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Abstract. This study aims to investigate the effect of 3D-printed polymer shell reinforcemen ton 
ultra-high-performance concrete. The mechanical properties of ultra-high-performance polymer 
reinforced concrete have been investigated. At first, the 3D-printed shell reinforcements were 
designed using 3D Max and Rhino 6 software. Then, each was fabricated through the fused 
deposition modeling method and positioned into the cubic, cylindrical, and prismatic molds. In 
the next step, the prepared Ultra-High-Performance Concrete mixture was poured into the molds, 
and the samples were cured for 28 days. Finally, the compressive, tensile, and flexural strength 
tests were carried out on the samples. The results indicated that the compressive, tensile, and 
flexural strengths of reinforced samples were lower than that of the unreinforced ones, 
respectively. Although including 3D-printed reinforcement decreased the mechanical properties 
of the Ultra-High-Performance Concrete samples, it changed the fracture mechanism of concrete 
from brittle to ductile. 
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Аннотация. Объект исследования — это сверхвысокопрочный бетон с 
оболочечной 3D-печатной полимерной арматурой. Экспериментально ис-
следованы механические свойства полимерно-армированного бетона. 3D-
печатные арматурные оболочки были созданы в 3D Max и Rhino 6, изго-
товлены методом наплавленного осаждения и помещены в кубические, 
цилиндрические и призматические опалубочные формы. Эксперименталь-
но исследована прочность на сжатие, растяжение и изгиб. Прочности ар-
мированных образцов оказалась меньше, чем неармированных, но включе-
ние 3D-печатной арматуры изменило механизм разрушения бетона с хруп-
кого на вязкий. 

Ключевые слова: моделирование наплавлением, механические свойства, 
механизм разрушения 
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1. Introduction 

The most widely used building material in the world is concrete. Structures made of cement are more 
immune to environmental exposure than those built with different materials, for example, lumber or steel [1]. 
Concrete is used in many projects, from small ones like sidewalks and home foundations to some of the world’s 
largest and most difficult engineering projects. Steel rebar cages are typically used to reinforce concrete and can 
be designed to withstand various scenarios, but their application has some restrictions. If structural elements are 
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details may not be sufficient to withstand severe impact like seismic or blast loading. In addition, pouring 
concrete into rebar cages with high reinforcing bar ratios is challenging and takes a lot of time and effort. Steel 
reinforcement is also costly and has a significant carbon footprint [2]. Utilizing fibers is yet another method for 
enhancing the properties of cementitious composites [3–10]. However, controlling how the fibers in fiber-rein- 
forced composites are distributed isn’t easy. Furthermore, fiber orientation is affected by execution boundaries, 
for example, the size of the underlying member and the bearing of the substantial stream during projecting [11].  

An alternative method for creating intricate geometries that can be used as reinforcement in concrete has 
recently emerged. Small and large-scale fabrication of three-dimensional elements from various materials is 
made possible by the additive manufacturing (AM) process, which is also referred to as “3D printing” [12–14]. 
Thanks to recent advancements [15], complex geometries can now be created for polymers using 3D printing 
techniques like Fused Deposition Modeling (FDM). The digitally controlled processes by which material is 
joined to create a new object are the foundation of 3D printing. Low costs, safety, the ability to print 
aesthetically pleasing structures in any design, and minimizing environmental impact are just a few benefits of 
3D construction printing [16]. For instance, the reinforcing Cementitious Backfill Composite (CBC) with a 
variety of 3D Printed Polymeric Lattice (3D-PPL) shapes increases its ductility [17]. The researchers used the 
digital image correlation technique and found that 3D-PPL can make CBC’s brittle behavior ductile without 
affecting its hardening properties. Farina and others [18] carried out Three Point Bending Tests (TPBT) on a 
cement mortar reinforced with polymeric and metallic 3D-printed fibers with various surface morphology and 
roughness. It was claimed that samples reinforced with fibres with a high surface roughness had a stronger 
interfacial connection compared to samples that were left unreinforced and samples reinforced with smooth 
fibres. 

