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The mechanical properties of 3D-printed concrete, a key area of interest in civil
engineering and materials science, are influenced by the loading orientation
relative to the direction of the filament layer. This study investigates the
mechanical behavior of 3D-printed reinforced concrete with discrete fibers—
Polyethylene (PE) and High-Modulus Polyethylene (HPE)—under axial
compression and flexural loading. Thirty-six printed and 21 molded specimens
were analyzed to assess their flexural and compressive strengths, as well as the
resulting cracking patterns that occurred. The results reveal that molded
specimens exhibit greater strength than their printed counterparts. Additionally,
strengths in the Z orientation exceed those in the Y orientation, with particularly
pronounced differences observed in the Z direction. The optimal fiber content for
PE and HPE reinforcement in printed concrete is determined to be 0.5%. This
study enhances the understanding of fiber-reinforced concrete components and

presents a comprehensive design framework that encompasses mix design,
experimental procedures, and crack pattern analysis, focusing on both flexural and
compressive strength.

© 2025 MIM Research Group. All rights reserved.

1. Introduction

Concrete is inherently brittle and weak in tension, making it susceptible to sudden failures.
Integrating high-tensile reinforcement materials is crucial for enhancing strength and preventing
these failures. For centuries, builders have incorporated fibers such as straw and animal hair into
mortar and bricks to enhance their tensile properties [1]. This established technique highlights the
importance of innovative materials in producing safer and more durable concrete structures.
Incorporating reinforcement in 3D-printed concrete structures poses a significant challenge in this
field. A promising solution to the reinforcement issue is replacing traditional steel bars with short
fibers [2, 3]. This approach streamlines the reinforcement process and enhances the material
properties of concrete. Fiber-reinforced cement-based materials are needed to broaden the
applications of 3D-printed concrete in designing high-performance structures. These materials can
significantly improve mechanical properties, making structures more resilient and durable, while
effectively addressing issues related to brittleness and cracking.

Reinforcing concrete with short, discontinuous fibers presents a groundbreaking approach to
enhancing the performance of the concrete matrix during mixing. This innovative technique
significantly boosts the mechanical properties of concrete, particularly its tensile strength,
ductility, and durability, while reducing the risk of cracking. Various fiber types have been
thoroughly examined for their potential as discrete reinforcement, providing multiple benefits. In
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the pursuit of improving the mechanical properties of cementitious matrices, four primary
categories of fiber materials have emerged from extensive testing, each presenting remarkable
advantages, as listed in Table 1.

Table 1. Types of fibers used in concrete by category, with select properties [4]

Metalic Glass Natural

Steel Stainless Steel Silica Glass | Basalt Glass | GFRP/BFRP* (Sect. 6 for Details)
Tensile Strength (MPa) [1700 1030 1700 - 4600] 1800 - 4800 [1080 70 - 2000
Elastic Modulus (GPa) |200 200 72-89 72- 110 +H 1.0 - 85
Ultimate Elongation (%) 0.5 - 3.5 0.5-35 20-35 ]20-35 2.0-3.0 2.0-30.0
Water Absorption (%) - - - - - High
Specific Gravity 7.84 7.8 26-27 |2.55-28 1.9-2.1 1-1.5

Synthetic

Polypropylene |Polyolefin Polyethylene |Polyester |PVA** Carbon Nylon Acrylic  |Aramid
Tensile Strength (MPa) |60 - 700 300 - 700 40 - 3000 250 - 1000 |850 - 1600|1500 - 7000|300 - 950 [300 - 1000/2300 - 3400
Elastic Modulus (GPa) [1.5- 10 3.0-10 0.5 - 120 10 - 20 25-41 30 - 500 3.0-54 |3.8-17 |70-143
Ultimate Elongation (%) 8.0 - 15.0 5.0-15.0 3.0 - 80.0 10.0 - 50.0 |5.0-7.0 05-25 10.0 - 20.017.5 - 50.0 |2.0 - 4.5
Water Absorption (%) - - - 02-06 ]0.1-1.0 - 25-50 [L0-25 [1.2-40
Specific Gravity 0.9 - 0.95 0.9 - 0.95 0.92-0.98 [1.32-1.38 |1.3 1.6-1.9 1.13-1.15]0.91 - 1.2 [1.39 - 1.47

* GFRP = Glass Fiber Reinforced Polymer; BFRP = Basalt Fiber Reinforced Polymer; ** PVA = Polyvinyl Alcohol

Early studies on concrete 3D printing primarily focused on mix design and the rheological
characteristics essential for effective process management [5-8]. Following this, research shifted to
exploring the mechanical behavior of printed concrete components. Numerous investigations have
revealed that 3D printable concrete exhibits anisotropic behavior, with compressive and flexural
strengths evaluated in various loading directions [9-13]. However, inconsistencies in the findings
emerged, indicating that the mechanical properties vary based on the mix type, printer system, and
specific print parameters used in each study [14-15]. This variability highlights the complexities in
understanding the mechanical behavior of 3D printed concrete and emphasizes the need for further
research to establish consistent conclusions across diverse methodologies and materials.
Moreover, few studies have concentrated on developing fiber-reinforced cement-based materials
suitable for 3D printing. While extensive research has been conducted on various reinforcement
methods in traditional concrete, the unique challenges of 3D printing require innovative strategies
that blend both material properties and the printing process [16-17]. The potential of fiber
reinforcement to enhance the mechanical characteristics of 3D-printed concrete is a promising area
for future exploration, particularly regarding how different types and configurations of fibers
influence the performance of the final printed structure. Such research could significantly advance
3D printing in construction, leading to safer and more durable structures.

