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Abstract

It has been published in recent research studies that several mechanical properties of mortar reinforced with suitably spatial shaped 

plastic elements can be improved. Thus, a hexagonal geometric shape was chosen due to its high rigidity for this study. Stress 

distribution at a bi-material interface between a polymer part reinforcing a mortar specimen and the rest of the mortar part has been 

investigated to explain fatigue fracture behavior of rectangular specimens tested. A three-point-bending (3PB) test was simulated via 

a finite element method (FEM) considering several simplifications, and various heights of the polymer reinforcement were modeled to 

investigate its influence on stress redistribution. For comparison, a pure mortar specimen without any plastic elements was considered 

the reference. The numerical results obtained are discussed and compared to the experimental ones. Within the experimental 

campaign, bulk density, static properties and fatigue characteristics were tested, analyzed and discussed. Improvements in flexural 

strength were observed when the plastic panel was used as reinforcement, which agrees with other scientific works. Directions for 

future research were identified.
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1 Introduction
One of the typical mechanical properties of concrete is 
its much higher resistance to compressive stresses than to 
tensile ones. The concrete's tension capability is about ten 
times lower than the compression one. This is the main 
reason why concrete members are reinforced on their 
tensile side to avoid failures caused by internal tensile 
stresses. This kind of reinforcement should prevent the 
structure from bending stresses, but concrete structures 
can also require reinforcement against shear forces, tem-
perature and/or shrinkage cracking. Several concrete rein-
forcements have been developed, such as re-bar (steel or 
non-metallic), fiber-reinforced polymer sheet, pre-stressed 
cables, fiber-reinforcement, wire mesh reinforcement etc., 
see e.g., [1]. Also non-conventional types of reinforcement 
of concrete are becoming more and more popular [2].

Since the invention of reinforced concrete, the most 
widely used material for reinforcement has been steel in 
various forms. In the second half of the twentieth cen-
tury, stirrups and meshes started to be replaced by 

steel fibers [3], but steel re-bars remain the most widely 
extended type of concrete reinforcement. Development of 
3D printing brought new possibilities for strengthening 
of concrete members. At present, 3D printing is the best-
known and disseminated additive manufacturing technol-
ogy (see e.g., Kruth et al. [4] or Wong and Hernandez [5]). 
Various applications of 3D printing in civil engineering 
are discussed for instance in [6]. Skoratko and Katzer [6] 
shows spatial plastic elements as promising but so far 
underestimated types of concrete reinforcement. Katzer 
and Szatkiewicz [7] using plastic 3D printed elements as 
a stay-in-place formwork for beams is investigated and it 
is found out that mechanical behavior of such elements 
is similar to steel fiber reinforced concrete, ferrocement 
and reinforced concrete. Furthermore, it is concluded in 
the paper that it is possible to substitute steel reinforce-
ment in concrete beams by 3D printed Acrylonitrile-
Butadiene-Styrene (ABS) formwork. In the work of Katzer 
and Skoratko [8], three types of columns' shapes (most 
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common, rare, and impossible to be realized using tradi-
tional formworks – based on fractals) were investigated 
using 3D printed plastic columns formworks. Again, it was 
proved that it was possible to create concrete-plastic col-
umns with satisfactory mechanical characteristics. It was 
also highlighted that fractal-based column's characteristic 
of ultimate destruction could be useful during earthquake, 
explosion and other emergency situations. 3D printed 
polymeric octet lattice structures were used as reinforce-
ment to develop cementitious composites with enhanced 
ductility in Hu et al. [9]. Both experiments and numeri-
cal simulations were performed, and it was found out that 
the reinforced specimens had a significantly increased 
flexural ductility compared to plain mortar. All the works 
mentioned show that although the mechanical properties 
of plastic are low (in comparison to steel), a suitably sug-
gested complex spatial shape of 3D printed plastics ele-
ments (such as rectangular cross-sections with and without 
ribs [7], a hexagonal honeycomb panel [10] and/or gyroid 
structures [11] are promising for concrete reinforcement. 
Moreover, substituting steel reinforcement with plastic 
in various concrete elements could help to make the con-
struction industry more eco-friendly by utilizing recycled 
plastics for 3D printed reinforcements [12]. The innovative 
use of 3D printed plastic reinforcement in concrete offers 
a compelling path towards more sustainable construction. 
This approach presents several advantages, including:

• Enhanced performance: the unique flexural proper-
ties of 3D printed plastic make it ideal for uncon-
ventional applications where quasi-plastic behavior 
is required, such as structures exposed to impacts, 
vibrations, or seismic activity.

