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A B S T R A C T

Soil-based 3D printing has emerged as a potential solution for sustainable construction, due to 
growing concerns over the environmental impact of cement-based materials. However, the 
limited understanding of soil printability, material behaviour, and performance under real-world 
conditions remains a significant barrier to its application. This review provides an in-depth 
evaluation of material performance and technological challenges of soil 3D printing with a spe
cial focus on the extrusion-based printing method. Furthermore, this study explores the fresh and 
hardened state properties of soil-based mixtures, highlighting the importance of rheology in 
achieving extrudability and buildability during the printing process. Notably, the incorporation of 
certain additives has been shown to reduce shrinkage by up to 50% and increase compressive 
strength by 10–30%, although results remain highly dependent on soil type. The environmental 
assessments indicate that soil 3D printing can reduce the carbon footprint by up to 20% compared 
to traditional construction methods, especially when local or excavated soils are used. Despite 
these advancements, challenges persist in standardising mix designs, managing variability in soil 
composition, and ensuring long-term durability under environmental exposure. To advance soil- 
based 3D printing in sustainable construction, it is important to integrate soil mechanics prin
ciples, standardise testing protocols, and validate results at the field scale.

1. Introduction

Soil has played a pioneering role in construction for centuries, preceding contemporary building materials for thousands of years. 
Earthen construction has proven to be durable, cost effective and sustainable, from early settlements in Mesopotamia [1] and the Great 
Wall of China [2] to traditional adobe structures in Africa and Latin America [3]. Even today, approximately 30% of the world's 
population lives in structures built using some form of soil, making it one of the most universally used construction materials 
worldwide [4]. The material's abundance, recyclability, and inherent thermal and acoustic properties have long made it suitable for 
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diverse architectural needs, from housing to retaining structures. Historically perceived as a low-tech building solution, soil has more 
recently emerged as a medium of interest in the context of sustainable development and low-carbon construction practices [5].

Currently, soil continues to be utilised in various forms across modern construction applications, including adobe bricks, rammed 
earth, compressed earth blocks, cob, and hybrid earth-cement materials [6,7]. These methods have gained interest not only in rural 
and resource-constrained areas but also in innovative architectural projects that prioritise sustainability and energy efficiency. 
However, soil-based materials are susceptible to moisture variations, which may cause softening and structural deterioration, limiting 
their applicability in humid or high-rainfall climates without adequate stabilisation [8]. Moreover, compared with modern con
struction materials such as cement, unfired earth exhibits lower compressive strength, reduced durability under freeze-thaw cycles and 
greater variability in mechanical performance due to the heterogeneity of naturally occurring soils [8,9]. Therefore, the construction 
industry worldwide is dominated by the extensive use of Portland cement-based concrete. Globally, cement production is responsible 
for 5 to 7% of total CO2 emissions [10], representing a critical challenge to the industry's environmental performance. Considering this, 
researchers and policymakers are increasingly seeking alternatives that reduce carbon footprint without compromising structural 
integrity. Soil, when locally sourced and appropriately stabilised, offers a renewable and low-embodied energy alternative, with the 
potential to complement or replace conventional concrete-based methods in certain applications [5].

In the past two decades, the introduction of digital technologies into construction practices has caused a paradigm shift. Among 
these, 3D printing and additive manufacturing have gained attention for their ability to revolutionise how buildings are designed and 
constructed [11]. 3D printing enables automated, layer-by-layer construction of structures directly from digital models, in contrast to 
traditional construction, which depends on formwork, scaffolding, and manual labour [12]. This approach minimises material waste, 
reduces labour requirements, and facilitates complex geometries that are difficult to achieve through conventional methods [12]. 
While most major advancements have already been achieved in the field of 3D concrete printing, the broader general application of 3D 
printing technology has impacted the development and testing of alternative construction materials, including soil and other earth 
composites [13–17]. These innovations seek to bridge the gap between automation and sustainability, particularly in the context of 
eco-conscious construction.

In recent years, the fusion of additive manufacturing with soil as a material has begun to gain scientific and practical attention [13,
16,18]. Several 3D-printed earth buildings have been completed in Italy, Spain and the United States, utilising a range of soil-based 
materials, including locally sourced clay rich soil, raw or minimally processed soil and soil mixes partially stabilised with natural fibres 
to ensure printability and structural integrity, as depicted in Fig. 1 [19]. This soil-based 3D printing approach brings together the 
environmental benefits of earthen construction and the precision of digital fabrication. Several experimental studies and prototypes 
have explored the feasibility of using untreated [17,20,21] and treated soils, including those with natural or industrial additives [22,
23], fibres [24–26], and lime [25] for printing load-bearing and non-load-bearing elements. For instance, Gomaa et al. [24], Alqenaee 
and Memari [25] demonstrated the fabrication and compression testing of 3D printed cob wall and cylindrical elements, showing that 
3D printable soil mixes can achieve compressive strengths comparable to conventional earthen masonry. Moreover, Curth et al. [27] 
study has proved that post-tensionable earthen wall modules can be mass manufactured using digital fabrication. Additionally, 
research has shown that high fine-grained soils with high clay content can provide favourable rheological characteristics for extrusion, 
enhancing pumpability and printability [23,28]. Innovative projects have also examined the inclusion of natural fibres, biopolymers 
like sodium alginate, and recycled aggregates to enhance structural integrity and reduce shrinkage and cracking [15,28]. Furthermore, 
3D-printed soil has been used not only in structural components but also in applications such as moisture-regulating interior partitions 
[29], biologically active prototypes capable of supporting plant growth [30]. These emerging studies highlight the diverse and 
promising potential of soil-based additive manufacturing for sustainable construction.

Despite growing interest, current research on the 3D printing of soil-based materials is scattered, and the challenges include po
tential shrinkage and cracking upon drying, as well as the loss of rigidity and strength upon wetting. Furthermore, the issues, including 
flowability during printing and stability post-deposition, are not well understood. Only a few studies have addressed additive 
manufacturing with soil [33–37], and each has been limited in scope. For instance, Abdallah et al. [33] explored the architectural 
design of bio-inspired 3D-printed clay bricks for improved material efficiency by optimising the print path and geometry. The study 
highlighted geometry as a design strategy for reducing raw material consumption; hence, it remained focused on an architectural 

Fig. 1. 3D printed soil structures (a) TECLA (Italy) [31] (b) Earth Forest campus (Spain) [32].
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perspective rather than structural optimisation. Wolf et al. [34] conducted a review of additive manufacturing in clay and ceramic 
materials, detailing advances up to 2021. Nevertheless, their review primarily focused on ceramic printing in laboratory settings and 
does not discuss the fresh-state properties and structural performance of large-scale printed soil in construction. Aghaee et al. [35] 
discussed the evolution of construction 3D printing towards novel approaches (including aerial robotics and extraterrestrial appli
cations), offering a broader perspective but without an emphasis on the material science of printable soil. More recently, Abedi et al. 
[36] provided a critical review of clay-based composites for 3D-printed cementitious systems. Their work examines how incorporating 
calcined clays or other local minerals can partially replace cement and improve the sustainability of 3D-printed concrete, including 
analysis of rheology and mechanical performance in clay-cement mixes. Abedi et al. [36] focused on clay as an additive to 
cement-based construction, whereas a dedicated analysis on the insights specific to printing with raw or minimally stabilised soil (as 
the primary material) is still lacking in the literature. On the other hand, Gomaa et al. [37] synthesised research trends in digital earth 
construction and emphasised the growing application of soil-based 3D printing. While the review discusses the emerging interest in 
digitally fabricated soil structures, it provides limited discussion on printability limits, testing methods, and mix design strategies 
across different types of soil. Although these studies emphasise the novelty of 3D printed soil, they reveal an absence of systematic 
analysis that critically examines the influence of printing technology, soil composition, and additive strategies on printability and 
performance prediction.

Therefore, this paper aims to address this knowledge gap by systematically evaluating the existing research on soil-based 3D 
printing within the construction context. The following aspects are considered in this study: (1) the state-of-the-art technologies 
available for 3D printing of soil, their performance during the printing process; (2) rheological and fresh printed properties of soils and 
the strength evolution for printed soil; and (3) limitations and challenges associated with 3D printing of soil for construction and 
potential solutions.

2. Methodology

A systematic approach was developed to identify and evaluate the research literature on soil-based 3D printing, to create new 
perspectives while ensuring that the findings reflect the current state of the field. The data collection was carried out through the 
SCOPUS database, which is a high-quality international database for peer-reviewed literature [38]. The preferred reporting items for 
systematic review and meta-analysis (PRISMA) approach was used for the final selection of the studies that evaluated the fresh and 
hardened state properties of 3D printed clay and soil (Fig. 2). PRISMA is an established method for guiding the systematic review of 
scholarly literature and is based on four key steps: (1) identification, (2) screening, (3) eligibility, and (4) inclusion. The process of 
PRISMA is further elaborated in Appendix A.

The advancement of 3D printing of soil and clay-based material can be analysed in two stages: (1) bibliometric analysis, which 
provides a quantitative understanding of the research trend and knowledge development within the field, highlighting influential 
authors, institutions and publication patterns; and (2) content analysis, which offers an in-depth examination of the evolution, 

Fig. 2. PRISMA flowchart to identify and select studies relevant to soil 3D printing (3DP).
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conceptual frameworks and limitations in literature.
To gain a comprehensive perspective on the advancement of soil-based 3D printing, bibliometric analysis was conducted on 49 

journal articles identified through full-text screening. An initial content analysis of these studies was performed, with Table A2 in 
Appendix A outlining the scope and focus of each study to provide an overview relevant to the main research questions (Symbols used 
in the table are defined as follows: ✓ indicates investigated in the referenced study; ⨯ indicates not investigated in the referenced 
study). Subsequently, a more detailed content analysis was carried out on the 36 selected studies from Table A2, focusing on extrusion- 
based 3D printing, due to its potential for large-scale construction applications.

3. Bibliometric analysis

3.1. Article published trend

The number of papers published in the field often reflects its development and the expansion of knowledge within that domain. 
Fig. 3 illustrates the trend of the annual number of articles on soil-based 3D printing in the engineering domain published over the 
years. Notably, no specific time period was initially set for the paper selection and screening, nevertheless, the first documented 
publication in the analysis of 49 journal articles was from 2018. This suggests that the earliest notable studies on 3D printing with soil- 
based material in the construction industry were not published until 2018 in the engineering domain. This starting point reflects the 
emerging nature of the field, where the practical application of even 3DP concrete was just beginning to gain popularity in the aca
demic sector.

As per Fig. 3, in the early years, research output in the field was minimal, with only two publications in 2018 and one publication in 
2019. This gradual start suggests that during this period, 3D printing technologies, particularly in relation to soil-based materials in 
construction, were still in the early stages of development. Starting from 2020, a noticeable increase in the number of publications can 
be observed, with 2023 marking the peak in research contributions with 11 publications. Out of the selected articles, 38 (77.6%) were 
published in the last four years.

3.2. Journal sources

These shortlisted articles, based on full-text screening, originate from a diverse range of 21 journals. Table 1 provides the list of 
journals, with the top three journals representing 40% of the total publications. The journal Construction and Building Materials leads 
the list with a substantial 14 published articles out of a total of 49. Following this, the Buildings and Additive Manufacturing ranks 
second with 3 peer-reviewed articles each. These findings underscore the prominent role of these journals in disseminating research 
related to soil and clay-based 3D printing in the construction sector.

In the domain of citation records, as summarised in Table 1 the Construction and Building Materials journal has obtained over 500 
citations. The articles from this journal are widely cited and serve as foundational references for subsequent research. Table 2 gives 
details about the individual article citations and affiliation based on the first author. Leading the citation ranking is the paper titled “3D 
printing of earth-based materials: Processing aspects” [39] published in 2018, the first documented publication in the analysis, having 
obtained an impressive 317 citations. These citation metrics underscore the influential contributions of these specific articles to the 
research in soil and clay-based 3D printing.

To further understand the countries actively involved in research on soil and clay-based 3D printing, a heat map was generated 
based on the countries affiliated with the first author of each reviewed study, as shown in Fig. 4. It can be noted that the United States of 

Fig. 3. Publication trend of screened articles based on the abstract from 2018 to the present.
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America has generated the highest number of first-author publications (8), while China (6) and Italy (5) have made significant 
contributions.

4. Content analysis

The printability refers to the properties of a soil mix, encompassing its pumpability, extrudability, and buildability in its fresh or 
'green' state. In its hardened state, printability is characterised by compressive, flexural, and tensile strength, along with strong layer- 
to-layer interaction. These factors are also influenced by the mechanics, dimensions, and configuration of the 3D printing system.

