
Citation: Daher, J.; Kleib, J.;

Benzerzour, M.; Abriak, N.-E.;

Aouad, G. The Development of

Soil-Based 3D-Printable Mixtures: A

Mix-Design Methodology and a Case

Study. Buildings 2023, 13, 1618.

https://doi.org/10.3390/

buildings13071618

Academic Editor: Elena Ferretti

Received: 5 June 2023

Revised: 22 June 2023

Accepted: 23 June 2023

Published: 26 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

The Development of Soil-Based 3D-Printable Mixtures: A
Mix-Design Methodology and a Case Study
Jana Daher 1,2, Joelle Kleib 1,2, Mahfoud Benzerzour 1,2, Nor-Edine Abriak 1,2 and Georges Aouad 1,2,*

1 IMT Nord Europe, Institut Mines-Télécom, Centre for Materials and Processes, F-59000 Lille, France;
jana.daher@imt-nord-europe.fr (J.D.); joelle.kleib@imt-nord-europe.fr (J.K.);
mahfoud.benzerzour@imt-nord-europe.fr (M.B.); nor-edine.abriak@imt-nord-europe.fr (N.-E.A.)

2 University of Lille, Institut Mines-Télécom, University Artois, Junia, ULR 4515—LGCgE—Laboratoire de
Génie Civil et géoEnvironnement, F-59000 Lille, France

* Correspondence: georges.aouad@imt-nord-europe.fr; Tel.: +33-327712420

Abstract: Concrete 3D printing is one of the newest technologies in the field of construction. However,
despite the various opportunities that this technique offers today, it still has a high environmental
impact, as most 3D-printable materials contain high amounts of cement. On the other hand, due to
the large volumes of soil excavated each year across the world, there is a pressing need for proper
management to dispose of it or reuse it efficiently. This study aims to develop sustainable and
resistant 3D-printable materials with low environmental impact using excavated soil. Firstly, a series
of tests were carried out to find the most appropriate superplasticizer and the amount required
to develop the printable mixtures. Next, the extrudability and buildability were evaluated and
verified to validate the printability of the developed mixtures. A 3D laboratory printer was also
used to validate the printability of the mixtures on a larger scale. Then, the fresh and hardened
properties of the printable mixtures were investigated. Three printable mixtures were developed,
with the most environmentally friendly mixture having a soil content of 1602 kg/m3 and a cement
content of 282 kg/m3. The mixtures demonstrated satisfactory characteristics and properties in both
fresh and hardened states. On the one hand, the mixtures were extrudable and buildable at two
laboratory scales. On the other hand, the mixtures presented sufficient compressive strengths, ranging
from 16 MPa to 34 MPa, despite their high soil content and low cement content. In addition, their
compressive strengths were found to be higher than the minimum strength required for structural
concrete. Consequently, this study highlights the possibility of developing ecological, sustainable
and resistant mixtures that can be used in 3D-printing construction applications using excavated soil.

Keywords: 3D printing; excavated soil; mix-design methodology; soil-based mixtures; extrudability;
buildability; compressive strength

1. Introduction

The industrial sector is currently benefiting from the automation of various construc-
tion techniques because of all the advantages it can offer to the construction field. Today,
the latest automated technique used in the field of construction is the 3D printing of
concrete [1]. This technique is based on the principle of extrusion-based additive man-
ufacturing (AM) and is defined as the process of assembling materials to create printed
objects using computer-aided design (CAD) modeling software by depositing consecutive
layers on top of each other [2]. Over the years, 3D printing has become a well-known and
widespread construction technique worldwide due to its technological features that open
up new opportunities and endless possibilities for free architectural design compared to
traditional construction methods [3,4]. Nowadays, several industrial sectors are using 3D
printing for its various advantages, production speed in particular. In addition, several
materials are now used in 3D printing, such as ceramics [5], metals [6], polymers [7], ce-
mentitious materials and concrete [8]. However, due to the novelty of 3D printing in the
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construction field, a constant research effort is still underway to better understand this
new technology and reach its maximum potential [9]. In addition, today’s researchers are
also focusing on finding new ways to improve 3D printing techniques and 3D-printed
materials in all sectors. For example, some studies are using nanomaterials to improve
the 3D printing of polymeric resins [10,11], while others are using fibers to improve the
mechanical properties of cementitious printed materials [12,13]. Currently, there is a lack
of in-depth knowledge and understanding of all the performance properties related to
the rheological behavior of printable materials as well as the mechanical and structural
performance of printed elements [14–16].

The 3D printing of concrete offers many advantages over traditional construction
techniques [17–20]; however, a 3D-printable mortar must meet several printing parameters,
such as extrudability and buildability. The extrudability of a printable material is related
to the first step of the printing process, which consists of extruding the material through
the printer’s nozzle, where the material must be sufficiently workable and fluid so as not
to cause blockage or segregation at the nozzle. The buildability of a printed material is
related to the second step of printing, which is the deposition of the extruded material. The
printed material must be sufficiently rigid and firm to allow the stability of its shape once
deposited, so that it can support its own weight as well as that of additional layers at a
very early stage to ensure stability and avoid the collapse of the entire printed structure.
The printable material must therefore undergo a state transition between liquid behav-
ior (during pumping) and solid behavior (after deposition), and therefore have complete
control over its rheological properties. However, in order to meet these rheological re-
quirements for printable concrete, large amounts of Portland cement are often required
and used [21–24]. This leads to an increase in the environmental and economic impact
of 3D-printable concrete, due to the high costs, CO2 emissions and energy consumption
associated with cement manufacturing [25]. Therefore, in recent years, the environmen-
tal impact of printable concrete has received special attention, and studies have focused
mainly on finding solutions and alternatives to solve this particular problem. For example,
some researchers have used supplementary cementitious materials [21,23,26–28] and par-
tially replaced cement with alternative pozzolanic materials, such as fly ash [29,30], silica
fume [31], flash-calcined sediments [32] and calcined clay [28,33]. This method has proven
to be a promising alternative to obtain more durable concretes with adequate rheological
properties [34]. Some authors have even proposed the use of geopolymers [35,36].

