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Abstract. The overall goal of this study is to support the advancement of
new construction methods and materials that are more cost-effective and
have lower carbon emissions. There is a rising interest in utilizing earth ma-
terials in 3DCP for sustainable construction solutions, but their progress is
limited by slow production rates. This research investigated the influence of
various parameters on the efficacy of 3D earth materials printing using
Taguchi experimental design, such as alginate dosing, scan strategy, scan
speed, layer thickness, and curing age. Moreover, the impact of incorporat-
ing 2% alginate biopolymer into the clay matrix was assessed through FT-
IR and XRD analysis. Additionally, the Taguchi method was assessed using
Fault Tree Analysis FTA to pinpoint the primary causes of failure in extrud-
ability and buildability functions.

Keywords. 3DCP, earth materials, alginate, failure mode, fault tree anal-
ysis

1. Introduction

The construction industry is recognized as a sector that demands a wide range of resources
and is associated with significant environmental challenges. Buildings alone account for 36%
of total energy consumption, 40% of solid waste production, 12% of potable water usage,
and 38% of greenhouse gas emissions, as well as 8% of global anthropogenic CO, emissions
[1], [2]. Moreover, the industry has been criticized for its subpar productivity levels [3], [4].
To address these issues, Additive manufacturing (AM) or 3D-printing technology has been
introduced to the construction industry, aiming to deliver rapid, dependable, and cost-effi-
cient construction solutions, while enabling the creation of intricate designs with enhanced
aesthetics. This innovative technology has been proven to lower construction expenses, boost
productivity, and offer additional advantages such as decreased carbon emissions and waste,
design flexibility, and enhanced accuracy [5]-[9]. The initial stages of 3D concrete printing
(3DCP) involve creating a digital model, selecting the appropriate materials, and setting up
the printer. Essentially, this approach relies on a computer-controlled system to produce the
model that will be printed [10], [11]. In addition, since 3DCP is considered as one of the
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latest cutting edge technologies in AM in the 21% century, it is then noteworthy that it has
beneficiated of all the advanced that were developed in AM realm in terms of extrusion con-
trol technologies [12]-[14], topology optimization [15], generative design [7], [8], scanning
strategies optimization [16], [17], and other specific tools such as image processing and data
analysis applied to AM [18]-[20].

Conversely, a wide range of materials utilized in 3DCP, such as cementitious materials,
alkali-activated materials known as geopolymers, and hybrid materials where geopolymers
partially replace cement, are being explored in light of environmental concerns associated
with Portland cement materials [21]. The need for alternatives that are more energy-efficient
and environmentally friendly is becoming increasingly urgent.

In this regard, the use of 3DCP based on earth materials is a emerging method for the
production of low-carbon structures [22], [23]. However, the progress of earthen construction
is still limited by insurance challenges and poor durability caused by high susceptibility to
water [23], [24]. Efforts have been made to address the instability, and mechanical problems
of earth binders by considering the inclusion of stabilizing additives. These additives consist
of fibers, mineral additives, and biopolymers [23]-[26].

Furthermore, the efficacy of 3DCP is contingent upon the success of each phase of the
3DCP process, which includes pumpability, extrudability, and buildability [21], [27]. This
necessitates the adjustment of parameters that impact the success of 3DCP, such as mix-
design parameters and printing parameters [28], [29]. Hence, this research paper focuses on
investigating the influence of variable parameters on both undoped and doped marl behavior
using a Taguchi experimental design on the success of extrudability, and buildability stages.
These parameters include the integration of alginate biopolymer within the marl matrix, scan
speed, scan strategy, layer thickness, and curing age. The assessment of the system under
study is conducted through the utilization of a quality management tool, Fault Tree Analysis
(FTA), to pinpoint the root causes of 3DCP failures.