In order to understand the applicability of 3D printing of any material in the construction industry it is necessary to have a 
comprehensive understanding on the three main domains controlling additive manufacturing, namely the fresh properties (rheological 
properties crucial for understanding the flow behaviour of 3D printing material prior to printing, extrudability and buildability), 
hardened properties such as mechanical and thermal behaviour as well as the material properties such as shrinkage and drying 
behaviour. The analysis of the mechanical properties of the material is of utmost importance for the assessment of its potential 
application in various construction environments, particularly in the advent of innovative technologies such as 3D printing. Among 
these properties, compressive strength is of particular significance. The in-depth literature review revealed poor studies on 3D printing 
of soil components, analysing all three aspects, although some small-scale experiments have been conducted in the construction in
dustry, which is summarised in Table A2. Only 5 studies (10.2%) out of the 49 selected studies have analysed all three aspects [22,28,
44–46]. Nevertheless, the thermal behaviour of these materials in the 3D printed state is not yet well established in the 3D printing 
literature. Only 5 studies (10.2%) have analysed the thermal behaviour of 3D printed soil specimens. Provided that a considerable 
proportion of the research in 3D printed soil originates from disciplines distant from geomechanics and civil engineering, there is 
greater interest in the architectural and design aspect of 3D printing technology rather than providing a comprehensive description 
using physical quantities familiar to soil mechanics such as water content, suction values and porosity index. Moreover, 3D-printed 

Table 1 
List of journals screened based on the abstract.

Source title Documents Total citations Average citations

Construction and Building Materials 14 (28.6%) 659 47
Additive Manufacturing 3 (6.1%) 158 52
Buildings 3 (6.1%) 17 5
Automation in Construction 2 (4.1%) 244 122
Cement and Concrete Composites 2 (4.1%) 158 79
Architectural Science Review 3 (6.1%) 74 24
Engineering Structures 2 (4.1%) 19 9
Rapid Prototyping Journal 2 (4.1%) 8 4
Materials & Design 1 (2%) 35 35
Materials 1 (2%) 32 32
Soil and Rocks 1 (2%) 2 2
Progress in Additive Manufacturing 3 (6.1%) 26 8
Sustainability 1 (2%) 9 9
Soil Dynamics and Earthquake Engineering 1 (2%) 6 6
Journal of Materials in Civil Engineering 1 (2%) 3 3
Tunnelling and Underground Space Technology 1 (2%) 2 2
Journal of Building Engineering 3 (6.1%) 1 0.3
Journal of Engineering Research 1 (2%) 12 12
Structures 1 (2%) - -
Architectural Engineering and Design Management 1 (2%) 1 1
Case studies in Construction Materials 1 (2%) - -

Table 2 
The top 6 articles with the highest number of citations.

Title (Year) Journal Affiliation Citation Ref

3D printing of earth-based materials: Processing aspects (2018) Construction and Building 
Materials

University of Western 
Brittany (UBO)

317 [39]

3D printing of clay for decorative architectural applications: Effect of solids 
volume fraction on rheology and printability (2020)

Additive Manufacturing University of Melbourne 139 [21]

3D printing system for earth-based construction: Case study of cob (2021) Automation in 
Construction

University of Adelaide 126 [40]

Robotic 3D clay printing of prefabricated non-conventional wall components 
based on a parametric-integrated design (2020)

Automation in 
Construction

University of Cyprus 118 [41]

Rheological properties and compressive strength of construction and demolition 
waste-based geopolymer mortars for 3D-Printing (2022)

Construction and Building 
Materials

Hacettepe University 112 [42]

Construction and demolition waste-based geopolymers suited for use in 3- 
dimensional additive manufacturing (2021)

Cement and Concrete 
Composites

Hacettepe University 101 [43]
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soils can exhibit a peculiar double-structured fabric that influences their hydromechanical behaviour [47,48]. In these cases, a 
distinction between micro- and macro-scale properties needs to be made when the soil is 3D printed.

The following sub-sections synthesise findings from content analysis to depict the current state of soil-based printing in the con
struction realm. It addresses critical aspects considered in the pre- and post-printing stages of soil printing. This analysis facilitates the 
identification of common challenges that hinder the application of soil printing in the construction industry. Additionally, it establishes 
a foundation for proposing potential avenues for future research.

4.1. State-of-the-art technologies for 3D printing with soil

The advancement of 3D printing used for construction applications can be categorised into four main techniques in the literature 
[12]. 

(1) Material extrusion: one of the most widely used 3D printing technologies in construction [49]. In this process, material is forced 
through a nozzle (or extruder) and deposited layer by layer to create a three-dimensional object [50]. This printing process 

Fig. 4. Global concentration of studies by country of first author affiliation.

Table 3 
State of art soil 3D printing technologies.

3D printing 
technology

Description Advantage Limitations Reference

Material 
extrusion

Continuous deposition of material through a nozzle 
to build structures layer by layer

⁃ Suitable for large scale 
construction

⁃ Compatible with wide range of 
soil-based mixes

⁃ Relatively simple hardware
⁃ High material efficiency

⁃ Requires careful control of 
rheology of the mix

⁃ Limited resolution
⁃ Potential anisotropy at layer 

interface

[49,50]

Binder jetting Selective deposition of liquid binder onto layers of 
powdered soil or sand

⁃ Enables complex geometries
⁃ High geometric accuracy

⁃ Limited scalability
⁃ Requires post processing
⁃ Binder selection impacts 

sustainability
⁃ complexity in handling 

powdered material

[20,51]

Material jetting Deposition of droplets of lo viscosity material 
through a printhead onto a build platform

⁃ High precision
⁃ Good control of material 

placement

⁃ Limited by material viscosity
⁃ Not suitable for coarse or fibre 

reinforced soils

[52]

Powder bed 
fusion

Use of thermal energy to sinter or fuse powdered 
material layer by layer

⁃ No binders required
⁃ Potential for extra terrestrial 

applications

⁃ High energy requirement
⁃ Unsuitable for wet soil
⁃ Limited build size

[53]
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utilises printheads mounted on frames, robotic arms, or cranes. 46 studies out of the reviewed 49 studies (93.9%) have 
employed material extrusion technology; hence, in-depth analysis will be focused on material extrusion.

(2) Binder jetting: an additive manufacturing process that involves the deposition of a liquid binder onto layers of powdered 
material to create complex structures [49]. This technology has shown significant potential in the fabrication of ceramic parts 
and is advantageous for creating complex shapes [20,51].

(3) Material Jetting: droplets of build material are selectively deposited from a print head onto a build platform [52]. This tech
nology is widely used in the fabrication of printed electronics [49]. The range of materials that can be used in material jetting is 
currently limited by viscosity and rheological properties of the ink, restricting its application to large-scale construction ap
plications [52].

(4) Powder bed fusion: thermal energy selectively fuses regions of a powder bed to melt or sinter a layer of powdered material, 
fusing it together to form a solid part. This technology is currently being investigated for potential extraterrestrial applications 
[53].

A comparison of all four techniques, including advantages and limitations, is summarised in Table 3. All four techniques share the 
fundamental principle of constructing complex structures by sequentially adding small layers of material. The process begins with the 
creation of a 3D computer-aided design (CAD) model, which is subsequently divided into multiple 2D layers. These layers are then 
incrementally printed using the designated material, ultimately producing the desired prototype as specified in the CAD model. 
Provided the distinct characteristics of each technology, including the materials used and the size of construction elements, 3D printing 
techniques in the construction industry predominantly rely on extrusion-based techniques and binder/material jetting processes. 
Among the 49 publications reviewed, only 2 (4.1%) specifically address binder jetting [1,20,51] (2%) address material jetting [52].

4.2. Current soil-based 3D printing systems

An early pioneer in 3D printing with soil was the Italian company WASP (i.e., World's Advanced Saving Project), which also created 
a specialised bio-composite to enhance the stabilisation of soil mixes [18]. Reviewed studies have utilised different 3D printers, nozzle 
systems and pumping mechanisms for soil mixes. The sub sections provide information on these technologies.

4.2.1. 3D soil printers
Extrusion based 3D soil printers utilise various printheads mounted on different structural systems. These mounting systems 

significantly influence the printability, scalability, and application of soil-based printing in the construction domain. Based on their 
mounting mechanisms, soil 3D printers can be categorised into three primary types: Gantry based system, robotic arm-based system, 
and cable driven systems. Each of these configurations has unique advantages and limitations, as summarised in Table 4.

Gantry-based 3D printing systems operate on a rigid frame with movement along the X, Y, and Z axes, similar to conventional 
Cartesian 3D printers [13,26,28,44]. These systems are widely used in laboratory settings and controlled environments due to their 
high precision and structured print workspace. For instance, Bhusal et al. [28] used gantry-type printer with a steel frame measuring 2 
m × 2 m × 2 m for the printing process (Fig. 5 (a)). Similarly, Zavaleta et al. [14] also used a Colibri 3D-e series gantry printer 
prototype, developed at PUCP, comprising of four main subsystems: movable, supporting, controlling, and feeding. Additionally, 
Maierdan et al. [15] explored a syringe-based gantry printer, particularly suited for high-viscosity materials requiring specific flow 
control. Nonetheless, the major disadvantage of gantry-style printers includes fixed print areas, limited mobility, and challenges in 
scaling up for large structures.

On the other hand, robotic arm-based 3D printers provide multi-axis movement, that facilitates greater flexibility to print complex 
geometries as well as function effectively in diverse terrains [22,24,25,27,40,54,55]. These systems are particularly beneficial for 
large-scale applications but are constrained by limited reach, complex programming requirements, and lower structural stability 
compared to gantry systems. Several researchers have utilised robotic arm setups for printing earth-based mixtures. Robotic arm setup 
is a common printer setup employed to print soil-based mixes. Asaf et al. [22] used a robotic cell for 3D printing clayey soil, 

Table 4 
Advantages and limitations of 3D printers and mounting systems.

Mounting 
mechanism

Structure Advantage Limitations Reference

Gantry based A rigid frame with three-axis (X, Y, Z) 
movement, similar to Cartesian 3D 
printers.

High precision, good for small to medium-scale 
printing, commonly used in laboratory settings and 
controlled environments.

⁃ Limited print area
⁃ Fixed workspace
⁃ Mobility issues

[13,26,28,44]

Robotic arm A multi-axis robotic arm equipped 
with an extruder.

High flexibility, suitable for complex geometries and 
large-scale printing, adaptable to different terrains.

⁃ Limited reach
⁃ Complex 

programming
⁃ Lower structural 

stability

[22,24,25,27,
40,54,55]

Cable driven Print head suspended by cables 
connected to multiple anchor points.

Large-scale capability, adaptable to different locations, 
ideal for field printing.

⁃ Lower precision
⁃ Requires careful 

tension control

[56,57]
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incorporating a KUKA KR50R2100 industrial Robotic arm with a payload capacity of 50 kg and a radial reach of 2100 mm, as shown in 
Fig. 5(b). Similarly, Perrot et al. [39] employed a six-axis industrial robotic arm printer designed by Staübli Robotics, integrated with 
an electric pump (Fig. 5(c)).

Cable-driven 3D printers that rely on a printhead suspended by cables, attached to multiple anchor points. This system enables 
large-scale printing over variable locations, making it suitable for field-based applications. Even though some critical challenges 
remain in terms of structural stability and deposition accuracy, significant efforts have been made to enhance the printing system with 
sensors that, for example, allow it to avoid collisions with the printed structures and the suspended moving cables [57], making this 
technology more suitable for large-scale soil-based structures.

As already mentioned, one of the pioneering companies in the production of 3D printers for soil-based printing is the Italian WASP. 
9 studies (18.4%) out of the reviewed studies have utilised it for developing novel mix designs based on soil for construction purposes. 
Ferretti et al. [59] utilised a printer system based on Liquid Deposition Modelling (LDM) technology, specifically designed for ceramic 
material extrusion. As shown in Fig. 5(d), this kinematically precise system integrates a screw extruder with a pressure sensor, ensuring 
accurate material flow control. Additionally, the continuous feeding system allows uninterrupted extrusion by monitoring operating 
pressure at the extruder hose inlet, ensuring homogeneity and workability of the soil mixture. Rückrich et al. [19,22] also utilised a 
similar printer system to that used by Ferretti et al. [50], featuring a screwless extruder head, which offers alternative material 
deposition control.

4.2.2. Nozzles for soil-based extrusion
The nozzle is an important part of material extrusion-based 3D printing, acting as a medium through which the material is precisely 

extruded. In addition to its basic function, the nozzle addresses certain challenges in 3D printing, such as controlling flow consistency, 

Fig. 5. Printers are used for printing soil-based mixes. (a) Gantry-type printer [28], (b) Robotic cell with an industrial robotic arm, a mortar pump 
and a concrete vibrator [22], (c) Staübli Robotics printer [39] and (d) Delta WASP 3 MT Printer [58].

Fig. 6. Cut section of printed samples of earth: (a) printed with circular nozzle and (b) printed with rectangular nozzle [39].
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managing material viscosity, and ensuring uniform deposition. It plays an important role in reducing air pockets and cold joints while 
adapting to various geometries. By directly influencing layer adhesion, surface quality, and structural integrity, the nozzle becomes a 
important component in optimising both the efficiency and quality of 3D-printed structures.

