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Abstract
3D-printed ultra-high-performance concrete
(3DP-UHPC), which combines high strength,
high toughness, and construction flexibility,
provides a solution to the reinforcement difficulty
of conventional printed concrete. However, the
layer-by-layer printing process induces pronounced
anisotropy in compressive and flexural properties,
which remains a key challenge for engineering
applications. We used X-ray computed tomography
(X-CT) to quantitatively analyse the internal pores
and to reveal the orientation and distribution of
steel fibres in 3DP-UHPC. Splitting tensile tests
showed that the interlayer splitting tensile strength
is approximately 49.3% lower than the conventional
splitting tensile strength, and increasing fibre
content has a limited strengthening effect. Analysis
of the compressive anisotropy index λc indicates
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that, at Vf = 0%, anisotropy is mainly influenced
by weak interlayer interfaces and pore distribution.
Linear fitting shows that a small fibre addition
(Vf ≤ 1.28%) reduces compressive anisotropy,
whereas higher Vf leads to an increase in λc due
to fibre orientation. For the flexural anisotropy
index λf, interstrip interfaces and pores dominate at
Vf = 0% and 0.5%, while fibre distribution governs
λf when Vf ≥ 1.0%, with an increase exceeding
60%. Within Vf = 0% − 2.0%, λc remains higher
than λf, indicating relatively stable compressive
performance. These results provide experimental
evidence for optimising the compressive and
flexural performance of 3DP-UHPC components in
engineering applications.

Keywords: 3D printed ultra-high-performance concrete
(3DP-UHPC), mechanical anisotropy, compressive and
flexural behaviour, steel fibre orientation, multi-scale
damage evolution.

Citation
Wu, J., Wu, Z., Qiao, Y., Dong, W., Yu, R. C., Huang, Y., & Zhang, H.
(2026). Engineering 3D-Printed UHPC: Optimising Fibre Content
and Printing Direction for Enhanced Mechanical Performance.
Journal of Advanced Materials Research, 2(1), 40–54.

© 2026 by the Authors. Published by Institute of
Central Computation and Knowledge. This is an open
access article under the CC BY license (https://creati
vecommons.org/licenses/by/4.0/).

40

http://dx.doi.org/10.62762/JAMR.2026.817012
http://crossmark.crossref.org/dialog/?doi=10.62762/JAMR.2026.817012&domain=pdf
https://orcid.org/0009-0006-3841-0162
https://orcid.org/0000-0002-1003-4517
https://orcid.org/0000-0003-4176-0324
https://orcid.org/0000-0001-7349-6711
https://orcid.org/0000-0002-7740-4068
http://dx.doi.org/10.62762/JAMR.2026.817012
mailto:mpcyujie@nuc.edu.cn
mailto:zhangh@nuc.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Journal of Advanced Materials Research

1 Introduction
In recent years, the integration of concrete
additive manufacturing technology with
ultra-high-performance concrete (UHPC) has
promoted the development of a novel cementitious
material, namely 3D printed ultra-high-performance
concrete (3DP-UHPC) [1–4]. This material not
only inherits the high strength and high toughness
characteristics of UHPC, but also benefits from the
advantages of 3D printing technology, including
reduced construction time, decreased formwork
usage, enhanced flexibility in structural fabrication,
and lower labour demand [5–9]. In addition, owing
to the incorporation of steel fibres, 3DP-UHPC
shows the potential to partially replace the reliance
on conventional reinforcement in traditional 3D
printed concrete elements [4], thereby providing
a feasible technological pathway for the integrated
and automated printing of high-strength and
high-toughness structural components [10].
Despite the aforementioned advantages arising from
the combination of these two technologies, the
layer-by-layer deposition nature of 3D printing leads to
pronounced mechanical anisotropy in 3DP-UHPC. For
example, with respect to compressive performance,
Yang et al. [11] reported that the compressive
strength in the z−direction was 189% and 88% higher
than those in the x− and y−directions, respectively,
while the y−direction strength exceeded that in the
x−direction by 54%. Shahzad et al. [12] observed
increases of 15% and 7% in the z−direction relative to
the x− and y−directions, respectively, and reported
that the y−direction strength was 7% higher than that
in the x−direction. Yao et al. [5] pointed out that
directional differences in compressive strength persist
over a fibre volume fraction range of 0.5% to 2.0%. Jia
et al. [13] found comparable compressive strengths
in the z− and y−directions, whereas the x−direction
strength was approximately 24% lower. In contrast,
Arunothayan et al. [14] reported similar strengths
in the y− and z−directions, with the x−direction
strength being about 12% higher than both.
These studies demonstrate that the compressive
strength of 3DP-UHPC exhibits clear anisotropy
across different printing directions. Although most
experiments indicate that the compressive strength
in the z− or y−direction is higher than that in
the x−direction, the magnitude of anisotropy varies
considerably among the reported results, and the
relative strength ranking among directions is not
always consistent. Such discrepancies are likely

