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* Flow-table and rigidity test evaluates mixture performance in green state.

* Clay particle grading and composition affect the rheological properties and printing perfor-

mance.
* Analytical model predicts stability and failure of 3D printed soil elements.

* Disparity between green and hardened states of clay mixes in 3D printing is identified.
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Abstract

Three-dimensional (3D) printing of clayey soils has gained traction in construction and architecture
due to its eco-friendliness and design advantages. However, no comprehensive method is yet
available for transforming these soils into a mix that flows and is stable. To develop such a method,
we measured the rheological properties and tested the performance of 12 mixtures of sand and clay
using rigidity and pumping tests and then compared the linear relationships between the various
results. This was followed by an in situ printing test. An analytical model for predicting the plastic
collapse of the bottom layer was used. To better elucidate the failure mechanism, we correlated
digital images of the mixtures. Finally, the mechanical properties of the mixtures were assessed at
14 and 28 days. The research indicates that results from flow-table tests and custom rigidity tests
optimize mixtures for 3D printing. Rheological findings show that increased kaolinite enhances the
thixotropicity of the mix. Coarser particles improve the static yield because of elevated interparticle
friction. In situ printing tests suggest that a rotational rheometer test can predict element failure
from plastic collapse based on the printing parameters. Finally, the mechanical properties differ
between fresh and hardened clay-soil mixtures.

Keywords: 3D printing, Soil-based materials, Buildability, Robotic fabrication, Earth

construction

1. Introduction

Additive manufacturing (often referred to as three-dimensional or “3D” printing) using clayey

soils has gained interest in the architectural and construction sector [1, 2, 3, 4], driven by several
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prominent factors. First, 3D printing technologies, noted for their capacity to produce advanced
designs, allow architects and engineers to design optimized and innovative structures [5, 6]. Second,
escalating environmental concerns in the construction sector has catalyzed a search for sustainable
materials [7]. In this context, soils have emerged as an alternative to traditional construction
materials because of their reduced environmental footprint [8, 9] and their adaptability within a
circular economy framework [10, 11].

The synergy between 3D printing and using soils as construction materials presents extensive
application opportunities, ranging from small-scale elements to large-scale structures. Examples of
these structures include integrated wall components [12], elements designed for green infrastructure
[13], structures geared toward low-impact affordable housing [14], and architectural edifices [15].
Moreover, 3D printing of soils also captures interest for extraterrestrial construction [16, 17].
In these scenarios, local regolith, rich in amorphous inorganic compounds, promises potential
transformation by alkalis into geopolymer binders [18]. All these applications underscore the need
for clear guidelines to convert local soils into 3D-printable mixtures [19].

Understanding the rheological properties of such materials is essential to using them in designs
[20, 21]. These properties govern the material’s transportation through the pumping system and
determine the layer stability post-deposition [22]. A 3D printable material should be endowed with
two contrasting and balanced characteristics: (i) the ability to flow through the pumping system
and (i1) rigidity upon deposition. Initiating material flow requires surpassing the critical shear
stress (delineated as the static yield stress 7og). Next, the mixture enters a dynamic state where
the shear strain rate becomes linear in shear stress, as described by the Bingham model [23]. The
parameters of this model can be expressed in terms of yield stress and apparent viscosity u, where
the intersection of this linear relationship with the shear axis at zero shear strain rate is the dynamic
yield stress 7o4 of the material [24].

When a material is conveyed to the printhead for material processing, a phenomenon known as
“plug flow” occurs due to the material’s heightened viscosity [25]. This flow state results in pressure
loss, primarily due to particle friction against the delivery hose. This friction subsequently slows
the flow rate, which requires the pump to provide more energy. According to the Bingham model,

the pressure loss of materials flowing through a conduit is determined by two factors: yield stress
2
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and viscosity. This relationship can be described by the Buckingham—Reiner model [26]. Ideally,
to ensure a smooth and efficient flow, a mixture should have both a low dynamic yield stress and
low viscosity. Yet, after being extruded from the nozzle, to remain stable, the static yield stress of
the material must be quickly elevated. The difference in behavior between these static and dynamic
properties is an expression of the material’s thixotropy. Consequently, the thixotropic behavior of
an optimal 3D printing material should increase rapidly without a corresponding increase in its
dynamic properties. While cement-based systems are often thixotropic [27, 28], such behavior is
less common with printable clay-based mixtures [29].

The rheological properties of cementitious systems destined for 3D printing have already
been discussed in detail. For instance, Roussel introduced a theoretical rheology-based model
of printable concrete [30]. This model aims to prevent critical strain, which could collapse the
printed bottom layer. Kruger et al. proposed an analytical model grounded in rheological testing
to ascertain layer stability during printing [31, 32]. Their model leverages static yield stress and a
correction factor tied to the layer’s cross section. The model predicts, with a commendable level of
accuracy, the potential failure of a printed artifact when its self-weight surpasses the static yield.
Furthermore, Kruger applied this model to determine the optimal printing parameters [33]. In the
context of earth-based materials, Perrot et al. used a similar method to evaluate the suitability for
building of a soil-based mixture, although they did not conduct in situ 3D printing tests [29].

