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Shells are composed of surfaces that distribute loads in plane and have the greatest efficiency
when resisting evenly distributed loads. Shells distribute loads along surfaces that can be made of
stesl-reinforced concrete in combination with masonry or glass to decrease their weight or increass
their porosity with respect to light.

The system of shells is subdivided into three primary subsystems: conical shell, hyper-curved
umbrella column shell, and three-pointed hyper-curved shell. This subdivision is based primarily

on the curvature of the shell — the bending of the surface in two or three directions.

Conical shells are formed as a double-curved surface that passes through a single apex at its
cenfre, subdividing the surface into two congruent halves. In geometrical terms, a conical surface
is the infinite surface formed by the union of all the straight lines that pass through a fxed point,
orits apex, and any point of a fixed curve that does not include the apex. Charactenstically, conical
surfaces are ruled and developable, and consist of two congruent hahes joined by the apex.
Hyper-curved umbrella column shells are formed by four rectangular hyperbolic paraboloidal
surfaces that extend from the four faces of a column, each bending in two different directions.
Three-pointed hyper-curved shells are formed by hyperbofic surfaces that are double-curved
and rest on three points.
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Shefis are able to tessellate along horizontal and curved lines of growth to produce horizontal and
curved structural forms. The lines of force are distributed along the surface of the shell, a form which
is inherently structural, with the resulting differentiated section offering flexibifity, in plan, with respect
to the distribution of the load-bearing paints.

Horizontal tessellation can occur in conical shells and hyper-curved umbrella column shells
because ihe protogeomeitry of these systems is capable of distributing loads along the horizontal
awis. Honzontal tessellation introduces flexibiity at ground level and in the swrface of the roof.
Curved tessellation can occur in hyper-curved shells because their profogeometry allows for

a differentiated pattern which is not axial, to produce an eccentric overall form that differs from the
inherently curved form of the base unit. Curved tessellation is different from that of homzontal, in that
it does not follow a Bnear or radial pattern of repetition, but one that is based on an imegular and
differentiated pattern of repetition that stems from a varying relationship betwesn each of the base
units, resulting in an eccentric overall form.
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The base unit of a conical shell is composed of a surface that is extruded perpendicularly fo join
two hyperbolic curves, spanning primarily longitudinally to meet edge beams resting on columns

or lnad-bearing walls, with a cable tie located at the abutment of these edge beams and the columns
or load-bearing walls. Conical shells direct the primary loads along the surface of the shell. Conical
shells can be made of sieel-reinforced concrete, which can also be mixed with lightweight terracotta
or glass bricks to reduce the overall weight. Conical shells derive their structural strength when their
curvature approximates to that of an arch or catenary. The distribution of loads along the surfaces
of a conical shell embeds it with an optical affective property of arching and directionality that
remains consistent within any space it defines. The acoustical affect of a shell is determined by the
curvature of its surface. Consequently, a concave shell has an affect of focusing near the centre of
curvature, and a convex one has an affect of diffusion. At a distance from the center of a concave
shell, or in the case of a concave shell with a shallow curvature, the shell has an affect of specularity.

Conical shells are flexible in sewveral ways:

Span: Conical shells can be flexible in the degree of curvature in the shell surface, which allows
for a range in the spans that bridge the edges, with the curvature increasing as the span increases.
MAccordingly, they can tessellate horizontally along straight or curved lines of growth to produce
primarily horizontal struciures, or sheds.

Profile: The degree of curvature of the shell's surface can vary, resulting in a wide range of profiles.
The more the curvature of the shell approximates to that of an arch or a catenary, the more it gains
in structural strength as well as the ability to be self-suppaorting.