In addition, today, excavated soil generated by construction sites is by far the largest
source of waste produced each year in Europe [37]. Moreover, in France, nearly 130 million
tons of soil are excavated each year for infrastructure and development projects [38]. For
example, the “Grand Paris Express” project is expected to generate almost 47 million tons
of excavated material by 2030. In fact, since 2016, the project has been held responsible
for 10–20% of the construction waste produced each year in the Paris region [39]. How-
ever, the “Société du Grand Paris” has taken measures to reduce the negative effects of its
construction sites on the environment by anticipating and planning the management and
recycling of the waste generated by its construction projects. Indeed, the reuse of excavated
materials has economic, environmental and social potential compared to traditional dis-
posal options [40], as it offers several advantages, such as reducing transportation distances,
reducing costs associated with disposal, preserving landfill capacity, conserving exploited
natural resources, and reducing environmental and ecological impacts [41]. Recently,
earthen construction has begun to attract the interest of builders and architects because of
its low environmental impact compared to concrete. Current uses for excavated soil include
landscaping, backfilling and the construction of base courses. The literature also shows
the possibility of producing unfired building components from excavated earth, such as
bricks, tiles, clay panels and plasters. Excavated soil has also been used for the production
of other types of building materials. For example, Capasso et al. [42] highlighted the use of
different types of excavated soil in the production of geopolymers, while Priyadharshini
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et al. [43] investigated the use of excavated soil treated by a series of thermal treatments as
a source of fine aggregates in the manufacture of cement mortar.

Moreover, during the past few years, several studies have begun to introduce cement-
stabilized clay mortars into the 3D printing technique [44–47]. Khelifi et al. [44] made
ternary mixtures of sand, cement and kaolin to design non-load-bearing extruded blocks
for construction. They found that mixtures containing 8–10% cement by mass and cured in a
climate-controlled room exhibited compressive strengths ranging from 2 to 18 MPa and that
all of the tested mixes exhibited acceptable shrinkage. Another study by d’Haese et al. [48]
examined the possibility of developing environmentally friendly insulating elements by 3D
printing. They incorporated flax fibers and clayey quarry fines into the mix design along
with a high-grade blast furnace slag cement to obtain the structural part of a wall. They
found that with 30% cement in the dry materials it is possible to achieve a compressive
strength greater than that required for a two-story house. In addition, some studies have
attempted to print excavated soil using binders other than cement. For example, Perrot
et al. [49] evaluated the possibility of printing a structure with a raw earth material 60%
of which consisted of particles finer than 10 µm using alginate, a fast-setting binder. They
found that the addition of alginate improved the strength of the printed material, which
was comparable to those of conventional earth materials, such as cob, ranging from 1.2 to
1.7 MPa. In addition, recently, 3D printing of earth-based materials has also been used to
build houses and structures. For example, the first 3D-printed house using earth-based
materials was built by the World’s Advanced Saving Project (WASP) in 2015 [50]. They
used natural local materials and their developed compound consisted of 25% excavated
soil, 25% rice husks, 40% straw and 10% hydraulic lime. They carried out load tests on a
printed wall segment and found a compressive strength of 2.32 MPa, which they considered
comparable to the strength of rammed earth [51].

However, although some studies have been conducted on the use of excavated soil in
3D printing materials, to date, few have focused on the use of excavated soil to produce
printable load-bearing building materials with strengths equivalent to that of structural
concrete [48,52]. Therefore, this study aimed to develop 3D-printable load-bearing mortars
with low environmental impact using excavated soil for the total replacement of sand.
Three printable soil-based mixtures were designed. An experimental methodology that can
be followed in future projects was developed. First, the most appropriate superplasticizer
as well as the saturation amount for cement alone, soil alone and cement/soil mixtures were
determined using two methods: flow time with the Marsh cone and spreading diameter
with the mini cone. Then, the appropriate amount of superplasticizer for each of the
three mixtures containing different amounts of excavated soil was selected after iterative
laboratory testing to ensure compliance with printability requirements (i.e., extrudability
and buildability). Next, the three soil-based mixtures were printed on a larger scale using a
laboratory gantry printer and thus were characterized by various tests. The fresh-state tests
included the evaluation of the flow diameter, setting time and yield stress evolution over
time of the mixtures, while the hardened-state tests aimed at evaluating their compressive
strength and total porosity.

2. Materials and Methods
2.1. Materials
2.1.1. Excavated Soil

The excavated soil used in this study came from the “Grand Paris Express” project
(France). The soil was not subjected to any treatment but was used in its raw state. It was
air-dried and then sieved to 2 mm to remove any coarse aggregates to avoid blockage
problems in the printer nozzle during the printing process.

The soil particle size distribution (PSD) curve, shown in Figure 1, was obtained by sieve
analysis according to the NF EN 933-1 standard [53]. The figure shows that the raw soil
contained a negligible percentage of particles larger than 2 mm, 1 mm and 500 µm (<1% wt.).
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The curve also shows that the soil contained a portion of fines, with 31% and 32% of the total
mass of the soil corresponding to particles smaller than 63 µm and 80 µm, respectively.
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Furthermore, according to NF EN ISO 17892-12 [54], the soil showed a liquid limit
(LL) equal to 18.68%, a plastic limit (PL) equal to 11.84% and a plastic index (PI) equal to
6.84%. The methylene blue value (VBS) of the soil, according to NF P 94-068 [55], was equal
to 0.83/100 g, classifying the soil as sandy-silty. The density and specific surface area of the
soil were equal to 2.73 g/cm3 and 4.79 m2/g, respectively. The chemical composition of the
soil (analyzed by X-ray fluorescence (XRF)) is presented in Table 1.

Table 1. Chemical composition of the excavated soil and cement.

Composition (%) Al2O3 CaO FeO Fe2O3 K2O MgO Na2O SO3 SiO2 TiO2 Cl P2O5 ZnO
Excavated soil 3.63 13.04 1.00 1.12 1.37 7.98 0.16 1.30 57.16 0.2 – – –

Cement 4.53 60.17 2.57 2.86 1.08 0.83 0.27 4.25 16.90 0.33 0.10 0.23 0.12

2.1.2. Ordinary Portland Cement (OPC)

Ordinary Portland Cement (OPC), CEM I 52.5N, supplied by EQIOM (Paris, France),
was used in this study as a hydraulic binder. The cement had a density of 3.15 g/cm3, a
median particle diameter (D50) of 8.82 µm and a specific surface area of 0.98 m2/g. The
PSD of the cement (measured with an LS 13-320 Laser Granulometer) and its chemical
composition (analyzed by XRF) are shown in Figure 2 and Table 1, respectively.
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2.1.3. Superplasticizers

Three different types of superplasticizers were investigated and compared in this
study to determine which is the most suitable for printable mortars containing excavated
soil. The characteristics of the superplasticizers are summarized in Table 2. These su-
perplasticizers were chosen because of their different types and compositions, as well as
their promising adaptability for printable cementitious and clay materials. For example,
CHRYSO®Fluid Optima 100 (CHRYSO, Sermaises, France) was chosen because of its use
in a previous study on printable mortars [56]. MasterSuna SBS 4131 (Master Builders
Solutions, Sorgues, France) was chosen because it is expected to provide fluidity in con-
cretes incorporating difficult and clayey sands/soils [57]. Finally, MasterGlenium ACE 456
(Master Builders Solutions, France) was chosen because several studies have shown that
polycarboxylate-based superplasticizers are suitable for the 3D printing of cementitious
and clayey materials [58–61].

