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1. Introduction

The use of raw earth as a construction material is deeply rooted in Morocco’s architectural history
and socio-economic development, while remaining a universal practice: earthen structures have
marked the history of humanity across many continents and illustrate an engineering of
environmental resilience.

At a time when environmental issues, sustainable resource management, and the need for low-
impact solutions are becoming imperative on an international scale, the enhancement of local
materials—particularly raw earth—emerges as a central response in the transition towards
sustainable construction, both for contemporary Moroccan housing and in the innovative context of
space exploration and habitation in extreme environments.

Contemporary systems now embrace this renewed valorization by adapting ancestral know-how,
locally anchored, to meet the new demands of modern comfort, safety, and environmental respect.
The emergence of a variety of standards (national, European, international) attests to the paradigm
shift in earthen construction, moving from a traditional artisanal practice to an engineering
discipline integrated into collaborative projects with high scientific, technical, and societal value.

1.1. Context of the WP7 Project

WP7, “In-situ material composition and utilisation,” is part of an international collaborative
research project whose mission is to explore, characterize, and promote in-situ construction
materials found on Moroccan study sites. This international context addresses a dual challenge:

e On the one hand, to reinforce circularity and resilience in sustainable construction by the

rational use of Morocco’s pedological and architectural heritage;

e On the other hand, to foster scientific and technological innovation through comparison and
hybridization with the extreme contexts represented by lunar and Martian environments,
opening up the transferability of local solutions on a planetary scale.

Relying on exceptional pedological diversity (vertisols, hamri, r’mel, etc.), ingenious architectural
traditions, and geological analogies demonstrated with Martian regoliths, Morocco is an ideal
ground for experimentation and innovation. Within the WP7 context, the detailed characterization,
optimization, and adaptation potential of materials are considered levers for future habitats rooted
in reality and open to the challenges of space exploration.

1.2. Objectives and Challenges of In-situ Material Use

WP7 aims to:
e Analyze the state of the art in earthen construction materials and techniques in Morocco:

performance, constraints, adaptability;

o Scientifically and practically characterize local resources (soils, rocks, biomasses),
considering their regional variability, composition, and suitability for different
implementation processes;

e Study the transferability of Moroccan methods, especially rammed earth, adobe, cob, and
compressed earth blocks (BTC/BTCS), to experimental habitats in extreme environments
(Moon, Mars), focusing on local sourcing logic, low embodied energy, and system
modularity;
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o Promote convergence between tradition and innovation through the integration of scientific
approaches (physico-chemical analyses, mechanical tests, multi-scale modeling) and the use
of empirical field expertise, within a perspective of sustainable and socio-economic
development.

The major challenges include:
o Environmental sustainability: minimizing embodied energy, promoting reusability,

reducing the carbon footprint via the use of abundant, minimally processed, local materials;

o Resilience and adaptation: meeting both climate vulnerabilities and contemporary housing
needs while valorizing established constructive memory;

e Knowledge transfer and innovation: capitalizing on Moroccan practices to accelerate
international scientific advances—especially concerning space exploration and habitation
on resource-limited planets;

o Creation of robust local sectors: strengthening networks of artisans, supporting the local
fabric, guaranteeing the accessibility of housing solutions tailored to the realities of
territories, and developing their scientific and economic influence.

In short, WP7 seeks to make the link between local heritage and international foresight the lever for
a concrete, innovative, and reproducible response to the challenges of sustainable habitat and the
engineering of extreme environments.

2. General Framework of Earthen Construction in Morocco

2.1 Historical Background and Socio-Economic Importance

Earthen construction is rooted in a millennia-old tradition in Morocco, as demonstrated by the
diversity and longevity of structures found throughout the country. Evidence of earthen buildings
dates back to Antiquity—from the medinas, kasbahs, and ksours of the pre-Saharan South to
village structures in the Middle Atlas and Rif—attesting to the deep roots of this know-how. Raw
earth has historically been favored for its abundant availability, low cost, and high adaptability to
local transformation, without the need for complex technologies or imported materials.
The socio-economic importance of earthen construction is reflected at several levels:
o Built heritage and local identity: Earthen edifices—citadels (kasbahs), ksar enclosures,
village houses, communal ovens, irrigation infrastructures—embody regional architectural
identity.

e Adaptation systems: Raw earth meets the demands of extreme climatic conditions (large
temperature variations, drought, violent rainfall) through its ability to regulate interior
humidity and temperature.

e Rural valorization and social continuity: The practice of community-based construction
(“touiza”) has strengthened intergenerational transmission of building techniques and
reinforced social cohesion around communal architecture.
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e Economic impact: Formerly predominant, the earth construction sector today offers an
economic revival solution for rural areas, limiting outmigration, promoting heritage
tourism, and creating new markets related to restoration or eco-construction.

