MODULE 48 - ADVANCED MARS CURRICULUM - UNDERSTAND, CALCULATE, VERIFY.

Civil engineering, regolith and Martian construction
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Conceptual visualization — civil engineering on Mars couples excavation, material properties, shielding, foundations, construction
equipment and verification.



Move from imported structures to a built site: soil characterization, excavation, foundations,
shielding, roads, additive construction and dimensional verification. Construction metrology

closes the loop between the digital model and the geometry actually produced on site.

Before starting — review structures, local resources and Mars manufacturing because civil works couple ground
uncertainty, machine capacity and quality assurance. Every important symbol is defined at first use.

Mastery objectives

* translate site investigation into excavation, foundation, shielding and access requirements

e connect geometric quantities to mass moved, machine cycles, tolerances and available
production time

* place inspection and hold points before irreversible construction work or crew occupancy

e preserve as-built evidence so future maintenance crews know what was actually

constructed

1. Construction starts with understanding the ground

Before a foundation, berm or road is built, the terrain has to be characterized. Bearing capacity,
slope, grain size, blocks, dust and possible ice change construction methods. A site that is
excellent for landing is not automatically suitable for heavy structures. Reconnaissance
combines imagery, penetration tests, wheel response and sampling. Martian civil engineering
begins with larger uncertainty than a terrestrial job site and must deliberately reduce that

uncertainty before final layout.

NASA TechPort describes additive-construction work using indigenous and recycled materials

for off-Earth habitats. NASA TechPort — construction

2. Excavation and regolith transport

Excavating a cubic meter is not just overcoming weight. The machine needs cutting force,
traction, hauling capacity and dust control. Lower gravity reduces vehicle weight and therefore

the force that tires or tracks can transmit before slipping. A powerful bucket on a light chassis


https://techport.nasa.gov/projects/91410

may be unable to use its installed power. Tool force, ground reaction and pass strategy have to

be designed together.

3. Foundations and differential settlement

Pressurized structures impose permanent loads and pressure-driven forces. Supports must limit
settlement, sliding and rotation. On heterogeneous ground, adjacent supports can sink
differently and load interfaces that were not designed for distortion. Foundations may use pads,
piles, compacted platforms or adjustable systems. The construction capability and the geology

jointly determine the choice.

Construction assurance cross-section

Ground model, foundation, buried utilities, shielding and irreversible hold points in one section view
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Each hold point preserves evidence before the next layer hides or pressurises the work.

Civil works progress through measurement and hold points; occupancy is the final acceptance step, not the first inspection. Pedagogical synthesis
by Delta-Sierra from the primary sources cited in this course; schematic, not to scale.

4. Regolith shielding is useful mass and real structural load

Covering a habitat with regolith can improve radiation and thermal protection, but the material
becomes structural load. Density, depth, geometry and local surcharge matter. Uneven
deposition can overload a shell designed for a uniform blanket. Shielding therefore has to be

engineered with the habitat structure instead of added later as a simple bulldozer task.



5. Roads, pads and landing separation

Surface vehicles benefit from maintained routes that reduce slip, abrasion and energy. Near a
landing zone, rocket plumes can accelerate particles and threaten habitats, radiators, solar
arrays and vehicles. Distance, berms and surface treatment become safety parameters. Civil

engineering must manage indirect operational effects, not only static structures.

6. Additive construction and local material

Additive construction can reduce formwork and use local feedstock, but it does not remove
structural requirements. Printed material needs data for compression, tension, cracking, thermal
cycles and variability. Layer orientation can create anisotropy, meaning that properties depend
on direction. An autonomously printed shell also has to meet tight interfaces with pressure

vessels, hatches and utilities produced by other methods.

7. Construction metrology

An autonomous builder must know whether the real geometry matches the model. Lidar,
photogrammetry and survey references can compare each stage to the plan. Metrology catches
slope error, distortion or misplaced interfaces before final assembly. Without a measure-correct

loop, automation can rapidly produce a large amount of the wrong geometry.

8. Maintain the civil works

Roads rut, berms erode, structures see thermal cycling and foundations can move. Inspection
and repair are part of the civil plan. A crack is judged by whether it grows, not simply by
whether it exists. Permanent survey marks and repeated measurements distinguish a stable

imperfection from an active failure mechanism.



Deepening: building-to-system interfaces

A wall is never just a wall. Cables, pipes, hatches, anchors and equipment penetrate it. Every
penetration can become a leak, thermal bridge or weak point. Interfaces are standardized and
surveyed before installation. High-performance local construction that cannot hold the

tolerances of an airlock or pressure seal still needs an engineered adapter layer.

Deepening: robotic construction before crew arrival

Reconnaissance, grading, route preparation, berm construction and some unpressurized
structures can be completed before people arrive. Automation still needs recovery cases: stuck
tools, lost localization or misplaced material piles. Precursor tasks are selected because they
remain recoverable or remotely verifiable and because they genuinely reduce risk for the first

crew.