The review highlights an increasing interest in fiber-reinforced, extrusion-based 3D printing
concrete, which is crucial for enhancing the practical applications of the future. Nevertheless, most
existing research primarily concentrates on selecting and optimizing additives, fibers, and cement,
as well as evaluating the workability and rheological characteristics of these innovative materials
[8, 12, 18]. This focus on individual components creates a notable gap in systematic studies
regarding how fibers influence the anisotropic properties of 3D-printed cement-based materials.

Fiber-reinforced concrete (FRC) has become a prominent material in civil engineering due to its
notable benefits, such as (1) strength in both compressive and flexural bending assessments, (2)
enhanced tensile strength, (3) increased durability, and (4) superior energy absorption [19].
Fibrous reinforcement is cost-effective as it shortens installation time compared to traditional
techniques. FRC is beneficial because fibers are pre-mixed into the concrete, facilitating its
application across various engineering fields. Recent research examines the impact of fibers on
mechanical properties, such as residual strength, tensile splitting strength, and flexural strength,
especially following heat exposure [20-22]. Polypropylene (PP), polyethylene (PE), and glass fiber
(GF) are recognized for their affordability, lightweight nature, corrosion resistance, toughness, and
resistance to shrinkage cracking. These synthetic fibers are gaining popularity in concrete
reinforcement to enhance its mechanical properties. Fig. 1 illustrates the fibers selected and their
recommended amounts for this study.
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Fig. 1. Recommended fibers and effectiveness

The authors focus on uncovering the anisotropic mechanical properties of 3D-reinforced concrete,
which incorporates discrete fibers including Polyethylene (PE) and High-Modulus Polyethylene
(HPE). The authors investigated 36 printed specimens alongside 21 molded specimens to evaluate
the flexural strengths, followed by assessments of the compressive strengths of the 3D-printed
concrete. Addressing this gap is essential as it fosters a deeper understanding and optimization,
ultimately enhancing the resilience and performance of 3D-printed concrete structures in real-
world applications.

2. Experimental Program
2.1. Materials

This research selected ordinary Portland cement from Chiffon PC40 and fly ash [23] sourced from
the Haiphong thermal power plant as binder components. This combination enhances the
mechanical properties of our 3D-printed concrete, promoting sustainability. Incorporating fly ash
improves workability and significantly increases the concrete's strength and durability while
mitigating the environmental impact of cement production [24].

This study used commercially available manufactured natural sand with a nominal maximum
aggregate size of 1.5 mm, in conjunction with crushed sand featuring a nominal maximum
aggregate size of 2.5 mm. The selection of these specific aggregate sizes was crucial for assessing
the mechanical properties of the 3D-printed concrete, as the size and type of aggregates
significantly impact the overall performance and strength characteristics of the concrete mix.
Additionally, ViscoCrete 3000-200M, a high-performance superplasticizer, plays a crucial role in
enhancing the workability of fresh concrete. This additive dramatically enhances fluidity,
facilitating easier placement and ensuring superior compaction without compromising strength.
The physical properties of these ingredients are listed in Table 2.

Table 2. Properties of binder and aggregates

Material Density (kg/m?) Sieve size (mm)
Cement (Chiffon PC40) 2.98 0.08
Fly ash (Haiphong Thermal Power Plant) 2.02 0.08
Natural sand (Lo River) 1.41 1.25
Crushed sand (Ha Nam Province) 1.405 2.5

Polyethylene (PE) and High-Modulus Polyethylene (HPE) were used in varying ratios. The
properties of the fibers are given in Table 3.
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Table 3. Properties of fibers

Properties PE[25] HPE[26]
Tensile strength (MPa) 520 3200
Modulus (GPa) 47 130
Diameter (mm) 0.032 0.0156
Length (mm) 12 12
Density (kg/m?) 930 970

Fig. 2 illustrates the ingredients of fiber concrete. This representation showcases the various
materials used in its composition, highlighting their proportions and the role each ingredient plays
in enhancing the overall performance of the concrete.

Natural sand Crushed sand

PE fiber HPE fiber Superplasticizer
Fig. 2. Ingredients of fiber concrete

The performance of a printed structure relies on maintaining the process under various conditions.

The mixture comprises binders, admixtures, fine aggregates, and fibers. The effectiveness of a
concrete mix is influenced by the materials employed, their proportions, strength, and bonding
within the matrix, which affects both fresh and hardened properties [27]. In 3D-printed concrete,
the printing open time, or setting time, indicates how long the material stays workable. This
duration is critical for assessing performance, as it impacts the buildability and extrudability of the
mixtures. A more extended setting improves fluidity and extrudability, while a shorter time
provides adequate early strength. It can be summarized as shown in Fig. 3.