attributable to differences in fibre content, specimen
dimensions, and printing parameters.

With regard to flexural performance, Yang et al. [11]
measured a 258% increase in flexural strength in the
z−direction compared with the x−direction. Shahzad
et al. [12] reported that the z−direction strength
was 94% higher than that in the x−direction. Jia
et al. [13] observed that the flexural strength in
the y−direction exceeded that in the x−direction
by 145%. Arunothayan et al. [14] found that the
flexural strength in the z−direction was approximately
three times that in the x−direction. Overall, flexural
strength is generally weakest in the x−direction.
These findings indicate that the flexural behaviour
of 3DP-UHPC also exhibits pronounced anisotropy.
Owing to the elongated rectangular geometry of
flexural specimens, flexural performance is more
sensitive to the arrangement and stacking direction of
the printed strip, which further influences the strength
measured in different directions.

The above studies demonstrate that both the
magnitude of anisotropy and the direction exhibiting
superior performance vary among different
investigations. Such mechanical anisotropy may
lead to an imbalance in structural performance under
service loading. For example, flexural members
subjected to bending along the x−direction are more
susceptible to through-cracking or excessive deflection,
thereby posing a potential risk to structural safety.
Consequently, a systematic analysis of the factors
influencing mechanical anisotropy in 3DP-UHPC,
together with clarification of the mechanisms
responsible for the differences between compressive
and flexural anisotropy, is of significant importance.

In addition, interlayer interfaces formed during the
layer-by-layer deposition of 3DP-UHPC constitute
weak regions within printed specimens, and their
mechanical properties directly affect load-bearing
capacity. Previous studies have shown that the
interlayer bonding strength of printed specimens is
approximately 67% of the splitting tensile strength of
cast specimens with the same mix design, resulting
in a reduction in compressive and tensile or flexural
strength [15]. Luo et al. [16] found that shorter
printing time intervals between layers lead to denser
interface structures, whereas longer intervals increase
porosity and weaken the interlayer interface. Yang
et al. [17] further indicated that hot-water curing
can contribute to the healing of interlayer defects.
Existing studies have mainly focused on processing
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Figure 1. Flowchart of the multi-scale fracture analysis methodology for 3DP-UHPC.

Figure 2. Schematic of the specimen fabrication process for 3D printing UHPC. (a) Material preparation and mixing. (b)
Printing and specimen fabrication.

parameters and have not yet examined in depth the
multi-scale effects of interlayer pore structure, fibre
distribution and fibre-bridging effects on the evolution
of interfacial strength, as well as on material damage
and fracture behaviour [18], under different steel
fibre contents. Moreover, the intrinsic relationship
and underlying mechanisms between compressive
and flexural anisotropy have not been systematically
elucidated.

To address these gaps, this study prepared 3DP-UHPC
specimens with steel fibre volume fractions of 0%,
0.5%, 1.0% and 2.0%. Uniaxial compression, four-point
bending and interlayer splitting tensile tests were
conducted. X-ray computed tomography [19] was
employed to quantify pore number andmorphological

characteristics and to reveal fibre orientation and
distribution. Combined with post-failure fracture
surface observations, the anisotropic evolution
of compressive and flexural performance was
systematically investigated and compared, elucidating
micro/meso-structural effects on compressive and
flexural anisotropy. The technical workflow is
illustrated in Figure 1.

