials mix proportion was 88.0 N/mm2.16 

17 

2.1.2. Print condition and print path18 

The printed specimen was prepared using the material extrusion 3D printer shown in Fig. 19 

2. As shown in the figure, a bottle-shaped cartridge is filled with mortar and fixed to the 20 

printer.21 

Table 1 Mix proportions
W/B
(%)

W
(kg/m3)

B
(kg/m3)

S
(kg/m3)

SP
(mass% to B)

20 217 1085 1085 1.6

Fig. 1 Mortar floe testing: (a) Overview of the testing machine, (b) Cast mortar into the flow 

cone and (c) Measure the flow value after 15 drops/ 15sec.



1 

Circular or rectangular [20] nozzle outlet shapes are often employed, and the circular 2 

nozzle outlet shape was also employed in this study with setting the nozzle inner diameter 3 

at 14 mm, where the nozzle extrusion width was 16 mm for the printer used. Each layer 4 

height for the 3D printed specimen was set at 10 mm and the number of layers after 5 

printing at 12 with the nozzle moving speed of 30 mm/s.6 

Fig. 3 shows the print paths considered for approximately 100 x 100 x 400 mm 7 

prism specimens in this paper. In pattern (I), the layers are printed in the circumferential 8 

direction. In pattern (II), the layers are printed in the long side direction. In pattern (III), 9 

the layers are printed in the short side direction. In patterns (I), (II) and (III), the printed 10 

specimen is fabricated, repeatedly printing the same layers in each layer. In pattern (IV), 11 

the odd-numbered layers from bottom are printed in the long side direction as in pattern 12 

(II) and the even-numbered layers from bottom are printed in the short side direction as 13 

in pattern (III). Namely, in pattern (IV), the printed specimen is prepared by printing each 14 

layer in orthogonal directions for the odd-numbered layer and even-numbered layer.15 

Fig. 2 Material extrusion 3D printer.



1 

2 

Fig. 4 shows an overview of the cylindrical and the prismatic specimens obtained from 3 

the printed specimen by coring and slicing respectively. Previous studies have also 4 

obtained cylindrical and prismatic specimens from printed specimens by coring [16,28] 5 

and slicing [26,36]. Three cylindrical specimens (φ45 x 90 mm) and two prismatic 6 

specimens (40 x 40 x 160 mm) were prepared for the following experiment and 7 

measurement. In above-mentioned printing patterns, the outermost layer was 8 

circumferentially printed in order to improve the stability of the printed specimen during 9 

fabrication. The cylinder and the prismatic specimens were obtained from positions with 10 

excluding the outermost layer.11 

12 

13 

14 

2.2. Experimental method15 

Compressive, split tensile and bending tests were conducted on the obtained 16 

cylindrical/prismatic specimens at nine months after printing which is a sufficiently long 17 

curing period [46]. Fig. 5 shows an outline of the loading tests in this study.18 

19 

(I) Circumferential direction (II) Long side direction

(III) Short side direction (IV) Orthogonal two-directions
Fig. 3 Print path.

Fig. 4 Overview of preparation for cylindrical and prismatic specimens.

100 mm

100 mm
40 x 40 x 160 mmΦ45 x 90 mm

400 mm

x: Long side direction

z: Height

y: Short side direction



1 

In the cylindrical specimens, pattern (I), (II) and (III) are printed in the circumferential, 2 

long side and short side directions respectively in all layers. Hence, in the obtained 3 

cylindrical specimens, pattern (I), (II) and (III) can be regarded as printed specimens with 4 

the same print direction in rotating the specimens by 90 degrees. In other words, there are 5 

two conditions of the print paths to be considered for the cylinder specimen, i.e. condition 6 

