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Abstract: Additive manufacturing (AM) technologies, including 3D mortar printing (3DMP), 3D
concrete printing (3DCP), and Liquid Deposition Modeling (LDM), offer significant advantages in
construction. They reduce project time, costs, and resource requirements while enabling free design
possibilities and automating construction processes, thereby reducing workplace accidents. However,
AM faces challenges in achieving superior mechanical performance compared to traditional methods
due to poor interlayer bonding and material anisotropies. This study aims to enhance structural
properties in AM constructions by embedding 3D-printed polymeric meshes in clay-based mortars.
Clay-based materials are chosen for their environmental benefits. The study uses meshes with optimal
geometry from the literature, printed with three widely used polymeric materials in 3D printing
applications (PLA, ABS, and PETG). To reinforce the mechanical properties of the printed specimens,
the meshes were strategically placed in the interlayer direction during the 3D printing process. The
results show that the 3D-printed specimens with meshes have improved flexural strength, validating
the successful integration of these reinforcements.

Keywords: additive manufacturing (AM); 3D printing; liquid deposition modeling (LDM); fused
filament fabrication (FFF); clay-based mortars; 3D-printed mortars; 3D-printed reinforcement;
mechanical properties; innovative mortars; sustainable construction

1. Introduction

Over time, ancient monuments and buildings from various chronological periods
undergo deterioration primarily caused by environmental factors, weather conditions, and
lack of maintenance knowledge [1,2]. These historical buildings face challenges such as
air pollution, salts, biodeterioration, acid rain, and earthquakes [1,3,4]. Among historic
structures, those of vernacular architecture occupy a significant part [5]. It is crucial to find
ways to maintain and restore these structures to preserve ancestral heritage and evidence of
past civilizations, as they provide cities with a sense of identity and community. Therefore,
preserving or repurposing these structures is essential, as history holds valuable lessons
for us [6].

Although restoration processes often involve meticulous historical research and the use
of traditional techniques and original materials, there are circumstances where traditional
methods are impractical or original materials are unavailable [2,7]. Furthermore, there
are obstacles to restoration tasks, such as reproducing missing parts due to the lack of
drawings and documentation, restrictions on preservation tools, restrictions on direct
touch, and a shortage of skilled artisans capable of replicating complicated details [1,8,9].
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Fortunately, modern technologies offer automatic restoration methods to aid conservation
processes [10,11].

To overcome these challenges, advancements in digital technology, such as three-
dimensional (3D) scanning and photogrammetric shape measurement systems, allow
for non-contact and non-destructive measurements of existing structures and monu-
ments [12-15]. A perfect synergy is achieved with 3D printing technologies, which offer a
wide variety of technologies and materials for restoring historical buildings, monuments,
sculptures, and ornaments [16-19]. These technologies can be employed in various applica-
tions, such as preserving heritage buildings. For instance, they can 3D print supportive
structures and joints for masonry infills [20-22]. Liquid Deposition Modeling (LDM), in
particular, can use a diverse range of building materials as feedstock [23-25]. For restora-
tion purposes, building mixtures that comply with regulations and harmonize with the
original material in terms of color, texture, and physical and mechanical properties can be
utilized [1,26-28]. Furthermore, it is worth noting that recent studies have demonstrated 3D
printing processes capable of manufacturing parts with rock-like materials [29-31]. Such
advancements can produce final parts with more realistic appearances, which is beneficial
for applications such as restorations.

Especially for building and construction purposes, many commercial and customized
3D printing systems have been developed [32,33], such as additive manufacturing (AM)
of concrete known as 3D concrete printing (3DCP) and LDM technology, garnering at-
tention from academia and industry [34]. Currently, 3D printing companies for building
materials, such as WASP, which has developed a Crane system for rapid and sustainable
3D-printed house construction, are showcasing the capabilities of 3D printing technol-
ogy and earthen-based architecture through project TECLA [35]. Among the numerous
customized solutions found in the literature for 3DCP, Delft University of Technology
designed a lab-scale 3DCP setup comprising a computer numerical control (CNC) machine,
controller, and extrusion system, with the CNC operated by the controller and material
directed to the nozzle via a commercial PFT Swing-M conveying pump [34,36]. Another
system developed by Manikandan et al. [37] involved an extrusion-based Velleman K8200
3D printer with a 20 cm x 20 cm x 20 cm build volume and a 3 mm diameter nozzle for
printing and characterizing ready-to-print fresh cementitious mixtures with silica fume and
superplasticizer. In addition, robotic arms offer an attractive solution for 3D printing con-
crete mixtures due to their freedom of movement, allowing for various applications, from
small objects to larger constructions. They can also be used for printing simultaneously in
collaboration with other robotic arms, contributing to the elimination of building time for
the project [38,39]. Alabbasi et al. [40] employed robotic 3D printing tools and techniques
for building typical Saudi Arabian free-standing houses, while Xu et al. [41] introduced
a mobile robotic 3D concrete printing system for in situ construction, utilizing robotic
arms for printing various structural components of a farmhouse in a village, including
foundation trenches, structural walls, decorative walls, arch roofs, and flat roofs.

