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Abstract
The recent convergence of earth construction with technology focuses on additive manufacturing using extrudable earth-based materials. Three main parameters define the printability of thesethe materials's printability: the aggregates' size, the mixture's fresh properties for pumpability and, extrudability, of a fresh material and its buildability;, and the strength after drying.
The paper presents a field-oriented methodology to design local mixtures according to the printer. The material's fresh properties of the material are evaluated and optimized for printability with three characterization tests investigating flowability, pumpability and extrudability, and buildability. The method showed that adjusting the water content for consistency and decreasing or increasing the plasticity for cohesiveness areare vital parameters forto tuninge printability. Adding only low amounts of vegetal fibers iat a centimeter scalen cm-scale led to clogging, while cellulose microfibers can increased the material's flowability, plasticity, and compressive strength of the material.
A future in whichwith extensive use of recallable earth-based 3D printing is used extensively can facilitate its application into the building sector; the material is recyclable and hasprovides passively indoor climate- regulating qualities.	Comment by מחבר: I’m not sure what ‘recallable’ means here.
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1. Introduction
Earth architecture using developed according to the locally available materials developed as a craft, based on vernacular knowledge, over since thousands of years (Veliz Reyes et al. 2019). To dayte, earth-building practices are based on an open-ended process, in which where uncertainty and risk are embedded as core precepts. A The lack ofnecessary field-specific knowledge, the variety of the materials, and the labor-intensive work hinder the implementation of earth construction into the building sector (Ben-alon 2020).
Today, the building sector is responsible for 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 and reviving traditional principles. To overcome the barriers, leading novel approaches industrialize earthen material construction by using preprocessed materials, such as:  '“ready-to-use”- mixtures' e.g., for plasters or rammed earth; , prefabricated elements,: such as adobe bricks, rammed earth elements, and earthen- fibrous boards (Claytec 2018; Rauch et al. 2020);, or digital construction (DC)  processes,: such as additive fabrication (Rael and San Fratello 2011;, WASPasp 2021). These fabrication techniques are controlled and produce high-quality outcomes, although they eliminateing the possibility of makingpossible changes during construction (Veliz Reyes et al. 2019). 	Comment by מחבר: See ref list
The convergence of additive manufacturing technology and earth-based materialss appears promisesing  to reduce production costs and advance mass-customized implementation strategies. OtherAt the same time, the construction method takes advantages are the ability of the materials'  to provide passive indoor climate  regulationng qualities and their recyclability (WASP 2019).
The pPrintability is a characteristic of the earthen mixture in its fresh state, including its pumpability, extrudability, and buildability, depending onconcerning the mechanics, and dimensions, of the printing system (Jacquet et al. 2020). The earthen material must provide a challengingexhibit thixotropic behavior to be printable (tThixotropy is defined as “the decrease in viscosity when shear stress is applied, followed by increased viscosity when stress is removed”). First, the printable mixture has to flow with a ‘“moderate’” yield stress. In By contrast, immediately after the extrusion, the strength and stability should increase through drying and enable the build-up of a layered structure. This requires the material to have a high material’s yield stress (Nerella and Mechtcherine 2019).	Comment by מחבר: Reference?
Our literature review has discovered a gap of information on how to evaluate and optimizean information gap regarding the evalutation and optimization of the printability of earth-based materials with field-oriented methods—, which are a common tool in earth building practices.
This studyresearch proposes a field-oriented methodology and derives a potential material index for generic guidance that will enables designers and fabricators manufacturers to define, evaluate, and optimize the printability characteristics of earthen materials mixtures for additive fabrication. The first part of the paper gives a brief background on earth-based mixtures. The second part determines the mixture's design of the mixture: the preparation method, the optimal ratio of sand and clayclay to sand, and specifies the amount of water to added to the mixture. The third part presents the printing technology used for this research. Following, tThe main part of that section presents the characterization tests that define the suggested field-oriented 3D printing methodology. Exemplary, aA case study investigates the influence of three vegetal fibrous additives on the mixture's printability. Finally, printing the developed mixtures demonstrates the relevance of the method's relevance.
2. Materials and methods
2.1 Background on earth-based mixtures
The properties of earthen construction materials are defined by the quality and proportion 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 are added to reduce shrinkage and cracking and to increase stability – ; they these form the granular skeleton. Water and movement activate the binding characteristics of the clay minerals. UnlikeAs opposed to cement-based materials that dry through a chemical hydration process, earthen materials harden by air drying (Lagouin et al. 2021; Minke G. 2006). This inherent property is the main reason for its potential never-endingpotentially infinite recyclability.	Comment by מחבר: I’m putting a space between numerals & the unit because that is an SI (Système international (d'unités)) requirement for the metric system.
In vernacular techniques, the earthen building method relies on the properties of the local soil available. If necessary, the plasticity of the mixture can be increased by adding clay or can be reduced by adding sand. Moreover, tThe grain size distribution, the water content, the type of clay, the method of preparation, and additives all influence the rheological and mechanical properties of the building material. 
OurThis literature review found that current research in the field of earth construction primarily investigates additives. The treatment of additives can be grouped into three different approaches:.
Traditionally, materials of vegetal or animal origin were added in small quantities. Their fermentation and chemical reactions within the earthen mixture, and as well as the fibers' physical shape of the fibers, can improve mechanical properties and water resistance (Laborel-Preéneron et al. 2016;)( Lagouin et al. 2021). 
The second approach uses hydraulic and non-hydraulic binders, such as cement and lime, which have increased in usage as stabilizers in the last few decades. However, they are highly discussed regarding tTheir environmental impact and actual effectiveness are of particular interest  (Minke 2006; Rauch et al. 2020; Minke G. 2006). 
The third approach is related to the recent development of self-compacting clay concrete (SCCC) with known chemical admixtures in soil mechanics and the ceramic industry. This methodey causes a a dispersion of the clay particles, followed by a a flocculation process to of the material (Landrou et al. 2018).