The current reassessment of raw earth is driven by growing ecological concerns and the need to
revalorize vernacular housing to make it compatible with present-day demands for comfort,
durability, and environmental performance.

2.2 Main Traditional Materials

Traditional Moroccan construction relies on a palette of local materials, selected for their
availability, climate suitability, and capacity to enhance durability and comfort. These materials,
sometimes used individually but most often in combination, make full use of soil resources and
respond to the structural or aesthetic needs of each region.

Raw Earth
Raw earth, in its various forms (rammed earth, adobe, cob, wattle and daub, BTC/BTCS), is the
key material in traditional Moroccan architecture. It is a composite material whose quality varies
according to:

o Clay content (provides cohesion and plasticity; typically 10-30% depending on technique)

o Silt (improves compactness and limits shrinkage)
e Sand and gravel (increase rigidity, stability, and drainage)

e Plant fibers (straw, cane, reed, palm) added to enhance cohesion, limit cracking, and
improve thermal insulation

Properties and benefits:
e Very high thermal inertia; excellent hygrothermal regulation (providing “passive” comfort,

summer coolness, thermal damping in winter)
e Low embodied energy, high recyclability, and integration into the circular economy

e Easy to implement at the local scale, with the possibility of prefabrication (adobe,
BTC/BTCS)

o Compatible with different structural solutions: load-bearing walls, partitions, vaults and
domes, infill panels

Associated techniques:
e Rammed earth (compacted in formwork in 10-15 cm layers, clay-silt mixtures, moisture

14-15%, gravel up to 5 cm allowed); walls up to 2 m thick especially in southern Morocco

e Adobe (hand- or press-molded bricks, 20-30% clay, shade-dried, fiber additions; sizes
adapted to use and animal transport)

e Cob (highly plastic earth-straw lumps placed without formwork, ideal for rural/mountain
areas)

e Wattle and daub (earthen renders on wood frameworks, often with short fiber additions)
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e BTC/BTCS (compressed earth blocks, with or without hydraulic binders such as lime or
cement, enabling modernization of the sector)

Figure 1: typical layered structure of traditional Moroccan rammed earth walls

Stone
Widely used for:
e Foundations (protection from ground moisture; essential for the durability of earthen
structures)

o Facing and structural elements (vaults, lintels, thick walls in mountainous areas)

Morocco's petrographic diversity (basalt, sandstone, schist, limestone) allows uses and finishing to
be adapted to each local context.

Wood
Local wood (cedar, thuja, palm, poplar, etc.) is used for:
e Roofs, door/window lintels, floors, lath and roof framing

Valued for its flexibility, tensile strength, and aesthetics, especially in the Haouz, oases, and
mountains.

Bricks (fired clay or adobe)
e Used as load-bearing or partition elements; either pure (straw-reinforced adobe) or
combined with earth and stone

o Laid with earthen mortar (less clay-rich than brick) or lime on the lower courses to reduce
capillary action

o Standard sizes around 43x28x5-10 cm, but considerable regional variability

Figure 2: manufacturing and shape of adobe bricks reinforced with plant fibers
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Fired clay tiles
e Main roofing element, with genoise eaves and rainwater drainage systems

o Shape and installation method adapted to climate (slope and distinctive “canal tiles” in
humid or Mediterranean zones)

Lime and traditional mortars
e Used for renders, consolidation, waterproofing, and protection against erosion

o Preference for lime-based solutions for initial courses of brick/adobe and when repairing
vernacular buildings, especially to maintain authenticity and reversibility of interventions
on heritage structures

Marble
e Reserved for specific, prestigious decorative or structural uses: thresholds, fountains,

paving, elements in mosques or palaces

The thoughtful integration of these materials seeks to maximize their complementarity: thermal
inertia and natural “breathability” of walls, adaptation to climatic cycles, building durability, and
visual harmony with the local environment. This strategy embodies the blend of empirical
knowledge passed down through generations and contemporary advances in the composition,
performance, and implementation of available resources.