Another uniform testing technique was introduced in view of consolidated Twist Hub force (TORAX) test 
for accurate reflection of mechanical properties of 3D-printed cement and mortar [19]. It was discovered that 
3D-printed concrete lacks the characteristics of cast concrete because the shear stress is only transferred through 
the adhesive properties of the cement matrix. The three distinct types of fibers (carbon, glass, and basalt) were 
used to reinforce 3D-printed concrete and various tests were conducted on the fiber-reinforced specimens [20]. 
It was found that the samples’ flexural performance was significantly improved by a 1 % volumetric fraction of 
carbon fibers aligned along the printing direcion. In contrast, glass and basalt fibers had no effect. The results 
also showed that the improved combination’s flexural and compressive strength rises up to 30 and 80 MPa 
respectively. Different authors showed that 3 percent by volume of carbon fibers with a length of 3 millimeters 
can significantly increase the flexural strength of concrete up to 120 MPa [21]. Similarly, a study shows that 
3D-printable Ultra-High-Performance Concrete (UHPC) had a lower compressive strength (32–56 %) than 
mold-cast UHPC [22].  

Printed specimens may have a compressive strength of up to 22 % lower than those placed in molds [23]. In 
a previous study, the mechanical characteristics of high-performance printing concrete with steel fibre 
reinforcement of varied lengths and volume contents were examined [24]. It was found that printed concrete had 
lower compressive and flexural strengths than the cast concrete. As such, the compressive and flexural qualities 
of printed concrete were in the range of 70–111 MPa and 6–15 MPa, respectively, while the compressive and 
flexural qualities of cast concrete were 90–113 MPa and 11–14 MPa. The steel fiber orientation distribution in 
3D-printed UHPC is quantitatively investigated [25]. According to this, the fibre alignment parallel to the 
printing direction was greatly enhanced by the large fibre volume percentage. The mechanical performance of the 
printed specimens was superior to that of the mold-cast ones because of this fiber alignment. Various spatial 
distributions of 3D-printed fibers were analyzed to show how reinforcement orientation and distribution affected 
created reinforcement networks of interconnected photopolymer resin fibers [26]. Subsequently, it was shown 
that when a triangulated reinforcing structure with a denser mesh was utilized in places with higher tensile 
stresses, the peak flexural strength rose. However, they were unable to observe the ductile behavior in the 
samples because it only utilised a small percentage of polymer reinforcement in their studies. The study 
improved the cementitious material’s performance by using bio-inspired polymeric structures that were 3D-
printed as reinforcement for cement mortar [27]. The impact of 3D-printed spatial support on flexural properties 
of conventional mortar was studied [28]. The study discovered that the flexural behavior of specimens is 
significantly affected by the shape and size of a spatial 3D-printed element. 

However, concrete's Modulus of Elasticity (ME) and Energy Absorption Capacity (EAC) are two crucial 
deformation parameters. ME is an important parameter in the design of concrete structures because it shows the 
material’s resistance to deformation under load. ME of concrete is a good indicator of strength because it 
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measures the stiffness of the concrete. The concrete is more rigid the higher the ME value. ME is influenced by 
various factors, including the concrete's density, moisture content, the Interfacial Transition Zone (ITZ) 
thickness, mixture homogeneity, reinforcement material, cement matrix, bonding between aggregates, and 
porosity in each part. EAC measures the material’s capacity to absorb energy during deformation. Particularly in 
locations where concrete structures are subjected to frequent loads and seismic activity, the energy-absorbing 
properties of concrete can beneficially reduce the likelihood of their failure. In addition, impact loads must be 
protected against important infrastructure buildings, such as nuclear power plants and smaller technical facilities, 
as failure can result in significant damage. Thus, common fields are interested in a suitable structure material 
with an extraordinary energy retention limit. 

As previously stated, there is a lot of interest in utilizing AM methods to create reinforcing elements that 
conventional steel cages or fibers could replace. Despite these efforts, additional research is required to 
strengthen concrete using 3D printing. A novel approach to strengthening concrete was utilized in this study by 
using 3D printing technology. The present study uses 3D-printed shell Polylactic Acid (PLA) structures as 
UHPC reinforcements, focusing on a unique class of composites. It examined the fracture characteristics, 
deformation parameters, and mechanical features like compressive, tensile, and flexural strengths of UHPC 
reinforced with 3D-printed PLA shells. Using FDM, a popular 3D printing technique, the reinforcement was 
created in the shape of a shell. 