Table 2. Characteristics of the superplasticizers.

Superplasticizer (SP) CHRYSO®Fluid Optima 100 MasterSuna SBS 4131 MasterGlenium ACE 456

Type Modified phosphonate Polymer Polycarboxylate

Dry content (%) 31.00 28.50 30.00

2.2. Methods
2.2.1. Mix-Design Methodology for the Mortars

In this study, mixtures consisting of excavated soil, cement, water and superplasticizers
were developed. The content of water and superplasticizers was calculated according to the
total mass of fines in each mixture, which includes the cement and the fine part of the soil
(<80 µm). In addition, the water/fines ratio was set at 0.4 for all mixtures, considering the
superplasticizer amount as the only parameter to be determined to make the mixtures printable.

The three preliminary mixtures to be tested for printability are shown in Table 3,
below. Their compositions in terms of cement, soil and water were determined. In fact, the
mixtures contained the same amount of cement but different amounts of excavated soil,
resulting in different soil/cement ratios. The water/fines ratio was kept constant. For the
superplasticizers, their use in a printable mixture is essential to reduce the use of water
while ensuring good material fluidity—an essential parameter in 3D printing. To this end,
a study was carried out to identify the most appropriate superplasticizer to use as well as
the saturation amount for the mixtures and the appropriate amount to add to each mixture
to make it printable.

Table 3. Preliminary mixtures.

Preliminary Mixtures
Mixture 1 (M1) Mixture 2 (M2) Mixture 3 (M3)

Cement mass (g) 300 300 300

Total soil mass (g) 700 1200 1700

Soil/cement ratio (~) 2 4 6

Soil mass <80 µm (g) 224 384 544

Fines = cement + soil
<80 µm 524 684 844

Water/fines ratio 0.40 0.40 0.40

% SP (wt.% fines) in
dry content To be determined To be determined To be determined
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Several superplasticizer saturation tests were carried out in order to find the superplas-
ticizers with the highest flowing effect on the soil-based mixtures. Only fine particles were
tested for saturation, as these are the ones most affected and influenced by superplasticizers.
Therefore, the saturation tests were carried out on cement alone, fine soil alone (<80 µm)
and cement/fine soil mixtures corresponding to the mixtures presented in Table 3. The
coarse part of the soil (>80 µm) was excluded from the saturation tests, as it is not affected
by the presence of superplasticizers. However, all soil particles (fine and coarse, <2 mm)
were used in the development of the printable mortars, as the aim was to use as much soil
as possible, completely replacing sand.

Superplasticizer Saturation

The purpose of the saturation tests was to determine the superplasticizers with the
strongest deflocculating and fluidizing effect on the materials and to define the percentage of
saturation for the mixtures that must not be exceeded when developing printable mortars.
Two methods were therefore used: the Marsh cone (Figure 3a) and the mini cone methods
(Figure 3b). The first method aims to determine the flow time of grouts, while the second aims
to determine the spreading diameter of pastes with several amounts of superplasticizers.
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a. The Marsh cone test

The Marsh cone test consists of measuring the flow time of the grout through a 12.5 mm
diameter nozzle under its own weight. The slower the flow, the more viscous the grout. The
faster the flow, the more fluid the grout. The objective of this test was to find the saturation
amount of the cement with superplasticizers from the flow time of the grout. The test was
carried out according to the P 18-358 standard [62]. It was conducted in a room with a
temperature of 20 ◦C and a relative humidity of over 90%. Cement grouts with a volume
of 1500 mL were prepared using a water/cement ratio of 0.4 and were then introduced into
the Marsh cone to pass through the nozzle and fill a 1000 mL container. Four measurements
were carried out at four different times (t0 + 5 min, t0 + 15 min, t0 + 30 min and t0 + 60 min)
in order to follow the fluidity of the grout over time. The saturation amount for this test is
defined when the fluidity of the grout reaches a maximum value and when the addition of
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more superplasticizers no longer has a fluidizing effect on the grout but, on the contrary, could
lead to an opposite effect, making the grout less fluid and more viscous.

b. The mini cone test

The saturation of the materials with the different superplasticizers was also performed
using the mini cone test. This test consists of measuring the spreading diameter of pastes
with the mini cone. The smaller the spread, the more viscous the paste. The larger the
spread, the more fluid the paste. The mini cone used had an upper diameter of 19 mm,
a lower diameter of 38 mm and a height of 57 mm [63]. The materials tested with this
saturation method were cement, fine soil (<80 µm) and cement/fine soil mixtures. It was
interesting to introduce this saturation method because it reduces the amount of material
used and provides an accurate, efficient and comparative assessment of material saturation
with superplasticizers. For this purpose, 100 g of material and a water/fines ratio of
0.4 were chosen for the preparation of the pastes, and the test was carried out following
previously published studies [63–65]. Three spreading measurements were carried out at
three different times (t0 + 5 min, t0 + 15 min and t0 + 30 min) in order to follow the fluidity
of the paste over time. Similar to the Marsh cone test, the saturation amount for the mini
cone test is identified when the paste reaches a maximum fluidity value and when the
addition of superplasticizers no longer fluidizes the paste but makes it more viscous.

2.2.2. Methods of Characterization of Mortars

As there are currently no standards for the mix design or characterization of printable
materials, in this study, simple methods were implemented at laboratory scale to simulate
the 3D printing process and to establish experimental printability specifications that meet
the needs and requirements of printing. Thus, the fresh mortars were first tested for
printability (i.e., extrudability and buildability) and then further characterized in their fresh
and hardened states.

Characterization of Mortars in the Fresh State

a. Printability tests and requirements

For a mortar to be considered printable, it must meet the most important requirements
of 3D printing, that is, it must be extrudable as well as buildable (Figure 4).
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Figure 4. Printability requirements: extrudability and buildability.

Firstly, the extrudability of the mortars was assessed using a manual gun device with
a 2 cm diameter circular nozzle similar to that used by Khalil et al. [66] and Daher et al. [32].
A mixture is considered extrudable when it is neither too fluid nor too rigid. In other words,
the material should not flow under its own weight through the nozzle, nor should it be too
difficult to extrude by blocking the nozzle. However, the material should be fluid enough
to easily flow out of the nozzle without causing filtration or segregation problems.
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Secondly, the buildability of the mortars was assessed using the modified mini slump
test similar to that used by Ilcan et al. [36] and Daher et al. [32]. The cone used in this test
was the same as that specified in the NF EN 1015-3 standard [67], with a height of 5 cm, an
upper diameter of 7 cm and a lower diameter of 10 cm. The test consists of filling the cone
with fresh mortar, slowly lifting it and placing a static load of 600 g on the upper surface of
the conical mortar (including the weight of a round glass plate), then measuring the final
average height (hf) of the deformed mortar after 1 min of loading. The higher the final
height measured after loading, the more buildable the material. The assembly and test
steps are illustrated in Figure 5. A mixture is considered buildable if its final height, hf, is
not less than 4.50 cm. This value is obtained using the same buildability test applied to a
commercial printable material and was chosen as the minimum height threshold value for
this buildability test in this study.
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The developed mixtures were evaluated using the two methods described above—the
manual gun for extrudability and the modified mini slump test for buildability—and were
considered printable if they met the conditions imposed by these two methods.

