N

N
N

HAL

open science

3D printing of earth-based materials Processing aspects

A. Perrot, Damien Rangeard, E. Courteille

» To cite this version:

A. Perrot, Damien Rangeard, E. Courteille. 3D printing of earth-based materials Processing aspects.
Construction and Building Materials, 2018, 172, pp.670-676.

hal-01833252

HAL Id: hal-01833252
https://univ-rennes.hal.science/hal-01833252
Submitted on 13 Jul 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1016/j.conbuildmat.2018.04.017 .


https://univ-rennes.hal.science/hal-01833252
https://hal.archives-ouvertes.fr

3D Printing of earth-based materials: Processing
aspects

A. Perrot"”, D. Rangeard?, E. Courteille® “eorresponding author

1 Univ. Bretagne Sud, FRE CNRS 3744, IRDL, F-56100 Lorient, France
“arnaud.perrot@univ-ubs.fr

2 INSA Rennes, EA 3913, LGCGM, F- 35000 Rennes, France

Abstract Due to its low environmental impact, earth construction has received much
consideration in recent years. Nevertheless, its development remains limited due to low
production rate. Recent developments have been made to improve earth-based materials mix-
design and processing methods. Simultaneously, digitally based construction methods have
been introduced in the field of construction especially for cement-based materials application.
Among these new techniques, the so-called 3D printing by extrusion deposit has been the
most intensively studied. In this study, we assess the possibility of adapting this technique to
earth-based material. After making the earth’s rheological behaviour suitable for 3D printing,
a laboratory-scale printing has been carried out and the printed samples have been

mechanically tested.
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| Introduction

Earthen construction has recently regaining much attention in the building industry due to its
low environmental impact and recyclability [1-4]. Nevertheless, the development of earthen
construction is still limited because of the price, insurability difficulties and bad durability due
to high water sensitivity. The high price is mostly due to the labour cost and to the time
required for the material to harden and by a slower production rate than that of the concrete
industry. At the present time, it is difficult to have a mix-design that allows for both fast
casting and sufficient strength in the dry state. In order to address both problems and to
improve mix-design of earth-based material, a recent trend has been to apply scientific
knowledge and expertise developed by the concrete industry to earthen construction (Gnanli
etal., 2014) [4, 6-8].

Some attention has been paid to the possibility of simulating the cement setting by using
biopolymers such as alginate [9-11] or using a combination of hydraulic binders and
admixtures [8, 12].

Moreover, unconventional processing methods have been recently introduced and studied to
improve the simplicity of building with earth and accelerate the building rate. For example,
extrusion [13, 14], self-compacting clays [15] or hyper compaction [16] have been developed
for that purpose.

A recent trend in construction is to introduce digitally based construction method such as 3D
printing in order to accelerate the production rate, improve the security of workers, and
provide design freedom to architects. Cement-based materials 3D printing is beginning to be
well documented [17-24]. Among the developed techniques, extrusion-based additive
manufacturing methods have been the most studied [17-21]. In this technique, the successive

layers of concrete are deposited by a robot to build a complete structure. It is important to



note that the success of this process is based on a competition between the material structural
build-up rate and the construction rate [21, 23]: the deposited material must be hard enough to
support the increasing load induced by subsequently deposited layers of the “in process”
construction. It follows that the fast development of so-called green strength of the cement-
based material is required to ensure fast production and structure stability; this problem has
required an accurate description of the evolution of the cement-based material with time [25—
28].

The basic aim of this paper is to show that it is possible to print a structure with an earth-
based material. It is a great challenge to attempt to mix the world oldest construction material
with the newest construction processing techniques. To achieve this objective, alginate
seaweed biopolymer has been added to earth in order to provide fast development of the
earth’s green strength, such fast hardening is here studied and described. This method allows
the computation of the maximum building rate of the structure. The elastic rigidity of the
freshly mixed earth has also been evaluated using the penetration method. To our knowledge,
it is a first study dealing with earth 3D printing, however some clay-based systems have
already been printed at small-scale in the ceramics industry [29-32]. In this paper an example
of laboratory-scale printing of an earth structure is presented and the subsequent mechanical

testing of the final structures.