Generally, according to Cao et al. [42], the 3DCP systems found in the literature can
be categorized as Gantry, Frame, Robot arm, Polar, and Delta types [39,42]. Gantry and
frame systems are commonly adopted in the Fused Filament Fabrication (FFF) technology
and can be easily converted for concrete printing. They are known for their low cost,
ease of assembly, and maintenance. Robot arm systems offer flexibility and the ability
to print complex geometries, with the potential for extendable build volume if the base
can be moved. The drawback of those systems is that they come with high costs and
complexity in control. Polar systems, less common in academic settings, are efficient for
commercial projects like house printing, featuring a cylindrical build volume but with
higher maintenance and fabrication costs. Delta systems, very common in FFF printers, can
be found in small or large sizes and can be easily converted for concrete printing, but they
face stability issues due to their structure.

This study presents a rapid methodology for restoring monuments and buildings,
adhering to specific material legislation. The goal is to inspire civil engineers and architects
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to leverage additive manufacturing technologies in restoration projects to take advantage
of the numerous benefits it offers. Additionally, it explores enhancing the mechanical
properties of clay-based printed parts for restoration by incorporating polymer meshes. In
detail, four different clay-based mixtures were developed: 1. 100% Clay, 2. 95% Clay—5%
Cement, 3. 90% Clay—10% Lime, and 4. 80% Clay—20% Lime. These mixtures were
printed using LDM technology, both with and without integrated polymer meshes made
of PLA, ABS, and PETG for extra reinforcement, and then evaluated to determine the
best option and the most favorable mechanical properties. The materials proposed were
based on lab experience and the most usual ways to stabilize clay [43]. Thus, in addition
to the aforementioned per-weight percentages, the water content was adjusted in order
to provide the best properties to the various mortars, ceramic powder was used as an
aggregate, and a plasticizer was also used to reduce water content, as mentioned in the next
section. It was considered safe to use white cement at a percentage of 10% of binders for
repair mortars, as physical properties (such as porosity and capillarity) are not significantly
affected. Additionally, the early strength is increased to support the materials and the
construction [44,45].

Figure 1 illustrates the flowchart of the present study and essentially the methodol-
ogy followed for developing clay-based mixtures for 3D printing applications and their
assessment. Section 2 of this study presents the materials and methods, explaining the
methodology and equipment used to develop and assess clay-based mixtures and utilize
them through LDM 3D printing. Section 3 showcases the results concerning the chemical
composition of the mixtures, characterization results of the printed prisms, and the result-
ing mechanical properties. The study concludes with Section 4, which provides a brief
summary of the methodology and results.

CHARACTERIZATION
PREPARATION/ 3D PRINTING . RESULTS
SELECTION OF v Mechanical: Flexural and
\IATEmL S v 3D Printing of Reinforcing Compressive Strength, Dynamic v Evaluation of the 3D Printed
h Meshes Modulus of Elasticity Specimens
¥ Materials v" 3D Printing of Clay-Based v" Physical: Porosity, Absorption, v" Defining the Most Durable
v" Development of Clay-based Mixtures and Apparent Specific Gravity Polymeric Material for
Mixtures v’ Mineralogical: X-ray Diffraction Reinforcement
Analysis (XRD)

Figure 1. Flowchart of the present study.