[ Setting time " Binder Aggregates h
Printine open (Cement, Fly (River sand, Anisotropy
'Eime) EoP Ash) Crushed sand) Interlayer
\, 3D bonding
Printing
Concrete \ J
é -
. . . ﬁ
Setting time Add'twes_ _ Fibers .
(Printing (Superplastici | = pp ypp) Micro-
open time); \ zer) y structure
Thivatranv

Fig. 3. Constituent material roles in the concrete matrix
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After analyzing the constitutional materials, the authors employed a mixed design process, as
presented in Fig. 4 [5], to determine the proportions of each material as given in Table 4. The slump
test for each proportion yielded similar results, with slump values ranging from 9 mm to 13 mm,
as shown in Fig. 5. Due to their highly thixotropic and low-workability characteristics, cementitious
materials are typically designed for 3D printing applications. A mini-slump test was employed
instead of the standard method, which is increasingly adopted in the literature for characterizing
fresh 3D printable concrete. This approach omits tamping and utilizes a smaller cone to minimize
disturbance to the internal structure of the material, thereby providing a more representative
measure of flowability for printable mixes. While not governed by a formal standard, the procedure
aligns with methodologies reported in recent studies [28]. The fresh and hardened states depicted
in Fig. 5 were intended to provide a comprehensive understanding of the material's behavior at
various stages of development. The slump test was performed on the fresh mix, while the hardened
specimens were shown for visual comparison after curing.

| -1

Y .
COEFFICIENTS Amount of SLUMP TEST
ingredients
L ) +1
Ingredient Adjust printing ——

materials parameters Printability test

+ +

vV
Printing model

Fig. 4. Mix proportion design process

HPE-0.25

H

Fig. 5. Slump test results
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Table 4. Mix proportions

Natural Crushed Fiber

Mix Label Cement Fly Ash Water sand sand (%) SP (%)
;1515?6?255 0.75 0.25 0.32 (1.()é§r7n5m) (zl.élrﬁrsn y 025 0.4
;le'f’(fS 0.75 0.25 0.32 (1_02'217115@ (21..511121; , 050 o4
W o as e S UL

(Note: Binder = Cement and Fly Ash; values in Table are ratios of each ingredient to binder weight)

2.2. Printing Specimens

As per TCVN 3119: 2022, titled "Hardened Concrete - Test Method for Flexural Tensile Strength"
[29], the specimens measure 280 mm in length, 70 mm in width, and 70 mm in height. A circular
nozzle with a 25 mm diameter was used to print all components. Each printing layer has a height
of 10 mm, with filament widths varying from 32 mm to 35 mm. In total, 36 specimens were printed,
as illustrated in the accompanying figure. However, the specimens with an HPE fiber ratio of 0.75
could not be printed successfully due to a blockage in the print head, as illustrated in Fig. 6.

(a) Printed specimens

(b) Blockage of HPE-0.75 specimen

Fig. 6. Printing specimens

Fig. 7. Molded specimens

At the same time, reference specimens were carefully prepared with the same mix ratio. These
specimens were designed to maintain consistency within the experimental setup, thereby
facilitating accurate comparisons and evaluations. Each specific fiber ratio had three specimens, as
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illustrated in Fig. 7. According to TCVN 3121-11:2022, titled "Mortar for masonry - Test methods,
Part 11: Determination of flexural and compressive strength of hardened mortars" [30], the
specimens measured 160 mm in length, 40 mm in width, and 40 mm in height. This experimental
arrangement enables a thorough examination of how different fiber ratios impact the flexural
performance of the materials, allowing for an in-depth comparison of the three-dimensional
printed samples with those produced through traditional casting methods. All specimens were
effectively cured at room temperature after printing and maintained in this condition until the 28th
day, ensuring their optimal quality and performance.

2.3. Flexural Test

The flexural test indirectly assesses the tensile strength of materials. This test measures a
specimen's ability to resist failure under bending. Flexural strength represents the maximum stress
the material can endure at the point of rupture. It is also called bend strength, fracture strength, or
modulus of rupture. This testing method provides a systematic approach for evaluating the flexural
strength of concrete using a simple beam subjected to center-point loading, as illustrated in Fig. 8.
[t complies with the standards established in TCVN 3119: 2022 and TCVN 3121-11: 2022, ensuring
dependable and consistent outcomes in the assessment of material performance.

AR

(a) Flexural test scheme

Molded sample:
I=100mm

e

 Printed sample:
1=210mm

8c) Printed sample flexural test (d) Molded sample flexural test
Fig. 8. Flexural test

2.4. Compression Test

Following the completion of the bending tests, which failed the printed specimens, compression
tests were conducted using the remaining halves of each specimen. The steel plate dimensions are
70x70mm for printed specimens and 40x40mm for molded specimens, as shown in Fig. 9. This
approach ensured that we utilized every piece effectively while gaining insights into their
structural integrity under different stress conditions. The compression tests adhered strictly to the
prescribed procedures and loading protocols outlined in the Vietnam standards. This compliance
guarantees that the testing process is valid and reliable, ensuring accurate and meaningful results.
Details of the testing setup and methodology can be seen in the accompanying documentation [30].
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(a) Compressive test scheme (b) Printed specimen (c) Molded specimen

Fig. 9. Compression test

3. Anisotropic Mechanical Properties - Results and Discussions

3.1. Cracking Pattern

Initially, flexural tests were performed, revealing two distinct cracking patterns regardless of the
loading direction, whether X or Y. The printed and molded specimens without fibers exhibited
entirely brittle failures, fracturing into two separate pieces, as illustrated in Fig. 10 (a, c). This
behavior is typical of unreinforced materials, where cracks propagate rapidly and cause complete
separation upon reaching the ultimate load. In contrast, the specimens reinforced with fibers
demonstrated cracking up to the ultimate load without complete separation, as illustrated in Fig.
10 (b, d). The introduction of fibers significantly altered the failure mode, preventing complete
fracture and instead promoting controlled cracking that maintained the specimen's structural
integrity. These findings are consistent with previous research on fiber-reinforced concrete, where
fibers contribute to bridging cracks and delaying failure under flexural loads [31], [32] . This
improvement in the failure mechanism is attributed to the fibers' ability to distribute the stress
more evenly across the material, reducing the likelihood of catastrophic fracture.