For soil-based materials, nozzle shapes used in literature generally fall into two categories: rounded or elliptical [22,59], and 
rectangular or square [39,60]. Rounded or elliptical nozzles usually provide smoother extrusion, reducing surface roughness and 
contour deviation, while rectangular or squared nozzles improve layer compression and structural stability with greater surface 
roughness and contour deviation [60], making them ideal for construction-related applications. Out of 49 studies considered, only 3 
[39,42,61] have utilised rectangular or square nozzles. Quantitative assessment of deposition quality is still not consistently reported 
in the soil-based studies. Where it is reported, it is commonly measured using geometric deviation of the printed filament or toolpath or 
visual observation. Perrot et al. [39] conducted experiments using both circular (D35 mm) and rectangular (21 mm × 40 mm) 
cross-sectional nozzles, and deposition quality was evaluated based on cross-sectional observations of printed elements. The findings 
revealed macro voids in circular die extrusions, whereas rectangular die provided a closed form structure with only micro voids, as 
depicted in Fig. 6. This observation highlights the importance of selecting appropriate nozzle geometries for specific type of 
applications.

Nozzle size is also an important aspect in 3D printing, that requires precise consideration to meet specific operational requirements. 
Chan et al. [21] highlighted that the nozzle size is one of the factors that significantly influence the quality, speed, material con
sumption, and precision of printed components. The study showed that larger nozzles, when paired with optimised pressure and speed 
parameters, facilitated faster printing and lower surface roughness. Conversely, smaller nozzles allowed for higher precision and 
material efficiency but increased the printing time. Larger nozzles also proved to achieve high-quality prints when provided with 
appropriate printing pressures and speeds [21]. In soil based printable mixes, printing speed is generally expressed as the nozzle travel 
speed (mm/s), and pumpability/extrudability is often evaluated by continuous extrusion stability and dimensional consistency of the 
extruded filament. Further analysis illustrates the diverse nozzle sizes used in 3D printing for soil and clay-based materials, high
lighting their varying impacts on performance. A 30 mm nozzle, as used by Ferretti et al. [59], was shown to enhance printing speed 
and promote consistent deposition in fibre-reinforced clay mixes. However, fibre incorporation was found to increase surface 
roughness and limit geometric precision. Similarly, the use of a 25 mm nozzle by Zavaleta et al. [14] improved buildability, but 
challenges were reported in achieving smooth surface finishes, requiring additional mix optimisation to balance flow and cohesion. 
Another study by Bhusal et al. [28] reported that 20 mm nozzles facilitated higher printing speeds but increased the risk of shrinkage 
cracking during drying in the absence of fibre reinforcement. In contrast, intermediate nozzle sizes of 12.5–15 mm, as employed by 
Asaf et al. [22] and Rückrich et al. [23,62], were found to improve pumping stability and produce more uniform layers. Studies have 
also used nozzle diameters as small as 2.4 mm [2,13] [ mm [15], reporting enhanced accuracy and reduced material consumption but 
significant challenges with extrusion pressure, frequent blockage, and limited scalability for larger elements. These findings highlight 
that nozzle size selection is not an independent parameter but a fundamental trade-off between speed, surface quality, and layer 
cohesion. Larger nozzles improve extrusion and structural buildability but often compromise precision, while smaller nozzles enhance 
detail at the cost of print stability and scalability. Therefore, application-based optimisation is essential for soil-based extrusion 
systems.

A study by Jauk et al. [63] introduced customised nozzles to improve the printing process for filament-reinforced clay objects. 
These nozzles were equipped with a filament-guiding mechanism that centres the filament within the extrusion channel, thereby 
ensuring consistent material application. The design features a threaded base for secure attachment to the extruder, a smaller inner 
nozzle to guide the filament, and a larger outer nozzle that shapes the extruded clay (as Fig. 7). This nozzle modification is specifically 
engineered to integrate fibre reinforcement directly into the clay matrix during the printing process, potentially enhancing the tensile 
strength of the printed object by approximately 15%, regardless of the fibre type used. This development proves that strategic ad
justments to nozzle design can improve the mechanical properties of 3D-printed clay objects, highlighting the critical role of design 
innovations in advancing 3D printing techniques.

Fig. 7. Nozzle design displayed as (a) sectional drawing and (b) mounting with spool holder [63].
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4.2.3. Pumping and extrusion
The fabric of soil, a major factor influencing the hydro-mechanical behaviour of the soil, is strongly controlled by the printing 

process. The pumping system is responsible for moving the printing material through the nozzle onto the build platform, while 
extrusion refers to the actual deposition of material onto the build platform. The performance of the pumping and extrusion system is 
necessary for ensuring consistent and continuous deposition, which is particularly challenging when using soil-based materials for 
printing.

Zavaleta et al. [14] studied the pumpability of soil mixes using the MAI®2PUMP-PICTOR pump, which allowed for continuous 
extrusion of filaments at flow rates ranging from 1.5 to 8.5 L/min. It was found that the composite materials could not be extruded 
when the pump working pressure exceeded 15 bar. This observation indicates the importance of controlling pump pressure and flow 
rate to avoid clogging and ensure a smooth and continuous extrusion process. Similarly, El Aabbas et al. [17] used a mechanical piston 
system to push material through a pipe, which allowed for precise control of the extrusion process. This precision is vital for achieving 
high-quality prints with consistent material deposition and minimal defects.

Moreover, Alqaneeh et al. [25] and Bai et al. [64] established that the printability of soil mixes is primarily influenced by two 
factors: the extrusion system and the fluidity of the mix. For instance, Alqaneeh et al.'s [25] study showed that materials extruded using 
a manually operated system appeared moister than those extruded with an electrically operated system as depicted in Fig. 8, despite 
being made from the same batch. This difference was attributed to the extrusion process, as electrically driven systems impose higher 
shear stresses and greater friction within the extrusion mechanism and delivery hose, which promotes moisture loss during material 
transport and deposition [25]. In contrast, manual extrusion involves lower extrusion pressures and shorter extrusion times, helping to 
preserve the moisture [25]. This finding highlights the role of the extrusion system in determining the final properties of printed 
components, in terms of moisture content and consistency during the printing process. An important aspect that could lead to blockage 
during pumping or extrusion was investigated by Perrot et al. [65] for cementitious materials and also holds true for soil extrusion. In 
this study, a criterion formulated by Wroth and Houlsby [66] expressed in Equation [1] was used. 

t
H2/

cv

< 0. [1] 

It suggests that, in order to avoid clogging of the extruder system, the time needed for the extrusion t should be an order of 
magnitude smaller than the consolidation characteristics time H2/

cv
, where H is the length of the extrusion path and cv the coefficient of 

consolidation according to Terzaghi's theory. In this case, when soil with a high sand-to-clay ratio is used, the extrusion velocity should 
be set according to the mentioned criterion.

Another factor influencing the extrusion process is the plasticity index of a mixture, which determines the pumpability and 
extrudability during the 3D printing process. Rückrich et al. [23] evaluated the cohesiveness of earth mixtures using the plasticity 
index and found that a higher plasticity index results in better cohesiveness, which in turn improves pumpability and extrudability. 
This finding shows the importance of modifying the material properties, such as plasticity, to suit the specific requirements of 3D 
printing.

While increasing the clay content can improve plasticity, in turn increasing the pumpability, it also raises concerns about potential 
shrinkage [39]. Shrinkage can lead to cracks and structural weaknesses in printed objects, particularly in large-scale construction. 
Therefore, understanding the relationship between extrusion and shrinkage is critical for optimising the printability and structural 
integrity of soil-based materials. However, interestingly Ferrari et al. [59] reported that the extrusion process has negligible effects on 
the shrinkage behaviour of soil mixes.

The advancements in extrusion systems, such as dual-ram extruders and mechanical pistons, provide significant improvements in 
the printability of soil-based materials. These innovations enhance the performance of the pumping and extrusion systems, enhancing 
the extrusion rate, continuity, consistency, and mobility, making them more suitable for the large-scale application of 3D printing in 
construction [40]. However, despite these advancements, the extrusion of soil-based materials remains a challenge, particularly in 
terms of controlling moisture content, shrinkage, and material consistency. Further research is needed to optimise extrusion systems 
for specific soil mixes, focusing on the development of more efficient systems that can handle the unique challenges posed by these 
materials.

Fig. 8. Cob Mixture Printed using (a) manual pump and (b) electric pumps [25].
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4.3. 3D printable mixtures

As discussed, printability is a critical factor in the development of 3D printable soil-based mixes, incorporating aspects such as 
extrudability, buildability, and flowability, which are dependent on the composition of the mixes and rheological properties. Soil alone 
does not have sufficient mechanical properties and drying behaviour required for construction purposes and sometimes might lack the 
required rheological properties required for extrudability and flowability. Hence, Section 4.3.1 analyses how soil type, water content, 
and stabilisers are modified to improve printability, Section 4.3.2 discusses how the resulting fresh state behaviour is quantified in 
terms of rheology and Section 4.3.3 focuses on the fresh state strength development for constructability.

4.3.1. Material composition
Clay and sand are the primary constituents of 3D-printable soil mixes, with their proportions directly influencing printability. A 

study by Rückrich et al. [23] highlighted the importance of clay type and composition, noting that different clays exhibit varying flow 
properties. They recommended a 1:2 clay-to-sand ratio for mixtures with high illite and kaolinite content, whereas a 1:1 ratio was 
suggested for smectite-rich clays to achieve optimal strength. The particle size and mineralogical composition of clays also play a 
crucial role in determining water demand, workability, and shrinkage. Furthermore, Bhusal et al. [28] found that a high nontronite 
clay content (15%) led to excessive shrinkage (ASTM C490 [28,67]) and cracking, indicating the need for additional stabilisers or fibre 
reinforcements.

Unlike traditional soil construction methods, where moisture content is optimised for maximum dry density in 3D printing, it must 
be evaluated based on process performance to balance flow properties and material rigidity. Achieving this balance is essential for 
gaining the desired plasticity required for printing [22]. In the study by Asaf et al. [22] a correlation coefficient of − 0.81 was reported 
between mix rigidity and the clay-to-water ratio, whereby an increase in water content was associated with a reduction in particle 
friction and a consequent decrease in overall material rigidity.

Consequently, water content governs both extrudability and buildability. Too much water reduces structural stability, while too 
little causes flowability issues. Several studies tried to optimise water content based on soil compositions, as summarised in Table 5. 
For instance, Gomaa et al. [40] recommended a 23–25% water content for improving extrusion consistency in soil consisting of 
15-25% clay and 75-85% sand reinforced with fibre. Alqenaee and Memari [25] proposed a mix of 49% clay, 24.2% water, 15.3% sand, 
10% lime, and 1.5% straw for achieving a balance between flow and strength. Perrot et al. [39] study developed a high-water-content 
(45%) clay mix with quartz, kaolinite, illite, and smectite, optimised with alginate for better cohesion. Almost all the studies relied on 
trial-and-error method to determine the initial water content, a process that is expensive in both time and materials and may not 
always be feasible for excavated earth or raw soil. Accordingly, correlating mix behaviour with known soil mechanics parameters, such 
as consistency limits [68], is important for the effective characterisation of soils intended for 3D printing. The primary challenge in 
developing a printable mix for 3D printing lies in designing a thixotropic mix that can be extruded seamlessly during the printing 
process while maintaining its structural integrity after deposition [69]. The key rheological requirement for developing such a mix is 
discussed in detail in section 4.3.2, while the practical challenges related to selecting and maintaining an appropriate water content 
during printing are discussed further in Section 5.2.

Stabilisers are often incorporated to improve mechanical strength, reduce shrinkage, and enhance printability of soil mixes, in part 
by modifying water demand and retention and by adjusting fresh state flow properties. Hydrated lime is widely used to reduce water 
absorption and improve durability. Alqenaee et al. [25] observed that mixes with higher lime content appeared more moist, suggesting 
that lime modifies the water retention behaviour of the soil. Nevertheless, Bhattacherjee et al. [72], based on their review of the 
literature on concrete 3DP, suggest that incorporating limestone into a 3D printable mix can improve its printability, as indicated by 
the larger spread diameter observed in the slump test. However, they also note that adding ultra-fine limestone may decrease the 
workability of the mix, likely due to increased water absorption and heightened friction between the particles. Similarly, it was re
ported that the inclusion of natural pozzolana did not significantly enhance printability or prevent shrinkage in some cases [28]. These 
observations provide a rationale for evaluating alternative binders and bio-based additives when conventional stabilisers do not 
deliver consistent results.

Accordingly, silicone-based binders have been explored as an alternative stabiliser in previous studies, with Bar-Sinai et al. [73] 
using a desert soil-silicone mix to improve cohesion and printability. Sodium alginate has been found to increase electrostatic in
teractions in kaolinite suspensions, leading to improved flow characteristics [15]. Furthermore, potato starch gel has been investigated 
as a biodegradable stabiliser; when combined with sisal fibres, improved control of shrinkage and cracking during hardening was 
observed [44]. These results indicate that polymer characteristics and soil mineralogy should be optimised to achieve stable extrusion 
and layer integrity.