Deepening: geotechnics under uncertainty

Early tests will never describe the entire site perfectly. Construction plans therefore represent
uncertainty through distributed probes, bearing-capacity margins, exclusion zones and the
ability to relocate a foundation before final assembly. If shallow ice is possible, excavation
itself may alter local soil behavior. Irreversible decisions should be tied to a minimum level of

geotechnical knowledge.

9. Worked example: shielding mass

A 60 m? roof receives 0.8 m of regolith with an average density of 1,500 kg/m3. Volume is 60 X
0.8 = 48 m3 and mass is 48 % 1,500 = 72,000 kg. On Mars its weight is roughly 72,000 x 3.71 =

267 kN. The structure must carry that distributed load plus local deposition non-uniformity.



Calculated case study: regolith mass to prepare for a berm

TEACHING ASSUMPTION — A rectangular berm is 18 m long, 2.5 m high and 0.40 m
thick. Assume prepared-regolith bulk density 1,600 kg/m?3 and a 10% processing margin.

Let L be length, H height and e thickness in metres; V volume in m3; p bulk density in kg/m3; M

mass in kg; and m the margin, dimensionless.

V=LxHxe=18x25%x0.40=18m3. M =V x p =18 x 1,600 = 28,800 kg. With a 10%
margin: M_plan = 28,800 x 1.10 = 31,680 kg = 31.68 t.

Even simple geometry creates tens of tonnes to excavate, move and place. Density and shape

are calculation assumptions, not specifications for a real structure.

10. Exercise

A 20 m x 30 m pad requires an average 0.25 m cut. Calculate volume, mass for 1,600 kg/m3
and trips for a hauler carrying 400 kg each cycle. Explain why trip count alone does not

determine construction time.

11. Reasoned solution

Volume is 150 m?3 and mass is 240,000 kg. At 400 kg per trip the theoretical total is 600 trips.
Real duration also includes excavation, travel, dumping, charging, maintenance and

weather/dust interruptions. Fleet availability and cycle time dominate the schedule.

12. Validation project

Design civil works for two habitats, a workshop, rover route and landing zone: reconnaissance,
grading, shielding, plume protection, metrology, construction sequence and long-term

maintenance.



Martian construction begins with soil uncertainty, load paths and
maintainable interfaces

Regolith is abundant, but abundance does not make it a finished construction material. Its
bearing behavior, particle size, density, cohesion, ice or salt content and response to excavation
can vary by site and depth. Civil engineering therefore starts with characterization and test
sections. A habitat foundation, road and radiation berm may all use local material differently

and cannot be designed from one generic “Mars soil” value.

Construction also has a sequence problem. Before crews depend on a site, robots can grade
routes, prepare landing zones, excavate trenches, place shielding and verify dimensions. This
reduces human EVA exposure and reveals equipment weaknesses early. But robotic work needs
survey control, machine maintenance and acceptance criteria; moving regolith is not useful

unless the resulting geometry and compaction meet the intended function.

Shielding by regolith illustrates a cross-system trade. More overburden can improve radiation
and thermal buffering, but it also adds structural load, excavation effort and settlement risk. The
building interface must carry that mass without overstressing shells, penetrations or
foundations. A “two metres of regolith” statement is incomplete until density, area, load path

and maintenance access are defined.

Landing zones and roads are part of the settlement system because dust and ejecta can damage
distant hardware. Surface preparation, traffic routes and stand-off distances should reduce
repeated contamination and keep heavy logistics away from fragile habitat interfaces. Civil
works therefore protect not only mobility but also solar arrays, radiators, seals and scientific

instruments.

Ten civil-engineering ideas for turning local regolith into reliable
infrastructure

1. Site investigation precedes structural commitment

Visual appearance alone cannot establish bearing capacity or settlement behavior. A campaign
can combine imaging, shallow excavation, penetration tests, density measurements and

instrumented load tests appropriate to available equipment. The goal is to reduce uncertainty



enough for the consequence of the structure being built.

Test locations should represent the actual foundation and route areas. A strong patch a few
metres away does not prove uniform conditions. If variability remains high, the design can use
larger bearing area, ground improvement or adjustable supports rather than pretending the

uncertainty has disappeared.

2. Excavation planning is a mass-flow problem

Every cubic metre removed must go somewhere. Spoil can become berms, shielding, road fill
or stockpiled feedstock, but haul distance and handling cycles consume energy and machine
life. A site plan should minimize double handling by connecting excavation sources with useful

destinations.

The excavator itself operates in abrasive dust and low gravity. Traction and reaction forces can
limit productivity before motor power does. Production estimates therefore come from

representative digging tests, not terrestrial bucket ratings copied without correction.

3. Compaction creates a controlled engineering material

Loose regolith can settle under repeated loading. Compaction increases density and can
improve stiffness, but performance depends on particle distribution, moisture or ice state, layer
thickness and compaction method. The process should define target density or another

measurable acceptance criterion.