(a) PC-00 printed

(c) PC-00 molded (d) Molded specimens with fibers

Fig. 10. Flexure cracking patterns
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The strategic integration of fibers into the composite has significantly enhanced its structural
integrity, as evidenced by the marked absence of crack propagation along the interfaces between
the filaments. The observed enhancement in cracking patterns due to fiber reinforcement suggests
that the incorporation of fibers not only improves the material's load-bearing capacity but also
modifies the fracture behavior, making it more suitable for applications requiring durability and
toughness. The interfacial bonding between the fibers and the matrix plays a crucial role in this
behavior, particularly in 3D-printed materials, where layer interfaces are typically weaker [31],
[32]. In this study, the fibers contributed to overcoming these inherent weaknesses, improving the
overall performance of the composite. Following the flexural tests, compressive tests were
performed on the fractured halves of the specimens. The results revealed that the specimens
without any fiber reinforcement from both types experienced considerable crushing, as shown in
Fig. 11 (h). This observation is indicative of the brittle nature of the unreinforced material, which
failed under compressive stress due to the lack of crack control.

=

(b) Molded specimens with
fibers

(a) Printed specimens with
fibers

(c) PE-0.25

(e) PE-0.75 (f) HPE-0.25

F

(h) Printed and molded without fibers

Fig. 11. Compression cracking patterns

Interestingly, the cracking patterns observed in both the printed and molded specimens displayed
atendency toward an inclined crack configuration, as depicted in Fig. 11 (a, b). This type of cracking
is commonly observed in materials that fail under compressive stress, where internal forces result
in diagonal shear failure. Notably, the specimens reinforced with high-performance engineered
(HPE) fibers exhibited a superior capacity to maintain their shape and structural integrity after the
application of the ultimate load, as shown in Fig. 11 (f, g). In contrast to those reinforced with
polyethylene (PE) fibers, which faced more significant deformation, as shown in Fig. 11 (c, d). This
distinction highlights the superior performance of HPE fibers in enhancing the material's
mechanical properties, particularly under compressive stress. The better shape retention of HPE-
reinforced specimens suggests that these fibers provide superior crack-bridging and stress
distribution capabilities compared to PE fibers, which may have less effective bonding with the
matrix. The differences in performance between HPE and PE fibers emphasize the importance of
fiber type in determining the overall material properties, particularly when used in 3D-printed
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concrete. These findings underscore the significance of fiber reinforcement, particularly HPE fibers,
in improving both the flexural and compressive strength of 3D-printed concrete. The ability of HPE
fibers to maintain structural integrity and delay failure under stress represents a significant
advancement in material design for additive manufacturing in construction applications.

3.2. Flexural Strength

Using the ultimate load values obtained from each test, the flexural strength of the specimens was

calculated with Equation (1).
,oM__P l 1. p.l (1)
W 4. (

Where, o is the flexural strength of the specimen (MPa); P is the ultimate load value (N); [ is a clear
span; 210 (mm) for printed and 100 (mm) for molded specimens; a is the dimension of the cross-
section; taken 70 (mm) for printed and 40 (mm) for molded specimens. The results of the flexural
strengths are given in Table 5, Table 6, and Table 7.

Table 5. Flexural strength of PE fibers reinforced printed and molded speciments.

Dimension Fiber Loading Failure Span Flexural
Specimens (mm) ratio Type orientation load length  Strength
(%) (kN) (mm) (MPa)
PE-0.25 280x70x70 0.25 Printed 7.81 210 7.17
PE-0.5 280x70x70 0.5 Printed Z 7.55 210 6.93
PE-0.75 280x70x70 0.75 Printed 7.27 210 6.68
PE-0.25 280x70x70 0.25 Printed 6.97 210 6.41
PE-0.5 280x70x70 0.5 Printed Y 7.31 210 6.72
PE-0.75 280x70x70 0.75 Printed 7.21 210 6.62
PE-0.25 160x40x40 0.25 Molded 3.08 100 7.22
PE-0.5 160x40x40 0.5 Molded Z,Y 3.18 100 7.45
PE-0.75 160x40x40 0.75 Molded 3.14 100 7.35
Table 6. Flexural strength of HPE fibers reinforced printed and molded specimens
. . Fiber . Failure Span Flexural
. Dimension . Loading
Specimens (mm) ratio Type orientation load length  Strength
(%) (kN) (mm) (MPa)
HPE-0.25 280x70x70 0.25 Printed 7 8.14 210 7.48
HPE-0.5 280x70x70 0.5 Printed 8.99 210 8.26
HPE-0.25 280x70x70 0.25 Printed v 7.35 210 6.75
HPE-0.5 280x70x70 0.5 Printed 8.77 210 8.05
HPE-0.25 160x40x40 0.25 Molded 16.67 100 7.59
HPE-0.5 160x40x40 0.5 Molded Z,Y 3.70 100 8.67
HPE-0.75 160x40x40 0.75 Molded 3.94 100 9.23
Table 7. Flexural strength of printed and molded specimens without fibers
. . Fiber . Failure Span Flexural
. Dimension ) Loading
Specimens (mm) ratio Type orientation load length  Strength
(%) (kN) (mm) (Mpa)
280x70x70 0 Printed Z 1.41 210 6.93
PC-00 280x70x71 0 Printed Y 1.29 211 6.36
160x40x40 0 Molded Z,Y 2.98 100 6.98

The Z loading orientation refers to being perpendicular to the filament’s surface. On the other hand,
the Y loading orientation indicates the direction parallel to the filament’s surface, as shown in Fig.
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12. The flexural strength results summarized in the tables above can be used to construct
comparative diagrams illustrating the performance differences among specimens.