In addition to stabilisers, natural fibres also play a critical role in reducing shrinkage and cracking in 3D-printed soil structures. 
Bhusal et al. [28] found that incorporation of chopped wheat straw fibres (1.5% by dry weight, fibre length less than 20 mm) 
significantly reduced shrinkage to as low as 2.6%, making them an important component for improving dimensional stability 
(Dimensional stability was assessed through axial drying shrinkage measurements following ASTM C490 [67] along with crack width 
observation in both casted and 3D printed specimens). Previous studies [13,40,44,74] have investigated the incorporation of different 
types of fibres. For instance, straw fibres (2%) were used by Gomaa et al. [40], which resulted in improved extrusion stability, the 
associated rheological enhancements are discussed in detail in Section 4.3.2. The optimal formulation identified in Zavaleta et al.’s 
[14] study consisted of a 3.0% (weight/volume) chitosan aqueous solution mixed with 71% soil and 1% sisal fibres, derived from the 
Agave sisalana plant by weight. The incorporation of chitosan and sisal fibres helped improve the water resistance of the mix, making it 
more suitable for various environmental conditions [14]. Ferretti et al. [74] found that incorporating rice husk fibres proved to reduce 
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Table 5 
Mix compositions utilised in the reviewed studies.

Author Year Soil used 
(Soil 
location/ 
source)

Liquid 
limit 
(LL) %

Plastic 
limit 
(PL) %

Plasticity 
index (PI) 
%

Soil composition Water 
content 
(WC) %

Additives Reference

Asaf et al. 2023 Quartz dune 
sand (Kfar 
Giladi 
Minerals)

- - - Quartz – 99.9%, Calcite 
– 0.1%

15.1 - 
18.2

- [22]

​ White 
kaolinite 
clay/White 
(Alco 
chemicals)

- - - Kaolinite – 99.4%, 
Quartz – 0.4%, 
Muscovite – 0.2%

​ Brown 
kaolinite 
clay/ 
Chocolate 
(Yehu Clays 
Ltd)

- - - Kaolinite – 76.8%, 
Quartz – 12.7%, Calcite 
– 1.4%, Ivsite – 3.9%, 
Picromite – 3.1%, 
Orthoclase – 2.1%

​ Marl clay/ 
Mamshit 
(Yehu Clays 
Ltd)

- - - Kaolinite – 41.5%, 
Quartz – 17%, Calcite – 
22.9%, Illite – 7.0%, 
Muscovite – 5.0%, 
Orthoclase – 6.2%

Rückrich 
et al.

2024 White – blue 
ball clay/ 
Clay K

70.6 39.2 31.4 Kaolinite – 66.4%, illite 
– 27.2%, Microline – 
4.7%, Quartz – 1.6%

15 - 20 - [23]

​ Grey-blue 
ball clay/ 
Clay I

91.0 49.2 41.8 Illite – 49.5%, Kaolinite 
– 18.2%, Quartz – 
32.5%

15 - 22

​ Moza clay/ 
Clay M 
(Judean 
mountains)

129.9 71.7 58.9 Kaolinite – 5%, 
Montmorillonite – 60%, 
Dolomite, Calcite – 
25%, Iron Oxide – 4%, 
Organic Substance – 
1%, Gypsum, Salt, 
Quartz

16 - 23

​ Local clay/ 
Clay L (Israel)

56.7 26.3 30.4 Calcite – 63.5%, 
Kaolinite – 7%, Illite – 
8%, Montmorillonite – 
1.2%, Dolomite – 5%, 
Quartz – 13.3%, 
Payroskite – 2%

14- 18

Bhusal 
et al.

2023 Well graded 
sand/S6 
(Belen)

33.6 19.9 13.7 Kaolinite – 49.3%, 
Nontronite – 14.6%, 
Illite – 36.1%

38- 43 Hydrated Lime (2), 
Natural Pozzolana (4%), 
Natural Fibres (1.5%) 
(wheat straw fibre)

[28]

Zavaleta 
et al.

2024 Quarry soil 
(Peru)

27 16.2 10.8 ​ 24 - 31 Chitosan (1%-3%) and 
Sisal Fibres (1%)

[14]

El Aabbas 
et al.

2024 Clay 
(Morocco)

58 24 34 Quartz, Kaolinite, 
Calcite, Illite

31- 35 - [17]

Perrot 
et al.

2018 Raw earth 
(Ille et 
Vilaine, 
France)

48 27 21 Quartz, Kaolinite, Illite, 
Smectite

45 Commercial Alginate (3%) [39]

Ferreti 
et al.

2022 Silty clay soil 
(Massa 
Lombarda, 
Italy)

- - - - ​ Lime based binder (8%) 
and Rice Husk (1.41%), 
Silica Sand (18.78%)

[59]

Curth et al. 2024 Sandy clay 
loam 
(Montecito 
mud)

44 15 29 - 20 Wheat straw (5%-25%) [27]

Daher 
et al.

2023 Excavated 
soil (France)

18.7 11.8 6.8 - 40 Ordinary portland cement, 
superplasticizer (modified 
phosphonate, polymer, 
polycaarboxylate)

[70]

Silva et al. 2022 Low 
plasticity 

27 16.2 10.8 Quartz, Illite, Kaolinite 19-27 Starch gel (0%-5%), sisal 
fiber (1%)

[44]

(continued on next page)
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linear shrinkage and improve mechanical behaviour, while shredded rice husk fibres improved long-term mechanical properties 
through natural mineralisation processes [74].

Beyond the influence of additives on shrinkage, strength and fresh state behaviour, material composition also controls the process 
induced microstructure created during extrusion and layer wise deposition. Microstructural investigations on printed soils have shown 
that the printing reorganises particles and pores, producing an anisotropic fabric that differs from conventionally cast or compacted 
soil. Ferrari et al. [75] used scanning electron microscopy and mercury intrusion porosimetry to demonstrate that clay rich printable 
soils develop a dual pore structure during printing. Finer intra-pores developed were governed by soil mineralogy, and water 
adsorption and larger inter filament macro pores were generated by the relative positioning and deformation of adjacent filaments 
during deposition, as shown in Fig. 9. The extent of these macropores is strongly influenced by material cohesion, water content and 
soil type, with high plastic soils promoting better filament fusion and reduced interlayer voids. This proves that the printing interface is 
not just a geometric boundary but a microstructurally distinct zone, the quality of which depends on the moisture state, thixotropic 
rebuilding and the time taken between successive layer deposition.

At a structural scale, Hong et al. [76] showed that strain localisation and damage in printed soil elements tend to initiate at 
interlayer regions, indicating that interface quality governs mechanical response. Similarly, studies on granular and soil structure 
interface using 3D-printed geometries have shown that surface roughness and particle morphology strongly control shear resistance 
and bonding behaviour [77]. Structural build up during drying further modifies the printed fabric, where Motamedi et al. [78] show 
that rapid moisture loss leads to weak interlayer bonding and microcracking, whereas controlled drying promotes progressive 
interparticle bonding across layers. Nevertheless, quantitative analysis relating soil type and stabilisation strategy to interlayer 
microstructure and bonding performance remains limited in the domain of soil 3D printing.

4.3.2. Rheological properties
Rheological properties play an important role in determining the printability of soil-based 3D printing materials, influencing their 

extrudability, buildability, and overall structural integrity [22,79]. Unlike cement-based materials that rely on hydration reactions for 
setting and strength development, rheological behaviours of soil mixes are predominantly controlled by moisture content, particle 
distribution, and stabilising additives. Therefore, tailored rheological assessments are required to ensure these materials meet the 
performance criteria required for 3D printing applications.

The basic rheological parameters that govern printability include yield stress, which controls the material's flow during pumping 
and its stability post-extrusion; viscosity, which defines resistance to deformation under applied stress and influences pumping effi
ciency and layer adhesion; and thixotropy, which determines how quickly the material regains strength after extrusion to support 

Table 5 (continued )

Author Year Soil used 
(Soil 
location/ 
source) 

Liquid 
limit 
(LL) % 

Plastic 
limit 
(PL) % 

Plasticity 
index (PI) 
% 

Soil composition Water 
content 
(WC) % 

Additives Reference

sandy clay 
(Peru)

Faleschini 
et al.

2023 Low 
plasticity, 
well-graded 
silty clay 
(Italy)

22 16 6 - 20, 24 Sand (18.78%-22.78%), 
gravel (2.96%), Rice husk 
(0%-1.41%), Bottom ash 
(0%-2.75%), Marble dust 
(0%-2.75%), hydrated 
lime (0%-11%), Cement 
(0%-11%), fiber (0.5%)

[71]

Fig. 9. SEM vertical cross sections of 3D printed soil [75]. Magnifications are (a)300× and (b) 4000X.
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subsequent layers [15]. These properties require careful balance to achieve successful printing [39]. The mix should exhibit a suffi
ciently low dynamic yield stress to enable smooth extrusion through the nozzle, while rapidly developing a higher static yield stress 
after deposition to ensure structural integrity [80].

Out of the 49 reviewed studies, 18 (36.7%) have attempted to quantify the fresh-state behaviour of soil-based printable mixtures 
through rheological measurements. Table 6 summarises the list of tests and pros and cons related to each test carried out in the 
reviewed studies. Rotational rheometers have been widely used for measuring static and dynamic yield stress, viscosity, and thixo
tropic behaviour, providing comprehensive flow curve analysis [22,28,39]. Asaf et al. [22] used a rotational rheometer to highlight the 
necessity of balancing thixotropy and dynamic rheology to ensure smooth pumping while maintaining layer stability. Nevertheless, 
rotational rheometers may not effectively shear very stiff soil mixes. Other methods, such as the cone penetration test, have been 
applied to evaluate the workability and flow behaviour of fibre-stabilised soil mixes, as reported in the studies of Ji et al. [26] and 
Zavaleta et al. [14]. The flow table test (ASTM C230 [81]), which measures flowability by evaluating material spread, has proven 
useful in correlating rigidity of the material with extrusion rates, as confirmed by statistical analysis carried out by Asaf et al. [22] on 
different clay mixtures.

While these experimental procedures provide useful indicators of fresh state behaviour of 3D printable mixes, the meaningful 
interpretation and comparison of the resulting rheological parameters further depend on the constitutive rheological model used to 
describe the material response. In studies related to extrusion-based 3D printing, rheological responses are commonly interpreted 
using simplified models such as the Bingham or Herschel–Bulkley models, which describe materials exhibiting a yield stress followed 
by shear-dependent flow behaviour [65,86]. These models are widely applied in concrete 3D printing to extract parameters such as 
static and dynamic yield stress and plastic viscosity from flow curves [87]. For soil-based 3D printing materials, however, the 
application and reporting of rheological models remains limited. Many studies report yield stress values derived from penetration or 
vane shear tests without fitting a specific flow model, while others extract apparent viscosity values from rotational rheometer 
measurements without formally identifying the governing constitutive relationship [14,26,70]. This is partly due to the complex, 
heterogeneous, and often fibre-reinforced nature of soil-based mixtures, which may exhibit non-linear, shear-thinning behaviour that 
is not adequately captured by simple Bingham assumptions. Where rotational rheometers are utilised, Herschel–Bulkley or power-law 
type behaviour is often assumed, particularly for clay-rich or polymer-stabilised soil suspensions [22,28,39]. However, differences in 

Table 6 
Comparison of rheological test methods used in soil 3DP.

Rheological 
testing method

Description Measurable 
rheological 
parameters

Pros & Cons Reference

Flow table test A brass conical mould is placed at the table centre and filled 
with the mixture. The mould is then removed, and the table is 
jolted 25 times, and the spread of the material is recorded. 
(ASTM C230 [81])

- ⁃ Cannot achieve any rheological 
parameters

[22,28]

Rotational 
rheometers

Once the material is thoroughly mixed, the fresh mix is poured 
into a cylindrical mould and subjected to shear using a 
rheometer with a shear vane spindle (shear rate is increased (0/ 
s to 100/s in 60s) and gradually decreased (100/s to 0/s in other 
60s) (ASTM C1749/ASTM C1702 [82])

⁃ Static yield 
stress

⁃ Dynamic yield 
stress

⁃ Apparent co- 
efficient of 
viscosity

⁃ Structural 
buildup rate 
(Athix)

⁃ Fully automated and easy to do
⁃ Full flow curves can be achieved
⁃ Can use single batches to conduct 

the yield stress measurement with 
time

⁃ Can easily achieve the rheological 
parameters.

⁃ Expensive

[22,28,
39]

Modified flow 
table test

A cylindrical mould (45 mm diameter and height) is filled with 
material, which is then manually extruded to form a cylindrical 
sample. The sample is placed on a wooden plate, and each side 
of the plate is alternately lifted to the sample's height (45 mm) 
before being dropped onto the surface beneath it. This process 
is repeated 10 times. The spread of the material is measured 
with a calliper or spacer, with a larger spread indicating greater 

flowability. flow(%) =
spread dia − sample base dia

sample base dia
× 100

- ⁃ Cannot achieve any rheological 
parameters

[23,62]

Triangular bag 
test

The material is manually extruded through an opening in a 
triangular bag, simulating the pumping and extrusion process 
used in 3D printing.

