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Abstract: The optimization and evaluation of 3D-printed polylactic acid (PLA) materials
for reinforcing concrete elements present a promising avenue for advancing sustainable
construction methods. This study addresses the challenges associated with PLA’s dual
nature—biodegradable yet mechanically limited for long-term applications—while lever-
aging its potential to enhance concrete reinforcement. The research identifies gaps in
understanding PLA’s mechanical and chemical behavior in alkaline environments, par-
ticularly its interactions with concrete matrices. To bridge this gap, four distinct PLA
variants (high-impact PLA, engineering PLA, electrical ESD PLA, and gypsum PLA) and
ABS (acrylonitrile butadiene styrene) were subjected to dissolution tests in NaOH solutions
(pH 12 and 12.55) and mechanical evaluation under three-point bending using digital
image correlation (DIC) technology. Test specimens were prepared using optimized 3D
printing strategies to ensure structural consistency and were embedded in concrete beams
to analyze their reinforcement potential. Force–displacement data and GOM ARAMIS
measurements revealed significant differences in mechanical responses, with peak loads
ranging from 0.812 kN (high-impact PLA) to 1.021 kN (electrical ESD PLA). Notably, elec-
trical ESD PLA exhibited post-failure load-bearing capacity, highlighting its reinforcement
capability. Chemical dissolution tests revealed material-specific degradation patterns, with
high-impact and Gypsum PLA showing accelerated surface changes and precipitation
phenomena. Observations indicated white crystalline precipitates, likely lime (calcium
hydroxide—Ca(OH)2), residue from the dissolution tests (sodium hydroxide—NaOH), or
material-derived residues formed on and near PLA elements, suggesting potential chemical
interactions. These findings underline the critical role of material selection and optimization
in achieving effective PLA–concrete integration. While PLA’s environmental sustainability
aligns with industry goals, its structural reliability under long-term exposure remains a
challenge. The study concludes that electrical ESD PLA demonstrates the highest potential
for application in reinforced concrete, provided its chemical stability is managed, as its
peak value (1.021 kN) showed 25.7% higher load-bearing capacity than high-impact PLA
(0.812 kN) and did not lose any of its structural stability in the dissolution tests. This work
advances the understanding of PLA as a sustainable alternative in construction, offering
insights for future material innovations and applications.

Keywords: sustainability; FDM; PLA; 3D-printed structures; glass-reinforced PLA; reinforced;
concrete; DIC; GOM ARAMIS; GOM ATOS
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1. Introduction
The 21st century’s engineering undoubtedly plays a prime role in the pursuit of the

greatest human needs, incorporating many forms of engineering, such as civil [1–5], me-
chanical [6–9], electrical [10,11], vehicle engineering [12,13], transportation, logistics [14,15],
cognitive mobility [16–20], and environmental and chemical engineering [21,22], towards
the quest of sustainable development [23–26]. They are responsible for developing sustain-
able engineering systems, and civil engineering is responsible for addressing the infrastruc-
tural systems of present-day societies with highly resilient and environmentally friendly
materials. Moreover, mechanical engineering develops systems and machines that require
less energy to operate. Electrical engineering promotes the use of renewable energy systems
and establishes smart grid networks, which include sustainable approaches to the supply
of power. Moreover, vehicle and transportation engineering has advanced the mobility
industry with the use of electric and self-driving vehicles and has reengineered logistics
systems to be more efficient while reducing emissions. Environmental engineering stitches
all these professional spheres together and ensures that various technological advances are
made responsibly and with awareness of eco-friendly and sustainable global goals.

However, considering this interplay, there comes the integrated notion that for sus-
tainability across these groups, there must be coalescence, integrating approaches that
minimize wastage, protect resources, or optimize functionality, which logistics does by
integrating transportation with energy and infrastructure to create an efficient supply chain
that is also environmentally friendly. Developing strategies within these sectors positively
impacts the environment while simultaneously strengthening economies, increasing urban
sustainability, and enhancing the overall living experience. Such a multi-faceted strategy
complements the goal of engineering in its continuous improvement and its commitment
to the Sustainable Development Goals of the United Nations [27].

Out of these fields, 3D printing makes it possible for materials to be consumed over a
greater volume. It makes construction, manufacturing, and transport mechanisms more
and more efficient. Advocacy for 3D-printed parametric designs in concrete as a material in
reinforced structures for sustainable housing is built in this work. Organizations can lever-
age these technologies to enhance engineering cross-disciplinarity by solving the challenge
of materials’ sustainability while increasing infrastructure resiliency and performance.

Three-dimensional printing is transforming construction by enabling precise, layer-
by-layer manufacturing that reduces material waste and enhances sustainability [28–30].
This technology allows for customizable and scalable structures, optimizing resource
use while minimizing environmental impact. Its adaptability supports the production
of complex components, from small to large, with minimal waste, making it an efficient
method for sustainable housing [31]. Additionally, it accelerates construction through
rapid prototyping [32–34]. The printing table’s volume determines object size, allowing for
diverse component production [33,34].

Despite its advantages, additive manufacturing faces challenges, particularly with PLA
(polylactic acid). PLA’s dual nature—biodegradable but lacking long-term durability—raises
concerns for industrial applications [35,36]. Its slow and undefined decomposition pro-
cess complicates sustainable use [37,38]. Researchers have explored material blending to
tailor PLA’s properties. For example, combining PLA with polycaprolactone (PCL) en-
hances biodegradation, achieving significant CO2 conversion in soil and composting en-
vironments [39–44]. Accelerated degradation tests confirm that temperature significantly
affects PLA decay, influencing crystallization and surface damage [44].

PLA’s physical limitations, including low thermal stability and high thermal expansion,
hinder its suitability for long-term applications in construction [45]. Exposure to heat and
moisture can cause rapid deterioration, making it unsuitable for critical structures like
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bridges and foundations [45–47]. Its expansion coefficient mismatch with other materials
also raises structural concerns [46–48]. Consequently, PLA is primarily used in applications
where high thermal and moisture resistance are not required.

Despite these limitations, PLA is being investigated as a reinforcing material in con-
crete. Unlike its use in other fields, PLA in construction is incorporated to enhance me-
chanical properties rather than degrade [48–53]. Reinforcement effectiveness is assessed
through laboratory tests and finite element modeling [54–60]. The arrangement of 3D-
printed reinforcements significantly affects structural performance. Studies demonstrate
that specific geometries, such as rhomboid and honeycomb patterns, improve strength
and durability [61,62]. Additionally, incorporating small aggregates like steel fibers further
enhances reinforcement [63,64].

Several studies highlight the potential of 3D-printed PLA for strengthening concrete.
Integrating porous PLA structures into cement matrices significantly improves mechanical
properties. For instance, schwarzite- and zeolite-based PLA structures were shown to
increase specific elasticity by 128.1% and 505.33%, respectively [57]. Xu et al. [65] examined
surface modifications on 3D-printed PLA reinforcement, demonstrating that coatings
like epoxy resin and steel fiber-sprayed epoxy enhance flexural strength. Sand and steel
fiber coatings improved mechanical properties, emphasizing the importance of surface
treatments for performance optimization.

Based on the literature review in the present study, 3D printing offers customizability,
minimal waste, and cost efficiency, making it a valuable tool for construction. However,
PLA’s thermal and hydrolytic instability limit its use in demanding environments. Research
shows that PLA can reinforce concrete under specific conditions, compensating for its limi-
tations. While PLA degradation has been extensively studied, its solubility parameters in
different solvents require further standardization. This research investigates the mechanical
and chemical behavior of PLA variants and ABS in concrete, evaluating their reinforcement
potential. Electrical ESD PLA demonstrated the highest reinforcement capability, exhibit-
ing a 25.7% higher load-bearing capacity than high-impact PLA and retaining structural
stability in dissolution tests. These findings contribute to the development of sustainable,
high-performance construction materials.

