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ARTICLE INFO ABSTRACT

Keywords: It is widely recognized that steel fibres exhibit directional distribution during the preparation of 3D-printed steel
3D printing fibre reinforced concrete (SFRC). The degree of fibre orientation varies due to several factors, such as nozzle size
SFRC

and layer height. This variation in fibre orientation range may result in different mechanical performance
exhibited by 3D-printed SFRC at hardened state. To explore the relationship between steel fibre orientation and
the mechanical properties of 3D-printed SFRC at hardened state, this study firstly establishes three-dimensional
mesoscale finite element models based on the distribution of fibres in 3D-printed SFRC. The steel fibre and matrix
work together through a mechanism for fluid-structure interaction between models. Then, compares the simu-
lation results with experimental data to verify the accuracy of the models. After that, different steel fibre dis-
tribution orientations were set, and parametric analysis was conducted for the compressive and tensile loading
conditions to explore the effects of fibre orientation on the damage mode and strength of 3D-printed SFRC. The
results indicate that 3D-printed SFRC exhibits different damage modes with varying steel fibre orientation
ranges. Additionally, the strength of 3D-printed SFRC varies in steel fibre orientation range and exhibits
anisotropic characteristics. This study provides a theoretical basis for improving and controlling the performance
of 3D-printed SFRC in future engineering applications.

Fibre orientation
Mesoscale finite element analysis
Anisotropic

. . . . continued
The main acronym parameters used in the paper are summarized in ( )
the following table : Acronym Meaning
T
Acronym Meaning parameters
parameters Aoy Maximum strength surface
A idual h surf:
0 Angles between the projection of steel fibre on XOY plane and or Residual s‘trengt surtace
X-axis p Hydrostatic pressure
n Angles between the projection of steel fibre on XOZ plane and a-parameters Parameters for determining the strength surfaces
Xeaxis A Modified effective plastic strain
] J Interpolation function of 4
Vg The generated steel fibre space volume g( ) ;;gp:ni:?h unction o
Csr The steel fibre volume content Y s &
L The steel fibre length [ Initial yield strength
Dssff The steel fibre diameter E, Plastic hardening modulus
Ngr The target number of steel fibres 8le’/f Effective plastic strain
Aoy Maximum yield surface p A hardening parameter
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(continued)
Acronym Meaning
parameters
E Elastic modulus
E; Tangent modulus
Gs Bond shear modulus
D Damage parameter

1. Introduction

In recent years, there has been increasing interest in the advance-
ment of 3D-printed concrete technology in the field of construction
engineering. This technology offers numerous advantages, such as
minimizing formwork loss, optimizing labour allocation, and reducing
carbon emissions [1-3]. The development of 3D-printed concrete tech-
nology relies heavily on the selection of suitable concrete materials.
Specifically, the materials used for 3D printing should possess desirable
fresh properties and exhibit favourable mechanical properties upon
hardening. Extensive research has been conducted by scholars to
investigate the material characteristics of 3D-printed concrete (3DPC)
[4-8]. Further exploration has revealed that 3DPC tends to consume a
larger amount of cement as compared to traditional concrete, which in
turn, may result in drying shrinkage concerns [9-11]. Additionally,
automated arrangement of steel bars in 3D-printed concrete without
human intervention remains challenging, thereby limiting its ductility
potential.

To solve these problems, scholars generally use adding fibres in
slurry to improve the performance of 3DPC [12-14]. Among them,
3D-printed steel fibre-reinforced concrete (SFRC) is the most widely
studied [15-18]. For example, Pham et al. [19] investigated the effect of
steel fibres with different lengths (3 mm and 6 mm) on the mechanical
properties of high-performance printing concrete with different fibre
volume fractions (0.25 %, 0.5 %, 0.75 %, and 1 %). The experimental
results reveal that the critical length and volume fraction of fibres,
especially 0.75 % and 1 % of 6 mm long steel fibres, as well as the
orientation of fibres, are important factors for improving the flexural
resistance. Singh et al. [20] studied the compressive properties of steel
fibre filled 3D-printed concrete under different loading directions. The
authors believed that the mixture with 0.75 % steel fibre has the highest
compressive strength when the loading direction is perpendicular to the
printing direction. Giwa et al. [21] explored the hardening properties of
3D-printed cementitious materials with different steel fibre content,
especially high steel fibre content. Their research demonstrates that
when the fibre content is high, the mechanical properties of the rein-
forced mixture are significantly improved. Chen et al. [22] studied the
distribution of steel fibre in 3D-printed coarse aggregate concrete. They
found that the mechanical anisotropy of 3D-printed SFRC became less
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pronounced due to the change in the directional distribution of steel
fibres caused by coarse aggregates. At present, extensive studies have
elucidated the presence of anisotropic effects, particularly with regards
to tensile strength, in 3D-printed fibre-reinforced concrete. Scholars
widely attribute this phenomenon to the directional distribution of steel
fibres within the 3D-printed concrete [12,23]. In our previous research,
a series of investigations were conducted on 3D-printed ultra-high per-
formance steel fibre-reinforced concrete [15-17]. The findings from our
studies also confirm the influence of the directional distribution of steel
fibres on the mechanical anisotropy of 3D-printed concrete. It is worth
noting that the orientation distribution of steel fibres exerts a remark-
able impact on the mechanical properties of 3D-printed concrete.

Except for 3D printed concrete, alternative approaches have also
been explored to investigate the influence of fibre distribution orienta-
tion on the mechanical properties of concrete. For instance, researchers
have used many methods such as magnetic induction [24,25] and flow
control [26,27] to manipulate the orientation of steel fibres. These
studies collectively suggest that modifying the orientation of steel fibres
in concrete can effectively alter the mechanical properties of SFRC.
However, the existing research has primarily focused on inferring the
impact of steel fibre orientation distribution on the macro-level me-
chanical properties of SFRC, especially 3D-printed SFRC, while lacking a
comprehensive analysis of the underlying mechanisms involved.
Therefore, it is imperative to establish a mesoscale perspective that
elucidates the relationship between steel fibre orientation and me-
chanical properties in order to bridge this knowledge gap.

The purpose of this study was to investigate the effect of orientation
distribution of steel fibres in 3D-printed SFRC on mechanical properties
at hardened state. Firstly, the orientation distribution of steel fibres in
3D-printed concrete in previous studies was compared and analysed.
Secondly, a three-dimensional mesoscale model was established for the
first time to simulate the distribution and interaction of steel fibres in
3D-printed SFRC, and compares it with experimental results to verify the
reliability of the model in analysing the impact of steel fibre orientation
on SFRC performance. Finally, parameterized analysis was conducted
using the verified mesoscale finite element model to explore the impact
of steel fibres on the damage modes and mechanical properties of 3D-
printed SFRC within different angle ranges by setting orientation an-
gles 1 and 6. Through this study, it is possible to gain a clearer under-
standing of the impact of changes in steel fibre distribution on the
mechanical properties of 3D-printed SFRC, thereby providing a theo-
retical basis for improving and controlling the performance of 3D-
printed SFRC in future engineering applications.

