








lllustration 82.: Deployable terrace studies
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Gay-Lussac’s Law

We started the investigation of possible influence
of Gay-Lussac’s law on the structure. To ensure
that its impact would not endanger the structure,
we made a simple calculation based on equation:

deal gas V = const. P/T = const.

Example: Fluctuation of interior pressure - temper-
ature 20°C = 2°C

T1=20°C = 293,15K
T2 =22°C =295,15K
T3 =18°C =291,15K
P1 = 101kPa

V=V,

P/T, =P/,

(101.10"3) /293,15 =P,/ 295,15
P2 = 101,69kPa

(101.10"3) / 293,15 = P,/ 291,15
P3 = 100,39%Pa
AP, =P,- P, =13kPa

STRUCTURE

Fluctuation of exterior temperature, pressure (Cu-
riosity rover, 2017)

P =0,8£0,15kPa

T, =-45+45°C

The calculations showed that fluctuations of
pressure in interior are comparable to outside at-
mospheric pressure on Mars. Moreover, both ex-
terior pressure and interior pressure fluctuations
are fractions from the required interior pressure.
Therefore, for further calculations and investiga-
tions, we assumed constant pressure difference
from ambient of 100kPa.

Additional Weight

In order to chose the most apropriate structural
system, we examined also the possibility of using
heavy material on the top of habitat (see Structure
analysis). The calculation shows required thick-
ness of material for 1m?.

Inside pressure f = 101kPa = 101N/m?

Regolith density p = 1,62g/cm?

Martian gravity g = 3,73m/s?

. f
=t /(p. g =101 000/(1520. 3,73) = 17,8m

Due to need of massively thick cover, this struc-
tural method was proven to be inappropriate.

Other Structural Systems

Other structural system like deployable dome
or tensegrity structure would require complex
model, or advanced robotic mechanisms to as-
semble on Mars. On the other hand, pneumatic
structures offers the most advantages in com-
parison to other structural systems, for instance
their leightweight, possibility of simle deployment
and relatively transparent material. Therefore, we
decided to use and further investigate pneumatic
structures.



1. Th=20°C 1 T2=22°C 1 T3=18"C

lllustration 83.: Gay Lussac's law
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Material

Air inflated structures are mostly made of plas-
tic materials, from which the most used is ETFE
membrane, especially for its properties. Long last-
ing material with strong resistance to chemicals
and extreme temperatures meet the requirements
for harsh Martian environment. Moreover, dust or
other particles do not stick to its surface. Its light
transparency is higher than glass, 94-97% and it
also transmit ultraviolet part of electromagnetic
spectrum, which would be necessary and benefi-
cial for plants in the garden. The high transparency
would assure adequate daylight factor inside the
habitat. In addition, thin ETFE membrane allows
easy folding system, for transportation to Mars.
The membrane would be bent around the core.

Geometry

As mentioned in the Pressure vessel analysis, the
most efficient geometry is a sphere. To ensure
the possibility of building pressure vessel on Mars
from ETFE, we made an empirical calculation for
spherical shape.

M= 3/2.AP.V.p/o

P — difference between pressure in. and out.

V —volume of pressure vessel

o — density of the pressure vessel material

g— maximum tensile strength of pressure vessel
material

ETFE

Example: Sphere with radius bm made of ETFE
membrane

P = 100kPa

V =524m?

p = 1700kg/m?
o = 45MPa

M= 3/2.100. 524. 1700/45000 = 2969kg

Seree = 314m?2
Ve =S/p =1,7m’
derpe = V/S =0,005m = 5mm

As the thickness is within several millimeters, the
calculation demonstrates the possibility to use
similar construction method.

Zoning

By creating two or more zones placed in each oth-
er, the pressure difference would be distributed
between couple pressure vessels. The summary
of the partial differences between them is equal
to pressure difference from ambient, the gauge
pressure (see PICTURE). The decreased pressure
differences reduce stress in the material. Smaller
tension allows the usage of thinner structures or
structures made of materials with lower stress tol-
erance. Furthermore, zoning benefits the weight
of structure as shown in the example.