2. Materials and Methods
2.1. Materials

For this study, clay-based mortars were prepared in the laboratory in two different
groups for comparison. One group of specimens was printed, and the other was molded.
Table 1 summarizes the mortar series made—the raw materials used as binders were clay;,
hydrated lime, and cement 142.5N in different proportions. Ceramic powder, derived
from crushing bricks available at the market, was used as an aggregate. The hydrated
lime and cement were intended as stabilizers. Stabilizers are usually hydraulic (primary
binders) or non-hydraulic (secondary binders) materials that react with water primarily
or in the presence of pozzolanic materials (secondarily) to form composites with adhesive
properties. In an attempt to decrease water usage, a polycarboxylate superplasticizer
(Master Glenium 11) supplied by BASF (Ludwigshafen, Germany) was incorporated in
different proportions into each mixture. It is a new generation reducing admixture based
on modified polycarboxylic ether chains, mainly developed for the ready-mix concrete
industry. Figure 2 illustrates the materials investigated in the present study.
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Table 1. Characterization of binders.

Method Clay Hydrated Lime Cement
Density (g/cm?) Gas pycnometry 2.609 2.279 3.105
CaO0% XRF 5.42 87.4 61.70
MgO% XRF 2.22 0.84 1.20
SO5% XRF - 0.49 3.34
FeyO3% XRF 7.52 0.08 3.07
Al,O3% XRF 15.23 0.03 3.14
S5i07% XRF 58.00 - 17.54
Ky0% XRF 3.15 - 0.12
Nay;O% XRF 0.83 - 1.10
MnO% XRF 0.13 - -
TiOy% XRF 0.73 - -
Particle size (um) PSD d (0.1): 3.261 d (0.1): 1.293 d (0.1): 2.438
d (0.5): 30.724 d (0.5): 3.374 d (0.5): 10.248
d (0.9): 245.651 d (0.9): 16.041 d (0.9): 28.661

Ceramic Powder MasterGlenium 11

Figure 2. Materials utilized in the formulation of clay-based mixtures.

The analysis of the raw materials was conducted using X-ray fluorescence (XRF)
for chemical analysis and a gas pycnometer for density measurement. Additionally, the
particle size of the binders was measured. For XRF analysis, a Bruker TIGER S8 (Karlsruhe,
Germany) was used. Density was measured using Ultrapyc 3000 from Anton Paar (Graz,
Austria), and particle size was measured with a Mastersizer 2000 from Malvern Panalytical
(Malvern, UK). The properties of the binders are summarized in Table 1.

2.2. Preparation Process of Clay-Based Mortar Mixtures

In this research study, the clay-based mixtures were prepared using an automatic
programmable mixer, specifically the CONTROLS 65-L0006/AM (Liscate, Milan, Italy),
featuring a planetary rotation system for its working body (refer to Figure 3).

The mortar samples were produced according to EN1015-11 [46]. The specimens were
prisms with dimensions 4 cm X 4 cm x 16 cm. Water and Master Glenium 11 were first
poured into the mixer bowl, followed by the addition of clay. Then, the cement or lime was
added to the respective clay-based mixture. Subsequently, the mixer was turned on at low
speed and mixed the materials for 30 s. Following this stage of mixing, the ceramic powder
was added, and the mixing continued at a low speed. Finally, the mixer was switched to
high speed for 60 s. The mortar series created are summarized in Table 2.
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Mixer Automix Controls Workability EN 1015-3
Insertion point of materials
Clay-based Mixture
Figure 3. Preparation of clay-based mixtures.
Table 2. Content of mortar series and workability.
Preparation Mortar . Ceramic . . Workability
Method Series Clay Lime Cement Powder Water Plasticizer (cm)
Lime 10% 0.9 0.1 - 0.2 0.40
MOl‘jied Lime 20% 0.8 0.2 - 0.2 0.40 2% w/w of 1
3D l‘";“‘ g Cem5% 0.95 - 0.05 0.2 041 binder
rinte Clay 1 - - 0.2 0.37

To assess the workability of the fresh-state mortar according to EN 1015-3 [47], flow
table consistency was measured. The conical mold was lubricated, filled with the mortar
mixture, and compacted to remove air bubbles. After removing the mold, the slump flow
table was dropped from the standard height at a constant rate for fifteen consecutive times.
This resulted in a final diameter increase of 14 cm. This method not only determines
flowability but also provides insight into the shape retention ability and, by extension, the
extrudability of the fresh 3D-printable mixture.