• Waste reduction: utilizing recycled plastic to cre-
ate 3D printing filaments offers a novel solution for 
waste management [13, 14].

• Reduced steel consumption: partial substitution of 
steel reinforcement with plastic significantly reduces 
CO2 emissions associated with steel production.

• Lower density: the significantly lower density of 
plastic compared to steel results in lighter concrete 
elements, potentially leading to reduced transporta-
tion costs and improved structural efficiency.

• Simplified recycling: the lower melting point of 
plastic compared to steel facilitates easier and more 
environmentally friendly recycling, potentially lead-
ing to the creation of new 3D printing filaments from 
recycled plastic.

However, this promising technology also presents 
challenges:

• Separation during demolition: the lack of established 
techniques for separating plastic reinforcement from 
concrete during demolition requires further research 
and development.

• Fire resistance: the lower melting point of plastic 
raises concerns about fire resistance, necessitating 
thorough investigation and potential design modifi-
cations for applications where fire safety is critical.

Despite these challenges, the potential of 3D printed 
plastic reinforcement to revolutionize the concrete indus-
try is undeniable. By addressing these challenges through 
dedicated research and development, this innovative tech-
nology can pave the way for a more sustainable and envi-
ronmentally responsible future for construction.

Failures of engineering structures are often assessed from 
the point of view of fatigue failure. This is a very crucial 
factor for the design of civil engineering materials, struc-
tural components and structures. It is necessary to ensure 
safety and reliability throughout the service life of a struc-
ture. This is particularly important for structures subjected 
to cyclic loading, as noted by Lee and Barr [15]. Cyclic 
stress can cause material failure before the strength limit 
is reached, making this type of failure particularly danger-
ous. Nevertheless, studies on investigations of various phe-
nomena corresponding to fatigue of concrete structures are 
rather recent [16]. Many of them are devoted to analysis of 
the very important size effect which is typical for concrete 
as a quasi-brittle material [17, 18]. Also the authors' collec-
tive has been involved in investigations on various fatigue 
issues in concrete materials and structures, such as: eval-
uation of fatigue crack behavior in self-compacting con-
crete [19], comparison of S-N curves of concrete C50/60, 
High Performance Concrete and Alkali-Activated Concrete 
fatigue properties [20], evaluation of mechanical fracture 
properties of cement composite based on lunar aggregate 
simulant [21], proposal of a novel methodology for tran-
sition from the S-N field to Paris' law [22] and/or quanti-
fying the effect of fiber content on the fatigue response of 
fine-grained cement-based composites [23]. All the referred 
works prove the ability of the authors to assess fatigue 
behavior of the novel structures suggested within this work.

Particularly, in this study, specimens made of combina-
tion of a conventional mortar and ABS plastic were inves-
tigated both experimentally and numerically. The goal 
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was to assess fatigue properties and stress distribution in 
the suggested reinforced specimens made of combination 
of mortar and 3D printed plastics.

2 Materials and specimen geometry
As mentioned above, specimens made of combination 
of a conventional mortar and ABS plastic were ana-
lyzed. Due to the fact, that spatial 3D printed elements 
are a quite new approach to reinforce concrete there is 
no full literature knowledge regarding their influence on 
mechanical properties of structural "concrete-plastic" ele-
ments [6, 24, 25]. In this work, 3D-printed hexagonal hon-
eycomb panels (see Fig. 1) were used as a reinforcement 
for a rectangular mortar specimen. This shape was cho-
sen because hexagonal honeycomb panel structures have 
high strength and stiffness compared to other types of 
structures, see [26, 27]. The hexagonal arrangement of the 
cells in the structure evenly distributes loads and stresses, 
resulting in higher load-carrying capacity and resistance 
to deformation. The plastic height and wall thickness were 
chosen using an orthogonal experiment design keeping in 
mind the size of specimens and technical abilities of har-
nessed 3-D printer. This type of design of an experiment 
was previously successfully used by some members of the 
research team while testing non-conventional fibre rein-
forced concretes [28]. Current research builds upon previ-
ous work with concrete elements reinforced by spatial 3D 
printed elements [7]. A triangular cross-section was cho-
sen to maximize mechanical performance for the three-
point-bending test. The design of the complex experimen-
tal campaign was focused on two key variables: the height 
of the reinforcing element (5, 10, 15 and 20 mm and the 
thickness of the hexagon wall (1, 1.33, 1.66 and 2 mm). 
In this paper, results obtained on selected reinforce-
ment configurations are presented. The numerical study 
and fatigue experiment complement the research in [10], 
where flexural characteristics of a cement mortar prism 
specimen reinforced with hexagonal spatial elements were 
introduced and analyzed.

