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Modeling of bending-torsion couplings in active-bending structures
APPLICATION TO THE DESIGN OF ELASTIC GRIDSHELLS

An elastic gridshell is a freeform structure, gener-
ally doubly curved, but formed out through the re-
versible deformation of a regular and initially flat
structural grid. Building curved shapes that may
seems to offer the best of both worlds : shell struc-
tures are amongst the most performant mechan-
ically speaking while planar and orthogonal con-
structions are much more efficient and economic
to produce than curved ones. This ability to “form
a form” efficiently is of peculiar importance in the
current context where morphology is a predomi-
nant component of modern architecture, and en-
velopes appear to be the neuralgic point for build-
ing performances.
The concept was invented by Frei Otto, a Ger-
man architect and structural engineer who devoted

many years of research to gridshells. In 1975 he
designed the Multihalle of Mannheim, a 7500 m2

wooden shell which demonstrated the feasibility of
this technology and made it famous to a wide au-
dience. However, despite their potential, very few
projects of this kind were built after this major real-
ization. And for good reason, the resources com-
mitted at that time cannot guarantee the replicabil-
ity of this experiment for more standard projects,
especially on the economic level. Moreover, the
technics and methods developed by Otto's team
in the 1960s have mostly fall into disuse or are
based on disciplines that have considerably evolved.
New materials, such as composite materials, have

recently emerged. They go beyond the limita-
tions of conventional materials such as timber and
offer at all levels much better technical perfor-
mances for this kind of application. Finally, it should
be noted that the regulatory framework has also
deeply changed, bringing a certain rigidity to the
penetration of innovations in the building indus-
try. Therefore, the design of gridshells arises in
new terms for current architects and engineers and
comes up against the inadequacy of existing tools
and methods.
In a first part, we deliver a thorough review of this
topic and we present in detail one of our main
achievements, the ephemeral cathedral of Créteil,
built in 2013 and still in service. In a second part,
we develop an original discrete beam element with

a minimal number of degrees of freedom adapted
to the modeling of bending and torsion inside grid-
shell members with anisotropic cross-section. En-
riched with a ghost node, it allows to model more
accurately physical phenomena that occur at con-
nections or at supports. Its numerical implemen-
tation is presented and validated through several
test cases. Although this element has been devel-
oped specifically for the study of elastic gridshells,
it can advantageously be used in any type of prob-
lem where the need for an interactive computation
with elastic rods taking into account flexion-torsion
couplings is required.

In this thesis, which marks an important step in a personal research adventure initiated in 2010,
we try to embrace the issue of the design of elastic gridshells in all its complexity,

addressing both theoretical, technical and constructive aspects.
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ABSTRACT

�M 2H�biB+ ;`B/b?2HH Bb � 7`227Q`K bi`m+im`2- ;2M2`�HHv /Qm#Hv +m`p2/- #mi 7Q`K2/ Qmi
i?`Qm;? i?2 `2p2`bB#H2 /27Q`K�iBQM Q7 � `2;mH�` �M/ BMBiB�HHv ~�i bi`m+im`�H ;`B/X "mBH/BM;
+m`p2/ b?�T2b i?�i K�v b22Kb iQ Qz2` i?2 #2bi Q7 #Qi? rQ`H/b , b?2HH bi`m+im`2b �`2 �KQM;bi
i?2 KQbi T2`7Q`K�Mi K2+?�MB+�HHv bT2�FBM; r?BH2 TH�M�` �M/ Q`i?Q;QM�H +QMbi`m+iBQMb �`2
Km+? KQ`2 2{+B2Mi �M/ 2+QMQKB+ iQ T`Q/m+2 i?�M +m`p2/ QM2bX h?Bb �#BHBiv iQ ǳ7Q`K �
7Q`KǴ 2{+B2MiHv Bb Q7 T2+mHB�` BKTQ`i�M+2 BM i?2 +m``2Mi +QMi2ti r?2`2 KQ`T?QHQ;v Bb �
T`2/QKBM�Mi +QKTQM2Mi Q7 KQ/2`M �`+?Bi2+im`2- �M/ 2Mp2HQT2b �TT2�` iQ #2 i?2 M2m`�H;B+
TQBMi 7Q` #mBH/BM; T2`7Q`K�M+2bX
h?2 +QM+2Ti r�b BMp2Mi2/ #v 6`2B PiiQ- � :2`K�M �`+?Bi2+i �M/ bi`m+im`�H 2M;BM22` r?Q
/2pQi2/ K�Mv v2�`b Q7 `2b2�`+? iQ ;`B/b?2HHbX AM RNd8 ?2 /2bB;M2/ i?2 JmHiB?�HH2 Q7
J�MM?2BK- � ���� Nɞ rQQ/2M b?2HH r?B+? /2KQMbi`�i2/ i?2 72�bB#BHBiv Q7 i?Bb i2+?MQH@
Q;v �M/ K�/2 Bi 7�KQmb iQ � rB/2 �m/B2M+2X >Qr2p2`- /2bTBi2 i?2B` TQi2MiB�H- p2`v 72r
T`QD2+ib Q7 i?Bb FBM/ r2`2 #mBHi �7i2` i?Bb K�DQ` `2�HBx�iBQMX �M/ 7Q` ;QQ/ `2�bQM- i?2
`2bQm`+2b +QKKBii2/ �i i?�i iBK2 +�MMQi ;m�`�Mi22 i?2 `2THB+�#BHBiv Q7 i?Bb 2tT2`BK2Mi