Test strips help tune equipment passes and energy. More compaction is not always better if it
consumes excessive time or damages subsurface features. The objective is consistent

performance appropriate to the load, not a maximum number on every patch of ground.

4. Foundations must distribute load and tolerate settlement

A foundation transfers habitat or equipment loads into the ground. Bearing pressure, differential
settlement and local weak zones matter because a pressurized structure can be sensitive to
distortion at hatches, pipes and airlocks. Adjustable or modular supports can offer a way to

correct small movements after installation.



Instrumentation can track tilt or displacement over time. A slow trend may be manageable if
detected early, while unnoticed settlement can accumulate stress in rigid utility connections.
Foundation design therefore includes inspection and correction strategy as well as initial

strength.

5. Regolith shielding is simultaneously mass and structure

Shielding material placed over or around a habitat has weight under Martian gravity and can
create lateral pressure or concentrated loads. The structure and foundation must carry that load.
Construction sequence matters because an inflatable or lightly supported shell may require

staged placement rather than dumping the full mass at once.

Berms can also protect against line-of-sight debris or provide thermal buffering, but
penetrations, emergency exits and maintenance access must remain usable. Shielding geometry

should be coordinated with life safety, not optimized in isolation.

6. Roads and pads control dust as well as mobility

Repeated vehicle traffic disturbs fine particles and creates ruts that increase energy use and
maintenance. Grading, compaction, local paving or sintering may stabilize critical routes
depending on available equipment and energy. The highest-value roads often connect landing,

storage, power and habitat nodes rather than covering the entire settlement.

Landing surfaces have additional plume and ejecta concerns. Preparing a durable zone and
controlling loose material can reduce damage to nearby infrastructure. Civil layout should
consider prevailing operational paths and keep fragile systems outside avoidable debris

corridors.

7. Additive construction still requires feedstock control and verification

Printing or extruding local material does not eliminate engineering requirements. Particle size,
binder or thermal process, layer bonding, geometry and curing conditions affect performance.

Test coupons and destructive samples can establish whether a batch meets the intended use.

Large printed elements may be suitable for shielding, walls or forms while pressure-critical
barriers use another technology. The architecture should assign local materials where their

verified properties create value rather than assuming one process must build everything.



8. Sintering trades imported binder for energy and process control

Sintering bonds particles through heating without fully melting all material. It can create pavers
or consolidated surfaces using local feedstock, but energy demand, heating uniformity and
thermal cycling affect product quality. Equipment must also survive dust and repeated high-

temperature operation.

The process should be judged on delivered infrastructure per unit energy and maintenance
burden, not just on whether a sample can be made. A robust low-throughput process may be

more valuable than a high-power demonstrator that cannot be repaired locally.

9. Survey and metrology make robotic construction verifiable

Autonomous machines need a shared reference frame so excavation depth, pad slope, utility
trench alignment and habitat interfaces meet. Markers, local navigation aids or mapped
landmarks can support this frame. Periodic independent checks prevent small positioning errors

from accumulating across many operations.

Acceptance measurements should be tied to function. A road may tolerate centimetres of
variation while a habitat docking foundation needs much tighter alignment. Metrology effort is

allocated according to consequence, not applied uniformly.

10. Civil infrastructure needs maintenance access and inspection plans

Berms can erode, routes can rut, foundations can settle and buried utilities can leak. The site
plan should leave access for inspection and repair rather than permanently burying every
critical connection under shielding. Removable panels, service trenches or mapped utility

corridors reduce destructive excavation later.

Condition monitoring can be simple: survey points, crack markers, load history and periodic
visual inspection. The goal is to detect change before it becomes a structural or logistics
interruption. Construction is not finished when the machine leaves; it enters a decades-long

maintenance phase.



Civil-engineering calculation laboratory: shielding mass and bearing
pressure

Formula 1 — regolith shielding mass over a habitat area

m=pxAxh

Starting question
How much regolith mass is placed when a layer of known
thickness covers a stated area?

Read aloud
Read: “mass equals bulk density times covered area times
layer thickness.”

Symbols, pronunciation and meaning
p is bulk density; A is plan area covered; h is average
layer thickness; m is mass.

Units
Using kg/m3, m2? and m produces kilograms.

Origin and status of values
Density should come from site or representative compacted-
material measurements. Area and thickness come from the
shielding geometry.

Why this operation
Area times thickness gives volume. Multiplying by density
converts that volume to mass.

Substitution and calculation
For density 1,500 kg/m3, area 60 m? and thickness 1.5 m:
volume = 90 m3; mass = 1,500x90 = 135,000 kg = 135 t.

Calculator entry
Enter 1500 x 60 x 1.5.

Mental estimate
Ninety cubic metres at about one and a half tonnes per cubic
metre should be about 135 tonnes.

