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[bookmark: _Hlk76832955]Earth-based additive manufacturing: A a  field-oriented methodology for evaluating material printability

[bookmark: _Hlk76833145]Abstract
The recent convergence of earth construction with technology focuses on additive manufacturing using extrudable earth-based materials. The printability of these materials can be defined by their pumpability, extrudability, and buildability. This paperWe presents a field-oriented methodology to for the design of printable local mixtures suitable for various printers. Three characterization tests were used defined to investigate characterize the ‘flowability’, ‘pumpability and extrudability’, and ‘buildability of such materials’. Thus, the fresh properties of the material in their fresh or ‘green’ state, were evaluated,and used to optimize the and workability was optimizedof a sample material for printability. Based on the found measuresoutcomes, two indices for flowability and green strength are proposed to for the classification and control of the printability of control and classify earthen mixtures printability: flowability and green strength in its fresh state. The case study’sOur results show demonstrate that adjusting water content for consistency and adjusting decreasing or increasing plasticity for cohesiveness are both vital for tuning printability,. However although, the necessary modifications can negatively affected the material's strength in its hardened state. It was found that; incorporating cellulose microfiberfibres can counter this loss by increasing flowability, plasticity, and compressive strength. 

Keywords: Printability, workability, field-oriented test methods, 3D- printing earth-based materials, clay

1. Introduction
The craft of earth architecture, bBased on vernacular knowledge, the craft of earth architecture using locally available materials, has been evident since 8000 BC (Minke 2006). The use of earthen material is advantageous, being 100% reversible and showing potential for passive indoor climate regulation (Schweiker et al. 2021). Until todayHistorically, earth-building practices are have been based on an open-ended process in which uncertainty and risk are embedded as core precepts (Veliz Reyes et al. 2019). The use of earthen material is advantageous, being 100% reversible and showing potential for passive indoor climate regulation (Schweiker et al. 2021). However, a general lack of field-specific knowledge on about earth construction in the architecture, engineering and construction (AEC) sector, the variety of materials that can be used, and the labour-intensive nature of much earth construction have all work hindered its advancements into mainstream architecture (Ben-alon 2020).
Presently, the building sector is responsible fora major source of environmental problems such as air pollution, toxic waste, and land degradation. Cement production alone is responsible for about 8% of global CO2 emissions (Lavagna et al. 2020). At the same time, technology can facilitate new affordable and sustainable building methods while including incorporating and reviving traditional principlesskills and methods. 
To overcome the barriers associated within traditional earth construction, novel approaches use employ ‘’ready-to-use’ mixtures for plasters or rammed earth, prefabricated elements, such as adobe bricks, rammed earth elements, and earthen fibrous boards (Claytec 2018; Rauch 2020), andor digital construction processes, such as additive manufacturing (Rael and San Fratello 2011; WASP 2021). These industrialized techniques are more controlled controllable and produce high-quality outcomes, although they tend to eliminate the possibility of making changes during construction (Veliz Reyes et al. 2019). Similarly, theThe convergence of additive manufacturing technology and with earth-based materials could further advance mass-customized implementation strategies for mass customization.
[bookmark: _Hlk89436758]Recent studies have explored the three-dimensional printing of mixtures of earthen material mixtures. Thus, PPerrot, Rangeard, and Courteille et al. (2018) investigated earth mortar in combination with alginate, Gomaa et al. (2021) with local cob mixture, and Bar-Sinai, Shaked, and Sprecher  et al. (2021) with desert soil and silicon binder. These projects focused mainly on printing methods and workflows needed to transform geomaterials into architectural structures. However, integrative strategies still need to be established to identify, describe and turn convert the diversity of local soil matter into well-defined printable material mixtures (Bar-Sinai, Shaked, and Sprecher et al. 2021).
Thus, pPrintability becomesis a characteristic of the an earthen mixture, including reflecting its pumpability, extrudability, and buildability when in its fresh or ‘green’ state,; and its compressive, flexural, and tensile strength, as well as its high layer-interface strength, in its hardened state. All These parameters are also depend onaffected by the mechanics,  and dimensions and set-up of the 3D-printing system.  
For good printability, two somewhat contradictive contradictory material properties are necessary. First, the printable mixture has to flow, with requiring ‘moderate’ yield stress. By contrast, immediately after extrusion, the strength and stability of the mixture should increase through drying and enable the build-up of a layered structure, which requires material with a high yield stress (Nerella and Mechtcherine 2019). 
This contrast raises highlights the need for a formal method to for the development, evaluatione and control of printability for earth-based materials.
[bookmark: _Hlk117409888]Two recent reviews have examined existing methods to for testing and characterizinge earthen building materials (Fabbri et al. 2022), and discussed the potential of digital production and new technologies for contemporary earth construction (Schweiker et al. 2021). The review of Fabbri et al. (2022) showeds that existing field tests can be are easily performed quickly and easily and are re applied worldwide on a global scale to control these parameters for vernacular earth construction methods. However, the such tests can be conducted only by experienced earth-builders, who are able to analysze materials' properties through accumulated knowledge and comparison, and. dDespite the variety of existing testing methods available, none of them evaluates the a material's pumping pumpability, and extrudsion ability, orand buildability.
To mitigate fluctuations in material properties during digital fabrication processes, Schweiker et al. (2021) proposed real-time sensors feedback to as a quality control the material qualities in digital fabrication processesmechanism. StillHowever, it remains ambiguousexactly how this such a system will work successfully work with extrusion-deposition of earth-based materials remains unclear.
.
Thus, bBoth reviews point towardshighlight an information gaps regarding in relation to the evaluation and optimization of the printability, particularly the constant workability, of earth-based materials, when usingith field-oriented tools—common in earth- building practices. In contrast to traditional testing methods, these tests are needed that can be applied should be even applicable without any specific background in earthen construction and that allow provide for measurable indices.
[bookmark: _Hlk89440998][bookmark: _Hlk91497883]Hence, this study aims to clarify the composition of printable earthen material, such as that it can be codifieed and provide additional support contribute to academic and professional R&D innovation contexts. It proposes a field-oriented methodology, including three characterization tests to optimize a material’s printability with regard related to consistency and cohesiveness. 
The method and tools will enable designers and manufacturers to define, evaluate, and adjust the printability characteristics of earthen mixtures for additive manufacturing.
The first part of the paper gives provides a brief background on earth-based mixtures. The second part explains the printing technology used for in this research. The third part determines explores the primer design of the a prime mixture:; the optimal ratio of clay -to -sand, the preparation method, and the amount of water to add to the mixture. The main part focus of that the section presents is the characterization tests that define and enable to adjust the consistency and cohesiveness of the material for printability and enable their adjustment vwith ia clay and water content. In aAdditionally, a case studywe investigates the influence of three vegetal fibrous additives on printability. Finally, printing of the developed mixtures demonstrates the relevance and value of the method. 
References to standards are givenprovided wherever the, when same or similar test methods are usedemployed.
Based On the basis of on the results, we identify and discuss two possible indices are discussed that can could serve to control and classify and control the printability of earth-based mixtures in their’ fresh state.