This paper focuses on reinforcing concrete beams with 3D-printed PLA structures and
is a continuation of a previous publication [66]. As in the previous publication, the different
uses of ECO PLA (printed in different forms and as a waste aggregate from printing waste)
are presented. In this paper, the authors focused on the diversity of different materials and
their effects on mechanical load-bearing capacity and chemical stability in an experimental
simulated environment.

The primary objective of this research is to investigate the behavior of various materials in
the concrete medium, focusing on their reinforcement potential, solubility in NaOH solutions
with pH levels similar to concrete, and performance under mechanical loading. The study
examines five materials commonly used in engineering fields—PLA (high-impact, engineering,
electrical ESD, and gypsum) and ABS (see Sections 2 and 3)—each selected for its distinct
mechanical properties, compatibility with different 3D-printing strategies, and applications in
industries such as electronics, automotive, modeling, and robotics.

ABS, in particular, was chosen for its high impact resistance, stiffness, and recyclability,
making it a relevant candidate for innovative reinforcement strategies; however, the most
relevant reason for the consideration was the fact that ABS is the most common base
material for 3D printing in engineering; so, ABS was the benchmark material for appropriate
consideration with PLA types. Three-dimensional printing with ABS filaments is usually
“complicated” and problematic. In contrast, PLA has been developing very dynamically in
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recent years, especially PLA composites. Its printability is also better, as is its environmental
impact. PLA was investigated precisely as an alternative to ABS.

The study evaluates the potential of these materials as sustainable alternatives to
conventional concrete reinforcements like steel and Kevlar. However, the primary focus
lies in understanding the chemical reactions and solubility of these materials in NaOH
solutions as well as their resistance under three-point mechanical loading tests.

While this research was limited to five materials due to constraints, it lays the ground-
work for future studies that will explore additional options, such as PET-G (polyethylene
terephthalate glycol-modified) and PCTG (polycyclo-hexylenedimethylene terephthalate
glycol-modified). The structure of the study includes the following sections: Section 1 is
the Introduction, Section 2 contains Materials and Methods, Section 3 introduces Results
and Discussion, and Section 4 presents Conclusions.

The main contributions of the paper are as follows:

• Exploring 3D-printed PLA and ABS for concrete reinforcement—the study investigates
the use of 3D-printed structures as an alternative reinforcement material for concrete
beams, continuing previous research on PLA applications [66];

• Comparative analysis of engineering materials—it examines the performance of five
engineering materials (high-impact PLA, engineering PLA, electrical ESD PLA, gyp-
sum PLA, and ABS) in a concrete environment, focusing on mechanical load-bearing
capacity and chemical stability;

• ABS as a benchmark for PLA—ABS is used as a benchmark due to its widespread
use in 3D printing and its mechanical properties. The study evaluates PLA as a
potential alternative to ABS, emphasizing PLA composites’ advantages in printability
and environmental impact, as ABS is non-degradable (see Section 2.1);

• Chemical and mechanical testing—investigation of the solubility of the material in
NaOH solutions (simulating the high-pH environment of concrete) and the mechanical
resistance using three-point bending tests;

• Sustainability and future research directions—these highlight the potential of PLA
and other materials as sustainable replacements for conventional reinforcements like
steel and Kevlar. The study also paves the way for future investigations, suggesting
further research on materials like PET-G and PCTG.

2. Materials and Methods
In order to provide a better understanding of the paper and its results, a flowchart is

provided (Figure 1) so that the reader can fully understand the two parallel measurements.

2.1. Applied PLA Materials (Filaments)

First of all, the authors should mention that the applied and considered materials were
chosen for the following reasons:

• ABS was chosen as a benchmark material due to its widespread use in 3D printing for
engineering, high impact resistance, stiffness, and recyclability;

• PLA was investigated as a dynamic and eco-friendly alternative to ABS, with superior
printability and lower environmental impact;

• ABS, despite its ordinary use, presents challenges in 3D printing, while PLA compos-
ites have shown significant advancements in recent years;

• The inclusion of both ABS and PLA allows for a comparative analysis of their proper-
ties, environmental impact, and printing requirements;

• The study emphasizes sustainability and material optimization, aligning with the goal
of advancing eco-friendly construction methods;
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• While PLA offers environmental benefits, its limitations in specific applications are
acknowledged, highlighting the need for balanced material selection in 3D-printed
concrete reinforcement.
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During the tests, five different types of PLA material were used. High-impact PLA
provides a higher impact resistance to the structure than PETG (polyethylene terephthalate
glycol) materials and has a similar flexibility to polypropylene (PP).

Engineering PLA was selected because the heat resistance of printed objects is excep-
tionally high, withstanding temperatures of up to 120 ◦C, which can be achieved without
the need for post-heat treatment. This makes it much more resistant to external influences
than other PLA materials. It also has high tensile and compressive strength and extremely
high stiffness.

The next material to be selected was electrical ESD (electrostatic discharge) PLA, which
is a fiber-printed object that does not charge electrostatically due to special carbon and
chemical additives. In addition, dust and fine dirt do not adhere to the surface of the objects.
It provides a surface resistivity of the order of megaohms, but this depends mainly on the
size and shape of the printed object. Furthermore, if printed at a higher temperature, it
will provide a lower surface resistance. The surface resistance also depends on the print
orientation, with a higher value in the Z direction and a lower value in the XY direction.

The following material is slightly different from the other ones. While other materials
are generally used in the automotive and electronics industries, gypsum PLA is the pre-
ferred product for modeling due to its high formability. Objects printed with gypsum PLA
are very easy to shape, as they can be cut and filed with a sharp tool, making it easier to
machine the object afterward. Painting is also easy, even with water-based paints.

The last material used for sample and reinforcement production was ABS (acryloni-
trile butadiene styrene), a widely used thermoplastic in the automotive, electronics, and
engineering industries, valued for its high impact resistance and stiffness. While more chal-
lenging to print than PLA, ABS offers low shrinkage and allows for fast, precise processing
in 3D printing, making it well suited for research. Its behavior in concrete—for instance, its
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solubility in NaOH solution simulating the pH of concrete—provides valuable insights for
developing sustainable and innovative reinforcement strategies. These qualities make ABS
an ideal choice for this study, aimed at exploring new reinforcement solutions.

The casting molds were made from generic PLA, as they were designed to be single-
use and needed to be quick and easy to dismantle. A total of six different materials were
used during 3D printing, of which generic PLA was used only for the mold, and the
other five materials were used for the test specimens. Furthermore, its solubility in NaOH
solutions offers critical insights into its interaction with concrete media, contributing to
sustainable and alternative reinforcement strategies. Table 1 represents the materials used
and the recommended and applied printing parameters of the specimens.

Table 1. Recommended and used printing parameters of the specimens and molds.

Material Mark Manufacturer Printing Parameters Recommended [◦C] Applied [◦C]

PLA none Filaticum Kft.,
Miskolc, Hungary

Nozzle temperature 190–215 200
Bed temperature 55–70 60

High-impact
PLA

HI
Filaticum Kft.,

Miskolc, Hungary
Nozzle temperature 190–210 200

Bed temperature 45–65 60

Engineering PLA ENG
Filaticum Kft.,

Miskolc, Hungary
Nozzle temperature 215–240 225

Bed temperature 65–75 75

Electrostatic
discharge PLA ESD

Filaticum Kft.,
Miskolc, Hungary

Nozzle temperature 195–215 200
Bed temperature 55–70 65

Gypsum PLA GYP
Filaticum Kft.,

Miskolc, Hungary
Nozzle temperature 190–215 200

Bed temperature 55–70 60

ABS ABS
Filaticum Kft.,

Miskolc, Hungary
Nozzle temperature 260–290 260

Bed temperature 80–95 90

The specimens were printed using the Creality Ender 3—v2 (Creality 3D Technology
Co, Ltd., Shenzhen, China) 3D printer. The molds were printed with a Bambu Lab A1
(Bambu Lab, Shenzhen, China) mini printer.