2 Results
2.1 3D printing of UHPC based on close packing
Figure 2 illustrates the preparation procedure of the
3D printed specimens. Figure 2(a) presents the
composition of the rawmaterials. The binder consisted
of 52.5-grade ordinary Portland cement (OPC) and
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silica fume with a specific surface area of 6339 m2/kg.
The aggregates comprised three grades of quartz sand
with different particle sizes. The proportions of the
five solid constituents were determined according to
particle size distribution and dense packing theory.
In addition, nano-calcium carbonate (NCC) with
a particle size ranging from 10 to 100 nm was
incorporated to fill micropores, and a melamine-based
high-range water-reducing admixture was added to
improve flowability. Copper-coated steel fibres with a
diameter of 0.2 mm and a length of 13 mm were used
as the reinforcing fibres.
The mixing procedure was as follows. All dry
materials were first premixed for 3 min, after which
the superplasticiser solution was added and mixing
continued for a further 5 min. Steel fibres were then
slowly introduced, and mixing was maintained until
uniform dispersion was achieved. Finally, mixing was
continued for an additional 10 min to ensure thorough
homogenisation. The steel fibre volume fractions were
set at 0%, 0.5%, 1.0% and 2.0%. The 3D printing system
was a gantry-type steel frame structure, as shown in
Figure 2(b), equipped with a nozzle of 30 mm in
diameter. After printing, the specimens were covered
with plastic film and cured for 24 h, followed by curing
in a hot-water bath at 90°C for 72 h, resulting in a total
curing period of 4 d. Upon completion of curing, the
printed elements were cut into cubic specimens with a
side length of 70.7 mm for compressive tests, prismatic
specimens measuring 100 × 100 × 400 mm for flexural
tests, and cubic specimens for splitting test with a side
length of 20 mm.

2.2 Computed tomography (CT) test
Figure 3 illustrates the CT data processing procedure
for 3DP-UHPC. To characterise the internal
microstructural features after printing, a cubic
specimen with a side length of 70.7 mm, a steel
fibre volume fraction of 1.0%, and containing six
to eight printed strips was selected (Figure 3(a)).
The specimen was scanned using an RMCT4000
micro-focus X-ray CT system operated at 190 kV and
200 µA, with a spatial resolution of 50 µm.
Image preprocessing was conducted using Avizo
software, as shown in Figure 3(b). A Gaussian filter
was applied to reduce slice noise, and an effective
region with a side length of 54.95 mm was cropped to
minimise the influence of X-ray scattering on image
quality near the specimen boundaries [14]. Based
on the fact that greyscale intensity reflects material
density, with steel fibres appearing brightest, followed

by the cementitious matrix and pores appearing
darkest, greyscale-based threshold segmentation was
performed on the CT images (8-bit, 0–255) to achieve
three-phase identification of pores, matrix and steel
fibres. The Line-Probe method was first employed
to determine the preliminary threshold ranges, as
illustrated in Figure 3(c), namely pores (0–60), matrix
(61–144) and steel fibres (145–255). Subsequently,
a sensitivity analysis of pore volume fraction with
respect to the greyscale threshold was carried out
(Figure 3(d)). Each data point represents the pore
volume fraction calculated from CT segmentation
at a specific greyscale threshold value. The results
were fitted using a fourth-order polynomial. The
optimal pore threshold range of 0–55 was determined
from the minimum-slope point where the second
derivative equals zero, corresponding to a calculated
porosity of 2.24%. Given the distinctly higher greyscale
intensity of steel fibres relative to the matrix and
pores, the initially adopted fibre threshold range
(145–255) serves primarily for 3D visualisation and
for preliminary fibre localisation in X-Fibre [4]. The
quantitative reconstruction of fibre orientation and
spatial distribution, however, is performed accurately
and efficiently by X-Fibre using cylinder correlation
and trace correlation, rather than relying solely on
simple greyscale thresholding. Therefore, unlike pore
volume fraction, the fibre threshold does not require
additional sensitivity analysis, as X-Fibre robustly
identifies fibres even within the initial greyscale range.

Figure 4 presents the micro/meso-structural
distribution characteristics of pores and steel
fibres in 3DP-UHPC. As shown in Figure 4(a-b), the
maximum pore diameter in the printed specimens
reaches 3200 µm, while small pores account for a
large proportion. Pores with diameters of 0–250 µm
constitute 67.2% of the total, and those within the
range of 0–1000 µm account for as much as 99.3%,
with an average equivalent diameter of only 264 µm.
This value is lower than the average pore diameters
of 700 µm and 380 µm reported by Zhang et al. [20]
and Ríos et al. [21] for cast UHPC, which can be
attributed to the effective compaction and expulsion
of pores during the printing process. A total of 37
pores larger than 2000 µm were identified, all of
which were interlayer and interstrip pores. Unlike the
ellipsoidal pores typically observed in cast specimens,
these interlayer and interstrip pores are influenced
by strip dragging during extrusion, resulting in an
average sphericity of only 0.59. Consequently, they
exhibit irregular shapes, with several pores showing
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Figure 3. CT data processing and three-phase thresholding of 3DP-UHPC. (a) CT scanning of a 70.7 mm cube specimen.
(b) Pre-processing and denoising of the CT slices. (c) Initial threshold determination using the line-probe method, with
grey value ranges of 0–60 for pores, 61–144 for mortar, and 145–255 for fibres. (d) Sensitivity analysis of pore volume
fraction based on fourth-order polynomial fitting, from which the optimal pore threshold (0–55) is identified and used