Previous publications in the field of 3D printing of soils have sought to design optimal soil-
based mixtures. Several methods have been proposed to endow these mixtures with the rheological
properties essential for 3D printing. Perrot et al. used an alginate biopolymer to induce a
thixotropic effect in earth-based mixtures and analyzed the mix based on a penetrometer test
[29]. Biggerstaff et al. used a rotational rheometer to estimate the yield stress of biopolymer
bound soil mixtures [34, 35]. Bajpayee et al. presented a holistic approach to 3D soil printing
comprising particle distribution, mineralogical composition, and rotational rheometry for inducing
a geopolymerization reaction [36]. Silva et al. turned to a shear-vane test and a custom stability test
to evaluate the fresh state properties of the mix [37]. Algenaee et al. explored the various aspects
of mixture design by using a deformation test introduced by Bai et al. [38], [39]. In a different

vein, Ferreti et al. used rice husk and hydraulic lime to enhance the material’s hardened properties
3
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[40]. Faleschini incorporated lime, cement, and vegetable fiber to optimize both the mechanical
and economic properties of the soil mixture [41]. Nevertheless, a comprehensive method that
unifies basic tests with in sifu printing evaluations tailored for designing 3D printable clayey soils
remains absent. Thus, the short-term rheological characteristics of clay-based materials, crucial
for predicting construction speeds [30], have yet to be thoroughly examined. Furthermore, despite
their heterogeneous nature, how mineralogical and physical variations affect the 3D printing of
local soils remains largely unexplored [42, 43, 44].

Consequently, fundamental guidelines are required for designing and evaluating soil-based
mixtures for 3D printing, and these guidelines should reflect the combined characteristics of the
soils. Such guidelines could serve as a foundational reference for designing and developing these
materials. The primary contribution of this study is to create a shared framework for developing
soil-based mixtures and determine the correct printing parameters for 3D printing applications in
construction. By considering both material progression and the printing parameters, this research
lays the groundwork for refining 3D soil printing.

Multiple mixtures were developed with different particle grading and water content. These
were assessed using simple testing methods, rotational rheological tests, and performance results.
Linear correlations emerge between the various testing methods and performance results, providing
guidelines to find the best performance window for any specified printing equipment. Three
different clay types were then tested to gauge the influence of mineralogical and particle grading on
the printing behavior. In situ cylinder printing was used to predict the collapse of the layer buildup
based on rheological properties. Finally, the study explores how clay type affects the mechanical
properties of the clays, suggesting a tension between optimizing the green and hardened properties

of the mixture.

2. Materials and methods

Figure 1 describes the step-by-step experimental method followed in this study.
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2.1. Materials

The tested mixtures contained quartz dune sand and three types of powdered clay. Sand was
sourced from Kfar Giladi Minerals and sieved through a 1.18 mm sieve. White kaolinite clay
(white) was procured from Alco Chemicals; brown-red kaolinite clay (chocolate) and yellow marl

clay (Mamshit) were obtained from Yehu Clays, Ltd.

2.2. X-ray diffraction analysis

A McCrone micronizing device with 16 agate was used to wet-grind the clays. For each
preparation, 6 g of each sample and 15 ml of isopropanol were added as grinding media. The
samples were ground at 1500 rpm for 15 minutes. After milling, the clays were filtered through a
Whatman grade-3 filter paper (6 um pore size) using a vacuum pump, rinsed with diethyl ether,
and dried for 15 min at 40 °C in a vacuum oven at a 300 mbar of constant pressure. X-ray powder
diffraction using a PANalytical EMPYREAN X-ray diffractometer equipped with a Cu-Kal1,2
radiation tube (A = 1.5408 A). The x-ray diffraction optical configuration for the incident beam
consisted of a 10 mm mask, a 0.04 rad Soller slit, and 1/16 °C divergence and 1/8 °C antiscatter
fixed slits. The diffracted-beam optics consisted of a 7.5 mm antiscatter fixed slit and a 0.04 rad
Soller slit. The x-ray diffraction data were collected using a 45 kV accelerating voltage and 40 mA
current in a conventional Bragg-Brentano 6-26 geometry. Data were acquired by scanning samples
with a PIXcel 3D detector. All scans were acquired in continuous scan mode over an angular range
of 5° to 70° with 0.017° step size for approximately 20 minutes per scan. For Kaoline (18-2023),
the range was 3° to 75° (260) with the same step of 0.017° 26. Quantitative phase analysis was

performed by the Rietveld refinement method as implemented in the HighScore Plus software

Raw materials Raw material analysis Mixture preparation Fresh Material Testing in-situ Testing Mechanical Results analysis and
characterization mix optimization

Flow table
Clay

Particle size

o .. Cylinder collapse ICompressive strength
distribution Rigidity test " "
High-sh Suitable soil-based
Sand > > 9 :i;:gr pan > > > > mixture for 3D

Mi logical printing
\neralogical Rheological test DIC analysis Flexural strength
composition

Water

Pump flow

Figure 1: Flow chart illustrating the step-by-step experimental method used in the study.
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(Malvern Panalytical). Table 1 presents the results of the mineralogical characterization.