Furthermore, the printability of the mixtures developed at laboratory scale was then
confirmed on a larger scale using a 3-axis gantry laboratory printer with a 2 cm diameter
circular nozzle.

b. Flow Table test and setting time

The flow table test was used to determine the flowability and flow diameter of the
mortars according to NF EN 1015-3 [67]. At the end of the mixing process, the mortar was
introduced in two layers into the mold placed in the center of the table. Each layer was tapped
at least 10 times in short bursts to ensure that the mold was filled. Excess mortar was then
removed from the surface of the cone with a spatula. The mold was then lifted vertically
and slowly, and the table was tapped 15 times. The spread diameter was measured in two
perpendicular directions, and the average spread value of the mortar was calculated.

In addition, the initial and final setting times of the mortars were determined by the
Vicat test according to NF EN 480-2 [68]. A needle with a diameter of Ø = 1.13 mm was
automatically released through the mold containing the fresh mortar every 5 min, then the
distance separating the base of the mold and the bottom of the needle was recorded.

c. Fall cone test

The fall cone test was used to evaluate the evolution of the yield stress and the
structural build-up of fresh mortars with time. It was performed in accordance with EN
ISO 17892-6 [69] and a study by Baz et al. [56]. This test calculates, using a specific equation,
the yield stress of fresh mortar corresponding to a series of penetrations caused by a cone
load [70]. The cone used had an angle of 30◦ (θ) and a total mass of 230 g. The penetration
of the cone into fresh mortar placed in a circular container was measured every 2.5 min
(150 s) for a total duration of 22 min (1320 s). The yield stress (τ) in kPa was calculated
according to Equation (1), where F is the force generated by the mass of the cone, h is the
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recorded penetration depth and θ is the angle of the cone. Each mixture was tested on a
different batch three times, and the final result for each mixture was the average of the
three tests.

τ = Fcosθ2/πh2tanθ (1)

Characterization of Mortars in the Hardened State

Just as it is important to evaluate printable mortars in the fresh state, it is also essential
to study the properties of printed mortars in the hardened state, such as their mechanical
performance and porosity.

Four methods of sample preparation were adopted to investigate the influence of the
printing process and technique on the mechanical properties of the mortars as well as to
compare the mechanical performances of the printed samples with those of the non-printed
samples. The types of samples prepared were compacted samples, non-compacted samples,
samples printed with the gun and samples printed with the printer.

1. The compacted samples were prepared according to EN NF 196-1 [71], where the
mold of dimensions 4 × 4 × 16 cm was filled with two layers of mortar and each layer
was struck 60 times.

2. The non-compacted samples were prepared by pouring the fresh mortar directly into
the 4 × 4 × 16 cm mold without applying compaction or vibration.

3. The samples printed with the gun were prepared by printing directly inside the
4 × 4 × 16 cm mold using the same manual gun that was used for the extrudability
test, which had a 3 × 1 cm rectangular nozzle in order to obtain 4 successive layers,
each of which was 4 cm in width and 1 cm in thickness (Figure 6a).
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Figure 6. Samples printed with (a) the manual gun and (b) the laboratory printer.

4. The samples printed with the laboratory printer were obtained by extracting 4 × 4 × 4 cm
cubic specimens of extruded filaments from the large-scale printer (Figure 6b). The edges
of the printed layers were removed so that the six surfaces of the samples were flat and
free of irregularities. Each sample was finally composed of 4 layers, each of which was
1 cm in height.

Furthermore, all samples were cured at 20 ◦C and 100% relative humidity until the
mechanical performance test dates.

a. Compressive strength

The compressive strength of the specimens, regardless of type, was tested at 1, 7 and
28 days according to NF EN 196-1 [71]. Furthermore, regarding the direction of testing for
the printed specimens, the loading force applied was either parallel (along the Y-axis) or
perpendicular (along the Z-axis) to the printed layers, as shown in Figure 7a,b. Specimens
printed with the manual gun were tested in the Y-direction only, while those extracted from
the extruded layers by the printer were tested in both directions (Y and Z).
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In addition, in order to avoid confusion when discussing the compressive strength
results obtained for the different types of samples, Table 4 below shows the abbreviations
used for each type of sample for the first mixture, M1, which were also applied to the
second and third mixtures.

Table 4. Abbreviations used for each type of sample prepared for the first mixture, M1.

Abbreviation Used Type of Sample Example
C Compacted (NF EN 196-1) M1-C

NC Non-compacted M1-NC

PG Printed with the manual gun M1-PG

PZ Printed with the printer and
tested along the Z-axis M1-PZ

PY Printed with the printer and
tested along the Y-axis M1-PY

b. Mercury intrusion porosity (MIP)

The interface and void formation between printed layers can strongly affect the me-
chanical properties and durability performance of a hardened printed material. Therefore,
it is essential to investigate the porosity of 3D-printed mortars. In this study, the total
porosity and the pore size distribution of the printed and non-printed mortars were mea-
sured using a Micromeritics AutoPore V 9600 mercury porosimeter in accordance with ISO
15901-1:2016 [72]. It is important to note that, for the printed samples, the specimens were
carefully chosen to ensure the presence of an interface separating two layers within them.

3. Superplasticizer Saturation Tests

In this study, MasterSuna SBS 4131 (Master Builders Solutions, France), CHRYSO®Fluid
Optima 100 (CHRYSO, France) and MasterGlenium ACE 456 (Master Builders Solutions,
France) were tested in several amounts (0.5%, 1%, 1.5% and 2% in dry content) in order
to determine the most adequate SP to use for the development of printable mixtures. The
SP saturation amount of the cement/soil mixtures was therefore determined. However, it
was essential to first test the saturation of the cement alone as well as the fine soil alone
(<80 µm) with the different SPs.
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3.1. Saturation of Cement with Superplasticizers Using the Marsh Cone

Figure 8a–c show the evolution of the cement grout flow time in seconds with different
percentages of MasterSuna SBS 4131, CHRYSO®Fluid Optima 100 and MasterGlenium
ACE 456, respectively.
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First of all, regarding the MasterSuna SBS 4131 results (Figure 8a), it was not possible
to perform the test at t0 + 5 min for 0.5%, nor at any time for 2% due to the very high
viscosity of the grout. Moreover, for 0.5%, the grout became more and more fluid with
time, whereas for 1% and 1.5%, the initially fluid grout became more viscous with time,
indicating that the SP does not have the same fluidifying effect on the grout over time.
Therefore, the saturation amount of the cement grout by MasterSuna SBS 4131 can be
estimated to be 1.5%, since the fastest flow was recorded for this amount, even though the
fluidity of the grout did not remain constant over time.