Affect: The optical affective properties of a conical shell can be multiplied when the base unit
imbricates or intertwines with external factors, such as asymmetries that respond to the physical
consiraints of the site, environmental considerations, programmatic concemns, etc. As a result,

in addition to arching and directionality, a conical shell can transmit other affects, including quilting,
piercing, linearity, orientedness, braiding, hyper-curving. The acoustical affect of conical shells can
be focusing or specularity.
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- Vaulting, Symmetricality, Asymmetricality Focusinga Horizontal / Conical Shell °
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i RAILWAY WORKSHOP  E FREYSSINET © BAGNEUX, FRANCE | 1928 :
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. Vaulting, Striation, Repetition, Specularity” Horizontal / Conical Shell -

! PORTWAREHOUSE - E.DIESTE | MONTEVIDEQ, URUGUAY © 1879 :
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The Port Warehouse s produced by the lesscliation of a cumved oonical shell base unit sparning the full bay %o create 2 senies of shells resfing on
fthe permeter walls. The Sexchdity of this type of 2ssemblage Ses n its section. The pumber 2nd size of the 2perteres in the roof can be controlied
oy graduzlly adiusiing the Gaussian corve located at the central apea, which defines the double corvature of each surface, and, simiarly, the gwerzil
Son can be ad ok o o the wolume bo emable the strochee 8o respond 8o prograsmatic or emvironmental reguirements.
Thee Port Warsbouse tracsmits an opiical affect of vaslting, sinafion and repetiSion, and an acoustical affect of speculanity.




The base unit of a hyper-curved umbrella column shell is composed of surfaces, usually four,
which are derived from the extension of the faces of a column that is polygonal in plan. Hyper-curved
umbrella column shells direct the primary bending moments through their surfaces, along multiple
axes, transferring the forces from the horizontally spanning hyper-surfaces to the vertical faces of
the column. Hyper-curved umbrella column shells can be made of reinforced concrete, althowgh in
some instances terracotta bricks are incorporated to reduce the overall wesght, or glass-block bricks
to bring light in. The distribution of loads in a hyper-curved umbrefla colurmn shell embeds it with an
optical affective property of slanting and linearity that remains consistent within any space it defines.
The concave surfaces of the umbrella shell may promote focusing or speculanty, depending upon
the expanse and radius of curvature of the surfaces.

Hyper-curved umbrella column shells are flexible in several ways:

Plan: Hyper-curved columns can tessellate horizontally along straight or curved lines of growth
to produce primarily horizontal structures, or sheds.

Profile: The protogeometry of hyper-curved umbrefia column shells allows them to be flexible

in the section of the surfaces springing from the column, and also in the height of the column itself.
Affect: The optical affect of a hyper-curved umbrella column shell can be multiplied when the
base unit imbricates or intertwines with extemal factors, such as asymmetries that respond to the
physical constraints of the site, erwironmental considerations, programmatic concemns, etc. As a
result, in addition to slanting and linearty, a structure made of hyper-curved umbrella column shells
can transmit other affects, including folding, tenting, axiality, hyper-curving, focusing, specularity.
The acoustical affect of umbrella shells can be diffusion or specularity.
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{ RIO'WAREHOUSE | F.CANDELA A SAENZ DELACALZADA - MEXICO CITY, MEXICO © 1953-54 :
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oolumns or of the ediges of
the sufaces as they span
awey from it, which here
alows: skylights to be inserted
beteveen the edges where
thers are diffening heights.

The Raa Wanshoese is produced by the tessellztion of an emibvefla column shefl base unit, to creste a seres of bays in wihech the shells span
ostwands from colemns symmessically postioned zlong the central axs of each bay. The elevations befween the surfaces can be changed by
igradually changing the hesght of each of their faces, and The overall height of e cofumn can aiso vary. Gradual changes to the oweral section,
in terms of both the stell surfaces and the hesght of the colames, can change the volums of the space as weld as the amournt of ratwral ght
2Bowing il 1o respond 10 programmatic needs and enviroemental conditions. The Rio Warehouse transmits 2n optical affect of banding, and an
acoustical affect of speculanty.
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The Hemaez Warsh isp by e #z50n of an umbrel E shefl base enit bo create a central bay and two smalier side aisles,
with the shelis spanning cutward frodn 2 set of columes | d ically afong the cenisal zus of each bay. Hese the usbeeBa colums
shels work in pams 1o cresbe 2 single bay. A gradual inorease im height of the 2pea can vary the section from one bay to the neat, increasing or
decreasing ils hesght in resp 1o jproy =atic Or enir il needs. The Hemaiz Warehcuse transmits an optical affect of directionality,