Table 1: Mineralogical composition of raw powdered clay mixtures.

Phase Kaolinite Quartz Calcite Illite Muscovite Ivsite Picromerite Orthoclase
Sand 0 99.9 0.1 0 0 0 0 0
White 99.4 0.4 0 0 0.2 0 0 0
Chocolate 76.8 12.7 1.4 0 0 39 3.1 2.1
Mamshit 41.5 17.0 229 7.0 5.0 0 0 6.2

2.3. Particle size distribution

A laser diffractometer Mastersizer 3000 Particle Size Analyzer (Malvern Panalytical) was used
to analyze the particle-size distribution. A sample of 0.1 g was mixed with 10 ml of isopropanol,
followed by 30 s of sonication to avoid aggregation. The mixture was slowly added to the Hydro

LV device. Figure 2 shows the particle-size distribution of the raw materials used in this study.

2.4. Mixture preparation

The mixtures were prepared with a high-shear pan mixer. The mixer tank was first filled with
all dry ingredients, after which the water was added. Table 2 describes in detail the clay/sand
and clay/water ratios of the mixture. Following the addition of water, the materials were mixed
intensively for 3 minutes. The mixer was inspected to ensure that no dry ingredients were left

unmixed before high-shear mixing for another 6 minutes.

2.5. Methods to test green material

The methods of testing the fresh green material included methods to provide the basic physical
and mechanical parameters of the material for 3D printing and standard tests for comparison and
characterization.

Flow tests were conducted using the ASTM C230 flow table test for hydraulic cement [45] [see
Figure 3(a)]. A brass conical mold was placed at the table center and filled with the mixture. The

mold was then removed, the table jolted 25 times, and the spread of the material recorded.

6
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Table 2: Composition of tested white clay-sand mixtures.

Mix Clay (wt.%) Sand (wt.%) Water (wt.%)

Mi 19.4 65.5 15.1
M2 21.6 62.4 16.0
M3 24.0 60.0 16.0
M4 23.4 58.6 18.0
M5 24.0 59.7 16.3
M6 24.2 60.4 15.3
M7 24.0 60.1 15.9
M8 28.3 54.1 17.6
M9 28.6 54.6 16.8
M10 30.4 51.4 18.2
Ml11 33.0 49.4 17.6
M12 32.7 49.1 18.2

The rigidity of the fresh green mixture was characterized as per Kazemian et al. [46] by
using the loading apparatus shown in Figure 3(b). The test was done using a cylindrical 185-mm-
diameter, 100-mm-high mold. The mold was first filled in two stages with fresh material to ensure
proper packing, followed by removal of the mold. A transparent board was placed on top of the
material and loaded in increments of 500 g up to an equivalent of 0.18 kPa. The deformation at
the four corners of the board was measured and the average deformation was recorded. The test
continued up to a load of 2.9 kPa and produced load-deformation curves from which the rigidity
coeflicient, defined as the slope of the curve, was calculated.

A rheological test was carried out using a commercialized rotational rheometer, ICAR Plus
(Germann Instruments Inc.), as shown in Figure 3(c). The geometry of the rheometer consists of a
four-bladed vane at the center of a cylindrical container. The test was done in two modes: a stress
growth test to determine the static yield strength, and a flow curve test to determine the dynamic
yield strength and apparent viscosity.

In the stress growth test, the vane rotation was set to a constant 0.16 rad/s, and the static yield



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

stress was computed by using
2T

Tos = —————> (1)
D3 (5 +1)
where 7y, is the static yield stress, T is the maximum torque recorded, D is the vane diameter, and
H is the vane height.
In the flow curve test, rotation rates from 0.31 to 3.14 rad/s were applied to subject the mixture
to various shear strains. This led to a linear stress shear-strain rate or rotation-rate curve that may

be described by the Bingham model:

T =Toq + M1V, (2)

where 7, is the dynamic yield stress, u is the plastic viscosity, and y is the shear strain rate. For
all mixtures analyzed, an R? value of no less than 0.95 was obtained, pointing to a pronounced
linear correlation between shear stress and shear strain. Thus, the flow curve gives the two dynamic
rheological parameters: dynamic yield stress and apparent coefficient of viscosity.

The above-mentioned rheological measurements were conducted at specific time intervals (0,
0.5,1,2,5, 10, 15, 30, 45 min), with the material remaining stationary in the rheometer during the
intervals. This resting period allowed physical bonds to develop between particles and simulated
the time elapsed following material deposition from the nozzle in 3D printing.

To evaluate the ability to transport the material through the delivery system, the flow rate of

the pump (Figure 4) was recorded at a set voltage of 5 V supplied to the pump control unit.