3. Characterization of Moroccan Construction Resources and Soils

The diversity of construction materials in Morocco is based on a complex pedological mosaic,
resulting from interactions among climate, geology, vegetation, topography, and human activities.
Detailed understanding of these resources is essential for earthen construction, whether in
vernacular architecture or innovative projects in extreme environments.

3.1 Pedological Classification of Moroccan Soils

Two systems coexist:
e Popular, orally transmitted classification (shots, hamri, r’'mel, harch, dess, faid, Merzag)

o Scientific classification, based on morphogenesis and mineralogy: vertisols, calcareous-
magnesium soils, isohumic soils, fersiallitic soils

Key empirical terms:
o Shots: Heavy, clayey soils (>30%), black, high cohesion, sensitive to rapid drying

o Hamri: Red, clayey soils rich in iron oxides, ideal for adobe/rammed earth, abundant in the
Sais, Tadla, Haouz plains, and the Phosphate Plateau

e R’mel: Sandy, well-drained soils, low cohesion, typical of the coast, arid zones, and
Tafilalet; must be mixed with clay/lime

e Harch/Harroucha: Stony/rocky soils, used for foundations or as mineral aggregates after
screening

e Dess/Dehs: Fine, fertile alluvial soils from valleys; excellent for adobe production
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o Faid: Silty alluviums in irrigated lowlands, high water retention
e Merzag: Sands with ferruginous concretions, moderately plastic

Main scientific soil classes:
e Vertisols: Elastic clay soils (dominated by smectite), widespread in plains (Doukkala,

Zaér...), high shrinkage/swelling

e Calcareous-magnesium soils: Derived from limestone/dolomite bedrock (¥ of the country),
well suited for construction

e Isohumic soils: Rich in organic matter, dark surface, typical of humid plains
o Fersiallitic soils: Dominated by illite/kaolinite, intermediate plasticity, common on plateaus

The popular terminology remains in use on traditional building sites; scientific classification guides
modern engineering and research on soil adaptability.
3.2 Physical, Mineralogical, and Chemical Properties

The quality of soil for building depends primarily on its particle size distribution, mineralogy, and
chemical properties.
Optimal ratios for rammed earth/adobe:

e Clay: 10-30%

e Sand: 20-50%

e Silt: 10-40%

e Gravel: <10%

e Addition of plant fibers: 1 part for 6 parts earth (for adobe)

Chemical and mineralogical roles:
e Montmorillonite/Smectite: High plasticity, risk of shrinkage/swelling; dominant in vertisols

o Kaolinite, illite: Provide good stability; preferred for cob, rammed earth, adobe
e Calcite (limestone soils): Improves durability (carbonation)

o Iron oxides (essential in hamri): Strengthen cohesion, give red color, contribute to erosion
resistance

e Organic matter (<3%): Proper content improves compactness; excess weakens the material
o Desired pH: Neutral to slightly basic to avoid destabilization or fiber degradation

Exchange capacity:
Earthen building material is “alive,” capable of exchanging moisture and heat:
e Water retention: Crucial for resistance to moisture; fine, humic soils are preferred for

quality renders/adobe

Functional composition:
e Load-bearing wall: More clayey soil, strong cohesion
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e Renders: Siltier soil

e Foundation: More gravelly mixture

3.3 Typology of Soils Suitable for Construction

e Clay soils: Ideal for rammed earth, cob, adobe due to their plasticity; found on plateaus,
foothills, and plains; allow for thick, robust walls (>40cm typical)

e Silty soils: Preferred for making raw earth bricks (adobe) and finish renders for their
smooth texture, which reduces shrinkage during drying

e Sandy soils (r’mel): Used in open/desert areas; must be stabilized with added clay or lime
and carefully selected for cohesion (Tafilalet case for lightweight adobe); not well suited
alone for load-bearing structures

e Stony/rocky soils: Structural role in foundations, internal fill, or thick walls; rarely used
alone except for foundations or extensive paving