2. Materials and methods
2.1 Background on earth-based materials
The properties of earthen construction materials are typically defined by the nature and proportions of clay (<0.002 mm), various aggregates such as silt (0.002–0.06 mm), sand (0.06–2 mm),  and gravels (2–63 mm, <4%), and additives. Aggregates form the granular skeleton of the material. They, and are added to reduce shrinkage and cracking and to increase stability. Meanwhile, Water and movement activate the binding characteristics of the clay minerals are activated by water and movement. Unlike cement-based materials that cure through a chemical hydration process, earthen materials harden by air drying (Lagouin et al. 2021; Minke 2006). This inherent property of the materials is the main reason for its their enduringinfinite reversibility.
Vernacular earthen building techniques rely depend on the properties of the local soil that is locally available. If necessary, the plasticity of the mixture can be increased by adding clay or reduced by adding sand. The grain- size distribution, water content, type of clay, method of preparation, and additives used all influence the rheological and mechanical properties of the building material. Its later subsequent dry density strongly depends heavily on adequate densification executed withinin the manufacturing process (Fabbri et al. 2022).
The Approaches to additive treatment with additives canfall into three be grouped into three approaches. In the tTraditional grouply, materials of vegetal or animal origin awere added in small quantities. Their fermentation and chemical reactions within the earthen mixture, as well as the physical shape of their fiberfibres, can improve the processing, mechanical properties, insulation, and water resistance of the material (Laborel-Préneron et al. 2016; Lagouin et al. 2021). The second approach involves the addition ofuses hydraulic and non-hydraulic binders, such as cement and lime, which have increased in use as stabilizers in the last few decades. Their environmental impact and actual effectiveness have attracted considerable interest and generated some controversy are of particular interest and controversially discussed (Ouedraogo et al. 2020; Ferretti et al. 2022). The third approach is relateds to the recent development in soil mechanics and the ceramics industry of self-compacting clay concrete with using known chemical admixtures in soil mechanics and the ceramic industry. This method causes a dispersion of the clay particles, followed by a flocculation, i.e.that is, the material’s particles’ aggregation into soft flocs flakes (‘flocs’) (Landrou et al. 2018).
2.2 Printing equipment and set-upup
This researchWe used a commercially available Delta WASP 3MT 3D printer commercially available for ceramic materials (Figure 1). A pressure of up to 8 bar (1 bar = 100 kPa) can be applied to a hanging 3L container for piston extrusion (inner Ø 1.8 cm). The material is pressed through the container and a 15 cm long pipe (inner Ø 1.8 cm) that connects to the extruder. The original WASP XL extruder includes an inner screw and is designed to ensure homogeneous material deposition with of clay. To bypass particle-size limitations, the original extruder is replaced with a A3D- printed screw-less connection part replaces the original extruder to bypass severe particle size limitations.. ThisIt enables the extrusion of mixtures with coarse sand for prototyping of on-site soil conditions. The printing speed wais set to 100 mm/s.
The following section describes our approach to creating printable earthen materials.
[Figure 1 here]
2.3 Field-oriented methodology for printable mixture design
Our fField-oriented methodology for developing printable material relies on the existence of earthen materials in the vicinity of the construction site and consists of the followingfive main stages:
(1) Excavating earth from the ground or reusing material from demolished earth buildings’ demolition material.
(2) Improving the earth by filtering for according to a predefined particle size.
(3) Adjusting the ratio of aggregate(s) to clay either through feeling feel according to by earth- builders’ knowledge or a compressive strength test.
To mimic a local sample for this research, we composed a reference material of sand and kaolinite clay.
(4) Performing a set of characterization tests to determine and optimize the workability of the material for as a printable mixtures. This means, in particular, to the specification ofy the necessary supplements of water and clay. In addition, the utilized tools can, as well as investigate investigation of the influence of additives on the material’s printability.
 Based on the method’s results and printer’s setup parameters, we propose the measure of flowability and green strength as indices. Such indices can facilitate and control the composition of printable material fresh properties.
(5) Examining Proving the developed methodology by r: Running a sequence of 3D printing tests. 
To mimic a local sample for this research, we composed a reference material of coarse sand, and kaolinite clay, and tap water. Kaolinite clay has a moderate swelling capacity and less shrinkage than other types of clay (Schroeder 2017). Given that previous studies have suggested a link between a fibre’s cellulose content and the its mechanical characteristics of fibers forin relation to earthen materials, our research investigates the influence of three different vegetal fiberfibre additivess on the printability of the reference mixture.
The methodology is assessed and verified by printing the developed mixtures into cylinders (Ø = 15 cm; 10 layers, each of Ø 1.5 cm), a method used in researching 3D printing of concrete (Chen et al. 2020; Panda, Lim, and Tan 2019).
The first two characterization tests evaluate the material's workability and particle size for, first, flowability, and, second, pumpability and extrudability. TAlso, they also allow for the rechecking of the material right immediately before printing. In particular, the tests measure consistency (ease of flow) and cohesiveness—segregation characteristics and deformation properties when force is applied (Mehta and Monteiro 2006; Tourtelot et al. 2021). 
The third characterization test investigates the buildability of a mixture in its fresh state by measuring its ‘green strength’ (i.e. during the first 15 minutes, when still fresh; Panda, Lim, and Tan 2019). ‘Buildability’ refers to the ability of the material to retain its extruded shape and support the build-upup of a layered structure. ‘Green strength’ defines the strength of the material in its fresh state (Panda et al. 2019). 
Together, these three tests evaluate the printability properties of a mixture’s mixture when fresh properties.