2.6. Statistical analysis for linear correlation

A statistical analysis was conducted using the NumPy and Matplotlib Python libraries to
evaluate linear correlations between the composition, rheological characteristics, and performance
parameters of the mixtures. The strength and direction of these linear relationships were quantified
by calculating Pearson’s correlation coefficient r, as described by

b 2= DGi— ) ’
VI —92 2 (yi - 5)2

where x; and y; are individual data points and X (y) is the mean of the x (y) values. This coefficient

3)

ranges between —1 and 1 and indicates linearity between two datasets [47]. The aim of the analysis

8
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Figure 2: Particle size distribution of raw materials.

a) b) c)

Figure 3: Green material test methods: (a) Flow table test, assessing flow properties through the spread of the mixture
after jolting. (b) Fresh green material loading rig for measuring rigidity via deformation under incremental loading.

(c) ICAR rheometer for evaluating static and dynamic rheological properties of the mixture.
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is to identify potential patterns and dependencies, shedding light on how the mixture’s composition

and rheological characteristics influence its performance parameters.

2.7. In situ testing

In situ testing involves printing cylindrical samples with a diameter of 180 mm. To continuously
monitor the layer heights during the printing process, we recorded video at 30 frames per second.
A Canon 6D camera, equipped with a Canon EF 70-200/2.8L IS II lens, was positioned to capture
detailed footage of each layer as the printing progressed. This allowed us to closely inspect the
print layers throughout the procedure. The experiment continued until the cylinder collapsed, at
which point the time to failure and the number of layers at failure were recorded. The printing
process was analyzed with digital-image correlation software (Tema PRO by ImageSystems) to

evaluate the deformation of the lower layers during printing.

2.8. Mechanical characterization

For mechanical characterization, specimens from each mixture were prepared in accordance
with standards EN 12350-1 for compressive strength and EN 12390-5 for flexural strength. The
dimensions of the test specimens were 50 x 50 x 50 mm? for the compressive strength test and
40 x 40 x 160 mm?> for the flexural strength test. These dimensions, while effective for our
experimental objectives, do not strictly conform to standard sizes for earthen materials. Twenty-
four hours after casting, the samples were demolded and dried for 14 days in a controlled laboratory
environment maintained at a temperature of 21 °C and a relative humidity of 50%.

A 500 kN Multipurpose 500 (Controls Group) compression-flexure cement testing frame was
used to determine the compressive and flexural strengths of the specimens. Two steel plates,
each measuring 40 x 40 X 10 mm?>, were employed during testing. Each specimen was centrally
positioned on these plates, and the load was progressively increased at a rate of 0.5 MPa per second.
The uniaxial compressive strength of the specimens was determined by the peak force recorded by

the machine at the moment of specimen failure.

10
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Figure 4: Setup of robotic cell for 3D printing of clayey soils, featuring an industrial robotic arm, mortar pump, and

concrete vibrator.

2.9. 3D printing setup

Figure 4 shows the robotic setup used for this research. The setup includes a KUKA KR50R2100
industrial robotic arm, capable of manipulating a payload of 50 kg over a radial range of 2100
mm. The printhead used for printing consists of a 450-mm-long metal rod mounted perpendicular
to the robot flange. The 12.5-mm-diameter nozzle used in the printhead was 3D printed from
PET-G. An MAI 2PUMP-PICTOR mortar pump integrating a 24 L worm pump with a flow rate of
1.5-8.5 L/min was used for the printing process. A concrete vibrator facilitated the mixture flow
from the hopper to the worm pump. A GW Instek DC power supply was connected to the pump
to control the flow rate by altering the voltage. A 10 m high-pressure hose delivered the mixture

from the pump to the printhead mounted on top of the robotic arm.

3. Results and discussion

3.1. Rheological properties and mix performance in green state

3.1.1. Rheological behavior
Figure 5 shows typical results for the rheological parameters as a function of resting time. The
time scale represents the resting time (up to 45 minutes) between consecutive measurements. The

cumulative time since the end of mixing is 110 minutes.

11
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Figure 5: Rheological parameters for clayey soils as functions of resting time, showcasing the results for white kaolinite

clay and sand mixtures.

In the clay-based systems studied, the static shear yield stress can be analyzed in terms of
its development over two stages: re-flocculation and structuration. During re-flocculation, which
occurs within the first few minutes, the increase in static shear yield stress is attributed to mi-
crostructural recovery of the platy clay particles, flocculation of the soil particles, and a change
in the structure of the adsorbed water [48, 49]. Following re-flocculation, the structuration stage
involves further increases in static shear stress due to material dehydration and compaction over
time. The structuration of the nonstabilized clay system is not significant within the test period in
this study [29].

The dynamic state of the mixture occurs when sufficient shear stress is applied to the mixture
and the bonds between the particles break. The dynamic yield and apparent viscosity characterize
the mixture at this stage. In the systems studied, the dynamic parameters stay stable throughout
the test, as seen in Figure 5. The difference between static and dynamic shear stresses reflects the

thixotropic nature of the system, which is crucial for manufacturing.