2.2 Field- oriented methodology
The 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 following main stages:
Excavating a sample of the base earth material from the ground.
Improving the excavated earth by filtering for a predefined particle size. 
To mimic a local sample for this research, we composed a reference material of sand and kaolinite clay for this research.
Performing a set of characterization tests to determine the componentsingredients of a printable mixture. 	Comment by מחבר: term?
On the basisBased  ofn the method’s results of this method, this research proposes an earthen material index for 3D printing as a tool to turn local earth into printable mixtures.
Examining the developed index: pPreparing and adjusting thea printable mixture’s cohesiveness and consistency of the printable mixture using the suggested earth material index for 3D printing.
Running 3D printing tests. 

The methodology's first two characterization tests of this methodology evaluate the material's workability and particle size of the material for flowability, pumpability, and extrudability,, and allow forenable rechecking the material right before printing. In particular, they tests measure the consistency (ease of flow), and the material’s cohesiveness – —segregation characteristics and deformation properties, when force is applied (Mehta 2006; Tourtelot et al. 2021; P.Kuma Mehta 2006). 	Comment by מחבר: Please add to ref list
The third characterization test investigates the buildability of a mixture by measuring the green strength development. “The bBuildability” refers to the ability of the material to retain its extruded shape and the buildup of a layered structure. “The gGreen strength” defines the strength of the material in its fresh- state (Panda, Lim, and Tan 2019).
Together theese three tests evaluate the printability of a mixture.
Given that previous studies suggest a link between the cellulose content and the mechanical characteristics of fibers for earthen materials, ou; parallel to the development of the new methodologry this research investigates the influence of three vegetal fibers on the reference mixture’s printability of the reference mixture. 
The methodology is assessed and verified by printing the developed mixtures into cylinders (Ø = 15 cm;, 10ten layers, each of Ø 1.5 cm).

2.3 Printing equipment and setup
In this research, we used a ‘Delta WASP 3MT’ 3D printer commercially available for ceramic materials is used (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 throughout 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’s deposition with clay. A printed screw-less connection part without a screw replaces the original extruder and enables the extrusion of extruding a mixture with the sand size of Dmax = 1.18 mm. This connection part joins the pipe to the printer and includes the nozzle’s design (inner Ø 1.5 cm). 
The following section describes ourthe research’s approach to creatinge printable earthen materials.
[Fig 1 goes near here]
2.4 Mixture’s design
Recyclable earth building materials consists of clay, sand, and water. Additionally, aAdditives of vegetal or animal origin can improve the processing and mechanical properties of the material.
This research aligns the earthen materials’ mixture for extrusion-based additive fabrication to cob and adobe. According to Schroeder (2010) their mixtures are composed of: 10%–-25% clay, 10%-–30% silt, 75% sand, 0%–-4% organic material, and 10%–-20% water (Schroeder 2010). The material facilitates shaping in its fresh state and creates stability when dried (Gomaa et al. 2019; Alhumayani et al. 2020; Gomaa et al. 2019). As a reference material, we composed a mixture of coarse sand, kaolinite clay, and tap water. Kaolinite clay has a moderate swelling capacity and shows less shrinkage than other types of clay (Schroeder 2017). Generally, a lower amount of clay reduces the risk of shrinkage, while adding more clay can facilitate pumpability (Perrot 2019). Given that vegetal fibers can modify the material’s mechanical and rheological properties of the material and previous studies suggest a link between the cellulose content and the mechanical characteristics of fibers for earthen materials, we investigated the influence of three fibers with high cellulose content, that are differently processed and with different physical dimensions: hemp shiv plant fibers, fibers of horse manure fibers, and cellulose microfibers.	Comment by מחבר: even if you take the lower limit for each of these components, they add up to 105%
2.4.1. Mixing / pPreparation method
The mMixing procedure used in this research relieds on the preparation methods described by Laborel-Préneron et al. (2016) and Minke (2006). Clay and sand wereare stored at room temperature (21°C, 54% RH). The mixture wasis prepared inaccording to the following stages:

1. According to the printing setup (cf.see section 2.3), the particle size of the sand is was decreased by sieving with a sieve number °16 sieve (Dmax 1.18 mm). The Mixture’s ratio of sand and clayclay to sand for the mixture wasis calculated asin a percentage per volume and converted to weight (clay 0.7 g/mL; sand 1.7 g/mlL, clay 0.7g/ml).	Comment by מחבר: “cf.” means “compare with, so I changed it to “see” instead
When adding fibers in centimeter-m-scale fibers were added, their amount wasis calculated in percent% age to theper volume of sand and clay. Instead, fibers in Mmicro-scale fibers, on the other hand, wereare calculated in %percentage per to the amount of added water and were usually diluted for several hours. Only after resting was, the suspension is ready to be added to the mixture of sand and clay (cf.see section 4.).
All aggregates wereare added intoput in a bowl and mixed without water additions for 1one minute. 
After dry mixing, the amount of water—, respectively the suspension, containing the cellulose microfibers, —wasis added. Everything wasis mixed by hand until a homogeneous material was is obtained.
The material was used immediately after the preparation because, as we consider storage in the amounts envisioned difficult when envisioning large material quantity on construction sites would be difficult. This is a shift from the usual process in earth construction, where the mixture rests from for a few hours up to a few days to increase the plastic qualities of the material.
2.4.2. Addition of water
The water content of aA mixture's water content varies dependsing on the the local temperature and relative humidity. Water can be chemically or electrostatically bound, absorbed inside the clay's microporous structure of the clay through capillary action, or trapped between the particles (Minke G. 2006). As earth-based materials harden through drying, only the two latter two forms of water addition vary according to the climate. If the materials are not yet saturated, the addition of water activates the plastic performance of the clay minerals and influences the flow characteristics of the material when trapped between the particles. Thus, the added water content is relevant for adjusting the workability of a mixture (Tourtelot et al. 2021). Tuning this parameter is necessary to achieve a good material’s consistency for pumpability and extrudability.
To prepare the starting samples for the proposed characterization tests in this research, we determined how much water to the addition of the initially by feel water content is determined according to sensual feeling. The added water content should be low, but high enough so that the to cause good plasticity qualities of the mixture allows to moldfor a sample to be molded, (e.g., to a ball, cylinderric, or cubeic shape). In our case, 12% of water by total weight wasis added to the mixture of sand and clay. Alternatively, the initial necessary water content can be determinedperformed according to the stiffness test of the German standard DIN 18952 stiffness test (Minke G. 2006). However, the test is laborious and not necessary for the following testing procedure.
When preparing a sample mixture is prepared in small quantities (< 1 Lliter), the final remaining amount of water is metered with athe syringe, as the reaction of the material properties reactis very sensitive to water additions.
2.4.3 Determining the optimal sand to clayclay to sand ratio
The first step in the optimization process is to determine the optimal clay / sandclay to sand ratio forconcerning the final compressive strength of the mixture after drying. The compressive strength is measured forof various mixtures with variousdifferent coarse sand to clayclay to sand ratios are measured: 1:/5, 1:/4 , 1:/3, 1/:2, and 2:/3. Our specimens were.  5 cm ×x 5 cm ×x 5 cm cube speicmens are used. These wereare unmolded after 3 days and stored at  21°C, 54% RH conditions.  	Comment by מחבר: Should this be clay to sand, in light of the following paragraph? There are inconsistencies throughout the paper regarding sand to clay or clay to sand ratios. I’ve changed it to clay to sand, as it seems like the direction you use most often. Please verify that it is correct in each case. 
The mixture with a 1 clay / 2 sandclay to sand  ratio of 1:2 obtaineds the highest compressive strength, with about 150 kPa. Thus, we chose this ratio is chosen as a reference point forto investigatinge printable materials (Figure  2).
[Figure  2 near here]
2.5 Characterization tests for field-oriented methodology
In this studyresearch three field tests wereare used to evaluate the impact ofadded additives and the amount of added water regarding their influence on the printability of earthen materials mixtures for additive fabrication: . 
The first test evaluateds thea mixture’s flowability of the mixture and labeledlables it by how it the spread. The second test evaluateds its pumpability (the ability possibility of to pump the material to be pumped from the container through pipes to the nozzle exit) and extrudability (the abilitypossibility of the material to be extruded the material out of the nozzle to a stable line). Together these two tests appraised the necessary workability and particle size according to the dimensions of the printer’s setup. In this case, the mixture was evaluated within respect to the specific printer used;, however, this methodology can be applied to different machines. 
The third test determineds the development of green strength to estimate and compare the material’s buildability (the capability of the material to build up a layered structure after its extrusion). 
These three tests captured the fresh- properties of earth-based materials' for their printability.
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2.5.1 Characterization test for flowability
The oObjective is was to describe the material’s workability through a modified flow test to enable fast rechecking before printing, which is not possible with a standaridized test for mortar (e.g., ASTM C230 / C230M – 21).
A cylindrical mold (Ø ⌀45 mm, height 45 mm height) wasis filled with material, which wasis manually extruded forto a cylindrical sample. The sample wasis placed in the center of a wooden plate (20 cm x  × 30 cm). The plate wasis alternately lifted 10ten times with the long side of the board at the initial height of the sample (4.5 cm) and released to hit the surface. 	Comment by מחבר: should this be mm? See first sentence of this paragraph
The spread of the material wasis measured with a caliper gauge or spacer (Figure 3). The values of L and Lo wereare recorded:. Asthe higher the Δ L value, as the higher is the workability was.
[Figure  3 near here]	Comment by מחבר: Author: Please cite Figure 4 between Figure 3 & Figure 5.