for 3D visualisation.

pronounced elongation along the printing direction
(Lx).

Figure 4(c) illustrates the three-dimensional rendering
of steel fibres and the definition of the dual angular
parameters (θ and ϕ) for individual fibres, where θ
ranges from 0° to 90° and ϕ from 0° to 360°. Fibre
orientation was classified into three levels, namely
low, medium and high. Figure 4(d) quantifies the
proportion of fibres within different angular ranges
and highlights their spatial distribution in red using a
perspective view. The results indicate that fibres with
a high degree of orientation in terms of θ account for
65.2%, whereas fibres with a low degree of orientation
in terms of ϕ account for 42.8%, demonstrating a
clear difference between the two angular distributions.
This discrepancy is mainly attributed to the spatial
confinement (height or thickness) imposed by the
printed strips, which constrains fibre alignment during
the printing process. The quantitative analysis clearly

shows the directional distribution characteristics of the
fibres.

2.3 Interlayer splitting test
Both interlayer and conventional splitting tensile tests
(with loading applied at non-interlayer positions)were
conducted using cubic 3DP-UHPC specimens with
a side length of 20 mm. The tests were performed
on a MINI-MTS10000 loading system [4] under a
displacement-controlled loading rate of 0.1 µm/s. The
experimental results are presented in Figure 5. The
splitting tensile strength of the interlayer specimens
is consistently lower than that of the conventional
specimens and decreases with decreasing steel fibre
volume fraction in the range of 0–2.0%. This behaviour
is attributed to the limited number of fibres bridging
the interlayer interface in the interlayer specimens,
resulting in weaker fibre-bridging effects compared
with the conventional specimens. Fracture surface
observations (side view) further indicate that a large

44



Journal of Advanced Materials Research

Figure 4. Quantification and characterisation of pore and fibre micro/meso-structures in 3D-UHPC. (a) Distribution of
equivalent pore diameters over the range of 0–3200 µm, with an inset highlighting the 2000–3200 µm range, together with
3D renderings of 37 irregular pores (median sphericity = 0.59). (b) 3D morphologies and characteristic size parameters
of two types of interlayer- and interstrip-type pores within the 2000–3200 µm range. (c) 3D renderings of steel fibres and
definitions of the dual orientation angles θ and ϕ, which are divided into three intervals, with orientation intensity

increasing from low to high. (d) Statistical distributions of fibre orientations, where θ is evaluated in the x− y plane and
ϕ in the x− z plane; regions with high orientation intensity are highlighted in red.

number of oriented fibres bridge the crack in the
conventional splitting specimens, thereby providing
substantial crack-bridging resistance.

Regarding the splitting tensile behaviour of interlayer
specimens, a further analysis of the influence of fibre
volume fraction indicates that, as the steel fibre content
increases from 0% to 2.0%, the peak stress rises from
4.3 MPa to 6.59 MPa, corresponding to an increase
of approximately 53.3%. Meanwhile, the descending
branch of the stress–displacement curves becomes
progressively gentler, indicating that compared with

the enhancement in interlayer splitting tensile strength,
higher fibre content leads to a more pronounced
improvement in toughness. This is because, as
evidenced by the fracture characteristics (Figure 5),
an increase in fibre content results in a greater number
of fibres appearing in the interlayer region, thereby
enhancing interlayer toughness. At a fibre volume
fraction of 2.0%, the highest number of fibres is
observed within the interlayer region, and these fibres
exhibit twisted and disordered configurations after
specimen failure, as shown in the magnified view.
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Figure 5. Stress–displacement curves and failure modes of 3DP-UHPC under conventional and interlayer splitting tests
with different steel fibre volume fractions.