(A): all layers are printed in one direction (pattern (I), (II) and (III)) and condition (B): 7 

alternately printed in orthogonal two-directions (pattern (IV)). 8 

For the prismatic specimens, the specimens printed in the long side direction 9 

were obtained from pattern (I) and (II), and the specimens printed in the short side 10 

direction were obtained from pattern (III). From pattern (IV), the specimens with bottom 11 

and top layers printed in the long (short) side direction and the middle layer printed in the 12 

short (long) side direction were obtained. 13 

As described in Fig. 4, the x, y and z-axis were respectively set in the long side, 14 

the short side direction and the height direction. Therefore, all prismatic specimens can 15 

be classified into the following four types as illustrated in Fig. 5: x-printed specimens 16 

printed only in the long side direction, y-printed specimens printed only in the short side 17 

direction, xyx-printed specimens printed in the order of long-short-long side direction and 18 

yxy-printed specimen printed in the order of short-long-short side direction. 19 

20 

2.2.1. Compressive test 21 

It is important to understand the mechanical properties of concrete, which is expected to 22 

be in use under compressive stress to enable efficient design of 3DCP components and 23 

Fig.5 Outline of the loading tests. 



structures. Compression test was performed on the cylindrical specimens obtained from 1 

the printed specimens. The effect of print path on the mechanical properties of 3D-printed 2 

concrete under compressive stress was evaluated. 3 

The top and bottom end of the cylindrical specimens were capped with gypsum to 4 

consider interlayer irregularities on the surfaces. This allowed cracks to be introduced by 5 

compressive loading without unintentional stress localization. The loading rate was set at 6 

5.0 N/mm2/min. Loading was stopped when cracks were visually observed on the 7 

specimen surface with drop of loading to conduct X-ray CT after loading to visualize the 8 

internal crack propagations. Compressive tests were conducted on three specimens each 9 

for both printing conditions (A) and (B) referred to Fig. 5 in 2.2.1. 10 

11 

2.2.2. Split tensile test 12 

In 3DCP, adhesion between each layer is an important parameter for the strength of the 13 

printed concrete [15,16,35,47,48]. Previous studies have pointed out the anisotropy of 14 

tensile strength in tensile tests depending on the direction of printing and loading. The 15 

tensile strength is significantly lower when tensile force is applied in the direction 16 

perpendicular to the printing direction compared to when tensile force is applied in the 17 

printing direction. It indicates that the bond strength at the layer interface is much smaller 18 

than when tensile force is applied to the filament cross-section. This allows us to evaluate 19 

the bond strength at the layer interface and the anisotropy of the tensile strength of the 3D 20 

printed concrete. Tensile testing has been investigated using various methods [5], such as 21 

direct tension test and splitting test. In this paper, the effect of the print direction under 22 

tensile stress was also examined by split tensile test. 23 

Split tensile tests were conducted on the cylindrical specimens (φ45 x 90 mm) of 24 

condition (A), which were obtained by core sampling from the printed specimens in Fig. 25 

4 in 2.2.1. To evaluate the effect of the layer interface on adhesion between filaments, the 26 

specimens were loaded in the following two directions: the direction vertical to the print 27 

direction (condition (A-v) in Fig. 5), and the direction parallel to the print direction 28 

(condition (A-p) in Fig. 5). The loading speed was controlled at 0.2 mm/min for the 29 

displacement at middle of the specimen. Tensile strength was calculated by the following 30 

Eq. (1). 31 

ft=
2P
πdl (1)32 

Here, ft: tensile strength [N/mm2], P: maximum load [N], d: specimen diameter [mm], l: 33 

specimen height [mm] 34 



Three split tensile tests were conducted on the cast specimens for comparison in 1 

fracture behavior with 3D printed specimen, and two of the specimens were tested for 2 

each of the conditions (A-v) and (A-p). 3 

4 

2.2.3. Bending test 5 

As shown in Fig. 5 in 2.2.1, three-point bending tests by loading were conducted on the 6 

prismatic specimen (40 x 40 x 160 mm) cut from printed specimen. The loading rate was 7 

controlled at 3.0 kN/min. Similarly to the compressive test, the top and bottom surfaces 8 

were smoothed with gypsum in order to avoid stress localization. Bending strength was 9 

calculated by the following Eq. (2). 10 

fb=
3PL
2bh2 (2)11 

Here, fb: bending strength [N/mm2], P: maximum load [N], L: span [mm], b: width of 12 

fracture section [mm], h: height of fracture section [mm] 13 

For the bending tests, two samples for the cast specimens, two samples for y-14 

printed specimens and three samples for x-printed specimens were tested. xyx-printed 15 

specimen and yxy-printed specimen were tested for one sample each. 16 

17 

2.2.4. X-ray computed tomography (X-ray CT) 18 

X-ray CT was used to observe the internal structure and internal crack propagation of cast 19 

specimens and printed specimens. In X-ray CT, X-ray irradiated from the X-ray source 20 

before and after transmission through the object is detected and the X-ray attenuation 21 

ratio in the target material is visualized. The stage is rotated during imaging to transmit 22 