2.3. Design and 3D Printing of Reinforcing Meshes

To propose a methodology for achieving superior mechanical performance in con-
structions made by 3D printing (with layer-by-layer deposition of the building material)
and to overcome weaknesses such as poor interlayer bonding and material anisotropies,
reinforcing meshes with modified surfaces for better adhesion between the layers were
designed and 3D printed.

This aims to achieve the optimal structural strength of the clay-based printed speci-
mens. From the literature, a highly durable design known as the Quadri-Grid structure
was chosen for this research due to its demonstrated performance in bending capacity
and mechanical properties in three-point bending tests [48]. The meshes were fabricated
using Fused Filament Fabrication technology (FFF). All specimens were designed using
SOLIDWORKS® CAD Software (2022 SP2.0 Professional version) and were 3D printed
using an Original Prusa i3 MK35+ 3D printer (Prusa Research a.s., Prague, Czech Republic).
Additionally, Prusa Slicer 2.5.0 software was utilized to slice the geometry and export
the G-code. It is noteworthy that, in this study, the Quadri-Grid structure was modified
by adding scattered circular speckles to enhance adhesion between layers. The dimen-
sions of the mesh are 151 mm X 31 mm X 1 mm (length x width x height), with the
scattered speckles positioned 0.5 mm from the mesh surface. Consequently, the total height
of the mesh is 1.5 mm, resulting in overall dimensions of 151 mm x 31 mm x 1.5 mm
(Length x Width x Height).
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To determine the most suitable material in terms of mechanical properties and ad-
hesion between layers of the clay-based mortar, three widely used materials in FFF tech-
nologies were selected: PLA, PETG, and ABS. All materials were provided in filament
form with a diameter of 1.75 mm. More specifically, the filaments used are eSUN PLA+
(Shenzhen, China), eSUN PETG (Shenzhen, China), and Spectrum Smart ABS (Pecice,
Poland). The printing parameters were defined, with the nozzle temperature set at 215 °C
for PLA, 240 °C for PETG, and 255 °C for ABS. Bed temperatures were set at 60 °C for PLA,
90 °C for PETG, and 110 °C for ABS. All meshes were printed using a 0.4 mm nozzle and
0.2 mm layer height, with a fill density of 100% using a rectilinear fill pattern. Figure 4
demonstrates the FFF 3D printer utilized, a section of the CAD design of the mesh, and
illustrates the printed meshes on the printing bed.

POSOTOTO0 A
SOSOTOTOOA
OSOTOTOTOA

Figure 4. Three-dimensional printing of reinforcing meshes.

2.4. Three-Dimensional Printing of Clay-Based Mortar Mixtures

The additive manufacturing technology employed in this study for the fabrication of
clay-based specimens is Liquid Deposition Modeling (LDM). All specimens were designed
using SOLIDWORKS® CAD Software (2022 SP2.0 Professional version) and were 3D
printed using the WASP 40100 LDM. Simplify3D (Version 5.1.2) software was utilized to
define the printing parameters and export the G-code.

The fresh mixture was produced according to EN1015-11, and specimens were de-
signed with dimensions (4 cm x 4 cm X 16 cm) to mimic the molded samples. Subsequently,
the pump of the printer was filled with the fresh clay-based mixture and prepped to ensure
the least amount of encapsulated air and voids.

Regarding the printing process, the employed nozzle diameter was 10 mm, and the
layer height was set at 5 mm for the printing parameters. Finally, the fill density was set at
100%. All mixtures were prepared and printed at room temperature.

After uploading the G-code to the printer, the mixture was imported into the container
of feedstock material, and with the help of a piston inside this container, the mixture was
pushed through a pipe into the extruder. The extruder has a cylindrical shape and contains
a screw that pushes the mixture toward the nozzle. The rotational speed of the screw and
the pressure exerted on the piston determine the flow rate of the extruded material. The
pressure exerted on the piston was set at 0.1 MPa, and the compressed air that pushes
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the piston is generated from an air compressor connected to the top part of the container
containing the mixture.