Mortar specimens were prepared from cement CEM I 
42.5 N-NA, standardized CEN sand (EN 196-1:2016 [29]) 
characterized by a median grain diameter of 0.24 mm [30] 

and tap water. The mixture composition of the mortar is 
given in Table 1. From Table 1, the water-cement ratio of 
the mixture can be calculated as 225/450, thus w/c = 0.5.

ABS was chosen as a filament for 3D printing of rein-
forcing elements. It is a thermoplastic copolymer known for 
its durability, strength, and impact resistance [10, 30, 31]. 
It is a commonly used material in the manufacturing of 
various products such as automotive parts, toys, electronic 
housings, and household appliances. Its important advan-
tages are that it is easy to shape, has good heat resistance, 
and can be easily colored and molded, making it a multipur-
pose material for a wide range of applications. Key advan-
tages of ABS in comparison to other commonly used fila-
ments are its toughness, heat resistance, superior aesthetics, 
minimal warping, and reliable bed adhesion. Additionally, 
ABS plastic is lightweight and has good chemical resis-
tance, which further adds to its suitability for use in various 
industries. ABS has been proven effective as a material for 
creating non-conventional 3D printed reinforcement [7]. 
The key properties of the ABS filament provided by the 
producer are presented in Table 2. Methods of preparation 
and basic static and quasi static properties were thoroughly 
described in a previous publication, see [10].

The 3D printing process was meticulously designed 
to ensure that each hexagon wall consisted of three dis-
tinct layers. The wall thickness was varied, necessitating 
corresponding adjustments to the thickness of these lay-
ers. Printing was conducted using cores of two different 
sizes, 0.6 mm and 0.8 mm. All layers, including the exter-
nal ones and the infill, were printed as solid structures to 
maximize strength in all directions. The printing speed 
averaged at 25 mm/s. This three-layered configuration of 
the hexagon walls is illustrated in a microscopic image 
presented in Fig. 2.

Linear elastic properties (Young's modulus and 
Poisson's ratio) for mortar and ABS were approximately 
20 GPa and 0.2 and 2 GPa and 0.4, respectively.

16 rectangular W × B × L mortar specimens (40 × 40 × 
160 mm3 ) were prepared for each series, see Fig. 3. The size 
of hexagons, thickness (1.33 mm) and their spacing were 
constant for all 3D printed reinforcing elements, see Fig. 1. 
The bulk density measured for the reinforcement height 

Table 1 Mixture composition for one batch

Ingredient Mass (g) Density 
(g/cm3)

Volume 
(cm3)

Standardized CEN sand (EN 196-
1:2016 [29]) 1350 2.650 509.4

Cement CEM I 42.5 N-NA 450 3.100 145.1

Tap water 225 1.000 225.0Fig. 1 A hexagonal honeycomb panel
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10 mm (H10) and basic mortar (H0) was 2091 22.59 kg/m3 

and 2133 ± 11.51 kg/m3, respectively.

3 Fatigue experiment
The fatigue tests were carried out using the experimen-
tal set-up shown in Fig. 4. A computer-controlled ser-
vo-hydraulic testing machine under load control was used. 
The ratio of minimum stress to maximum stress in one 
cycle of loading in a fatigue test (R = Pmax /Pmin ) was equal 
to 0.1. The controlled load frequency for the fatigue tests 

was equal to 10 Hz. The fatigue endurance limit was deter-
mined based on an S−N (Wöhler) curve. The number of 
2 × 106 cycles was used to consider the safe applied stress 
amplitude (σa ) for loading during the whole component 
lifetime. The experiments were performed in a laboratory 
with controlled temperature and humidity. The temperature 
was set to 23 ± 2 °C and the absolute humidity was kept at 
10 g/m3 (the corresponding relative humidity is 50 ± 2%).