X-rays from all directions. The acquired data is reconstructed by computer to obtain a 23 

series of cross-sectional images. 24 

In the field of concrete engineering, X-ray CT is used to visualize internal cracks 25 

and quantify the internal void structure [49,50]. In 3DCP, it has been used in studies on 26 

evaluating the void structure at the layer interface [30] and the relationship between the 27 

void structure at the layer interface and layer adhesion [28]. 28 

Since the X-ray absorption coefficient of an object depends on its density, the 29 

acquired cross-sectional image sequence shows density distribution in the targeted solid. 30 

As for X-ray CT images in this paper, the areas with small (dark) grayscale values 31 

represent low densities, such as air (voids and air bubbles) and cracks. On the other hand, 32 

the areas with relatively high (bright) grayscale values represent cement paste and 33 

aggregate. 34 



During image detection process, 0.2 mm thickness Cu filter was used to remove 1 

low-energy X-rays and reduce artifacts in the obtained images. By the above imaging 2 

process, a cross-sectional image sequence with a resolution of 24.86 µm/pixel and an 3 

image size of 2864 x 2864 pixels was captured. 4 

5 

2.2.5. 3D scanning 6 

In this paper, 3D scanning measurements and analysis were conducted to evaluate the 7 

effect of the print path on three-dimensional deformation under compressive stress. It is 8 

known that the mechanical properties of printed specimens are anisotropic, depending on 9 

the layered structure resulting from the printing process [16,34,35]. However, there are 10 

few investigation examples of evaluating the effect of the print path on the deformation 11 

of printed specimens. When evaluating the deformation of structural members due to 12 

loading, a strain gauge is commonly used by attaching to the surface for measuring local 13 

deformation at a specific point. However, evaluation of local deformation at specific 14 

surface locations is insufficient to clearly identify the anisotropic behavior, which three-15 

dimensionally and randomly occurs on the target body surface of 3D printed concrete. 16 

In some experimental cases of previous studies, the deformation is evaluated as 17 

a distribution based on point cloud data obtained by 3D scanning before and after loading 18 

[51]. This method is widely used in reverse engineering. Scanning an existing product, 19 

its structure with geometrical information is analyzed, so that it is reproduced using 3D 20 

printing technology. The 3D scanning technique is often used for inspection of structural 21 

form. In 3DCP, 3D scanning is an evaluation method to check the quality of printing 22 

construction by comparing the design data with the printed specimen [52]. Although there 23 

are some practical achievements using this technique to evaluate the surface shape of the 24 

material after extrusion [22], there are no examples of evaluating deformation due to 25 

loading for 3D printed concrete. 26 

Fig. 6 shows the 3D scanning process and the technical procedure. A white light 27 

3D scanner was used with the resolution (point-to-point pitch) of 0.17 mm to 0.2 mm and 28 

the one-shot accuracy of 0.1 mm. The 3D scanner introduces a non-contact light 29 

projection method using white light LED as light source. The light source on the scanner 30 

irradiates some patterned lights onto the object, and the camera captures the pattern 31 

reflected from the object surface unevenness to acquire three-dimensional coordinate data 32 

of the object surface. The three-dimensional coordinates of the object surface can be 33 

obtained by rotating the object during measurement. In order to capture and scan the 34 

whole surface of the specimen, which is covered from all directions, multiple scans were 35 



carried out by changing the position of the specimen until acquiring the enough amount 1 

of point cloud data for surface shape.2 

3 

4 

After scanning, the obtained point cloud data were combined and converted to polygon 5 

data to analyze the three-dimensional deformation. In any polygon data, the number of 6 

vertices was around 55,000, and that of faces was 100,000. The shortest distance from 7 

each vertex of the polygon data before loading to each vertex of the polygon data after 8 

loading was calculated. This distance was defined as the value of deformation (δ) due to 9 

loading. In order to distinctly observe and emphasize the deformation due to loading, the 10 

deformation due to compression loading was evaluated using Eq. (3).11 

xplot, yplot =(x, y)+ |δ|
δmax

(x, y) (3)12 

Here, δ: the shortest distance to each vertex before and after loading, δmax: the maximum 13 

value of δ over the entire specimen14 

After loading, the cylindrical specimen could be partially defective due to the 15 

compressive loading. However, since the defects are the result of out-of-plane 16 

deformation due to loading, only the magnitude of δ in Eq. (3) is considered and its sign 17 

is not considered. It means that the difference in the positive/negative sign of δ is indicated 18 

by the red line when δ in Eq. (3) is positive and the blue line when δ is negative.19 