- ⁃ Easy to do and reliable assessment of 
a material's printability for a given 
composition and applied force

[23,62]

Cone 
penetration 
test

cone is released to fall from a specified distance onto a 
cylindrical sample (ISO 17892-6 [83])

⁃ Yield stress
⁃ Athix

⁃ Fully automated in some instances
⁃ Can be used as a onsite method
⁃ Easy sample preparation due to the 

small sample size used
⁃ Cannot achieve any flow curves

[14,23]

Vane shear test Similar test procedure to the rotational rheometer but uses 
lower rotational speeds and can be manually operated (ASTM 
D4648 [84])

⁃ Yield stress
⁃ Athix

⁃ In situ test method
⁃ Ability to use a single batch for 

multiple measurements
⁃ Cannot achieve the flow curve

[85]
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shear rate ranges, pre-shearing protocols, and data fitting procedures lead to significant variability in reported rheological parameters, 
limiting direct comparison between studies. The lack of consistent reporting of the adopted rheological model further complicates the 
interpretation of yield stress, viscosity, and thixotropy values across studies.

A comparative analysis of rheological test results (Table 7) from the reviewed studies highlight considerable variations in yield 
stress, viscosity, and thixotropy depending on soil composition and stabilisation methods. For example, clay-sand mixes studied by 
Asaf et al. [22] showed a static yield stress of 1-2 kPa and a dynamic yield stress of 1 kPa, with a plastic viscosity of 50 Pa s, indicating 
moderate flowability while maintaining some degree of structural buildup. In contrast, well-graded sand stabilised with lime, as tested 
by Bhusal et al. [28] using a Brookfield rheometer, exhibited significantly higher static yield stress values ranging from 1.17 to 2.58 
kPa, with dynamic yield stress as low as 0.08 kPa. This suggests that lime stabilisation enhances structural buildup while maintaining 
extrudability. The study also reported plastic viscosities ranging from 2.8 to 8.3 Pa s, reflecting variations in flow resistance based on 
lime and fibre additions. Predominantly, the thixotropy index of these materials varied widely, with values as high as 32,766 Pa/s, 
emphasising the role of additives in improving structural stability. It can be observed from Table 6 that static yield stress is the most 
frequently reported rheological parameter in soil-based 3D printing studies, whereas dynamic yield stress, plastic viscosity and 
thixotropy are often not reported. This trend can be attributed to several factors such as static yield stress, which is closely related to 
conventional geotechnical parameters (i.e. undrained shear strength and penetration resistance) and can be easily determined using 
simple and widely used tests, including cone penetration vane shear methods. These tests are particularly designed for stiff, hetero
geneous and fibre reinforced soil mixes, for which reliable flow curves and viscosity measurements using rotational rheometers are 
difficult to obtain. Moreover, dynamic rheological parameters such as plastic viscosity and thixotropy require specialised equipment, 
carefully controlled shear histories and standardised testing protocols, which are not readily available for soil based printable materials 
(Table 5). As a result, many studies prioritise static yield stress measurement as a practical indicator for printability.

The impact of soil composition on rheological properties is particularly evident when considering particle size distribution and 
mineral content. Analysed studies have shown that an increase in kaolinite content enhances thixotropic behaviour, improving the 
material's ability to regain structural integrity after extrusion [22]. Perrot et al. [39] explored the use of alginate biopolymers to induce 
thixotropic effects in soil-based mixtures, demonstrating improved buildability through penetrometer tests. Similarly, Silva et al. [44] 
utilised shear vane tests to analyse the fresh-state behaviour of soil stabilised with potato starch gel, finding that a 2.5% starch gel 
addition resulted in a yield stress of 6.8 kPa, significantly enhancing printability. The balance between flowability and buildability is 
crucial in ensuring the successful deposition of layers without deformation. The trade-off between material deposition speed and 
construction speed further complicates this process, as the setting of the material must begin as soon as possible to support the 
increasing load induced by subsequent layers.

Fig. 10 illustrates the trend of static yield stress with respect to the gravimetric water content of printable mixes as reported in the 
reviewed studies. Marker shape denotes the test methods (× cone penetrometer; + vane shear; ▴ rotational rheometer) and point 

Table 7 
Rheological properties of soil-based 3D printing mixtures.

Soil type Author Testing apparatus Yield stress (kPa) Plastic 
viscosity (Pa.s)

Thixotropy 
(Pa/s)

Reference

Static Dynamic

Clay sand mix Asaf et al. Rotational Rheometer 
ICAR Plus

1-2 1 50 - [22]

Raw earth (Fine soil) with alginate Perrot et al. Anton Paar Rheolab QC 
vane shear device

1.5 - - - [39]

Well graded sand Bhusal 
et al.

Brookfield rheometer 1.49 0.35 4.1 11132.5 [28]
Well graded sand stabilised with lime 2.58 0.08 8.3 32766
Well graded sand stabilised with lime, 

fibre
1.17 0.29 2.8 268.8

Well graded sand stabilised with lime, 
fibre and pozzolana

1.45 0.18 3.8 24182.8

Soil stabilised with fibre Zavaleta 
et al.

Cone penetrometer 2.07- 
3.18

- - - [14]

soil stabilised with chitosan and fibre 2.25- 
9.01

- - -

Soil stabilised with fibre Ji et al. Cone penetrometer 1.5 - 2 - - - [26]
sandy silt soil mixed with cement and 

superplasticiser
Daher et al. Fall cone test 0.6-1 - - - [70]

soil Silva et al. Humboldt vane shear 2.5 - - - [44]
Soil stabilised with potato starch gel 

(2.5%)
4 - - -

Soil stabilised with potato starch gel 
(2.5%) and sisal fibres (24)

6.8 - - -

Soil stabilised with potato starch gel 
(5%)

2.3 - - -

Soil stabilised with potato starch gel 
(2.5%) and sisal fibres (27)

4.3 - - -

Raw soil stabilised with ordinary 
Portland cement, rice husk

Zavaleta 
et al.

Shear vane Test 1.7 - - - [13]
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colour identifies the source (red Asaf et al. [22]; orange Bhusal et al. [28]; purple Ji et al. [26]; dark blue Perrot et al. [39]; black Silva 
et al. [44]; light blue Zavaleta et al. [13]; green Zavaleta et al. [14]) with text labels indicating the additives and respective dosage. It 
should be noted that error bars and sample size information are not specifically shown, as such data are not consistently reported in the 
reviewed studies, limiting quantitative comparison. Furthermore, the static yield stress values were obtained using different testing 
methods, which are known to probe material resistance under different stress states and shear conditions. As a result, absolute yield 
stress values derived from penetrometer, vane shear, and rotational rheometer tests are not directly comparable and may introduce 
systematic bias. Despite these limitations, an overall inverse relationship between water content and yield stress can be observed 
through the clusters of specific studies considered. This behaviour is expected as a higher water content in the mix results in fluid-like 
behaviour, resulting in less resistance to shear and vice versa. However, the magnitude and decline of yield stress with respect to 
increasing water content vary significantly depending on the soil type and additives.

A critical challenge in evaluating the rheology of soil-based 3D printing materials is the lack of standardised rheological testing 
protocols [39,44]. Unlike cement-based systems, where rheological criteria are well established, soil mixes exhibit high variability in 
moisture content, particle size distribution, and stabiliser interactions, making standardisation difficult. As a result, the current 
measurements provide only limited guidance for predicting extrudability and buildability. Optimising rheological properties is 
essential to advancing the use of soil in 3D printing. Achieving the right balance of yield stress, viscosity, and thixotropy ensures that 
the material can be efficiently pumped, smoothly extruded, and structurally stable post-deposition. Future studies should focus on 
developing standardised rheological testing methods tailored to soil-based mixes, exploring the influence of biopolymers and sta
bilisers to enhance thixotropic behaviour, and optimising water content and printing speed to improve both extrudability and 
buildability. By systematically controlling these parameters, researchers can refine soil-based 3D printing techniques to achieve 
reliable, scalable, and structurally sound printed elements.

4.3.3. Buildability
Buildability is one of the primary criteria used to evaluate the fresh state printability performance of an additively manufactured 

part, especially for cement and soil-based materials. This property can be assessed both qualitatively and quantitatively, through 
parameters such as build rate and the stability of printed layers. Critical factors influencing the buildability of 3D printed structures 
include the ability of the initial printed layer to support subsequent loads, the early strength development of the material, and the 
geometry of the printed parts [22,28,42]. These factors are important for determining how well the structure can sustain the successive 
deposition of layers without experiencing deformation or collapse. Despite its significance, the standardisation of buildability testing 
remains insufficiently developed within the field. However, several testing methods have been used in the reviewed studies. Partic
ularly, the cylinder test [22,23,28] is the most commonly used assessment method for buildability. Some studies have also utilised the 
stability settlement test [22,62] and single-direction wall test [28]. These tests play a critical role in advancing the understanding of 
material performance during the early stages of the printing process, highlighting the need for more standardised and comprehensive 
testing protocols to ensure reliable results in buildability assessments.

Fig. 10. Static yield stress vs water content variation (*data compiled from different studies and testing methods; values are shown for qualitative 
comparison only).
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4.4. Mechanical properties

The mechanical properties of 3D printed soil structures are critical in determining the feasibility of construction applications, 
particularly when the printed elements are intended to function as load-bearing elements. These properties, specifically compressive 
strength, tensile strength, and flexural strength, are influenced by various factors such as material composition, curing conditions, 
printing parameters, and binder additions. The structural integrity of 3D-printed soil elements largely depends on their ability to 
sustain loads while maintaining stability, making the assessment of mechanical properties a key aspect of research in the construction 
domain.

The uniaxial compressive strength is one of the basic measures evaluating the load-bearing capacity in construction materials, with 
values varying based on soil composition, moisture content, additives, and printing techniques. Several of the reviewed studies have 
investigated this property, revealing interesting trends as illustrated in Fig. 11. Bhusal et al. [28] reported superior mechanical per
formance in a pure soil mixture, achieving a compressive strength of 6.17 MPa, while Rückrich et al. [23] found that montmorillonite 
clay minerals generally provide higher compressive strength compared to kaolinite and illite. Other modifications, such as the 
incorporation of chitosan, also enhanced strength development. Zavaleta et al. [14] observed that after 100 days, a mix containing 3% 
chitosan aqueous solution, 71% soil, and 1% sisal fibres achieved a compressive strength of 2.55 MPa, demonstrating comparable 
performance to conventional earthen mixtures. However, factors such as water content also play a crucial role, as shown by Alqenaee 
et al. [25], whose study found that when the water content exceeded 30%, compressive strength began to decline.

While the uniaxial compressive strength test (EN 12350-1 [88]) is widely adopted in the literature due to its simplicity and 
compatibility with printed specimen geometries, but it does not fully represent the stress conditions experienced by soil structures. 
Triaxial compression testing, which accounts for confining pressure, would provide a more realistic assessment of soil behaviour [89]; 
however, its application in soil-based 3D printing studies remains limited. This is partly due to practical challenges associated with 
specimen preparation and moisture control in printed materials [90], and partly due to the interdisciplinary origins of the field, with 
many studies emerging from architectural and structural engineering domains where uniaxial and flexural tests are more commonly 
employed than advanced geotechnical testing methods (Tables 1 and 2).

A comparison between 3D-printed and casted soil specimens remains difficult due to limited data availability. However, Fig. 11
illustrates that among the studies that provided both datasets [25] [91] 3D-printed specimens exhibited slightly higher compressive 
strength compared to casted specimens. This enhancement in strength can have resulted from the process induced fabric changes 
produced by the printing process (extrusion and layer wise deposition) as reported in Maroszek et al. [91] study. Extrusion through a 
confined nozzle imposes shear and confinement on the fresh mix, which acts as a form of process induced compaction [14]. This 
promotes particle rearrangement, reduces entrapped air and macro-voids, and increases packing density compared to cast specimens 
that are typically placed with limited shear history and may retain air pockets depending on moulding and compaction effort [44]. In 
addition, the layer-wise deposition process influences moisture redistribution and drying pathways, potentially affecting suction 
development and interparticle bonding during hardening, which may further contribute to strength differences between printed and 
cast specimens [13,14]. Interestingly, this behaviour differs from that observed in 3D-printed concrete, where casted specimens 
typically exhibit higher compressive strength than printed specimens [92]. These findings suggest that the 3D printing process itself 
may contribute to strength enhancement in soil-based materials, an area that requires further investigation. In any case, these data lack 
some important information, including suction levels or water content at the time of testing, which, in turn, strongly influence their 
mechanical strength.