2. Methods, Materials, and Sample Preparation 

2.1. Methods. Even though 3D-printing concrete has received the most attention in civil engineering, there 
has recently been a lot of interest in 3D-printing reinforcements. The mechanical properties (such as 
compressive, tensile, and flexural strengths), as well as the fracture mechanism of various samples, were 
analyzed in this paper after UHPC was reinforced with 3D-printed PLA. The approach taken in this study is 
depicted in Figure 1. The 3D-printed reinforcement shells were initially plotted using 3D Max and Rhino 6 
software. The FDM process produced the PLA materials, which were then inserted into the molds. The samples 
were cured after the UHPC mixture was poured into the molds in the subsequent step. The samples were then 
subjected to various tests, and the results were examined and discussed. 

 
 

   

Figure 1. The methodology of the current study Figure 2. Design of shell reinforcement

 
The 3D Max and Rhino 6 software were utilized to design the shell reinforcement. The concept was initially 

created in 3D Max before being completed using the architectural software Rhino 6. The honeycomb openings 
were provided on the shell surface to allow concrete mixture penetrate through them before its setting. In 
addition, Figure 2 shows how the concrete mixture can adhere appropriately to the shell surface and fill these 
holes. These honeycombs were chosen to be small enough to be incorporated into the shell surface and to allow 
the concrete mix to flow readily through it. Honeycombs are made topologically by connecting regular or 
random polygons with a specific thickness in a plane. The honeycomb structure has the advantages of simplicity, 
high porosity, lightweight, and simple manufacturing, all indicating high impact resistance potential. 

In most cases, structures use honeycomb or honeycomb-like shells as their core to increase their capacity for 
carrying loads and absorbing energy. As a result, it is necessary to investigate the mechanical properties of 
honeycombs or honey-comb-composed composite structures under various loading conditions. In addition, one 
of the goals of using UHPC is to reduce the amount of cement and CO2 emissions required for a particular load 
[29]. As a result, utilizing a reinforcement strategy with a significant non-cementitious volume fraction can also 
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Table 1 
The mechanical properties of PLA [31] 

Material Ultimate Tensile
Strength, MPa

Yield Strength, 
MPa 

Maximum,
Strain, %

PLA 57.16 0.35 52.47  0.35 2.35  0.05 
 

significantly enhance this advantage. The ongoing review examines UHPC’s behavior, supported with a 3D-
printed honeycomb PLA shell structure under compressive, tensile, and flexural loads. 

Three samples were taken into consideration for each of the compressive and tensile tests. Two of the 
samples were reinforced using the 3D-printing method, and one of the samples was unreinforced concrete. The 
first reinforced 3D-printed sample had more honeycomb holes at the shell’s top, while the second sample had 
more honeycomb holes at its bottom. The purpose of considering this modification to the arrangement of the 
holes was to investigate the effect of the bonding that existed between the aggregates and the cement matrix in 
the 3D-printed shell structure. The proper movement of the concrete mixture through these holes required 
consideration of various hole sizes. For flexural tests, two examples were considered. One was unreinforced, and 
another was built up using a 3D-printing technique. 

The thickness of the shells was 2 cm, and their dimensions were 8×8×8 cm3 for compressive, 8×8×13 cm3 
for tensile, and 58×8×8 cm3 for flexural strength tests, as sown in Figure 3. 

 

                        
a                                                b                                                                 c 

Figure 3. Dimensions of shell reinforcements for: 
a — compressive; b — tensile; c — flexural strength tests 

 
PLA material was printed using the FDM 3D-

printing method to create concrete reinforcement. This 
study chose PLA because of its appropriate mechanical 
properties, such as its excellent printability, mechanical 
properties, and environmental friendliness. Because 
being reinforced with a polymeric substance rather 
than steel, polymer-reinforced constructions are 
stronger, lighter, and more thermally insulated [30]. Table 1 shows the mechanical properties of PLA. PLA 
reinforcement meshes were made using Quantum, a commercially available FDM 3D-printer. The model is printed 
layer by layer, bottom to top, using FDM. The printing parameters may affect the final structure’s mechanical 
characteristics. As a result, they remained constant throughout this investigation. At 60 °C for the build platform 
and 190 °C for the extruder, all parts were printed with identical parameters. The stress transfer and, ultimately, 
the sample’s overall mechanical characteristics may be impacted by the specified printing path, which 
substantially impacts the mechanical behavior of printed reinforcements. 