2. Reviews of steel fibre distribution in 3D-printed concrete

It is well known that the fibres within fibre-reinforced concrete
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Fig. 1. Orientation angle positioning of steel fibre in concrete.
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Table 1
Orientation distribution of steel fibres in other literatures.
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Literature Steel fibre length Steel fibre volume Filament height size Filament width size Preparation Steel fibre orientation angle
(mm) (vol%) (mm) (mm) method” (Approximate value)
0°-30° 30°-60° 60°-90°

Pham et al. [19] 3 1 6 10.5 MC 14 % 42 % 44 %
3DP (1) 90 % 5% 5%

6 MC 27 % 43 % 30 %
3DP (1) 95 % 3% 2%
Arunothayan et al. 6 1 10 10 3DP (0) 94 % 6 % 0%
[28] 1 15 3DP (6) 86 % 14 % 0%
1 20 3DP (0) 75 % 25% 0 %

1 30 MC 26 % 49 % 25 %

1 30 3DP (6) 55 % 31 % 14 %

2 30 MC 32% 49 % 19 %
2 30 3DP (6) 77 % 21 % 2%

1 40 3DP (0) 48 % 38 % 14 %

Zhou et al. [29] 6 4 15 20 MC 30 % 37 % 33%
3DP () 96 % 4 % 0%
3DP (6) 70 % 23 % 7 %

Chen et al. [22] 12 2 50 50 MC 26 % 48 % 26 %
3DP () 84 % 11 % 5%
3DP (6) 93 % 6 % 1%

# Note: In the preparation method, MC represents mould-casting, while 3DP denotes 3D-printing; 0 and 1 in the brackets on the right of 3DP indicate the angle type

between the observed projection and the X axis.

obtained through 3D printing are subjected to the constraints of the
nozzle, resulting in an oriented distribution after extrusion. However,
different printing parameters may lead to varying fibre orientations. To
understand the mechanism of how the orientation distribution of steel
fibres affects the performance of 3D-printed SFRC, it is necessary to
firstly investigate the distribution of steel fibres within the concrete
matrix. Therefore, this section summarizes the current research on steel
fibre orientation in 3D-printed SFRC, with a focus on discussing the ef-
fects of steel fibre length, volume fraction, printing parameters, and
nozzle shape on the orientation distribution of steel fibres.

The orientation of steel fibre can be described by its angle in three-
dimensional space. In the existing research on 3D-printed steel fibre
reinforced concrete, some scholars have detected the orientation dis-
tribution of steel fibre in 3D-printed concrete and mould-casted concrete
by CT scanning. To compare and summarize the results of various lit-
eratures, the orientation angle of steel fibre was unified in this study, as
shown in Fig. 1 (a). The orthogonal rectangular coordinate system is
established, and the included angles between the projection of steel fibre
on XOY plane and XOZ plane and X-axis were defined as 6 and n,
respectively. 0 and n are acute angles, and the angle range is —90°~90°.
The orientation of steel fibre can be determined by the angle of 6 and 1.
In this study, it is uniformly stipulated that angle n was observed from
the Y-direction and angle 6 was observed from the Z-direction, as shown
in Fig. 1 (b). Moreover, since the orientation and distribution of fibres in
3D-printed specimens are closely related to the printing direction, this
study defines the X-direction as the printing direction of 3D-printed
specimens. Table 1 summarizes the ratio of steel fibre content within
the distribution range of different orientation angles in various litera-
tures. It should be noted that in the summarized literature, the angles of
0 and n are absolute values, that is, between 0°~90°. Pham et al. [19]
obtained the ratio of steel fibre content in different angle n distribution
ranges in their study; Arunothayan et al. [28] observed the ratio of steel
fibre content in different angle 0 distribution ranges; Zhou et al. [29] and
Chen et al. [22] obtained the steel fibre content ratio in each distribution
range of angle 0 and 1. The extrusion method studied by Chen et al. [22]
is different from that of other scholars, which uses rectangular nozzle for
horizontal extrusion, while other scholars use circular nozzle for vertical
extrusion.

By comparing and observing the proportion of steel fibre in mould-
casted concrete in Tables 1 and it is noted that the average proportion

of steel fibre in 0°~30° range for 25.8 %, the average proportion of steel
fibre in 30°~60° range for 44 %, and the average proportion of steel
fibre in 60°~90° range for 30.2 %. For 3D-printed concrete, observing
the distribution of steel fibres within each angle n range in different
studies, it is found that when the round nozzle is utilized for vertical
extrusion, the steel fibre content within the range of 0°~30° is greater
than 90 %. For angle 0, with the increase in nozzle diameter, the pro-
portion of steel fibre content in the range of 0°~30° gradually decreases,
and the directivity begins to be inconspicuous. To sum up, the steel fi-
bres in the fibre-reinforced concrete specimens obtained by 3D printing
have evident directional distribution characteristics, and the degree of
orientation has a great correlation with the nozzle size (print filament
size). This can provide a way to control the distribution direction of steel
fibres, and perhaps influence the mechanical properties of materials by
regulating the orientation of steel fibres. However, the relationship be-
tween steel fibre orientation and mechanical properties has not been
explored yet. To control mechanical properties through fibre orientation
distribution, it is necessary to first clarify the changing relationship
between the two.

3. Methodology of mesoscale modelling

Mesoscale finite element analysis is widely used to study the me-
chanical properties and damage mechanisms of concrete [30-32].
Currently, many studies have simulated the mechanical behaviour of
SFRC at the mesoscale level and predicted its performance [33,34]. This
study uses mesoscale finite element analysis to explore the impact of
steel fibre orientation distribution on the performance of 3D-printed
SFRC.

3.1. Generation of fibre model

In this study, the steel fibre model was generated by self-compiled
program and ANSYS/LS-DYNA finite element software. The number of
steel fibres generated was determined according to the space volume,
fibre volume content, fibre diameter and fibre length. The specific
process is shown in Fig. 2(a). The generation of steel fibre model was
described in detail as follows.
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Fig. 2. Generation of fibre.

(a) Determine the basic information of generating steel fibre model,
such as the generated steel fibre space volume (Vyp), the steel fibre
volume content (Cg), the steel fibre length (Lys) and the steel fibre
diameter (D);

(b) Determine the target number of steel fibres (Ng). Ny can be

VgCy,

nLSfD_fl’

(c) Set the space size of the steel fibre generated, and the coordinates
of each point in the space are (x, y, z);

(d) Generate an endpoint of a steel fibre at a random position in
space;

(e) Generate the other endpoint of the steel fibre according to the
steel fibre length and angle range (angle 6 and n). When it is
ensured that there is no steel fibre overlap, a steel fibre can be
confirmed by two endpoints. Repeat Steps (c) and (d) until the
target Ny is reached, and obtain the steel fibre endpoint set file;

calculated by the parameters in Step (), i.e., Ny =

(f) Import the file in Step (e) into ANSYS/LS-DYNA, connect the data
points in the endpoint set into lines, and then mesh the lines to
obtain the steel fibre beam element model, as shown in Fig. 2(b).

3.2. Material model

In this study, LS-DYNA finite element software was used to analyse
the influence of steel fibre orientation on the mechanical properties of
SFRC [35].