P=P +P,+P, P, >P,>P,>P

Example: two pressure vessels, inner sphere r =
4m and outer sphere r = bm (see lllustration 16)

P=P +P

P, = 50kPa

V, =268m?

P, = 50kPa

V, =524m?

p = 1700kg/m?
o = 45MPa

M= 3/2. 50. 268. 1700/45000 = 759kg

S, e = 201m*
V, e = 0,45m
d =V/S =0,002m = 2mm

1-ETFE

M,=3/2. 50. 524. 1700/45000 = 1485kg

S, e = 314m°
V, o = 0,87m
Ay e = V/S = 0,003m = 3mm

2-ETFE

M =M, +M, = 2244kg



Zoning Spherical pressure vessel

lllustration 84.: Pressure zoning
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Cushions, reinforcement

Previous calculations showed the possibility to use
ETFE, but its required thickness is not commonly
fabricated. Thus, the pneumatic structure needs a
cable support. We examined several possibilities
of placement the reinforcement — in between the
membranes, welded in the membrane or placed
on the top. For easy deployment of the structure,
we decided to place the cables in welded joints.

In the beginning, we intended to apply steel ca-
bles. Our investigations proved this material to be
inapropriate due to its relatively high weight and
difficulties with folding system. Suitable exchange
for steel was dyneema, often used for cranes and
ships for its great strength, which is 15 times high-
er than of steel. Dyneema is lightweight material,
resistant to UV light, chemicals and high temper-
ature changes.

Cable grid on the top of ETFE can create diverse
patterns using different geometries (lllustration

89). Furthermore, it allowed us to create cushions
out of ETFE membrane. One layer of ETFE mem-
brane would not offer exceptional thermal insulat-
ing properties, therefore it was necessary to create
multiple layers. Especially, radiation (causing the
biggest heat loss on Mars) could be shielded by
applying thin low-emissivity coating. It reduces
the transmission of thermal radiation and allows
to control temperature inside the habitat. More
advanced system is dynamic cushions (lllustra-
tion 85) with low-emissivity coating printed with
inverse patterns, so when the cushion is inflated, it
would transmit thermal radiation and when closed,
it would shield them. In this way, it would be pos-
sible to control indoor environment temperature
— to heat and also cool down by inflating and de-
flating the cushions. Besides all of the advantag-
es of cushions usage, there is a disadvantage. Its
double curved surface refracts light and create a
slightly distored image.

Overal shape

After our investigations and preliminary empirical
calculations, we decided to use two membranes
for the habitat. Initial shape was circular, with de-
tached core in the middle and later next to the
inner membrane. Due to visual disconnection and
,bubble” affect, we shifted the core and connect-
ed ETFE membranes to the middle part of the
core. The shape of membranes changed as well,
inner one was prolonged to the sides, with out-
er membrane following. Introducing observatory
in the design, we wanted the membrane to be
visible from inside-out and thus, we introduced
the back curve to the outer membrane. The
shape from the top view changed from eliptical to
Leight” shape. Firstly, more spherical-like volume
was changed to more dynamic, supporting the or-
ganic conic core shape.



Dynamic system reactive to the environment

inflation

deflation

Opened Closed
allowes thermal radiation transmittance shields thermal radiation

Dynamic system

inflation

deflation

inflation

deflation

inflation

deflation

lllustration 85.: Dynamic cushion systems
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Material

For all calculations, we used two materials — ETFE
and Dyneema. ETFE breaking point is b2MPa
(tension), but for structural calculation a limit of
35MPa is taken, due to high elasticity of the mate-
rial. Dyneema’s tensile strength is 3GPa.