20 

2.2.6. Digital Image Correlation (DIC)21 

This paper evaluates the effects of different print paths, i.e. different layer interfaces and 22 

inter-filament void structures, on fracture propagation behavior by digital image 23 

Fig. 6 Setup for 3D scanning.



correlation (DIC) during the split tensile test and the bending test. DIC measures the 1 

deformation of the object surface by capturing and combining the deformation of a small 2 

subset [53].3 

DIC can evaluate the strain distribution on the specimen surface over time by 4 

capturing the random pattern applied to the specimen surface as it changes during loading. 5 

In 3DCP, this method has been also used to evaluate the fracture propagation initiation 6 

from the layer interface [36,43]. In this paper, specimens obtained by cutting from the 7 

printed specimens were used in the bending tests. Following the fabrication procedure, 8 

the layer interfaces and inter-filament voids, which are normally located inside the print, 9 

can be identified on the surface of the specimen. As a result, the analysis with DIC can 10 

visualize the fracture propagation behavior inside the printed specimen.11 

Fig. 7 shows the overview of DIC process in this study. Tensile and flexural 12 

fractures examined in this paper include the brittle fractures that are completed 13 

instantaneously. In order to evaluate the influence of layer interface and inter-filament 14 

void on the fracture propagation behavior, a high-speed camera was used with image 15 

shooting speed of 4000 fps and camera shutter speed of 1/20000 sec. The high-speed 16 

camera recorded continuously and acquired image sequences for approximately 1.5 17 

seconds before and after the failure phase. The image size was 1024 x 512 pixels with a 18 

resolution of 0.105 mm/pixel.19 

20 

21 

Fig. 7 Setup for Digital Image Correlation (DIC).



3. Results and discussion1 

3.1. Results of compressive test2 

Fig. 8 shows the cross-sectional and longitudinal X-ray CT images of the cast specimens 3 

and the printed specimens after internal cracks were introduced by compressive loading. 4 

The yellow lines indicate the positions of the corresponding cross-sections in vertical and 5 

horizontal directions. The stress value applied for the crack introduction is shown at the 6 

top left of each image.7 

8 

9 

3.1.1. Void structure10 

As shown in Fig. 8a) and b), the voids in the cast specimens are rounded in shape. In 11 

contrast, the printed specimens shown in Fig. 8c) to f) have elongated shape intra-filament 12 

voids. Intra-filament void is the void formed inside the extruded filament, whereas inter-13 

filament void is the void formed between the deposited filaments [40]. This indicates that 14 

the pressure during extrusion causes the intra-filament void to elongate in the material 15 

flow direction. This has been also reported in previous studies [30,36,47], and a detailed 16 

evaluation on voids distribution and their shape has been conducted. Namely, as for 3D 17 

printed concrete, the voids are observed to be consistently elongated in the vertical 18 

extrusion direction and flattened in the vertical direction for layer arrangement. In contrast, 19 

a) Cross-sectional image c) Cross-sectional image e) Cross-sectional image

b) Longitudinal image d) Longitudinal image f) Longitudinal image

Cast specimen (A): One direction (B): Orthogonal two-
direction

Fig. 8 X-ray CT images.