Influence of bedrock:
e Limestone, marl, dolomite: Promote durability, widely present

o Basalt, schist, red sandstone: Color/plasticity variability, often leading to fine-tuned
technique adaptations in each region

Regional adaptation summary:
e Dades/Gharb: Soils >30% clay

o Haouz/Doukkala: Mixed soils
e Sahara/Tafilalet: Stabilized sand
o Atlas/mountains: Earth-stone integration, reinforced foundations

Key properties and usage constraints:
e Very high local variability; every construction site requires preliminary testing and mix

adjustments according to the specific project.

3.4 Influence of Geographical and Geological Factors

Relief and micro-topography:
o Atlantic plains/plateaus: Accumulation of clay and silt, suited for large-scale construction

e Mountains: Fine, stony soils requiring screening and mixing
o Closed basins/alluvial terraces (daya): Accumulations suited for adobe

Parent rocks:
o Ubiquitous limestones account for the abundance of quality building earth in Morocco

Page | 9

* X x

Ll This project has received funding from the European Union’s Horizon 2023 research and innovation
M programme under HORIZON-MSCA-2023-SE-01 grant agreement No 101183089

* % %
*



ARCHISPACE

e Volcanic substrates (Atlas, Djebilet, Tafilalet): Red/clayey soils with specific plasticity,
used in the region’s legendary kasbahs/ksours

Hydrology:
e Alluvial/crisis deposits (oases, southern valleys): Strategic source of silt and clay for
brick/render production

Climate:
e Arid/Saharan zones: Critical importance of moisture management and prevention of
drying/erosion

e Mountain areas: Need for thicker walls, stone foundations, or more complex mixes

Local adaptations:
The choice of techniques and materials is rarely standardized; it is subtly adapted to soil nature,
climate, and available resources, resulting in the rich diversity of Moroccan building practices.

4. Traditional and Modern Earth Construction Techniques

4.1. Description of Main Techniques
4.1.1. Rammed Earth (Pisé)

Rammed earth consists of the successive compaction of layers of slightly moist earth (moisture
content: 14—15%) in wooden formworks known as “banches.” The earth is clay-silt based, with 10—
15% clay, and allows the inclusion of gravel/pebbles up to 5 cm in diameter to enhance mechanical
stability and limit cracking.

e Each layer of about 15 cm is compacted energetically to form very thick walls, which can

reach up to 2 m in some monuments.

e Mostly prevalent in the south (Dadées, Todra, Draa, Ziz valleys, Ouarzazate, Ait Ben
Haddou), but also found in certain historic ramparts in Meknés and Marrakech.

e Maintenance consists of protecting the structure with a stone base, applying clay/lime
renders, and performing regular repairs to uphold structural integrity.

Figure 3: example of “checkerboard” wall alternating earth blocks and pebbles—southern Moroccan
technique
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4.1.2. Adobe (Unfired Earth Bricks)

Adobe is made by molding a paste of clayey earth (20-30% clay), water, and plant fibers (straw,
reed, palm, etc.) into wooden molds, then drying naturally away from direct sunlight.
e A typical brick measures 43%28x5—10 cm; the addition of straw (1 part to 6 parts earth)

increases mechanical strength and insulation.
e Used for load-bearing walls, partitions, vaults; common in plains, oases, and rural areas.

o Bricks are assembled with earth mortar and may be stabilized with lime or cement in the
lower courses for durability and moisture management.

Figure 4. Artisanal adobe brick production in Morocco—mixture of earth, water, and plant fibers molded
by hand then air-dried, ready for assembly into load-bearing walls.

4.1.3. Cob (Bauge)

Cob is characterized by the superposition of clods of highly plastic, fiber-rich (mainly straw) earth
(20-30% clay), assembled without formwork or sophisticated tools, but through manual or animal
labor (treading/*“ferrage”).

e This is a common technique in mountainous regions, especially the north and in remote

villages.

e It produces massive, self-supporting, economical, and easily repairable walls, highly
adaptable to the terrain.