[Figure  4 was found here but not cited]
This flow test alloweds us to quantifying the material’s flowability of the material by according to its spread and to rechecking  the required spread for pumpability and extrudability right before printing, in line with how we had set up the according to the machine. We tested theThe mixture’s spread can be examined by decreasing or increasing the amount of water of the initial water content (cf.see section 2.4.2), in steps increments of 1%.
2.5.2 Characterization test for pumpability and extrudability
The pumpability and extrudability  test evaluateds the ability of the material to pass through an opening, to reflect pumpability and extrudability. The test wasis performed using a triangular bag with an opening that simulateds the opening of the machine’s nozzle. The test defineds the necessary workability and, thus, the necessary minimum water content and plasticity of the mixture to enable the mixture to pass through the opening of the triangular bag by manual extrusion. A good extrusion is was achieved when the material is could be easily and homogeneously extrudedable to a stable cylindrical line without the water separating water (Figure  5). The extrudable mixture can then be characterized with the test for workability (cf.see section 2.5.1).
[Figure  5 near here]
Together the two tests for evaluating and defining the ‘flowability’, and the the ‘pumpability and extrudability’ can determine the necessary water and clay content for printing, which is concurrently necessary as a starting point forto investigatinge the green strength.
2.5.3 Characterization test for evaluating the development of the green strength development
The buildability of a material can be illustrated estimated by measuring its green strength at different drying times. The gGreen strength is a measure that describes the strength of a mixture in its fresh state until it reaches its final ultimate strength (Panda, Lim, and Tan 2019). To define the a material’s buildability of a material, this characterization test investigateds the material's capability of the material to increase strengthbecome stronger in its fresh state. Therefore, the green strength wasis measured at different drying times by observing the material's plastic deformation of the material in response according to the applied stress σ. The examination method consisteds of the following stages:
For each mixture, six samples wereare prepared (cf.see section 2.5.1) with the water content according to the printer's setup, which was described earlier in this paper and determined bythrough the extrudability test (cf.see section 2.5.2). The samples wereare dried for 15 min, 30 min, 1 h, 2 h, 3 h, and 6 h. The green strength wasis evaluated by applyingusing weight loads added in steps increments of 500 g up to 4.0 kg to each sample at those certain drying times (Figure  6). 
[Figure 6 here]
The weight resteds in positioned for at least 10ten seconds, at which point the deformation of until the material’s deformation wasis measured. A small plastic sheet of 1.5 mm in thickness wasis placed between the sample and the weight to prevent sticking and uneven surface deformation. Each vertical deformation wasis measured with a ruler (Figure  7). 
[Figure 7 here] 
For each sample, the results wereare plotted for each drying time and, of which the linear regression gradient wasis calculated. Thus, we obtained one regression gradient for each drying time and six differing linear regression gradients for one each material. Plotting the regression gradients in a chart shows the development of strength of the material in its fresh state.
2.6 Fibers
The pPrintability characterization tests wereare used to evaluate the effect of three different vegetal fibers on the reference mixture with a ratio of 1 clay / 2 sandclay to sandratio of 1:2 (cf.see section 2.4.3). These fibers were: horse manure (1 mm long, 0.5 mm thick), industrially processed hemp shiv plant fiberes (1-–1.5 cm long, 1-–2 mm thick), and cellulose microfibers (Abocel BE 600-30PU) (Figure  8) (Millogo et al. 2015). The types of fibers tested in this research will permitdo not disturb the possibility to reuse the earthen material to be reused in the future.
[Figure  8 here] 
The organic fibers and their proportion ratios wereare chosen according to literature (Ttables 1, 2) (Schroeder 2017; Vissac et al. 2018). 	Comment by מחבר: Please add to ref list
[Tables 1 & 2 here]	Comment by מחבר: I moved the tables to the end of the text (after the refs) as required by the journal.
2.6.1 Characterization tests with fibers
The ‘flowability’, ‘pumpability, and extrudability’ for of all six mixtures wereis examined whileen increasing the initial water content was increased in steps increments of 1%, added to the initial water content (see Ttable 1 for mixtures’ details). The initial water content of the mixtures can differeddiffer depending on the contained type and amount of fibers used. Finally, the development of the extrudable mixtures’ the ‘green strength development’ of the extrudable mixtures waswasis tested and compared.
2.7 Cylindrical test prints
[bookmark: _GoBack]Given ourAccording to the characterization tests’ results, we used the printer to test the ability of the as printable definedprintable (based on the printer’s setup) and adjusted mixtures are tested with the printer for their ability to build up a cylindrical shape. The digital shape was is designed as a spiral (Ø 15.0 cm) out of ten10 layers, with a layer’s distance set to 0.8 cm, and layer’s diameter of Ø of 1.5 cm.


3. Results
This section presents the results of the three proposed characterization tests, described in the previous section. All tests wereare carried out with athe determined ratio of 1 clay / 2 sandclay to sand ratio of 1:2 and the chosen three types of fibers. The tests were repeated three times, and the average value was calculated.