cast concrete has similar dimensions in the plane (xy-plane) but is pressed in the casting 1 

direction (z-direction) [30,47]. In conventional cast concrete, it has been pointed out that 2 

the void structure inside the concrete, i.e. its size, geometry and distribution, is closely 3 

related to its mechanical properties [54–56]. The change in void shape is considered to 4 

affect the durability of printed specimens [57,58] as well as the propagation of cracks and 5 

degradation of mechanical properties [47]. The inter-filament voids in the interlayer zones 6 

allow faster water transport in the interlayer zones of 3D printed concrete compared to 7 

cast concrete [58]. The void characteristics could be an important parameter in the 8 

durability evaluation of printed specimens. 9 

10 

3.1.2. Internal crack propagation 11 

As shown in Fig. 8a) and b), in the cast specimen, the cracks propagate randomly. As for 12 

condition (A) shown in Fig. 8c) and d), the printing direction is in the left to right 13 

directions in the cross-sectional image. Displayed in the longitudinal cross-sectional 14 

image, the cracks propagate regularly with connecting the inter-filament voids. In 15 

addition, two large cracks are observed in the left-right direction of the cross-sectional 16 

image along the layer interface and in the direction perpendicular to it. In contrast, as for 17 

condition (B) shown in Fig. 8e) and f), many micro cracks are observed throughout the 18 

image in both transverse and longitudinal directions. These results indicate that the crack 19 

propagation under compressive stress is altered with depending on the change in the print 20 

path. 21 

Fig. 9 shows 3D and projection images of inter-filament voids extracted from the 22 

X-ray CT images of the specimen before loading. The air space in this image corresponds 23 

to the internal void networks surrounded by filaments inside the printed specimen. The 24 

x, y and z projections are projection onto the y-z, x-z and x-y planes, respectively. The 25 

grey scale in the projection image shows the average of all voxel values for each stacked 26 

y-z (x-z, x-y) point. 27 

28 



1 

2 

In condition (A), in the specimen where the layers are printed in one direction, the 3 

inter-filament voids are also aligned in one direction shown in 3D view and z projection. 4 

The y projection shows the cross-section of filament and inter-filament voids. The inter-5 

filament voids are diamond shaped and surrounded by filaments. On the other hand, in 6 

condition (B), in the specimen where the layers are printed in orthogonal two-directions, 7 

3D view z projection (x-y plane)

y projection (x-z plane) x projection (y-z plane)
(A) One direction

3D view z projection (x-y plane)

y projection (x-z plane) x projection (y-z plane)
(B) Orthogonal two-direction

Fig. 9 3D and projection image of inter-filament void structure.



the 3D view and z projection show that the complex lattice-like inter-filament void 1 

structure is formed. From the y and x projections, it can be seen that the middle layer is 2 

printed orthogonally to the top and bottom layers in this region of interest (ROI). The 3 

inter-filament void in condition B is triangle shaped. 4 

The volume fraction of inter-filament void to ROI is 5.42% and 4.91% for 5 

conditions A and B respectively, which is not a significant difference. However, in 6 

condition (B) as shown in Fig. 8e), inter-filament voids are distributed within the printed 7 

specimen. It can be inferred that the cracks are not localized due to complex stress transfer 8 

in condition (B) compared to condition (A), resulting in the generation of micro crack 9 

distribution.  10 

11 

3.1.3. Deformation distribution 12 

The effect of the print path on the deformation during compression failure was evaluated 13 

by using the deformation δ (see Eq. (3)) calculated from polygonal data of the cylinder 14 

specimen surface obtained before and after loading, combined with cross-sectional 15 

images obtained by the X-ray CT method. Fig. 10 displays the deformation in the cross-16 

section at 5 mm, 25 mm, 45 mm and 65 mm from the bottom of the specimen under 17 

conditions (A) and (B). The white lines in the figures are the coordinates of the specimen 18 

surface before loading (x-y coordinates at z=5mm, 25mm, 45mm and 65mm). The red 19 

and blue lines in the figure show the deformation due to loading calculated by Eq. (3) (see 20 