However, the nozzle and bed temperature parameters applied differed according to the
material; the other parameters, such as cooling rate, nozzle size, layer height, and printing
speed, were the same. The applied identical printing parameters were as follows: nozzle
size 0.4 mm, cooling fun 100%, layer height 0.2 mm, print speed 50 mm/s, and a skirt was
also used.

Table 2 summarizes the materials tested (PLA, ABS, HI, ENG, and ESD) and compares
their properties with each other and with other relevant materials (PETG); it also includes
symbols for easy comparison.

Table 2. Comparative table of material properties.

Material Tensile Strength Flexibility Heat Resistance [◦C] Printability Eco-Friendliness

PLA
Moderate Brittle 55–70 Easy Biodegradable,

non-recyclable• • • • • • • •

HI
Moderate Flexible 65–70 Easy Biodegradable,

non-recyclable• • • • • • • • •

ENG
High Flexible 65–70 Easy Biodegradable,

non-recyclable• • • • • • • • • • •
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Table 2. Cont.

Material Tensile Strength Flexibility Heat Resistance [◦C] Printability Eco-Friendliness

ESD
Moderate Flexible 65–70 Moderately easy

Non-degradable
• • • • • • • •

GYP
Low Brittle 55–70 Easy Biodegradable,

non-recyclable• · • • • •

ABS
Moderate Flexible 80–95 Moderately hard Non-degradable,

recyclable• • • • • • • •

PETG
(polyethylene
terephthalate

glycol-modified PLA)

Moderate Flexible 70–85 Easy Non-degradable,
recyclable

• • • • • • • • • •

2.2. Applied Printing Set-Ups and Structures

Two different printing strategies were applied, as the research examines the relation-
ship between PLA and concrete from two perspectives. The design was created using
Solidworks 2016 × 64 Edition SP01 (SolidWorks Corporation, Waltham, MA, USA). To
convert the stl. files to printing instructions, a slicing software, UltiMaker Cura 5.3 0
(Ultimaker, Geldermalsen, The Netherlands), was used.

The first layout concerned determining the solubility of the PLA material, so a 0.4 mm
thick layer of sample was needed. During the printing process, the infill value did not
influence the final structure of the PLA thin sheets due to its thin design. The size of the
thin sample sheets was 25.0 × 0.4 × 80.0 mm.

The other layout was the structure, which was used as a reinforcing element in concrete
beams, with a size of 25.0 × 5 × 80.0 mm. Each element was printed with a grid infill
pattern and 10% infill density, with the top and bottom layers set to 0. As the initial and
final layers were set to 0, the grid structure was visible.

This was a practical set-up as well as a functional one. Upon removing the initial and
final layers, the printing time was reduced; furthermore, it was functional because, during
casting, the concrete could spread between the gaps of the grid infill structure. Figure 2 shows
the two structures in the UltiMaker Cura software with a coordinate system, and Figure 3
illustrates the six-cavity mold that was used during the casting of the concrete beams.
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The other printed (Figure 3) structure was the casting mold. The size of the concrete
elements was 25.0 × 25.0 × 80.0 mm, so the inner size of the mold was identical. Three lay-
ers of the base were applied to the structure while printing. The wall thickness of the shape
was 0.5 mm, with the same grid pattern and infill rate as the reinforcing element.

In summary, three and three samples were made per material: for each material, three
were reinforcing elements for casting, and three were used for dissolution tests.

2.3. Molding Parameters

After the preparations of the printed elements, the casting of the reinforced concrete
beams took place. The size of each concrete element was 25.0 × 25.0 × 80.0 mm (in
accordance with the standard MSZ EN 12390-1:2021 [67]). The 3D-printed reinforcing
elements were placed, for practical reasons, in the lower one-third of the mold prior to
casting. The reinforcing element had to be close to the edge (bottom), far from the neutral
axis, to provide a reinforcing effect, if any. (Particularly, its investigation was one of the
main objectives of the current paper.) Figure 4 shows the location of the reinforcing material
cast into concrete, and Table 3 represents the formula of the production for 1.6 L of concrete.
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Table 3. Concrete composition per 1.6 L of concrete.

Material Manufacturer (Brand) Amount/Quantity

Water - 480.6 g
Cement CEM-II-AS-42.5 (Duna-Dráva Cement, Vác, Hungary) 1369.6 g

Limestone powder Lafarge (Lafarge, Paris, France) 328.4 g
Fine aggregate graded sand 0/1 (Duna-Dráva Cement, Vác, Hungary) 1489.8 g
Fluxing agent VC 5 NEW (Sika, Baar, Switzerland) 8.8 mL

In order to yield a high-quality surface finish, which was needed for the GOM mea-
surements, a Sica Separol AR-2 ECO-type (Sika Hungária Kft., Biatorbágy, Hungary) release
agent was applied to the inside part of the mold before casting. After the preparation of the
mold, the 3D-printed grid structures were placed in the mold, followed by the casting of
the concrete. The next step was to remove the air trapped inside the mold using a Matest
C278 vibro table (Matest, Treviolo, Italy).

The reinforcement was a 25.0 × 5 × 80.0 mm element with a structure predetermined
by multiplying the sizes to obtain the volume, which was 10 cm3. The concrete element
without reinforcement weighed 114.88 g. The actual filled volume of the reinforcement
with 10% infill was the volume multiplied by the percentage of the infill value, which was
1 cm3, which means the percentage by volume for all substances was the same at 2%. Since
the density of the reinforcing materials used is known, the volume and mass percentages
of the elements can be calculated and are summarized in Table 4.

Table 4. Basic parameters of reinforced concrete elements.

Material Mass [g] Mass Percentage [%] Volume Percentage [%]

ESD 1.24 1.07 2.0
ENG 1.24 1.07 2.0

HI 1.24 1.07 2.0
GYP N/A N/A 2.0
ABS 1.05 0.91 2.0

Table 4 shows that the mass and impact of the grid element on the concrete element
remained minimal, especially for low infill and lower-density materials such as ABS. Fol-
lowing this analysis, the casting process proceeded to its final stage. After the solidification
of the concrete elements, which took 24 h in the mold (in accordance with the standard
MSZ EN 12390-2:2019 [68]), the elements were kept underwater for 27 more days to allow
the inner solidification process of the concrete beams to finish. The underwater treatment of
the test specimens resulted in a better-quality surface finish. The absence of surface cracks
and surface defects facilitated the preparation of DIC measurements.

2.4. Bending Tests and DIC Measurements

The three-point bending tests were carried out with Zwick 1454 (Zwick Roell Group,
US, Singapore) at 7.6 mm/min loading speed with load cell HBM U3 20 kN (HBM Ltd.,
Budapest, Hungary) and data collector HBM quantum MX840A (HBM Ltd., Budapest,
Hungary), where the specimens were under load until they showed a sign of cracking.
During the tests, a specific test method was applied rather than a standard one, where
each test piece was loaded at 7.6 mm/min loading speed with load cell HBM U3 20 kN. A
uniform load with a constant 20 kN causes the test specimens to move.