Figure 4 shows the process of fabricating 3D-printed reinforcements. The shell formation is constructed 
layer by layer using 3D-printed PLA materials. Figure 5 demonstrates the completed forms of the shells. 

 

a   

 

b   

 

c   

Figure 4. The 3D-printing process of reinforcements for: 
a — compressive; b — tensile; c — flexural strength tests
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Table 3 

Chemical composition of micro silica 

Chemical Composition Value, %
Silicon dioxide (SiO2) 90–92

Alumina (Al2O3) 0.68

Iron oxide (Fe2O3) 0.69

Calcium oxide (CaO) 1.58

Magnesium oxide (MgO) 1.01

Sodium oxide (Na2O) 0.61

Potassium oxide (K2O) 1.23

Carbon (C) 0.98

Sulfur (S) 0.26
 

a  

 

b  

 

c  

Figure 5. The completed 3D-printed shells for: 
a — compressive; b — tensile; c — flexural strength tests

 
2.2. Materials and Sample Preparation. Ordinary Portland Cement (OPC) from Sabzevar factory, Sabzevar, 

Iran, micro silica manufactured by Novolipetsk Company (NLMK), Novolipetsk, Russia, quartz sand (as fine 
aggregates), crushed granite (as coarse aggregates) superplasticizer and tap water were used to prepare concrete 
samples. The OPC compositions are depicted in Table 2. It should be noted that the initial and final setting time 
of the OPC was 30 and 600 min, respectively. Besides, due to its micro-filling property, microsilica was used to 
fill the voids between the 3D-printed structure and the cementitious matrix [32; 33]. Table 3 presents the 
chemical constituents of microsilica. Fine aggregates with a specific gravity of 2.38 and coarse aggregates with a 
specific gravity of 2.65 were collected from the Semnan region, Iran. Figure 6 shows the gradation curves of fine 
and coarse aggregates. 

 
Figure 6. Gradation curves of fine and coarse aggregates 

 
Table 2 

Chemical composition of OPC 

Oxide, % 
/kg2m ,Blaine Specific Gravity  

2SiO 3O2Fe MgO 3SO 3O2Al CaO O2K L.O.I. 

19.52 4.04 4.36 2.89 4.81 62.18 0.6 1.62 387 3.14 

 
The UHPC was selected in this study as the concrete material due 

to its superior strength to normal concrete. Although UHPC has been 
commercially available for over a decade, the knowledge of its use in 
3D-printing is just beginning to become more widely available. UHPC 
is more brittle than normal concrete, and thus it may be expected to be 
more difficult to improve its ductility using 3D-printed reinforcement. It 
is, therefore, necessary to investigate whether the same degree of 
ductility improvement can be obtained in UHPC as in normal concrete 
or not. The water/cement ratio was 0.25 in the preparation of this type 
of concrete, according to the suggestion of Chen et al. [34]. Besides, the 
micro silica to cement percentage was selected to be 15 %, as it was the 
optimum percentage based on paper [35]. Table 4 shows the mixture 
design of UHPC in the present research. 
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The mentioned materials were mixed using a pan mixer at a constant rate of 48 rpm. For this purpose, 
aggregates were mixed with each other for about 2 min. Then, water, cement, silica fume, and superplasticizer 
were added and mixed until a homogeneous mix was achieved. Next, the molds were polished with oil, and the 
3D-printed shell reinforcements were positioned inside them. For cylindrical samples, molds with diameters of 
100 mm and heights of 200 mm were applied. Moreover, for cubic and prismatic samples, molds with 
dimensions of 100 × 100 × 100 mm3 and 600 × 100 × 100 mm3 were utilized, respectively (Figure 7). The 
prepared mixture was poured into the molds (Figure 8). The samples were placed in a water tank at a 
temperature of about 20 °C to cure the concrete specimens (Figure 9). After curing for 28 days, 3D-printed 
reinforced UHPC samples were tested for determination of their compressive, flexural, and tensile strengths 
based on Russian State Standard GOST 10180-2012 “Concretes”1, Standard Test Method for Flexural 
Strength of Concrete ASTM C293/C293M2, and ASTM C4963, respectively. 