Il Materials and methods

1.1 Materials
The tested material was a raw earth coming from Saint-Sulpice-La-Forét (llle et Vilaine,
France). It was a fine soil with a particle size distribution (PSD) showing 60% particles finer

than 10 pum; the dsp diameter was equal to 8 um. The clay particles were a mixture of quartz,



kaolinite, illite and smectite (these results were obtained by XRD analysis of the natural
material, material after thermolysis at 550°C, and material treated with etylen-glycol). The
plasticity index of this soil was 21 with a liquid limit of 48% and a plastic limit of 27%. The
tested water content was 45%. In order to assess the workability, the material yield stress was
measured with a Anton Paar Rheolab QC device in a vane tests configuration (stress growth
procedure at constant strain rate of 0.05 s, cup radius 50 mm, vane diameter 11 mm and vane
height of 40 mm; see [33] for more details in the procedure). At such a low shear rate,
viscosity effects are negligible and yield stress could be computed from the measured torque
peak value at flow onset. The vane geometry used in this study consisted of four blades
around a cylindrical shaft. The measured yield stress value is 1.5 kPa which makes the
material consistency close to the liquid state [34] which is expected to be helpful to ensure
earth pumpability.

The raw earth used in the study has been used on cob construction site. A 1Imm mesh sieve
has been used to remove the largest particles. The particles size distribution should not present
too large particles (a typical ratio of pipe to maximum particles diameter should be around
10). Moreover, the amount of sand and gravel should be limited (less than 80 percent the
random packing fraction [25]) in order to avoid frictional behaviour and to ensure
pumpability. This is the case for the tested material.

A commercial alginate was used in this study. Alginate is a family of seaweed biopolymers
which are alginic salts obtained from the cell walls of brown seaweed. The alginate used was
a white powder of alginic salt Cimalgin HS3® supplied by Cimaprem (Redon, France). This
product is designed to make high strength gel for arts and molding applications. The HS3
product was mostly composed of alginate salt with “on demand” calcium release agents that
allowed the monitoring of the duration of alginate gel network creation. Alginate can form a

cross-linked isotropic insoluble gel when a soluble form of alginate nucleates with divalent



metal cations like Ca?* that can be found in earth-based materials. Chains of alginate make
junctions by intercalating divalent cations creating a sort of egg-box connection [35]. In order
to improve the dispersion of alginate within the earth material, the HS3 powder was firstly
mix with an equal mass of water.

Alginate is not the only possible admixture, cement or hydraulic binders can be also used to
induce a fast structural build-up of earth.

The earth was prepared using high capacity Hobart mixer. Dry earth was first introduced into
the bowl and water was then added, the quantity being that to attain a water content of 45%.
The mixing procedure consisted of a 4 minutes low velocity mixing stage, followed by a high
velocity mixing stage of 5 minutes. Between these two stages, the bow! was scrapped in order
to ensure that no unmixed material remained adhered to the bowl. Eight 8 kg batches of the
mix of water and earth were prepared and put in a 100 liters container for 24 hours for
homogenization.

The alginate solution was prepared just before the printing and was mixed with the wet earth
(water content of 45%) using a mortar hand mixer for 4 minutes.

The material composition was summarized in table 1.

Table 1: Materials mix design — component mass/earth mass ratio

Earth Water Cimalgin HS3
With Cimalgin 1 0.45 0.03
Without Cimalgin | 1 0.45 0

11.2 3D Printer



The 3D printer consisted of the combination of a 6-axis industrial robot designed by Statibli
robotics (load capacity of 195 kg) with a TP5 Giema electric pump designed for mortar/render
application (maximum pressure of 20 bar, maximum flow rate of 40 I/min).

The connection between the pump and the robot was made using a 13 metre, 35 mm diameter
flexible pipe (Figure 1). Two extruder die geometries were tested. The first one is a die with
35 mm in diameter and of circular cross section and the second has a rectangular cross section
of 21x40 mm2. These configurations ensured that there was no sectional reduction in the
earth’s flow path. The printer was able to print a volume of around one cubic meter. The
sections were also chosen to make the minimal flow rate of the pump adapted to the robot
velocity. The layer height is also limited by the yield stress of the material in order to have

single layer with no settlement.