Robot

We intended to make first calculations in Robot.
Simple half sphere with applied pattern created as
panels in Grasshopper did not export, even with
few panels. Therefore, we changed concept of cal-
culation to single bars with node loads (only for a
calculation of Dyneema ropes). Due to difficulties
with recalculating the loads according to area, the

ETFE calculation

calculations were inaccurate and, moreover, the
structure was instable. For equal distribution of
loads, instead of node loads, we applied cladding.
We examined several patterns for cushions on half
sphere of 22m diameter, 50kN/m? load and ap-
proximately 200-215 bars for each model. All of
the models had hinged supports and fixed connec-
tion between bars. Diamond patterns were stable
only if calculated in compression. Due to its big
displacement, bending moment as well as com-
pression, these models were not suitable (Table
1). When calculated in tension, they were instable.
To avoid instability, we investigated triangular pat-
terns (creating rigid parts made out of three bars),
which were stable with “tension only” elements.

However, one of the model had a great displace-
ment and another had an error (Table 2).

Kangaroo

Not functioning models in Robot led us to explore
the shape of displacement in other software. We
used the same models and applied inner pres-
sure to them, inflated them. All structures proved
working, showing diverse shapes of displacement
for different patterns (Table 1, Table 2). The
deformations seemed reasonable to its grid, but
we could not calculate any of the structures.



DIAMOND equal horizontal vertical equal - symetrical equal - top
e
o
L7
TASESSSS
shape L :’:’:‘:
N2
NSt
NS
instability error instability error instability error instability error instability error
Robot
S\ P
o\ Vra\
[\ ()
FoteSet (e
el HOOSSRELSCON
s \\\S2 el
A\ N\
~—2~ N
Kangaroo
M = B6SkNM enormous deformation enormous deformation M = 12,8kNM enormous deformation
Karamba N = 1032 - OkN - not working - not working N = 1007 - 73kN - not working
deformation 15m deformation 53m
all. def. 2m ot working

- not working

Table 1.: Diamond pattern calculations
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Karamba

For further understanding of pneumatic structure,
we worked with Karamba. Starting with simple
calculation of half sphere applying different pat-
terns, which proved most of the structures work-
ing. Afterwards we used large displacement as
form-finding element. First, we allowed specific
maximum displacement and then we calculated
deformed shape with reapplied loads. Dyneema
structure with diamond grid resulted to enormous
displacements and thus, this grid is not suitable for
our model. On the other hand, triangle patterns
appeared working (Table 1). We tried different
patterns with combination of different maximum
allowed displacement (Table 3). The results with
allowed displacement were better than spherical
shape, due to the patterns. To allow the structure
to obtain spherical like shape, we changed the
height of sphere and gradually changed allowed

displacement. The Table 4 different height shows,
that the closer to sphere shape it can deform, the
better the results are. To create the shape of out-
er membrane, we investigated two joined spheres
and also lowered them to create possibility to ob-
tain close-to-sphere shape (the results are showed
in Table 5). The structure was working, with few
compression elements in concave part between
the spheres. However, there are always ropes in
two other directions, assuring the stability of struc-
ture (lllustration 90).

To calculate our final structure, many triangular
patterns were examined. The most appealing by
its visual properties as well as results was triangu-
lar-hexagon like pattern, consisting of three direc-
tions of ropes. The distribution of pattern is equal,
in order to guarantee more even distribution of

stress in the ropes. The shape was created based
on several curves, which shapes we changed sev-
eral times to obtain more effective structure.

To eliminate the compression elements, we tried
to pre-tension ropes crossing them. The re-
sult showed that the compression elements just
moved away from the pre-tensioned ropes, keep-
ing the same number of elements in compression
(llustration 91).