Fig. 11. Compressive strength values reported in the reviewed studies.
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Beyond compressive strength, tensile and flexural strength are also critical in determining the resistance of printed structures to 
bending and cracking. Alqenaee et al. [25] found that printed cob cylinders exhibited higher tensile strength compared to casted 
specimens, with notable differences in failure modes. Bhusal et al. [28] reported flexural strength values of 4.15 MPa, highlighting the 
ability of printed soil structures to withstand bending stresses. Further, the inclusion of graphene nanoplatelets (GNPs) was reported to 
improve mechanical properties, with lower concentrations (0.1 wt%) enhancing compression and flexural strength, while higher 
concentrations (0.2 to 0.3%) negatively impacted the performance due to agglomeration effects [93]. These findings indicate that 
strength enhancement strategies require a proper balance between reinforcement efficiency and potential material drawbacks.

Moreover, the role of microstructural arrangement of soil and swelling behaviour of soil particles has been identified to play a 
significant part in governing the mechanical performance of soil structures. Rückrich et al. [23] emphasised that both intraparticle and 
interparticle swelling contribute to soil cohesiveness and overall strength, making these important considerations in optimising soil 
mixtures for printing applications. Additionally, microstructural characterisation studies have revealed that the orientation of soil 
particles during printing differs from that in conventional compacted soil structures, leading to variations in drying as well as me
chanical performance [75].

The drying process is the primary mechanism responsible for strength development in 3D-printed soil, but this process is inherently 
slow, limiting its applicability in commercial-scale construction. To accelerate strength gain, Perrot et al. [39] investigated the 
addition of 3% alginate (fast setting binder) to soil mixes and found that printed walls of 1m could sustain their weight within just 0.1 
h, compared to more than 24 h required for pure soil mixes. However, while alginate facilitated early strength gain, the final 
compressive strength of printed samples remained around 1.2 MPa (1.21 for printed material with alginate and 1.22 without alginate), 
which aligns with conventional cob earth construction [39].

Apart from the composition and binders, the density of the infill material and the structural pattern used for the printed elements 
also important role in determining the mechanical performance. Research utilising Fibre Bragg Grating (FBG) sensors to measure the 
strain distributions demonstrated that increasing infill density from 40% to 100% resulted in higher lateral strain, providing insights 
into the deformation behaviour of 3D-printed soil under different loading conditions [76]. Additionally, the infill pattern influences 
crack propagation resistance, thereby improving the overall durability and structural integrity of printed structures [59].

The mechanical properties of 3D-printed soil are governed by the combined effects of material composition, mix design, additives, 
and printing parameters. While some studies report higher compressive strength for printed specimens than for cast specimens, the 
available data remain limited, and further studies are required to establish a comprehensive database for comparison. Moreover, the 
use of binders, fibre reinforcement, and microstructural optimisation presents promising pathways for improving load-bearing ca
pacity, durability, and performance in soil-based 3D printing. Future studies should focus on developing standardised testing protocols 
to ensure consistency across studies and facilitate the broader adoption of 3D-printed soil in sustainable construction.

4.5. Environmental impact and sustainability

The sustainability of soil-based 3D printing has received attention as an alternative to conventional construction methods, 
particularly when comparing concrete 3D printing, which has a high environmental impact due to its dependence on cement. Several 
studies emphasise that printing with soil can reduce material processing, limit construction waste, and enable the use of locally 
available resources. By using excavated soil, this method transforms an environmental challenge (soil waste management) into a viable 
construction resource, minimising the need for mass-produced materials and significantly cutting down on transportation emissions 
[27,70].

One of the key environmental benefits of soil-based 3D printing is the reduction in cement consumption, which directly translates to 
lower carbon emissions. Cement production is a major contributor to global CO2 emissions, and by significantly reducing its use, soil- 
based 3D printing results in a lower embodied carbon intensity [70]. Life cycle assessment indicates that structures built using 
3D-printed soil can achieve 20% less carbon emissions compared to traditional materials when assessed on a material mass basis [16,
27]. This reduction is primarily caused by lower processing energy, reduced material waste and the use of locally sourced or recycled 
soil [16]. In the referenced study, the LCA was conducted using a cradle to grave system boundary, accounting for raw material 
extraction, transportation, material processing, manufacturing, use phase and end of life phase with carbon emissions reported per 
tonne of material produced. Compared to conventional material with an average carbon footprint of approximately 500 kg CO2 eq/ton, 
the 3D printed soil-based material exhibited an embodied carbon of around 400 kg CO2 eq/ton [16]. However, as no 3D-printed earth 
structures have yet been inhabited, decommissioned, or subjected to end-of-life processing to date, the assessment was limited to 
material quantities, and a comprehensive LCA including operational energy consumption and end-of-life phase has not been conducted 
[16]. Although the reported reduction is dependent on the system boundaries, functional units and material assumptions, compared to 
concrete-based 3D printing, soil-based printing has a lower global warming potential and overall lower environmental impact [94].

The use of natural fibres, such as hemp and straw, not only improves the mechanical properties of the printed structures but also 
contributes to ductility and thermal resistivity, making buildings more energy-efficient and durable [95]. Additionally, incorporating 
recycled construction waste into 3D-printed soil mixes supports circular construction approach, reducing material waste while 
maintaining or even improving compressive strength [16,42,43,61]. Life cycle assessment studies report that the use of recycled 
concrete aggregates (RCA) can reduce aggregate-related greenhouse gas emissions by up to 22–65% compared to natural aggregates, 
depending on processing methods and transport distances [96–98]. In construction-scale applications, the partial replacement of 
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natural aggregates with RCA has been shown to reduce embodied carbon by approximately 70–100 kg CO2 per m3 of material [97,99]. 
Although the direct application of RCA in soil-based 3D printing remains limited, several studies have demonstrated the successful 
integration of recycled mineral fractions and construction waste into printable soil and geopolymer-based systems without compro
mising printability or compressive strength.

Beyond material sustainability, energy consumption in soil 3D printing is relatively low compared to conventional construction 
methods. The process typically relies on low-embodied-energy materials, which require minimal processing, thereby reducing overall 
energy demand [70]. Studies also report that 3D printing enables optimal material usage, allowing for the creation of complex 
architectural geometries with minimal waste [70]. As a result, soil-based 3D printing aligns with construction approaches that 
emphasise resource efficiency through process control and fabrication strategy, rather than through post-processing or material 
intensive solutions.

Soil 3D printing offers a viable pathway towards more sustainable construction, offering a low-carbon, resource-efficient alter
native to traditional building methods. By using local materials, reducing waste, minimising energy consumption, and integrating 
recycled components, this technology aligns with circular economy principles while addressing environmental challenges [27,70]. 
Continued research into material optimisation, alternative binders, and long-term performance will be critical to fully use the potential 
of soil-based 3D printing in the transition toward greener and more resilient construction practices [94].

5. Challenges and future direction

Despite the promising advancements in soil-based 3D printing, several challenges must be addressed to enable its widespread 
adoption in the construction industry. These challenges primarily revolve around material consistency, printability issues, shrinkage 
and cracking, mechanical performance, and limitations in field application. Addressing these challenges will require innovations in 
material science, process optimisation, and the development of standardised testing protocols. This section outlines the key challenges 
identified from the reviewed studies and discusses potential remedies to overcome these challenges. The future research should 
converge towards a unified testing framework for soil-based 3D printing comprising. 

I. Set of reference fresh state tests (E.g., cone penetration test or vane shear test for yield stress analysis and a standardised 
buildability test).

II. Standardised specimen geometries and curing conditions for mechanical testing.
III. Reporting protocols relating to mix composition, rheological parameters and printing settings.

Such a framework would enable reproducible results across soil types, printers and laboratories and would provide a practical 
foundation for translating laboratory results to field-scale applications.

5.1. Material consistency and variability

Achieving consistent material properties remains a significant challenge in soil-based 3D printing. The natural variability of soil 
composition results in differences in printability, strength, and durability, making it difficult to standardise material performance 
across different projects [62]. Bhusal et al. [28] found that the presence of 15% nontronite clay in soil mixtures led to excessive drying 
shrinkage and cracking, affecting the structural integrity of printed components. The unstable structure of clay contributed to volume 
changes under wetting and drying cycles, complicating its use in construction applications [28]. Similarly, El Aabbas et al. [17] 
highlighted the variability in local clay properties, which significantly impacts the uniformity of mechanical properties in printed 
elements.

To address these material inconsistencies, a two-stage characterisation protocol can be adopted for soils intended for printing. The 
first stage can focus on soil classification (Particle size distribution, soil composition, consistency limits), while the second stage targets 
printability screening linked to these data with emphasis on fresh state parameters such as static yield stress, flowability and build
ability. Establishing a small set of reference soils (E.g. High plastic clay rich, moderate plasticity and sand rich low plasticity) and 
reporting mix performance relative to the reference values would help improve the comparability of studies and support printer-to- 
printer transferability [22,30,100]. It is also important to develop standardised testing methods to evaluate flowability, pump
ability, and extrudability of soil mixes. These assessments will help ensure quality control across different batches. Analysed studies, as 
discussed, have explored various stabilisers for improving strength, although the effectiveness is limited, indicating the need for 
further research into more effective stabilising agents.

5.2. Water content management

The water content of the soil-based mix, as discussed in Section 4.3.1, is a critical factor influencing flowability and extrudability. 
Reported printable water contents in extrusion-based soil 3D printing typically fall within relatively narrow ranges and vary depending 
on soil mineralogy and stabilisation strategy. For instance, fibre-reinforced sand–clay mixtures have been successfully printed at water 
contents of approximately 23–25%, whereas clay-rich or biopolymer-stabilised mixes often require higher water contents, with values 
reported up to 40–45% to achieve continuous extrusion [22,37,39].Even minor variations in water content can significantly impact 
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printability (leading to nozzle clogging [101], deformation of layers [22] or collapse of the printed structure [100]), requiring precise 
monitoring and adjustments during the preparation process [62]. Water content governs the balance between yield stress, viscosity, 
and thixotropic rebuild of the soil-based mix, which directly controls extrusion continuity and post-deposition stability. At low water 
contents, high particle friction and limited lubrication increase yield stress and pumping resistance, resulting in discontinuous 
extrusion, tearing of filaments, and nozzle clogging. Conversely, excessive water content reduces yield stress and structural build-up 
after extrusion, causing the deposited filament to behave in a more fluid-like manner, leading to layer spreading, loss of geometric 
fidelity, and, in extreme cases, collapse under self-weight. These failure modes are consistent with reported inverse relationships 
between water content and yield stress for printable soil mixes [22,26,44].

The sensitivity of these failure mechanisms is strongly dependent on soil type. Clay-rich soils generally exhibit higher cohesion and 
thixotropic structural rebuild, allowing them to tolerate slightly higher water contents while maintaining buildability, although 
increased clay activity may increase shrinkage and cracking during drying [23,26]. In contrast, sand-rich or low-plasticity soils possess 
limited cohesion and rely primarily on particle friction and suction for stability, resulting in a much lower range of workable moisture 
content and a higher susceptibility to slumping or layer deformation when water content increases [23,25]. These differences highlight 
the importance of defining soil-specific printability windows rather than adopting a single target water content across different soil 
types.

To mitigate water-related printability issues during printing, Rückrich et al. [62] conducted preliminary tests to determine optimal 
water content, ensuring material stability during printing and drying. Although these tests provide guidance on how to adjust water 
levels to improve workability without compromising structural integrity, maintaining consistent water content while printing remains 
challenging due to external factors such as evaporation, temperature and ambient humidity, especially during extended printing 
durations.

Potential solutions to address these challenges include defining a printability window by relating water content directly to key 
rheological parameters such as yield stress, viscosity and thixotropy, which allows for accurate control of extrusion and layer stability. 
Future studies should report a soil specific workable moisture window rather than a single target water content by relating water 
content with at least one measurable printing parameter (static yield stress, penetration resistance, etc.) and a flow parameter 
(extrusion continuity). Additionally, sealed material chambers and humidity-controlled printing environments can help reduce 
moisture loss and improve consistency between batches. Future research should focus on combining these strategies into standardised 
protocols that integrate material preparation, environmental conditioning and sensor-enabled 3D printing systems, ensuring stable 
water content management and reliable print quality in soil-based printing.

5.3. Shrinkage and cracking

One of the most pressing concerns in soil-based 3D printing is shrinkage and cracking during the drying process (desiccation 
cracking). Soil containing a higher amount of clay is known for its tendency to undergo excessive shrinkage [102]. Excessive shrinkage 
can weaken the bond between printed layers, reducing the overall strength of the structure [62]. This effect was observed in a 
3D-printed beam, as shown in Fig. 12(a) [25]. Moreover, Bhusal et al. [28] observed that high nontronite clay content in soil mixtures 
resulted in severe shrinkage and cracking, limiting its applicability in real-world construction.