Figure 1: 3D printer for earth-based material



A solenoid valve was added at the extruder die to stop the flow in the pipe when the pump
motor was stopped. A flow rate sensor was added at the pump outlet to aid the control of the
velocity of the robot head that held the extruder.

The robot was able to deposit layers of earth-based materials on a controlled path. The
printing paths were designed to build samples consisting of 4 cylinders (2 layers of 2 side-by-
side cylinders) for the circular die and four superimposed layers for the rectangular die; these
samples were used for subsequent mechanical testing (Figure 2). Once printed, the samples

were kept at controlled room temperature (20°C) and relative humidity (50 %).

VA

a) b)
Figure 2: Printed samples for mechanical tests: a) printed with circular cross section - b)

printed with rectangular cross section

I1.3 Green strength measurement

In order to measure the green strength development of the material with time, a measurement
system able to measure yield stress ranging from 1 kPa to over 1 MPa had to be designed. The
penetration tests was a solution that has already been used to monitor the build-up and setting
of cement paste, this test method was used in this study [26, 27].

The penetrometer used was cylindrical, 12 mm diameter and 20 mm high and the penetration

force was recorded using a 50 N or 2 kN sensor depending on the strength of the sample.



Penetration was carried out to a maximum penetration depth of 10 mm at a constant
penetration velocity of 1 mm/min.

The penetration resistance F was assumed to be the combination of the bottom squeezing
effect under the cylinder Fyottom and the friction along the cylinder vertical surface Friction:

F=F + Fbottom (l)

friction
It was assumed that during penetration, yield stress (shear yield stress at the vertical surface
and elongational yield stress at the bottom) was reached. Equation (1) can be written as a

function of the yield stress (assuming that the material follows a VVon Mises plastic criterion):

D_.h D>
F = Oy 7T pen' 'pen +GO7Z. pen (2)
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Where oy is the elongational yield stress, hpe, is the penetration depth and Dye, is the diameter

of the cylinder. The apparent elongational yield stress op is computed and is considered to be
equal to the maximum value of the ratio of the recorded force over the contact surface

between the earth and the cylinder:

o, = F 3)
" 7(Dpalien /N34 Dy 4)

Penetration tests were carried out during the first seven days after the mixing of the material
on samples with and without alginate.

An apparent elastic modulus was also computed, in this case, we considered that the applied
vertical stress could be derived from the penetration force F:

AF
O,

Vv = 2
7Z'Dpen

(4)

Assuming linear elasticity of the material, and that the penetrometer is perfectly rigid in
comparison with the material, the penetration depth hpe, is linked to the applied vertical stress

by the following relationship [35] :
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An “elastic” modulus E of the material can then be derived from the apparent applied vertical
stress - penetration curve. The E value was computed for a penetration depth of 1.2 mm
(corresponding to a vertical deformation of the material about 10%) and corresponds to a

secant modulus.

I1.4 Compressive strength measurements

Tests were carried out to check if the printed samples had sufficient and acceptable
compressive strength. The compressive strength of cut samples (70 mm high, 35 mm in width
and 70 mm wide) was determined using a 50 kN loading frame. The tests were carried out at a
constant velocity of 1 mm/min.

An apparent compressive strength (Maximum recorded force over the section 70x35 mm2)

was then computed.

111 Optimizing rheological behaviour and fresh properties of earth for 3D printing

Concrete or earth material 3D printing by extrusion is a multistep process where the material
has to be firstly pumped before being extruded and deposited layer by layer. Once deposited,
the material has to be firm enough to keep its shape and to sustain the weight of the layers
placed above. The behavior of the freshly mixed earth-based material has to be well adapted
for every steps and a mix-design window has to be found between fluidity for pumping and

extrusion and strength for the form stability of the deposited layers.