The subsequent sections of the paper are structured as follows: Section 2, Materials and
Methods, outlines the characterization and physicochemical properties of the raw materials,
the synthesis process undertaken, and the methodologies employed to evaluate the perfor-
mance of 3D-printed composites, including FT-IR spectroscopy, XRD analysis to evaluate
the effect of alginate addition on chemical and structural properties, 3D-printing tests, and
Fault Tree Analyses FTA. Conversely, Section 3 presents the findings derived from the
printed and cast composites. Lastly, Section 4 provides the concluding remarks and highlights
potential avenues for future

2. Materials and methods

2.1. Raw materials

The raw marl was gathered from the eastern lower part of the Sais basin at the Benjallik
quarry with coordinates: longitude 4°56'56.9" W, latitude 34°02'14.8" N, and an altitude of
431m. To prepare the clayey soil for this research, the rocky clay was crushed into small
pieces using a mortar and then dried at 100 °C to eliminate moisture. Subsequently, a Retsch
RM200 grinder was used to refine the clay particles. The raw clay was then sieved, with
particles of 212 pm selected for the study. The physical and chemical properties of the raw
marl from the Fez region are detailed in tables 1 and 2.

Sodium alginate, a biopolymer derived from brown algae, consists of two repeating units:
B-1,4-linked D-mannuronic acid (M block) and a-1,4-linked guluronic acid (G block) [30],
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[31]. It was acquired by ERBApharm to study its effects on the printability of the samples
that were prepared.

Table 1. Physicochemical parameters of raw marl

Physicochemical parameters Values
Plastic limit (%) 26.97
Liquid limit (%) 43.38
Plasticity index (%) 16.42
Water content (w%) 45.5
Bulk density (g/cm?) 2.19
Specific surface area Sgpr (m%/g) 28.31

Table 2. The chemical composition of Fez clay [32], [33]

SiO, ALOs | F,O3 CaO MgO Cr0O5 | KO Na,O Ti,O MnO,
449% | 15.1% | 6.49% | 6.64% | 3.08% | 1.84% | 1.10% | 0.80% | 0.37% | 0.20%

2.2. Preparation method

The study employed a Taguchi experimental design, incorporating 5 selected parameters:
layer thickness, alginate content, scan strategy, scan speed, and water age. The experimental
design used is detailed in tables 3, and 4. The synthesis process began with mixing solid
precursors (marl and sodium alginate) for 5 minutes, followed by the addition of water and
an additional 5 minutes of mixing. The experimental procedure is illustrated in Fig.1.

The fresh mixture was deposited layer by layer using a 3D Potter 10 Pro printer robot con-
trolled by a G-code generated by Simplify software. The nozzle had a circular cross-section
of 5 mm. To assess the impact of the 5 Taguchi parameters, 18 cubic specimens measuring
40 nmx40 mmx40 mm were prepared. Additionally, casted samples were made in a cubic
cast with the same dimensions to investigate the effect of alginate content further. Finally,
the printed and cast specimens were cured at ambient temperature.

Table 3. Prepared mixture proportions

Mixtures Clay (g) Alginate (g) Alginate (%) Water (g) Water (%)
undoped marl 300 - - 112.5 27.27%
Doped marl 300 6.12 2% 200 40%
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Table 4. Prepared mixture proportions
Combina- Alg (%)  Scanstrat-  Scan speed Layer thick- Age (days)
tion egy (mm/min) ness (mm)
TAG1 0 45;-45 500 1.4 7
TAG2 0 45;-45 500 1.4 14
TAG3 0 45;-45 500 1.4 21
TAG 4 0 0;90 650 2 7
TAGS 0 0;90 650 2 14
TAG6 0 0;90 650 2 21
TAG7 0 -45;0;45;90 800 2.6 7
TAGS8 0 -45;0;45;90 800 2.6 14
TAGY 0 -45;0;45;90 800 2.6 21
TAG 10 2 45;-45 650 2.6 7
TAG 11 2 45;-45 650 2.6 14
TAG 12 2 45;-45 650 2.6 21
TAG 13 2 0;90 800 1.4 7
TAG 14 2 0;90 800 1.4 14
TAG 15 2 0;90 800 1.4 21
TAG 16 2 -45;0;45;90 500 2 7
TAG 17 2 -45;0;45;90 500 2 14
TAG 18 2 -45;0;45;90 500 2 21
pp— —_—
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Fig. 1. Experimental procedure of prepared mixtures