Such configurations increase the energy dissipation
associated with fibre pull-out.

2.4 Mechanical behaviour and anisotropy
To investigate the anisotropic mechanical behaviour
of 3DP-UHPC under different loading directions,
uniaxial compression and four-point bending tests
were carried out using a WAW-1000 electro-hydraulic
servo universal testing machine at a loading rate
of 0.1 mm/min. As illustrated in Figure 6(a), the
compressive tests were performed along three loading
directions, namely x, y and z, with a loading rate
of 0.06 mm/min. For the flexural tests, four loading
configurations were considered: x-(z), z-(x), y-(z) and
z-(y). For instance, the specimens are denoted as
“x-(z)”, where x indicates the loading axis and (z)
(in parentheses) represents the plane indicated by the
arrow in the Figure 6.
Figure 6(b) presents stacked bar charts of strength
results obtained under the same loading direction
for different steel fibre volume fractions. The results
show that the compressive strength follows the order
z > y > x, whereas the flexural strength follows
the sequence z-(y) > y-(z) > z-(x) > x-(z). The
radar plots in Figure 6(c) further illustrate these
trends: for compressive strength, increasing steel fibre

content causes the vertices of the triangular plot to
shift markedly towards the z-direction, indicating that
the greatest enhancement in compressive strength
occurs along this direction. For flexural strength, an
increase in fibre content results in two vertices of
the quadrilateral plot shifting prominently towards
the lower-left region, indicating that the flexural
strength in the z-(y) and y-(z)directions increasesmost
significantly, while the remaining directions exhibit
comparatively smaller improvements.

To quantitatively characterise the anisotropy of the
mechanical properties of 3DP-UHPC, an anisotropy
index λwas introduced, where λc and λf correspond
to the anisotropy of compressive and flexural strength,
respectively. The compressive anisotropy index λc is
defined as follows [4]:

λc =

√
(fx − fAve)2 + (fy − fAve)2 + (fz − fAve)2

fAve
(1)

where fAve denotes the average compressive strength
of the printed concrete specimens, and fx, fy and fz
represent the compressive strengths measured along
the x-, y- and z-directions, respectively.
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Figure 6. Compressive and flexural mechanical properties of 3DP-UHPC and their anisotropic characteristics. (a)
Specimen orientations and loading configurations for compression and flexural tests. Compressive loads were applied
along the x−, y−, and z−directions; for flexural tests, the notation x− (z) denotes loading along the x−direction with

the layer orientation in the z−direction. (b) Combined bar chart showing compressive and flexural strengths of
3DP-UHPC at different steel fibre volume fractions under different loading directions. (c) Normalised radar charts

illustrating the anisotropy of compressive and flexural strengths. (d) Anisotropy index (λ) of compressive and flexural
performance as a function of steel fibre volume fraction.

The flexural anisotropy index, λf, is defined as follows:

λf =

√ (
fx−(z) − fAve

)2
+
(
fz−(x) − fAve

)2
+
(
fy−(z) − fAve

)2
+
(
fz−(y) − fAve

)2
fAve

(2)

where fAve denotes the average flexural strength of
the printed concrete specimens, and fx−(z), fz−(x),
fy−(z) and fz−(y) correspond to the flexural strengths
obtained under the four loading configurations of
x-(z), z-(x), y-(z) and z-(y), respectively.
Tables 1, 2 and Figure 6(d) present the values of
the compressive and flexural anisotropy indices, λc
and λf, together with their mean values and standard

deviations. With respect to the compressive anisotropy
index λc, it can be observed that λc initially decreases
and subsequently increases with increasing steel fibre
volume fraction. In the absence of fibres, λc reaches
0.095, which is higher than the values obtained at fibre
contents of 0.5% and 1.0%. This behaviour can be
attributed to the fact that, without steel fibres, the
anisotropy of 3DP-UHPC is mainly governed by weak
interlayer interfaces, as illustrated in Figure 5, and
by the distribution of interlayer pores, as shown in
Figure 4.