3.1.2. Relations between rheological parameters and performance parameters
We now compare the rheological characteristics of the mixtures with the actual performance

parameters. Toward this end, we tested 12 clay mixtures, changing the ratio between the white-

12
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kaolinite clay and sand, as well as the water content, over a wide range (see Table 2). The
composition of the mixture was characterized by a variety of tests: rheological tests, which provide
the fundamental physical parameters; performance tests, including flow table tests; flow-rate tests
through the printing nozzle; and the test presented in Figure 3 to determine the rigidity of the
material. Figure 6 describes the correlations between the composition, rheological characteristics,

and performance parameters.

Clay, % wt
Water, % wt
~0.50
w/c
~0.25
Flow table spread, mm
- 0.00
Rigidity coefficient, kPa
--0.25
Static yield value, kPa
-0.50
Apparent viscosity, Pa s
-0.75
Flow rate, I/min
-1.00

Figure 6: Statistical analysis of performance parameters in clay mixtures of varying composition, encompassing a

range of water/clay and sand/clay ratios and clay content.

The flow rate correlates significantly with the apparent viscosity (—0.9) and the flow rate and
static yield (—0.87), as shown in Figure 7. The strong negative correlation between the viscosity,
static yield, and flow rate is typical of materials described by the Bingham model [25, 22]. This
relationship emphasizes the critical role that viscosity plays in determining the effectiveness of
material delivery during 3D printing.

The rigidity of the fresh mix was determined by increasingly loading the green material as
described in Figure 3. The loading test was done manually and lasted about 10 minutes. Given

the loading regime of the viscoelastic material, the rigidity coefficient may be considered as an
13
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Figure 7: Statistically significant relations between basic rheological and engineering parameters: (a) relation between
flow rate through the printing nozzle head and the apparent coefficient of viscosity for clay systems, and (b) relation
between the rigidity of the green material and the static shear yield strength. The highlighted area represents a 95%

confidence interval for this relation.

effective modulus of the mixture since the deformations registered are both elastic and plastic.
The values measured in this test ranged from 10 to 120 kPa, which is consistent with previous
findings for 3D printing of clayey soils [29]. The strongest correlation occurs between the rigidity
coefficient and the static yield (0.97), as shown in Figure 7. This correlation is attributed to the
nature of the test, which was incremental and load dependent and therefore strongly influenced by
the static yield of the material. A controlled deformation test can also be used for a more precise

analysis of the viscoelastic properties of such a mixture [50, 51].

3.1.3. Relations between performance indicators and testing methods

The use of clayey soils in 3D printing mixtures often calls for quick, cost-effective on-site
assessments. The statistical analysis, depicted in Figure 8, reveals a strong linear correlation
between the flow table spread and (i) the material rigidity coefficient (—0.88) and (ii) the flow rate
in the pump (0.93). This evidence suggests that the flow table test is a reliable and practical method
for assessing the material flow rate through the nozzle and the material rigidity on sit.

As previously discussed, the flow rate, which is determined by the dynamic rheological param-

14
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eters, 1s a crucial factor in 3D printing. Conversely, material rigidity is essential to ensure that the
printed layers retain their intended shape. Therefore, the ability to quickly and efficiently evaluate

these characteristics on-site can significantly improve the efficacy and quality of the 3D printing
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Figure 8: Statistically significant relations between performance indicators and mix composition: (a) Flow table spread
as a function of rigidity coefficient and (b) of flow rate through the nozzle. The highlighted areas represent the 95%

confidence interval.

3.1.4. Relations between performance indicators and mixture composition

Figure 9 shows how mixture composition affects material performance. The findings reveal
a moderate positive correlation between the clay/water ratio and the pump flow rate (0.83). As
expected, increasing water content reduces friction between particles, which improves flow. The
relationship between the clay weight percentage and the flow rate is less pronounced (—0.65),
suggesting that water content is the more influential factor in this process.

Unlike traditional earth-construction methods, where optimal moisture content is typically
determined based on maximum dry density [43, 52, 53], the moisture content in 3D printing
should be evaluated with respect to process performance to balance flow properties and material
rigidity. Furthermore, the rigidity of the mixture has a moderate negative correlation with the

clay/water ratio (—0.81). In this instance, increasing water content decreases particle friction, thus
15
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reducing material rigidity. Conversely, a mild positive correlation occurs between the clay weight
percentage and rigidity (0.71).

These results underscore the intricate dynamics between the components of the mixture. There-
fore, the optimal balance for 3D printing mixtures likely depends on carefully tuning these ratios

to accommodate both process requirements and the desired material properties.
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Figure 9: Statistically significant relations between performance indicators and mix composition: (a) flow rate through
the nozzle as a function of water/clay ratio and (b) apparent modulus as a function of water/clay ratio. The highlighted

areas represent a 95% confidence interval.

3.2. Design principles
3.2.1. Design principles of the clayey soil mix

The statistical analysis of relationships between rheological and performance parameters, as
presented in Section 3.1, can serve as a foundation for insights that can be used to optimize the
mixture of clayey soils for 3D printing applications. The analysis above implies that the overall
performance of the mixture can be assessed by simultaneously considering two performance tests:
the flow table test, which indicates the flow through the pumping system, and the rigidity test,
which offers insight into the stability of printed layers in the green state.