2.2.5.). 21 

In the figures of Fig. 10, since some surface polygon data for body of specimens 22 

is lost and non-detectable due to loading, the deformation is not correctly shown based 23 

on the scanning after loading.  24 

25 



1 

In addition to the anisotropy in the strength of printed specimens due to the relationship 2 

between the printing direction and the loading directions shown in previous studies [16], 3 

anisotropy in the deformation direction of the printed specimen can be also observed. In 4 

condition (A), where the specimens were printed in only one direction, the printing 5 

direction is in the left and right directions of the cross-sectional image in Fig. 10. However, 6 

the printed specimen deformed markedly in the direction perpendicular to the printing 7 

direction. In condition (B), where the specimens are printed in orthogonal two-directions, 8 

the deformation is found in all directions. Anisotropy in the deformation direction 9 

observed in condition (A) cannot be confirmed for the entire cross-section. It implies that 10 

the inter-filament void structure changed with depending on the print path. This is because 11 

the anisotropy of deformation disappears due to the complex lattice distribution of the 12 

inter-filament voids governing crack propagation in the condition (B) specimen. 3D 13 

scanning revealed that the printing path affects not only crack propagation but also 14 

deformation, resulting in anisotropy of the deformation direction.15 

16 

3.2. Results of split tensile test17 

3.2.1. Split tensile strength18 

Fig. 11 shows the tensile strength of the cast specimens and the printed specimens 19 

obtained from split tensile tests. The coefficient of variation of tensile strength of cast 20 

specimen, condition (A-v) and condition (A-p) are 0.434, 0.003 and 0.127 respectively. 21 

The tensile strength of condition (A-v), loaded perpendicular to the printing direction, is 22 

(A)One direction

(B) Orthogonal two-directions
Fig. 10 Deformation in each cross-section due to compressive loading.



slightly lower than that of the cast specimen. On the other hand, the tensile strength of 1 

the printed specimens under condition (A-p), where the load is parallel to the printing 2 

direction, is significantly lower than that of the cast specimens and condition (A-v).3 

Accordingly, it can be clearly confirmed that the printing direction is responsible for the 4 

anisotropy in the mechanical performance of the printed specimen under tensile stress. 5 

Previous studies have shown that tensile strength (interlayer bond strength) decreases at 6 

the layer interface, and the effects of printing time interval and filament surface condition 7 

on tensile strength (interlayer bond strength) have been investigated [26,28,48]. In this 8 

study, fracture propagation behavior at the layer interface zone was evaluated by DIC. 9 

10 

11 

3.2.2. Fracture propagation12 

Fig. 12 shows the principal strain distribution images obtained by DIC during the split 13 

tensile test 0.00025 seconds before cracking i.e., one frame before cracking (left) and at 14 

crack initiation (right). The layer interface is indicated by white dotted lines in Fig. 11b) 15 

and c).16 

17 

Fig. 11 Tensile strength.



1 

In all the cases, the crack is formed at the center of the cross-section, where the tensile 2 

stress is concentrated in the cross-section. In the area near the loading surface, which is 3 

rectangularly circled by white lines in Fig. 12a) and b), the cast specimen and the 4 

specimen in condition (A-v) show strain distribution in several directions. This is because 5 

the compressive stress is mainly applied in this region, where the stress distribution is 6 

localized in the split tensile test.7 

Condition (A-p) shows a smaller strain than the cast specimen and condition (A-v). 8 

In addition, the strain is concentrated at the layer interface. This indicates that the layer 9 

interface is weak and leads to failure at a small strain compared to the cast specimen and 10 

the specimens in condition (A-v), resulted in decrease of tensile strength.11 

0.00025 sec before cracking Cracking
a) Cast specimen

0.00025 sec before cracking Cracking
b) (A-v): Loading vertically to the printing direction

0.00025 sec before cracking Cracking
c) (A-p): Loading parallel to the printing direction

Fig. 12 Principal strain distribution by DIC.



3.3. Results of bending test1 

3.3.1. Bending strength2 

Fig. 13 shows the bending strength obtained from the three-point bending test. Error bars 3 

indicate the Standard Deviation (SD) The bending strength of the xyx-printed and yxy-4 

printed specimens are obtained from one sample each. However, the small variation in 5 

the bending strength of the x-printed and y-printed specimens means that the bending 6 

strength of the xyx-printed and yxy-printed specimens is reliable. Also, y-printed 7 

specimens show significantly smaller bending strength than the other printed specimens. 8 