3.1 Results: Flowability
The first test, a modified flow test, determined the flowability of the material's flowability through a modified flow test. As a basic principle, the flowability was examined by adding water. The difference in the spread of the material's spread was clearly measurable, given considering that earth mixtures are highly sensitive to minor variations in water content. Furthermore, the spread (Δ L) differed dependeding on the amount and type of fiber contained in the mixture. While mixtures that contained admixtures additives of centimeter-scale fibers in cm-scale needed to be composed of more than 2% water to reach similar viscosities similar to those ofas materials without fibers, adding cellulose microfibers to the mix required more thanover 2% less water (Figure  9). 
[Figure  9 here]
The results show that the additions of cellulose microfibers increased the flowability, thus decreasinged the yield stress (water content: 15%;, deformation: M5 1.5 cm / M1 0.7 cm). In contrast, the addition of centimeter-scale fibers in cm-scale increased the yield stress: wWith higher amounts of water addeditions, the mixtures that contained hemp fibers and horse manure fibers (M2, M3, M4, M6) exhibited lesslower deformation. However, mixture M3, with horse manure textures, showed a slightly higher strain and behaved similarly to the mixture without additives (M1) but started with a higher water content.
3.2 Results: Pumpabilitiy and extrudability
The extrudability test examined the way earthen materials wereis extruded through an opening with a diameter size of Ø of 1.5 cm (Figure  10). This size was chosen to matchaccording to the nozzle’s inner diameter of the nozzle within the printer’s setup.
[Figure  10 here]
The mixture without additives (M1) and the mixture with cellulose microfibers (M5) started to be extrudable when the spread was measured toat 1.5–-2.0 cm. All other mixtures containing hemp fibers and/or fibers of horse manure were not extrudable to a stable line. The fibers jammed up againstwith each other and led to clogging inside the triangular bag. With tooan excesively high water content, the yield stress was too low and the mixtures were not extrudable to a stable line. When extruding mixtures M1 (19% of added water) and M5 (16% of added water) were extruded, a small amount of water separated from the mixtures, which indicates low cohesiveness. Thus,  the mixtures were tuned for pumpabilitiy and extrudabilitiy with a second parameter: the clay content was increased to a 2 clay / 1 sandclay to sand ratio was increased to 2:1 for mixture M1updated and toa  1:1 1 clay / 1 sand ratio for mixture M5updated, which allowed extrusion without the water separating water.	Comment by מחבר: I changed these subscripts from italic to roman because only one-letter variables can be italic.
3.3 Results: Green strength
To characterize the mixtures' buildability, the third characterization test measured the green strength of mixtures when applying different weights were applied and measureding the deformation of the samples at different drying times. The samples tests were performed with the mixtures M1updated and M5updated, which were proved extrudable with the triangular bag in the previously described extrudability test (see section 3.2). The samples were prepared with preparation included the the determined necessary water and clay contents for extrudability (Ttable 3).
[Table 3 eshere]
Deformation versusAccording to the applied stress (2 kPa – 18 kPa) and the sample's drying time, the deformation is shownlisted in a graphically in (Figure  11).
[Figure  11 here]
Linear regression was performed forthrough each graph, and the slope values were derived. The different slopes were summarized into a new chart, which indicates the increase in strength of each material according to the drying times (Figure 12).
[Figure 12 here]
When comparing mixture M1updated to mixture M5updated, we note that the cellulose microfibers did not significantly influencehad no significant influence on the green strength. The green strength of both mixtures greatlyhighly increased after 3three hours of drying. However, when comparing the compressive strength of M1 and M5 after 3three days of drying, we note that the cellulose microfibers increased the strength of the material by 17%.	Comment by מחבר: Should be the updated mixtures, no?
3.4 Printing
First, we rechecked First, the printability of mixtures M1 and M5 (3 Lliters each), was rechecked according to the proposed test methods, by determining the added amount of water without adjusting the clay content. The materials were filled inside a cylindrical hanging container and were extruded through a piston and then extrusion, passed throughing the connecting pipe (Ø 1.9 cm) and nozzle (Ø 1.5 cm). During printing, with at a speed of 2 cm/sec speed, the material's viscosity was uneven and required differenting pressures. The pressure was manually adjusted and varied between 3 and -4 bar. Therefore tThe print quality failed (Figure 13). Successful printing is controllable and optimized to accomplish a coherent buildup to the expected shape of the digital model's shape (Nerella and Mechtcherine 2019).	Comment by מחבר: Should be the updated mixtures, no?
[Figure 13 here]
Secondly, to test the influence of the materials' plasticity on the printability, we increased the clay content was increased for both mixtures according to the extrudability test until no water separateds from the mixture when extrudeding fromwith a triangular bag (cf.see section 3.2, Ttable 3). When printing the materials M1updated and M5updated, were printed, the printability was improved to a smooth homogeneous extrusion with a constant pressure of 4 bar.	Comment by מחבר: please cite Figure 14 in the text]
[Figure 14 was found here but not cited in the text]
Adhering toAccording to the test method of Jacquet et al. (2020)Jacquet, which investigates the mixture's tensile strength of a model and itsinforms about the plasticity for a good printability, we measured the material filament leaving the nozzle, of a vertically downward extruder. The filament of both mixtures was, to a length of 30-–40 cm in length for both mixtures (Jacquet et al. 2020).
The higher clay content and thus the increased plasticity of mixture M1updated (pPlasticity iIndex: 6.66) and mixture M5updated (pPlasticity indexIndex: 5.78), improved the cohesiveness and led to a smooth extrusion and a uniform cylindrical shape. However, mixture M2updated, containing cellulose microfibers, was printable already with a lower clay content and plasticity index.	Comment by מחבר: Should be M5 updated?
To detect the conformity of the digital model to the printed model, and to the dried printed model, we measured the height and width of the cylinders ’height, width, and the width of the layers’ width were measured. The dimensions of the printed models weredid not changed by drying for 3three days. Compared to the dimensions of the digital model, the height and width of the printed cylinders’ height and width barely changeddifferentiate. However, the width of the printed layer width is increased by 25% (Tcf. table 4).
[Table 4 here]
4. Discussion