Figure 10 illustrates the relationships between these two parameters for the clay systems studied

here, highlighting the systems that perform adequately for 3D printing. The figure also indicates
16
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an optimal performance window, that is, the parameters of a mixture that provide a suitable
combination of flow and rigidity to facilitate optimal early-age behavior, enabling both pumping
and stability in the buildup of printed layers. The various tested mixtures were characterized based
on their visual appearance, the results of the green method tests, and their ability to be pumped
through the delivery system and characterized as either good, dry, or unstable. This approach to
identifying a performance window based on relatively simple laboratory performance tests can be
highly practical as a guideline for developing optimal mixtures. However, such a window serves as
a “fingerprint” that is specific to a particular printing technology. Factors such as printing system
(e.g., pumping system, printing head, and nozzle) and element size and quality can affect the given
window. Consequently, for different printing technologies and elements, a specific “window’ must
be identified.
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Figure 10: Rigidity coefficient plotted as a function of flow table spread, representing different compositions of the
mixed-clay system (white clay/kaolinite-sand-water) and identifying a “window” of adequate overall performance for

3D printing.

3.2.2. Effect of particle grading
The mixture with a clay content of 28.6%, which resides within the “optimal window” in Figure

10, appears to produce optimal grading. This blend, with a water/clay ratio of 0.66, produces the
17
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Figure 11: Grading curve representing the optimal composition of the white clay-sand mixture, yielding the best

balance between flow and rigidity.

most favorable outcomes for pump flow while simultaneously ensuring satisfactory stability. Figure
11 shows the particle grading of this mixture, which underscores the role that grading plays in
influencing a mixture’s performance in 3D printing applications. Clay particles enhance the flow
within the pumping system by forming a lubricating layer. This layer results from migration of
the clay-water paste in response to inhomogeneous shear stresses present in the pipe, leading to
less pressure loss during the delivery stage [54]. However, an overabundance of clay particles
can inadvertently increase the viscosity of the mixture, thereby negatively impacting the flow rate
through the pump [55]. Conversely, the presence of coarse granules in the mix crucially enhances
the mixture’s rigidity by increasing interparticle friction [56]. Therefore, designing an optimal
mixture for 3D printing of soils necessitates balancing these components. The best mixture should
harmoniously integrate the benefits of both clay and coarse particles, achieving a balance that

optimizes both flow and stability for successful 3D printing.

3.2.3. In situ stability in the green state

While the stability of deposited layers is commonly associated with their rigidity, a more
comprehensive design methodology should be developed to ensure in situ layer stability. With this
goal in mind, we applied an analytical model proposed by Kruger et al. for cement-based materials

[31]. The use of this model, anchored on the analysis of the rheometer test, facilitates a better
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understanding of layer stability, which improves the design strategy. The shear stress at the bottom

layer can be calculated as follows [31]:

L psh
2FaR’

4

where 7 is the shear stress (Pa), g is the gravitational acceleration (m/s?), & is the element height
(m), and F4pg is a strength correction factor that accounts for confinement due to the layer aspect

ratio (h/w).

10 layers, 58 s 20 layers, 116 s 30 layers, 172 s 31 layers, 176 s
Collapse

Figure 12: Printing 180-mm-diameter cylindrical column of chocolate clay mixture until collapse. Left to right: 10-,

20-, and 30-layer-high cylinder and during collapse.

To determine the point at which the bottom layer yields to the weight of the overlying layers,
controlled experiments were conducted in which a cylinder was printed until collapse (Figure 12).
We examined three mixtures involving white, chocolate, and Mamshit clays. The three mixtures
were prepared using the optimal mixture outlined in Section 3.2. Each mixture contained a 2 : 5
clay/sand wt.% ratio. The clay/water ratio differed for each mix and was adjusted to achieve a
spread of 140—145 mm in the flow table test after 25 jolts, as detailed in Table 3. A rheometer test
(as described in Section 2) was conducted on each mixture after preparation, and Figure 13 shows
the results. The printing test was repeated three times for each mix. Table 4 lists the parameters
used for cylinder printing.

Consequently, based on equation 4 and under the specified conditions, the rate of buildup of

shear stress on the lower layer of the printed cylinder is 730 Pa/min. The intersection of the shear
19
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Table 3: Composition of white, chocolate, and Mamshit clay-sand mixtures used in tests.

Mix Clay (wt.%) Sand (wt.%) Water (wt.%)
White 24.8 62.0 13.2
Chocolate 25.1 62.9 12.0
Mamshit  23.8 59.6 16.4
3000 3000
2500 2500
2000 2000
©
o
2 1500 - 1500 -
o
7]
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=== Dynamic yield
0 T T T 0 T T T T
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Resting time, min Resting time, min
a) b)

Figure 13: Influence of clay type on the rheological behavior of clay-sand mixtures (28.6% clay content): (a) 0—4

minutes resting time, (b) 0—45 minutes resting time.

stress buildup rate plotted against the static yield of the tested material, as recorded by the rheometer
test, can be used to predict cylinder collapse. For example, a cylinder printed with the chocolate
clay mixture under the described conditions is calculated to collapse at 3.04 minutes (184 s).