To calculate ETFE cushions, form-finding in Ka-
ramba was used, with the same principal as for
Dyneema structure. We took the biggest cush-
ion from rope-grid and created the model out of
mesh with hinged joins — rotation only in perpen-
dicular direction to cushion edges.



equal - symetrical

equal - top

TRIANGLE hexagonal diagonal equal
TS e S
/iixeﬁ‘\\ S N\
shape AN AN < N
AVAVAVAWA RN NS
NSSAVAVEYS/ N\ Y
R AVAVAYS// Ny =
N A\ 7
\\24/ 7 \\\
errors M = OKNm (tension only) M = OKNm (tension only) M = OKNm (tension only) M = OKNm (tension only)
Robot N = 1575 - OkN N =916 - 21kN N = 1227 - OKN N = 10446 - 10440kN
deformation 1.3m deformation 0,65m deformation 0,76m deformation > 100M
AR
£
?YV;»‘// Ny V
Kangaroo
6 = 3409MPa 6 = 4697/MPa 6 = 3023MPa 6 = 3782MPa 6 = 2540MPa
Karamba M = 0,12kNmM M = 061kNM M = 007kNM M = 0,0SkNM M = 016kNM
Il. def. 1 N = 1070 - OkN N = 1474 - OkN N = 949 - OkN N = 1187 - 296kN N =797 - 36kN
ail. et im deformation 0,367m deformation 0347m deformation 0,299m deformation 0,287m deformation 0291m

Table 2.: Triangle pattern calculations
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EPILOGUE

conclusion / reflection

This chapter is a summary and a closing remark upon the

habitat design and the design processes behind it. The first
chapter, Conclusion, synthesizes the project as a whole, lists
all the addressed challenges set in the chapter Synopsis and
demonstratestheimplications of ourdesign. The second chapter,
Reflection, lists elements of the design that will be addressed
in further stages and contemplates on the architectural
challenges and processes for extraterrestrial typologies.
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Approach

We have started the project by identifying and
gathering challenges in developing a Martian hab-
itat that will host a six-member crew for the peri-
od of a year and a half. From this broad range of
challenges, across many different fields, we have
chosen two most important areas that require the
inclusion of architects in their design — physiolog-
ical and psychological well-being of the crew that
we call the Anthropological Approach and the de-
sign of a pressurized structure, that attempts to
lower the transportation payload while providing
a sufficient spatiality, considerations we call the
Technical Approach.

In response to these selected challenges, we have
employed detailed analyses of the Martian envi-
ronment, its dangers to the human body and psy-
chological challenges of the secluded and isolated
mission. Furthermore, we have investigated the
ideal of a home, whether it can be an architectural
response to the psychological challenges and what
are the physical translations of the ideal of home.

CONCLUSION

For the technical approach, we have analyzed the
structural implications of pressurized structures
and its potential structural solutions, possible
methods of construction in an extraterrestrial en-
vironment that can assure inhabitable conditions
and lowering the need for a resource supply from
Earth. Lastly, in response to the acquired knowl-
edge, we have assembled a list of design param-
eters that were used as a starting point for our
further design.

Design

Using the previously acquired knowledge and as-
sembled parameters, the final proposal consists
of a fully prefabricated central structure that will
be transported onto Mars in the form of a lander
spacecraft, containing additional folding-plate
balconies and an elastic ETFE envelope, that will
both deploy upon landing and thus expand the
inhabitable spaces of the habitat and form a spa-
tial and visually open Martian base. In addition,

our proposal seeks to provide the crew with the
sensations of safety and belonging, and grant the
crew the possibility to extend and enhance their
living environment as the spatial demands of the
crew evolve over time, through the incorporation
of bamboo crop within the design of the habitat.

Implication

At the beginning of the project, we embarked on
a journey, full of enthusiasm, of creating a NEW
HOME for the first manned mission onto Mars
that might, one day, become the home of all of
us. However, during our improving understanding
of all the challenges, we have realized there are
very strong evolutionary ties to Earth that must
be reflected in the design of the habitat to allow
for the experiences mankind has learnt to rely
upon. The truth is, Earth is our real home and we
should, first and foremost, try to preserve it.



lllustration 86.: Perspective / Kitchen view
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Process

We believe that each design project requires dif-
ferent approach based on its typology, context and
other circumstances. As much as the typology,
context and construction methods of a Martian
habitat are different from any other traditional
aspects of Earth’'s architecture, our approach to
the project was different from our previous design
endeavors as well. Due to our lack of sufficient
knowledge of space engineering at the beginning
of the project, our design process was very re-
search-driven where every design challenge first
required us to study the theory, critically asses it
for the Martian environment and conclude the de-
sign implications rather than producing numerous
iterations.