Y i
AT
BB i

NG ' ot //

(a) Z loading orientation (b) Y loading orientation

Fig. 12. Loading orientation

WPE-m-ZY OPE-p-Z BPE-p-Y

8,00 r 7,45 735
698 693 7,22 717 693 (., 668

6,36 6,41 > 08 6,62

6,00

4,00

2,00

Flexural Strength (MPa)

0’00 1 1 1 J
0,5 0,75

5
Fiber Ratio (%)

Fig. 13. Flexural strength of printed and molded specimens with variations of PE fibers. (Note:
“m” refers to “molded”; “p” refers to “printed”)

As illustrated in Fig. 13, the flexural strength of 3D-printed specimens under Z-direction loading
consistently exceeds that observed under Y-direction loading across all fiber contents. The highest
strength in the Z-direction is 7.17 MPa at a fiber content of 0.25%, whereas the Y-direction reaches
a maximum of 6.72 MPa at 0.5% fiber content. The disparity in strength between the two loading
orientations diminishes with increasing fiber dosage. These findings indicate that the optimal fiber
content ranges between 0.25% and 0.5%, as further additions lead to a reduction in mechanical
performance. Relative to the unreinforced control group, the inclusion of PE fibers yields modest
improvements in flexural strength: a 3.5% increase for PE-0.25 specimens in the Z-direction and a
5.6% increase for PE-0.5 specimens in the Y-direction. Nonetheless, the flexural strength of printed
specimens remains approximately 10% lower than that of conventionally cast counterparts. This
difference is partially attributed to variations in specimen dimensions (280x70x70 mm for printed
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versus 160x40x40 mm for molded) and testing spans (210 mm versus 100 mm), which have been
duly accounted for in the analysis using standard procedures for flexural and compressive strength
evaluation, as prescribed by relevant codes and literature. It is essential to note that the primary
objective of this study was not to conduct a direct 1:1 comparison of the intrinsic material
properties between printed and molded specimens, but rather to investigate relative trends in
performance influenced by fiber type and print orientation under controlled and consistent
preparation and testing conditions. Nonetheless, the authors acknowledge that size effects may
influence absolute strength values.

B HPE-m-ZY OHPE-p-Z BHPE-p-Y
10,00 9,23
8,67 8,26 8,05
L 7,59 7,48
8'00 6,98 6,93 6,75

6,00

4,00 r

2,00 r

Flexural Strength (MPa)

0,00 1 1 1 J

0 0,25 0,5 0,75
Fiber Ratio (%)

Fig. 14. Flexural strength of printed and molded specimens with variations of HPE fibers

As illustrated in Fig. 14, the flexural strength of printed specimens under Z-direction loading
consistently exceeds that under Y-direction loading across all fiber ratios. The highest flexural
strengths recorded are 8.26 MPa in the Z-direction and 8.05 MPa in the Y-direction, both
corresponding to a fiber content of 0.5%. The results indicate a positive effect of HPE fiber
reinforcement, with strength increasing significantly as fiber content rises. Specifically, the HPE-
0.5 specimens exhibit improvements of 19% and 27% in the Z and Y directions, respectively,
compared to unreinforced printed samples (PC-00). However, the specimen with 0.75% fiber
content encountered printing issues due to nozzle blockage. Despite this, the overall trend indicates
a consistent increase in flexural strength with the addition of fiber. Nevertheless, the flexural
performance of all printed specimens remains slightly lower than that of molded specimens, with
reductions of up to 4.8% in the Z-direction and 11% in the Y-direction. This difference is also
partially attributed to variations in specimen dimensions (280x70x70 mm for printed versus
160x40x40 mm for molded) and testing spans (210 mm versus 100 mm).

OHPE-p-Z @PE-p-Z
1000 OHPE-p-Y B PE-p-Y
=
< 800
E 6,93 6,93 6,62
£ 600 | 7
=]
B 400 } /
g /
2
< 2,00 /
= /
0,00 1 1 1 J

0 0,25 Fiber Ratio (%) 0.5 0.75

Fig. 15. Flexural strength comparison between HPE and PE fiber of printed specimens

The use of HPE fiber significantly enhances flexural strength compared to PE fiber. Specifically,
printed specimens exhibit increased flexural strength up to 20% in both the Z and Y loading
orientations. This improvement is primarily attributed to the mechanical properties of HPE fiber,
which are considerably superior to PE fiber in terms of tensile strength and modulus, as
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demonstrated in Table 1. These findings are visually depicted in Fig. 15, showcasing the exceptional
mechanical properties of HPE fiber under various loading conditions. This enhancement in
performance suggests that HPE fiber could be a more advantageous option for applications that
require higher-strength materials.