Given that previous studies suggest a link between cellulose content and the mechanical characteristics of fibers for earthen materials, our research investigates the influence of three vegetal fibers on the printability of the reference mixture. 
The methodology is assessed and verified by printing the developed mixtures into cylinders (Ø = 15 cm; 10 layers, each of Ø 1.5 cm), a used method in researching 3D printing concrete (Chen et al. 2020; Panda et al. 2019).
For evaluation, at the end of this research, the hardened primer mixture (3), and adjusted mixtures (4), are compared for in terms of their compressive strength.
2.3.1 Determining the optimal clay-to-sand ratio for compressive strength
To reach theattain the highest possible compressive strength when the a mixture is dried, it is necessary to determine the its optimal clay-to-sand ratio. As a reference material, we composed a mixture of coarse sand, kaolinite clay, and tap water. Kaolinite clay has a moderate swelling capacity and less shrinkage than other types of clay (Schroeder 2017). The compressive strength of our reference material wais measured for mixtures with of various clay-to-sand ratios: 1:5, 1:4, 1:3, 1:2, and 2:3. Our specimens were 5 cm × 5 cm × 5 cm;. These they weare unmoulded after 3 three days and in our case stored at 21 °C, 54% RHrelative humidity (RH).
The mixture with a clay-to-sand ratio of 1:2 obtains produced the highest compressive strength, about 201 kPa (Figure 2), and we therefore. Thus, in this studyused this ratio was chosen as a our reference point (our prime mixture) for investigating printable material printabilitys. In practice, the optimal ratio could also be determined by an experienced earth builder. 
[Figure 2 here]	
Alternatively, the ratio of clay-to-sand can be defined through an experienced earth builder.
2.3.1.1 Mixing / preparation method
The mixing procedure in this research relies on the preparation methods described by Laborel-Préneron et al. (2016) and Minke (2006). Clay and sand are stored at room temperature (21 °C, 54% RH), and. tThe mixture is prepared in the following stages:
(1) According toOn the basis of the printing set-upup (see Ssection 2.2), the particle size of the sand is decreased by sieving with a No.number 4 sieve (Dmax 4.75 mm). The rmixture’s equired ratio of clay -to -sand is calculated as a percentage per volume and then converted to weight (clay 0.7 g/mL; sand 1.7 g/mL).
(2) When centimetreer-scale fibreers are added, their amount is calculated in terms of percentage per volume of clay and sand. In contrast, microscale fibreer amounts are calculated in percentage per amount of added water and are usually diluted immersed in the water for several hours; o. Only after the suspension has rested is it ready to be added to the clay/sand mixture (see stage 4).
(3) All of the  clay and aggregates are put placed in a bowl and mixed without water for 1 one minute.
(4) After dry mixing, the water—or the suspension containing the cellulose microfiberfibres—is added. Everything is then mixed together by handmanually until a homogeneous material is obtained.
(5) Because storage in the amounts envisioned on construction sites could be difficult, tThe material is used immediately after preparation because storage in the amounts envisioned on construction sites could be difficult. However, in practice, a longer resting time, mixture’s resting time from a few hours up to a few days, can improve the plastic and mechanical qualities of the resulting material, e.g.,, for example, through fermentation, and should be included if possible. If sothis is done, a mixture’s consistency needs to be checked for a second time thereafter; for consistency afterwards. theAn addition al amount of more water might be necessary.
2.3.1.2 Addition of water
Earth-building processes can be classified according to the mixtures’ hydrication state of the mixtures used in during their fabrication, with distinctions made : distinguished between ‘plastic’, ‘solid’ and ‘liquid’ (Fabbri et al., 2022). The eExtrusion- deposition of earth-based materials can be ranked classified as a ‘plastic’ process.. The mechanical strength of the material is reached achieved through densification as a result of drying shrinkage densification. 	Comment by Author: ‘Hydric’ is almost certainly not the correct word (it pertains to hydrogen content); I’m guessing you mean ‘hydration’ but please check and amend as necessary…
NOTE also that Fabbri et al. is an edited book, so you ought to check whether this classification appears in its Introduction or in one of the separately authored chapters (in which case a separate citation will be required accordingly)…
AThus, added water content is decisive for in adjusting the workability of a mixture; ; that is, to achieve a good consistency for pumpability, extrudability, and buildability (Tourtelot et al. 2021). 
The complexity of the water issue in relation to earthen materials relates tois associated with the mixture's chemical and physical nature, particularly the clay characteristics of the clay and the changes in local temperature and relative humidity. Water can be chemically or electrostatically bound, absorbed in the microporous structure of the clay through capillary action, or trapped between the particles (Minke 2006). As Eearth-based materials harden through drying, and only the latter two forms of water addition content (absorption and entrapment) will vary according to climate. The addition of water activates the plastic performance of the clay minerals (if the material is not yet already saturated) and influences its flow characteristics.
The amount of water used for the sample preparation is determined by ‘feeling.’. For mouldingmoulding, it should be low but high enoughstill sufficient to activate the clay’s plasticity. In our case, we added 12% of water is added to the clay/sand mixture. Alternatively, the initial water content can be determined according to the German standard DIN 18952 stiffness test (Minke 2006). This test, however, is laborious and unnecessary for the following testing procedure.
[bookmark: _Hlk89437983]2.3.2 Characterization tests for field-oriented methodology
Three field tests evaluatedetermine, adjust and determine evaluate the primer mixture (see Section 2.3.1) with and the need for extra further additions of water, clay, and additives to achieve optimized workability for in support of printable earthen material mixtures.
The first test evaluates the flowability of the mixture and labels it by itsaccording to its spread. 
The second test evaluates its pumpability (the ability capacity of the material to be pumped from the a container through a pipe to the annozzle exit nozzle) and its extrudability (the ability capacity of the material to be extruded out offrom the nozzle into a stable line). Together, these two tests appraise assess the necessary consistency, cohesiveness and particle size according to the used printer in use.