The amplification effect of the reinforcing elements can be determined as a function of the
displacement of the test pieces relative to their initial state (vertical displacement in mm) and
the resistance to the load (force in kN). The load was placed in the middle of the specimens,
and the distance between the supports (i.e., bay length) was 75 mm. The tests were carried
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out according to the MSZ EN 12390-5:2019 standard [69]. Since the laboratory we used is not
an accredited measuring laboratory, and the measurement is related to research, the chosen
length of L = 80 mm was used instead of the length L ≥ 3.5 × d (87.5 mm), defined in MSZ
EN 12390-5:2019 [69], where d is the dimension of the specimen in cross-section (i.e., the width
and the height), as well as the distance between the support points and the applied vertical
concentrated forces and between the two concentrated forces in the case of 4-point bending
(see Figure 4).

In the case of the bending tests, even though the standard MSZ EN 12390-5:2019 [69]
was included, the authors had to deviate from the instantaneous measurement described
in the standard. The reason was the GOM ARAMIS (GOM, Braunschweig, Germany) mea-
surements. It was necessary to deviate because if the paint had not adhered to the surface,
the measurements would not have been able to be made since the technology calculates the
amount of deformation from the displacements of the points painted on the surface.

Before laboratory experiments, each sample was dried for two days to ensure that
moisture content did not affect the results. This was verified by weighing the specimens
every 4 h on the first day and every hour on the second day until the difference in weight
was negligible.

The specimens were then painted, first with a matte white lacquer primer (Deco Color
Moto Techno Aerosol (Chemmot Ewa Kumorek Spółka Komandytowa, Skawina, Poland))
and then with a matte black lacquer topcoat spray (United Sealants Sprays Matte Black
Spray (Neosil Kft., Bag, Hungary)).

Getting the paint pattern right was essential for the DIC (digital image correlation)
GOM ARAMIS (GOM, Braunschweig, Germany) measurements. The issue of stain pattern
was most carefully examined by Philipp Reu [70,71]. According to Reu, the pattern can be
described by four primary characteristics: spot size, contrast, overlap of spots, and density
of spots.

It is the combination of these characteristics that most accurately determines the spot
size. The spot size is defined by the relationship between the resolution of the DIC camera
system and the size of the sample area under inspection. These two data are used to
calculate the size of the pixels in millimeters, with an optimum value of between 3 and
5 pixels. Smaller pixels are more difficult to detect during digitalization.

In addition, the overlap of speckles is a critical factor since if the speckle pattern
overlap is not sufficient, images may become noisy during digitalization. For this reason,
it is imperative to avoid overlapping when using speckle patterns, as this can negatively
affect the measurement results.

The ability to identify displacements and deformations down to tenths of a millimeter
with sufficient accuracy can enable the results to be used in a broader range of applications,
whether in forensic, automotive, textile, or medical orthopedic applications [72].

Since light and surface reflectivity affect the camera’s performance, the metallic, reflec-
tive areas were covered with masking tape to prevent interference with the measurement
results. Figure 5 illustrates the experimental set-up and an appropriately painted surface
that the measurement system recognizes so that it can be evaluated later.

The results were then evaluated using the GOM DIC ARAMIS 2018 (GOM, Braun-
schweig, Germany) evaluation software. The displacement data from the GOM system were
then synchronized with the mechanical load values of the load cell, which are presented in
Section 3.
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Before starting the measurement, the camera was turned 180 degrees from its original
position so that the coordinate system was also placed upside down, and the results
were evaluated. The data were collected in parallel using the GOM ARAMIS (GOM,
Braunschweig, Germany) camera system to measure displacement in the x direction and
the HBM quantum MX840A (HBM, Darmstadt, Germany) data collector to record both
force and displacement values.

The ARAMIS sampling frequency was 8 Hz, and the HBM sampling frequency was
10 Hz. During the evaluation, the ARAMIS displacement values and HBM force data were
evaluated during the measurements. However, due to the different sampling frequencies,
the data lengths were different, so a linear interpolation of the displacement values in the x
direction of the GOM measurements was necessary based on the HBM force measurement
data series size (see Section 3.1).

Besides the displacement measurements, the specimens were observed by GOM ATOS
Triple Scan (GOM, Braunschweig, Germany) during the 28-day drying cycle to compare the
stages of changes of the specimens. This differs from other technologies in that a painting
process is not required in this case. Here, reference points with factory markings can be
applied to the surface painted matte white.

Then, by adjusting the point size and temperature (object heat) of the camera, the
machine scanned the surface by rotating the rotary table. This paper used a similar method
as Szalai et al. [73], where a non-destructive diagnostic system (GOM) was used to more
accurately identify potentially deformable areas during the adaptation of automotive batteries.
In both cases, the measurement process was, of course, preceded by accurate and appropriate
calibration requested and recommended by the manufacturer of the instruments.

2.5. Solvent Preparation and Tests

This section describes the parameters of the solvent compositions required for the
experiments since the solubility of the PLA materials is another important point of this
research. According to the factory descriptions, none of the tested materials are water solu-
ble; only ABS has a defined solvent (THF—tetrahydrofuran acetone and other analogous
solvents); the solubility of the other tested materials is not defined.

To carry out the tests, it was necessary to determine the pH of the concrete used, but
there are several standards and methods for determining the pH of fresh concrete. pH is
an approximate measure of the acidity or alkalinity of a solution, defined as the negative
logarithm of the concentration of hydrogen ions (H+).

As the pH of the solution increases, the number of free hydrogen ions decreases, and
each unit increase in pH represents a tenfold decrease in H+ concentration. The pH scale
ranges from 0 to 14, where a pH of 7 is considered neutral; a pH below 7 indicates an acidic
environment, while a pH above 7 indicates an alkaline environment.
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The following examples show the relationship between H+ concentration and pH for
different solutions:

• HCl (hydrogen chloride) solution, with an H+ concentration of 1 × 10−2 and pH 2;
• H2O (water), with an H+ concentration of 1 × 10−7 and pH 7;
• Saturated Ca(OH)2 (calcium chloride), with an H+ concentration of 1 × 10−12.4 and

pH 12.4;
• NaOH (sodium hydroxide) solution, with an H+ concentration of 1 × 10−14 and pH 14.

Grubb et al. [74] recognized the challenges and difficulties of the measurement of
the pH value of concrete, reviewed the standard procedures, and recommended a test
procedure. To measure the pH of solid materials such as lime, soil, or concrete, an aqueous
solution of the powdered material must be created; this dilutes the concentration of the
solid material.

Measurements were made with both a pH strip (i.e., so-called pH “paper”) and a
pH probe, following the steps suggested by [74] in the field test for pH measurement for
concrete surface and laboratory test for pH measurement of concrete sections, with one
amendment, i.e., using a sieve (size: 0.25 mm), since the authors of the current study had
metric tools at their disposal [74].

The pH values were measured in two separate measurements. First, the pH of the
fresh concrete was measured, followed by a laboratory pH test of the powder sample
extracted from the reference test specimens, which had been dry for 28 days. Then, the pH
of the freshly mixed concrete was measured, which was 12. This procedure was carried out
using only pH test paper since the probe can only measure filtered solutions. The second
measurement was a laboratory pH test.

Before the pH measurements were started, a water–concrete mixture of the correct
proportions had to be prepared. The finely graded powder sample, taken from reference
test specimens and kept dry for 28 days, was filtered with a 0.25 mm sieve, and then, the
water–concrete mixture was prepared with a ratio of 10 mL to 5 g.

During the pH measurement series, ionized water of quality class 3 of MSZ ISO
3696:1992 [75] was used. (It has to be mentioned that this standard is a withdrawn standard,
but the content as well as the methodology are still valid—theoretically.) Before measuring
the pH, the solution was left to stand for 30 min, stirring occasionally, followed by 1.2 µm
filtering. Then, the pH measurement was carried out using a WTW 720 pH meter (AKTIVIT
Kft., Weilheim, Germany) and pH test paper (Cloud Prime, Seattle, WA, USA).