The incorporation of HPE fibers significantly improves the flexural strength of printed specimens
compared to those reinforced with conventional PE fibers. In both Z and Y loading orientations,
flexural strength increases by up to 20%. This enhancement is primarily attributed to the superior
mechanical characteristics of HPE fibers, particularly their higher tensile strength and elastic
modulus, as presented in Table 3. Fig. 15 further illustrates the enhanced performance of HPE fibers
under various loading conditions. These results suggest that HPE fiber offers a more effective
reinforcement solution for applications demanding higher structural performance. Several key
findings emerged from the investigation of flexural strength:

e HPE fibers significantly enhance the flexural strength of both printed and molded specimens
by up to 27%, while PE fibers yield a modest improvement of less than 5.6%.

e Flexural strength in printed specimens remains consistently lower than in molded
counterparts across both Z and Y loading orientations.

e PE fibers demonstrate optimal performance at concentrations between 0.25% and 0.5%,
within which notable gains in flexural strength are observed.

e While increased HPE fiber content markedly improves flexural performance, careful control
of material flow is essential to avoid nozzle clogging during 3D printing.

e In both fiber-reinforced systems, specimens loaded in the Z-direction generally exhibit
higher flexural strength than those in the Y-direction. However, both remain inferior to
molded specimens at equivalent fiber ratios.

e Due to their superior mechanical properties, HPE fibers offer approximately 20% higher
flexural strength than PE fibers, making them a preferred reinforcement for applications
requiring enhanced structural capacity.

Extensive research on the mechanical behavior of 3D-printed cement-based materials consistently
reveals significant anisotropy after hardening. This phenomenon has been widely reported in the
literature. Unlike traditional molded specimens, which typically exhibit isotropic properties, 3D-
printed elements display marked variations in strength, stiffness, and other mechanical properties
depending on layer orientation. The layer-by-layer deposition process introduces inherent
heterogeneity, resulting in directional dependencies that significantly impact structural
performance under load. A thorough understanding of this anisotropic behavior is crucial for
accurately predicting the mechanical response of 3D-printed structures, underscoring the
importance of carefully considering printing orientation and design parameters in cement-based
additive manufacturing. This anisotropic behavior aligns with findings from previous studies [9],
[11], [33], [34], which reported that 3D printing induces directional dependencies in material
properties. Understanding this anisotropy is crucial for accurately predicting the performance of
3D-printed structures in real-world conditions. For example, structures subjected to loading in the
Z-direction often exhibit superior mechanical performance compared to those loaded in the Y-
direction, primarily due to more uniform interlayer bonding and a reduction in weak interfaces
along the build direction.

In the additive manufacturing process, voids and weak contact interfaces often form between
adjacent filaments that are aligned parallel to the printing direction. These defects significantly
compromise flexural performance, particularly under varied loading conditions. Under bending,
the specimen’s ultimate strength is primarily governed by the maximum tensile stress at the mid-
span region. When loaded in the Y-direction, this tensile stress acts perpendicular to the layer
interfaces, precisely where bonding is weakest due to limited interlayer fusion. Moreover, the
effectiveness of fiber reinforcement is reduced, as continuous fibers often fail to adequately bridge
the interfaces between printed layers, further diminishing structural integrity. This insufficient
fiber penetration, coupled with poor interlayer adhesion and unfavorable stress orientation, leads
to substantially lower flexural strength in the Y-direction compared to the Z-direction. These
findings highlight the importance of enhancing interlayer bonding and optimizing filament
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alignment to improve the structural performance of 3D-printed composites. Additionally, 3D-
printed specimens exhibit consistently lower flexural strength than their molded counterparts.
This disparity is primarily attributed to the layered architecture of printed elements, which
introduces weak interfacial zones. In contrast, molded specimens benefit from a homogeneous
material matrix that promotes greater strength and uniformity. As a result, both Z- and Y-direction
loading of printed samples yields inferior flexural performance relative to molded specimens.
These observations are in line with previous studies [35], [36], which reported significant
mechanical degradation in 3D-printed cementitious materials due to anisotropy and inadequate
interlayer bonding.

3.3. Compressive Strength

Using the ultimate load values obtained from each test, the compressive strength of the specimens

was calculated with Equation (2):

o=" )
A

Where, o is the compressive strength of the specimen (MPa); P is the ultimate load value (N); 4 is

the area of the steel plate, taken as 70x70 mm for printed specimens and 40x40 mm for molded

specimens. The results of compressive strengths are given in Table 8, Table 9, and Table 10.

Table 8. Compressive strength of PE fibers reinforced printed and molded specimens.

Dimension Fiber Loading Failure  Plate =~ Compressive
Specimens (mm) ratio Type orientation load Width Strength

(%) (kN)  (mm) (MPa)
PE-0.25 280x70x70  0.25  Printed 113.29 70 23.12
PE-0.5 280x70x70 0.5 Printed Z 130.00 70 26.53
PE-0.75 280x70x70  0.75  Printed 119.11 70 24.31
PE-0.25 280x70x70  0.25  Printed 53.69 70 10.96
PE-0.5 280x70x70 0.5 Printed Y 78.78 70 16.08
PE-0.75 280x70x70  0.75  Printed 67.65 70 13.81
PE-0.25 160x40x40  0.25 Molded 54.32 40 33.95
PE-0.5 160x40x40 0.5 Molded Z,Y 60.58 40 37.86
PE-0.75 160x40x40 0.75  Molded 50.55 40 31.59

Table 9. Compressive strength of HPE fibers reinforced printed and molded specimens.