 
Table 4 

Mixture design of UHPC 

Material Cement, 
kg/m3 

Micro silica,
kg/m3 

Sand,
kg/m3 

Gravel,
kg/m3 

Superplasticizer, 
kg/m3 

Water, 
kg/m3 

UHPC 420 65 945 635 105 105 

 

a    

 

b    

 

c    

Figure 7. Concrete molds: a — cube; b — cylinder; c — prism
 

3. Results and Discussion 

3.1. Compressive Strength. Table 5 presents the compressive strength values of the samples. As seen from 
the table, the unreinforced sample had the maximum compressive strength value.  

Table 5 
Compressive strength values 

Specimen Unreinforced sample First reinforced sample Second reinforced sample 

Ultimate Strength, MPa 36 33.2 27.5 

 
As shown in Figure 8, the compressive properties of the 3D-printed reinforced UHPC were lower than those 

of the unreinforced concrete. Nonetheless, it showed a more expanded elaxation curve.  
There may be various reasons why 3D-printed reinforced specimens have a lower compressive strength than 

unreinforced specimens. One reason is the existence of weak boundary connections between concrete and 3D- 

 
1 GOST10180 Concretes. Methods for Determination of Strength by Control Samples. Standartinform: Moscow, Russia. 2013. (In 

Russ.) https://docs.cntd.ru/document/1200100908 (accessed: 14.03.2023). 
2 ASTM C293/C293M-16 Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with Center-Point 

Loading). American Society for Testing of Materials: West Conshohocken PA USA 2016. 
3 ASTM C496 Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens. American Society for 

Testing of Materials: West Conshohocken PA USA, 2017. 
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printed reinforcement. Compared to the unreinforced sample, this may result in material fracture under 
compression at lower stress levels. Printed reinforcement may introduce numerous interfacial zones between the 
matrix and reinforcement, facilitating the crack initiation in reinforced specimens. In addition, the spacing 
regions of the printed reinforcement make matrix compaction slightly more challenging in the reinforced 
specimens, possibly resulting in more imperfections than in the unreinforced specimens. One more justification 
for the lower strength of reinforced specimens in comparison with the unreinforced one might be because of the 
weak bond between the reinforcement surface and the cement. 

 

 
 

Figure 8. Variation of compressive stress with strain for cubic samples 

 
It should be noted that the printed shell exhibited only natural roughness because no specific measures were 

taken to improve the bond in the tests. However, if necessary, printing the reinforcement with a specific surface 
roughness and morphology will undoubtedly increase the bond significantly. In previous research, it was also 
found that reinforced samples had a lower compressive strength. Salazar et al., for example [29] utilized 3D-
printed polymeric lattices made of either Acrylonitrile Butadiene Styrene (ABS) or PLA to reinforce UHPC. 
Their findings demonstrated that the reinforced sample had a lower compressive strength than the unreinforced 
sample. The strength was decreased because less of the high compressive-modulus UHPC was incorporated into 
the specimens due to using lattice reinforcement. 

In contrast to the unreinforced sample, the reinforced sample’s core did not yield, and only the cover was 
separated from the reinforced portion, as shown in Figure 9. The 3D-printed reinforcement had the possibility to 
help the center of the specimen. In addition, the first reinforced sample had a stronger connection to the 
cementitious matrix than the second. In the first reinforced specimen, because the lower part of the support has 
fewer openings, most of the aggregates are in the center and inside the shell. However, additional holes are at the 
bottom of the reinforcement in the second case. As a result, most of the aggregates will be found in the center of 
the sample because the concrete was poured through the holes. Consequently, the strength will be greater if more 
aggregates are in the sample center. 

 

a   

 

b   

 

c

Figure 9. Sample after  compression tests: 
a —  unreinforced; b — first reinforced; c — second reinforced
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3.2. Tensile Strength. Because the printed PLA shell in reinforced specimens constitutes a part of the cross-
section in tension tests, Table 6 demonstrates that the unreinforced sample has the highest tensile strength value 
of all the samples. As a result, reinforced specimens have a lower tensile strength because the matrix’s actual 
cross-section area is smaller than the unreinforced specimen. In addition, because the reinforced specimens were 
shaken externally to eliminate internal air bubbles and evenly distribute the mixture throughout the mold, the 
reinforced sample has less compaction than the unreinforced specimen. Be that as it may, for the unreinforced 
example, the mixture layers were compacted with steel bars. Other possible explanations for the higher tensile 
strength of the unreinforced specimen in comparison to the reinforced ones include the printed reinforcement’s 
higher geometrical variability and less homogenous microstructure. 