The MAT_CONCRETE DAMAGE REL3 (MAT_072R3) model is a
plasticity-damage model that represents an enhanced version of the K&C
concrete model (Karagozian & Case local damage concrete model, is a
material model that automatically generates parameters for concrete
simulation, fully considering the strain rate effect, damage effect, strain
strengthening and softening effect of concrete materials [36]), offering
improved capabilities for prediction of the elastoplastic damage
behaviour of concrete. This model utilizes three shear failure surfaces
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Table 2
Parameters for determining the strength surfaces.
Symbol aom (MPa) Qim am (MPa ™) aiy ay (MPa™) agy (MPa) aiy az (MPa )
Value 44.341 0.446 0.000539 0.442 0.000789 33.48 0.625 0.001717
Table 3 for concrete, agr = 0. The current strength surface (Ac), which is derived
able -
from Ac,, Ao, and Ac,, can be calculated using Eqgs. (4) and (5):
The damage function values of A — ¢ 26 m " g Eas. (4) ®)
N 0 Ao =¢(4) e (Ac,-Ac,) + Ao, (@)
0 0
0.000038 0.85 Ac=@(1) e (Ac,-Ac,) + Ao, (5)
0.0001 0.95
0.00014 0.98 where, 1 is the modified effective plastic strain; ¢(4) is the interpolation
0.00024 1 function of A. For the MAT_072R3 material model, the equation of state
ggggi; 3'3; (EOS) needs to be input to express the relationship between hydrostatic
0.00061 055 pressure and volumetric strain. The modified EOS of SFRC can be found
0.001 0.33 in Refs. [39,40]. Compared with other concrete material models,
0.00165 0.17 MAT 072R3 material model can capture the implicit constraints of
0.0033 0.032 reinforcement, which is very important to express the fibre effect in fibre
(1)'(;)(;)7 8'005 reinforced concrete [41]. In this study, MAT_072R3 material model is
used to simulate the performance of concrete matrix. The parameters
used to determine the strength surface are shown in Table 2, The damage
function of A — ¢ is defined by 13 pairs. The full set (13 pairs) for UHPC is
Tabl.e 4 . provided in Table 3 [42,43]. All concrete matrices in this study were
Key input parameters of material models. UHPC, therefore the parameters in Tables 2 and 3 were applied to all
Parameter Value concrete models.
Mass density 7850 kg/m> MAT PLASTIC_KINEMATIC (MAT _003) can describe isotropic hard-
Young’s modulus 210 GPa ening and follow-up hardening plastic models, and can also consider the

Poisson’s ratio 0.3

Yield stress 2500 MPa
A
TH‘IOX

)
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Fig. 3. Bond-slip curve between steel fibre and concrete matrix.

[37,381, namely the maximum yield surface (Ac,), maximum strength
surface (Acp,), and residual strength surface (Ac,), which can be calcu-
lated from Eq. (1) ~ (3).

Ao, =ag, +—L— €Y
’ T ay t+ayp
AG,, = g + —F—— @
Aim + domp
P
AG, =ay +——— 3
i ayr + dayp ( )

where, p is the hydrostatic pressure, a-parameters are the user input, and

effect of strain rate. It is suitable for beam, shell and solid elements, and
has high calculation efficiency. Without considering the effect of strain
rate, the radius of yield surface under this model is the initial yield
strength plus the hardened part, as shown in Eq. (6):

Gy, =0y + ﬂEpSI:ff (6)

where, o, is the yield strength, o is the initial yield strength, E, is the
plastic hardening modulus, e’fo is the effective plastic strain, f§ is a
hardening parameter (0 < 8 < 1) to represent kinematic hardening. The

plastic hardening modulus is given by the following equation:

E _ EE

Y =EE @)

where, E is the elastic modulus and E, is the tangent modulus. According
to the difference of ff value, it can be used to describe different hardening
models: (1) when g = 0, it is follow-up hardening, the size of yield
surface remains unchanged, and moves along the direction of plastic
strain; (2) when $ = 1, it is isotropic hardening, the position of yield
surface remains unchanged, and the size changes with strain; (3) when 0
< B < 1, it is mixed hardening. In this study, the MAT 003 material
model is employed to simulate the properties of steel fibres. The specific
key input parameters are shown in Table 4.

3.3. Constitutive laws of fibre-mortar interface

For SFRC, its mechanical properties are not only determined by the
mechanical properties of the matrix, but also related to the reinforce-
ment effect of steel fibre on the matrix. Steel fibre plays the role of
limiting cracking, increasing ductility, and improving strength [44-46].
Therefore, a reasonable definition of the constitutive relationship be-
tween steel fibre and mortar interface can more accurately analyse the
role of steel fibre in SFRC. At present, the coupling methods commonly
used to define the interface constitutive relationship in LS-DYNA include
setting common node and setting CONTACT_1D, and setting CON-
STRAINED_BEAM_IN_SOLID, etc.

In this study, concrete matrix adopts solid element, steel fibre adopts
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Fig. 4. Single fibre pull-out experiment and simulation results.

beam element, and setting CONSTRAINED_BEAM _IN_SOLID (CBIS) is
used to define the bond between steel fibre and concrete. CBIS is an
interaction mechanism developed on the basis of CON-
STRAINED_LAGRANGE _IN_SOLID (CLIS) for fluid-solid coupling be-
tween models, which avoids some limitations in CLIS. This bond
constraint model allows for the definition of the bond slip constitutive
function between beam elements and solid elements, thereby achieving
coupling between the two. In this study, the bond-slip constitutive
relationship between steel fibre and concrete was established by
DEFINE_FUNCTION. In this study, a simplified bond-slip constitutive
model was used, which consists of two parts: the first part is the fully
bonded and partially bonded stages, which are simplified as linear
variations. The second part is the softening part, which corresponds to
the complete debonding stage between fibres and concrete, and the
interface force is purely provided by friction [41]. The bond-slip curve is
shown in Fig. 3, where G; is the bond shear modulus, D is the damage
parameter, Tmax iS the bond shear stress, and Spax is maximum slip
strain. The specific values can be obtained based on the experimental
results using the calculation method provided by Su et al. [47]. The
values of G, Tmax, and Spax determined in this study are 2.4 x 10° Pa,
1.48 x 107 Pa, and 3 x 1073, respectively. These parameters were used
to define the bonding performance between all steel fibre models and
concrete models in the following content.

In this study, the finite element simulation of single fibre pull-out is
carried out and compared with the experimental results [48,49] to verify
the accuracy of the coupling method between steel fibre and concrete
matrix. Define the bond-slip relationship between steel fibres and con-
crete matrix based on experimental results [48,49] and input it into
CONSTRAINED_ BEAM_ IN_ SOLID is used to define the interaction be-
tween steel fibres and concrete in simulation. Three fibre orientations

were set in the experiment, which were 0°, 30°, and 60°, respectively.
The size of steel fibre is 0.2 mm in diameter x 13 mm in length, and the
size of concrete solid element on both sides is 25 mm x 25 mm x 25 mm,
as shown in Fig. 4 (a). The comparison between simulation results and
test data is presented in Fig. 4(b—d). It can be observed from the figure
that the pull-out force and slip curve obtained by simulation are similar
to the test results. The simulation results of the first stage are in the
middle of the test error range, and their second stage is in the lower part
of the test error range, but they are relatively close on the whole.
Therefore, through the simulation results of single fibre pull-out, it can
be considered that CONSTRAINED_BEAM_IN_SOLID simulation of the
coupling between steel fibre and concrete matrix is reasonable.

4. Verification results and analysis
4.1. Control experiment

4.1.1. Specimen preparation and testing

To verify the accuracy of SFRC model of steel fibre directional dis-
tribution, 3D-printed SFRC specimens were prepared and tested to
compare with the simulation results. Meanwhile, to make the material
matrix structure as dense as possible, the 3D-printed SFRC material used
in this study is actually 3D-printed ultra-high performance concrete
(UHPQ).