ABSTRACT

7Q` KQ`2 bi�M/�`/ T`QD2+ib- 2bT2+B�HHv QM i?2 2+QMQKB+ H2p2HX JQ`2Qp2`- i?2 i2+?MB+b �M/
K2i?Q/b /2p2HQT2/ #v PiiQǶb i2�K BM i?2 RNeyb ?�p2 KQbiHv 7�HH BMiQ /Bbmb2 Q` �`2 #�b2/
QM /Bb+BTHBM2b i?�i ?�p2 +QMbB/2`�#Hv 2pQHp2/X L2r K�i2`B�Hb- bm+? �b +QKTQbBi2 K�i2@
`B�Hb- ?�p2 `2+2MiHv 2K2`;2/X h?2v ;Q #2vQM/ i?2 HBKBi�iBQMb Q7 +QMp2MiBQM�H K�i2`B�Hb
bm+? �b iBK#2` �M/ Qz2` �i �HH H2p2Hb Km+? #2ii2` i2+?MB+�H T2`7Q`K�M+2b 7Q` i?Bb FBM/ Q7
�TTHB+�iBQMX 6BM�HHv- Bi b?QmH/ #2 MQi2/ i?�i i?2 `2;mH�iQ`v 7`�K2rQ`F ?�b �HbQ /22THv
+?�M;2/- #`BM;BM; � +2`i�BM `B;B/Biv iQ i?2 T2M2i`�iBQM Q7 BMMQp�iBQMb BM i?2 #mBH/BM; BM@
/mbi`vX h?2`27Q`2- i?2 /2bB;M Q7 ;`B/b?2HHb �`Bb2b BM M2r i2`Kb 7Q` +m``2Mi �`+?Bi2+ib �M/
2M;BM22`b �M/ +QK2b mT �;�BMbi i?2 BM�/2[m�+v Q7 2tBbiBM; iQQHb �M/ K2i?Q/bX
AM i?Bb i?2bBb- r?B+? K�`Fb �M BKTQ`i�Mi bi2T BM � T2`bQM�H `2b2�`+? �/p2Mim`2 BMBiB�i2/
BM kyRy- r2 i`v iQ 2K#`�+2 i?2 Bbbm2 Q7 i?2 /2bB;M Q7 2H�biB+ ;`B/b?2HHb BM �HH Bib +QKTH2tBiv-
�//`2bbBM; #Qi? i?2Q`2iB+�H- i2+?MB+�H �M/ +QMbi`m+iBp2 �bT2+ibX AM � }`bi T�`i- r2 /2HBp2`
� i?Q`Qm;? `2pB2r Q7 i?Bb iQTB+ �M/ r2 T`2b2Mi BM /2i�BH QM2 Q7 Qm` K�BM �+?B2p2K2Mib-
i?2 2T?2K2`�H +�i?2/`�H Q7 *`ûi2BH- #mBHi BM kyRj �M/ biBHH BM b2`pB+2X AM � b2+QM/ T�`i- r2
/2p2HQT �M Q`B;BM�H /Bb+`2i2 #2�K 2H2K2Mi rBi? � KBMBK�H MmK#2` Q7 /2;`22b Q7 7`22/QK
�/�Ti2/ iQ i?2 KQ/2HBM; Q7 #2M/BM; �M/ iQ`bBQM BMbB/2 ;`B/b?2HH K2K#2`b rBi? �MBbQi`QTB+
+`Qbb@b2+iBQMX 1M`B+?2/ rBi? � ;?Qbi MQ/2- Bi �HHQrb iQ KQ/2H KQ`2 �++m`�i2Hv T?vbB+�H
T?2MQK2M� i?�i Q++m` �i +QMM2+iBQMb Q` �i bmTTQ`ibX Aib MmK2`B+�H BKTH2K2Mi�iBQM Bb
T`2b2Mi2/ �M/ p�HB/�i2/ i?`Qm;? b2p2`�H i2bi +�b2bX �Hi?Qm;? i?Bb 2H2K2Mi ?�b #22M /2p2H@
QT2/ bT2+B}+�HHv 7Q` i?2 bim/v Q7 2H�biB+ ;`B/b?2HHb- Bi +�M �/p�Mi�;2QmbHv #2 mb2/ BM �Mv
ivT2 Q7 T`Q#H2K r?2`2 i?2 M22/ 7Q` �M BMi2`�+iBp2 +QKTmi�iBQM rBi? 2H�biB+ `Q/b i�FBM;
BMiQ �++QmMi ~2tBQM@iQ`bBQM +QmTHBM;b Bb `2[mB`2/X
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RÉSUMÉ