The third test determines the green strength of the material to estimate and compare the material’s its buildability (the capability capacity of the material to build upgive rise to a layered structure after following its extrusion). 
In combination, tThese three tests capture the fresh properties of earth-based materials when fresh to determine for their printability.
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2.3.2.1 Characterization test for flowability
The objective of the flowability test is to describe a material’s consistency for workability purposes for consistency through a modified flow test. Such a test could enable fast rapid rechecking final checks to be made before printing, which is not possible with the a standardized tests for mortars (e.g., ASTM C230 / C230M – 21).
A cylindrical mould (Ø 45 mm, height 45 mm) is filled with the material and the material is then manually extruded from the mould to leaveinto a cylindrical sample. The sample is placed in the centreer of a wooden plate (20 cm × 30 cm), each long side of which is alternately lifted to. The plate is alternately lifted 10 times with the long side of the board at the initial height of the sample (45 mm) and released then allowed to drop and hit the surface (table) beneath (Figure 3); the sample is impacted in this way a total of 10 times..
[Figure 3 here]
The spread of the material from its initial diameter is measured with a caliper gauge or spacer (Figure 4). The higher greater the spread diameter, the higher the material’s flowability is.
[Figure 4 here]
Quantifying the material’s flowability according to its spread enables the control of the spread consistency required for pumpability and extrudability right immediately before printing. The flowability can be calculated in percentage terms:
           ×x 100
To evaluate the test’s performance and to showcase the influence of water and additives (see Ssection 2.4) on flowability, we exemplary investigate in this researchthe spread of this prime mixtures’ spreads  when its initial water contentwhen increasing the initial water content (see Ssection 2.3.1.2) is increased in steps of 1%.
2.3.2.2 Characterization test for pumpability and extrudability
Pumpability consists ofinvolves many different rheological components. Apparent viscosity can describe pumpability (Matthäus, Henke, Talke, Kränkel et al., 2021). Adding more clay to tanhe earthen mixture can facilitate pumping pumpability but also increases the risk of shrinkage (Perrot 2019).
The We use a triangular- bag test is used to evaluate pumpability and extrudability. Here, material is manually extruded through an opening of in a triangular bag, which is analogous to the pumping and extrusion of the material within the 3D-printing process. Both the test and the printing involve t; the same shear forces are involved in both this test and printing. Specifically, the test gives provides an accurate  reliable assessment of the a material’s printability for a given material composition and applied force. It simulates the machine nozzle’s size, and acts as a checking check of consistency, cohesiveness, and particle size. The test defines the necessary minimum water content and plasticity of the mixture for pumpability and extrudability. A good extrusion is achieved when the material can be easily and homogeneously extruded into a stable cylindrical line without the water separating out (Figure 5). The mixture’s workability can be adjusted in an iterative process by adding water, clay, and/or additives, or decreasing particle size. The extrudable mixture’s fluidity can then be characterized with the test for flowability (see Ssection 2.3.2.1).
[Figure 5 here]
Together, the two tests can determine the workability, which is necessary as a starting point for investigating green strength.
2.3.2.3 Characterization test for evaluating green strength
The buildability of a material can be estimated by measuring its green strength,. Green strength is a measure that which describes the strength of a mixture in its fresh state until prior to it reaches reaching its final ultimate strength (Panda, Lim, and Tan 2019). 
Specifically, tThis characterization test investigates the material's capability capacity to sustain its height immediately after extrusion.
For each mixture, the samples are prepared (see Ssection 2.3.2.1) with the water content and the clay-to-sand ratio determined by the extrudability test (see Ssection 2.3.2.2). The test of green strength needs to be performed within 10 the following 10 minutes of the preparation time span. A small plastic sheet of 1.5 mm in thickness is placed between the weight above and the sample and the weight to prevent sticking and uneven surface deformation. The weight (2 kg) rests must rest in position for at least 10 s, at which point the sample height is measured with a ruler (Figure 6). The percentage decrease in of the sample's decreased height is calculated and compared to the initial sample's total height (100%) as a measure of green strength.	Comment by Author: Generally speaking, you’ve cited 15 minutes in other parts of the paper: I think it would be sensible to demonstrate some consistency in relation to this…
[Figure 6 here] 
2.4 FiberFibres
Given that vegetal fiberfibres can modify the mechanical and rheological properties of the a material and previous studies have suggested a link between cellulose content and the mechanical characteristics of fiberfibres used for earthen materials (see Ssection 2.1), we investigated the influence of three fiberfibres with high cellulose content. The sample fiberfibres are differently processed and with have significantly different physical dimensions: horse manure (1 mm long, 0.5 mm thick), industrially processed hemp shiv fiberfibres (1–1.5 cm long, 1–2 mm thick), and cellulose microfiberfibres (Abocel BE 600-30PU) (40 µm long, 20 µm thick) (Figure 7) (Millogo et al. 2015). These organic fibre types, which of fiber will permit the earthen mixtures to be remain 100% reusable, and their proportions are chosen according to literature (Tables 1 and, 2) were chosen on the basis of the existing literature (Schroeder 2017; Vissac et al. 2018)..
[Figure 7 here] 
The organic fibers 
[Tables 1 & 2 here]
We used the pPrintability characterization tests to are used to evaluate the effect of these three different vegetal fiberfibres on the reference (prime) mixture with having a clay-to-sand ratio of 1:2 (see Ssection 2.3.1);. tThe initial water content of the mixtures differs, however, depending on the type and amount of fiberfibres used.