Fatigue performance of materials is described by 
fatigue curves, which represent the dependence of fatigue 
lifetime on the number of cycles to failure, also known 
as S–N (Wöhler, [32]) curves. Often, S–N curves are rep-
resented as a straight line in a semi-logarithmic plot as 
the solution provided by Basquin's relationship [33, 34]. 
Accordingly, the relation between the stress range Δσ and 
the lifetime (number of cycles N) is given by Eq. (1):

�� a
BAN� .  (1)

where the parameters A and B represent the independent 
term and the slope of the resulting straight line, respec-
tively, in double logarithmic scale.

Basquin's law is not valid in the low cycle fatigue 
region, so caution should be used if the calculated life-
time is low [33]. In our study, the interval of the number 
of cycles for the application of Basquin's relationship was 
from 1 × 103 up to 2 × 106 cycles (endurance limit for com-
posites, see [35–37]).

When applying a given completely reversed stress Δσa 

greater than the endurance limit, the number of stress 
reversals (N  ) after which fatigue failure will occur can be 
determined as:

Table 2 Key properties of the ABS filament used in this study

Property Value

Density (kg/m3) 1100

Melting point (°C) +225

Heat deflection (HDT) at 0.455 MPa 86.6 ± 0.4 °C

Vicat softening temperature 93.8 ± 0.7 °C

Glass transition 100.5 °C

Diameter (mm) 2.85

Thermal decomposition (°C) >+280

Tensile modulus (MPa) 1681.5

Tensile stress at yield (MPa) 38.1 ± 0.3

Tensile stress at break (MPa) 33.9

Elongation at yield (%) 3.5

Elongation at break (%) 4.8

Flexural strength (MPa) at 5.1% strain 70.5

Flexural strain at break No break (>10%)

Flexural modulus (MPa) 2070.0

Charpy impact strength (at 23 °C) 14.2 ± 1.2 kJ/m2 (Hinge)

Hardness 76 Shore D

Fig. 2 Microscopic view of three-layered 3D printed ABS hexagonal walls

Fig. 4 Experimental set up for fatigue measurement of specimen with 
dimensions of 40 × 40 × 160 mm3 (120 mm span)

Fig. 3 Photo of a specimen with dimensions of 40 × 40 × 160 mm
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4 Numerical study
Of course, the real specimen made of combination of mor-
tar and honeycomb plastic subjected to three point bend-
ing exhibits lots of difficulties for numerical modelling. 
Nevertheless, to obtain basic information about the influ-
ence of the polymer reinforcement on the stress distribu-
tion in the bi-material specimen, several simplifications 
have been accepted (in terms of material models, geom-
etry and boundary/interface conditions). A two-dimen-
sional (2D) geometry of a rectangular W × B × L (LS) 
mortar specimen (40 × 40 × 160 (120) mm) reinforced by 
a triangular polymer part of various height H subjected to 
three-point-bending was utilized for the parametric study. 
To assess the effect of the presence of the various amount 
of the polymer reinforcement, different heights of the 
polymer triangle were considered: 0; 5; 10; 15 and 20 mm. 
The specimen was modelled via finite elements (FE) in 
ANSYS commercial code [38]. A scheme of the specimen 
with boundary conditions can be seen in Fig. 5 and FE 
mesh with boundary conditions in Fig. 6, where also the 
interface is highlighted. Quadrilateral PLANE183 8-node 
elements were used to model the geometry of both parts 
of the specimen. The size of the elements varied between 
ca. 0.1 and 1 mm in dependence on their location, because 
the FE mesh was refined near the supports and the loading 
force. The model was made up of a total of approximately 
14 thousand elements and 44 thousand nodes. Plane strain 
conditions were prescribed. For mortar and ABS, the lin-
ear elastic properties (Young's modulus and Poisson's 
ratio) were 20 GPa and 0.2 and 2 GPa and 0.4, respectively. 

Thus, the linear solver was applied for solution. The inter-
face between ABS and mortar was modelled using per-
fect adhesion. This assumption follows the experimental 
observations when the failure occurs more due to the stress 
concentration due to the geometry of the ABS reinforce-
ment as no delamination between the individual materi-
als has been observed. The stress distribution at selected 
places, for instance on the interface as presented in Fig. 6, 
was investigated for the defined force F = 0.1 kN and due 
to the linear nature of the solution it can be easily (lin-
early) modified to any other loading force.