For the present study, a total of eighteen prisms were printed. Four different mixtures
were developed (exactly the same as the molded ones—see Table 2), and three prisms were
printed with each mixture. Additionally, six prisms were printed with integrated polymeric
mesh reinforcements: three with the clay mixture and three with the clay and 5% cement
mixture. As already mentioned, the meshes were positioned between all layers. Specifically,
for each prism consisting of eight layers, seven polymeric meshes were placed. It is noted that
although only the 3D-printed meshes below the neutral axis would undertake tensile loads,
it was decided to place them between all layers because it is expected to enhance the layers’
cohesion as well [49,50]. The 3D printing process was stopped after completing every layer,
and the mesh was positioned manually. Table 3 presents all the printed prisms analytically.

Table 3. Three-dimensionally printed prisms.

Mixture Number of Prisms without Number of Prisms with
Mesh Integrated Mesh
Clay 3 3
Clay—5% Cement 3 3
Clay—10% Lime 3 -
Clay—20% Lime 3 -

After the printing process, the specimens were maintained in a humid environment.
To achieve a humid environment and prevent cracking, the specimens were wrapped in
wet burlap after three days and stored at room temperature (20 & 2 °C) with 95% relative
humidity. Figure 5 displays the WASP LDM 3D printer, the printing process, and the
maintenance of the printed prisms.

Container of Feedstock Material

WASP 40100 LDM

Air Compressor

Maintaining Moisture Levels in 3D Printed Prisms

Building Platform

Figure 5. Three-dimensional printing of clay-based prisms.
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2.5. Preparation of Molded Specimens

Prismatic metallic molds (4 cm X 4 cm X 16 cm) were lubricated and filled with the
fresh-state mixture to prepare the molded specimens. Tamping on a vibration table for 30 s
removed air bubbles and voids. After 3 days, the de-molded specimens were cured under
the same conditions as the printed ones: in wet burlap at room temperature (20 & 2 °C)
and 95% relative humidity. The final cast and 3D-printed prisms are shown in Figure 6.

Figure 6. Final casted and 3D-printed prisms. (A) 100% Clay, (B) 95% Clay—5% Cement, (C) 90%
Clay—10% Lime, (D) 80% Clay—20% Lime.

2.6. Materials Characterization

The mechanical, physical, and mineralogical properties of the prismatic specimens
were evaluated after curing. Regular molded and 3D-printed specimens were cured for
90 days, while specimens with reinforcing meshes were cured for 28 days. The curing pro-
cess involved humid conditions of 95% relative humidity and a temperature of (20 £ 2) °C
for the first 28 days, followed by storage in a laboratory environment.

2.6.1. X-ray Diffraction (XRD)

X-ray diffraction analysis (XRD) was employed to evaluate the phase composition
of the four mortars produced in this study. A Bruker 2nd generation D2-Phaser diffrac-
tometer was used for the XRD analysis. X-ray diffraction patterns were recorded at Cu
Ka (30kV and 10mA, A = 1.540 A) from 2° 0 to 75° 8, with step 0.02° 6 and time per step
0.4s. The crystalline phases were identified using DIFFRAC.EVA V5.0 software and the
Crystallography Open Database.

2.6.2. Physical Properties

The porosity, absorption, and apparent specific gravity of the clay-based specimens
were determined according to the RILEM CPC 11.3 method, which utilizes water absorption
under vacuum.

2.6.3. Mechanical Properties

The flexural and compressive strength was determined using a model WAW-300E
computer-controlled Universal Testing Machine, according to EN 1015-11:2019 [46]. Me-
chanical properties were tested at three months (90 days) [43,51,52] on the molded and
unreinforced 3D-printed samples and at 28 days on the 3D-printed specimens with rein-
forcing meshes.

To account for the anisotropic nature of 3D-printed specimens, compressive testing
was performed in two directions: parallel and perpendicular to the printed layers. Flexural
strength, however, was only measured perpendicular to the layers. In the case of 3D-
printed specimens with reinforcing meshes, only flexural strength was assessed due to their
geometry causing delamination during the test.
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To assess the dynamic modulus of elasticity according to EN 12504-4 [53], ultrasonic
propagation, a non-destructive technique, was employed. This method determines the
velocity of elastic waves, allowing for the detection of voids and discontinuities within the
material. A Proceq PUNDIT, a portable ultrasonic non-destructive digital indicating tester
equipped with two 54 kHz cylindrical P-wave transducers, was used for this purpose.

3. Results
3.1. X-ray Diffraction (XRD) Measurements

The crystalline phases identified in the clay-based samples after 28 days are presented
in Figure 7.