2.5 Cylindrical test prints
Given Following on from the results of our characterization tests’ results, we use the printer to test the ability capacity of the developed mixtures to build up a cylindrical shape. The digital shape is designed as a spiral (Ø 15.0 cm) of 10 layers, with a layer distance set to 0.8 cm and a layer diameter Ø of 1.5 cm (see Figure 11, Left).

3. Results
In tThis section we presents the results of the three proposed characterization tests proposed. All tests were repeated three times, and the average values was calculated accordingly.
3.1 Flowability
OurA modified flow test measured flowability in order to describe the consistency of different mixtures’ consistencies. Additions of dDifferent amounts of water were examined to evaluate the test’s performance and. The differences in the spread of the material was were clearly measurable, given confirming that the our sample earth mixtures with kaolinite clay are highly sensitive to minor variations in water content. Furthermore, the we found that the spread also depended on the amount and type of fiberfibre added to the mixture. A mixture containing centimetermetre-scale fiberfibres needed more than 2% more water to reach produce the same viscosity as a mixture without fiberfibres, whereas while the mixture with cellulose microfiberfibres required over 2% less water (Figure 8). 
[Figure 8 here]
The results show that the addition of cellulose microfiberfibres decreased yield stress (water content: 15%; spread: M5 7.5 cm / M1 5.9 cm; resp. 67% / 31%). In contrast, the addition of centimetermetre-scale fiberfibres increased yield stress: with higher amounts of water added, the mixtures that contained hemp shiv fiberfibres and/or horse manure fiberfibres (M2, M3, M4, and M6) exhibited less deformation. Mixture M3, with horse manure textures fibres, behaved similarly to the mixture without additives (M1) but started withhad higher water content to start with.	Comment by Author: I assume that ‘resp.’ is an abbreviation for ‘response’ but it is not clear exactly what it represents in this context; is it ‘flow response’? Please clarify accordingly…
3.2 Pumpability and extrudability
[bookmark: _Hlk72583386]The Our extrudability test examined the extrusion of way the earthen materials were extruded through an opening of in a triangular bag with a diameter of Ø 1.5 cm (Figure 9). This size was chosen to match simulate the inner diameter of the nozzle in the printer set-upup.
[Figure 9 here]
The mixture without additives (M1) and the mixture with cellulose microfiberfibres (M5) started to be extrudable when the diameter of their spread samples was measured at between 7.5 and –8.5 cm, equal equivalent to a flow of 67–89% flow. All other mixtures—that is, those with hemp shiv fiberfibres and/or fiberfibres of horse manure— were not extrudable into a uniform snaked coiled shape. The fiberfibres jammed up against each other and led to clogging inside the triangular bag, and if the. water content was increasedWith a higher water content, the yield stress was became too low to form a stable shape.
 When mixtures M1 (19% of added water) and M5 (16% of added water) were extruded, a small amount of water separated from out of the mixtures, which indicatesive of low cohesiveness. Thus, the mixtures were tuned for pumpability and extrudability with using a second parameter: for mixture M1, the clay content was increased to produce a clay-to-sand ratio of 2:1 (M1adjusted), and for mixture M5 it was adjusted to a 1:1 ratio (M5adjusted) (Table 3). These adjustments, which allowedenabled extrusion without exhibiting water segregation characteristics being exhibited.
[Table 3 here]