When the fibre volume fraction Vf is 0.5%, λc reaches
its minimum value of 0.022 among the tested fibre
volume fractions, indicating a relatively balanced
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Figure 7. Failure mechanisms of specimens under compression along different loading directions (z, y, and x): effects of
interlayer/interstrip interfaces, interlayer/interstrip porosity, and steel fibre orientation.
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Figure 8. Failure mechanisms of four-point flexural specimens under different loading directions (z − (y), y − (z), x− (z),
z − (x)): effects of interlayer/interstrip interfaces, pores, and steel fibre orientation.

compressive strength distribution among the three
loading directions in this study. Within the range of
Vf = 0.5% to 2.0%, λc increases linearly with increasing
Vf, and the fitted relationship can be expressed as

λc = 0.09229× Vf − 0.023 (3)

The near-linear rise in λc with Vf reflects a progressive
amplification of direction-dependent reinforcement as
the number of preferentially aligned fibres increases
during extrusion, thereby widening the disparity
in compressive strength among the three loading

directions. It should be noted that the observed
linear trend is supported by experimental data only
within the fibre volume fraction range of Vf =
0.5% − 2.0%. Behaviour at lower (Vf < 0.5%)
or higher (Vf > 2.0%) fibre contents may deviate
from linearity and requires further verification. At
very low fibre contents (Vf < 0.5%), reduced fibre
bridging and toughening would lead to decreased
ductility, a more brittle, matrix−dominated failure
mode, and even if anisotropy were further reduced,
such an “approximately isotropic” state would not
necessarily correspond to an optimal mechanical
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Table 1. Compressive strength and anisotropy index λc of 3DP-UHPC.

Fibre volume
fraction (%)

Compressive
strength (MPa) Measured

anisotropy λc Mean of λc Standard
deviation of λcx y z

0 125 143 136 0.095
0.087 0.0580.5 132 133 136 0.022

1.0 146 146 159 0.071
2.0 151 159 187 0.161

Table 2. Flexural strength and anisotropy index λf of 3DP-UHPC.
Fibre volume
fraction (%)

Flexural strength (MPa) Measured
anisotropy λf Mean of λf Standard

deviation of λfx-(z) z-(x) y-(z) z-(y)
0 8.1 8.1 10 10.3 0.226

0.421 0.2270.5 8.2 8.8 10.2 10.9 0.226
1.0 8.7 8.7 16.6 17.1 0.639
2.0 12.6 13.4 24.0 24.0 0.595

performance for engineering applications. Conversely,
fibre contents exceeding 2.0% are often limited by
printability constraints, including reduced extrusion
stability and increased risk of nozzle blockage.

Based on the fitted equation, a Vf value of 1.28% is
obtainedwhen λc corresponds to the casewithout fibre
addition (λc = 0.095). Therefore, within the range of
Vf from 0% to 1.28%, fibre incorporation is beneficial
for reducing the anisotropy of compressive strength.
This can be attributed to the fact that the addition
of steel fibres enhances the cementitious matrix
and simultaneously improves interlayer mechanical
performance, as shown in Figure 5. As a result,
stress distribution within the specimens becomes
more uniform, which mitigates the adverse effects of
weak interlayer interfaces and leads to a reduction in
compressive strength anisotropy. When Vf > 1.28%,
the high fibre content combined with the directional
distribution characteristics of fibres increases the
anisotropy of compressive strength; meanwhile, the
interlayer strength is not substantially enhanced
at high fibre contents (Figure 5), such that weak
interfaces remain prone to stress concentration and
crack initiation, resulting in a further increase in the
compressive anisotropy index.

For the flexural anisotropy index λf, the influence of
fibre content ismore pronounced. At lowfibre contents
(Vf = 0% and 0.5%), λf remains constant at 0.226,
indicating limited fibre-bridging effects and suggesting
that anisotropy is mainly governed by weak interlayer
and interstrip interfaces and interlayer porosity. When
the fibre content increases to 1.0%, λf rises sharply
to 0.639, representing an increase of 183%, at which

point flexural anisotropy becomes dominated by fibre
orientation. At a fibre volume fraction of 2.0%, λf
decreases, which is associated with the enhancement
of interlayer splitting tensile strength at higher fibre
contents (Figure 5).
A comparison between λc and λf shows that λf is
consistently greater than λc over the fibre volume
fraction range of 0% to 2.0%, as illustrated in
Figure 6(d). This can be attributed to the fact that,
under loading in the x-(z) and z-(x) configurations
(Figure 6(a)), cracks preferentially initiate and
propagate within the interlayer and interstrip regions,
while the addition of fibres provides only a limited
enhancement of the interlayer/interstrip interface
strength (Figure 5). In contrast, under y-(z) and
z-(y) loading, the oriented fibres effectively impede
crack propagation, reducing the influence of the
interlayer and interstrip regions and thereby resulting
in a marked improvement in flexural strength.
Consequently, the strength differences between these
loading configurations remain substantial, leading to
a relatively high value of λf. As shown in Tables 1
and 2, both the mean value and the standard deviation
of the flexural anisotropy index are much larger than
those of the compressive anisotropy index, indicating
that compressive strength in 3DP-UHPC is more stable
than flexural strength.