The 3D-printed SFRC specimen was fabricated using a desktop 3D
printer (Fig. 5 (a)). The fabrication process involved initially mixing the
materials thoroughly to obtain a homogeneous fresh mortar. The
mixture proportion of fresh mortar is shown in Table 5. The fresh mortar
was then placed into the material container of the 3D printer, and the
printing process was initiated. During printing, the mortar was extruded
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Fig. 5. (A) 3D printer (b) prints path (c) 3D-printed concrete block (d) 3D-printed specimen.
Table 5
3D-printed SFRC full mixture proportion (kg/m?>).
Cement Silica fume Fly ash Quartz sand NCC Cellulose PS Water Steel fibre
750 165 165 1080 24 1.08 10 154 78

Note: NCC represents nano calcium carbonate; PS represents polycarboxylate superplasticizer.

(a)

(b)

20 mm

Fig. 6. CT scan results (a) steel fibres in 3D-printed SFRC specimens (b) matrix.

through the nozzle by the extruder, with the nozzle moving along the X-
direction (the main printing direction) on the printing platform. Once
the printing filament reached the desired length, it would move in the Y-
direction before moving in the X-direction adjacent to the previously
printed filament. This process was repeated until the desired length in
the Y-direction was achieved. After completing one layer, the printing
process would move to the Z-direction and repeat the printing of the

previous layer, as depicted in Fig. 5 (b). The printer utilized a round-
shaped nozzle with a diameter of 15 mm. The speed at which the
mortar is extruded was set to 5 mm/s, and the speed at which the nozzle
moves was 15 mm/s. By printing layer by layer, a 3D-printed test block
measuring 180 mm x 175 mm x 120 mm was obtained, with each layer
having a height of 6 mm, as shown in Fig. 5 (c). Following the printing,
the test block was cured at ambient temperature for 28 days.
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Table 6
Proportion of steel fibre content in different orientations in 3D-printed SFRC.

Angle number Proportion of steel fibre content

0°-30° 30°-60° 60°-90°
0 86 % 14 % 0%
h 95 % 5% 0%

Subsequently, the 3D-printed test block was cut and cored to obtain
cylindrical specimens with dimensions of 50 mm x 50 mm (diameter x
height) (Fig. 5 (d)), which were then subjected to compressive and
splitting tensile tests.

In the test, the steel fibre used to prepare SFRC was copper plated
round straight steel wire with a diameter of 0.12 mm and a length of 6
mm. Its ultimate tensile strength is large than 2500 MPa. The volume
content of these steel fibres in SFRC is 1 vol%.

This study reconstructed the distribution of steel fibres in the
aforementioned 3D-printed SFRC specimens through CT scanning, as
indicated in Fig. 6. During the CT scan, the Source-to-Object Distance
(SOD) is set to 211.96 mm, and the Source-to-Detector Distance (SDD) is
set to 591.96 mm. The voxel resolution was set to 0.0716mm/voxel. The
sample under measurement was cut from a 3D-printed test block and has
dimensions of 30 mm x 20 mm x 12 mm. To ensure the accuracy of the
results, CT scans were performed on samples cut at three different po-
sitions. From Fig. 6 (a), it can be seen that steel fibres have obvious
directional characteristics in the matrix. The distribution of orientation
angles of various steel fibres in the CT scan images was summarized, and
the steel fibre content in the range of angles 6 and n of steel fibres in 3D-

Cement and Concrete Composites 150 (2024) 105545

printed SFRCs was obtained within different ranges. The proportion of
steel fibre content in different orientations is listed in Table 6. In addi-
tion, by observing Fig. 6 (b), it can be observed that the 3D-printed
specimen matrix in this experiment is relatively dense, with almost no
defects at the interlayer interface, and the printing quality is good.

4.1.2. Loading method

Given the anisotropy of 3D-printed SFRC due to the directional dis-
tribution of steel fibres, it becomes imperative to assess its mechanical
properties across various directions. In this study, an orthogonal rect-
angular coordinate system was established, aligned with the print path,
to define the loading directions precisely. Concretely, the X-direction
aligns with the print direction, whereas the Z-direction is perpendicular
to the print surface, as clearly depicted in Fig. 7. To comprehensively
evaluate the mechanical properties, the compressive strength was
determined by conducting axial compression tests on cylindrical speci-
mens. For instance, to obtain the compressive strength in the X-direc-
tion, specimens were cored along the X-axis and loaded in the same
direction. Analogous procedures were followed for the Y- and Z-di-
rections. Additionally, tensile strength was measured through splitting
tension tests on cylindrical specimens. Here, the tensile strength in the
X-direction was determined by coring along the Z-direction and
applying a load in the Y-direction. Similarly, the tensile strength in the
Y-direction was measured by coring along the X-direction and loading in
the Z-direction, and the tensile strength in the Z-direction was measured
by coring along the Y-direction and loaded in the X-direction, as sche-
matically shown in Fig. 7. To maintain consistency between simulations
and experiments, the coordinate system and load direction same as
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experiment were adopted in the subsequent simulations.

4.1.3. Test result

Through the test method described in Section 4.1.2, the compressive
and tensile strength of 3D-printed SFRC specimens were obtained, as
shown in Fig. 8. Under the steel fibre distribution state described in
Section 4.1.1, the average compressive strength of 3D-printed SFRC in
the X-, Y- and Z-directions is 138.54 MPa, 144.98 MPa, and 159.92 MPa,
respectively; while the average tensile strength of 3D-printed SFRC in
the X-, Y- and Z-directions is 19.89 MPa, 8.51 MPa, and 8.99 MPa,
respectively. Through the test, it is noted that the compressive and
tensile strengths of 3D-printed SFRC with directional distribution of
steel fibres exhibit anisotropic characteristics. Moreover, it can be
observed that the orientation of steel fibre has a great influence on the
ductility of SFRC. As SFRC is tensioned along the steel fibre distribution
direction (X-direction), it exhibits ductile damage, while as SFRC is
tensioned perpendicular to the steel fibre distribution direction (Y- and
Z-direction), it demonstrates brittle damage.
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4.2. Establishment of mesoscale models

Based on the above test results, the mesoscale finite element
modelling was carried out, and the compressive and tensile behaviour in
different directions was simulated. The simulation results were
compared with the experimental data to verify the accuracy of the
established mesoscale 3D-printed SFRC model. It is worth mentioning
that the 3D-printed SFRC matrix used in the experiment is dense without
interlayer defects, as shown in Fig. 6. This study aims to investigate the
effect of fibre orientation on 3D-printed SFRC, and therefore, the
bonding interface between printed filaments was not considered in the
establishment of the concrete matrix model. However, due to the layer-
by-layer printing method, the steel fibres in 3D-printed SFRC were
confined within each 3D-printed filament, which means that the steel
fibres hardly cross the bonding interface between 3D-printed filaments.
This results in an interface formed by the fibre distribution at the
bonding interface. Therefore, when validating the model, fibre model
needs to take into account this distribution. Moreover, a model without
the steel fibre distribution interface was established as a control group.
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Fig. 12. Comparison of failure models between experiment and simulation.

The establishment process of mesoscale SFRC model is as follows.

With steel fibre distribution interface:

Step
1:

Step
2:

Step
3:

Through the self-compiled program, the fibre beam element model was
generated within the cube space range of 6 mm x 15 mm x 50 mm. Among
them, the steel fibre content with the angle 6 between —30°-30° and the
angle n between - 30°-30° accounts for 86 % of the total content; the steel
fibre content with angle 6 between —30° and —60° and 30°-60° and angle n
between —30°-30° accounts for 9 % of the total content; the steel fibre
content with angle 6 between —30° and —60° and 30°-60° and angle 1
between —30° and —60° and 30°-60° accounts for 5 % of the total content.
The fibre spatial distribution of each content ratio is shown in Fig. 9.
Finally, merge the steel fibre beam element models of the three ranges into
one fibre model.