By following the TMIDP methodology, we have
successfully managed to estimate all of the an-
thropological and most of the technical challenges
that would be later faced within the design pro-
cess. This allowed us to efficiently address these
challenges and find appropriate design solutions
in a sound and well-balanced design spanning a
large range of different fields, from phenomenol-
ogy, anthropology, psychology and sociology to

REFLECTION

botany, fluid mechanics, space engineering all the
way to planetary science, all managed by the syn-
thesis and considerations of architecture.

Further development

Even with the initial goals for the project that were
appropriate for the time frame and a fair time
management, some further challenges appeared
during the design process due to the choice of
architectural concepts, choice of construction
methods or software challenges. These challenges
and aspects of the design fell outside of the given
timeframe and will be addressed and developed in
further stages of the project.

Firstly, the limited timeframe resulted in some
more traditional approaches in an otherwise very
futuristic project that requires all new and innova-
tive solutions. One of the examples is the offered
view of the future bamboo furnishings that are still
individual pieces of furniture, unlike the rest of the
project that seeks to integrate the aforementioned
fields in a single piece of architecture. In addition,
the structural challenges of the ETFE membrane

resulted in an underdeveloped concept for its
transportation and deployment. Lastly, even with
the effects of time and flexibility on the idea of a
home being an important parameter in the design
of the habitat, no comprehensive theory and de-
sign visions of possible changes and extensions
were offered.

Challenges

As described above, the design of a Martian habi-
tat brings completely new typology, new perspec-
tives on context and construction methods that
offer very few, and in many cases no existing ex-
amples that could provide us with inspiration or
set of solutions that could be used. Unlike the
architecture on Earth, that offers thousands of
different examples of all typologies in many dif-
ferent context, carried out in various methods,
we were forced to employ our imagination, study
the corresponding theory and estimate many un-
knowns to create all three aspects from the little
that exists in this field. All these challenges con-
fronted all of our architectural knowledge, both
theoretically and practically.



T

lllustration 87.: Perspective / Observatory view
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APPENDIX

dictionary / illustrations / calculations
reference list / illustration list

The final section of the report gathers additional explanatory

information regarding different elements of the project. The
Dictionary is a comprehensive list of used terms for any reader
unfamiliar with space engineering. The next chapter consists of
additionaltablesandillustrations further explaining the structural
properties and calculations of the envelope and, in the end,
complete tables of references and illustrations are provided.
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Areo/ — a combining form meaning “the planet
Mars,” used in the formation of compound words
(such as areocentric, areothermal)

Airlock — an intermediate chamber with two
airtight doors or openings to permit passage be-
tween two dissimilar spaces (such as two places
of unequal atmospheric pressure)

ESA — European Space Agency — an intergovern-
mental organization dedicated to the exploration
of space. It has 22 member states and is closely
associated with the European Union.

EVA — Extra-vehicular Activity — any activity done
by an astronaut or cosmonaut outside a space-
craft beyond the Earth’s appreciable atmosphere

ISS — International Space Station — space station,
or a habitable artificial satellite, in low Earth orbit
that serves as a microgravity and space environ-
ment research laboratory in which crew members
conduct experiments

DICTIONARY

Life Support Systems — an artificial or natural
system that provides all or some of the items
(such as oxygen, food, water, control of temper-
ature and pressure, disposition of carbon dioxide
and body wastes) necessary for maintaining life
or health

Lander — a spacecraft which descends toward
and comes to rest on the surface of an astronom-
ical body

LEO — Low Earth Orbit — an orbit around Earth
with an altitude between 160km and 2000km

Mars One — an organization that has proposed
to land the first humans on Mars and establish a
permanent human colony there by 2032