Second, regarding the results for CHRYSO®Fluid Optima 100 (Figure 8b), increasing
the amount from 0.5 to 1.5% made the grout more fluid. However, at 2%, an opposite
effect was noticed in the fluidity of the grout, where the flow time became slower and
increased from 11 s at t0 + 5 min to 68 s at t0 + 60 min, showing that the saturation limit had
been exceeded. Therefore, the saturation amount for the cement grout of CHRYSO®Fluid
Optima 100 is 1.5%.

Finally, concerning the results for MasterGlenium ACE 456 (Figure 8c), two additional
percentages (0.25 and 0.75%) were tested due to the high flowability of this SP compared
to the first two SPs. The grout gained in fluidity with the increase in the SP amount from
0.25 to 1.5%. However, as observed with CHRYSO®Fluid Optima 100, at 2%, an opposite
effect could be noticed, where the flow time increased, showing that the saturation limit
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was exceeded. Therefore, the saturation amount for the cement grout of MasterGlenium
ACE 456 is also 1.5%. Furthermore, when comparing the three SPs, MasterGlenium ACE
456 had the greatest fluidizing effect and the greatest ability to maintain grout fluidity
over time. For example, at an amount of 1.5%, at t0 + 15 min, MasterSuna SBS 4131 was
recorded as having a flow time of 46 s, CHRYSO®Fluid Optima 100 a flow time of 18 s and
MasterGlenium ACE 456 a flow time of 12 s.

Furthermore, in order to highlight the difference between the three superplasticizers
with respect to cement grout fluidization at a given time related to the printability window,
the grout flow time was measured for the different percentages of superplasticizers at
15 min, as shown in Figure 9. The saturation curves show that MasterGlenium ACE 456 is
the SP with the greatest fluidizing effect, followed by CHRYSO®Fluid Optima 100, then
MasterSuna SBS 4131. The same order can be noticed for the SP with respect to the capacity
to maintain fluidity over time. Moreover, it can be seen that the cement grout reached
saturation with an amount of 1.5% SP for all the superplasticizers.
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3.2. Saturation of Cement and Soil with Superplasticizers Using the Mini Cone

Based on the Marsh cone results, MasterGlenium ACE 456 was the most effective SP
in cement grout fluidization. However, the most effective SP regarding the soil still had to
be found. Thus, it was decided to test soil saturation using the mini cone. Nevertheless, in
order to validate the reliability of the mini cone saturation method, the cement saturation
was tested again using the mini cone and compared to that obtained with the Marsh cone.

Therefore, the spreading diameter of the cement paste using the mini cone was mea-
sured with different percentages of SPs at t0 + 5 min, t0 + 15 min and t0 + 30 min. It was
decided to limit the measurements to 30 min for this test, given the maximum effect of the
SPs in the first 15 min and the stability of their effect beyond 30 min, as shown by the Marsh
cone results. Accordingly, the cement paste spread diameters measured with different
amounts of MasterSuna SBS 4131, CHRYSO®Fluid Optima 100 and MasterGlenium ACE
456 are shown in Figure 10a–c, respectively.
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(b) CHRYSO®Fluid Optima 100 and (c) MasterGlenium ACE 456.

The cement paste saturation curves show that the spreading diameters obtained using
the mini cone were larger for MasterGlenium ACE 456 (Figure 10c) than for the other two
SPs (Figure 10a,b), demonstrating once again that MasterGlenium ACE 456 has a greater
fluidizing effect on the cement paste than MasterSuna SBS 4131 and CHRYSO®Fluid Optima
100. It is also possible to observe that the largest spreading diameter recorded for each of the
three SPs corresponded to an amount of 1.5%, thus allowing us to consider this amount as the
saturation amount of the cement paste for the three SPs. These results are in agreement with
those obtained using the Marsh cone. Therefore, the use of the mini cone saturation method
could be equivalent and representative of the Marsh cone saturation method.

That being said, the saturation of the fine part of the soil (<80 µm) by the three SPs was
tested only using the mini cone. The spreading diameters of the soil paste measured at t0 + 5 min,
t0 + 15 min and t0 + 30 min with different amounts of MasterSuna SBS 4131, CHRYSO®Fluid
Optima 100 and MasterGlenium ACE 456 are presented in Figure 11a–c, respectively.
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The saturation curves for the soil paste show that no fluidity was gained by increasing
the amounts of MasterSuna SBS 4131 and CHRYSO®Fluid Optima 100. However, this was
not the case with MasterGlenium ACE 456, where increasing the amount of the latter led to
an increase in the spreading diameter of the soil paste, making it the most suitable SP for
soil fluidization among the other SPs. Nevertheless, when comparing Figures 10c and 11c,
the evolution of the spreading diameter of the soil paste with an increasing amount of
MasterGlenium ACE 45 did not show the same trend as that of the cement paste. In
fact, Figure 11c shows that the 0.25% and 0.5% amounts did not have much effect on the
soil paste, unlike the other higher amounts, where the flow effect became more visible.
Furthermore, for the 0.75, 1 and 1.5% amounts, the greatest effect of the SP on the soil paste
took place at t0 + 5 min rather than at t0 + 15 min and t0 + 30 min. However, by comparing
these results to those of the cement paste in Figure 10c, where no major loss of spreading
diameter was observed over time, it can be concluded that MasterGlenium ACE 456 does
not have the same ability to maintain fluidity over time for the soil as for the cement. This
could be due to the high water absorption by the soil, which could result in a decrease in
the available water needed to fluidize the paste after a certain time. However, this lack
of fluidity preservation was no longer visible at 2%, where the spreading diameter was
maintained over time, indicating soil saturation with water and the SP. The saturation
amount of the soil with MasterGlenium ACE 456 could therefore be considered 2%.