5 Results and discussion
The experimentally obtained pilot fatigue results (S–N 
curves) for the studied composite are shown in Fig. 7, 
where the bending stress amplitude applied during the 
fatigue experiments is plotted against the logarithm of the 
number of cycles to failure or at 2 × 106 cycles, a lim-
ited number of cycles, for runouts, i.e., for unbroken spec-
imens. The values of A, B describing the fatigue behavior 
of both configurations considered with the coefficient of 
determination are shown in Table 3.

Application of the hexagonal honeycomb panel increases 
the maximum force obtained for pure mortar specimens 
from static tests Pmax(H0) = 2.21 kN (that corresponds 
to the stress value of 2.68 MPa) to Pmax(H10) = 3.4 kN 
(that corresponds to the stress value of 4.12 MPa), but it 
decreases the fatigue strength of the pure mortar speci-
mens for 2 × 106 cycles to 55% for H10, see Table 3.

Fig. 8 shows cracking patterns of ultimately destroyed 
specimens with H (0 and 10 mm) for different approximately 
given numbers of cycles, static test N = 1 ( Pmax ), low cycle 
fatigue for composite N = 1 × 103 and for high cycle regime 
N = 1 × 104. It is obvious from Fig. 8 that the plain cement 
mortar specimens fail regularly opposite the 3PB loading 
and the crack propagates perpendicularly to the specimen 
surface, independently of the number of cycles. On the other 
hand, the presence of the ABS reinforcement causes stress 
concentrations at specific places of the bi-material specimen, 
which can lead to crack propagation from these locations or 
generally to different crack paths. Such a phenomenon could 
be observed in the right column of Fig. 8.

The main goal was to compare the results of the numer-
ical simulations with experimental data obtained from 
both static and cyclic tests, see examples of broken spec-
imens in Fig. 8. The tested specimens break in a specific 
manner in some cases and the FE simulations (see Fig. 9, 
where σ1 for H10 configuration is plotted in the selected 

Fig. 5 Scheme of the rectangular mortar specimen (40 × 40 × 160 mm3 
(120 mm span)) reinforced by an orange polymer part at its bottom 

subjected to three-point-bending

Fig. 6 FE mesh with applied boundary condition and marked interface
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range of values to better illustrate the stress distribution) 
should help to understand if there is some reason for such 

a kind of failure. Stress tensor components as well as prin-
cipal stresses were analyzed.

The stress distribution especially at the interface 
between the mortar and ABS element (which is probably 
the most important place regarding the failures observed 
during experiments) obtained for various reinforcement 
height H was compared. The interface where the stress 
components were investigated is highlighted in Fig. 5 and 
the results of the principal stress σ1 and the shear stress σxy 
along the interface can be found in Fig. 10.

As both plots show, the dangerous location appears 
both in the middle of the specimen and above the support 
at the polymer/mortar interface during the 3-point-bend-
ing test. The influence of the supports on the stress distri-
bution is obvious. Of course, the exact values are affected 
by the size of the elements, and they include numerical 
errors at this specific location which is related to the way 
the support is modelled. Due to the set-up of the exper-
iment, the first principal stress reaches positive values 
under the loading force that decrease and even change into 
negative values near the support, i.e., compressive stresses 
are presented. Shear stresses seem to be negligible along 
the interface, but they also exhibit a peak at the location 
above the support. Note that the values of the shear stress 
peaks in the region above the support are almost compa-
rable to the absolute values of the principal stress. Thus, 
it seems that the bi-material interface above the support 
can be dangerous from the point of view of specimen fail-
ure. Nevertheless, as it is obvious in Fig. 8, most of the 
specimens fail during both static and fatigue tests in the 
middle of the specimen where the principal tensile stresses 
are the highest. The only exception is the case of mortar 
specimen with the plastic reinforcement loaded statically. 
This can be related to the above-described results of shear 
stresses distribution in combination with the presence of 
a defect at the bi-material interface near the support.

From the numerical simulations, it can be also seen 
that the existence of the compliant plastic reinforce-
ment part in the mortar specimen decreases slightly the 
values of the principal stress along the whole interface, 
which could explain the higher values of critical load-
ing forces observed experimentally during static tests. 
Unfortunately, fracture surface analysis on mortar materi-
als is not so valuable as on metallic materials to be able to 
better understand why the fatigue strength decreases when 
the polymer part is presented.