3.3 Green strength 
The Our third characterization test examined the green strength of the mixtures, with w. Weight was applied to the fresh samples, and their vertical deformation was measured to characterize buildability.
The test was performed with mixtures M1adjusted and M5adjusted, which had proved been successfully extrudable extruded with thein our triangular triangular-bag test (Table 3). 
[Table 3 here]
The green strength was measured during the first 10 min of drying. Each sample was loaded with 2 kg. The resulting vertical height of the sample relative to its initial height in percentage terms was calculated taken as its green strength  (Figure 10).
[Figure 10 here]
When A comparison of comparing mixtures M1adjusted to mixtureand M5adjusted, we noted indicated that the addition of cellulose microfiberfibres to the latter hdidad not produce a significant influence on green strength (51% vs. 56%).
3.4 Compressive strength of adjusted mixtures
When we testing tested the compressive strength of the adjusted mixtures after three days of drying, we found that the strength decreased due to thea higher clay content resulted in a reduced strength (Table 4 and, Figure 2: ratios 1/1 and, 2/1). However, , but the presence of the cellulose microfiberfibres increased compressive strength by 17%.
[Table 4 here]
3.5 Printing
Successful 3D printing is should be controllable and accomplishes a coherent build-up equivalental to the shape of the associated digital model (Nerella and Mechtcherine 2019). Accordingly, to verify the results of the our characterization tests, we compared the printability of the non-modified mixtures M1 (1 clay : 2 clay-to-sand ratio) and M5 (1:2 clay-to-sand ratio1 clay :  2 sand, 1.7% cellulose) to with that of the adjusted mixtures M1adjusted (2:1 clay-to-sand ratio2 clay : 1 sand) and M5adjusted (1:1 clay-to-sand ratio sand : 1 clay, 1.7% cellulose) with via a cylindrical printing test. (see section 3.2, Table 3 for mixtures).
The non-modified mixtures showed exhibited uneven viscosity during printing and required different pressures to be applied during the process;. tThe pressure was manually adjusted accordingly and varied between 3 and 4 bar. The print quality of the print was not acceptablefailed (Figure 11, Right).
[Figure 11 here]
The adjusted mixtures, which were modified according toon the basis of the our field test-oriented methodologys, successfully showed exhibited a smooth homogeneous extrusion with at a constant pressure of 4 bar (Figure 12, Right).  
[Figure 12 here]
The higher clay content and thus the increased plasticity of mixtures M1adjusted (plasticity index 6.66) and mixture M5adjusted (plasticity index 5.78) improved cohesiveness and led to a smoother extrusion and a more uniform cylindrical shape. However, mixture M5adjusted, containing cellulose microfiberfibres, was proved printable already with a lower clay content.
Adhering toFollowing the test method of Jacquet et al. (2020), we also measured the material filament leaving the nozzle of a vertically downward extruder. The filament of the adjusted printable mixtures was 30–40 cm in length.	Comment by Author: It is not clear what you mean by ‘filament’ in this context, and what its significance is. Please review this entire paragraph and amend/clarify as necessary… 
To detect assess the level of conformity of the printed model to the digital model to the printed model, we measured the cylinders' height and width of the cylinders and the layers' height and width of the layers directly both immediately after printing and after drying for 3 three days: t. The dimensions barely changed (Table 5).
 [Table 5 here]