In this study, the pumping system had a maximum pressure of 20 bar and the length of the
pipe was 13.3 m with an inner diameter of 35 mm. Preliminary pumping tests have shown that
the water content of the tested earth must be at least 40% to ensure that the pumping pressure
remained under 20 bar. At such a water content, the shear yield stress of the material was
equal to 2.2 kPa. To maintain a safety margin during the process, a water content of 45% was
chosen for the 3D printing test. For such a water content, the shear yield stress of the material
was equal to 1.5 kPa. It is worth noting that addition of alginate powder induced a thickening
of the earth. However, in our study, dry alignate was firstly mixed with the same weight of
water in order to improve the dispersion of the powder. This additional water used for
dispersion also allowed the yield stress of the earth at 1.5 kPa to be maintained. In our case,
the extrusion step did not induce additional flow resistance because there was no reduction of

the section at the die exit.

As for concrete 3D printing, the major constraint is due to the fact that the deposited layers of
earth have to sustain their self weight and the weight of the subsequently deposited layers [21,
23]. This property, known as buidability in the literature [19], has recently been described as
the competition between load increase due to the printing rate and the structural build-up of
the material [21, 23]. An analysis of this competition for concrete 3D printing allows the
computation of the maximum printing rate and the minimal time between the deposits of two

successive layers.

An illustration of this analysis is shown on Figure 3 where the evolution of the yield stress of
earth at rest with and without alginate is plotted. The stress induced by the weight of 1 and 2
metre walls is also reported on this figure. We can see that the evolution of the earth’s

strength with time is highly non-linear. This figure shows the beneficial contribution of



alginate in terms of fast structural build-up of the earth. It appears that the earth with alginate
develops sufficient strength to sustain the weight of a 1 m wall in approximately 0.1 hour (6
minutes) while, without alginate, the time required for the earth to develop sufficient strength
iIs more than 24 hours. Without alginate, the only mechanism that induces a strengthening of
the earth is drying. Such a slow hardening mechanism is an order of magnitude longer than
the expected construction rate and partly explained why earth construction is not widely used
in industrial applications. Using an additional fast setting binder such as alginate allows a
rapid development of the material’s green strength that would allow a target of building an
entire section of a building in a working day.

It is also interesting to note that the addition of alginate (with the additional water) only

slightly affects the final strength of the material once the dry state is reached.
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Figure 3: Evolution of the yield stress of the earth at rest with and without alginate.

As proposed by Wangler et al. [23], the vertical load of the printed structure induced a

compressive stress that is equal to pgH where p is the density equal to 1750 kg/m? in the fresh

state and H is the height of the printed structure above a given layer, for example a 3 metres



high wall induced a vertical stress equal to 52 kPa. Earth with alginate is able to sustain the
weight of a vertical assembly of layers within 10 hours while without alginate, the time
needed to have sufficient strength would be around 50 hours (more than 2 days). It is worth
noting that 3D printing is not the only process able to build a 3 meters wall in a working day.
Rammed earth is able to build structure as fast as 3D printing. However, 3D printing enables

to work without formwork.

An additional factor concerns the adherence between layers; this issue may affect the
maximum operating window between the deposit of two successive layer. Wangler et al. have
proposed a criterion based on the competition between material shear strength and shearing
induced by the deposition of a new layer [23], however this point has not been addressed in
this study. It can be envisaged that additional techniques could be able to mechanically

connect deposited layers using binders, nails or others types of solutions.

It is also important to estimate the elastic deformation of the first deposited layer during the
printing. The evolutions of the measured apparent elastic moduli of the earth with and without
alginate are plotted in Figure 4. The elastic moduli variations are very close those of yield
stress. Alginate allows a faster increase in the material rigidity. For a building rate of 1 metre
per day (24 hours), the elastic moduli of the earth with alginate is around 1 MPa and the
vertical stress is equal to 17 kPa. Therefore, the deformation of the first layer is equal to 1.7%;
this deformation is not negligible but its value remains limited. For a building rate of 3 meters
per day (24 hours), the elastic moduli of the earth with alginate is around 1 MPa and the
vertical stress is equal to 52 kPa. Therefore, the deformation of the first layer is equal to 5.2%.
At such a rate, a correction of the printed height should be made in order to correct the elastic

deformation effect. However, without alginate, at 24 hours, the elastic modulus is only around



100 kPa. In this case, for a one metre wall printed in 24 hours, the deformation of the first
layer would be 17% and it even reaches 50% for a three meters high printed wall. Therefore,
printing earth without alginate would be a very low process if the deformation of the layer is

not allowed.