The steel fibre beam element model in the single 3D-printed filament
established in Step 1 was combined in the layer-by-layer stacking manner as
in the experiment, and then a total steel fibre beam element model in cubic
space range size of 50mm x 50mm x 50 mm was obtained, as shown in
Fig. 9.

Core the cube space range in the Step 2 from X-, Y-, and Z-directions,
respectively (consistent with the test construction method), and only the
steel fibre beam element model within the cylindrical space range with a
diameter of 50 mm and a height of 50 mm was reserved, as shown in Fig. 9.

Without the steel fibre distribution interface:

Step
4:

Step
5:

Step
6:

Through the self-compiled program, the fibre beam element model was
generated within the cube space range of 50 mm x 50 mm x 50 mm.
Among them, the steel fibre content same as Step 1. The fibre spatial
distribution of each content ratio is shown in Fig. 9.

Same as Step 3, Core the cube space range in the Step 4 from X-, Y-, and Z-
directions, respectively, and only the steel fibre beam element model within
the cylindrical space range was reserved, as shown in Fig. 9.

Concrete adopts solid element model. According to the experimental
requirements, the concrete model is a cylinder with a diameter of 50 mm
and a height of 50 mm, as shown in Fig. 10. The concrete model is
composed of a fully integrated hexahedral solid element mesh, and the steel
fibre adopts a beam element. The mesh size outside the cylinder is 2 mm x
2 mm, the minimum mesh size inside is about 1 mm x 1 mm. The model
consists of a total of 502887 nodes and 460026 elements. As described in
Section 3.3, the concrete model and steel fibre model adopt
CONSTRAINED_BEAM_IN_SOLID coupling mode. The compression and
tension settings of the SFRC mesoscale model are consistent with the test.
The algorithm in this study adopts display algorithm, and the effect of strain
rate is not considered in the material model.
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4.3. Comparison and verification of experiment and simulation results

To verify the accuracy of the simulation results, the foregoing test
data were compared with simulation results, and the strength change
laws of compression and tension are illustrated in Fig. 11. Fig. 11 (a)
presents the compressive stress—strain curve of the test and simulation.
By comparison, it can be found that the stress-strain curve of the model
with the distribution interfaces of steel fibres is close to the experimental
results, while the simulation results without interfaces were slightly
higher than the experimental results. The reason for this difference may
be due to the presence of steel fibre distribution interfaces. A specimen
with interfaces forms weak surfaces at the interface, while a specimen
without an interface don’t have a weak surface [15,50,51]. However,
despite the differences, the stress differences in the X, Y, and Z directions
are not significant, only 6.8 %, 5.0 %, and 1.2 %, respectively, and the
anisotropic characteristics are the same. Fig. 11(b) presents the curve of
tensile stress-loading displacement tested and simulated. Through
comparison, it was found that both types of simulation results were
closer to the experimental results, and the three exhibited the same
directional dependence.

Besides, the failure of test and simulated test pieces is compared in
Fig. 12. It is noted from the figure that the failure modes of concrete in
the test and simulation are similar, which indicates that this model can
well reflect the failure of SFRC. The confinement effect of steel fibre on
concrete in the simulation is the same as that of steel fibre on concrete
matrix in the actual specimen.

To sum up, by comparing the test data with the simulation results, it
can be judged that the aforementioned simulation method can accu-
rately reflect the effect of steel fibre orientation on SFRC. Therefore, the
influence mechanism of steel fibre orientation distribution on the me-
chanical properties of 3D-printed SFRC can be analysed parametrically
using this method. Besides, the simulation results clearly indicate that
the orientation distribution of steel fibres is the primary reason for the
direction-dependent characteristics of 3D-printed SFRC. Therefore, to
gain a more comprehensive understanding of the impact of steel fibre
orientation changes on the performance of 3D-printed SFRC, a param-
eter analysis is conducted with the steel fibre orientation range as the
variable. Considering that the results with and without fibre interfaces
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Table 7
Fibre distribution parameters of finite element analysis group.
Distribution interval Spatial The orientation of steel fibres in space was observed from
of angle distribution different directions
Group range of
() 8¢ single steel X-direction Y-direction Z-~direction
fibre

G-1-0-0 0°~0° 0°~0°

G-2-30-0  -30°~30°  0°~0°

G-3-30-30  -30°~30° -30°~30°

G-4-60-0  -60°~60°  0°~0°

G-5-60-30  -60°~60° -30°~30°

G-6-60-60  -60°~60° -60°~60°

G-7-90-0  -90°~90°  0°~0°

G-8-90-30  -90°~90° -30°~30°

G-9-90-60  -90°~90° -60°~60°

G-10-90-90  -90°~90°  -90°~90°

00082550

12



Y. Yang et al.
e 0°~0° | -30°~30° [ -60°~60° | -90°~90°
n
0°~0° G-1-0-0
-30°~30° | G-2-30-0 | G-3-30-30
-60°~60° | G-4-60-0 | G-5-60-30 | G-6-60-60
-90°-90° | G-7-90-0 | G-8-90-30 | G-9-90-60 | G-10-90-90

Fig. 13. The relationship between the selection of specimens and the orienta-
tion angle of steel fibres.

are similar and to avoid interference from other factors, the distribution
interface of steel fibres is not considered in the parameter analysis.

5. Parametric study

The influence of steel fibre distribution direction on the mechanical
properties and damage modes of 3D-printed SFRC is studied based on
the 3D mesoscale model verified above. In this study, ten control groups
were designed according to the angles n and 0 of steel fibre (Table 7), i.e.
when n and 6 are both 0°; 1 is in the range of —30°-30° and 0 is 0°; n is in
the range of —30°-30° and 0 is in the range of —30°-30°; 1 is in the range
of —60°-60° and 0 is 0°; n is in the range of —60°-60° and 0 is in the
range of —30°-30°; 1 is in the range of —60°-60° and 6 is in the range of
—60°-60°; 1 is in the range of —90°-90° and 6 is 0°; 1) is in the range of
—90°-90° and 0 is in the range of —30°-30°; n is in the range of
—90°-90° and 6 is in the range of —60°-60°; n is in the range of
—90°-90° and 6 is in the range of —90°-90°. Among them, when the
angular distribution range of n and 6 is —90°-90°, it indicates that the
steel fibres are randomly distributed in space. It is worth noting that as
the range of angles n and 6 changes, the damage and mechanical prop-
erties in the Y and Z-directions exhibit oblique symmetry (as shown in
Fig. 13), such as, when the orientation angles n and 0 of steel fibres are
distributed between —60°-60° and —30°-30°, the mechanical properties
and damage of the specimen in the Y-direction are consistent with those
in the Z-direction when the orientation angles n and 6 of steel fibres are
distributed between —30°-30° and —60°-60°, respectively. Similarly,
the performance of the former in the Z-direction is the same as that of the
latter in the Y-direction, while the X-direction performance is consistent
with both. Therefore, only one case is considered in this study.

