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Rheological behaviour of earthen materials 
for 3D printing

3D printing is an emerging method of construction 

and is a process that can be used with a large vari-

ety of materials to design and build complex shapes. 

Shapes can be adapted to the climatic conditions the 

building is subject to, to constraints present in the 

walls or to the need to reduce seismic susceptibil-

ity [1] [2] [3].

The dimensioning and use of a 3D printer requires 

control of the rheological properties. During the 

printing process, the material must be able to flow 

into the device, but once the material has been de-

posited, it must be stiff enough to support its own 

weight and the weight of subsequent layers. This 

behaviour is characterized by yield stress measure-

ments. The main parameter that has an impact on 

the rheological behaviour of an earthen material is 

its water content. Indeed, earth has three states that 

are a function of its water content: liquid, plastic and 

solid. The first means that there is enough water for 

the earth to flow without the use of any force. The 

second characterizes a material behaviour that re-

quires applying pressure to make the material flow. 

Finally, the third describes the state where the mate-

rial breaks when force is applied [4] [5] [6].

In general, the study of the rheology of building ma-

terials is carried out using rheometers  [7]  [8]. How-

ever, this method requires a material with a low yield 

stress. Because the hardening of earth materials is 

primarily a function of their rate of drying, one should 

ideally work with mixtures with a low water content, 

but these exhibit a higher yield stress than can be 

measured with a rheometer.

To this end, a squeeze test can be undertaken in the 

laboratory to characterize a material. The test applies 

a force at a controlled speed to a material placed 

between two parallel plates and measures the force 

applied as a function of the height of the sample to 

calculate the yield stress. This test, however, requires 

specific equipment such as a press equipped with a 

suitably sensitive detector and the protocol must be 

adapted to each material [9] [10] [11].

Instead, a classical and practical test was proposed 

to determine the yield stress of earthen materials 

by measuring the penetration distance of a falling 

plunger in a material as the function of the plung-

er weight. The yield stress is then calculated as the 

ratio between forces and the surface engaged. This 

test can easily be conducted in the field next to the 

printer [12].

Using these two methods, the yield stress was meas-

ured for two raw earth samples across a broad range 

of water content levels. The squeeze test served as a 

reference and the weighted plunger test was evalu-

ated against it. The findings provided the basis for a 

discussion on how to use the weighted plunger test 

for 3D printing facilities.

Materials and methods

Materials and samples preparation

An earth plaster mortar from the “Briqueterie deWulf” 

in France and a natural Romainville earth from the 

Parisian basin have been selected for the current 

study. The first is composed of less than 10 % clays 

and the second of about 53 % clays [13].

Mortars composed of earth and distilled water were 

prepared with a planetary mixer. The mixing process 

comprises two phases: an initial mixing phase of 60 s 

at 67  rpm and a second of 30 s at 125 rpm. Before 

testing, the mortars were allowed to rest for at least 

48  hours. Both earths were tested across a broad 

range of water content levels.
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Squeeze test

The squeeze test is a rheological test used to measure 

the yield stress of materials at laboratory scale. It en-

tails the compression of a sample between two paral-

lel plates (Figure 1). For the experiments, a Shimadzu 

AUToGRAPH AGS-X press equipped with a 1 kN force 

detector was used. The radius (R) of the plates was 

19.31 mm and the height of the samples was about 

20 mm. The compressive force was applied at 1 mm / s 

and the force applied (F) was measured as a function 

of the distance between the plates (h).

The squeeze test is a well-documented experi-

ment [11] [14] and the yield stress was calculated us-

ing the following equation. It corresponds to the re-

duced compression load force (F*) as a function of 

the ratio between h and R.

The yield stress appears in the slope part of the equa-

tion (Ka) and corresponds to the bulk material. It can 

also be calculated from the intercept part (Kb) and is 

representative of the behaviour of the material at the 

interfaces with the plates. The yield stress from the 

slope part was used as it is more significant.

01 Schematic setup of the compression of an earth sample
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Weighted plunger test

The weighted plunger test is inspired by the NF 

EN  413-2:2017 standard  [15] which evaluates the 

consistency of mortars. The principle involves releas-

ing a plunger from a height of 100 mm and allowing 

it to fall on the tested mortar. The penetration dis-

tance is then measured.

02 Using the weighted plunger test to ascertain the yield 
stress of the earth sample
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For our modified weighted plunger test, the plunger 

is released directly from the surface of the materi-

al. The distance of penetration is then measured as 

a function of the plunger weight (Figure  2). Finally, 

the yield stress is calculated as the slope of the total 

forces engaged – the sum of the plunger weight and 

the buoyancy – as a function of the penetration sur-

face. Detailed equations have been presented in full 

in a previous paper [12].

Results and discussion

The yield stress was measured for both earth samples, 

the earth plaster mortar and the Romainville earth. 

Firstly, the squeeze test was used as a reference test. 

Then, our newly developed weighted plunger test 

was undertaken. Figure 3 presents the yield stress ob-

tained using the squeeze test and the weighted 

plunger test as a function of the water content of 

the mixes.

We can see that data from both tests overlap. This 

show that the weighted plunger test returns similar 

results to the squeeze test. A detailed explanation of 

the test procedure of the weighted plunger test was 

presented in a previous research paper [12].

Moreover, we can note the wide range of behaviour 

that these two experiments make it possible to meas-

ure. The lower yield stress was measured with the 

weighted plunger test. It is about 0.67  kPa at a wa-

ter content of 44 % for the earth plaster mortar and 

03 Yield stress of the two earth samples as a function of the water content 
measured using the squeeze test and the weighted plunger test
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about 0.46 kPa at a water content of 90 % for the Ro-

mainville earth. By contrast, the higher yield stress is 

measured with the squeeze test. It is about 20 kPa at 

a water content of 30 % for the earth plaster mortar 

and about 40 kPa at a water content of 50 % for the 

Romainville earth.