NASA — National Aeronautics and Space Adminis-
tration - an independent agency of the executive
branch of the United States federal government
responsible for the civilian space program as well
as aeronautics and aerospace research

Payload Fairing - a nose cone used to protect

a spacecraft against the impact of dynamic
pressure and aerodynamic heating during launch
through an atmosphere

Regolith — A layer of loose, heterogeneous su-
perficial material covering solid rock. It includes
dust, soil, broken rock, and other related mate-
rials and is present on Earth, the Moon, Mars,
some asteroids, and other terrestrial planets and
moons

SEV — Space Exploration Vehicle —
SpaceX — Space Exploration Technologies Cor-

poration —an American aerospace manufacturer
and space transport services company

Sources: http://www.dictionary.com; https://www.merriam-webster.com; https://en.wikipedia.org



ILLUSTRATIONS

lllustration 88.: Plan -1 / Technical rooms 1:150
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lllustration 89.: Different ETFE patterns
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CALCULATIONS

Different patterns
/ \ ﬂA w 'A§
] AN (’ 1;\“\ /47‘(‘\\
N S vv NS
W M \\g rgﬂ( ‘0()
\& >
A\ 7 VA 0(‘/
/
Maximum allowed displacement (m)| Dyneema diameter 2cm Hexagonal Diagonal Equal Equal - top Equal - symetrical
Max axial stress (Mpa) 4206 5074 2823 333 2485
Normal force (kN) 1320 - 332 1993 - -435 886 - 0 04 ) 780 - -22
Max bending moment (kNm) 13 114 02 039 022
0 Displacement (m) 05 0,36 0451 0307
Max axial stress (Mpa) 3236 4900 3066 39M 2240
Normal force (kN) 1016-0 1538 - -68 962-0 102 - 224 5--27
Max bending moment (KNm) 012 12 013 0,04 6X)
03 Displacement (m) 0449 039 0,266 029 02
Max axial stress (Mpa) 3249 4782 3060 3626 233
Normal force (kN) -0 1201- -53 961- 0 138 - 258 732 - -28
Max bending moment (kNm) ) 097 on 005 ),
05 Displacement (m) 0399 036 )26 0283 0232
Max axial stress (Mpa) 3409 4697 3023 3782 2540
Normal force (kN) 1070-0 174 ¢ ( 187 - 296 797 - -36
Max bending moment (kNm) 012 ), ( 005 016
1 Displacement (m) 0,36 )3 0299 0287 0291
Max axial stress (Mpa) 3566 162C 3242 3939 2935
Normal force (kN) 120-0 1453 - -53 018-0 1236 - 324 921- -61
Max bending moment (kKNm) 016 024 005 005 044
2 Displacement (m) 0448 0408 0419 0316 0404
Max axial stress (Mpa) 3708 4718 3508 4067 3331
Normal force (kN) 1me4-0 ugr- -84 m1- -4z 1277 - 346 1046 - -87
Max bending morment (KNm) 018 037 01 005 08
3 Displacement (m) 0534 0545 0538 0,344 0535
Legend Extreme values ~ —— Optimal values

Table 3.: Calculation / Different patterns



Change of sphere height

i

N

Maximum allowed displacement (m)| Dyneema 2cm Height 1m Height 10m Helght 9m Height 8m

Max axial stress (Mpa) 2485 2582 2861 3210
Normal force (KN) 780--22 810- -13 898 - -206 1008 - -522
Max bending moment (KNm) 022 075 179 3,16

0 Displacement (m) 0307 0389 0562 0792
Max axial stress (Mpa) 2240 2336 2513 2757
Normal force (kN) 703 - -27 733 - -84 789 - -100 865 - -234
Max bending moment (KNm) 015 02 045 104

03 Displacement (m) 0221 283 0397 0557
Max axial stress (Mpa) 2332 2382 185 2662
Normal force (kN) 732--28 743 - -4 780 - -69 835--108
Max bending morment (KNm) 014 025 042
05 Displacement (m) 0232 0381 0507