The suggested method evaluated and optimized the printability of an earthen mixture by consideringcomprising the particle size, compressive strength, flowability, pumpability and extrudability, and the buildability – —parameters thatwhich are relevant to the composition ofto compose earth-based materials forto printable mixtures, according to the dimensions of the printer’s setup.
The research started with determining the compressive strength to indicate the ideal ratio of clay and sandsand to cly in a mixture. However, experienced earth builders can already compose a mixture with a good ratio of these components through estimation and sensual sensory feeling evaluation usingby common field tests (Minke G. 2012). Following this, we used a the modified flow test to measured the flowability of an earthen mixture thatwhich couldcan be primarily modified by increasing the water content. The second characterization test, —the triangular bag test for pumpability and extrudability—, first evaluated the necessary water content and the size of the aggregates for consistency first, and second, the material's cohesiveness second by observing segregation when water separateds from the mixture. WeThis research  found that the extrusion diameter of 1.5 cm required a 1.5-–2.0 cm spread. The simplicity of these two tests enabled rechecking of the material’s printability right before printing, which is especially helpful when preparing large quantities of material in fluctuatingchanging climatic climate conditions.
OurIn this research it was showedn, that even if the material is was extrudable, too little plasticity leads led to segregation and uneven, uncontrollable print quality when adjusting the workability was adjusted only by the way of water content. The material’s cohesiveness can could be improved with the additions of clay and/or  vegetal fibers, which, that can act as rheological modifying agents and allow printing mixtures with a lower plasticity index.
Mixture M1updated was printable with a 2 clay / 1 sandclay to sand ratio of 2:1, thus a plasticity index of PI 6.7, while mMixture M5updated with 1.7% cellulose microfibers was already printable with a ratio of 1 clay to / 1 sand ratio of 1:1 and a lower plasticity index of PI 5.8. This finding conforms to the research of Lagouin et al. (2021): pPolysaccharides of vegetable origin provide a potential solution as a rheological y modifying admixture (Lagouin et al. 2021).
In contrast to the first two characterization tests, the proposed field test for buildability that measures the development of green strength, was more laborious than previously assumed but enabled us to display study the material’s increase in strength of a material. This test can instead be developed into a lab test.
As a general result, already minor additions of fibers to a mixture influenced the material’its printability. When comparing mixturesthem, we found thattheir stiffness, size, components, time, and capability to absorb water are were relevant to their performance. With the size of the opening of the triangular bag's beingopening size of Ø 1.5 cm, it was possible to extrude only mixture M1, containing no admixtureadditives, and mixture M5, containing cellulose microfibers. Centimeter-scale fFiber’s in cm-scale lead rapidly led to clogging. When testing the flowability, we found that the fibers of horse manure and hemp shives instantly increased the viscosity. In By contrast, the admixture of cellulose microfibers lowered the viscosity and improved the material's extrudability.
Despite the difference in the water contentamount of mixture M1 and mixture M5 when they to reached  similar flow characteristics, compared to mixture M1, the admixture of cellulose microfibers did not increase the green strength during the first 6six hours of drying compared to mixture M1. However, they increased the compressive strength was increased when testing the materials were tested after 3three days of drying.	Comment by מחבר: Updated?
Based on our findings, we propose the development of a material index for printable earth-based mixtures that will inform designers and builders about how to control printable parameters andto design a mixture customized to the in-situ conditions of the printer's setup (Figure  15):	Comment by מחבר: OK to cite Figure 15 here? Otherwise, it is not cited.
[Figure   15 near here]
Further investigation couldcan develop a schema similar to the consistency classes of fresh concrete specified in the European Sstandard EN 206. The required flow test values ​​can be sorted to bythe printer's extrusion dimensions as a reference (EN 206-1 2000).	Comment by מחבר: please add to ref list
5. Conclusion	Comment by מחבר: This journal’s instructions do not include a Conclusion section. Perhaps fold this part back into the Discussion, eliminating any duplication..
This research illustrated that field-oriented test methods are not only a fundamental principle in traditional earth building, but also essential in the additive manufacturing of earth-based materials. The suggested methodology showed that, after determining determination of the size and ratio of sand and clayclay to sand in a mixture toto optimize the compressive strength, adjusting and controlling the water content and the cohesiveness of the material are were the key parameters  to tune to adjust the printability of earth-based mixtures. A material index has the potential to guide builders and can be used toserve for standardized industrially preprocesseding of earth-based materials when preparing excavated earth is prepared asto printable material, applicable to the in-situ printer’s setup.	Comment by מחבר: Author: Size of what?
In the case of addedConcerning fibers, the material’s printability is influenced first by their physical shape and second by their chemical reaction within the mixture. The more significant the dimensional difference of the aggregates, the more the binding of fibers' binding to the sand and clay is reduced, and the lower is the mixture's flowability becomes. As rheologicaly modifiying admixtures, vegetal additives provide a potential solution to allowproduce printing materials with a lower plasticity index.
This work opens a field of research that investigates in depth the chemical and physical processes of vegetal and animal additives that can potentially enhanceon the printability of earthen mixtures. Additionally, Centimeter-scale fibers in cm-scale can improve the tensile strength and, isolation of the material, while and decrease decreasing the its cracking behavior of thewhen dried material. A more diverse grain- size distribution can increase the stability - —a propertyies that waswere not investigated in this research.   
Further research with a printer set-up with bigger dimensions and more power, including rotating screws and cavity pumps, such as the Crane WASPasp and 3D Potter Scara, will enlarge the preliminary index presented in this research and facilitate the extrusion of earth-based mixtures with the additionadmixtures of centimeter-scale fibers in cm-scale and larger aggregates sizes. 
This research only reveals the beginning of what is neededthe procedures that need to be put in place in order to turn earthen 3D printing into a common field practice in building construction. It calls for further research that will promote a more sustainable and vernacular building industry combined with technology.
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TABLES ON SEPARATE PAGES