MasterGlenium ACE 456 was found to be the most suitable SP for cement and fine
soil (<80 µm). The next step was to verify if MasterGlenium ACE 456 would continue to
have the same fluidizing effect on mixtures containing both cement and fine soil.
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3.3. Saturation of Cement/Soil Mixtures with Superplasticizers Using the Mini Cone

Paste mixtures equivalent to the three preliminary mixtures (M1, M2 and M3) shown
in Table 4 were tested for their saturation by MasterGlenium ACE 456 using the mini cone
in the same way as it was previously used for cement alone and for soil alone. Figure 12
shows the saturation curves of the three mixtures with different SP amounts at t0 + 5 min,
t0 + 15 min and t0 + 30 min.
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On the one hand, the SP did not seem to have the same influence on the three mixtures
with an amount of 0.25%, where the mixture containing the highest amount of soil M3
showed the lowest spreading diameter compared to M1 and M2, containing less soil.
On the other hand, a stabilization of the spreading values from 0.5% onwards could be
observed for the saturation curves of the three mixtures, which also showed identical
spreading diameters. It also appears that the spreading diameters of mixtures M1 and
M2 decreased beyond the 1% amount and that that of mixture M3 decreased and then
increased, indicating that the saturation amount was reached for all three mixtures.

In conclusion, of the three SPs tested, MasterGlenium ACE 456 was found to be the
most suitable SP for fluidizing cement alone, fine soil alone (<80 µm) as well as cement/fine
soil mixtures and was therefore selected to ensure the printability of the soil-based mixtures.

4. Characterization of Mortars in the Fresh State
4.1. Printability Tests
4.1.1. Determination of the Percentages of SP for All Printable Mixtures

Now that the saturation amount had been determined for the three mixtures, the
next step was to determine the necessary amount of SP to add to each of the mixtures to
make them printable. Three-dimensional printing requires a material that is sufficiently
fluid, but not too fluid, to guarantee both extrudability and buildability. Therefore, it was
important that the amounts of SP added to the mixtures did not exceed the saturation
amount determined in the previous section, which was equal to 1%. To this end, different
compositions for all the mixtures were evaluated and tested, and the results are presented
in Table 5. The methodology followed involved modifying the amount of SP in all mixtures
to find the appropriate amount to make them printable. Each mixture was then tested for
extrudability, using the manual gun, and for buildability, using the modified mini slump
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test, and was considered printable if it met the different requirements set by these two tests.
Indeed, the procedure for identifying the printable mixtures was purely experimental, and
the variation in SP amounts was carried out progressively and on the basis of the results for
previously tested SP amounts for the same mixtures. Consequently, while it was necessary
to test three different compositions to find the optimum printable formulation for M1 and
M3, two compositions were sufficient to identify the optimum printable formulation for
M2. The extrudability and buildability (hf) results for all mixtures are shown in Table 5.

Table 5. Composition, extrudability and buildability for all tested mixtures.

Composition of M1
Mixtures Composition of M2 Mixtures Composition of M3

Mixtures
SP = 0.45% SP = 0.48% SP = 0.51% SP = 0.72% SP = 0.75% SP = 0.87% SP = 0.90% SP = 1.00%

Cement mass (g) 300 300 300

Total soil mass (g) 700 1200 1700

Soil/cement ratio (~) 2 4 6

Soil mass <80 µm (g) 224 384 544

Fines = cement + soil
<80 µm 524 684 844

Water/fines ratio 0.40 0.40 0.40
% SP (wt.% fines) 0.45 0.48 0.51 0.72 0.75 0.87 0.90 1.00

Extrudability and buildability of mixtures
Extrudability 7 X X 7 X X X X

hf (cm) 4.75 4.50 2.70 4.85 4.50 4.55 4.50 2.55
Buildability X X 7 X X X X 7

As shown in Table 5, three SP percentages were tested for the first preliminary mixture,
M1. The extrudability and buildability results for the three mixtures tested for M1 are
shown in Figures 13 and 14, respectively.
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Figure 13 shows that, for M1, the 0.45% SP mix was difficult to extrude and showed some
cracking, while the 0.48% SP mix was easily extrudable. The 0.51% SP mix was extrudable
but also very fluid and showed layer sagging. Furthermore, Figure 14 shows that the 0.45%
and 0.48% SP mixes were buildable (hf = 4.75 and 4.50 cm ≥ hf threshold = 4.50 cm, which
corresponds to a commercial printable material), while the 0.51% SP mix was not buildable
(hf = 2.70 cm < hf threshold). As the second mix was the only one that met the printability
requirements, the 0.48% SP amount was selected for the development of the first printable
mixture, M1, which is lower than the saturation amount determined for M1 using the mini
cone (1%).

In the case of the second preliminary mixture, M2, two SP percentages were tested, as
shown in Table 5, and the extrudability and buildability results are presented in Figures 15 and 16,
respectively. No third SP percentage was tested for this mixture, since two percentages were
sufficient to identify which of the two corresponded to the printable mixture for M2.
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Figure 15 shows that, for M2, the 0.72% SP mix was difficult to extrude and showed
some cracks, while the 0.75% SP mix was easily extrudable. On the other hand, Figure 16
shows that both mixes were buildable (hf = 4.85 and 4.50 cm ≥ hf threshold). However,
as the first mix did not meet the extrudability requirement while the second one did, the
0.75% SP amount was selected for the development of the second printable mixture, M2,
which is lower than the saturation amount determined for M2 using the mini cone (1%).

As for the third preliminary formulation, M3, three SP percentages were tested,
as shown in Table 5, and the results for extrudability and buildability are presented in
Figures 17 and 18, respectively.
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Figure 17 shows that, for M3, the 0.87% and 0.90% SP mixes were extrudable without
showing signs of cracking or sagging, while the 1.00% SP mix was extrudable but also very
fluid and showed significant layer sagging. On the other hand, Figure 18 shows that the
0.87% and 0.90% SP mixes were buildable (hf = 4.55 and 4.50 cm ≥ hf threshold), while the
1.00% SP mix was not (hf = 2.55 cm < hf threshold). The first two mixes met the printability
requirements; however, it was decided to select the 0.90% SP amount for the development
of the third printable mixture, M3, to ensure better flowability and easier extrudability.
Furthermore, the amount chosen to ensure the printability of M3 (0.90%) was lower than
the saturation amount determined for M3 using the mini cone (1%).