In order to facilitate understanding, ten control groups were
numbered in the form of G-A-B-C, where A represents the group number,
including 1 to 10; B denotes the maximum angle that angle n can reach,
which can be 0, 30, 60, and 90 respectively; C refers to the maximum
angle that angle 0 can reach, and 0, 30, 60, and 90 can be taken,
respectively.

5.1. Local damage of concrete

5.1.1. Compression

Table 8 comprehensively details the compression damage nepho-
grams observed in various specimen types loaded in distinct directions.
It can be found that the fibre orientation plays a pivotal role in
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determining the damage mode exhibited by the specimen. Specifically,
When the orientation angles n and 6 of the fibres are both 0°, the
specimen G-1-0-0 loaded in the X-direction exhibits a characteristic
annular damage nephogram, whereas in the Y- and Z-directions, parallel
through cracks are evident. As the range of angle n broadens while angle
0 remains fixed at 0°, specimens G-2-30-0 and G-4-60-0 loaded in the X-
direction continue to exhibit annular damage nephograms. However, as
the angle range widens, the annular damage pattern becomes increas-
ingly less obvious. This annular damage is primarily attributed to the
emergence of circumferential horizontal tension within the concrete
specimen during compression. For instance, in G-1-0-0, as depicted in
Fig. 14 (a, b), the directional distribution of internal steel fibres aligned
with the X-direction precludes them from effectively constraining
circumferential cracking within the specimen. Conversely, when the
range of n encompasses —90°-90°, specimen G-7-90-0 loaded in the X-
direction ceases to exhibit annular damage and instead manifests
through transverse cracks. Besides, the damage model of G-7-90-
0 loaded in the Z-direction is the same as that in the X-direction. This
behaviour is primarily due to the presence of horizontally or nearly
horizontally aligned steel fibres within the specimen as the n angle range
widens to —90°-90°. When the specimen undergoes lateral deformation
under the influence of horizontal tension, it is restrained by steel fibres
aligned along the Z-direction, effectively limiting crack propagation, as
evident in Fig. 14 (c, d).

Moreover, for G-1-0-0, G-2-30-0, G-4-60-0, and G-7-90-0, several
cracks parallel to the XOZ plane appeared in the specimen when loaded
along the Y-direction. This is mainly because the angle 0 of the steel
fibres in these specimens is 0°. In this case, the distribution of steel fibres
is parallel to the XOZ plane, which causes the steel fibres in SFRC to form
a ‘layered’ feature, lacking constraints in the Y-direction. As the range of
angle 0 increases, cracks parallel to the XOZ plane in the specimen
‘disappear’ when loaded in the Y-direction.

Overall, steel fibres in 3D-printed SFRC have a significant impact on
the compression damage mode of 3D-printed SFRC. By adjusting the
orientation of steel fibres, the compression damage mode of SFRC can be
regulated.

5.1.2. Tension

As compared to compressive damage, the tensile damage of 3D-
printed SFRC is more significantly affected by the directional distribu-
tion of steel fibres, which is mainly related to the steel fibres providing
tensile direction constraints in concrete. Table 9 presents the tensile
damage modes of different groups of specimens under different loading
directions. When the values of angles n and 6 are 0°, it is evident that the
steel fibres in G-1-0-0 only provide tensile force in the X-direction. From
Tables 9 and it can be observed that when G-1-0-0 is subjected to tension
in the X-direction, the distribution range of the equivalent strain
nephogram of the specimen is large. However, when G-1-0-0 is subjected
to tension in the Y- and Z-directions, failure and cracking occur in the
middle of the specimen. This indicates that the steel fibres provide
constraints in the X-direction for the specimen to produce ductile
damage, while the Y- and Z-directions do not provide constraints.

For specimens G-2-30-0, G-4-60-0, and G-7-90-0, significant cracking
occurs in the Y-direction when subjected to tension, mainly owing to the
fact that the angle n in the specimen is 0° and SFRC is not constrained by
steel fibres in the Y-direction. But in the Z-direction, combined with G-1-
0-0, the damage between these specimens exhibits significant differ-
ences. When 6 = 0°, SFRC breaks into two parts after being subjected to
ultimate load; when —30° < 0 < 30°, SFRC cracks in the middle, but does
not clearly separate into two parts; when —60° < 6 < 60°, and SFRC is
subjected to tension along the Z-direction, the strain region in the con-
crete matrix increases, but mainly concentrated at the upper and lower
ends of the compression; when —90° < 0 < 90°, the tensile strain region
of SFRC in the Z-direction significantly expands, exhibiting overall
ductile damage. Fig. 15 displays the axial stress nephograms of the steel
fibres inside the specimens G-1-0-0, G-2-30-0, G-4-60-0, and G-7-90-
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Table 8
Compressive damage nephogram.
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Distribution interval

The compressive damage nephogram was observed from

Group of angle different directions
n (%) 6(°) X-direction Y-direction Z-direction
G-1-0-0 0°~0° 0°~0° . .
G-2-30-0 -30°~30° 0°~0° . . .
G-3-30-30  -30°~30° -30°~30° . . .
Effective Strain
G-4-60-0 -60°~60° 0°~0°
3.000e-03
2.700e-03
2.400e-03 _|
G-5-60-30  -60°~60° -30°~30° 2.100e-03 _
1.800e-03
1. 500e-03
G-6-60-60  -60°~60° -60°~60° 1. 200e-03
9. 000e-04
6. 000e-04
Lo o 3.000e-04
G-7-90-0 -90°~90 0°~0 0.000e+00 |
G-8-90-30  -90°~90° -30°~30° . . .
G-9-90-60  -90°~90° -60°~60° . . .
G-10-90-90  -90°~90° -90°~90° . . .

0 during tension along the Z-direction. When G-1-0-0 cracks, owing to
the fibre distribution direction parallel to the crack direction, the axial
stress of the fibres in the specimen is almost zero, and only a few fibres at
the crack have axial stress; the presence of fibres with axial stress during
cracking at G-2-30-0 has increased compared to G-1-0-0, but the overall
number is still relatively small; unlike the previous two, the number of
fibres with axial force in the middle of G-4-60-0 increases, and there are
still compressed fibres at the upper and lower ends of the specimen after
cracking, indicating that the specimen is still subjected to loading at the
upper and lower ends after cracking without overall cracking. This
phenomenon indicates that there is steel fibre limiting the failure of the
overall specimen at this time, so that SFRC does not undergo brittle
failure after cracking; for G-7-90-0, the number of tensile steel fibres
significantly increased after the specimen cracked, and there were also
compressive steel fibres at the upper and lower ends, indicating that G-7-
90-0 still provides bearing capacity after cracking. This is mainly
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attributed to the constraint effect of steel fibres on the concrete matrix,
which prevents SFRC experience brittle damage but rather ductile
damage [52]. Moreover, it is noted from Fig. 15 that for G-1-0-0 and
G-2-30-0, there were only compressed steel fibres and no tensile steel
fibres during the loading process prior to cracking. For G-7-90-0, prior to
the specimen cracks, the steel fibres in the middle section that are nearly
parallel to the tensile direction were subjected to tension. The presence
of these fibres delays the cracking of the matrix, thereby providing
assistance in improving strength.

Considering symmetry, when G-7-90-0, G-8-90-30, G-9-90-60, and
G-10-90-90 are subjected to tension in the Y-direction, the stress situa-
tion of the steel fibre is the same as the above results.