slaniing. acafity and Bghtress, and an ac izl affecst of specelanty.
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| CHURCH OF QUR LADY OF THE MIRACULOUS MEDAL | F.CANDELA | MEMICO CITY, MEXICO ;| 1853-55 -
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The chuech of Our Lady of the Mieaculous Medal is produced by the £250n of 2o unbwela cofumn shell base enat bo create a centeal bay

composed of fee variations of the base unil and teo smaler side aisles, with The shells spanning cutwand from a set of columns located asymmetacally

along the central axs of each bay. The smbeella column shells work in pairs to create a single bay, The heght of the section is increased by @ gradeal
increase in the height of the base uril 25 it repeats. The height of the columns & also reduced gradually, andm'—-ein_lnaf"aa.. disappear alogethes,
leawing the uppes surface of the shell free-standing. These adustments fo the section, which alter nol cnly the height of the strectusre but also the
elevations, enablie it 1o respond i both programmatic and erwironmental nesds. The chunch of Cler Lady of the Miraculous Medz! transmits 2 optical
afiect of lentimg, anslity. and verbically, and acoustical afects of specudanty and dfeson
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The base unit of a three-pointed hyper-curved shell is composed of a hypersurface spanning
in two directions, which rests on three vertices. Three-poinied hyper-curved shells the primary
loads through the section of the shell. The geometry of the shell is determined by the nature and
magnitude of the loads it will resist. For predominantly uniformly disirbuted loads the (ie if the
shells self weight governs as is the case in long span roofs) the curvature will be close to spherical.
Hyper-curve shells can be made of thin-shell reinforced concrete spanning very great distances.
The distribution of loads along the hyper-surfaces of a three-pointed hypercurved shell embeds

it with an optical affective property of iightness and radiating that remains consistent within any
space it defines.

The acoustical affect of a shell is determined by the curvature of its surface. Consequently,

a concave shell has an affect of focusing near the center of curvature, and a convex one has

an affect of diffusion.

At a distance from the center of 2 concave shell, or in the case of a concave shell with a shallow
curvature, the shell has an affect of specularity.

Three-pointed hyper-curved shells are flexible in several ways:

Plan: Three-pointed hyper-curved shells can tessellate horizontally along straight or curved lines

of growth to produce primarily hornzontal or curved structures.

Profile: The protogeometry of a three-pointed hypercurved shell allows it to be flexible in the range
of curvature given to the surface and the curvature of the edges, which can form an arched opening
in a wide range of widths. The curvalure of the shell's surface can also vary, resulting in a wide
range of profiles.

Affect: The optical affective property of a three-pointed hyper-curved shell can be multipfied when
the base unit imbricates or intertwines with external factors, such as asymmetries that respond

to the physical constraints of the site, environmental considerations, programmatic concems, efc.
As a result, in addition to ighiness and radiating, a structure made of a three-pointed hyper-curved
shell can transmit other affects, including rotundity, attenwation, thinness, pleating, enclosure,
triangularity, slitting, tapering, scalloping, flaring, pleating, torquing. The acoustical affect of a
hyper-curved shell can be focusing or specularity.
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Rotundity, Lightness, Smoothness, Focusing” Horizontal / Hyper-Curved Shell
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" oFa single base ueit.

This horizoetal form is produced by @ hyper-cusved shell base enil. Thes type of assembiage is Besible in the changes thal can be made fo Be
curvature of the anch in elevalion and o the section as the suriace of the shell is developed. Gradual changes is the curvature of the arches
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emacnmental needs. This form lransmits an optical affect of rotundity, bghtness and smoolhness, and an acoustical affect of focusing,
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Centeredness, Lightness, Faceting, Focusing” Horizontal / Hyper-Curved Shell -