The pH measured with a pH meter was 12.55 (water–concrete mixture), and the pH
measured with pH test paper (water–concrete mixture and fresh concrete) was 12, in both
cases at 22.2 ◦C.

Since five different materials were tested (HI, ENG, ESD, GYP, and ABS), and three
specimens were prepared per material, the amount of the solutions was determined accord-
ingly. After determining the pH values, two solutions were prepared with NaOH powder.
A 250 mL solution with pH 12.55 and a 500 mL solution with pH 12 were prepared.

Based on the previous measurements, two solutions were made, one with a pH value
of 12 and one with 12.55, since the values of the pH strip measurement were identical.

The first solution was prepared from a mixture of 0.2 g NaOH powder and 500 mL
ionized water and the second solution from a mixture of 0.355 g NaOH powder and 250 mL
ionized water.

Equations (1)–(4) show the calculations for the first solution (500 mL) preparation
(where MNaOH = 40.00 g/mol, the pH value of the NaOH solution is 12, and the pH of the
powdered NaOH solvent is 14):

pOH1 = 14 − 12 = 2 (1)
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[OH−]1 = 10−pOH1 = 10−2 [mol/L] = 0.01 [mol/L] (2)

n1 = 0.01 [mol/L] × 0.5 [L] = 0.005 [mol] (3)

m1 = 40.00 [g/mol] × 0.005 [mol] = 0.2 [g] (4)

Equations (5)–(8) show the calculations for the second solution (250 mL) preparation
(where MNaOH = 40.00 g/mol, the pH value of the NaOH solution is 12.55, and the pH of
the powdered NaOH solvent is 14):

pOH2 = 14 − 12.55 = 1.45 (5)

[OH−]2 = 10−pOH2 = 10−1.45 [mol/L] = 3.55 × 10−2 [mol/L] (6)

n2 = 3.55 × 10−2 [mol/L] × 0.25 [L] = 8.88 × 10−3 [mol] (7)

m2 = 40.00 [g/mol] × 8.88 × 10−3 [mol] = 0.355 [g] (8)

The solutions were mixed in several steps. First, the solutes were weighed on an
analytical balance of hundredths accuracy. This was followed by a preliminary dissolution,
where about two-thirds of the total solvent was added to the solute. After the exothermic
reaction, the solution was diluted to the appropriate amount, and finally, after stirring,
the pH value was adjusted with the pH meter to the nearest hundredth of the pH of the
concrete until it was set to a predetermined value of 12 and 12.55.

After the preparations, the solutions were divided into five parts for 250 mL of pH 12.55
and ten parts for 500 mL of pH 12, so that 50 mL of solution was in measuring cups. Then,
the 0.4 mm thin PLA samples were put into the solution and checked periodically after
every 24 h for 28 days.

With this experiment, the aim was to observe the behavior of PLA and ABS specimens
with a size of 25.0 × 0.4 × 80.0 mm in an alkaline medium with the same pH as the concrete
over the same time interval as the concrete curing time.

3. Results and Discussion
This section describes in detail the observations collected during the experiments and

the results obtained. The aim is to provide a comprehensive picture of the phenomena
observed during the experimental process, the measurement data, and the relationships
and conclusions that emerged during the investigation. Visual inspection tests, while
preliminary, revealed significant qualitative insights into material behavior and surface
interactions. These observations informed the design of supplementary tests, such as flame
tests and pH evaluations, which provided quantifiable data to support and validate the
visual observations. For instance, partial dissolution and discoloration phenomena in ABS
and GYP samples highlighted complex interactions with the alkaline medium, paving the
way for future detailed chemical characterization.

The analysis of the results is presented in Section 4. It enables a deeper understanding
of the phenomenon under study and the identification of new relationships that can
contribute to the further development of the research area.

3.1. Concerning the Mechanical Test and GOM ARAMIS Measurement Series

The mechanical properties of the test specimens were determined by plotting the
force–displacement diagrams, which were determined using the GOM ARAMIS camera
and HBM data collector systems.

Since the data from the two data collection and measurement systems were not linked,
they had to be synchronized and matched later during the evaluation.
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Figure 6 illustrates the force–displacement diagrams of the specimens, including the
reference specimen without reinforcement.
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All the data in the figure are measured values and maintain a proportional relationship. In
this scenario, only the loading speed can be adjusted—either accelerated or decelerated—since
the machine applies a constant force of 20 kN.

If the measurement speed were increased, the graph’s curves would appear shorter,
resulting in fewer vertical displacement values. Conversely, reducing the measurement
speed would extend the curves, increasing the number of vertical displacement values.

The maximum values, so that the diagram does not become overcrowded, are been
plotted on the diagram; nevertheless, the differences are still clearly visible. The peak
values were in the following descending order: ESD, R, ABS, ENG, GYP, and HI. Their
peak values were at 1.021, 0.956, 0.933, 0.928, 0.927, and 0.812 kN. As can be seen from the
figure, the reinforced specimens showed different behavior during the loading tests.

The staircase-like decreasing structures observed in the results highlight the impact
of reinforcement after reaching a peak value, which is particularly noticeable in the ESD,
ENG, and ABS specimens. In contrast, this behavior was not evident in the unreinforced
(R) specimens or in the GYP and HI specimens. These differences in behavior may be
attributed to multiple factors.

Firstly, the variations could be linked to the inherent material properties. Specifically,
HI and GYP materials exhibit lower tensile strength compared to ESD, ABS, and ENG,
which inherently makes them less effective in maintaining structural integrity under load.
Additionally, HI and GYP also possess lower heat resistance, as outlined in Table 2, which
could further limit their performance under certain conditions.

Another potential explanation lies in the chemical interactions between the materials
and the concrete medium. Such interactions could compromise the structural integrity of
the materials, making them less suitable for broader applications. If this hypothesis were to
hold true, it would indicate a significant limitation in the usability of these materials for
reinforced concrete structures. Consequently, investigating this phenomenon in greater
detail is of critical importance to understanding and addressing the observed differences.

Furthermore, as illustrated in Figure 6, no amplification of the reinforcement effect was
observed for the GYP and HI specimens. This further supports the notion that their lower
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mechanical and thermal performance, combined with possible chemical incompatibility,
reduces their effectiveness when used as reinforcing agents. This highlights the necessity
for further research to better evaluate the potential of these materials in reinforced concrete
applications. In Figure 6, no amplification effect after a peak value is observed in the
flattening parts. Specimens R, GYP, and HI exhibited immediate failure, while specimens
ESD, ABS, and ENG showed resistance to loading even after fracture (peak value).

This shows the brittle behavior of the inner reinforcement material in GYP and HI,
which indicates the chemical dissolution of PLA during the 28-day drying cycle.

Figures 7–9 show the displacement of ABS2 test specimens in the X direction during
the loading time at 0, 20, and 40 s until a fracture occurred.
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Figures 7–9 show the variation over time of the displacements of the selected points
(which are in the same position in each figure). In Figure 9, the values are shown in white
because the magnitude of their displacement values fell outside the range of the extremes
of the scale defined by the statistical calculations.

The extent of the displacements is defined in millimeters, as indicated on the scale. In
this case, the scale maximum of +2.437 and the scale minimum of −2.770 are averaged over
all the measurements.

The scale values are set to the same value for all DIC measurements so that the
measurement results can be compared. The values in Figures 7 and 8 are shown in black
because they fell within the defined range.

During the evaluation of the measurement results, when the displacement data in the
X direction for Figure 6 were collected and evaluated, the maximum displacement value
at the bottom of the crack in Figure 9 was linearly interpolated for ABS2, according to the
range of the HBM data logger. This method was also used for the other specimens.