Overall, when the distribution direction of steel fibres is perpendic-
ular to the tensile direction or the angle between the distribution di-
rection of steel fibres and the tensile direction is greater than 60°, the
limiting effect of steel fibres on concrete cracking is relatively low and
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Fig. 14. Comparison of stress nephograms between G-1-0-0 and G-7-90-0 (Unit: Pa).

cannot cause ductile damage to 3D-printed SFRC. However, when there
are many steel fibres with an angle less than 60°, they can induce ductile
damage to SFRC. Therefore, the orientation of steel fibres has a decisive
impact on the damage mode of 3D-printed SFRC.

5.2. Peak stress of SFRC

From Section 5.1, it can be seen that the orientation change in steel
fibres impacts the internal stress of steel fibres in the specimen, which
results in different damage modes in 3D-printed SFRC. Similarly, owing
to the different stress situations of steel fibres with different orientations
in 3D-printed SFRC, this has an impact on the overall stress of 3D-
printed SFRC. The influence of fibre orientation on compressive and
tensile mechanical properties is analysed below.

5.2.1. Compression

Compressive simulations were conducted on specimens of different
groups and compressive strength was obtained. The test results are listed
in Table 10. Referring to the symmetry in Figs. 13 and 16 summarizes
the data values in Table 10 and the symmetric data values, demon-
strating the variation in compressive strength with changes in fibre
orientation. It should be noted that the angle values in the figure
represent a range, that is, in Fig. 16, the angle n is 90° represents —90° <
n < 90°. Fig. 16(a) shows the variation in compressive strength in X-
direction. It can be seen that the strength is the highest when both the
angles n and 6 are 0°. As the angle range increases, the compressive
strength in the X-direction initially decreases and then increases.
Comparing Fig. 16 (b) and (c), it can be observed that the relationship
between the compressive strength of the specimen and the fibre orien-
tation angle is similar in the Y- and Z-directions. But the symmetry as
shown in Fig. 13, when the same strength is achieved in the Y and Z
directions, the values of angles n and 0 are exactly opposite. For
example, the compressive strength in the Y-direction when n = 0° and
—30° < 0 < 30° is the same as the compressive strength in the Z-
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direction when —30° < 1 < 30° and 6 = 0°. This phenomenon is mainly
related to the symmetry of fibre distribution in orthogonal rectangular
coordinate system.

The impact of steel fibre orientation on the strength of 3D-printed
SFRC is readily apparent. Fig. 17 illustrates this influence by exam-
ining two aspects: “one angle range remains unchanged while the other
angle range increases” and “both angle ranges increase together”. In
Fig. 17 (a), the changes in SFRC strength in all directions are depicted as
the range of angle n increases while angle 6 remains at 0°. It is evident
that 3D-printed SFRC exhibits clear mechanical anisotropy characteris-
tics. Specifically, the compressive strength of SFRC in the X-direction
initially decreases (from 171.0 MPa to 149.5 MPa) and then increases
(from 149.5 MPa to 152.6 MPa) as the angle n range increases. This
phenomenon may be attributed to the compression and tension behav-
iour of steel fibres in specimen during loading. For specimen G-1-0-0, the
angles n and 0 are both 0°. At this time, all the steel fibres provide
compressive bearing capacity for the specimen, thus achieving the
highest compressive strength of the specimen. As the range of angle 1
increases, the number of fibres under pressure decreases, and there is no
steel fibre that provides lateral tension in the horizontal direction,
resulting in a decline in strength. From Fig. 14, it is apparent that there
are steel fibres providing horizontal constraints in specimen G-7-90-0,
which is also the reason why the strength of SFRC in the X-direction rises
again when —90° < n < 90°. For the Y-direction, the compressive
strength of SFRC gradually increases with the angle n range. The
maximum value is achieved when —90° <1 < 90°, and the compressive
strength is 4.06 % higher than when n = 0°. For the Z-direction, the
compressive strength of SFRC gradually decreases with the increase in
the angle n range. The minimum value is obtained when —90° <1 <90°,
and the compressive strength decreases by 5.10 % as compared ton = 0°.
This indicates that an increase in the horizontal orientation angle range
enhances the compressive strength of 3D-printed SFRC, while an in-
crease in the vertical orientation angle range reduces the compressive
strength of 3D-printed SFRC.
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Table 9
Tensile damage nephogram.
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Distribution interval

The tensile damage nephogram was observed from different

Group of angle directions
n(°) 0(°) X-direction  Y-direction Z-direction
G-2-30-0 -30°~30° 0°~0° ” ‘.
G-3-30-30  -30°~30° -30°~30° 0 ‘ ‘
1]
Effective Strain
G-4-60-0 -60°~60° 0°~0°
3.000e-03
= 2.700e-03
2.400e-03 |
G-5-60-30  -60°~60° -30°~30° 2.100e-03 __
; 1.800e-03 |
k 1. 500e-03
G-6-60-60  -60°~60° -60°~60° 1. 200e-03
9. 000e-04
: ’ 6. 000e-04
. o 3. 000e-04
G-7-90-0 -90°~90 0°~0 0.000e+00 |
G-8-90-30  -90°~90° -30°~30° ‘ ‘ ”
A )}
G-9-90-60  -90°~90° -60°~60° 0 ” O
G-10-90-90 -90°~90° -90°~90° Q 0 ”

Fig. 17(b) illustrates the variation pattern of compressive strength in
different directions for 3D-printed SFRC, with equal increments in the
range of angles n and 6. In the X-direction, the compressive strength
initially decreases and then increases with the angle range. Notably,
when —60° < n < 60° and —60° < 6 < 60°, the compressive strength in
the X-direction reaches its lowest point at 149.7 MPa. This behaviour
can be attributed to a similar phenomenon observed when a single angle
increases, as mentioned earlier. Conversely, for the compressive
strength in the Y- and Z-directions, the strength values remain similar
regardless of changes in the angle range. This is attributed to the
consistent orientation of steel fibres in the specimen when compressed
from these two directions. Furthermore, it can be observed that the
compressive strength in the Y- and Z-directions follows a pattern of
initially increasing and then decreasing. By combining this analysis with
the earlier examination of the effect of a single angle range change on

strength, it is speculated that this behaviour arises from the more pro-
nounced influence of horizontal angle changes when the angle is less
than 30°, while vertical angle changes become more significant when
the angle exceeds 60°.

5.2.2. Tension

The tensile strength of specimens with varying fibre orientations was
determined through finite element simulation, as summarized in
Table 11. Consistent with Figs. 16 and 18 illustrates the relationship
between tensile strength and fibre orientation as the angles n and 6 range
from [0°, 0°] to [—90°, 90°]. Specifically, Fig. 18(a) depicts the changes
in tensile strength for different specimens when subjected to stretching
along the X-direction. According to the results of the data, it can be
found that the tensile strength in the X-direction exhibits a change law of
first increasing and then decreasing, especially as the angle n and 6 can
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Fig. 15. Axial force nephogram of fibre in the specimen during loading process.

Table 10
Compressive strength of specimens with different fibre orientations.