G2b bi`m+im`2b /2 ivT2 ;`B/b?2HH ûH�biB[m2 T2`K2ii2Mi /2 `û�HBb2` /2b 2Mp2HQTT2b +Qm`#2b
T�` H� /û7Q`K�iBQM `ûp2`bB#H2 /ǶmM2 ;`BHH2 bi`m+im`2HH2 `û;mHBĕ`2 BMBiB�H2K2Mi TH�M2X *2ii2
+�T�+Biû ¨ ǳ7Q`K2` H� 7Q`K2Ǵ /2 7�ÏQM 2{+B2Mi2 T`2M/ iQmi bQM b2Mb /�Mb H2 +QMi2ti2 �+im2H
Qɍ- /ǶmM2 T�`i H� 7Q`K2 bǶBKTQb2 +QKK2 mM2 +QKTQb�Mi2 T`û/QKBM�Mi2 /2 HǶ�`+?Bi2+im`2
KQ/2`M2- 2i /Ƕ�mi`2 T�`i HǶ2Mp2HQTT2 bǶ�{`K2 +QKK2 H2 HB2m Mûp`�H;B[m2 /2 H� T2`7Q`K�M+2
/2b #�iBK2MibX
6`mBi /2b `2+?2`+?2b /2 HǶ�`+?Bi2+i2 2i BM;ûMB2m` �HH2K�M/ 6`2B PiiQ /�Mb H2b �MMû2b RNey-
2HH2b QMi ûiû `2M/m2b TQTmH�B`2b T�` H� +QMbi`m+iBQM /2 H� JmHiB?�HH2 /2 J�MM?2BK 2M RNd8X
*2T2M/�Mi- 2M /ûTBi /2 H2m` TQi2MiB2H- i`ĕb T2m /2 T`QD2ib /2 +2 ivT2 QMi pm H2 DQm` bmBi2 ¨
+2ii2 `û�HBb�iBQM 2K#HûK�iB[m2 [mB 2M � TQm`i�Mi /ûKQMi`û H� 7�Bb�#BHBiû ¨ ;`�M/2 û+?2HH2X
1i TQm` +�mb2- H2b KQv2Mb 2M;�;ûb ¨ HǶûTQ[m2 M2 b�m`�B2Mi �bbm`2` H� `2T`Q/m+iB#BHBiû /2
+2ii2 2tTû`B2M+2 /�Mb mM +QMi2ti2 THmb +H�bbB[m2 /2 T`QD2i- MQi�KK2Mi bm` H2 TH�M û+Q@
MQKB[m2X S�` �BHH2m`b- H2b i2+?MB[m2b 2i H2b Kûi?Q/2b /ûp2HQTTû2b �HQ`b bQMi TQm` H� THmb
T�`i iQK#û2b 2M /ûbmûim/2 Qm `2TQb2Mi bm` /2b /Bb+BTHBM2b b+B2MiB}[m2b [mB QMi +QMbB/û`�@