Independent check
Divide 135,000 kg by 1,500 kg/m3 and recover 90 m3; divide
by 60 m? and recover 1.5 m thickness.

Physical or operational interpretation
The structure and construction equipment must handle a
local-material mass of about 135 tonnes even though none of



that mass was launched from Earth.

Plain-English translation
In plain language: using local regolith saves transport mass
but creates a very real structural and excavation load at
the site.

Variation / sensitivity
Doubling thickness doubles mass. A 20% lower density reduces
mass by 20% for the same geometry but may also indicate
different compaction and shielding properties.

Limit / assumption
The formula treats the layer as uniform and uses bulk
density. Sloped berms, voids, local thickness variation and
construction tolerances require a geometric model and
reserve.

What this does not prove
The mass calculation does not prove that the berm provides
adequate radiation shielding or that the supporting
structure can safely carry it. Material heterogeneity,
slopes, voids, construction tolerance and load
redistribution all sit outside this uniform-layer model.

Boundary case to test
If area or thickness is zero, modeled regolith mass must be
zero. Density must remain positive. Doubling thickness at
fixed area and density must double mass; failure of that
proportionality is a quick check for an arithmetic or unit
error before a more detailed geometric model is used.

Formula 2 — simple bearing pressure under a foundation

q=F/ Afoo‘cing

Starting question
What average pressure does a foundation apply to the ground
under a stated vertical load?

Read aloud
Read: “bearing pressure equals vertical force divided by
footing area.”

Symbols, pronunciation and meaning



F is vertical force carried by the footing; Atgoting 1S

contact area; g is average bearing pressure.

Units
If force is newtons and area square metres, q is pascals;
divide by 1,000 for kilopascals.

Origin and status of values
Force comes from structural load analysis including the
relevant Martian gravity and applied loads. Area comes from
actual foundation geometry.

Why this operation
Division spreads the total force over the supporting area
and provides an average pressure for comparison with
geotechnical limits.

Substitution and calculation
If a footing carries 180,000 N over 12 m2, q = 180,000/12 =
15,000 Pa = 15 kPa.

Calculator entry
Enter 180000 + 12, then divide by 1000 to express kPa.

Mental estimate
Twelve goes into 180 about fifteen times; adding the
thousand scale gives 15 kPa.

Independent check
Multiply 15,000 Pa x 12 m? = 180,000 N and recover the load.

Physical or operational interpretation
Average pressure is one input to foundation design; local
stress concentration and differential settlement can still
govern.

Plain-English translation
The footing applies an average of about fifteen kilopascals
to the ground in this simplified example.

Variation / sensitivity
Doubling footing area halves average pressure. If shielding
adds 60,000 N without changing area, pressure rises to 20
kPa.

Limit / assumption
This is not a complete bearing-capacity calculation. Soil
heterogeneity, eccentric load, footing shape, depth and
settlement criteria require geotechnical analysis and
testing.

What this does not prove



Average bearing pressure does not prove bearing capacity,
settlement control, sliding resistance or structural
stability. Real foundations can carry eccentric loads and
highly nonuniform contact stress over heterogeneous ground.
Boundary case to test
If vertical force is zero, average pressure must be zero.
Increasing footing area at fixed force must reduce q
inversely. As area approaches zero the idealized pressure
grows without bound, signaling that the simple average-
pressure model cannot rescue an unrealistically small
contact area.

Construction cases: connect geometry, machines and long-term
maintainability

A robotic excavator produces half the expected daily volume

The team separates traction limitation, tool wear, unexpectedly dense material, route delays and
software inefficiency. Simply extending shifts may accelerate wear without solving the
governing constraint. Production telemetry and a short instrumented test can show where cycle

time is being lost.

The construction schedule is then updated using measured productivity. Shielding or trench
priorities may be resequenced so critical infrastructure is completed first. Early robotic work is

valuable partly because it reveals these real site rates before crew survival depends on them.

A habitat foundation shows a slow tilt trend

Survey data is compared with temperature cycles, shielding placement and nearby excavation.
Utilities and hatches are inspected for strain. If the support system is adjustable, corrections can

be staged while monitoring response rather than waiting for a large displacement.

The investigation also checks whether one footing rests on a locally weak zone. The event
becomes feedback for future site investigation density and foundation design. A measurable

trend is an opportunity to intervene before structural damage appears.



Landing operations repeatedly coat a nearby solar field with dust

The problem is partly civil layout, not only panel cleaning. The settlement can evaluate pad
stabilization, berming, stand-off distance and traffic orientation so plume-entrained material is
less likely to reach the array. Operational cleaning remains a backup, but repeated

contamination signals that the source-path relationship deserves redesign.

This illustrates infrastructure coupling: landing-zone engineering can improve power reliability

without changing a single solar module.

A printed regolith wall passes visual inspection but test coupons are weak

Visual geometry does not prove material properties. The affected batch is quarantined for
structural use while feedstock, thermal process, layer bonding and machine calibration are
reviewed. The wall may still serve a lower-consequence shielding or formwork role if

engineering accepts that use.