Cement5%

Q — Lime20%

— Lime10%
7 — Clay100%
Q uC
S chl..aMk:_:d :Q?gcgco Q Q
‘_'_‘—’.'\—\_d_ _n_/\—'-..-\_.-w--\.—-—'l L,_,______-w\__._,‘_\_-_,_\___\__\__\_ — -\—__-._.I\— i ————
Q

Intensity (a.u.)

26 (°)

Figure 7. XRD patterns of the 100% clay specimen, 10% lime, 20% lime and 5% cement mortars. Q:
quartz, C: calcite, M: muscovite, A: albite, Al: alite, Ch: chlorite, P: portlandite.

The X-ray diffraction (XRD) pattern of the clay mortar shows the identified crystalline
phases, including quartz (COD 1011159), muscovite (COD 9001952), albite (COD 9009663),
chlorite (COD 9000158), and calcite (COD 1010928), all present in very low concentrations.
The XRD pattern of the mortar containing 10% lime reveals the presence of quartz (COD
1011172), muscovite (COD 9001952), albite (COD 9002196), chlorite (COD 9000158), calcite
(COD 9007689), orthoclase (COD 1011205), and portlandite (COD 1001768). The mortar with
20% lime exhibits similar phases. However, the calcite peak shows a significant increase
compared to the 100% clay mortar. This can be attributed to the addition of hydrated lime,
while the presence of portlandite peaks suggests the occurrence of hydration. Based on the
analysis of the XRD patterns, no clear evidence of a pozzolanic reaction between the clay
minerals and the hydrated lime is observed.

The XRD pattern of the 5% cement mortar reveals the presence of quartz (COD
1011097), muscovite (COD 9001952), calcite (COD 9000965), albite (COD 9002197), ortho-
clase (COD 9000161), chlorite (COD 9000158), and alite (COD 9016125). Alite, the primary
component of Portland cement, undergoes hydration to form calcium silicate hydrate
(C-S-H) and calcium hydroxide (portlandite), which are crucial for cement setting and
strength development of the matrix [54-56]. While alite was present, no hydration products
were found.
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While lime and cement were used to stabilize the clay and promote the formation of
pozzolanic compounds such as calcium silicate hydrate and calcium aluminate hydrate,
these phases were not detected by XRD analysis. Pozzolanic compounds play a role in
reducing swelling and increasing strength in clay. The absence of these pozzolanic phases
suggests a lack of pozzolanic activity, which may compromise the long-term mechanical
performance and durability of the clay-based mortars.

3.2. Physical Properties

Figures 8-10 show the open porosity (%), absorption (%), and specific gravity of the
molded and printed specimens. In most cases, the open porosity appears similar between
molded and printed specimens, with the exception of the lime 10% specimen, which
exhibits a significant increase in porosity for the 3D-printed version. This can be attributed
to the preparation methods. The molded lime 10% specimens were compacted using a
vibration table according to EN 1015-11, which reduces air pockets and ensures a denser
material. In contrast, the 3D-printed specimens did not undergo external compaction,
resulting in higher porosity in the lime 10% due to trapped air during the printing process.
The clay and cement specimens inherently settle and compact sufficiently during both
molding and 3D printing. The specific gravity follows a similar trend, with lime at 20%,
cement at 5%, and clay at 100%, showing minimal differences between molded and printed
specimens. However, the printed lime 10% mortar has a noticeably higher specific gravity
compared to its molded counterpart. Interestingly, the absorption remains consistent across
all molded and printed specimens within each mortar series.

Porosity (%)

molded M printed
40.0
30.0
20.0

10.0

0.0
LIME 10% LIME 20% CEM 5% CLAY100%

Figure 8. Open porosity (%) of the molded and printed specimens.

Absorption (%)
H molded printed

30.0
20.0
10.0 I
0.0
LIME 10% LIME 20% CEM 5% CLAY100%

Figure 9. Absorption (%) of the molded and printed specimens.
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Specific Gravity (g/cm?3)

B molded M printed

D
—
o I~
o) o =N i =
< [Te} S o i — —
| I | | : :ﬁ I I
LIME 10% LIME 20% CEM 5% CLAY100%

Figure 10. Specific gravity of the molded and printed specimens.