Several strategies have been implemented to reduce shrinkage and cracking in the available studies. Rückrich et al. [62] suc
cessfully incorporated cellulose microfibers, which enhanced cohesiveness and flexibility in the material, thereby minimising crack 
formation. Nevertheless, Rückrich et al. [62] noted that while cellulose microfibers can help mitigate cracking, balancing the mixture 
composition remained a significant challenge. Bhusal et al. [28] found that the addition of natural fibres (1.5% by weight, wheat straw 
fibres) reduced shrinkage to 2.6%, and maximum crack widths decreased from 0.95 mm to 0.46 mm. Alqaneeh et al. [25] addressed 
shrinkage effects by modifying the tool path design, allowing for uniform shrinkage rather than isolated filament shrinkage. They also 
adjusted the water and sand content while increasing lime content, significantly reducing shrinkage (Fig. 12(b)). Additionally, slower 
drying rates have been found to mitigate shrinkage; Zavaleta et al. [14] reported that chitosan-stabilised samples retained more 
moisture, losing only 10% of their water content in the first five days, compared to 22% for control samples.

The type and proportion of clay significantly influence the overall shrinkage behaviour of soil, thereby affecting the susceptibility 
of earth-based structures to shrinkage. Ferretti et al. [74] investigated shrinkage strains in both 3D-printed and traditionally cast 

Fig. 12. Freshly printed and cured 3DP beam using cob mixture (a) Before modifying mixture for shrinkage and (b) after modifying mixture for 
shrinkage [25].

F. Nifla et al.                                                                                                                                                                                                           Journal of Building Engineering 127 (2026) 116323 

20 



blocks, concluding that the shrinkage behaviour was comparable in both cases. This finding indicates that the 3D printing process does 
not adversely impact the shrinkage performance of earth-based constructions [25].

Nevertheless, to improve shrinkage performance in soil-based 3D printed elements, a combined approach that integrates additive 
incorporation with process control is imperative. The incorporation of fibres has been shown to enhance flexibility and reduce crack 
propagation [62], while biopolymer additives improve water retention and regulate drying rates [14], thereby minimising desiccation 
cracking. In addition to this, adjusting soil composition through controlled clay to sand ratios and the use of stabilisers such as lime can 
further mitigate shrinkage by reducing plasticity and increasing dimensional stability [25,28]. Process-oriented solutions, such as 
optimising tool path design and controlling the drying environmental conditions, can further help reduce shrinkage by promoting 
uniform stress distribution and gradual moisture loss [25]. Future research should focus on real-time monitoring of deformation and 
drying during printing, which can allow for dynamic adjustment of printing parameters to optimise shrinkage performance.

5.4. Field testing limitations

Conducting field tests for soil-based 3D printing presents logistical challenges. Evaluating properties such as green strength and 
structural stability requires immediate testing before printing, which necessitates the development of reliable and quick assessment 
methods [62]. Rückrich et al. [62] has proposed a field-oriented methodology and onsite tests for excavated soil mixes, but their 
transferability across different types of printers, nozzle geometries, and local soil has not been tested at scale. Moreover, the in-situ 
tests (such as rotational rheometer [22] and vane shear tests [39]) proposed are resource-intensive and difficult to replicate for 
very plastic mixes. In contrast, cylinder build-up tests with collapse observation and digital image correlation have also been used to 
quantify deformation and failure mechanisms during printing [22,28]. However, the material and time consumption of the cylinder 
build-up test limits its routine use on construction sites. Developing in-situ testing protocols such as a short buildability test (a defined 
number of layers printed at constant settings with deformation limits) and portable measurement techniques (rapid static yield stress 
measurement equipment), could streamline the assessment of soil mixes in real-time. This would allow for adjustments before printing 
begins, ensuring the structural viability of the printed elements.

5.5. Variability in additives and binders

Natural fibres and stabilisers are often incorporated in soil mixes to enhances the mechanical properties of 3D-printed soil. 
However, their effects can be unpredictable. Rückrich et al. [62] demonstrated that incorporating cellulose microfibres increased 
variability in the measured properties, complicating mix optimisation. At low to moderate dosages, plant based or cellulose fibres can 
enhance cohesion and mitigate shrinkage cracking. In contrast, higher fibre fractions have been linked to practical printing issues, 
including nozzle blockage, weak interlayer fusion, and dimensional inaccuracies [95].

Stabiliser composition also shows similar sensitivity. Bhusal et al. [28] found that lime and pozzolana did not provide the expected 
improvements in strength, shrinkage control, or printability, indicating the need for more effective stabilising agents. Alternative 
approaches using chitosan or starch modified soil mixes have been reported to improve moisture retention, water durability, and early 
strength; however, sensitivity to polymer characteristics and ambient curing has limited the transfer of results between sites [44,103]. 
Further work therefore needs to concentrate on identifying and optimising additive combinations that enhance printability and me
chanical performance without introducing excessive variability. The development of hybrid binders, such as bio-based stabilisers, 
could provide a more consistent alternative to conventional stabilisers. Additionally, to reduce inconsistent results, future studies 
should report additive characteristics that control behaviour rather than only dosage. For fibres, this includes fibre length, aspect ratio 
and preconditioning state. For polymers, concentration, molecular characteristics, mixing sequence and rest time before printing can 
be included.

5.6. Flowability issues during printing

Maintaining proper layer dimensions is a common challenge in soil 3D printing. Bhusal et al. [28] found that the intended 20 mm 
layer width was not achieved, with over-extrusion occurring, particularly in fibre-reinforced mixes. Similarly, Zavaleta et al. [14] faced 
extrudability challenges, where improper mix composition led to inconsistent material flow during printing. Bhusal et al. [28] 
experimented with water content adjustments to improve flowability, finding that increasing water content enhanced material 
workability while reducing over-extrusion. Zavaleta et al. [14] optimised mix composition to ensure smooth extrusion without 
blockages, thereby improving print quality.

In addition to adjusting mix proportions, improving flowability during printing requires strict control of fresh state rheology. 
Previous studies related to 3D concrete printing recommend defining a printability window using static yield stress, plastic viscosity, 
and thixotropy, and then aligning nozzle height, travel speed, and extrusion rate to stay within the limits during deposition [104,105]. 
Further research is required to establish such printability windows in the context of soil-based 3D printing, which can help reduce 
flowability issues during printing.

5.7. Mechanical strength limitations

Raw soil as a construction material has inherently low mechanical strength (Fig. 11), making it brittle and less durable under 
mechanical loads. This limits its application in structural engineering, where higher load-bearing capacity is required. To improve 
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mechanical strength, some of the studies have incorporated additives such as chitosan, natural fibres, cement etc.
Table 5, Fig. 10). For instance, Zavaleta et al. [14] incorporated chitosan and sisal fibres, which enhanced compressive strength and 

overall structural integrity.
Therefore, a potential solution to overcome mechanical strength limitations is to adopt a combined reinforcement and stabilisation 

technique. The utilisation of natural or synthetic fibres not only improves tensile strength resistance but also helps bridge cracks, 
enhancing ductility and post-failure performance [28]. Stabilisers such as chitosan and alginate regulate drying, increase cohesion and 
contribute to higher compressive strength compared to untreated mixes [14,106]. In addition to material level optimisation, 
strengthening interlayer bonding through controlled printing intervals and nozzle path design can also improve structural integrity by 
minimising weak planes between layers. Future research should explore alternative natural binders, reinforcements and design 
optimisation tools to further improve the strength and durability of soil-based 3D-printed structures. To support field-scale adoption, 
future studies should couple compressive strength with interface-controlled performance indicators, such as interlayer bond strength 
or anisotropy ratios (printed parallel vs perpendicular to layers), reported under clearly stated curing and suction or moisture con
ditions at testing [17,57,76]. This would help distinguish whether strength improvements originate from material stabilisation, 
printing-induced fabric, or improved interface quality.

5.8. Common failure modes and need for durability research

Several failure modes have been observed in soil 3D printing, including surface tearing from heterogeneous mixtures [27], cracking 
due to differential drying [43], and buckling under self-weight during printing [27]. Interlayer debonding has also been identified as a 
common failure, particularly when the time duration between layers while printing is large or when the nozzle standoff distance and 
extrusion flow rate are not well matched. Additional process-induced defects include voids from over or under extrusion and pump 
failures [27]. The drying process has also been shown to control several early-age failures: rapid moisture loss produces differential 
shrinkage and surface tearing, whereas slower drying reduces cracking but can prolong weak green strength. In printed soil, structural 
build-up has been reported as highly sensitive to ambient temperature and humidity, reinforcing the need for controlled curing or 
protective measures during field printing [78].

Despite these observations, systematic characterisation of failure mechanisms and evidence on long-term durability and weather 
resistance remains limited. Stabilisation strategies have been shown to play a key role in improving resistance to moisture-induced 
degradation. In particular, hydrated lime is widely used in earthen construction and soil-based 3D printing to reduce water absorp
tion, limit swelling, and improve long-term durability by enhancing particle bonding and reducing moisture sensitivity [28]. Similarly, 
bio-based binders such as chitosan and starch have been reported to improve moisture retention, water durability, and early-age 
strength by promoting cohesive bonding and reducing susceptibility to rapid drying and erosion [44].

In addition to material composition, structural configuration and printing strategy also influence durability. The infill pattern has 
been shown to affect crack propagation resistance and stress redistribution, thereby improving the overall durability and structural 
integrity of printed elements [59]. Fibre reinforcement further contributes to durability by bridging microcracks, reducing 
shrinkage-induced cracking, and enhancing resistance to mechanical and environmental damage [74]. While these approaches 
demonstrate promising pathways for improving load-bearing capacity and durability, long-term performance under aggressive 
environmental conditions such as repeated wetting and drying cycles, rainfall exposure, and humidity fluctuations has not yet been 
systematically evaluated for soil-based 3D-printed structures. Most available evidence are from conventional earthen construction, 
highlighting the need for printed-specific durability studies that account for layer interfaces, anisotropy, and process-induced porosity.

6. Conclusion and recommendations

This review provides a comprehensive analysis of soil-based additive manufacturing in the construction domain. It outlines the core 
technologies employed in 3D printing with soil, highlighting the influence of various factors on printability, structural performance, 
and practical scalability. In this context, the review synthesises findings related to the rheological, mechanical, and environmental 
behaviour of 3D-printed soil mixtures, detailing how variations in soil composition, water content, extrusion systems, and stabilisers 
affect buildability, strength, and dimensional stability. Additionally, the review presents a focus on sustainability by evaluating the 
environmental benefits of soil printing, especially in reducing cement usage, enabling material circularity, and promoting low-carbon 
construction.

Furthermore, this review identifies the technological challenges, inconsistencies in testing practices, and knowledge gaps that 
currently hinder the transition of 3D soil printing from experimental settings to full-scale construction. The following conclusions can 
be drawn from this systematic review. 

⁃ Design of 3D printable mixes plays a critical role in printability and shrinkage performance. The optimal balance between clay, 
sand, water content, and additives is highly dependent on soil type. Natural fibres, biopolymers like alginate and starch gel, and 
lime-based stabilisers show promising improvement in cohesion, reducing shrinkage, and enhancing early strength.

⁃ Shrinkage and cracking remain key concerns, especially in high clay-content compositions. Additives such as fibres and chitosan, 
along with modified printing paths and slower drying rates, have demonstrated effectiveness in reducing crack formation and 
dimensional instability.
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⁃ Mechanical strength of 3D-printed soil varies significantly. While compressive strength values of up to 6.17 MPa have been ach
ieved, many mixes remain brittle. In particular, some 3D-printed specimens slightly outperformed the cast ones, possibly due to the 
fabric produced by the printing.

⁃ Sustainability is a key strength of soil 3D printing. Life cycle assessments indicate that soil-based structures can reduce emissions by 
20% compared to traditional materials. The use of excavated soil, the incorporation of recycled materials, and the use of natural 
binders support circular economy goals in construction.

⁃ Current research is dominated by architectural perspectives, with limited integration of soil mechanics principles such as plasticity 
index, suction, or porosity characterisation. This knowledge gap restricts the development of robust predictive models for per
formance assessment under real-world conditions.