Quality control protects the settlement from converting abundant local material into false

confidence. The acceptance test is tied to function, not appearance.

Martian construction practice with reasoned solutions

Exercise 1 — Compute shielding mass

Regolith density is 1,400 kg/m3. A roof area of 50 m? receives 1.2 m average thickness.

Calculate mass.

» Reveal the reasoned solution

Exercise 2 — Reduce bearing pressure

A foundation load is fixed. What happens to average bearing pressure if footing area doubles?
» Reveal the reasoned solution

Exercise 3 — Plan excavation destinations

A trench produces 70 m3 of spoil while a nearby shielding berm needs 55 m3. What site-

planning question follows?



» Reveal the reasoned solution

Exercise 4 — Choose a road treatment

A route is rarely used by light rovers, while another carries heavy logistics every day. Should

both receive the same surface treatment?

» Reveal the reasoned solution

Exercise 5 — Verify robetic construction

Why is autonomous completion of a trench not enough evidence that the trench is acceptable?

» Reveal the reasoned solution

Exercise 6 — Preserve maintenance access

Why can completely burying utility interfaces under shielding create a long-term problem?

» Reveal the reasoned solution

Interactive beginner glossary

These terms focus on how local ground becomes verified infrastructure rather than simply

moved material.

* regolith — Loose fragmented surface material covering solid rock on Mars.

e geotechnical investigation — Testing and observation used to understand ground
properties relevant to construction.

* bearing capacity — The ability of ground to support foundation loads without
unacceptable failure or deformation.

e bearing pressure — Load force divided by the area through which a foundation transfers
that load to the ground.

e settlement — Downward movement of a foundation or ground after loading.

e differential settlement — Unequal movement between different parts of a structure or
foundation.

e compaction — Mechanical densification of loose material to improve consistency or

engineering behavior.



bulk density — The mass of a loose granular material for each unit of occupied volume,
including the void spaces between grains.

excavation — Removal of soil or regolith to create a trench, foundation, cut or material
stock.

spoil — Material removed during excavation that must be reused, stored or otherwise
managed.

berm — A raised bank of material used for shielding, containment, separation or
protection.

shielding overburden — Material placed over or around a habitat to provide protective
mass.

footing — A foundation element that spreads structural load onto the supporting ground.
load path — The route through which forces travel from a structure into its supports and
ground.

grading — Shaping the ground surface to the required elevation and slope.

rutting — Long grooves or depressions formed by repeated vehicle traffic.

landing pad — A prepared surface intended to support landing operations and control
surface damage or debris.

sintering — Bonding particles by heating them sufficiently to fuse contacts without
necessarily fully melting the material.

additive construction — Building an object by placing material in successive controlled
layers.

test coupon — A small specimen produced and tested to represent a construction material
or process batch.

survey control — A stable reference system used to measure construction position,
elevation and alignment.

metrology — The science and practice of measurement, including calibration and
traceability.

acceptance criterion — A measurable requirement that completed work must satisfy
before being approved.

test strip — A small trial construction area used to tune a process such as compaction
before full production.

stockpile — A controlled stored quantity of excavated or processed material.

service corridor — An accessible route reserved for utilities, inspection and repair.



e ground improvement — A process used to change local ground properties so it better
supports the intended structure.

 foundation adjustment — A designed method for correcting support position or level after
installation.

e construction tolerance — The allowed difference between designed and as-built geometry
Or property.

e as-built record — A documented record of the final measured location, geometry and

configuration of completed infrastructure.

Operational review checklist

e Investigate ground properties at the actual construction location.

e Use test sections before committing critical foundations or large-scale surface processes.

* Plan destinations for excavated regolith so material is not handled repeatedly.

e Measure real excavation productivity in representative terrain.

e Define compaction acceptance by measurable property, not number of machine passes
alone.

e Check differential settlement and utility-interface strain, not only total bearing capacity.

* Treat shielding regolith as structural load as well as local protective mass.

e Coordinate berms and overburden with emergency exits and maintenance access.

e Stabilize high-value roads and landing areas according to traffic and debris consequences.

e Use coupons and process records for additive or sintered construction.

e Maintain survey control so autonomous machines share the same reference frame.

e Match metrology precision to the consequence of the interface being built.

* Preserve accessible routes to buried or shielded utilities.

e Monitor foundations, roads and berms for change over time.

e Feed measured civil performance back into later settlement expansion.

Civil-engineering calculation laboratory: moving regolith quickly
becomes a mass-handling problem

Concepts such as shielding thickness or berm geometry become operational only after they are

translated into excavation volume, hauled mass, equipment time and verification.



Shielding mass estimate

m=px A xh

Read aloud. Mass equals bulk density times covered area
times average thickness.

e p (rho): assumed bulk density, kg/m3.
e A: area, m2.