Page | 11

* * %

LWl This project has received funding from the European Union’s Horizon 2023 research and innovation
M programme under HORIZON-MSCA-2023-SE-01 grant agreement No 101183089

* %
*



ARCHISPACE

Figure 5: Traditional cob construction in Morocco—manual stacking of earth-straw (rural/mountain
technique).

Figure 6: Example of a cob wall on a wooden frame, illustrating the binding of the earth-straw mix to the
structural elements.

4.1.4. Compressed/Stabilized Earth Blocks (BTC/BTCS)

BTC is made by mechanically compacting a calibrated mix (15-20% clay, particles <1.5cm) in a
manual or hydraulic press. BTCS results from stabilizing BTC with 3-4% lime or cement, followed
by moist curing to improve water resistance.

e These bricks allow for thinner walls (>20 cm), high mechanical strength (up to 25 kg/cm?),

prefabrication, and modern aesthetics, but require equipment investment.

e Production must be meticulous to ensure homogeneity, proper stabilization, and controlled
drying.
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Figure 7: Example of “checkerboard” wall—alternating earth blocks and large pebbles—a typical
structural/decorative motif in southern Morocco.

4.1.5. Other Derived and Composite Techniques

o Checkerboard: Alternating blocks of earth and stones/pebbles for structural and decorative
walls (typical of southern Morocco).

e Modern earth-straw: Mix of earth and plant fibers cast between wooden frames, optimized
for eco-performance.

o Wattle and daub and renders: Decorative/sanitary renders based on raw earth (>=20% clay),
sand, and short fibers, applied to wood or earth for insulation and thermal protection.

Q.,_ ; ’, } ‘ T ‘-l-’—”d

Permacutture DESIGNE

Figure 8: Example of earth-straw wall, showing a lightweight structure achieved by embedding
plant fibers in the earthen matrix.

4.2. Mechanical and Environmental Characteristics

e Mechanical strength: Rammed earth and BTC/BTCS achieve high compressive strengths
(up to 2-3 MPa), while adobe is suitable for less-stressed walls in dry climates.

e Water resilience: Marked sensitivity except for stabilized BTCS; protection involves stone
bases, drainage layers, protective lime/earth renders, or wattle and daub coatings.
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e Thermal inertia and hygrothermal regulation: Excellent ability to stabilize interior
temperature and humidity, surpassing conventional concrete systems.

e Ecology: Low embodied energy, use of local resources, high recyclability, utilization of
agricultural residues (straw, husks, etc.), and significant reduction in carbon footprint.

e Structure/insulation compromise: Adding fibers improves thermal insulation and reduces
weight but lowers compressive strength; proportions must be adjusted depending on load-
bearing or insulating function.

4.3. Regional Case Studies and Notable Examples

o Ait Ben Haddou/Ouarzazate: UNESCO-listed kasbahs and ksour, rammed earth walls over
I m thick, stone foundations, traditional renders, maintained by regular community repair
campaigns.

e Dadés, Todra, Draa, Ziz Valleys: Village organization (“touiza”), thick load-bearing walls
in rammed earth, earth-straw, adobe, exemplary conservation and collective upkeep.

e Doukkala, Sais, Tadla: Dominance of adobe with a high share of local fibers, fine renders,
light partitions.

o Tafilalet, pre-Saharan and oasis areas: Use of local sand (r’'mel), often lightened adobe,
formats optimized for animal transport.

e Meknés/Marrakech: Monumental fortified walls in stabilized rammed earth, anti-erosion
innovations (drip ledges, lime renders), and a vast architectural heritage.

5. Moroccan Sites as Martian and Lunar Analogs

5.1. Scientific Justification for Analog Sites

The selection of Moroccan sites as analogs for Mars and the Moon is based on the convergence of
geological, mineralogical, climatic, and morphological criteria. Several regions of Morocco present
striking similarities with extreme planetary environments, due to:

o Substrates resulting from equivalent geological processes: erosion, sedimentation, volcanic

alteration, and aeolian transport (regs, ergs, sandy or magmatic formations)

o Shared mineralogy: presence of basalts and andesites, quartz-rich sands, smectites, iron
oxides, ferruginous concretions, and low organic matter content (all characteristics of lunar
and Martian regolith)