Max axial stress (Mpa) 2540 2437 2499 57
Normal force (KN) 797 - -36 780 - -43 784 - -56 810- -75
Max bending moment (kNm) 016 17 )2 029

1 Displacement (m) 0291 031 32 0429
Max axial stress (Mpa) 2935 2778 2657 2585
Normal force (KN) 921- -61 872--57 834 - -54 81n- -56
Max bending moment (KNm) 044 035 027

2 Displacement (m) 0404 0381 0374
Max axial stress (Mpa) 3331 3123 2934 2786
Normal force (kN) 046 - -87 980 - -81 921- -70 874--58
Max bending morment (KNm) 08 069 053 037

3 Displacement (m) 0535 048 0438 o3

Legend

Close to sphere shape

Extreme values

— Optimal values

Table 4.: Calculation / Change of sphere height




Joined half spheres

Maximum allowed displacement (m)

vvé\
R

NSRS

S

Dyneema 2cm

i

N

N

N

Full half sphere

m lower

2m lower

3m lower

Max axial stress (Mpa)
Normal force (KN)
Max bending moment (kNm)

0 Displacement (m) not working not working not working not working
Max axial stress (Mpa) 3593 13 3782 3866
Normal force (kN) 1763 - -1766 29 - -5060 1835 - -724 1896 - -626
Max bending moment (KNm) 215 224 147

03 Displacement (m) 585 26( 0684 0568
Max axial stress (Mpa) > 2969 3326 3845
Normal force (kN) 1323 - -454 56 - -934 1B31- -487 1886 - -461
Max bending moment (kNm) 086 185 1 224
05 Displacement (m) 0317 08 049 0624

Max axial stress (Mpa) 2937 3048 3233 3516
Normal force (KN) - -268 495 - -368 1986 - -5352 1725 - -265
Max bending moment (kNm) 058 046 036 073

1 Displacement (m) 0,238 0,269 0,356 0,384
Max axial stress (Mpa) 2904 3000 3138 3251
Normal force (kN) w24- -285 w72 - -288 1939 - -280 1995 - -403
Max bending moment (kNm) 0,2¢ 03 03 024

2 Displacement (m) 0,242 023 0238 028
Max axial stress (Mpa) 2807 2878 2981 3036
Normal force (kN) 1377 - -255 w2 - -286 o2 - -303 U39 - -298
Max bending moment (kNm) 072 05 033 1

3 Displacement (m) 0271 0247 0,23¢ )23
Max axial stress (Mpa) 2799 ISP ) S
Normal force (KN) 1209 - -188 1386 - -240 wod - -277 1406 - -289
Max bending moment (KNm) 114 12 085 062

4 Displacement (m) 0337 0302 028 0262

Legend

Close to sphere shape

——— Extreme values

Optimal values

Table 5.: Calculation / Joined half spheres




Joined half spheres

Half sphere

lllustration 90.: Compression

154 /164



Elements in compression

Pretensioned elements
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lllustration 91.: Compression elements - pretensioned structure

Final structure

/ V 7 4‘\ ’4/5777‘[@714%045\ ?"‘\""‘\

7 “_‘v— u/’ 7 ’4‘&"“4‘"’4@ 4"4!..(“. %“Q

4% AVAVAV"‘ Z) v Wy « T etk XA

/” VAVAVAVAV avaviY 'AA ' fg}{fi§§4{;4€;%gg4\!‘ﬂlﬂy“, s R WATAY N

"‘vxrmvﬁ'v'%"'%' FRR AR g iR o
\}

} A ' KA
;'amg%u VAVAVAVAVAVMVAVAW e:é—i!;é,‘igmv“” )yf-mm.-.',,..lmmm W
vvm

AYAVAVAYAYIA Avm i mm i AN
i :I‘%'@M"ﬁ
S \ ‘\

VAYA o)

lllustration 92.: Compression elements - final structure
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