| LAJACARANDA MIGHTCLUB © F CANDELA, | SORDO | ACAPULCO, MEXICOD | 1957
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The La lacaranda Club s prodeced by a hyper-curved shell base unit. This type o assesblage s fleaible in the changes that cam be madie fo fhe
wwatyre of the anch i edevation and o the secbon as e surface of the sheli is developed Gmd.a]:hmg&s'.hem_mre-:ﬂhaamlasﬂet
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Horizontal / Hyper-Curved Shell, and Frame E
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The 5t Viscent de Paul Chapel is 2 hybeid form produced by e tesselafion of & hyper-curved shell working in conjenciion with a steel space:
frame. Three shelis are supported at their centers by 2 space frame, a fripod made of open stes! vrusses. Gradual changes in the height of the
apexes ol the shells changes their seclions and efevaions. Higher apexes incroase the area of the side elevation. In this type of form mene
than thres surfaces can meet 2t the central fripod to create enclosed space in a vaniety of shapes, such as pyramidal or rectangular or Enear.
The St. Vincent de Paul Chape! its 2n i aflect of d zapenng aad bght and an acousscal affect of specsianty




424 - AFFECT

- Centeredness, Triangularity, Scalloping, Diffusion”

TESSCLLATION / SYSTEM | 425

Horizontal / Hyper-Curved Shell |

CNIT BUILDING © R.CAMELOT, ). DE MAILLY, B. ZEHRFUSS, P:L. NERVI, L PROUVE, N. ESQUILLAN | PARIS. FRANCE : 1958 !
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CHNIT beilding is the largest concrete shefl i the world in terms of the ratio between the supports and the floor area covered. It is formed by three
scalioped hypes-curved shells that istersect at a central poml. The individeal shells ace nof autonomous, bt depend on one angther bo form the
base enit. The Rexbility of e desxgn Bes in the chasges whach can be made to the curvatere of the anch in elevalion, and the changes in saction,
| I | | 5
I i |

as the surface ol the shell is developed. The GNIT busding transmits an opiical aftect of censeredness, trianguiarity and scaBoping, and an
acoustical affect of dfusson.
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Fluting, Smoothness, Complexity, Eccentricity, Specularity”,
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The Lomas de Cuemavaca Chepel is produced by a byper-curved base i, which compeises a =2 d shed, #Ae-shaped and
seti-supporting. The curvahise of the shell can be changed by
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The Bacaedi Botthng Plant is produced by a hyper-curved concrese shell base enits . Shells inlersect 8o form a cross-vaslt with glass and masooary

mifil The plan and sechion can be changed hmmamﬂrﬂﬂ%mﬁﬁ&&eﬂe%nud&hﬁmﬂﬂm
o the zrea of the glass and masoncy infll can be exiended, fo aflow the structure o adapt o proge
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Centeredness, Scalloping, F::-custngﬁ,' Diffusion” Horizontal / Hyper-Curved Shell

Changes i height along
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a florm thal transmits an affect
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Thes fiorm is produced by a single base enit comprising three imersecting single-curved shells amanged around a central point repeated once bo leem
@ hexagonai plan. The fexdbity of the base usit Ses in the changes that can be made %o the radiss of the corvature that defines the suriaces is secton,
changes to e eaxdent of surface overhang of each shell on the perimeler, and changes o the height of the: central pomnt anoond which the shells are
arvanged. By changing the hesght of the arches that defice the corature, the base unit can mcreass or decrease the mtenor volume that it defines
whiile simulanecusly noeasing o decreasing the area of its extienior elevalion, enabling it o adapl 1o prog SC or emvirocnmental requitements.
Thes form transmes an oobcal affers of cerrterecness sealoong and Sscemnn ano scoushoal alects of - yang and detbsan
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Horizontal / Hyper-Curved Shell

MEXICO CITY, MEXICO | 1958

- LOS MANANTIALES RESTAURANT © F CANDELA, 1 AINAREZ ORDOREZ
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thaf fransmits an alffect of
cesteredness and scalloping.