o Extreme relief and microclimate (desert areas with marked thermal amplitude and very low
vegetation cover), offering a relevant model for experimentation and simulation of Martian
or lunar conditions

o Extensive, unspoiled surfaces conducive to large-scale trials: ISRU (In Situ Resource
Utilization) campaigns, habitat tests, robotic trials.
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5.2. Detailed Presentation of Selected Sites
5.2.1. Tafilalet

e Location: Southeastern Morocco, between Errachidia, Rissani, Erfoud, and the Erg Chebbi
dunes

e Typology: Dominance of sandy soils—large mobile dunes (ergs), regs (flat, barren surfaces
with desert-varnished pebbles and stones), semi-desert areas bordering the riverbeds
(oueds)

o Pedological structure: Thin layer of developed soil, alternation of angular to rounded quartz
grains, marked granulometric heterogeneity, sometimes surface salt crusts

e Martian analogies: Strong aeolian regime, dune microtopographies, alternation of fine
particles and pebbles, dominance of SiO, iron oxides and evaporites, low organic matter

e Analog uses: Ideal for robotic mobility tests, experiments with surface stabilization (wheels,
tracks), compaction and experimental fabrication of materials (bricks, shelters)

5.2.2. High Atlas and Djebilet

e Location: Highlands and plateaus of the High Atlas near Marrakech, Ouarzazate, and the
Djebilet massifs

e Typology: Outcrops of volcanic rocks: basalts, andesites, lava flows and tuffs; soils derived
from their alteration (mix of mineral clays, smectite/montmorillonite, angular fragments,
red or black metallic oxides)

e Mineralogical proximity: Strong similarity with Martian basaltic plains (Tharsis, shield
volcanoes) due to the dominance of iron oxides (Fe:0s3), magnesium, potassium, and low
organic content

e Djebilet: Small mountain chains with skeletal regolith (coarse and fine clay fractions similar
to lunar/Martian regolith materials)

e Applications: Suitable sites for ISRU experimentation: extraction, processing, compaction,
testing of “Martian/lunar concrete” by compaction or fusion, robotics campaigns.

5.3. Soil Characteristics and Experimental Potential

e Granulometry and mineralogy:

o Tafilalet: Mainly quartz sands, mobile fine fraction (dust), polished gravels and
pebbles, low plasticity, bearing capacity variable depending on compaction
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o Atlas/Djebilet: Mix rich in smectite/montmorillonite, angular fragments, strong
(black, red) coloration, abundant metallic oxides, mineralization analogous to
planetary samples

Experimental adaptability:

e On-site fabrication of adobe, compressed bricks, experimental masonry
(stabilization tests, mechanical performance, water resistance, insulation
measurements)

e Ideal platforms for demonstrator-scale trials, advanced physical and chemical
characterization, validation of analytical instruments (XRF, laser, diffraction)

o Training of scientific teams (logistics, survival, resource management, construction
in extreme conditions)

5.4. Scientific, Educational, and Collaborative Value

Unique natural laboratory for fundamental research (planetary geology, mineralogy, ISRU),
validation of space technologies (robots, construction processes, semi-buried habitats)

Platform for training students, engineers, scientists, and astronauts, strengthening skills in
managing space and analog projects

Potential for international synergies: collaborative campaigns with space agencies (EU,
NASA, China), creation of international standards, and pooling of planetary analog data
sets

In summary: The Moroccan sites of Tafilalet, the High Atlas, and the Djebilet massifs constitute
highly valuable experimental grounds for research on in-situ space construction, comparative
planetology, and training in extreme analog environments. They offer a diversity of substrates,
climatic conditions, and usable scenarios, benefiting scientific innovation, education, and
Morocco’s international scientific profile.

6. Prospects for In-Situ Material Use in Morocco and Extreme Environments

6.1. Summary of Strengths and Limitations

Main strengths:

*

*

* % %
*

Local availability: Morocco offers exceptional diversity in soils (clayey, sandy, silty,
magmatic) that can be directly reused for various construction techniques (rammed earth,
adobe, BTC).

Positive environmental profile: Low embodied energy, abundant resources, high
recyclability after demolition, and low impact during extraction and processing.