Group Distribution interval of The compressive strength in different

angle direction (MPa)

n ) 0 (°) X-direction  Y-direction  Z-direction
G-1-0-0 0°-0° 0°-0° 171.1 160.4 160.2
G-2-30-0 -30°-30°  0°-0° 159.4 163.5 157.2
G-3-30-30 -30°-30°  —30°-30°  156.6 162.3 162.3
G-4-60-0 —60°-60°  0°-0° 149.5 161.0 154.2
G-5-60-30 —60°-60°  —30°-30°  149.5 163.3 156.2
G-6-60-60 —60°-60°  —60°-60°  149.7 158.0 157.8
G-7-90-0 -90°-90°  0°-0° 152.0 166.9 152.0
G-8-90-30 -90°-90°  —30°-30°  152.3 163.9 153.2
G-9-90-60 —-90°-90°  —60°-60° 153.6 159.1 154.7
G-10-90-90  —90°-90°  —-90°-90°  155.5 155.3 155.6

reach +30°, the tensile strength can reach the maximum. When the
angles n and 6 are in the [—30°, 30°] range at the same time, the tensile
strength of SFRC in the X-direction reaches 23.5 MPa. It can be seen from
Fig. 4 that the tensile strength of SFRC can reach the maximum value at
this time because the pull-out strength at the angle of 30° (the angle
between the distribution direction of steel fibre and the pull-out direc-
tion) is higher than that at the angles of 0°, 60° and 90°.

Fig. 18 (b) and (c) respectively display the variation in tensile
strength of different specimens as tension along the Y- and Z-directions.
The two demonstrated similar changes. As tension is applied along the Y-
direction, the tensile strength increases with the angle 0 regardless of the
value range of angle n. Meanwhile, as angle 0 is constant, the tensile
strength in Y-direction is almost unchanged irrespective of the range of
angle n. Similarly, when tension is applied along the Z-direction, the
tensile strength increases with the angle n regardless of the value range
of angle 0. As the angle 1 is constant, the tensile strength in the Z-di-
rection is almost unchanged irrespective of the value range of angle 6.
The main reason for this rule is that as the vertical angle (the tensile
direction is the vertical direction) is unchanged, the change in the hor-
izontal angle (the plane perpendicular to the tensile direction is the
horizontal plane) does not affect the pull-out resistance of steel fibres.
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To more intuitively explore the change rule of tensile strength under
different tensile directions owing to the change in fibre orientation
range, Fig. 19 also shows the strength of “one angle range remains un-
changed while the other angle range increases” and “both angle ranges
increase together".

Fig. 19 (a) depicts the variation in tensile strength in different di-
rections for an angle 6 of 0°, with an increased range of angle 1. Notably,
the tensile strength in the X-, Y-, and Z-directions demonstrates distinct
patterns of change. Specifically, the tensile strength in the X-direction
initially increases and then decreases as the angle 1 increases.
Conversely, the tensile strength in the Y-direction remains constant
regardless of changes in angle 1. In contrast, the tensile strength in the Z-
direction increases with angle . Furthermore, when the angle n is 0°, the
tensile strength in the Y-direction is equivalent to that in the Z-direction.
Similarly, within the range of —90° < n < 90°, the tensile strength in the
X-direction matches that in the Z-direction. Notably, when —30° < n <
30°, the tensile strength in the X-direction is 177.33 % higher than that
in the Y-direction and 106.06 % higher than that in the Z-direction.

Fig. 19 (b) presents the tensile strength in different directions with
the same increase in angles n and 6. Herein, the tensile strength in Y-
direction and Z-direction exhibits the same change rule, and both in-
crease with the angle range. However, the variation rule of tensile
strength in X-direction is different from that in the other two, which
indicates the rule of first increasing and then decreasing.

To sum up, the orientation change of steel fibres has a significant
impact on the anisotropy of the tensile strength of 3D-printed SFRC.

6. Conclusion

In this study, an analysis was conducted on the distribution of steel
fibres in 3D-printed SFRC and the relationship between steel fibre
orientation, nozzle size, and printing parameters. Additionally, meso-
scale finite element models were developed to simulate 3D-printed SFRC
with different steel fibre orientations, and the simulation results were
compared with experimental data. Through a parametric analysis using
these models, the effects of steel fibre orientation on the performance of
3D-printed SFRC were investigated. The key findings are as follows.
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Fig. 16. The variation in compressive strength in different directions with changes in fibre orientation.
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Fig. 17. The influence of fibre orientation range change on compressive strength.

(1) For 3D-printed concrete, observations from different studies
reveal that the steel fibre content within the range of angles n
(0°-30°) is greater than 90 % when using a circular nozzle for
vertical extrusion. Regarding the angle 6, as the nozzle diameter
increases, the proportion of steel fibre content within the range of

angles 0 (0°-30°) gradually decreases, resulting in less pro-
nounced orientation effects;
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(2) For compression, steel fibre orientation has a remarkable effect
on the compressive damage mode. By adjusting the orientation of
steel fibre, the compressive damage mode can be adjusted. For
example, when the value range of angles n and 6 is not greater
than 30°, the damage mode exhibits annular damage, while the

value range of angle ) and angle 6 is greater than 60°, the damage
mode shows through crack;
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Table 11
Tensile strength of specimens with different fibre orientations.

Group Distribution interval of The tensile strength in different direction

angle (MPa)

n) 0(°) X-direction  Y-direction Z-direction
G-1-0-0 0°-0° 0°-0° 20.142 8.474 8.634
G-2-30-0 -30°-30°  0°-0° 23.429 8.448 11.370
G-3-30-30 -30°-30° -30°-30° 23.521 11.304 11.334
G-4-60-0 —60°-60°  0°-0° 22.098 8.430 13.857
G-5-60-30 —60°-60°  —30°-30°  21.542 11.115 14.171
G-6-60-60 —60°-60° —60°-60° 19.476 14.325 14.241
G-7-90-0 -90°-90°  0°-0° 16.792 8.465 16.835
G-8-90-30 -90°-90°  —-30°-30°  18.129 11.440 16.718
G-9-90-60 —90°-90°  —-60°-60°  17.071 14.549 16.582
G-10-90-90 -90°-90° -90°-90° 16.544 16.156 16.582

(3) For tension, as the distributed direction of steel fibres is perpen-

(4

—

dicular to the tensile direction or as the angle between the
distributed direction of steel fibres and the tensile direction ex-
ceeds 60°, the restraining effect of steel fibres on concrete
cracking is relatively low, resulting in less ductile damage in 3D-
printed SFRC. However, as many steel fibres are aligned at angles
smaller than 60°, they may cause ductile damage in 3D-printed
SFRC. Thus, steel fibre orientation has a decisive influence on
the damage pattern of 3D-printed SFRC;

Increasing the range of horizontal azimuth angles enhances the
compressive strength of SFRC, while increasing the range of
vertical azimuth angles reduces its compressive strength. For

o
3

€
2

gth (N‘luP a)

o

Tensile stren

el
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instance, the compressive strength in the Y-direction achieves its
maximum value when —90° < 1 < 90°, exhibiting a 4.06 % in-
crease as compared to 1 = 0°. On the other hand, the compressive
strength in the Z-direction reaches its minimum value when
—90° <1 <90°, exhibiting a 5.10 % decrease as compared to | =
0°;

(5) When the angle 0 is 0° and the range of angle n increases, the
tensile strength in the Y- and Z-directions is equal when angle 1 is
0°, while the tensile strength in the X- and Z-directions is equal
when —90° < n < 90°%

This study aims to provide a theoretical basis for understanding the
influence of steel fibre orientation distribution on the performance of
3D-printed SFRC. However, despite the exciting results obtained in this
research, there are still some limitations. For instance, the distribution of
steel fibres in this study is in an ideal state and does not consider com-
plex distribution scenarios. Future research can integrate CT scanning
and machine learning techniques to predict and calculate the specific
distribution range of steel fibres in 3D-printed SFRC, and establish a
formula that relates fibre orientation to performance.
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