It is worth noting that the elastic modulus increase is important in order to avoid the collapse
of the structure by buckling. As pointed out by Wolfs et al. for concrete, slender printed
structure can collapse due to self-buckling [36]. This failure phenomenon is directly linked to

the elastic modulus profile along the slender printed element.
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Figure 4: Evolution of the yield stress of the earth at rest with and without alginate.

IV First prints and compressive strength of printed samples

IV.1 First prints

Earth prints have been carried out for earth with and without alginate. The pressure recorded

by the pump was equal to 12 bar in each case. The extruder velocity was adjusted to the flow



rate and was equal to 2 cm/s. The time between each layer deposit was approximately equal to
60 seconds. The number of printed layers ranged between two to four as shown on Figure 2
and 4. Straight samples were printed on a 1.2 x 1.2 m? table (Figure 4). The layers were

perfectly superimposed and no weakness between elementary layers or cylinders was visible.

Figure 4: First performed earth printing.

IV.2 Mechanical performance of printed samples.

After samples were allowed to dry at 20°C, 50% RH until samples weight stabilization, three
layers high samples of a structure printed with circular die and four layers high samples of a
structure printed with rectangular die, formed with and without alginate, were cut into 35 mm
long samples for compressive strength measurements. The samples were directly tested with a
load applied in the vertical direction (perpendicular to extruded layers) without surface

preparation. The picture of the cut section of a sample with alginate is shown on Figure 5.



a)

Figure 5: Cut section of printed samples of earth with alginate. a) printed with circular cross

b)

section - b) printed with rectangular cross section

In case of circular die, it can be observed that, due to the form of the extruder die and to the
circular cross section of the extruded layers, some voids remain in the section. On contrary,
for the rectangular extruder, we can observe a full section. In both case, it is also important to
note the absence of cold joints between extruded layers and extruded rows. This means that
the used time gap between each successive deposit was not too long and allowed a good

adherence between layers.

Compressive tests measurements for samples printed with the circular cross section die,
plotted in Figure 6, show that samples with and without alginate exhibit apparent compressive
strength of about 1.2 MPa (1.21+0.03 for printed material with alginate and 1.22+0.04
without alginate). Such a level of strength is in agreement with conventional cob earth
material but could be improved with an improvement of the extruder die design and a
reduction in the volume of voids within the printed samples. It is also important to note that
the surface of the tested samples was not perfectly flat (due to the section of the printed
layers) and leads to a measured values of strength lower than the strength of the plain

material.



This is in agreement with the results obtained with the samples printed with the rectangular
cross section which exhibit higher compressive strength (Figure 7). Those samples with a
plain section exhibits compressive strength of about 1.7 MPa (1.77+0.03 for printed material

with alginate and 1.65+0.04 without alginate)
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Figure 6: Compressive strength measurement curves for printed earth with and without

alginate (circular cross section).
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Figure 7: Compressive strength measurement curves for printed earth with and without

alginate (rectangular cross section).

V Conclusions

In this study, we have assessed the possibility of producing a printed structure with earth-
based material. Based on studies on the feasibility of concrete 3D printing and with addition
of alginate to the earth it was possible to achieve high productivity (for example, building a 3
metres wall in a working days); the alginate addition was used to improve green strength. It
has been demonstrated that the benefit brought about by alginate addition in terms of fast
increase in green strength which was quantified by penetrometry measurements.

A study of the first simple 3D prints was then carried out and the results show that it is
possible to print samples having compressive strengths that are comparable to those found in
conventional earth-based material such as cob construction.

This study on the processing feasibility of earth 3D printing opens the door for further studies
on construction design as it enables using topological optimization tools, printed materials
mix-design, printed material durability, economical optimization and environmental cost
estimation.
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