— Hypercursed shelis can be
supporied by a secondary
sructure, as & llusinaled bere
by 2 ning of side columms and
the central nng that acis asa
supporting beam.,

e Los Manactisles restawant s prodeced by a base enil comprsing four miersecting hyper-cunved concrete shells amanged amund a cendral

epezted once 1o form an octagonal plan. The Bexibtelity of this base unit Fes in the changes that can be made 1o the radius of the cunvature
fines the surfaces n sechion, changes o the extent of saorface overhang of each shell on the penmeler, aad changes to the height of the
point amund —h«:ht‘."aeshs-lsarearra.r-gad Byt ag:::ﬁ?-heg-h.tmeamhesr—a‘m&ehémramre the base anit can increase or
ezse the inbenior wolume wiils: simy dy inee e area of its extenor elevalion, enabling il fo adapt to programmatic
7 ervaroenmental requirements. The intenior surfaces ase -uuumed L-n the edga of the exght geons, reinforcing e aneas where the stresses
COonvenge, “’mw-wmﬁ-aefmshrm'sasammsm& The Los Marantales | ts an oplical aflect of

cecteradness and scaBooing. 2nd an acoestical astect of Focusing.
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i LOMAS DE CUERNANAGA BAZAAR | F CANDELA, G. ROSELL, ML LARROSSA |
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# oo ndge Ene, transmils an acoustcal
Bowtratng the Beodbiity Sadke Cokamn affect of diffusion near the
i the nachon of a cengre and focusng near
by e -CLrved shefl the permeter.

The pleated shell base unit
and CoOmpesson ring ane sei
on bop of the support ring and
r.:su"ﬂs. n-ud.:-:m_g a reguiar

&) perimeser,
transmitting an atiect of
cenleredness,

o

u-rl——*;sn:\eﬂea:r".m-al;aﬂa:aa.ﬁ,,r:-:ﬁ_{:e:lba-a&ngehgseummmgwwdd&dh;pa'wpccm.eshe!sam;eusmnua
aniia comgeession ng in the form of a hrbe. The Besibdty of this base unit is detenmined by seweral characteristics: the height of the apeses of
o *-\-"-es-'»%saeﬁa:rsgmunnad‘-{r“zoerha]mbecaﬂbnchaﬂgadlﬂ norease the structural depth, the depth of the folds that form each
¥ the shells can be changed o increase their strength ag and the location of £ the compression ring can be shibed from

g
prodece an asymmetrical plan. The Lomas de C—m Baraar transmits an optical effect of centeredness and pleating, and 2o
ct of specslarity and diffusion.

CUERNAVACA, MEXICO : 1958 |
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: AFFECT

- Tenting, Torquing, Smoothness, Lightness, Specularitys:' Diffusion”

TESSELLATION J SYSTEM

Curved / Hyper-Curved Shell and Tensile Membrane

{ PHIUPS PAMILION | LE CORBUSIER, L XENAKIS @ BRUSSELS, BELGIUM | 1958 :

supporting masis — -
) _ S
R — - hyperbolic paraboload — = _I__f‘\

concrete: and
glass Hes

Hesghts od verices 2. b. ¢
can be wened.

— The kyper-cored serfaces
span from thres prmary
support masis of which the
ditfering posfsons and Besgihts
deiesmine the eccentric:
cunvatures of the shell surfaces,
and transmatting attects of

The gradual subdivision tonguing and tenfing.
of the shell surfaces inbo

- waher mgat panais of pre st comcrete
or glass Hles of varying sees

and curvatores prodiices
a kighly toeqoed surface
that ransmits an affect of

i

Pavibon is prodeced by the Sesseflation of a hyperbolic paraboloid base unil repeated asymsetrically to create a dynamnicaly angled
=gins asa veres of curves i plan and Fransiorms inte 2 number of 2pes poants. The swriaces are made of steed lersion cables and

concrede and giass Bes. A lamge-scale sies! e confrolls the negular distribution of cables $al gave shape fo the nded surfaces of
e shelis. The Beabdity of this base und is d d bry 1 charact ics that ecable it to 2fapt o changing programeatic sequinements:
hanges can be made n the oerszture of the perimeler in plan, in the height of the apes points of the tubular structure, and in the scalle of

sulbdnsion, wiich can be genemtsd by the cable grid. The Philips Paxvilion transmits an oplical affect of benting, fonguing, smoothness and

= =zt 3 e et o 2 g o e P e mm e R e