Table 1.: Design of mMixtures design used forto examineing ‘the ‘flowability’’ and ‘‘pumpability and extrudability’’.
	Mixtures
	Clay [g]]
	Sand [g]]
	Additives [g]]
	Initial water content [g]]

	M1
	980g	Comment by מחבר: I removed “g” etc. in the data columns because the unit is already in the boxheads (top of columns), where it should be when possible
	4420g
	-—
	480g (12%)

	M2
	980g
	4420g
	12g hHemp fibers, 12 (2.5%)
	560g (14%)

	M3
	980g
	4420g
	14g Hhorse manure, 14 (1.5%)
	560g (14%)

	M4
	980g
	4420g
	10g Hhemp fibers, 10 (2%) + 9g horse manure, 9 (1%)
	560g (14%)

	M5
	980g
	4420g
	2.5g Ccellulose microfibers, 2.5 (1.,7%)
	480g (12%)

	M6
	980g
	4420g
	10g hHemp fibers, 10 (2%) + 9g horse manure, 9 (1%) + 2.5g cellulose microfiber, 2.5s  (1.7%)
	600g (15%)






Table 2.: Measured vVolume and water loss after drying in an oven for 24 h at 105°C. 
	Material
	Water [%]
	Volume [g/mLl]
	Fiber length [cm]
	Fibers thickness [cm]

	Hhorse manure
	      3.7
	0.23
	0.5-–1cm
	0.05cm

	Hhemp shiv plant fibers
	      3.1
	0.12
	1–-2.5cm
	0.1-–0.15cm

	Ccellulose microfibers
	2.5
	0.30
	40aµm
	20 aµm


a µm instead.







Table 3.: Design of Mmixtures used for’ design to examininge the green strength.. 
	Mixtures
	Clay [g]
	Sand [g]
	Additives [g]
	Water [g, (%)]
	Spread [cm]

	M1updatedupdated
	1848g
	2244g
	-—
	840g (19%)	Comment by מחבר: More water
M1u 21
M5u 18
	1.8cm

	M5updatedupdated
	1400g
	3400g
	2.,5g
	640g (16%)
	1.5cm








Table 4.: Comparison of size:, digital model vs printed model vs printed dried model.
	
	Width [cm]
	Height [cm]
	Layer width [cm]

	Digital cylinder
	16.5cm
	8.4cm
	1.5cm

	Printed cylinder
	M1updatedupdated 16.6cm 
M5updatedupdated 16.5cm
	M1updatedupdated 8.5cm
M5updatedupdated 8.6cm
	M1updatedupdated 2.0cm
M5updatedupdated 2.0cm

	Printed dried cylinder
	M1updatedupdated 16.6cm 
M5updatedupdated 16.5cm
	M1updatedupdated 8.5cm
M5updatedupdated 8.6cm
	M1updatedupdated 2.0cm
M5updatedupdated 2.0cm





FIGURES ON SEPARATE PAGES (captions at end)
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Fig.1: Printer’s setup.




[2]



2


[3]

[image: ][image: ][image: ]























[4]


[image: ][image: ]









[5]


[image: ]
[image: ]








[6]


[image: ]
















Comment:
SI (metric) units should have a space between the numeral & the unit: e.g., 15 min; 0.5 kg
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[9] 
COMMENT: “% horse” sounds weird – perhaps change to “% manure”? Delete the nine percent signs across the x-axis because you already have “Water [%]“ (which is correct)
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COMMENT:
SI (metric) units should have a space between the numeral & the unit: e.g., 15 min
Also delete “in” on the y-axis.
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Corrections to make:
1. Excavate (fix spelling)
4. 
builders’ (add apostrophe)
Add space between numerals & SI units.
You don’t need “in %” beside “Water,” because you have two percent signs on the line.