RÉSUMÉ

#H2K2Mi ûpQHmû2bX .2b K�iû`B�mt MQmp2�mt- +QKTQbBi2b- QMi pm H2 DQm`X AHb `2TQmbb2Mi H2b
HBKBi�iBQMb BMi`BMbĕ[m2b /2b K�iû`B�mt mbm2Hb i2H [m2 H2 #QBb 2i Qz`2Mi /2b T2`7Q`K�M+2b
i2+?MB[m2b #B2M THmb BMiû`2bb�Mi2b TQm` +2 ivT2 /Ƕ�TTHB+�iBQMX 1M}M- MQiQMb [m2 H2 +�/`2
`û;H2K2Mi�B`2 � HmB �mbbB T`Q7QM/ûK2Mi Kmiû- �TTQ`i�Mi mM2 +2`i�BM2 `B;B/Biû pBb@¨@pBb /2 H�
TûMûi`�iBQM /2b BMMQp�iBQMbX �BMbB H� +QM+2TiBQM /2b ;`B/b?2HHb b2 TQb2@i@2HH2 2M /2b i2`K2b
MQmp2�mt �mt �`+?Bi2+i2b 2i BM;ûMB2m`b �+im2Hb 2i b2 ?2m`i2 ¨ HǶBM�/û[m�iBQM /2b QmiBHb 2i
Kûi?Q/2b 2tBbi�MiX
.�Mb +2ii2 i?ĕb2- [mB K�`[m2 mM2 ûi�T2 BKTQ`i�Mi2 /�Mb mM2 �p2Mim`2 /2 `2+?2`+?2 T2`bQM@
M2HH2 BMBiBû2 2M kyRy- MQmb i2MiQMb /Ƕ2K#`�bb2` H� [m2biBQM /2 H� +QM+2TiBQM /2b ;`B/b?2HHb
ûH�biB[m2b /�Mb iQmi2 b� +QKTH2tBiû- 2M �#Q`/�Mi �mbbB #B2M H2b �bT2+ib i?ûQ`B[m2b [m2 i2+?@
MB[m2b 2i +QMbi`m+iB7bX .�Mb mM2 T`2KBĕ`2 T�`iB2- MQmb HBp`QMb mM2 `2pm2 �TT`Q7QM/B2 /2
+2ii2 i?ûK�iB[m2 2i MQmb T`ûb2MiQMb /2 7�ÏQM /ûi�BHHû2 HǶmM2 /2 MQb T`BM+BT�H2b `û�HBb�iBQM-
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+2`i�BM 2M;Qm2K2Mi TQm` H� +QMbi`m+iBQM /2 T�pBHHQMb 2M #QBb /2 T2iBi2 i�BHH2- MQM +Qmp2`ib-
`û�HBbûb b2HQM /2b T`BM+BT2b bBKBH�B`2b ¨ +2mt /2 H� JmHiB?�HH2- 2bb2MiB2HH2K2Mi /�Mb H2 +�/`2
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K2` \ aǶBH 2bi p`�B [m2 H� +QMbi`m+iBQM /2 H� JmHiB?�HH2 /2 J�MM?2BK � T2`KBb /2 T`Qmp2`
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1. Ici, le matériau employé, un composite à base de fibres de verre imprégnées dans une matrice polyester et obtenu par
pultrusion, apporte un gain de performance très significatif par rapport au bois et permet de rester sur une conception à
simple nape là où le bois aurait nécessité une grille à double nape beaucoup plus complexe à réaliser.
2. “This is not a case of a building creatively designed, but based on a support system of additive known elements. This
design is the result of a symposium of creative thought in the formation, the invention of building elements with the
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TQm` /2b T`QD2ib /Ƕ2t+2TiBQMX S�` �BHH2m`b- H2b i2+?MB[m2b /ûp2HQTTû2b ¨ HǶûTQ[m2 bQMi TQm`
T�`iB2 iQK#û2b 2M /ûbmûim/2 U2X;X H� `2+?2`+?2 /2 7Q`K2 T�` K�[m2ii2 T?vbB[m2V Qm #B2M QMi
7Q`i2K2Mi ûpQHmû2b pQB` KāK2 Kmiû2b U2X;X H2 +�H+mH MmKû`B[m2VX .2b K�iû`B�mt MQmp2�mt-
+QKTQbBi2b- QMi pm H2 DQm`X AHb `2TQmbb2Mi H2b HBKBi�iBQMb BMi`BMbĕ[m2b /2b K�iû`B�mt mbm2Hb
i2H [m2 H2 #QBb 2i Qz`2Mi /2b T2`7Q`K�M+2b i2+?MB[m2b #B2M THmb BMiû`2bb�Mi2b TQm` +2 ivT2
/Ƕ�TTHB+�iBQM U/m`�#BHBiû- �HHQM;2K2Mi ¨ H� `mTim`2- Hû;ĕ`2iû- `ûbBbi�M+2 Kû+�MB[m2- }�#BHBiû
/2 MBp2�m BM/mbi`B2HH2- ĘVX 1M}M- MQiQMb [m2 H2 +�/`2 `û;H2K2Mi�B`2 bǶ2bi +QMbB/û`�#H2K2Mi
ûiQzû �TTQ`i�Mi �mbbB bQM HQi /2 `B;B/Biûb pBb@¨@pBb /2 H� TûMûi`�iBQM /2b BMMQp�iBQMb /�Mb
H2 b2+i2m` /2 H� +QMbi`m+iBQMX
�BMbB H� +QM+2TiBQM /2b ;`B/b?2HHb b2 TQb2@i@2HH2 2M /2b i2`K2b MQmp2�mt �mt �`+?Bi2+i2b 2i
BM;ûMB2m`b �+im2HbX 1HH2 b2 ?2m`i2 �mt /2mt /B{+mHiûb K�D2m`2b bmBp�Mi2b ,