However, there remains a considerable gap between laboratory research and practical implementation. Most studies lack in-situ 
validation, and field-specific parameters such as weather resistance, thermal performance, and real-time monitoring are not well 
understood. Future research should focus on establishing standardised testing protocols for both fresh and hardened soil mixes, while 
incorporating geotechnical principles such as consistency limits, hydro-mechanical behaviour, and soil classification frameworks into 
mix design and characterisation. Attention should also be directed towards improving the durability of printed structures by examining 
their resistance to thermal cycles, freeze–thaw conditions, and biological degradation. Further advancements in this domain depend on 
interdisciplinary collaboration between geotechnical engineers, materials scientists, and architects, enabling the integration of 
structural efficiency with architectural performance. Ultimately, advancing soil-based additive manufacturing requires a strategic 
combination of material innovation, process standardisation, and field-oriented research. By addressing these limitations, 3D-printed 
soil can become a viable, low-carbon, and regionally adaptable alternative to conventional construction, aligning with the global 
movement toward more sustainable and resilient built environments.
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Appendix A 

Table A1 
Search strategy and screening workflow

Step Phase Actions and criteria Outcome (n 
studies)

1 Identification In this process, predefined search criteria including two groups of keywords were used. Group 1 focused on capturing 
papers related to 3D printing, while Group 2 aimed to narrow the results to those addressing 3D printing of soil in 
construction applications. An asterisk (*) was used as a wildcard to accommodate variations in spelling, such as 3D 
print(ing) and 3D print(ed). Peer-reviewed articles from scientific journals that included at least one keyword from 
each group were selected. The search terms used in each group were as follows: 
Group 1: “Additive manufacturing”, “Additive construction”, “3D print*”, “3D soil printing”, “Construction 4.0” 
Group 2: “Soil”, “Earth Construction”, “Geotechnical Engineering”, “Sustainable Earth Based construction”, “Earth 
Constr*”, “Earth”, “Clay” 
The search was conducted in title, abstract, and keywords

10,105

2 Screening Limiters were used in this phase to further filter the database on the most specific area as engineering, and the 
language as English

4460

3 Eligibility The 4460 studies that were selected in Step 2 were further screened to exclude irrelevant articles and journals that 
are out of scope of this review. The titles of the studies that were more relevant to the assessment of 3D printing/ 
Additive manufacturing in the soil-based context were sorted.

250

4 Inclusion By analysing the abstracts and conclusion sections, 81 articles were included for detailed content analysis to review 
the development of additive manufacturing/3D printing of soil and clay-based materials. Among these articles, 49 
experimental studies were selected for full text screening that focused on three critical aspects of additive 

49

(continued on next page)
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Table A1 (continued )

Step Phase Actions and criteria Outcome (n 
studies)

manufacturing namely, physical properties, fresh properties and hardened properties of 3D printed soil/clay 
specimen, as shown in Table A2. From the selected studies, 36 studies were finally selected for critical review that 
focused on extrusion-based 3D printing of soil/clay, which studied at least 2 aspects considered.

Table A2 
Content analysis of studies used for full-text screening.

# Authors Year Material Printing 
method

Parameters Ref

Physical 
property

Fresh properties Hardened properties

Rheology properties ExtrudabilityBuildabilityMechanical 
properties

Thermal 
properties

Yield 
stress

ViscosityThixotropy

1 Aabbas et al. 2024Clay Screw 
extrusion

✓ ⨯ ⨯ ⨯ - ⨯ ✓ ✓ [17]

2 Perrot et al. 2018Raw earth and commercial 
alginate

Extrusion 
printing (6 axis 
industrial 
robot)

⨯ ✓ ⨯ ⨯ - ⨯ ✓ ⨯ [39]

3 Bhusal et al. 2023Well graded sand stabilised with 
lime, fibre and pozzolona

Extrusion 
printing 
(Gantry 
printer)

✓ ✓ ✓ ✓ ✓ ✓ ✓ ⨯ [28]

4 Asaf et al. 2023Clay sand mix Extrusion 
printing 
(Robotic arm)

✓ ✓ ✓ ⨯ - ✓ ✓ ⨯ [22]

5 Wu et al. 2024Cob mix (soil reinforced with 
fibre/straw)

Extrusion 
printing 
(Robotic arm)

⨯ ✓ ⨯ ⨯ ✓ ✓ ✓ ⨯ [107]

6 Curth et al. 2024well graded soil/sandy clay 
loam stabilised with wheat 
straw

Extrusion 
printing 
(Robot arm)

✓ ⨯ ⨯ ⨯ - ⨯ ✓ ⨯ [27]

7 Ferretti et al. 2022Silty Clayey soil stabilised with 
lime and rice husk

Extrusion 
printing (Wasp 
Printer)

✓ ⨯ ⨯ ⨯ - - ✓ ⨯ [59]

8 Zavaleta et al. 2024Raw soil stabilised with 
chitosan and fibre

Extrusion 
printing 
(Gantry 
printer)

✓ ✓ ⨯ ⨯ ✓ ✓ ✓ ⨯ [14]

9 Rückrich et al. 2024Clay sand mix Extrusion 
printing (Wasp 
Printer)

✓ ⨯ ⨯ ⨯ - ✓ ✓ ⨯ [23]

10Giudice et al. 2024Quarts sand Binder jetting ⨯ - - - - - ✓ ⨯ [20]
11Carcassi et al. 2024Clay rich soil stabilised with 

fibre
Extrusion 
printing 
(Syringe)

✓ ⨯ ⨯ ⨯ ✓ - ✓ ✓ [95]

12Rückrich et al. 2023coarse sand and kaolinite clay 
mix stabilised with fibres

Extrusion 
printing (Wasp 
Printer)

⨯ ⨯ ⨯ ⨯ ✓ ✓ ⨯ ⨯ [62]

13Wang et al. 2023Homogenic sandstone or 
dolomitic marble.

Extrusion 
printing 
(robotic arm)

✓ ⨯ ⨯ ⨯ ⨯ ⨯ ✓ ⨯ [54]

14Tian et al. 2023quartz sand powder Binder jetting ⨯ - - - - - ✓ ⨯ [51]
15Mohsen et al. 2023Clay enhanced with Graphene 

Nanoplates (GNPs) (Burnt)
Extrusion 
printing

✓ ⨯ ⨯ ⨯ ⨯ ⨯ ✓ ⨯ [93]

16Ma et al. 2023Polylactic acid (PLA) Fused 
deposition 
modelling

✓ ⨯ ⨯ ⨯ - - ⨯ ⨯ [77]

17Ji et al. 2023Soil reinforced with flax fiber Extrusion 
printing 
(Gantry 
printer)

⨯ ✓ ⨯ ⨯ ✓ ✓ ⨯ ⨯ [26]

18Faleschini et al.2023Soil stabilised with lime, marble 
waste, fly ash, rice husk and 
reinforced with natural fibres

Extrusion 
printing 
(Crane printer)

✓ ⨯ ⨯ ⨯ ✓ ⨯ ✓ ⨯ [71]

19Ferrari et al. 2022Commercial clayey soil Extrusion 
printing (Wasp 
printer)

✓ ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ [108]

(continued on next page)
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Table A2 (continued )

# Authors Year Material Printing 
method 

Parameters Ref

Physical 
property 

Fresh properties Hardened properties

Rheology properties Extrudability Buildability Mechanical 
properties 

Thermal 
properties

Yield 
stress 

Viscosity Thixotropy

20Daher et al. 2023Sandy silt soil mixed with 
cement and superplasticizer

Extrusion 
printing

✓ ✓ ⨯ ⨯ ✓ ✓ ✓ ⨯ [70]

21Bower et al. 2023Commercial polymer clay (pvc 
combined with binder)

Extrusion 
printing 
(Vibration 
assisted 
printing)

✓ ⨯ ⨯ ⨯ ⨯ ⨯ ✓ ⨯ [109]

22Silva et al. 2022Soil stabilised with potato 
starch gel and sisal fibers

Extrusion 
printing 
(Colibri)/ 
Gantry printer

✓ ✓ ⨯ ⨯ ✓ ✓ ✓ ⨯ [44]

23Ordoñez et al. 2022Kaolin clay mixed with electric 
arc furnace dust (EAFD)

Extrusion 
printing 
(Direct ink 
writing)

✓ ⨯ ⨯ ⨯ ✓ ⨯ ✓ ⨯ [110]

24Mele et al. 2022Clay enhanced by waste 
polyamide polymer

Fused 
deposition 
modelling

✓ ⨯ ⨯ ⨯ ✓ ⨯ ⨯ ⨯ [111]

25Ma et al. 2022Polyactic acid (PLA) Fused 
deposition 
modelling

​ ​ ​ ​ ​ ​ ​ ​ [112]

26Ilcan et al. 2022construction and demolition 
waste (CDW) based geopolymer 
(clay, glass,concrete rubble) 
enhanced with alkaline 
activators

Extrusion 
printing

⨯ ✓ ✓ ⨯ ✓ ✓ ✓ ⨯ [42]

27Demiral et al. 2022CDW stabilised and enhanced 
with alkaline activators 
(Sodium and calcium 
hydroxide)

Extrusion 
printing

- ⨯ ⨯ ⨯ ⨯ ⨯ ✓ ⨯ [61]

28Barnes et al. 2022Sand silt, clay mix incorporated 
with seeds

Extrusion 
printing

✓ ⨯ ⨯ ⨯ ✓ ⨯ ⨯ ⨯ [30]

29Alqaneeh et al. 2022Clay sand mix stabilised with 
lime and fibre (Straw)

Extrusion 
printing 
(robotic arm)

✓ ⨯ ⨯ ⨯ ✓ ✓ ✓ ⨯ [25]

30Şahin et al. 2021CDW stabilised enhanced with 
alkaline activators (Sodium and 
calcium hydroxide)

Extrusion 
printing

⨯ ✓ ⨯ ⨯ ✓ ✓ ✓ ⨯ [43]

31Pua et al. 2021Kaolin and bentonite soil mix Multi material 
extrusion 
printing

✓ ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ [113]

32Gomaa et al. 2021Cob mix (soil reinforced with 
fibre (straw)

Extrusion 
printing 
(robotic arm)

⨯ ⨯ ⨯ ⨯ ⨯ ⨯ ✓ ⨯ [24]

33Gomaa et al. 2021Cob mix (soil reinforced with 
fibre (straw)

extrusion 
printing (6 axis 
industrial 
robot)

⨯ ⨯ ⨯ ⨯ ✓ ✓ ⨯ ⨯ [40]

34Biggerstaff 
et al.

2021Biopolymer-bound soil 
composite (BSC)

Extrusion 
printing^

⨯ ✓ ✓ ⨯ ⨯ ⨯ ⨯ ⨯ [114]

35Tang et al. 2020Kaolin and barite clay powder Extrusion 
printing 
(Direct ink 
writing)

✓ ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ [115]

36Kontovourkis 
and Tryfonos

2020Clay sand mix stabilised using 
salt and sodium 
hexametaphosphate (clay 
deflocculant) and fibre (Straw)

Extrusion 
printing

- ⨯ ⨯ ⨯ ✓ ⨯ ⨯ ⨯ [41]

37Chan et al. 2020Clay paste Extrusion 
printing 
(Direct ink 
writing)

✓ ✓ ✓ ⨯ ✓ ⨯ ⨯ ⨯ [21]

38Gomaa et al. 2019Cob mix (soil reinforced with 
fibre (straw)

extrusion 
printing (6 axis 

⨯ ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ ✓ [55]

(continued on next page)
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Table A2 (continued )

# Authors Year Material Printing 
method 

Parameters Ref

Physical 
property 

Fresh properties Hardened properties

Rheology properties Extrudability Buildability Mechanical 
properties 

Thermal 
properties

Yield 
stress 

Viscosity Thixotropy

industrial 
robot)

39He et al. 2018Clay powder Ink jet printing✓ - - - - - ⨯ ⨯ [52]
40Zavaleta et al. 2025Raw soil stabilised with 

ordinary Portland cement, rice 
husk

Extrusion 
printing 
(Industrial 
robotic arm)

✓ ✓ ⨯ ✓ ✓ ✓ ✓ ⨯ [13]

41Sangiorgio 
et al.

2025Polyactic acid (PLA) polymer 
extrusion

✓ ⨯ ⨯ ⨯ ⨯ ⨯ ✓ ⨯ [116]

42Akhrif et al. 2025Clay powder Extrusion 
printing

✓ ✓ ✓ ⨯ ✓ ✓ ✓ ⨯ [46]

43de Campos 
et al.

2025Kaolin and bentonite powder Extrusion 
printing

✓ ✓ ⨯ ⨯ ⨯ ⨯ ✓ ⨯ [117]

44Rückrich et al. 2025Cob mix (soil reinforced with 
fibre)

Extrusion 
printing (Wasp 
Printer)

⨯ ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ ✓ [118]

45El-Mahdy et al.2025Red earthenware clay Extrusion 
printing 
(robotic arm)

✓ ⨯ ⨯ ⨯ ⨯ ✓ ⨯ ⨯ [119]

46Yousaf et al. 2025Local soil stabilised with 
recycled coconut fibre and 
nanoclay

Extrusion 
printing (Wasp 
Printer)

✓ ✓ ✓ ⨯ ✓ ✓ ✓ ⨯ [45]

47Oulkhir et al. 2025clayey soil stabilised with 
alginate

Extrusion 
printing

✓ ✓ ✓ ⨯ ✓ ✓ ⨯ ⨯ [106]

48El Mahdy et al.2025Pottery clay Extrusion 
printing 
(Gantry 
printer)

✓ ⨯ ⨯ ⨯ ✓ ✓ ✓ ⨯ [50]

49Yousaf et al. 2025Commercial earthen clay Extrusion 
printing (Wasp 
Printer)

✓ ⨯ ✓ ⨯ ✓ ✓ ⨯ ⨯ [101]

* ✓ indicates that the property was explicitly investigated and reported in the referenced study; ⨯ indicates that the property was not investigated in 
the study; and – indicates the property is not applicable to the referenced study.

Data availability

Data will be made available on request.
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