2.5 Synergistic compressive–flexural mechanism of
3DP-UHPC at micro/meso-scale

Significant differences in crack initiation and
propagation are observed under different
loading directions. Figures 7 and 8 illustrate
the micro/meso-scale surface characteristics of
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3DP-UHPC specimens subjected to compression
and flexure, respectively, including schematic
representations of steel fibres, pores, and interlayer
and interstrip interfaces, together with the damage
patterns after failure. To intuitively reflect the roles
of steel fibres, interlayer interfaces, and pores in local
load-carrying capacity or crack resistance, coloured
annotations are adopted in the explanatory boxes:
red indicates enhancement, dark green indicates
pronounced weakening, light green indicates slight
weakening, and black indicates negligible influence.
Figure 7(a-c) present the lateral views of compressive
failure characteristics under loading in the x, y, and z
directions, respectively, as analysed below:
1. Loading in the z direction (Figure 7(a)): On the
y−side surface, transversely aligned, line-shaped
steel fibres oriented perpendicular to the loading
direction provide effective crack-bridging,
significantly suppressing compression-induced
lateral expansion and crack initiation. Meanwhile,
the interlayer interfaces are mainly subjected to
compressive stress and are therefore difficult to
open, resulting only in slight surface spalling. In
contrast, fibres on the x−side surface appear as
discrete points, offering limited bridging capacity
and insufficient restraint against lateral expansion
and crack growth. Consequently, initial cracks
preferentially initiate at the corner regions on
both sides and subsequently propagate towards
the interlayer (L2) and interstrip (S1) regions,
forming secondary cracks.

2. Loading in the y direction (Figure 7(b)): The
z−side surface is similarly characterised by
transversely aligned fibres, and its damage pattern
closely resembles that of the y−side surface under
the z−direction loading (first row of Figure 7(a)).
On the x−side surface, fibres exhibit a point-like
distribution with relatively weak bridging effects,
while interlayer (L1−3) interfaces and associated
pores readily form preferential paths for major
crack propagation, thereby reducing the overall
integrity of the specimen.

3. Loading in the x direction (Figure 7(c)): On
the y−side surface, fibres are aligned parallel
to the loading direction, resulting in limited
crack-bridging capability and an inability to
effectively restrain lateral expansion-induced
cracking. In addition, interlayer (L1−3) interfaces
and pores further weaken the load-bearing
capacity, leading to the development of numerous

vertical cracks concentrated on both sides of
the specimen. On the z−side surface, the
presence of weak interstrip (S1) interfaces in the
central region combined with porosity promotes
pronounced cracking in themiddle zone, resulting
in poor overall structural integrity.

Figure 8 presents the lateral views of flexural failure
characteristics of the specimens under four loading
configurations: z− (y), y− (z), x− (z) and z− (x). The
failure mechanisms are analysed as follows:
1. Loading in the z − (y) direction (Figure 8(a)):

On the y−side surface, steel fibres are oriented
perpendicular to the loading direction and
appear as transversely aligned, line-shaped
features, providing effective crack-bridging and
confinement. A large number of fibres remain
across the crack opening, which restrains crack
widening and propagation. The interlayer weak
interfaces are also perpendicular to the loading
direction and therefore have a limited influence
on crack development.

2. Loading in the y− (z) direction (Figure 8(b)): On
the z−side surface, the steel fibres are likewise
oriented perpendicular to the loading direction.
Consequently, the damage pattern is similar to
that observed under z − (y) loading.

3. Loading in the z − (x) direction (Figure 8c):
On the x−side surface, steel fibres are oriented
perpendicular to the loading direction but are
distributed in a point-like manner within the
plane, resulting in relatively weak crack-bridging
and confinement. The interstrip interfaces are
parallel to the loading direction and act as the
primary pathways for crack propagation, causing
the crack location to deviate from the mid-span
region.