« h: average thickness, m.

Teaching scenario. Using an illustrative bulk density of
1,600 kg/m3, an area of 20 m? and 2 m average thickness
gives volume 20 x 2 = 40 m3 and mass 1,600 x 40 = 64,000 kg,
or 64 tonnes. This is a logistics estimate, not a radiation
certification.

Limit. Real regolith density, compaction, slopes, voids,
structural loads and shielding performance require site-

specific data and engineering analysis.

Qualified-product yield

m product = n x m feed

If 12 t of prepared feed enters a process and 78% becomes
material that passes the chosen qualification test, product
mass 1s 0.78 x 12 = 9.36 t. The 2.64 t difference must be
accounted for as rejects, fines, process loss or another
stream.

» Exercise — excavation volume



Engineering studio: from regolith geometry to machine time and
foundation stress

Martian civil engineering becomes manageable when a drawing is translated into quantities that
machines, structures and schedules can absorb. This studio connects geometry, bulk material,
hauling, foundation pressure and production uncertainty. Every numerical value below is a

teaching assumption, not a site-specific Mars design value.

1. Convert a protective geometry into volume

V=A x h

Read aloud. Volume equals covered area times average thickness. V is in cubic metres, A in
square metres and h in metres. The unit check is m? x m = m3. If a berm/shielding layer covers

180 m? at an average thickness of 1.8 m, V = 180 x 1.8 = 324 m3.

2. Convert volume into handled mass

m = p bulk x V

The Greek letter p, pronounced “rho”, is bulk density in kg/m3. If the teaching assumption is
1,500 kg/m3, then m = 1,500 x 324 = 486,000 kg, or 486 t. The result immediately explains
why construction is a logistics problem: a seemingly modest geometric layer can require

hundreds of tonnes of local material movement.

Limit. Real bulk density varies with particle size, compaction, ice content, disturbance and site.

A design must use measured local data and a range, not one universal Mars number.
3. Estimate loader/hauler cycles
N cycles = m total / m payload
If a hauler carries 1.8 t of qualified payload per cycle, N_cycles = 486 / 1.8 = 270 cycles. Since

a fraction of a final trip cannot be ignored, operational planning rounds upward when the result

is not an integer.



4. Translate cycles into ideal machine-hours
t ideal = N cycles x t cycle

With a 24-minute average round-trip cycle, 270 x 24 = 6,480 minutes = 108 hours. This is ideal
productive time. It excludes charging, inspection, traffic conflict, dust mitigation, breakdowns

and rework.

5. Include availability instead of pretending machines work continuously

t calendar = t ideal / A machine

A_machine is the fraction of calendar working time in which the machine is available for the
planned task. With A_machine = 0.72 in a teaching scenario, 108 / 0.72 = 150 calendar hours. A

useful reverse check is 150 x 0.72 = 108 productive hours.

6. Connect foundation force to average bearing pressure
q avg = F / A footing

g_avg is average pressure in pascals; F is vertical force in newtons; A_footing is footing area
in m2. A 180 kN teaching load distributed over 12 m? gives 180,000 / 12 = 15,000 Pa = 15 kPa.
Doubling footing area, with the same force, halves this average pressure. This does not by itself
prove the foundation is safe: local bearing capacity, settlement, eccentricity, cyclic loads and

soil variability still matter.

» Integrated exercise — can the fleet finish the shielding campaign?
Mission decision. Civil design must close a chain from geometry — material volume — mass

— cycles — machine-hours — calendar margin, while structural design separately closes load

— footing — ground response. Skipping one link merely hides the constraint.

First-Man civil engineering: build from measured ground, not an



average Mars

Regolith is not one material. Grain size, rock abundance, ice or salt content, compaction, slope
and thermal history can vary across short distances. A foundation or road design should
therefore begin with site investigation and a geotechnical model that is allowed to change as
excavation reveals new conditions. The most dangerous assumption is that a successful test pad

proves an entire settlement site behaves the same way.

Survey Investigate Build Verify
topography, boulders, trenches, probes, excavate, place, geometry, density,
subsurface indicators samples, density compact, protect settlement, cracking

Construction quality is evidence collected during the work

Once a trench is backfilled or a printed wall is covered, some evidence disappears. The quality
plan should therefore specify measurements at hold points: excavation depth, bearing surface
condition, layer thickness, compaction result, reinforcement position where used, material
batch, cure or thermal history, and final geometry. Photographs help, but they do not replace

dimensional or material checks.

Imported structures and locally manufactured elements need an interface specification. A
locally printed landing-pad block may be perfectly adequate in compression but unsuitable
where an imported anchor creates tension or thermal cycling. Interfaces concentrate load and
tolerance problems; they deserve explicit coupons, pull tests or other qualification appropriate

to the design.