4. Discussion and conclusions
We propose aA field-oriented methodology is suggested tofor the development of printable earth-based mixtures customized to the a printer’s set-upup, and taking into considerationing pumpability, extrudability, and buildability. More specifically, a material’s workability for in support of printability can be determined and adjusted with via its water and clay composition through simple characterization tests, which can be of benefit . These tests are beneficial at different stages during of the materials manufacturing process:
a) To in designing composition ratios for printable mixtures ratios;.
b) To in recheck verifying correct water content right immediately before printing;.

c) To in researching the effects of additive incorporations.
Rechecking the water content required for pumpability and extrudability can be performed with the triangular- bag test and the modified flow  table test right immediately prior to before printing (as in b) above). These Such tests are essential when preparing large quantities of material in fluctuating climate conditions, and when readjusting flowability after material resting-times or periods of storage periods.
The field test for green strength enables us to label tag or calibrate the required buildability required for a printable mixture by by means of a vertical deformation measure. Together, the triangular -bag and green  strength tests are relevant valuable when determining the a mixture’s design before prior to the preparing preparation of a large quantity of building material (as in a) above) and for researching mixture designs through comparison (as in c) above).
OBased on the basis of our findings, we propose two field-based measures, of for flowability and green strength,. These measures that could serve as indices for printability (Table 6). 
 [Table 6 here]
Together with the characterization tests, they these indices could help designers and builders to maintain and ensure steady consistent printability. Furthermore, indices they could aid in the standardization of industrially preprocessed earth-based materials. The An index for flowability would enables builders to determine the amount of water to add to preprocessed mixtures without necessary having field-specific knowledge, while they would provide a guide; for experienced builders, the indices guide in creating and controlling their own mixtures from local materials. 
However, it is not yet unclear if whether the values suggested for flowability and green strength (Table 6) are have generic application. They could, in fact, vary depending on the printer set-upup (the pumping and extrusion system, nozzle size, and printing speed), mixture composition, and the programmed layer distance. Future research should investigate these the coherence of these different parameters coherencies to establish and refine more widely applicable indices of printability indices.
The fibers’ physical shape of the fibre additives and the chemical reactions within the mixture both influenced the a material’s printability. A fFibreer’ss’ performance is related to their its stiffness, size, component partss, and capability capacity to absorb water. For example, cCentimetermetre-scale fiberfibres rapidly led to clogging when using a 1.5 cm diameter nozzle size. By contrast, the admixture of cellulose microfiberfibres lowered viscosity and improved extrudability. Thus, as rheological modifying admixtures, microscale vegetal additives show potential to when it comes to increase increasing the material’s cohesiveness of building materials. This finding conforms tois consistent with the research of Lagouin et al. (2021): ‘polysaccharides of vegetable origin provide a potential solution as a rheological modifying admixture’. However, this research did not investigate whether mixtures’ the higher cohesiveness of a mixture exerts a positively influence ons the extrusion of cmcentimetre-scale fiberfibres.	Comment by Author: The meaning here is ambiguous: are you referring to your research or that of Lagouin et al.? Please clarify…

TheOur research has showned that the a material's printability can imply a compromise between the required characteristics required of a when the material when is in its fresh state and thethe ultimate strength obtainable once it haswhen dried. To improve printability from both perspectives, fFurther research into the influences of the a clay’ss' characteristics, grain-size distribution and natural admixtures is necessary to improve printability for both; the material's fresh and hardened state. This could reduce the loss of in ultimate strength after drying that was observed in some of our samples, and improve performance in its thermal and sustainable sustainability performanceterms.
The proposed development of indices can could be relevant not just for earth-based materials as well asbut also for other materials in cognate areas of research that employusing 3D extrusion printing technology. Further investigation could develop result in a schema similar to the consistency classes of for fresh concrete specified in European Standard EN 206 (EN 206-1 2000).
[bookmark: _Hlk37591534]In summary, tThis research reveals the beginning of the procedures necessary to turn earthen 3D- printing into a common field-based practice in building construction. However,, and further emphasizes the need it calls for future research that will promote a more sustainable local building industry in combined combination with technologytechnological developments.
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TABLES ON SEPARATE PAGES

Table 1. Design of mixtures used for examining ‘flowability’ and ‘pumpability and extrudability’.
	Mixture
	Clay [g]
	Sand [g]
	Additives [g]
	Initial water content [g]

	M1
	980
	4420
	—
	480 (12%)

	M2
	980
	4420
	Hemp shiv fiberfibre, 12 (2.5%)
	560 (14%)

	M3
	980
	4420
	Horse manure, 14 (1.5%)
	560 (14%)

	M4
	980
	4420
	Hemp shiv fiberfibre, 10 (2%) +  horse manure, 9 (1%)
	560 (14%)

	M5
	980
	4420
	Cellulose microfiberfibre, 2.5 (1.7%)
	480 (12%)

	M6
	980
	4420
	Hemp shiv fiberfibre, 10 (2%) +  horse manure, 9 (1%) + cellulose microfiberfibre, 2.5 (1.7%)
	600 (15%)





















Table 2. Volume and water loss after drying in an oven for 24 h at 105 °C. 	Comment by Author: The heading of the ‘Water’ column would benefit from clarification: is this water lost (as suggested by the title of the table) or is this water content?
	Material
	Water [%]
	Volume [g/mL]
	FiberFibre length [cm]
	FiberFibre thickness [cm]

	Horse manure
	3.7
	0.23
	0.5–1
	0.05

	Hemp shiv shiv fiberfibres
	3.1
	0.12
	1–2.5
	0.1–0.15

	Cellulose  microfiberfibres
	2.5
	0.30
	.004 (40 µm)0a
	.00220 (20 µm)a


a µm instead.