Table 6 
The values of tensile strength 

Specimens Unreinforced sample First reinforced sample Second reinforced sample 

Tensile strength, MPa 5.49 4.11 2.86 

 
The unreinforced specimen split into two different fragments, as depicted in Figure 10. The fragments 

demonstrate the brittle nature of the unreinforced specimen, which fractures catastrophically and without 
warning. However, because the reinforcement was 3D-printed, the reinforced samples’ cores remained intact, 
only the concrete cover failed. In other words, when subjected to tension, the unreinforced specimen displayed 
the typical brittle behavior of cementitious materials. It only developed one crack and has a low strain capacity. 
However, specimens reinforced with a 3D-printed PLA shell can withstand greater strains. The concrete 
samples’ ductility significantly increased due to the 3D-printed PLA reinforcement’s ability to prevent complete 
splitting. It very well may be likewise seen that a single shear plane developed in the unreinforced specimen. 

 

 

 

 

 

 
 
 
 
 

 
Figure 10. Sample after tension tests: 

a —  unreinforced; b — first reinforced; c — second reinforced 

 
In contrast, reinforced specimens contained many longitudinal cracks oriented parallel or nearly parallel to 

the external tensile stresses near the failure zone. Cementitious composites’ deflection and tensile strain capacity 
were significantly increased when PLA reinforcement was used compared to the control specimen. Zhang et al.’s 
findings are consistent with this finding [36]. By conducting Brazilian splitting tests, it was demonstrated that 
3D-PP reinforced cemented tailings backfill (CTB) samples have higher strains. In addition, the study discovered 
that adding 3D-PP effectively mitigates the damage process inherent in conventional CTB and enhances the 
strength property of the backfill. In another review, Mechtcherine et al. [37] also showed that the tensile strength 
of 3D-printed steel bars was about 20 % lower than that of conventional reinforcement bars. However, 3D-
printed steel bars outperformed conventional bars in terms of yielding and strain capacity. 

3.3. Flexural Strength. Figure 11 shows the variation of flexural stress with strain for prismatic samples. As 
seen from the figure, the inclusion of 3D-printed reinforcement does not fundamentally alter the behavior of the 
UHPC prior to the maximum stress, but it significantly enhances the post-cracking behavior of UHPC. The 
conventional concrete had linear behavior, while the reinforced concrete had nonlinear behavior. Figure 12 
shows that the deformation of the reinforced was more than conventional concrete.  

a   

 

b   

 

c   
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Figure 11. Variation of flexural stress with strain for prismatic samples 

 
 

Figure 12. The deformation versus curve 

 
The flexural strength of the unreinforced sample was greater than that of the 3D-printed reinforcement 

sample, as shown in Table 7. Compared to the unreinforced sample, the neutral axis of the reinforced sample is 
shifted closer to the sample’s top side due to the reinforcement’s lower elastic modulus than the cementitious 
matrix. Consequently, the reinforced sample’s bottom side will experience higher tensile stress at the same 
bending moment. Likewise, because the reinforced specimen might contain imperfections, for example, trapped 
air voids because of poorly performed vibration, the flexural resistance strength in the unreinforced specimen is 
generally higher than the reinforced one. Similarly, Le et al. [38] demonstrated that 3D-printed reinforcement 
had lower strength values (compressive strength of 75–102 MPa and flexural strength of 6–17 MPa). In contrast, 
unreinforced concrete had high strengths (107 MPa in compression and 11 MPa in bending). 
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Figure 13. Unreinforced sample after failure

Table 7 
The values of flexural strength 

 
 
 
 
 
Figure 13 demonstrates the failure of an unreinforced prismatic 

sample. The failure of this sample during the flexure test was 
immediate. The sample was broken into two parts after cracks 
appeared as the load increased. In other words, it showed classic brittle 
material behavior. The fracture was catastrophic and sudden at low 
deformation, with failure characterized by one full-depth crack near 
the center of the beam. 