2.3. Characterization

v

3D modeling

Casted sample

3D printed sample

The FT-IR analysis was conducted using the Alpha II, Brucker spectrometer to investigate
the chemical structure of sodium alginate, raw marl, and alginate-marl composite within the
wavelength range of 400-4000 cm’!, with a resolution of 4 cm™!. Additionally, the XRD anal-
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ysis was performed using the Brucker D8 advanced X-ray diffractometer to study the miner-
alogical composition and crystalline structure of raw precursors and doped marl, operating
at 40 kV and using Cu-Ka monochromatic radiation (1 = 1.5418 A). The printability test was
used to assess each combination's extrudability and buildability properties. At the same time,
the behavior of prepared samples after 14 days of curing was evaluated to determine the
impact of mix design and printing parameters on mixture stability. Finally, a Fault Tree Anal-
ysis FTA was conducted to identify the main causes of 3D printing failure in the prepared
samples.

3. Results and discussion

3.1. FT-IR spectroscopy

The FT-IR spectra of sodium alginate, undoped marl, and 2% doped marl are shown in Fig.
2. In the FT-IR pattern of alginate, a broad peak ranging from 3062-3468 cm! is observed,
corresponding to the stretching vibration of hydroxyl groups in acids, alcohols, and adsorbed
water. Peaks at 1599, 1406, and 1301 cm™' are attributed to the stretching vibrations of car-
boxylate salt ions (COO"), while the peak at 1028 cm™! is linked to oxygen stretching in cyclic
ether bridge (COC). Furthermore, stretching vibrations of aliphatic groups (CH) can be seen
at 2904 cm! [34], [35].

The band observed at 3391 cm™ in undoped marl indicates the stretching vibrations of
(OH) groups associated with adsorbed water. Peaks at 3625 and 3701 cm! are attributed to
the vibrations of inner and outer surface OH groups of AI-OH and Si-OH. Additionally, the
bands at 1001cm ! represent the asymmetric stretching vibrations of Si-O bonds. Conversely,
the bands at 414, 465, 519, 792, and 874 cm™! are associated with the bending vibrations of
Si-O-Si, Si-O-Mg, Si-O-Al, Mg-Al-OH, and Fe-Al-OH bonds [36], [37], respectively. Fur-
thermore, the presence of carbonates is assigned by the bands at 1414, and 710 cm™, which
correspond to the stretching, and in-plane bending vibrations [38]. Conversely, as shown in
Fig.3, it is evident that the diagnostic peaks of marl were mostly unchanged by the doping
process, with slight shift of 2 cm™ in certain bands, indicating the presence of weak physical
interactions between alginate and the marl surface. Moreover, the absorption bands related
to the biopolymer were not detected, due to the low concentration of sodium alginate.
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Fig. 2. FTIR-spectra of alginate, raw marl, and the alginate-doped marl
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3.2. XRD analysis

The x-ray diffractogram of alginate, undoped marl, and doped marl is presented in Fig.3. The
diffraction pattern of alginate displays a semi-crystalline structure with two broad diffraction
peaks at 13.47° and 26.57° [39], [40]. In contrast, the raw marl exhibits distinct sharp peaks
indicating its crystallinity, with the diffractogram showing the presence of non-clay minerals
such as quartz and calcite and clay minerals like kaolinite, illite, and chlorite [41]-[43]. All
peaks match the pattern JCPDS card NO. 005-0686 for raw marl. Based on Fig. 3, the doped
marl with 2% alginate shows a similar pattern to undoped marl, with a slight shift 26 =1°
towards lower angles.