The chocolate clay mixture failed on average at 2.92 minutes, with a 6.8% coefficient of
variation and an average number of layers at failure of 32. The deviation between the predicted and
measured values was 4.1%, suggesting a good fit with the analytical model 14. This is consistent
with failure predictions of cement-based materials [31]. In all experiments, failure is consistently
due to the plastic collapse of the bottom layer [57]. Interestingly, an elastic buckling deformation

occurred while printing the cylinder, which could potentially have distorted the overall shape of
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Table 4: Parameters for cylinder printing.

Diameter  Nozzle Layer Layer Aspect Strength Shear
(mm) velocity height width ratio correction stress
(mm/s) (mm) (mm) factor buildup
(Pa/min)
180 100 10 20 0.5 1.4 730
3500 —
—=— Static yield - measured //
3000 4| --—- Static yield build-up //
—e— Predicted collapse //
Measured collapse
2500
& 2000 -
g _--"(3.04,2220.27)
<4 e
& 1500 - o
1000 -
500 -
0 ,, T T T T
0 1 2 3 4 5

Resting time, min

Figure 14: Intersection of calculated shear stress buildup at the bottom layer and characteristic shear yield strength for

chocolate clay mixture, depicted for a 180-mm-diameter cylindrical column.

the element (as illustrated in Figure 12).

To delve deeper into the failure mechanism and ascertain the critical strain of the four lowermost
layers, we applied a digital image correlation analysis (see Figure 15). The analysis reveals a 100—
180 s window of the printing process, as depicted in Figure 16. The data reveal a direct correlation
between the increasing dead weight on a layer and its deformation, with the greatest deformations
occurring in the lowest layer. This result supports the assertion that the cylinder’s failure is triggered
by the yield of the lower layer upon surpassing a critical strain threshold.

Furthermore, the analysis discerns two distinct regimes during printing. The first regime is

characterized by elastic behavior as evinced by a relatively linear slope of the strain that persists
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Figure 15: Digital image correlation analysis based on layer strain during 3D printing.

Strain (-)

0.0

100 110 120 130 140 150 160 170 180
Time, s

Figure 16: Lower layer strain for Chocolate clay mixture during printing of 180-mm-diameter cylinder until collapse.

until the strain reaches approximately 0.15 for the lowermost layer, or 140 s. The second regime
is characterized by plastic deformation and is evinced by an exponential rise in strain up to total
collapse.

The outcomes of this test demonstrate that the proposed approach leads to a sound estimate of
the mechanical dynamics that occur during printing. Thus, this approach may form the foundation
for developing a method to comprehensively design the entire printing operation. For example,
given a specific material and design, adjusting the nozzle speed could enhance the element’s
stability by providing more time for the mixture to consolidate [6]. Alternatively, the mixture
could be modified to better suit the buildup of static yield in the element. This could be achieved

by treating the soil with various stabilizers [29, 41, 35], thereby tailoring the mixture’s properties
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to the demands of the process.

3.2.4. Effect of clay composition on stability in green state

The three clays examined in this study vary in their mineralogical composition, particularly in
terms of kaolinite content: 99.3%, 76.8%, and 41.5% for the white, chocolate, and Mamshit clays,
respectively, as detailed in Table 1.

The static yield is similar for all three clay types, as shown in Figure 13. Only the chocolate clay
mixture exhibits slightly higher static yields, which may be attributed to its coarser particles and
wider particle-size distribution (see Figure 17) that should facilitate denser packing. Additionally,
the chocolate clay mixture contains a greater fraction of silt-sized particles, which may increase
the interparticle friction and, consequently, the static yield of the mixture. However, the buildup
of the static yield differs considerably between the clays: it is quickest for the white clay and
slowest for the Mamshit clay [see Figure 13(a): buildup time is 2, 5, and 10 minutes for the white,
chocolate, and Mamshit clay, respectively]. This could be correlated with the kaolinite content in
the given clay. The charged, plate-shaped particles of kaolinite form a card-house structure that
increases the thixotropic effect of the mixture [58]. The individual kaolinite particles, with their
layered structure and net negative charge, can experience strong electrostatic interactions with the
surrounding particles and water molecules, which contributes to the formation of a stable, gel-like
network in the mixture, thereby augmenting its thixotropic characteristic [59]. Furthermore, the
size and shape of kaolinite particles also promote thixotropy. The thin, platy morphology of
kaolinite particles leads to high specific surface area and facilitates the formation of a coherent
closely knit microstructure in the mixture [60] that enhances resistance against deformation, thereby
contributing to the rapid buildup of static yield stress.

To assess how clay composition and grading affect the 3D printing performance of the artifact,
in situ stability tests were conducted on each mixture using the cylindrical-column printing method.
Figure 18 shows the evolution of static yield and the intersection with shear stress buildup. Figure
19 shows photographs taken to monitor the printing process up to column collapse.