After the fracture tests, the internal structure of the PLA became visible. In the GYP
test specimens, one of the most noticeable features on the surface of the infill was the
absence of PLA in several places and the formation of holes at the joints of the infill.

Figure 10 illustrates the surface of the GYP1 specimen, with white precipitation ob-
served on both sides.
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To compare the separation and the difference between the two materials, for example,
in the case of the ABS2 specimen, the reinforcing element did not break or tear apart under
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load but separated from the surface without adhering to the concrete. Figure 11 illustrates
the ABS2 specimen with white precipitation observed within the fractured specimen.
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After the bending tests were performed, the broken test specimens were placed back into
simple tap water. This step was important for comparing the results of the dissolution tests.

3.1.1. Observations During and After the Casting

After the specimens were stripped from the casting mold, their surfaces were smooth and
evenly covered with concrete (cement grout), so painting of the specimens was easily performed.
They were then stored in water to ensure their internal drying and good surface quality.

Shrinkage (contraction) measurements were carried out using GOM ATOS Triple Scan,
where the shrinkage was determined by comparing the scanned CAD (computer-aided
design) models; the results are presented in Section 3.2.

In the current section, the surface changes and observations of the test specimens are
presented. During underwater storage, the concrete in most of the specimens, where the
layer was thinnest, partially or entirely flaked off, revealing the reinforcing element.

Figure 12 shows the test specimens stored under water for 21 days prior to the DIC
measurements (performed by the GOM ATOS instrument), where the reinforcing element
is visible due to the flaking.
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Figure 12. Surface of concrete specimens before DIC measurements (executed by GOM ATOS and
GOM ARAMIS instruments).

The positioning of the reinforcement materials impacts the structural performance
and bending behavior of the samples. If the amplification were closer to the neutral axis, it
would reduce the amplification effect. On closer inspection of the concrete elements, it was
observed that white precipitation occurred, and it was most prominent on the GYP and HI
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specimens’ surfaces, but minimal signs of precipitation can also be seen on ENG and ESD
specimens. Only in the case of ABS specimens was there no precipitation on the surface.
The white, powdery precipitate is likely to be lime from the concrete.

Another observation related to Figure 8 is the flaking of the thin concrete layer sur-
rounding the reinforcing element. Initially, the specimens, when placed under water, had a
smooth, even surface free of cracks. On the 14th day, tiny visible cracks appeared in the
regions where partial flaking occurred by the 21st day. The detachment of the thin concrete
layer from the reinforcing layer could have been caused by the white substance that formed
as a solid deposit, resembling powder or even the presence of water.

Flaking can damage the surface of the specimens, which could cause errors during
the DIC measurement series. The precipitation phenomenon was already observed in the
previous publication of the authors of the current paper, where amorphous PLA waste was
used as a reinforcing element [66]. Figure 13 shows the white material precipitated on the
surfaces of the HI and GYP specimens.
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In the case of HI specimens, it was further observed that the 3D-printed fibers on the
longer side of the test specimen started to split and separate from each other layer by layer.
This observation foreshadows the possibility of the entire printed structure disintegrating.

3.1.2. Observations During and After Drying of Concrete with GOM ATOS

The specimens were observed with GOM ATOS during and after the drying cycle
(28 days) of the concrete structures. Before scanning measurements were started, the
specimens were dried for 12 h, as the system is only capable of detecting a matte, gloss-free
surface. The test specimens were scanned twice on days 21 and 28 of the drying cycle.

During the underwater treatment of the specimens, the thinnest concrete layer, which
coated the reinforcing PLA patterns, partially flaked off, leaving them exposed. Therefore,
these surface parts with severe defects were not taken into account during the ATOS
scanning measurements, so the extent of their surface deviation was not taken into account.
This procedure was used to compare the initial CAD model with the cast test specimen that
had been under water for 21 days and to compare the 21-day test condition with the 28-day
test condition. Table 5 represents the deviation values of the test specimens.

Table 5. Deviation values of the specimens (“+” means expansion; “−” means shrinkage).

Material Standard Deviation from
CAD Model at Day 21 [mm]

Longitudinal
Deviation [%]

Transverse
Deviation [%]

Difference Between
21 and 28 Days [mm]

Max Difference
[mm]

R 0.1 −0.40 −1.20 ±0.01 ±0.11
ESD 0.2 −0.20 −1.20 ±0.15 ±0.35
ABS 0.25 −0.45 −0.40 ±0.20 ±0.45
ENG 0.1 −0.50 +0.08 ±0.20 ±0.30
GYP 0.1 −0.37 −0.24 ±0.05 ±0.15
HI 0.2 −0.37 +0.16 ±0.10 ±0.30
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As summarized in Table 5, the sum of the deviations did not reach 0.5 mm in any of the
cases, even though the maximum deviation was only 0.45 mm for the ABS specimens. The
deviation values suggest that the specimens shrunk in the longitudinal direction and also
shrunk in the transverse direction, excluding ENG and HI specimens. The test specimens
were again stored in an underwater medium after the measurement on day 21, and the
measurement was repeated on day 28.

At the end of the ATOS measurements, the residue of the flaked concrete covering the
reinforcement had to be cleaned off for the GOM ARAMIS measurements. The painted
measurement points would have acted as erroneous, incomplete measurement data if they
had not been flaked off.

It is important to note that the specimens had to be dried before starting the ARAMIS
measurements and the load tests, as the residual moisture content would have affected the
measurement results. This was verified by hourly weighing of the specimens after 24 h
of drying at room temperature. When the standard deviation of the weight values was
minimal, the authors started to execute the ARAMIS measurements.

3.2. Concerning the Dissolution Tests of the PLA Specimens

During the dissolution tests, 3D-printed PLA samples with a thickness of 0.4 mm were
immersed in solutions with pH values of 12 and 12.55. Each specimen was submerged in
50 mL of solution, covered, and kept for four weeks (28 days).

Preventing evaporation was key, as it ensured that the pH of the solution remained
constant throughout the measurement. The observation was a subjective process; therefore,
the evaluations were conducted based on a custom assessment system. During the observa-
tions, only the first week of the dissolution tests was observed for a full seven days since
the rate of change in the test samples slowed down after the first week. Table 6 summarizes
the one-week-long 24 h observations of the dissolution tests on the specimens and contains
the list of symbols used.

Table 6. Summary of observations during the dissolution tests with the list of symbols.

Material Solution pH Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

ESD 12 NC C C C, P C, I C, CRP C, CRP, I
ENG 12 NC C, P C, I C, I C, I C, CRP, S C, CRP, S, I

HI 12 NC C, P C, I C, I C, I C, CRP, S C, CRP, S, I
ABS 12 NC C, P C, I C, I C, I C, CRP C, CRP, I
GYP 12 NC C, P C, I C, I C, I C, CRP, S C, CRP, S, I

ESD 12.55 NC C C, P C, P C, I C, I C, CRP
ENG 12.55 NC C C, I C, I C, I C, CRP, S C, CRP, S, I

HI 12.55 NC C, P, F C, F, I C, F, I C, F, I C, F, CRP, S C, F, CRP, S, I
ABS 12.55 NC C C, P C, I C, I C, CRP C, CRP, I
GYP 12.55 C C, P C, I C, I C, CRP C, CRP, S, W C, CRP, S, W, I

Remarks

The solution does not run off the surface, covering it evenly—C.
The solution runs off the surface, no coverage—NC.
Faded surface where the specimen was in contact with the solution—F.
Small amount of white substance that forms as a solid deposit, resembling powder on the surface—P.
Increase in the amount of precipitation—I.
Precipitation occurred in the solution as tiny particles—S.
Precipitation occurred on the wall of the measuring cup—W.
White crystal-like precipitation in continuous lines, parallel to the printing direction—CRP.