In summary, the slight shift observed in the FT-IR and XRD analysis can be explained by
the weak physical interactions, including hydrogen bonds, Van der Waals interactions, and
electrostatic interactions of alginate functions with the divalent cations present in the earth
material, leading to the formation of a network (gel) through a process called ionic crosslink-
ing (Fig.4) [23], [44].
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Fig. 3. XRD patterns of alginate, raw marl, and the alginate-doped marl, with K: Kaolinite, I: Illite,
Ch: Chlorite, Q: quartz, and Ca: Calcite

Fig. 4. Crosslinking process of alginate with cations M?* from clay [44]
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3.3. 3D-printing test

Fig.5 illustrates the results of the 18 combinations. 3DCP printing can be categorized into
two primary service functions: printability and buildability, with printability being a combi-
nation of pumpability and extrudability [21], [29], [45]. However, this study focused on eval-
uating the effectiveness of extrudability and buildability. As shown in Fig.5, the 18 printed
samples exhibit smooth extrusion without any blockages in the nozzle opening, segregation,
or discontinuity.

Moreover, the samples without alginate biopolymer TAG1 to TAG9 showed no cold joints
and strong adhesion between adjacent layers. It is also clear that the success of the buildabil-
ity function is directly influenced by printing parameters such as scan strategy, scan speed,
and layer thickness. The combinations TAG 7, 8, and 9 with a scan strategy of (-45;0;45;90),
a scan speed of 800 mm/min, and a layer thickness of 2.6 mm exhibited flawless layer dep-
osition and no layer tearing. On the other hand, reducing the scan speed from 800 to 500
mm/min for TAG1 to TAG®6 resulted in increased tearing of the layers, and decreasing the
layer thickness led to improper deposition between layers, possibly due to the pressure ex-
erted by the printer head during printing.

The addition of 2% alginate leads to the formation of joints between layers from the first
day of printing, The inadequate bonding and cold joints between layers can be attributed to
alginate's ability to absorb water through hydrogen bonds, which decreases the presence of
free water in the surface of printed layers, thus affecting adhesion and leading to splitting
between layers. Moreover, the different combinations also demonstrate a compaction in the
lower layer as a result of the plasticity behavior of the mixtures, resulting in the bottom layer
being unable to support the weight of the upper layers.
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Fig. 5. Evaluation of 3D-printing of the prepared mixtures

3.4. Curing and early age behavior

The drying phase in the production of earth-based materials is critical in determining the
construction pace. Throughout this phase, the microstructure consolidation and mechanical
properties develop gradually. However, it is crucial to address challenges such as shrinkage,
cracks, and heterogeneities, as they can have a detrimental effect on the final structure [46].
The failure modes depicted in Fig.6 were observed in both cast and printed samples. As men-
tioned in section 3.3, the mixture without alginate did not exhibit any failure mode in either
casting or 3D printing after 14 days of curing at room temperature. However, the composite
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with 2% alginate-marl showed various failure modes closely related to the mix-design and
printing parameters. According to Fig.6, the failure planes could be categorized into three
modes:

e  The first mode involves a sample undergoing horizontal failure on the first day of
printing, followed by a vertical crack, and then cracks in different directions isotop-
ically. This mode was specifically observed in TAG10, 11, 12, 15, 16, and casted
samples.

e The second mode is characterized by a cube with a vertical rupture, which was ob-
served in TAG13, 17, and 18.

e  The third mode consists of horizontal rupture, observed in TAG 14. Fig.7 provides
a schematic illustration of these three modes.

The different failure modes presented demonstrate the prepared materials' heterogeneity be-
havior, suggesting that adding 2% alginate reduces the cohesion among clay particles due to
significant water absorption. As a result, there is uneven volume change during drying, lead-
ing to the formation of cracks.