: . Fiber : Failure Span
. Dimension . Loading

Specimens (mm) ratio Type orientation load length

(%) (kN) (mm)
HPE-0.25 280x70x70 0.25 Printed 7 130.00 70 26.53
HPE-0.5 280x70x70 0.5 Printed 146.25 70 29.85
HPE-0.25 280x70x70 0.25 Printed v 54.74 70 11.17
HPE-0.5 280x70x70 0.5 Printed 85.18 70 17.38
HPE-0.25 160x40x40 0.25 Molded 56.89 40 35.56
HPE-0.5 160x40x40 0.5 Molded Z,Y 62.02 40 38.76
HPE-0.75 160x40x40 0.75 Molded 51.73 40 32.33

Table 10. Compressive strength of printed and molded specimens without fibers

. : Fiber . Failure Span
. Dimension ) Loading
Specimens (mm) ratio Type orientation load length
(%) (kN)  (mm)
280x70x70 0 Printed Z 81.93 70 16.72
PC-00 280x70x70 0 Printed Y 28.84 70 7.93
160x40x40 0 Molded 7,Y 52.51 40 32.82

3238



Pham et al. / Research on Engineering Structures & Materials 11(6) (2025) 3225-3244

mPE-m-Z,Y OPE-p-Z BPE-p-Y

4000 37,86
S 3500 | 3282 33,95 31,59
£ 30,00 |
2500 |
20,00 |
15,00 |
10,00 |
500 |
0,00

06,53
23,12 4,31

16,
0.08 13,81

10,96

0 0,25 0,5 0,75
PE Fiber Ratio (%)

Compressive Strength (M

Fig. 16. Compressive strength of printed and molded specimens with variations of PE fibers

Fig. 16 illustrates that the compressive strength of printed specimens in the Z-direction is
significantly higher than in the Y-direction. As the fiber ratio increases from 0% to 0.5%, the
compressive strength rises from 16.72 MPa to a peak of 26.53 MPa in the Z-direction. Beyond this
point, the strength declines to 24.31 MPa. This trend is also observed in the Y-direction, where the
strength follows a similar pattern. The optimal fiber ratio is identified as 0.5%, as further increases
in fiber content result in a reduced compressive strength. Notably, the addition of PE fibers
significantly enhances compressive strength, with PE-0.5 printed specimens showing
improvements of 58% and 103% in the Z and Y directions, respectively, compared to unreinforced
specimens (PC-00 printed). Despite these gains, the compressive strength of the printed specimens
remains much lower than that of molded specimens, with reductions of 31% in the Z-direction and
67% in the Y-direction at a 0.25% fiber ratio. The tolerance of printed specimens without fiber
reinforcement is higher, with reductions of up to 49% and 82% in the Z and Y directions,
respectively.
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Fig. 17. Compressive strength of printed and molded specimens with variations of HPE fibers

The data presented in Fig. 17 shows that compressive strength in the Z-direction is significantly
higher than in the Y-direction. As the fiber ratio increases from 0% to 0.5%, compressive strength
rises from 16.72 MPa to a peak of 29.85 MPa in the Z-direction. Similarly, the compressive strength
in the Y-direction follows a comparable trend, increasing from 5.88 MPa to 17.38 MPa. A notable
trend emerges when analyzing printed specimens without fiber reinforcement, specifically with
the incorporation of HPE fibers. The addition of HPE fibers substantially improves compressive
strength, with specimens containing 0.5% HPE fibers (denoted as HPE-0.5 printed) showing
improvements of 78% in the Z-direction and 120% in the Y-direction compared to the unreinforced
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specimens (PC-00 printed). Despite these enhancements, printed specimens still exhibit
significantly lower compressive strength than molded specimens, with reductions of 25% in the Z-
direction and 68% in the Y-direction at a 0.25% material ratio. Consistent with observations for PE
fibers, the results suggest that an optimal fiber ratio of 0.5% for HPE fibers yields the best
compressive strength, with higher fiber content leading to a reduction in strength.

Z axis loading orientation
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Fig. 18. Compressive strength comparison between HPE and PE fiber of printed specimens

The incorporation of HPE fibers significantly enhances compressive strength compared to PE
fibers, as illustrated in Fig. 18. Specifically, printed specimens with 0.25% HPE fibers (HPE-0.25)
show a 14.7% increase in compressive strength over their PE fiber counterparts (PE-0.25) in the
Z-direction, and an 8.1% increase for specimens with 0.5% HPE fiber (HPE-0.5) compared to PE-
0.5 in the Y-direction. In contrast, molded specimens only show a modest improvement of
approximately 4%. These findings, visually represented in Fig. 18, underscore the superior
mechanical properties of HPE fibers under various loading conditions. This enhancement suggests
that HPE fiber is a more advantageous option for applications requiring high-strength materials. In
terms of compressive strength, several notable conclusions can be drawn:

e Both PE and HPE fibers significantly enhance the compressive strength of both printed and
molded specimens, demonstrating their effectiveness as reinforcement materials.

e The optimal fiber content for significantly improving compressive strength is 0.5% for both
PE and HPE fibers.

e Testing results reveal that compressive strength is considerably higher in the Z-loading
orientation compared to the Y-loading orientation for both types of fibers. However, it is
essential to note that these strengths remain notably lower than those of molded specimens
with equivalent fiber ratios, particularly in the Y-loading orientation.

e HPE fiber proves to be a more advantageous reinforcement for applications requiring high-
strength materials. It outperforms PE fibers, providing a compressive strength increase
ranging from 8.1% to 14.7%, thereby effectively enhancing structural performance.