! G� T`2KBĕ`2 /B{+mHiû 2bi /ǶQ`/`2 i2+?MB[m2 2i +QM+2`M2 H� 7QM+iBQMM�HBb�iBQM /2 H� bi`m+@
im`2X 1M 2z2i- #B2M [m2 H2 T`BM+BT2 /m ;`B/b?2HH T2`K2ii2 /2 `û�HBb2` /2b Qbb�im`2b +Qm`#2b
/2 K�MBĕ`2 QTiBKBbû2- BH MǶ2M `2bi2 T�b KQBMb +QKTH2t2 /2 +QMbiBim2` ¨ T�`iB` /2 +2ii2 `ûbBHH2
TQ`i2mb2 mM2 pû`Bi�#H2 2Mp2HQTT2 /2 #�iBK2Mi +�T�#H2 /2 `ûTQM/`2 ¨ mM H�`;2 T�M2H /2 +`B@
iĕ`2b T2`7Q`K�MiB2Hb Ui2Hb [m2 HǶûi�M+?ûBiû- HǶBbQH�iBQM i?2`KB[m2- HǶBbQH�iBQM �+QmbiB[m2- ĘV
bm` mM bmTTQ`i [mB M2 T`ûb2Mi2 �m+mM2 `�iBQM�HBiû ;ûQKûi`B[m2X3

! G� b2+QM/2 /B{+mHiû 2bi /ǶQ`/`2 i?ûQ`B[m2 2i +QM+2`M2 H� KBb2 �m TQBMi /ǶQmiBHb 2i /2
T`Q+2bbmb /2 +QM+2TiBQM �/�Tiûb ¨ HǶûim/2 /2 +2b bi`m+im`2b /ǶmM ;2M`2 MQmp2�m Qɍ �`+?B@
i2+im`2 2i AM;ûMB2`B2 +QHH�#Q`2Mi /2 K�MBĕ`2 BM/BbbQ+B�#H2 ¨ HǶB/2MiBiû 7Q`K2HH2 /2 HǶQmp`�;2X
GǶBM�/û[m�iBQM /2b Kûi?Q/2b 2i /2b QmiBHb /2 /2bB;M �+im2Hb- Q`B2Miûb /�p�Mi�;2 p2`b H�
DmbiB}+�iBQM /2b Qmp`�;2b [m2 p2`b H2m` +QM+2TiBQM- +QMbiBim2 mM /2b T`BM+BT�mt 7`2BMb ¨ H�
/BzmbBQM /2 +2ii2 BMMQp�iBQMX