4. Loading in the x− (z) direction (Figure 8(d)). On
the z−side surface, steel fibres are aligned parallel
to the loading direction and appear as vertically
oriented, line-shaped features, providing limited
bridging capacity; correspondingly, fewer fibres
are observed in the crack region. The interstrip
interfaces are parallel to the loading direction
and serve as the dominant channels for crack
propagation.

3 Discussion
These results provide valuable references for
determining the steel fibre content in 3DP-UHPC for
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engineering applications. The observed anisotropy
in 3DP-UHPC is fundamentally governed by the
process-induced alignment and distribution of
fibres. For components primarily under compression,
where the design objective is to reduce anisotropy
and achieve a more uniform strength profile, a
steel fibre volume fraction in the range of 0.5%
to 1.28% is recommended. This dosage supplies
adequate fibre to improve ductility and microcrack
control without severely accentuating the directional
variations intrinsic to the layered manufacturing
process. Where maximising load-bearing capacity
takes precedence and some strength anisotropy is
acceptable, higher fibre contents may be considered.
Given the characteristically high compressive strength
of 3DP-UHPC in all loading orientations, the practical
influence of this anisotropy on failure risk is often
mitigated, as long as the induced stresses remain
beneath the respective directional strength limits.
In the case of flexural members, the interplay between
fibre content and anisotropy is more critical. While low
fibre contents from 0% to 0.5% correlate with lower
flexural anisotropy, they typically yield insufficient
flexural capacity. Significantly increasing the steel
fibre content enhances flexural performance markedly
by improving crack bridging, but it also intensifies
anisotropy due to the more pronounced directional
alignment of fibres. Consequently, achieving an
optimal balance is key. From an engineering design
standpoint, optimising the printing path offers a
strategic method to harness the material’s inherent
strengths. By deliberately aligning critical tensile
zones with the material’s stronger directions, such as
perpendicular to the deposition layers or parallel to the
printing travel, the beneficial effect of fibre alignment
can be exploited. This approach allows for the use
of higher fibre dosages to secure enhanced flexural
strength while concurrently managing anisotropy
through intelligent design.

4 Conclusion
Based on macroscopic mechanical tests, interlayer
splitting tensile tests, and multi-scale X-ray CT
characterisation, this study comparatively investigates
the evolution and underlying mechanisms of
compressive and flexural anisotropy in 3DP-UHPC.
The main findings can be summarised as follows:
1. The interlayer splitting tensile strength of

3DP-UHPC is approximately 49.3% lower than
that of conventional splitting tensile strength.
Increasing the steel fibre volume fraction from

0% to 2.0% raises the interlayer strength from
4.3 MPa to 6.59 MPa, indicating that steel fibres
contribute to enhancing interlayer resistance and
improving fracture toughness, thereby alleviating
brittle failure.

2. The compressive anisotropy index (λc) initially
decreases and then increases with fibre content.
A minimum value of 0.022 is observed at Vf =
0.5%, while λc increases linearly for Vf = 0.5%−
2.0%. The results suggest that fibre addition
below 1.28% mitigates compressive anisotropy
by strengthening the matrix and interlayer
regions, whereas higher contents promote fibre
orientation-induced anisotropy.

3. The flexural anisotropy index (λf) is more
sensitive to fibre content. At low fibre
contents (0%–0.5%), λf remains at 0.226
and is mainly governed by interlayer interfaces
and pores. When Vf increases to 1.0%, λf rises
markedly to 0.639, implying a transition to
fibre-orientation-dominated behaviour.

4. Within the investigated fibre range, flexural
anisotropy consistently exceeds compressive
anisotropy, suggesting that the compressive
response of 3DP-UHPC is relatively stable across
loading directions, while flexural behaviour is
more strongly influenced by loading orientation
and effective fibre bridging.

This study establishes a framework for optimising the
mechanical performance of 3DP-UHPC. To advance
this framework, future research should prioritise three
interconnected avenues: the influence of fibre type and
geometry on reinforcement mechanics, the effects of
key printing parameters on microstructural evolution,
and the development of integrated multi-scale models
for performance prediction. At the modelling level, it
remains crucial to advance efficient micro/meso-scale
numerical approaches capable of explicitly resolving
fibre–matrix interactions, as demonstrated in [22].
These aspects are essential for both improving
fine-scale mechanical characterisation and enabling
robust, component-level predictions through reliable
upscaling.
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