Combinations 1st-day After 14-day of curing

Casted 0% al-
ginate-marl

Casted 2% al-
ginate-marl

TAG 10

TAG 11
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Fig. 6. Initial and final state of prepared samples after 14 days of curing at ambient temperature
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Fig. 7. Different failure modes observed on 2% alginate-marl combinations

3.5. Fault Tree Analysis (FTA)

An FTA is a technique used to pinpoint an unfavorable condition within a system by utilizing
logical combinations [47]. The 3DCP fault trees were specifically designed to identify the
fundamental and intermediate events that lead to undesired intermediate events such as fault
printability and fault buildability, which ultimately impact the occurrence of the main event
(fault 3DCP) [21]. In this research, FTA is utilized to recognize all undesirable events during
the extrudability and buildability phases, for both doped and undoped marl. Fig.8 illustrates
the FTA analysis conducted in this research. Consequently, Table 5 translates the logical re-
lationships among the events shown in Fig.8 into logical equations. The exclusive use of
"OR" gates in this study indicates that the Fault 3DCP top undesired event and other unde-
sired events can be dissected into sub-events for further analysis.

The top event, Fault 3DCP (UE) is influenced by two intermediary events: either Fault
Extrudability (TF1.2) OR Fault Buildability (SF2).

¢  Fault Extrudability (TF1.2) is a result of two sub-intermediate events: tearing of
layers (event A) and Uninterrupted material extrusion (event B). The tearing of lay-
ers can be caused by inappropriate scan speed (event 1), the presence of voids (event
Al) due to air bubbles present in the materials during the filling process, the scan
strategy chosen (event 3), or the high stiffness of mixtures (event A2) caused by the
addition of alginate (event 4). On the other hand, Uninterrupted material extrusion
occurs due to the retraction effect during the printing process (event 5) when the
nozzle does not stop material extrusion before moving.

e  Fault Buildability is the result of four sub-intermediary events. These events in-
clude the compaction of bottom layers (event C), which is caused by low layer
thickness (event 6), or it can be influenced by the weak consistency of mixtures
(event C1), which in turn can be attributed to the addition of alginate and water ratio
(event 7). The mal interlayer deposition (event D) is specifically caused by low
layer thickness, while the weak adhesion of layers (event E) is related to the alginate
content. Additionally, the presence of cracks (event F) is due to both the alginate
content and scan strategy.

11
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Fig. 10. Fault Tree Analysis FTA of the study

Table 5. FTA Boolean equations for this study
UE = TF1.2 + SF2

TF12=A+ B SF2=C+D+E+F
A=A1+A2+1 C=Cl+6
Al=2+3 Cl=4+7
A2=4 D=6
B=5 E-3

F=4+3

G=5

4. Conclusion

This research has demonstrated the potential of utilizing Fez-Taza marl as a binding agent in
3DCP, and the challenges associated with both undoped and doped marl in achieving high
productivity. The study focused on exploring physicochemical interactions, 3D printabil- ity,
and various failure modes associated to 0% and 2% alginate-marl mixtures. The conclu-
sions drawn from the results are as follows:

- The slight shift in both FR-IR and XRD patterns is attributed to the ionic crosslinking (gel-
ling process) between the alginate functional groups and clay cations through physical inter-
actions such as hydrogen bonds, electrostatic, and Van Der Waals interactions.

- The 3D-printing test highlighted the impact of mixture parameters (alginate content, scan
strategy, scan speed, layer thickness, and age) on the extrudability and buildability functions.
It was observed that samples with 2% alginate TAG 10 to TAG 18 exhibited a failure in
buildability function, leading to a failure in the 3DCP system.

12
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- After 14 days of curing, both cast and printed samples displayed different ruptures, partic-
ularly for the doped marl, which subsequently affected their mechanical properties. These
ruptures were categorized into three modes based on the failure plan. The first mode involved
horizontal failure on the first day of printing, followed by a vertical crack and then cracks in
different directions. The second mode was characterized by vertical failure and the third
mode by horizontal failure.

- The FTA analysis outlined the intermediate events and basic events contributing to the top
event 3DCP faults. According to this analysis, the most observed failures were: extrudability
faults, layers tearing and uninterrupted material extrusion, and buildability faults, bottom
layers compaction, mal layers deposition, weak interlayer adhesion, and the presence of
cracks.

This study on the feasibility of earth 3D printing provides a solid foundation for further
investigations into optimizing mixture parameters using earth materials in 3DCP, and under-
standing their effects on the properties of 3D printed earth materials during the fresh and
hardening stages.

13
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