The mortar with 100% clay has lower porosity and absorption than the mortars with
hydrated lime and cement. This could be due to the smaller amount of water added to the
mixture to achieve workability, as well as the particle size distribution and clay’s ability to
pack densely. It is evident that the addition of cement increases porosity and absorption the
most compared to mortars with other binders. This may be because cement does not have
a plethora of cementitious phases that occupy space in the microstructure of the matrix.
3.3. Mechanical Properties

The mechanical properties of the mortar series tested after 3 months of curing are
exhibited in Figure 11.

Flexural & Compressive strength
3.50

3.00
2.50

2.00

1.50

1.00

e L
| R =0

20% lime -p 10% lime-p  clay-p 5% cement- 20% lime - m 10% lime -m  clay - m
p

of / oc (MPa)

Hof Mocperpendicular M oc parallel
Figure 11. Flexural and compressive strength of the molded (m) and printed (p) specimens at
3 months.

Due to the anisotropic properties of the 3D-printed mortars, the compressive strength
was measured in both parallel and perpendicular directions, as illustrated in Figure 12.
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(@) (b)

Figure 12. Compressive strength: (a) perpendicular and (b) parallel to the printed layers.

Contrary to expectations, the mortars containing stabilizers, namely lime and cement,
exhibited lower mechanical performance than the pure clay mortar. On the other hand,
it was expected that the molded specimens would have superior mechanical properties
compared to the printed specimens due to their printing orientation. Since the material is
deposited in layers, the strength of the bond between the layers is weaker than the strength
within a uniform layer. As can be seen in Figure 12, during testing, the specimens failed by
layers detaching from each other.

Both molded and 3D-printed specimens of pure clay demonstrated the highest flexural
and compressive strengths. The addition of 5% cement resulted in an adverse effect. The
molded specimens failed during the curing process, hindering a proper strength evaluation.
The printed specimens underperformed, exhibiting 86% lower flexural strength and 74%
lower perpendicular compressive strength compared to the printed clay mortars.

The effect of lime inclusion provided mixed results. Although it did not perform better
than the clay mortars, it showed a more hopeful outcome. By examining the two percent-
ages used, the 20% lime mortar displayed improved flexural strength compared to the
10% lime mortar. However, its compressive strength was less than the 10% lime mortar
in the perpendicular to the printed layers direction. Conversely, the 20% lime mortar
maintained better compressive strength in the direction parallel to the layers. The molded
lime mortars showed a clearer trend: a higher percentage of lime resulted in enhanced
mechanical properties.

The results reveal that the stabilization of the clay was not successful. This could be
due to several factors. Most importantly, the water content might not have been optimal
for the complete hydration of the cement, especially when using a high percentage of
plasticizer. Incomplete hydration of the cement limits the formation of strong binding
phases that promote enhanced mechanical properties. Additionally, the curing conditions
could have hindered the stabilization of the clay—cement mortar.

In Figure 13, the dynamic moduli of elasticity of the molded and printed specimens
are depicted. Both printed and molded clay specimens show the same dynamic modulus,
while the lime mortars show the same pattern, with the 20% lime mortar having a greater
elastic modulus than the 10% lime mortar. The significantly lower dynamic modulus
in the 5% cement mortar could be due to incomplete cement hydration. As discussed
earlier, insufficient water might have hindered complete hydration, leading to a more
porous microstructure (seen in Figure 8). In addition, there could be an incompatibility
between the specific clay and cement, resulting in weak interfacial bonds and possibly
some internal voids.
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Figure 13. Dynamic modulus of elasticity of the molded and printed specimens at 3 months.

The mechanical properties of the mortar series with integrated meshes, tested after
28 days of curing, are exhibited in Figure 14. PETG, PLA, and ABS meshes were placed
between printing layers in two different mortars: 100% clay and 5% cement. Firstly, it can
be seen that the meshes, even after 28 days, have increased flexural strength. Again, it
is clear that the 100% clay mortar provides higher flexural strength than the 5% cement
mortar.

Flexural Strength
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Figure 14. Flexural strength of the specimens printed with reinforced meshes at 28 days.