Table 3. Design of mixtures used for examining green strength. 
	Mixture
	Clay [g]
	Sand [g]
	Additives [g]
	Water [g]
	Spread [cm]

	M1adjusted
	1848
	2244
	—
	840 (21%)
	1.8

	M5adjusted
	1400
	3400
	2.5
	720 (18%)
	1.5





















Table 4. Comparison of compressive strength (see Figure 2).
	Mixture
	Clay / sand ratio
	Additives [g]
	Compressive strength [kPa]

	M1
	1 clay : 2 sand
	—
	201

	M1adjusted
M5adjusted
	2 clay : 1 sand
1 clay : 1 sand
	—
1.7% cellulose microfiberfibres
	69
166

	AdditonalAdditional mixture for comparison
	1 clay : 1 sand
	—
	142
























Table 5. Comparison of size: digital model vs. printed model vs. dried printed dried model.
	
	Width [cm]
	Height [cm]
	Layer width / height [cm]

	Digital cylinder
	16.5
	8.4
	1.5	Comment by Author: Should there be two values here (even if they’re both 1.5)?

	Printed cylinder
M1adjusted
M5adjusted
	
16.6M1adjusted 16.6
16.5M5adjusted 16.5
	
8.5M1adjusted 8.5
8.6M5adjusted 8.6
	
2.0 / 1.0M1adjusted 2.0 / 1.0
2.0 / 1.0M5adjusted 2.0 / 1.0

	Dried pPrinted  dried cylinder
M1adjusted
M5adjusted
	
16.6
16.5M1adjusted 16.6
M5adjusted 16.5
	
8.5
8.6M1adjusted 8.5
M5adjusted 8.6
	
2.0 / 1.0
2.0 / 1.0M1adjusted 2.0 / 1.0
M5adjusted 2.0 / 1.0
























Table 6. Suggested indices for flowability and green strength.
	Flowability [%]* b*
	Green strength [%] a*, a

	> 67 < < x < 89
	> 50 < x < 60


Tested according to nozzle size Ø 1.5 cm, pressure 4 bar, printing speed 100 m/s.
a Applying 44 kPa during the first 15 min of drying.
 a, b Tested according to nozzle size Ø 1.5 cm, pressure 4 bar, printing speed 100 m/s
* Related parameters: max. mineral particle size, clay-to-sand ratio (kaolinite clay), water content, natural additives.
a Applying 44 kPa during the first 15 min of drying.





FIGURES ON SEPARATE PAGES (captions at end)
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[2]	Comment by Author: What are ‘Cube 1’, ‘Cube 2’ and ‘Cube 3’? There is no explicit reference to these in the text. Is it just 3 instances of the test?
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[8] 	Comment by Author: In the legend for this figure, Mixture 6 is described as containing 1% horse, rather than 1% horse manure!
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Figure 1. Printer set-upup.
Figure 2. Investigating the optimal clay-to-sand ratio for compressive strength after 3 three days of drying.
Figure 3. Left and centre: Preparation of sample; Right: Ssample lifted on a wooden plate and which is released then allowed to fall.
Figure 4. Cylindrical sample used for evaluating workability.
Figure 5. Testing the material’s extrudability and pumpability via manual extrusion through a triangular bag. Left: Incorrect material (separating water indicates low plasticity);. Right: Correct material (no separation of water).
Figure 6.1. Left: Applying weight to a sample;. Right: Measuring the height of the tested sample after the weight was has been applied.
Figure 7. Left: FiberFibres of horse manure; Centre: Fibres of , hemp shiv fibers; Right:, and Ccellulose microfiberfibres. The horse manure fiberfibres are thin and flexible, while the hemp shiv fiberfibres are thicker and more rigid.
Figure 8. Influence of water content on the spread of the mixtures.
Figure 9. Left to right: Opening of container (Ø = 1.8 cm); connection part and nozzle (Ø = 1.5 cm); triangular bag (Ø = 1.5 cm).
Figure 10. Comparison of green strengths of M1adjusted and, M5adjusted samples when loading the sample ed with 2 kg during the first 15 min of drying.	Comment by Author: Is this definitely 15 minutes rather than the 10 minutes described in the account of the test in the text?
Figure 11. Left to right: DDigital file cylinder (width Ø 16.5 cm, height 8.4 cm, 10 layers, computed layer distance 0.8 cm, layer’s width Ø 1.5 cm); Right: Ffailed printed cylinder with using mixture M5 (1:2 clay-to-sand ratio + 1.7% cellulose microfibres).
Figure 12. Left to right: TTesting material with triangular bag; Right: Ggood-quality printed cylinder with mixture M5adjusted (1:1 clay-to-sand ratio = 1:1; + 1.7% cellulose microfiberfibres).
Green strength	
M1adjusted	M5adjusted	0.51	0.56000000000000005	
Green strength [%]
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