Adaptability and modularity: The ability to adjust implementation recipes (addition of
fibers, gravel, lime/cement stabilization) according to local context.
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Heritage know-how: The transmission and robustness of proven traditional techniques,
which can be easily adapted to modern, eco-responsible industrialization.

Limitations and challenges:

Soil heterogeneity: High variability over short distances, requiring systematic testing for
each selected site.

Moisture sensitivity: Strong dependence on the quality of foundations, protective renders,
and careful water management during construction; the need for stabilization solutions in
arid/extreme environments.

Variable durability and performance: Unstabilized structures show lower performance in
humid zones or when exposed to dynamic loads (seismicity, erosion).

Water management: Particularly challenging on Mars/Moon—priority is given to dry
compaction and the search for alternative binders (natural, mineral, or in-situ sourced).

6.2. Transferability of Techniques to Lunar and Martian Contexts

Transferable strengths:

Low embodied energy and simple equipment: Manual or mechanical compaction/molding
is directly transferable to space missions with limited external resources.

Use of local regolith: As tested in Morocco, making “Martian/lunar bricks” by direct
compaction or with the addition of stabilizers (lime, cement, sulfur, molten basalt) is
feasible.

Modularity and adaptability: Modular techniques (vaults, prefabricated modules, semi-
buried structures) are compatible with the geometries required by extreme environments.

Mastery of stabilization methods: Significant experience with lime, cement, fibers, and the
possibility to expand this to binders derived from planetary regolith.

Adaptation needs:

* %

Moisture management: The space context requires dry compaction technologies, the
development of local stabilizers, and methods adapted to water scarcity or absence.

Mechanical performance and adaptation: Formulations must be optimized to enhance
compressive strength and adapt structures to radiative and thermal constraints (insulation,
shielding).

Radiation and thermal protection: Further innovation is needed in multilayer walls, semi-
buried shelters, and the application of protective coatings against cosmic radiation and
extreme temperature variations.

6.3. Future Valorization and Experimental Proposals

Experimentation at Moroccan analog sites:
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e In-situ construction of bricks, walls, and demonstrators (vaults, prototype modules)
using local materials

e Advanced characterization (compaction tests, mechanical strength, thermal
insulation and durability tests under water scarcity/aridity)

o Stabilization testing: Recipes without liquid water (dry compaction), use of natural
or synthetic binders, innovative plant/mineral fibers

o Simulation of use in extreme conditions (aridity, radiation, thermal cycling,
accelerated aging)

e International research dynamics:

e Development of training platforms and field schools, sharing of demonstrators and
detailed feedback documentation

e Promotion of collaborative campaigns involving multiple actors (universities, space
agencies, industry)

e Pooling of geotechnical and physical data—building reference databases usable
internationally

In summary: Moroccan expertise in leveraging local materials, combined with large-scale
experimental capacity and international openness, positions the country as a living laboratory for
both innovation in sustainable construction and advanced engineering required by space
exploration.

7. General Conclusion

The comprehensive study of Moroccan soils, their potential in earthen construction, and their
relevance as Martian and lunar analogs has highlighted an exceptional natural and technical
heritage. The nation’s pedological diversity (clays, sands, basalts, alluvium), combined with
ancestral mastery of rammed earth, adobe, and compressed earth block techniques, positions
Morocco as a true open-air laboratory for ecological construction and applied research in extreme
environments.

The demonstrated transferability of Moroccan know-how is based on the valorization of local
resources, the use of low-environmental-impact methods, modularity, and adaptability to the
constraints of space engineering. This paves the way for robust and innovative solutions for
habitation on Mars or the Moon, particularly through dry compaction processes, optimized
stabilization, and the integration of natural or in-situ sourced materials.

The Tafilalet, High Atlas, and Djebilet sites provide a full-scale experimental setting for validating
these approaches, training students, engineers, and researchers, and enhancing Morocco’s
international scientific visibility. Finally, the dynamic—both national and international—
collaborative framework will consolidate local expertise, foster the development of sustainable
construction value chains, and place the country at the forefront of planetary analog studies and the
transition toward more resilient, environmentally-adapted habitats for major contemporary
challenges.
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Disclaimer: This report reflects only the author's view. The Research Executive Agency
(REA) is not responsible for any use that may be made of the information it contains.
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