4.1.2. Laboratory Printing Using the Three-Axis Printer

Once the SP amounts had been carefully identified to develop the three printable
soil-based mixtures (M1, M2 and M3), their printability was also validated on a larger scale
using the three-axis laboratory printer, as shown in Figure 19a–c, respectively.
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4.2. Flow Table Test and Setting Time

The printable mixtures were further characterized in the fresh state for their fluidity
and setting times. On the one hand, the results of the flow table test, presented in Figure 20,
show that M1 had the highest flow diameter (16.97 cm), followed by M2 (15.64 cm) and
then M3 (15.59 cm). On the other hand, the setting time results, presented in Figure 21,
show that M3 reached its initial and final setting times first, followed by M2 and then
M1. Therefore, the test results show that increasing the soil/cement ratio resulted in the
decreased flowability and increased stiffness of the mixtures, despite the fact that all three
mixtures were developed to achieve equal printability performance.
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On another note, it can be seen that the setting times were long, which means that the
soil-based mixtures have a fairly large open time, allowing flexibility in the printing time
window. However, a long open time normally has a disadvantage in 3D printing, namely,
the limitation of the print height, which can lead to the fast collapse of the printed layers.
Nevertheless, the presence of the clay part of the soil created a thixotropic aspect in the
printed materials, where the deposited layers did not show much deformation and were
able to keep their shape even after the deposition of successive layers, demonstrating the
advantage provided by the clay part of the soil, which acted like a viscosity-modifying agent.
This behavior has already been demonstrated in several previous studies, such as those of
Panda et al. [73] and Kaushik et al. [74], which proved that nanoclay affects the fresh and
rheological behavior of 3D-printable cementitious materials by acting as a natural viscosity
modifier. In fact, the stability developed by the deposited layers is not necessarily related
to the actual setting time of the mixture but rather to the early developed green strength
and physical properties provided by the phenomenon of thixotropy, where the material
gains viscosity and strength at rest. Indeed, this strong correlation between the thixotropy
of the material and the stability of the 3D-printed structure has been demonstrated by Chen
et al. [75] and Zhang et al. [76].
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4.3. Fall Cone Test

Figure 22 shows the evolution of the yield stress and structural build-up for the adopted
mixtures over time. The results show that the yield stress increases gradually with time and
can be predicted using a linear model, the stress evolution curves revealing a good correlation
factor (R2) ranging from 0.94 to 0.99. On the other hand, M3 showed the highest stress values,
followed by M2 and then M1, which shows that the increase in the soil/cement ratio led to
an increase in the yield stress and stiffness of the mixtures. This coincides with the results
obtained during the fresh-state characterization of the soil-based mixtures as well as the results
of Kaushik et al. [74], who showed that the addition of nanoclay to a 3D-printable mixture
led to an increase in the yield stress due to the high cohesion of the mixture provided by
the nanoclay. Furthermore, the previously proven printability of the mixtures could also be
verified here by the fall cone test, where the first recorded yield stress at 120 s ranged from
0.6 to 1 kPa and was between the optimal values for 3D printing found by Le et al. [21] and
Rahul al. [77], which were 0.55 kPa and 2.5 kPa, respectively.
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5. Characterization of Mortars in the Hardened State
5.1. Compressive Strength

The compressive strength results obtained for the different types of samples (C, NC, PG,
PZ and PY) of the three mixtures, M1, M2 and M3, are shown in Figure 23a–c, respectively.

Firstly, when comparing the results for the three mixtures, regardless of sample type,
M1 showed the highest compressive strengths, followed by M2 and then M3, for all testing
ages. This was to be expected and was due to the increase in the soil/cement ratios of the
mixtures, the cement amount decreasing from 532 kg/m3 in M1, to 369 kg/m3 in M2 and
to 282 kg/m3 in M3.

Secondly, by comparing the results for the different types of samples obtained for each
of the mixtures, several observations can be made. The NC samples presented a similar
compressive strength to the C samples, showing that non-compaction did not negatively
influence the mechanical performance of the mixtures. In addition, the PG samples exhibited
lower compressive strength than the C samples, showing the inaccuracy and possible defects
that can occur during manual printing. These two previous findings apply to all three mixtures.
However, for the PZ and PY samples, the strength was lower than that of the C samples
for M1 but similar to that of the C samples for M2 and M3. In fact, it could be noticed that
the difference between the compressive strength values of the different types of samples for
the same mixture decreased as the soil/cement ratio increased. For example, the difference
in strength between the C samples and the PY samples was 22.45% for M1, 12.28% for M2
and 6.74% for M3. Nevertheless, and in all cases, the compressive strength of the PZ and PY
samples was higher than that of the PG samples.



Buildings 2023, 13, 1618 21 of 27

Buildings 2023, 13, x FOR PEER REVIEW 21 of 29 
 

 
Figure 22. Yield stress of M1, M2 and M3 as a function of time. 

5. Characterization of Mortars in the Hardened State 
5.1. Compressive Strength 

The compressive strength results obtained for the different types of samples (C, NC, 
PG, PZ and PY) of the three mixtures, M1, M2 and M3, are shown in Figure 23a–c, respec-
tively. 

 
(a) 

Buildings 2023, 13, x FOR PEER REVIEW 22 of 29 
 

 
(b) 

 
(c) 

Figure 23. Compressive strength at 1, 7 and 28 days of the different types of samples of the (a) M1, 
(b) M2 and (c) M3 mixtures. 

Firstly, when comparing the results for the three mixtures, regardless of sample type, 
M1 showed the highest compressive strengths, followed by M2 and then M3, for all testing 
ages. This was to be expected and was due to the increase in the soil/cement ratios of the 
mixtures, the cement amount decreasing from 532 kg/m3 in M1, to 369 kg/m3 in M2 and to 
282 kg/m3 in M3. 

Secondly, by comparing the results for the different types of samples obtained for 
each of the mixtures, several observations can be made. The NC samples presented a sim-
ilar compressive strength to the C samples, showing that non-compaction did not nega-
tively influence the mechanical performance of the mixtures. In addition, the PG samples 
exhibited lower compressive strength than the C samples, showing the inaccuracy and 
possible defects that can occur during manual printing. These two previous findings ap-
ply to all three mixtures. However, for the PZ and PY samples, the strength was lower 
than that of the C samples for M1 but similar to that of the C samples for M2 and M3. In 
fact, it could be noticed that the difference between the compressive strength values of the 
different types of samples for the same mixture decreased as the soil/cement ratio in-

Figure 23. Compressive strength at 1, 7 and 28 days of the different types of samples of the (a) M1,
(b) M2 and (c) M3 mixtures.



Buildings 2023, 13, 1618 22 of 27

Furthermore, with respect to the test directions (Z and Y) for the printed samples with
the printer, it could be seen that the compressive strength of the PZ samples was slightly
higher than that of the PY samples for all three mixtures. However, the strengths in both
directions were relatively close, and the difference between the results can be considered
negligible. Thus, the direction in which the printed samples were tested did not have
much influence on the strength of the mixtures. This finding coincides with that of Wolfs
et al. [78], who found a minor influence of layer orientation with respect to the applied
load, in contrast to other studies that reported a clear influence of load direction on the
strength properties of printed specimens [79–82].

In conclusion, the manufacturing method for the different tested samples and the 3D
printing process did not have a significant or radical effect on the compressive strength of
the soil-based mixtures.