Compressive strength demonstrates a pronounced anisotropy in 3D-printed specimens after
hardening, more significant than that observed in flexural behavior. As illustrated in Fig. 19, the
difference between Z and Y loading orientations becomes particularly evident under compressive
loads. In the Y orientation, the load is applied parallel to the layer interfaces, which are inherently
weaker due to insufficient interlayer bonding during the printing process. This configuration leads
to premature failure, as crack propagation is facilitated along these weak interlaminar zones. As
cracks initiate and spread, the filaments between the printed layers separate rapidly, causing
sudden and brittle failure. This observation aligns with prior studies [37], [38], which also reported
reduced compressive performance in the direction parallel to the printed layers due to poor
interfacial adhesion.
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Conversely, the Z loading orientation exhibits improved compressive strength because the applied
load acts perpendicular to the layer interfaces, effectively mitigating the influence of interlaminar
weaknesses. This behavior is analogous to that of molded specimens, which benefit from a more
homogenous and continuous matrix structure. As a result, the compressive strength in the Z
direction is closer to the performance of conventionally cast concrete. These findings underscore
the significant impact of printing direction and layer bonding quality on the mechanical behavior
of printed components. Moreover, they emphasize the need for enhanced printing strategies, such
as optimized nozzle path planning, tailored mix designs, or post-treatment techniques, to improve
interlayer adhesion and reduce anisotropy in structural applications of 3D-printed concrete.

Fig. 19. Cracking pattern in Y loading orientation

The compressive strength of 3D-printed specimens is substantially lower than that of
conventionally molded specimens, with the difference being especially significant under the Y
loading orientation. This reduction in strength is primarily attributed to the inherent
characteristics of the additive manufacturing process, where material is deposited in successive
layers. Such a process creates a laminated structure, leading to the formation of interfacial zones
with relatively weak bonding between layers. When subjected to compressive loading in the Y
direction, parallel to the interlaminar interfaces, these weak zones become critical points of failure,
significantly compromising the specimen's ability to withstand load. Similar observations have
been reported in earlier studies [39], where interlayer defects and voids have been found to
contribute to the diminished compressive performance of printed concrete.

In contrast, molded specimens exhibit a more homogenous and monolithic internal structure due
to the absence of layering, resulting in higher structural integrity and superior compressive
strength. The uniform distribution of materials in molded samples allows them to resist
compressive stress more effectively, particularly when compared to the anisotropic and
heterogeneous nature of printed components. This performance gap between printed and molded
specimens highlights the need to enhance interlayer bonding in 3D printing, potentially through
the optimization of mix rheology, printing parameters, or post-processing techniques.

Moreover, the inclusion of fiber reinforcement, such as polyethylene (PE) or high-modulus
polyethylene (HPE) fibers, has shown considerable potential in mitigating these weaknesses by
bridging interfacial gaps and enhancing load transfer across layers. These findings highlight the
significance of material design and structural optimization in enhancing the practical application
of 3D-printed concrete in construction.

4. Conclusions

This research investigates the behavior of 3D-printed components under flexural and compressive
loads, providing valuable insights into the impact of fiber reinforcement on material performance.
Key findings and conclusions from the study are as follows:

o Effect of Fiber Reinforcement on Strength: The incorporation of HPE fibers significantly
enhances both flexural and compressive strength of printed and molded specimens.
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Specifically, HPE fibers improve the flexural strength by up to 27%, while PE fibers
contribute a more minor improvement of less than 5.6%. Both fiber types significantly
improve compressive strength, highlighting their effectiveness as reinforcement materials in
3D-printed concrete.

e Anisotropic Behavior of Printed Components: Testing results indicate that the flexural
strength of printed specimens is typically higher in the Z loading orientation compared to the
Y loading orientation. This anisotropic behavior, common in 3D-printed materials, is due to
the layer-by-layer deposition process. However, despite this directional variation, the
flexural strength of printed specimens remains lower than that of molded specimens with
equivalent fiber ratios, particularly in the Y orientation.

e Optimal Fiber Ratios: The study identifies 0.5% as the optimal fiber ratio for achieving
substantial improvements in compressive strength. Both PE and HPE fibers at this
concentration show significant enhancements in material performance. Beyond this optimal
ratio, increasing the fiber content does not lead to further improvements and may even cause
areduction in strength.

e HPE Fibers for High-Strength Applications: HPE fibers prove to be more advantageous for
applications requiring higher-strength materials. Compared to PE fibers, HPE fibers offer a
20% increase in strength, making them a more effective choice for enhancing the structural
performance of 3D-printed concrete.

e Challenges in Printing with High Fiber Content: While increasing the content of HPE fibers
results in higher flexural strength, it is crucial to manage the material flow during the printing
process to prevent nozzle blockages. This requires careful control over the printing
parameters to ensure the consistency and quality of the printed components.

In conclusion, fiber reinforcement plays a crucial role in enhancing the mechanical properties of
3D-printed concrete. HPE fibers, in particular, offer significant improvements in strength, making
them a promising option for high-performance applications. However, further optimization of
printing processes and fiber content is necessary to address the challenges related to material flow
and interlayer bonding.
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