Roads and pads are maintenance systems

A route that is passable on day one can develop ruts, loose berms or dust accumulation that
increases rover energy consumption and damages wheels. Civil engineering therefore links to
fleet telemetry. If a route segment steadily increases energy per kilometre, the right response

may be grading or surface treatment rather than accepting higher rover battery demand forever.

Exercise: stop work when the ground contradicts the model

An excavation reaches the planned foundation depth, but one quadrant contains unexpectedly
loose material and the field test indicates substantially lower bearing behaviour than the rest.

The schedule favours pouring or printing immediately. The correct engineering response is to



stop that foundation stage, map the extent of the weak zone, revise excavation or ground
improvement and update the structural assumption. Schedule pressure is not evidence that the

original soil model remains valid.

Hold points protect against schedule pressure hiding a defect that will later be inaccessible or expensive to repair. Pedagogical synthesis by Delta-
Sierra from the primary sources cited in this course; schematic, not to scale.

Operational qualification lab: treat construction as production,
verification and habitat safety

“Build with regolith” is not a construction plan. Civil engineering begins by defining the
function of the structure, loads, environmental exposure, material process, inspection method
and failure consequence. A berm used for shielding, a road bed, an unpressurised equipment

shelter and a pressure-bearing habitat do not require the same material quality or verification.

Separate excavation rate from completed-structure rate

A high excavation or printing rate can create the illusion of progress while curing, compaction,
inspection, transport or equipment maintenance becomes the actual bottleneck. The production
chain should therefore be represented as stages. The slowest verified stage controls sustained

output, and buffer stock between stages only delays the moment when the bottleneck becomes

visible.

Construction completion time from a verified production
rate

Thuild = Vrequired / Qverified

1 — Concrete question
How long does a construction task take when the relevant
production rate is the rate of material that actually meets
the acceptance criteria?

2 — Intuition
Divide the amount of accepted material required by the
amount the process can reliably deliver per unit time.

3 — Quantities
Define the compacted or placed volume required and the
verified end-of-line rate, not just excavator throughput.

4 — Formula



Build time equals required accepted volume divided by
verified volume rate.
5 — Read aloud
“t build equals V required divided by q dot verified.”
6 — Symbols
tpyilg 1s duration; Viequireq 1S accepted material volume;

duerified 1S accepted volume produced per unit time.

7 — Pronunciation
g is “q dot,” indicating a flow or production rate.

8 — Units
m3 divided by m3/h gives hours.

9 — Convention
Use placed/accepted volume consistently. Loose excavated
regolith can have a different bulk density and volume from
compacted material.

10 — Why division
Every hour contributes ¢ cubic metres toward the required
volume.

11 — Assumptions
The simple form assumes average verified rate is
representative and excludes scheduled outages unless they
are already embedded in the rate.

12 — Unit check
m3 + (m3/h) = h.

13 — Numerical case

Accepted compacted volume required: V required = 250 m3.

Verified end-to-end production rate: q verified = 5

m3/h.

t build = V required / g verified.

t build = 250 m3 + 5 m3/h.

t build = 50 h of productive operation.

14 — Operations
Use the slowest qualified chain rate, not the 15 m3/h
excavator rating, because transport and compaction limit



accepted output.

15 — Algebra check
70 hx6 m3/h=420 m3.

16 — Mental estimate
Six cubic metres per hour is 60 m3 per ten hours, so roughly
seven ten-hour blocks is reasonable.

17 — Interpretation
The task needs 70 productive hours before adding weather
stops, inspections, maintenance or crew constraints.

18 — What it does not prove
It does not prove the berm geometry is structurally adequate
or the material provides the intended shielding.

19 — Sensitivity
If dust-related maintenance lowers average verified rate to
4.5 m3/h, productive time rises to about 93 h.

20 — Practice

Guided exercise. Compute productive construction time
for 250 m3 at a verified accepted-material rate of 5
m3/h.

Detailed guided correction.

1. t build = 250 + 5 = 50 h.

2. The answer is 50 productive hours, not necessarily
50 elapsed hours. Shift changes, maintenance,
weather holds, battery charging and quality rework
must be added separately to obtain calendar
duration.

Autonomous exercise. A chain has excavation capacity 9
m3/h, haul capacity 7 m3/h and accepted compaction
capacity 6 m3/h. A hauler failure reduces haul capacity
to 4.5 m3/h. Identify the bottleneck before and after
failure and estimate productive time for 360 m3 in both

states.



» Autonomous correction — open after attempting the
exercise

21 — Mission decision
Use verified end-to-end production rate to decide whether
the structure can be completed before crew arrival or
whether more equipment, spares or schedule margin is
required.

Inspection is part of production

A production number should not count work that has not passed its acceptance checks.
Geometry, density, defects, bonding between layers and embedded services may all require
inspection depending on the structure. For pressure-bearing elements, verification becomes
substantially more demanding; no generic “regolith printer” should be assumed to create crew-

rated pressure vessels without a validated material and structural qualification programme.