5.2. Mercury Intrusion Porosity (MIP)

The total porosity results for the three mixtures tested on the different types of samples
(C, NC, PG and PZ/PY) after 28 days of hydration are presented in Figure 24.
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The results show that the total porosity increases with the increase in the soil/cement
ratio in the mixtures. These results are consistent with those for compressive strength,
the lowest porosity being recorded for the mixture with the highest compressive strength
(M1) and the highest porosity being recorded for the mixture with the lowest compressive
strength (M3).

In addition, a similar trend in total porosity variation could be observed for all four
specimen types for all three mixtures, with porosity percentages ranging from highest to
lowest in the following order: PG > NC > C > PZ/PY.

In fact, both the PG and PZ/PY specimens were 3D-printed, yet they did not show
similar results in terms of porosity. The PG specimens were printed manually and had
irregularities and voids between the layers and on the sides, where the test load was applied.
This could explain the decrease in strength and the increase in porosity observed in these
samples. In contrast, the PZ/PY samples were homogeneous and had good interlayer
adhesion and smooth surfaces, which reduced the risk of strength deterioration and void
formation.

On the other hand, the NC samples showed higher porosity than the C samples. This
could be due to the fact that the compaction process eliminated the voids present in the
mortar during casting, whereas the NC mortars were poured directly into the mold and did
not undergo any form of compaction or vibration, resulting in greater porosity formation.
However, the PZ/PY samples had lower porosity than the C and NC samples, which
could be due to the extrusion process exerting additional pressure on the material during
extrusion, resulting in a denser and less porous material. Similarly, Koker [83] found that,
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in some cases, the additional pressure exerted on the material during printing can reduce
voids in the layers and at the interfaces, creating a less porous and denser matrix.

5.3. Potential Application of Soil-Based Printable Mixtures at Construction Scale

In order to implement printable soil-based mixtures at full scale in construction, it is
not enough for the mixtures to meet printability requirements. The strength of the mixtures
must also be validated, given the large amount of soil and the small amount of cement
present in the mixtures. It is therefore necessary to assign a strength class to the printable
soil-based mixtures and see whether they have sufficient and satisfactory strength in order
to consider the possibility of replacing conventional concrete in construction. Table 6 recalls
the compressive strength ranges of the printed samples tested in the Y- and Z-directions for
the three mixtures (M1, M2 and M3) at 28 days.

Table 6. Compressive strength ranges of the printable soil-based mixtures at 28 days.

M1 M2 M3
Compressive strength

at 28 days (MPa) 33–34 23–26 16–17

Referring to ACI 318 [84] and the Concrete Manual 2012 [85], it can be established that the
strength of the three soil-based mixes exceeds the minimum strength required for structural
concrete. Therefore, in theory, 3D printing of these mixes could be used as a concrete equivalent
for several construction applications with load-bearing or non-load-bearing functions, such as
single walls, double walls, partitions, basements, foundations, etc.

Furthermore, the compressive strength of the mixtures in this study far exceeds that of
a printable soil-based mixture developed by Perrot et al. [49], ranging from 1.21 to 1.7 MPa.
In another study by d’Haese et al. [52], five mixtures based on flax fibers, quarry clay fines
less than 100 µm, a high-grade blast furnace cement and an admixture/superplasticizer
were developed and tested to obtain a printable structural material. The authors found
compressive strengths between 6.5 and 17.3 MPa. They selected the strongest mix with
a proportion of 30% cement to dry material (cement + quarry fines) to print a structural
wall and reported that the strength obtained exceeded that required for a two-story house.
However, the mixtures examined in this study (M1, M2 and M3) had cement contents of 30,
20 and 15% of the dry mix materials (cement + soil) and showed compressive strengths of
approximately 34, 26 and 17 MPa, respectively. Consequently, a strength equivalent to that
of the 30% cement-based structural mix of d’Haese et al. [52] was recorded for M3, which
contained half the cement amount (15%), demonstrating the possibility of considering the
three soil-based mixtures of this study as suitable printable mixtures for the construction of
load-bearing structural walls.

6. Conclusions

This paper has presented a mix-design methodology and a case study for developing
resistant and ecological mixtures for 3D printing using excavated soil. The main challenge
is to reduce the environmental and economic impact of 3D-printed concrete, which often
contains large quantities of cement, the production of which generates significant CO2
emissions. A multi-stage mix-design methodology was presented. The first stage was
to find the most appropriate superplasticizer and the saturation amount for the different
materials and mixtures using two methods: the Marsh cone and the mini cone methods.
The second stage was to find the appropriate amount of superplasticizer to make the soil-
based mixtures printable (i.e., extrudable and buildable). Extrudability was assessed using
a manual gun, and buildability was assessed using the modified mini slump test. The case
study of excavated soil that came from the “Grand Paris Express” project (France) was then
presented, where the printability of soil-based mixtures was assessed using a laboratory
gantry printer. The mixtures were then characterized in their fresh and hardened states.
The main results of this study are as follows:
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• A mix-design methodology was implemented and proved to be efficient and accurate.
It enabled the development of three resistant printable mortars using excavated soil
with different soil/cement ratios.

• The flowability, spread diameter and setting time all decreased as the soil/cement
ratio in the mixtures increased.

• The evolution of yield stress and structural build-up of the soil-based mixtures was
linear over time, and increasing the soil/cement ratio led to the faster development of
structural build-up.

• The compressive strength decreased as the soil/cement ratio increased. In addition,
the compressive strength values of different types of samples tested for the same
mixture decreased as the amount of soil increased.

• The printed mixtures showed compressive strengths higher than the minimum strength
required for structural concrete. Therefore, in theory, 3D printing of soil-based mix-
tures could be used to build load-bearing structures with a strength equivalent to that
of traditional concrete structures.

• The total porosity increased as the soil/cement ratio in the mixtures increased, and
the porosity results were consistent with those for compressive strength.

In conclusion, this study highlights the possibility of developing ecological and re-
sistant mixtures based on excavated soil that can be used in 3D-printing construction
applications. Indeed, the low and reduced quantities of cement observed in the mixtures
could reduce construction and materials costs, the negative impact on the environment and
the amount of CO2 generated by the cement manufacturing process.

Furthermore, based on the findings of this study, it would be interesting to investigate
the long-term durability of developed soil-based printable mortars, including the rate of
shrinkage and drying, as, in some cases, this can lead to the creation of micro-cracks in
the printed element. It would also be interesting to carry out an X-ray tomography study
of the printed samples to better understand the effect of 3D printing on their mechanical
properties. Finally, it would be advantageous to conduct 3D printing tests of the soil-
based mixtures on an industrial scale in order to validate the reliability of the mix-design
methodology followed in the laboratory.
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