The static yield of the mixtures begins to differ in the initial minutes of the test. The Mamshit

clay mix, which contains the largest volume of clay-sized particles, collapses the quickest (2.5
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Figure 17: Particle-size distribution of the tested clay-sand mixtures.

minutes on average, 4.2% variation, 21% deviation from the analytical model). The chocolate clay
mixture collapses within 2.9 minutes (5.1% variation, 4.1% deviation), and the white clay mixture
collapses after 3.2 minutes (6.8% variation, 7.7% deviation).

The results show that the analytical model is consistent with the trends of the rheological
test and accurately predicts the collapse time of the cylinder for the various soils tested. The
pronounced deviation of the Mamshit clay mixture from the analytical model may be attributed to
sensitivities connected to the procedure of the rheological test. This discrepancy can be addressed
by refining the procedure of the rheological test and by allowing the mixture to homogenize over
several days prior to conducting the tests. This approach should ensure a more consistent mixture

and, concomitantly, more accurate predictions.

3.2.5. Effect of clay composition on mechanical properties

Figure 20 shows the results of mechanical characterization of the various soils tested. In
contrast with stability in the green state, the highest compressive strength is provided by the
Mamshit clay mixture, followed by the chocolate clay mixture, with the white mixture providing
the least compressive strength. The results of the flexural test are similar for both the Mamshit and
chocolate clay mixtures but notably lower for the white clay mixture.

The results of the compressive strength tests suggest an absence of direct correlation between

the kaolinite content and the strength of the mixture, unlike the relation between kaolinite content
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Figure 18: Calculated shear stress buildup compared with characteristic shear yield strength for three different clay
mixtures in a 180-mm-diameter cylindrical column. The values calculated based on the intersection point of the two

curves are shown. The highlighted rectangles indicate the range of measured collapse times.

and the rate of static yield buildup. However, the particle grading appears to significantly affect the
strength of the mixture, which is consistent with the results of Cuccurullo et al. [61]. The Mamshit
clay mixture, which contains a larger fraction of clay-sized particles than clay-mineral particles, is
likely to prompt a denser microstructural arrangement of its constituent granules, thereby resulting
in a more structurally robust mixture. The chocolate clay mixture is characterized by a coarser
particle grading, which could enhance friction between particles, thus yielding positive results.
The results of mechanical characterization suggest a contradiction between the properties of the
green state and those of the hardened state when optimizing clay-based mixtures for 3D printing.
Although some mixtures may exhibit enhanced properties in the green state, such as an increased
rate of static yield buildup, these properties may not necessarily correspond to improved mechanical
properties. Nevertheless, strategies for soil stabilization might provoke a synergistic effect capable

of improving the properties of both the green state and the hardened state.
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Figure 20: Compressive and flexural strengths of the mixtures tested at 14 and 28 days.

4. Conclusions

This study offers valuable guidelines for designing mixtures for 3D printing of clay-based soils
used in construction and architecture.

Performance and rheological tests were conducted using various clay/sand and clay/water ratios.
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The results of these tests revealed significant linear correlations, highlighting essential performance
metrics for evaluating the mixtures. The analysis identified a robust linear relationship between
rigidity and static yield stress and between flow table spread and flow rate through the pump. These
findings suggest that a simple flow table test combined with a customized rigidity test provides a
sufficient and cost-effective method for evaluating soil-based materials for 3D printing.

The basic rheological parameters were verified by using an analytical model to predict the
stability of the green state during 3D printing. This was achieved by 3D printing a cylinder model
at a constant printing rate until collapse. Bottom-layer yield caused plastic collapse for all mixtures.
The in situ stability test provides a practical framework for fine-tuning printing parameters and
layer geometry to avoid plastic collapse. The results of this test suggest that the printing parameters
should be adapted according to the rheological properties of the material and the printed artifact
scale. Additionally, the in situ test is implemented by a digital image correlation analysis, revealing
that critical strain in the bottom layer is the driving force causing the collapse of the printed cylinder.

Finally, the results of this study highlight how particle-size distribution and clay mineralogy
affect material performance in 3D printing. The results indicate that an increased kaolinite mineral
content triggers a more pronounced thixotropic effect at the re-flocculation stage, accelerating the
evolution of the static yield and thereby delaying the collapse of the structure. Furthermore, a
coarser particle-size distribution enhances the static yield of the mixture.

Future work in this area should focus on better understanding and improving the thixotropy of
the mixtures to optimize the design of soil-based materials for 3D printing. Such studies could
refine the material’s short-term thixotropy by using stabilizing agents, which would otherwise be
limited and which would increase the construction rate. These modifications, however, should
maintain low dynamic rheology (specifically the dynamic yield and viscosity) to ensure a smooth
pumping stage. Furthermore, a microstructural investigation into how both the short- and long-
term rheological properties of the mixture depend on the soil mineralogy and particle grading
could provide insights allowing the optimization of design strategies of soil-based materials for
3D printing. Additionally, methods for optimizing these short-term rheological properties must
go hand in hand with enhancing the material’s long-term attributes, such as compressive strength,

flexural strength, and durability. As these efforts progress, the environmental impact of any
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mineral or bio-based additives must be considered to ensure that the soil remains a low-impact and

recyclable material.
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