The development of the weighted plunger test aims 

to make it possible to measure the yield stress of 

earth materials during a 3D printing process. The pro-

cess requires a mix that can flow in the printer and, 

at the same time, is stiff enough to not flow under its 

own weight or under the layers deposed.

Two steps are therefore necessary before 3D  print-

ing with earthen materials. The first is to choose the 

composition of the earth by making a scale of the 

yield stress that can be reached. The second is to 

confirm before printing that the prepared mix cor-

responds to the desired yield stress, so that it can be 

corrected if necessary. For both steps, the weighted 

plunger test can provide quick and easy results.

The squeeze test, by contrast, is a laboratory test that 

requires specific equipment because the compres-

sion device has to have a sensitive detector and the 

protocol needs to be adjusted for each earthen ma-

terial. The weighted plunger test can be performed 

next to the printer simple equipment and the meas-

urement can be conducted easily on many earth-

en materials.
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Conclusion

The main purpose of this work was to propose a 

method for measuring the yield stress of earth mate-

rials for 3D printing. The dimensioning and use of a 

3D printer requires control of the rheological prop-

erties. During the printing process, the material must 

be able to flow into the device, but once the material 

has been deposited, it must not flow under its own 

weight or under the weight of subsequent layers.

Two tests were performed for the yield stress meas-

urements of two raw earths. The squeeze test was 

used first as a reference test. As it requires specific 

equipment and time to master the experiment, it can-

not be used in the field. Then the weighted plunger 

test, a classical and practical test, was proposed to 

measure the yield stress of earthen materials. This 

test can be undertaken quickly and easily in the field, 

next to the printer.

To conclude, a wide range of yield stresses was meas-

ured for two earths using two tests: one for use in 

laboratory conditions and the other for use directly 

on site. A discussion on how to use the weighted 

plunger for 3D printing facilities then followed.

[8] Lootens, D., Jousset, P., Martinie, L., Roussel, N. & 

Flatt, R. J. Yield stress during setting of cement pastes 

from penetration tests. Cem. Concr. Res. 39, 401–

408 (2009).

[9] Cardoso, F. A., John, v. M. & Pileggi, R. G. Rheological 

behaviour of mortars under different squeezing rates. 

Cem. Concr. Res. 39, 748–753 (2009).

[10] Roussel, N., Lanos, C. & Toutou, Z. Identification of 

Bingham fluid flow parameters using a simple squeeze 

test. J. Nonnewton. Fluid Mech. 135, 1–7 (2006).

[11] Engmann, J., Servais, C. & Burbidge, A. S. Squeeze flow 

theory and applications to rheometry: A review. J. Non-

newton. Fluid Mech. 132, 1–27 (2005).

[12] Tourtelot, J., Ghattasi, I., Leroy, R., Bourgès, A. & Keita, E. 

Yield stress measurement for clay based materials: The 

Weighted Plunger Test. submitted (2020).

[13] Luzu, B., Duc, M., Djerbi, A. & Gautron, L. High Perfor-

mance Illitic Clay-Based Geopolymer: Influence of the 

Mechanochemical Activation Duration on the Strength 

Development. in Calcined Clays for Sustainable Con-

crete (ed. Bishnoi, S.) 363–373 (Springer Singapore, 

2020). doi:10.1007 / 978-981-15-2806-4_43

[14] Roussel, N. & Lanos, C. Plastic Fluid Flow Parameters 

Identification Using a Simple Squeezing Test. Appl. 

Rheol. 13, 132–141 (2003).

[15] NF EN 413-2:2017 Ciment à maçonner–Partie 2: Méth-

odes d’essai.

[16] Tourtelot J, Ghattassi I, Leroy R, Bourgès A, Keita E 

(2020) Yield stress measurement for earth-based build-

ing materials: The Weighted Plunger Test, Materials and 

Structures, accepted.

Reference literature

[1] Taher Ibrahim, A. 3D PRINTING CLAY FACADE WALLS 

Integrating ventilation Systems Into Printing Process. 

(Delft University of Technology, 2019).

[2] Dubor, A., Cabay, E. & Chronis, A. Energy Efficient De-

sign for 3D Printed Earth Architecture. in Humanizing 

Digital Reality: Design Modelling Symposium Paris 2017 

(eds. De Rycke, K. et al.) 383–393 (Springer Singapore, 

2018). doi:10.1007 / 978-981-10-6611-5_33

[3] Perrot, A., Rangeard, D. & Courteille, E. 3D printing 

of earth-based materials: Processing aspects. Constr. 

Build. Mater. 172, 670–676 (2018).

[4] Andrade, F. A., Al-Qureshi, H. A. & Hotza, D. Measur-

ing the plasticity of clays: A review. Appl. Clay Sci. 51, 

1–7 (2011).

[5] Fitton, T. & Seddon, K. Relating Atterberg limits to 

rheology. in Proceedings of the 15th International 

Seminar on Paste and Thickened Tailings 273–284 

(2012). doi:10.36487 / ACG_rep / 1263_23_Fitton

[6] Gutiérrez, A. Determination of Atterberg Limits: Uncer-

tainty and Implications. J. Geotech. Geoenvironmental 

Eng. 132, 420–424 (2006).

[7] Azeredo, G., Morel, J. C. & Lamarque, C. H. Applicability 

of rheometers to characterizing earth mortar behaviour. 

Part I: Experimental device and validation. Mater. Struct. 

Constr. 41, 1465–1472 (2008).

Contact details

Email: julia.tourtelot@univ-eiffel.fr

mailto:julia.tourtelot@univ-eiffel.fr