In addition, the bending strength of the printed specimen is lower than that of the cast 9 

specimen, regardless of the print path.10 

11 

12 

In the printed specimens, the bending strength of the y-printed specimen printed only in 13 

the short side direction is about 40% lower than that of the x-printed specimen printed 14 

only in the long side direction. This indicates anisotropy in the bending strength of printed 15 

specimens. Printing in the short side direction should be avoided as it significantly 16 

reduces the bending capacity. However, the bending strength of the xyx-printed specimen 17 

printed in the long-short-long side direction is almost the same as that of the x-printed 18 

specimen. In addition, the bending strength of the yxy-printed specimen printed in the 19 

short-long-short side direction increased by approximately 40% compared to that of the 20 

y-printed specimens. In other words, the decrease in bending strength of the printed 21 

specimen compared to that of the x-printed specimen is only approximately 20%. From 22 

the above-mentioned results, in the construction and the design of structures using 3DCP, 23 

it can be considered that the bending strength can be improved by printing some layers 24 

not only in the short side direction but also in the long side direction. Hence, it is important 25 

Fig. 13 Bending strength.



and necessary to evaluate the print path of this layer-by-layer combination for 3D printed 1 

concrete design in consideration of the bending fracture propagation behavior. 2 

3 

3.3.2. Fracture propagation 4 

Fig. 14 shows the principal strain distribution at crack initiation (center) and 0.00025 5 

seconds before (left) and after (right) cracking in bending test obtained by DIC. The 6 

bending strength value of each specimen is shown at the top left of each image. 7 

In the cast specimen shown in Fig. 14a), no strain is clearly observed before 8 

crack initiation, and the crack propagates instantaneously in a straight line from the 9 

bottom surface to the top surface of the specimen. In other words, the cast specimen 10 

shows brittle bending failure behavior without localizing strain generation [59]. In 11 

contrast, all of the printed specimens show the strain development even before crack 12 

initiation in the bottom layer. Thus, it is considered that the printed specimen is relatively 13 

ductile while its flexural strength is lower than that of the cast specimen due to the layered 14 

structure, which allows a certain amount of strain generation and accumulation. 15 

In the x-printed specimen, as shown in the center of Fig. 14b), a layered structure 16 

with layer interfaces and inter-filament voids can be observed. As shown in Fig. 14b), 17 

the cracks tortuously propagate in detoured line at the layer interface from the bottom 18 

surface to the top surface, changing the direction of crack propagation layer by layer. 19 

In the y-printed specimen, filaments and inter-filament voids can be observed as 20 

shown in the center of Fig. 14c). The inter-filament voids are arranged irregularly due to 21 

tilting of the filaments caused by the print paths order with horizontal movement of nozzle. 22 

The principal strains are distributed in such directions as the layer interface connects the 23 

inter-filament voids located above and below each layer for the crack propagation path.24 

As the result, the cracks propagate along the layer interface, as shown in Fig. 14c) right.25 

In addition, the cracks occur at smaller strains than those of the cast specimen and the 26 

other printed specimens. In consequence, the bending strength of the y-printed specimens 27 

is much lower than that of the other specimens. The results also indicate that the layer 28 

interface and inter-filament void are the dominant fragile zones in the printed specimen 29 

for the starting point and the propagation zone of fracture. 30 

In the xyx-printed specimen, large inter-filament voids are regularly aligned as 31 

shown in Fig. 14d). On the other hand, as in the cast specimen, the cracks propagate in a 32 

straight line from the bottom surface to the top surface so that the influence of inter-33 

filament voids on the crack propagation is relatively small. As the result, The small effect 34 

of the inter-filament void on crack propagation caused equivalent bending strength to that 35 

of the cast and the x-printed specimens. 36 



In the yxy-printed specimen, as shown in Fig. 14e), cracks propagate from the 1 

layer interface and inter-filament void on the bottom surface of the printed specimen, 2 

where the strains were concentrated. The bending strength of the yxy-printed specimen is 3 

improved over that of the y-printed specimen. In both printed specimens (y-printed and 4 

yxy-printed specimen), the strain propagates from the layer interface at the bottom of the 5 

specimen. The y-printed specimens have strain concentrated at the layer interface for all 6 

layers. In contrast, in the yxy-printed specimen which the middle layer is printed in the 7 

long-side direction, the cracks propagate in a straight line from the middle layer as in the 8 

xyx-printed specimen. Since the printing direction of the middle layer is different between 9 

the yxy-printed specimen and the y-printed specimen, the yxy-printed specimen displays 10 

higher bending strength. 11 

The influence of layer interfaces and inter-filament voids on fracture propagation 12 

behavior is more dominant for those located on the printed specimen surface than for 13 

those located inside the printed specimen. In the xyx-printed specimen, the inter-filament 14 

voids are located inside the printed specimen and they work to block the crack 15 

propagation, thus having little effect on the mechanical properties of the printed specimen.16 