During the 168 h observation period of the dissolution tests, the GYP specimens
exhibited the most significant and noticeable changes and reactions to the solution. In the
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first 24 h of the test, the solution uniformly coated the surface of the GYP specimens while
it rolled off the surface of the other specimens. By the second day, all specimens tested in
the pH 12.55 and pH 12 solutions were uniformly coated by the solution.

In the pH 12.55 solution, a small amount of white substance that formed as a solid
deposit, resembling powder, was observed on the GYP and HI specimens, whereas in
the pH 12 solution, similar precipitation was observed on the ENG, HI, ABS, and GYP
specimens. This type of precipitation could occur due to the crystallization of dissolved
compounds when the solution became oversaturated, a chemical reaction between solutes,
or environmental factors such as changes in temperature or pH. The appearance and
composition of this precipitation can vary depending on the specific compounds involved,
but it typically consists of solid particles that settle or adhere to surfaces.

Additionally, in the pH 12.55 solution, the black surface of the HI specimens where
they contacted the solution had faded to gray. Figure 14 illustrates the fading of the color
observed on the surface of the HI specimen in the 12.55 pH solution.
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Figure 14. Fading of the color of the HI specimen immersed into the 12.55 pH solution with a small
amount of white precipitation on day 7.

On the third day, a small amount of white precipitation appeared on the ESD specimen
immersed in the pH 12.55 solution. For all other specimens with pre-existing precipi-
tated particles, the amount of precipitation increased. On the fourth day, the amount of
precipitation in all cases further increased; no other significant change was observed.

On the fifth day, the powder-like structure of the precipitation, in the case of GYP
immersed in the 12.55 pH solution, turned into a crystal-like structure parallel to the
direction of the printing direction of the specimens.

On the sixth day, a crystal-like solution appeared in all cases immersed in the 12 pH
solution and all cases immersed in the 12.55 pH solution except the ESD specimen. In the
case of ENG, HI, and GYP specimens, precipitation occurred as tiny, floating particles in
both solutions; in the case of GYP immersed in the 12.55 pH solution, the precipitation also
occurred in the wall of the measuring cup as well as in the solution.

On the seventh day, white crystal-like precipitation occurred in ESD immersed in
the 12.55 pH solution. In addition, the amount of precipitation increased in all other test
samples and the solutions.

Figure 15 shows the occurrence and the changing of the precipitation during the
observation of the dissolution tests.
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The remaining time of the dissolution tests was monitored weekly, where changes
in the surface of the test specimens and the amount of solution remaining were observed.
Despite covering the solution, the amount of the solution decreased. Table 7 shows the
percentage reduction in the solutions from the original initial volume of 50 mL, all compared
to the previous volume.

Table 7. Decrease in the amount of solution at pH 12.55 and pH 12 during the four-week period.

Material Week 1 Week 2 Week 3 Week 4

pH 12.55 solutions

ESD 40 30 25 5
ENG 40 25 25 10

HI 40 35 25 0
ABS 40 30 20 10
GYP 50 25 25 0

Material Week 1 Week 2 Week 3 Week 4

pH 12 solutions

ESD 20 40 35 5
ENG 20 45 30 5

HI 30 45 25 0
ABS 20 30 35 15
GYP 50 25 25 0

The most significant decrease in solution amount, in percentage terms, was observed in
the GYP specimens, where the material absorbed half of the solution in both the 12.55 and
12 pH solutions. Observing Table 7, it can be seen clearly that the next value after the GYP
percentage was a decreased value (50%), while 40% was observed for the rest of the solutions
with pH 12.55. This was followed by the HI sample of the pH 12 solution with a 30% decrease,
followed by the combination of ABS, ESD, and ENG samples with a 20% decrease.

By the second week, the amount of precipitation had noticeably increased, while the
amount of solution had decreased in all samples but not to the same extent. In the case
of pH 12 solutions, the most significant amount of decrease was in the case of the HI and
ENG specimens at 45%, followed by 40% in the case of ESD, then 30% with ABS, and a
25% decrease with GYP. By the third week, both the pH 12 and pH 12.55 solutions ran out
of solution from the GYP and HI test samples. By the fourth week, no liquid remained
in either solution for HI and GYP, and only the amount of white precipitate increased. In
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contrast, at pH 12, 15% of the solution remained for ABS and 5% for ENG and ESD. For
the same materials, the liquid was also retained in the pH 12.55 solution: 10% for ABS and
ENG and 5% for ESD.

As the solutions slowly ran out in the beakers, the white precipitate-like material on
the test samples increased. Figure 16 shows the formation and weekly spread of white
substance and on the HI specimen immersed in the pH 12.5 solution.
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Figure 16. Weekly spread of white substance and fading on ENG specimen in the pH 12.55 solution.

As shown in Figure 16, the white precipitate is widely spread on the surface of the
specimen; what is interesting about the location of the white material is that it started to
form on the line where the specimen touched the solution, and the HI material started
to fade. However, to find out where it came from—whether it came from the reinforcing
material or crystallized out of the solute—further experiments were needed. Since one way
of detecting NaOH is by combustion, a test was carried out on a sample taken from the
surface. If it burned with a yellow flame, it was NaOH; if not, it originated from PLA, and
its compound must be determined.

Since the research had limited resources, the simplest and quickest methods were used
to determine the substance. Flame tests and dissolution tests were carried out using the
same equipment. Table 8 shows the test results of the flame tests and pH measurements of
the white precipitate samples tested.

Before starting the experiments, a sample of white material was taken from each of the
test samples. All samples were then heated one at a time for the same length of time. Of the
samples tested, only the sample from the GYP probe showed a color change in response to heat.

Another simple method for detecting NaOH was to measure pH. Since NaOH is a
strong alkali, if it is present, the pH of the solution will be very high (between 12 and
14). The measurements showed that although the pH values were close to 11, none of the
solutions reached the very alkaline value. However, during the dissolution tests of the
pH 12.55 solution on a sample taken from the ABS specimen, the solution became unclear,
and black particles started floating in it.
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Table 8. Flame test and pH measurement test results of the white matter.

Material Reaction to Flame Dissolution pH Value Temperature [◦C]

pH 12.55 solutions

ESD none full 10.14 21.0
ENG none full 10.31 20.9

HI none full 10.39 20.2
ABS none uneven 10.62 21.2
GYP decolorization uneven 10.81 21.6

Material Reaction to flame Dissolution pH Value Temperature [◦C]

pH 12 solutions

ESD none full 10.47 22.5
ENG none full 10.66 22.9

HI none full 10.17 22.0
ABS none uneven 10.19 24.1
GYP none full 10.17 23.2

For the sample solution from GYP, black particles appeared, and the solution was
decolorized from translucent to slightly yellow. In the pH 12 solution dissolution tests,
as well as with a sample from the ABS sample, the sample dissolution was incomplete,
and white, floating particles made the solution cloudy. An important note is that in the
dissolution tests, the samples were dissolved in water only when heated.

Some specimens containing the white precipitate did not completely dissolve in distilled
water, even under heat. pH tests indicated a reaction between the NaOH solution and the
PLA-based and ABS materials. If the specimens had been coated solely with pure NaOH
(used to simulate the high pH of concrete), they would have burned with a yellow flame in
flame tests, and pH levels would have remained around 12 instead of falling below 11. This
suggested a chemical interaction between the reinforcement materials and the solution.