Qualification drill

Plan the construction of a shielded equipment shelter. Draw the chain from excavation to
placement and inspection. Inject a 40% reduction in compactor availability and decide whether
the excavator should continue at full rate or whether doing so simply creates an unmanaged
stockpile. Then identify which acceptance evidence would be required before the shelter is

counted as complete.

Source context. NASA technology work on in-situ construction and the 3D-Printed Habitat
Challenge provide context for construction methods; the production values above are

illustrative. NASA TechPort — construction.

R61 construction assurance: geotechnical evidence, production control and
hold points before occupancy

Martian civil engineering cannot rely on average regolith properties taken from a distant
landing site. Foundations, berms, roads and buried habitats depend on local particle size,

density, ice content, slope, excavation behaviour and the performance of the actual construction


https://techport.nasa.gov/projects/91410

fleet. The settlement should therefore build a site-specific ground model and update it as
excavation exposes new layers.

Separate site investigation from production excavation

Before committing heavy construction, map terrain, slopes, hazards and representative
subsurface properties using the tools available. During excavation, treat unexpected material as
new evidence. A sudden increase in excavation force, a wet or icy layer, loose collapsible
material or unexpectedly coarse rock can invalidate assumptions about equipment productivity

and foundation behaviour. The work plan needs predefined triggers for engineering review.

Primary-source bridge — NASA TechPort construction project. NASA TechPort provides
primary project information relevant to autonomous construction technologies. R61 uses it as a
bridge while keeping site acceptance and civil-engineering qualification explicitly in the Delta-
Sierra training domain. Official source.

Production rate must be coupled to machine availability

An excavator capable of a high instantaneous rate does not deliver that rate over a week if
charging, dust cleaning, tool changes, inspection and repair consume half the shift. Track
productive hours, planned maintenance, corrective maintenance and waiting time separately.
The construction schedule should use demonstrated sustained throughput rather than the best
short test.

Use hold points before irreversible work

Define inspections that must pass before covering a foundation, pressurising a structure,
burying a utility or accepting a radiation berm. A hold point forces the team to capture
measurements and images while the work is still visible. Once regolith covers a joint or cable,
later verification can become difficult or impossible. Quality assurance therefore changes the

sequence of construction, not merely the paperwork after construction.

Primary-source bridge — 3D-Printed Habitat Challenge. NASA’s 3D-Printed Habitat
Challenge is a primary reference for automated construction concepts. R61 adds the operational
requirement that printed or placed material must be tested and accepted before it is credited as
settlement capacity. Official source.

Roads and pads require maintainability budgets

Traffic routes degrade under repeated wheel loads, dust movement and local erosion. Design
them with inspection and repair access, drainage or dust-control logic where relevant, and a
trigger for grading or reinforcement. A road that is initially adequate but consumes excessive
rover suspension life can transfer maintenance burden from civil engineering into fleet

logistics.


https://techport.nasa.gov/projects/91410
https://www.nasa.gov/prizes-challenges-and-crowdsourcing/centennial-challenges/3d-printed-habitat-challenge/

Occupancy is the final construction test, not the first

Before people depend on a new habitat or utility corridor, complete leak or pressure tests where
applicable, structural inspections, emergency access checks, electrical and fluid commissioning,
fire-safety checks and as-built documentation. The acceptance board should know which
temporary construction supports or bypasses remain. A building is not operational because the
walls are complete.

Qualification drill — construction stays on schedule by skipping one inspection

A crew proposes to bury a utility trench before the independent survey because a dust event is
approaching. The defensible decision depends on consequence and reversibility. If burial would
destroy access to evidence required to verify slope, separation or joint quality, protect the hold
point even at schedule cost. Mars construction rewards speed only when speed preserves the

evidence needed to trust the finished system.
Construction tolerances should be linked to function

Not every dimensional deviation has the same consequence. A road grade, pressure-shell
interface, utility separation and radiation berm thickness each need tolerances tied to why the
dimension matters. Inspectors should understand which deviations can be accepted, which
require engineering disposition and which invalidate the function. This avoids both unnecessary
rework and unsafe acceptance.

Dust control belongs in the construction plan

Excavation and traffic can contaminate mechanisms, reduce visibility, foul radiators or solar
arrays and increase habitat ingress. Plan routes, work windows, cleaning stations and
equipment parking to keep construction dust from becoming a settlement-wide maintenance
burden. Civil engineering is therefore coupled to thermal control, power and EVA operations.

As-built data is a future maintenance asset

Record buried utility paths, joints, repaired defects, material lots and inspection results in a
form future crews can retrieve. Years later, maintenance may depend on knowing exactly where
a cable or pipe was routed beneath regolith. Good as-built records convert construction
evidence into operational resilience.

Construction rate is set by the slowest coupled resource, not by the nominal capacity of one excavator or printer. Pedagogical synthesis by Delta-
Sierra from the primary sources cited in this course; schematic, not to scale.