The gradual failure of the 3D-printed reinforcement sample is 
shown in Figure 14. There was a time lag between the cracks 
appearing and the sample failure. On the sample’s surface, the crack 
propagation can be seen. The crack had a narrow width at the start of 
the loading. The cracks spread throughout the sample and got wider as 
the loading progressed. As it moved toward the compression zone, the 
numerous cracks widen in the tension zone. The observed cracks begin 
in the middle of the beam’s span and move upward. The bottom of the 
reinforced specimen experiences significant tensile stresses during the flexural process. Cracks will appear when 
the material reaches its tensile strength. One of the multiple cracks eventually becomes the dominant crack, 
significantly decreasing the sample’s load capacity. The failure occurred in the reinforced specimen without the 
sample collapsing, making it challenging to distinguish the two sections from one another. This response clearly 
demonstrates that the reinforcement significantly altered the brittle cracking failure of cementitious mortar to 
ductile failure. Cracking and tortuous crack paths are associated with the ductility-enhancing mechanisms that 
occur during bending. 3D-printed shell can restrict the spread of breaks and give the concrete, effective 
resistance against more intense loadings after the presence of breaks (Figure 15). The findings are consistent 
with those of previous investigations. Salazar and others [29] stated that the 3D-printed reinforcement 
successfully converted the UHPC’s brittle behavior into a ductile one. Mechtcherine and others [37] 
demonstrated that using 3D-printed steel bars in concrete enhanced ductility and strain capacity compared to 
conventional bars. Farina and others [18] concluded that the unreinforced specimens fail brittlely and have no 
residual strength after the crack has begun. 

In contrast, specimens reinforced with polymeric and metallic 3D-printed fibers demonstrated residual load 
carrying capacity. Flexural studies by Xu and Šavija [1] revealed that unreinforced specimens displayed a brittle 
response with a comparatively modest deflection at failure. Then again, all specimens built up with 3D-printed 
polymeric lattices could withstand considerably higher displacement. Xu et al. [39] utilized 3D-printed 
polymeric octet cross-section structures to reinforce cementitious composites and noted higher flexibility 
compared to the unreinforced test.  

 

 
a b c d

Figure 14. 3D-printed reinforced sample: 
a — cracking moment; b — crack propagation; c — appearance of more cracks; d — failure 

Specimens Unreinforced sample Reinforced sample 

Flexural Strength (KN) 248 147 



Хематибахар М. и др. Строительная механика инженерных конструкций и сооружений. 2023. Т.19. № 5. С. 534–547 
 

 

СТРОИТЕЛЬНЫЕ МАТЕРИАЛЫ И ИЗДЕЛИЯ  545 

   

 
 

a b c
   
 

 

 

 d e  
    

Figure 15. The 3D-printed reinforcement specimen failure mode

4. Conclusions 

The main goal of the current study was to improve the mechanical properties and fracture mechanism of 
concrete by using 3D-printed reinforcement instead of steel bars, etc. For this purpose, the compressive, tensile, 
and flexural strength values of different 3D-printed reinforcement and unreinforced samples were determined 
and analyzed. The achieved findings of this research can be summarized as follows:  

1. The UHPC samples with 3D-printed reinforcements showed poor mechanical properties compared to the 
unreinforced ones. The compressive, tensile, and flexural strengths of reinforced samples were less than those of 
unreinforced. 

2. The reinforced samples indicated ductile behavior, while the behavior of the unreinforced samples was 
brittle. In other words, although the 3D-printed samples had weaker mechanical properties than the unreinforced 
ones, they could carry a load even after failure. The weakness of 3D-printed polymer reinforcement can be they 
by creating a very complicated spatial shape with artificially created roughness of its surfaces. Such spatial 
reinforcement, the creation of which is not possible using steel bars, would match the strength properties of steel 
cages. 

3. The fracture mechanism of concrete improved by using 3D-printed reinforcement. The ductility of UHPC 
can be efficiently increased with 3D-printed reinforcement made from PLA, which is widely utilized in AM and 
is available at a reasonable cost.  

4. The current study presents a new method for reinforcing concrete. The obtained results prove that 3D-
printing can convert ideas into reality.  

Hence, it can be concluded that using a 3D-printed honeycomb PLA shell structure as reinforcement in 
concrete results in energy absorption improvement, weight reduction, and good symmetry. It should be noted 
that the polymer required for a 3D-printer can also be obtained from waste polymers. Utilization of large 
amounts of recycled polymer for 3D-printed reinforcements would be advantageous in terms of both the 
construction industry and environmental protection. Furthermore, it allows to control the reinforcement distri- 
bution within a structure precisely. 
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