3.3. Concerning the Dissolution of the Fiber-Reinforced Concrete Specimens Underwater

The dissolution tests of the reinforcing materials were carried out in parallel with tests
on the broken fiber-reinforced concrete specimens stored underwater. The specimens were
stored in tap water, covered, and subjected to the three-point bending test for a further
4 weeks after the fracture tests. During this time, the pH and temperature of the aqueous
medium were monitored. The pH and temperature of the medium were rechecked after a
further 4 weeks, i.e., at week 8 after the start of the observation, to see if there were any
outliers. Table 9 represents the pH values and the temperature of the aqueous medium
over the four-week study.

Table 9. pH and temperature changes in aqueous medium over four weeks plus one week.

Observed Period in Weeks pH Value Temperature [◦C]

1st 7.75 21.2
2nd 7.99 21.0
3rd 8.05 21.2
4th 8.19 21.4
8th 8.10 20.8

The measured pH values fell in the alkaline range but were not high enough (9–12) to
clearly indicate the presence of calcium hydroxide (Ca(OH)2). The pH increase caused by
Ca(OH)2 was generally more significant, as it is a highly alkaline substance.

Rising pH values (7.73 → 8.19) could indicate that a solution is alkalinizing, but other
alkaline substances such as carbonates (e.g., sodium carbonate) can also be responsible.



Appl. Sci. 2025, 15, 2165 24 of 30

It is also possible that the chemical equilibrium of the solution is altered, for example, by
loss of carbon dioxide, which could cause natural alkalinization. This issue needs further
investigation.

In the third week of the observations, white crystals, similar to the white material
observed in the dissolution tests, appeared on the concrete elements in all cases right next
to or on the reinforcing element. The observed white crystalline particles are presented in
Figure 17.
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Another observation outside the appearance of crystals was the behavior of PLA-based
materials. In several parts, especially HI, the material was exposed to water due to fracture
and disintegrated on contact. ENG, GYP, and ESD were smeared.

As shown in Figure 18, HI was the most severely affected by the material condition.
While ABS was completely intact compared to the other PLA-based materials, ENG, GYP,
and ESD samples were smearable with HI, which even showed fiber degradation.
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These observations were necessary, as only by measuring the pH of the medium in
a continuous flow could it be determined whether the white matter released was lime
leached from the concrete. Since Ca(OH)2 forms an alkaline solution in water, the pH of
the water will be higher than 7. The alkalinity of the solution (pH around 9–12) could be
quickly determined by using a pH meter.

As the results of the pH measurements (measured with identical equipment used in
the dissolution tests of the PLA and ABS samples) showed, the pH values did not even
exceed 8.20, even in the back-tested range, after week 8.

4. Conclusions
This study aimed to evaluate the mechanical performance, chemical stability, and

reinforcement potential of 3D-printed materials, including PLA, ABS, and electrical ESD
PLA, in concrete and NaOH mediums. The results provided insights into both the strengths
and limitations of these materials, paving the way for advancements in sustainable con-
struction. The following conclusions align with the research objectives and summarize the
key observations.

The conclusions regarding mechanical performance under load are as follows:

• Unreinforced concrete specimens demonstrated unexpectedly higher load-bearing
capacity than reinforced counterparts in specific cases, challenging the assumption of
universal reinforcement benefits;

• Electrical ESD PLA emerged as the most promising reinforcement material, exhibiting
superior post-failure load-bearing capacity and minimal degradation in high-pH
environments;

• Observations under mechanical loading revealed faster and more extensive white
precipitate formation in specimens subjected to lower loads, suggesting a connection
between load resistance and chemical stability.

The conclusions regarding chemical stability in NaOH and concrete mediums are as follows:

• Dissolution tests confirmed that the white substance that formed as a solid deposit,
resembling powder, originated from chemical reactions involving PLA-based materials
in high-pH environments rather than from lime in the concrete;

• PLA and ABS materials showed susceptibility to slow degradation in NaOH solutions,
leading to reduced long-term structural stability;

• pH measurements indicated that NaOH interacted chemically with PLA-based and
ABS materials, further emphasizing the need for reinforcement materials resistant to
high-pH degradation.

The conclusions regarding the evaluation of diverse materials for reinforcement poten-
tial are as follows:

• Electrical ESD PLA demonstrated high chemical stability and strong mechanical
performance, making it a viable candidate for sustainable construction applications;

• Alternative materials like PET-G and PCTG, along with surface treatments, were iden-
tified as potential solutions to mitigate the drawbacks of PLA-based reinforcements
while retaining their benefits.

The limitations identified in this research highlight the challenges of using PLA mate-
rials for reinforced concrete applications. PLA’s inherent thermal and hydrolytic instability,
combined with its thermal expansion mismatch with traditional construction materials,
restricts its long-term durability. Additionally, its vulnerability to degradation in alkaline
environments further complicates its use in demanding applications, such as bridges or
outdoor concrete structures exposed to moisture and temperature fluctuations. While
combining PLA with other materials has shown a potential to mitigate some of these issues,
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further research is essential to fully address these limitations. Advancing material opti-
mization and exploring the chemical interactions between PLA and concrete will be critical
for realizing PLA’s potential as a sustainable and reliable alternative for reinforcement.

ABS filaments were chosen as the reference material in this study because of their
established use in engineering and 3D printing, where their high impact resistance, stiff-
ness, and recyclability make them a reliable standard for comparison. PLA filaments, in
contrast, were examined as a more environmentally friendly option, offering advantages
in printability and reduced ecological footprint. The goal was to assess whether PLA,
despite its challenges with thermal and hydrolytic stability, could meet the mechanical and
chemical requirements for reinforcing concrete. By evaluating PLA against ABS, the study
aimed to identify materials that could combine sustainability with the performance needed
for structural applications.

Future research should focus on addressing the chemical stability challenges observed
in PLA and ABS materials to enhance their long-term applicability in reinforced concrete
structures. Advanced analytical techniques should be utilized to determine the exact chem-
ical composition of the white precipitate and to understand the degradation mechanisms of
these materials in high-pH environments. Such studies would provide critical insights into
preventing chemical interactions that compromise structural integrity, possibly applying
artificial intelligence or learning algorithms [16,76,77], optimization techniques [58,78],
further field tests and laboratory examinations [79,80], etc.

Additionally, exploring alternative materials such as PET-G and PCTG offers signifi-
cant potential. These materials may retain the mechanical and environmental advantages
of PLA while offering improved chemical resistance. Surface treatments or coatings for
3D-printed reinforcement materials could further mitigate degradation risks and enhance
durability in harsh environments.

In conclusion, this study provides valuable insights into the potential of 3D-printed
PLA reinforcement in sustainable construction. While highlighting both its promise and
limitations, it lays a foundation for future innovations in material science and concrete
engineering.
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List of Abbreviations

ABS Acrylonitrile butadiene styrene
CFRP Carbon fiber-reinforced polymer
Ca(OH)2 Calcium hydroxide
CO Carbon monoxide
CO2 Carbon dioxide
CTB Cement-based tail backfill
DIC Digital image correlation
ENG Engineering PLA
ESD Electrostatic discharge PLA
GYP Gypsum PLA
HI High-impact PLA
NaOH Sodium hydroxide
OH− Hydroxide ion
PBS Phosphate-buffered saline
PCL Polycaprolactone
PCTG Polycyclo-hexylenedimethylene terephthalate glycol-modified
PET Polyethylene terephthalate
PET-G or PETG Polyethylene terephthalate glycol-modified
pH Potential of hydrogen
PLA Polylactic acid
PP Polypropylene
SF Short steel fiber-sprayed epoxy
THF Tetrahydrofuran
VOC Volatile organic compound
List of Symbols
d Cross-sectional dimension of the concrete specimen according to [67,69]
L Length of the concrete specimen according to [67,69]
mx Quantity of the considered liquid/material in the solution [mol] in the x-th case
ny Quantity of the considered liquid/material in the solution [g] in the y-th case
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