In yxy-printed specimen, inter-filament voids are located on the bottom surface of the 17 

printed specimen, and these inter-filament voids are the starting point of fracture. As the 18 

result, the inter-filament voids in the yxy-printed specimen have a greater effect on the 19 

mechanical properties of the printed specimens than those in the xyx-printed specimen. 20 

Also, the bending strength of the yxy-printed specimen is smaller than that of the xyx-21 

printed specimen. Therefore, the arrangement of the layer interface and inter-filament 22 

void is an important information in modeling the mechanical behavior of printed 23 

specimens, and their properties need to be further investigated for designing large-scale 24 

member. 25 



1 

0.00025 sec before cracking Cracking 0.00025 sec after cracking
a) Cast specimen

0.00025 sec before cracking Cracking 0.00025 sec after cracking
b) x-printed specimen

0.00025 sec before cracking Cracking 0.00025 sec after cracking
c) y-printed specimen

0.00025 sec before cracking Cracking 0.00025 sec after cracking
d) xyx-printed specimen

0.00025 sec before cracking Cracking 0.00025 sec after cracking
e) yxy-printed specimen

Fig. 14 Principal strain distribution by DIC.



4. Conclusion 1 

In this paper, the fracture propagation behavior of 3D printed concrete under compression, 2 

tensile and bending stresses was evaluated to understand the effect of the print path on 3 

the mechanical properties. The following items are the findings in this study: 4 

1. Compared to cast specimens, printed specimens have elongated intra-filament void 5 

shape due to the relationship between the material printing direction and the nozzle 6 

movement direction during the printing process. 7 

2. When printed in only one direction, the inter-filament void structure is aligned in one 8 

direction. Meanwhile, when printed in orthogonal two-directions, the inter-filament 9 

void structure is formed in a complex lattice pattern. 10 

3. Differences in inter-filament void formation and distribution affect the cracks that 11 

occur under compressive loading. When printed in one direction, the cracks 12 

propagate along with the layer interface with cracks connecting the inter-filament 13 

voids. On the other hand, when the specimen is printed in orthogonal two-directions, 14 

many micro cracks propagate from inter-filament voids distributed in a lattice pattern. 15 

Under compressive loading, the specimen printed in one direction shows anisotropic 16 

deformation perpendicular to the printing direction. In contrast, no anisotropy of 17 

deformation is observed when printed in orthogonal two-directions. 18 

4. Under tensile stress, the tensile strength when loaded parallel to the printing direction 19 

is significantly lower than when loaded perpendicular to the printing direction. This 20 

indicates anisotropy in tensile strength. In the fracture propagation behavior under 21 

tensile stress, when the specimen is loaded parallel to the printing direction, the layer 22 

interface becomes a weaker zone than the hardened matrix where the tensile stress 23 

concentrates, causing the specimen to generate cracks at the layer interface. 24 

5. Bending strength of printed specimens printed in the short side direction clearly 25 

decreased compared to those printed specimens printed in the long side direction 26 

under bending loading. Printed specimens with some of the layers printed in the long 27 

side direction show greater bending strength than printed in only short side direction. 28 

Depending on the combination of long and short side directions, the print path design 29 

potentially improves the structural performance of 3D printed concrete in bending 30 

strength. In the fracture propagation behavior under bending stress, the crack 31 

propagation direction changes at the layer interface of specimens printed in the long 32 

side direction. In the specimen printed in the short side direction, the cracks 33 

propagate along the layer interface between adjacent filaments, while connecting the 34 

inter-filament voids. 35 



The results obtained in this paper showed that the layer interface and inter-1 

filament void structure, which affect the fracture behavior of printed specimens, are 2 

affected by the printing process of the specimens, i.e., the print paths. It was also shown 3 

that it is possible to control the performance and mechanical properties of 3D printed 4 

concrete by controlling and designing the print path. This allows 3DCP to add new value 5 

to concrete structures in contrast to conventional cast construction. 6 

7 
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