Based on the results presented, the following state-
ments can be summarized:

Table 3 Values of Basquin's relationship constants A, B describing the 
fatigue behavior of studied specimens with and without ABS with the 

coefficient of determination R2

Configuration A B R2 Fatigue strength σc (MPa)

H0 2.697 −0.018 0.68 2.08

H10 3.489 −0.076 0.89 1.16

Fig. 7 Data and evaluation of H0 and H10 specimens: (a) Experi- 
mentally obtained results for H0 and H10 specimens from static test 
up to runout 2 × 106 (marked here by empty circles); (b) evaluation of 
fatigue results by Basquin's law in the interval 1 × 103 up to 2 × 106

(a)

(b)
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• Bulk density: the study indicates that bulk den-
sity is slightly decreased in the specimens made of 
ABS reinforced mortar. This is because ABS, which 
has a lower bulk density, is used in place of mortar, 
which has a higher bulk density. The H10 specimen 
exhibits a bulk density reduction of roughly 1.7% 
when compared to the homogenous specimen.

• Static tests: the hexagonal honeycomb panel’s appli-
cation increases the static characteristics. The values 
of Pmax(H0) = 2.21 kN and Pmax(H10) = 3.4 kN, corre-
spond to the stress values of 2.68 MPa and 4.12 MPa, 
respectively. This can be explained by the decrease in 
the principal tensile stress found out numerically in 
specimens with compliant plastic panels.

• Fatigue properties: experimental results and S–N 
curves evaluation showed that hexagonal honeycomb 
panels made from ABS decrease the fatigue properties 
especially at the endurance limit. Thus, utilization of 
structures reinforced by ABS cannot be recommended 
for cyclically loaded structures, where fatigue failure 
mechanisms take place, due to different mechanisms 
of crack initiation. For the H10 specimens, the fatigue 
strength at 2 × 106 cycles is reduced to 55% compared 

Fig. 8 Cracking patterns of ultimately destroyed specimens with various H (0, 10 mm) for different approx. number of cycles

Fig. 9 Distribution of the principal stress σ1 in MPa calculated via FE 
simulations for the H10 configuration
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to the H0 specimens. More both experimental (other 
concrete and plastic materials, other shapes of the 
reinforcement) and numerical (more advanced mate-
rial models, boundary conditions, cohesive mod-
els) investigations can help to better understand and 
explain the phenomenon observed.

• Stress distribution: a numerical study via finite ele-
ments on a simplified numerical model of the 3PB 
bi-material specimen has been performed to investi-
gate stress redistribution in a rectangular mortar spec-
imen reinforced by a polymer part. It can be observed 
that dangerous locations appear both in the middle 
of the specimen and above the supports during the 
3-point-bending test. Unfortunately, the values above 
the supports are distorted by numerical errors related 
to the way the supports are modelled. Nevertheless, 
the values of the shear stress peaks in this region 
could be comparable to the absolute values of the 

principal stress. Thus, in combination with the pres-
ence of an initial defect, this place can be also danger-
ous from the point of view of failure. Unfortunately, 
an analysis of fracture surfaces on mortar materials 
would probably not help to better understand the 
mechanisms of failure. Also including the complex 
geometry, material models and more realistic bound-
ary conditions into the assessment of fracture behav-
ior of such bi-material structures is intended.

• Generally: the obtained results show that it is pos-
sible to efficiently reinforce mortar by spatial 3D 
printed polymer elements which is in good agree-
ment with recent research of other scientists. The 
shape, size and material of a spatial 3D printed ele-
ment affect the flexural behavior of a prism specimen 
in a wide range and this influence should be further 
analysed to find specific optimizations and/or gen-
eral recommendations.

6 Conclusions
Selected properties of mortar specimens with a hexag-
onal honeycomb panel as a reinforcement was investi-
gated. An experimental campaign was performed on both 
pure mortar specimens and specimens with a suggested 
ABS reinforcement. In addition, numerical simulations 
were performed to investigate stress redistribution and to 
support findings from the experimental campaign. It was 
shown that replacement of a part of the mortar specimen 
by a 3D printed plastic element with suitably suggested 
complex spatial shape can enhance the static strength of 
such elements which agrees with recent scientific studies. 
Explanation of the decrease in fatigue strength of mortar 
specimens containing the plastic part requires further inves-
tigations. The data used in this study can be read in [39].
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Fig. 10 Stress distribution at the bi-material interface: (a) principal 
stress σ1; (b) shear stress σxy
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