Figure 1. Printer’ setup.
Figure 2. Investigating the optimal ratio of clay toand sand for compressive strength after 3three days of drying.
Figure 3. Preparation of sample;, sample lifted on a plate and released to falling.
Figure 4. Cylindrical sample used forwhile evaluating the workability, ∆L = (L −– L0).
Figure 5. Testing the material’’s extrudability and pumpability with a triangular bag viathrough manual extrusion through a triangular bag. Left: Iincorrect material (separating water indicates low plasticity). Right:, vs  Ccorrect material (no separation of water).
Figure 6. MeasurementIllustration of the green strength measurement.
Figure 7. Top from left. to r.: Applying a 500 g weight of 500g to a sample., Top right: Mmeasuring the height of the tested sample after the weight was applied., Bottom: Ooverview measurements of green strength development for mixtures M1updatedupdated and M5updatedupdated.	Comment by מחבר: In future, it will be easier to write captions if you label the parts a, b, c, etc. on the figure per se.
Figure 8. from Left to rightl. to r.: Fibers of horse manure, hemp shiv plant fibers, and cellulose microfibers. The Fibers of horse manure fibers are thin and flexible, while the threads of hemp fibers are thicker and rigid.
Figure 9. The iInfluence of the water content on the spread of the mixtures.
Figure 10. from l.Left to right.: Opening of- container: (Ø = 1.8 cm);, - connection part and nozzle:  (Ø = 1.5 cm);, - size triangulare bag: (Ø = 1.5 cm).
Figure 11. Sample graph forof mixture M1updatedupdated, showing measurements of the vertical deformation at different drying times.
Figure 12. Determining the deformation of the material in its plastic state over different drying times illustrates the development of green strength.
Figure 13. Leftfrom l. to right.: Digital file cylinder (width Ø 16.5 cm, height 8.4 cm, 10 layers, computed layer distance 0.8 cm, layer’’s width Ø 1.5cm);, printed with mixtures M1 and M5.	Comment by מחבר: Author: are both mixtures in the same built cylinder?c	Comment by מחבר: Updated?
Figure 14. Left from l. to right.: Triangular bag extruding material without the water separating water;, good-quality printed cylinders quality composed of with mixture M1updatedupdated (2 clay / to  1sand ratio = 2:1) and mixture M5updatedupdated (1 clay /  to 1 sand ratio = 1:1; + 1.7% cellulose microfibers).
[bookmark: _Hlk73543538]Figure 15. Parameters for printability according to the printer’s setup, here with piston extrusion (compressive strength, nozzle diameter, particle size, plasticity index, water content, flowability).




Cube 1	0.2	0.25	0.33333333333333331	0.5	0.66666666666666663	19.600000000000001	39.22	50.99	145.13999999999999	113.75	Cube 2	0.2	0.25	0.33333333333333331	0.5	0.66666666666666663	19.600000000000001	31.34	47.07	156.9	109.83	Cube 3	0.2	0.25	0.33333333333333331	0.5	0.66666666666666663	23.5	27.5	58.83	117.67	133.37	Amount of Clay [%]

Compressive strength [kPa]


Mixture 1 (M1), no admixture	0.12	0.13	0.14000000000000001	0.15	0.16	0.17	0.18	0.19	0.2	0.46666666666666662	0.53333333333333333	0.66666666666666663	0.9	0.96666666666666667	1.0666666666666667	1.3999999999999997	1.7666666666666666	2.4333333333333331	Mixture 2 (M2), 2.5% hemp 	0.12	0.13	0.14000000000000001	0.15	0.16	0.17	0.18	0.19	0.2	0.53333333333333333	0.73333333333333339	0.79999999999999993	0.93333333333333324	1.0666666666666667	1.0999999999999999	1.2	Mixture 3 (M3), 1.5% horse	0.12	0.13	0.14000000000000001	0.15	0.16	0.17	0.18	0.19	0.2	0.6	0.76666666666666661	0.8666666666666667	1	1.1333333333333333	1.3333333333333333	1.6000000000000003	Mixture 4 (M4), 2% hemp, 1% horse	0.12	0.13	0.14000000000000001	0.15	0.16	0.17	0.18	0.19	0.2	0.5	0.6333333333333333	0.80000000000000016	0.9	1.0333333333333334	1.2	1.2333333333333334	Mixture 5 (M5), 1.7% cellulose	0.12	0.13	0.14000000000000001	0.15	0.16	0.17	0.18	0.19	0.2	0.6333333333333333	0.96666666666666667	1.3333333333333333	1.5	1.9666666666666668	2.1333333333333333	Mixture 6 (M6), 2% hemp, 1% horse, 1.7% cellulose 	0.12	0.13	0.14000000000000001	0.15	0.16	0.17	0.18	0.19	0.2	0.20000000000000004	0.43333333333333335	0.56666666666666676	0.66666666666666663	0.83333333333333337	1	Water [%]

Deformation [cm]



15min	0	0.53333333333333333	1.2999999999999998	1.8333333333333333	2.1999999999999997	2.4333333333333331	2.5333333333333332	3	3.0333333333333332	0	11	22	33	44	54	65	76	87	30min	0	0.46666666666666662	0.56666666666666665	0.96666666666666667	1.5666666666666667	1.9666666666666668	2.1	2.5	2.6	0	11	22	33	44	54	65	76	87	1h	0	0.46666666666666662	0.66666666666666663	0.83333333333333337	1.1333333333333333	1.1666666666666667	1.6000000000000003	1.8333333333333333	2.2000000000000002	0	11	22	33	44	54	65	76	87	2h	0	0.33333333333333331	0.53333333333333333	0.73333333333333339	0.93333333333333324	1.0333333333333334	1.3	1.5	1.7333333333333334	0	11	22	33	44	54	65	76	87	3h	0	0.16666666666666666	0.3	0.46666666666666662	0.5	0.6	0.79999999999999993	1.0333333333333334	1.2666666666666666	0	11	22	33	44	54	65	76	87	6h	0	6.6666666666666666E-2	0.10000000000000002	0.10000000000000002	0.20000000000000004	0.23333333333333331	0.26666666666666666	0.26666666666666666	0.33333333333333331	0	11	22	33	44	54	65	76	87	Vertical Deformation [cm]

Stress [in kPa] 



M1updated	15	30	60	120	180	360	24.1	30.8	40.299999999999997	49.5	75	253	M5updated	15	30	60	120	180	360	26.3	27.7	40.4	50.2	79	200	15	30	60	120	180	360	15	30	60	120	180	360	15	30	60	120	180	360	Time [min]

Gain of Strength [kPa/cm]
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