During the test, shear failure was observed in all mortars, with two diagonal cracks
propagating down the specimen from the loading point. The layers then began to detach
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from each other one by one until the meshes, in most cases, started breaking in half. The
stiffness of the polymeric meshes was an important factor, along with their integration
with the matrix. In the 5% cement mortar, PETG meshes did not break because the poor
integration of the two materials, combined with the flexibility of the mesh, caused the
printed layers to separate quickly, leading to composite failure. This issue was avoided
in the 100% clay mortar due to better incorporation of the materials. The PLA and ABS
meshes failed with a central crack starting from the bottom mesh, and most of the time,
one or two broke. Figure 15 demonstrates the failure of a 5% cement specimen reinforced
with an ABS mesh.

Figure 15. Flexural strength of 3D-printed specimens with reinforcing meshes tested perpendicularly
to the printed layers.

In comparison to the 3D-printed mortars without meshes, the PETG meshes increased
flexural strength by 593% in the 5% cement and 120% in clay mortars, respectively. PLA
meshes resulted in a 600% increase in the 5% cement mortar but only a 13% increase in the
clay mortar. This poor enhancement is possibly due to the lower mechanical properties
of PLA compared to PETG and ABS, as well as the poor adhesion of the PLA mesh to
the clay mortar. ABS meshes strengthened the 5% cement and clay mortars by 321% and
157%, respectively. Very importantly, the addition of PETG and ABS meshes assisted the
3D-printed pure clay mortars in surpassing the flexural strength of the molded one by 28%
and 49%, respectively.

One observation made before the test was that the clay mortar had quite a few su-
perficial cracks, while the cement mortars did not. The main cause is that the meshes
constrained the clay mortar from shrinking, especially in breadth. Despite the presence
of superficial cracks, the clay mortar seemed to have integrated better with the meshes,
resulting in better mechanical properties and enhanced cohesion of the printed layers.

4. Conclusions

The present study demonstrates an approach utilizing AM technologies that can be
employed for restoration projects. Four different mixtures, compliant with regulations
regarding allowable materials and proportions, were developed and investigated for their
3D printing potential. Their printability was successfully confirmed, and prisms with
dimensions of 4 cm X 4 cm X 16 cm were produced according to EN1015-11. These
prisms were designed and printed for further evaluation of their mechanical properties.
Additionally, to further enhance their mechanical strength, polymer meshes made of PLA,
ABS, and PETG were added between the layers of selected mixtures (100% clay and 5%
cement) as extra reinforcement.

The results regarding their mineralogical analysis and physical and mechanical prop-
erties indicate that mix designing and the optimal concentrations are of paramount impor-
tance for both printed and molded clay-based materials, as selected binders, additives, and
water content significantly affect the long-term properties. The XRD analysis revealed the
presence of key crystalline phases, including quartz, muscovite, albite, chlorite, and calcite,
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in varying concentrations across different mortar compositions. Notably, the addition of
lime increased the calcite content and introduced portlandite, yet no clear evidence of
pozzolanic reactions was observed in any of the mortars. Despite the stabilizing effect, lime
and cement addition did not enhance the mechanical performance as expected.

Pure clay mortars exhibited the highest flexural and compressive strengths, outper-
forming their lime- and cement-stabilized variants. The addition of PETG and ABS meshes
significantly increased the flexural strength of 3D-printed pure clay mortars by over 120%
compared to the unreinforced 3D-printed mortars while also surpassing the molded ones
by 28% and 49%, respectively. In contrast, PLA meshes resulted in a negligible increase
in flexural strength due to the lower mechanical properties of PLA compared to PETG
and ABS. Additionally, the PLA mesh likely exhibits weaker adhesion to the clay mortar.
Mesh reinforcement proved especially effective in 5% cement mortars, with PETG and PLA
meshes increasing flexural strength by over 590%.

This study underscores the importance of utilizing additive manufacturing techniques
in clay mortars as a way to improve mortar production technology with reliable results.
The meshes produced for this research, especially PETG and ABS, significantly enhanced
the mechanical performance and cohesion of the 3D-printed clay mortars. Additionally, the
presence of meshes affected the way the specimens fractured.

Future work will focus on mesh geometry and architecture, as well as on the density
of the meshes in the mortar structure, testing more strategic placements within the mortar
(e.g., in the upper and lower layers). Once basic parameters are understood, the research
opens a new perspective on the possibilities of using new technologies in sustainable
restoration by employing materials and techniques that can easily address problems with
durable and compatible materials.
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