G2 T`ûb2Mi K�Mmb+`Bi bǶ�`iB+mH2 �miQm` /2 /2mt ;`�M/2b T�`iB2b [mB i2Mi2Mi +?�+mM2 /2
+QMbi`mB`2 /2b ûHûK2Mib /2 `ûTQMb2 �mt /û}b B/2MiB}ûb T`û+û/2KK2MiX G� T`2KBĕ`2 T�`iB2-
+QKTQbû2 /2b +?�TBi`2b R 2i k- 2bi /2biBMû2 ¨ T`ûb2Mi2` 2M T`Q7QM/2m` H2 +QM+2Ti /2 ;`B/b?2HH

simultaneous integration of the theoretical, scientific contributions from mathematics, geodesy, model measuring, statics as
well as control loading and calculation. We are dealing with more than pure ‘teamwork’, we are dealing with team creation.”
[Georg Lewenton 1, p. 201]
3. Pour contourner cette difficulté, une approche prometteuse consiste à identifier des classes de surfaces courbes (comme
les maillages isoradiaux) dont certaines propriétés géométriques (e.g. facettes planes, noeuds sans torsion) s'avèrent avan-
tageuses sur le plan constructif [14].
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ûH�biB[m2- bQM TQi2MiB2H 2i H2b /B{+mHiûb i2+?MB[m2b bQmb@D�+2Mi2b UpQB` T�`iB2 AVX G� b2+QM/2
T�`iB2- +QKTQbû2 /2b +?�TBi`2b j ¨ e- 2bi +QMb�+`û2 �m /ûp2HQTT2K2Mi /ǶmM ûHûK2Mi /2
TQmi`2 /Bb+`2i Q`B;BM�H T`2M�Mi 2M +QKTi2 H2b bQHHB+Bi�iBQMb /2 ~2tBQM 2i /2 iQ`bBQM 2i
�TTHB+�#H2 ¨ iQmi ivT2 /2 b2+iBQM /QMi H2 +2Mi`2 /2 iQ`bBQM 2bi +QM7QM/m �p2+ H2 +2Mi`2 /2
K�bb2- �BMbB [m2 +2`i�BMb ivT2b /2 /Bb+QMiBMmBiûb HBû2b ¨ H� T`ûb2M+2 /2 +QMM2tBQMb /�Mb H2b
`ûbBHH2b /2 ivT2 ;`B/b?2HH UpQB` T�`iB2 AAVX *2ii2 b2+QM/2 T�`iB2 +QMbiBim2 H2 +Q2m` �+�/ûKB[m2
/2 +2 i`�p�BH /2 i?ĕb2X
.�Mb H2 +?�TBi`2 R MQmb `�TT2HQMb H� ;2Mĕb2 /2 +2ii2 BMp2MiBQM 2i MQmb 2M /QMMQMb mM2
/û}MBiBQM T`û+Bb2 2i �+im�HBbû2X SmBb MQmb /`2bbQMb mM ûi�i /2b HB2mt +`BiB[m2 /2b T`QD2ib
`û�HBbûb bm` +2 T`BM+BT2 /2TmBb H2 /û#mi /2b �MMû2b RNey ¨ MQb DQm`bX *2ii2 #`ĕp2 ?BbiQB`2
/2b ;`B/b?2HHb /2bbBM2 ¨ 2HH2 b2mH2 H2 TQi2MiB2H /2 +2b bi`m+im`2b- MQi�KK2Mi 2M i2`K2
/Ƕ2tT`2bbBQM 7Q`K2HH2 2i /2 T2`7Q`K�M+2 bi`m+im`2HH2X GQBM /2 H2b 2M72`K2` /�Mb mM bivH2
/Ƕ�`+?Bi2+im`2 T�`iB+mHB2`- 2HH2 2M bQmHB;M2 �m +QMi`�B`2 H� 7Q`KB/�#H2 p�`BûiûX *2ii2 `2pm2
/2 T`QD2i 2bi +QKTHûiû2 T�` mM2 `2pm2 �TT`Q7QM/B2 /2 H� HBiiû`�im`2 2tBbi�Mi2 bm` HǶ2Mb2K#H2
/2b /QK�BM2b +QMM2t2b ¨ +2ii2 i?ûK�iB[m2 U;ûQKûi`B2- bi`m+im`2- K�iû`B�mt- HQ;B+B2HVX
.�Mb H2 +?�TBi`2 k MQmb T`ûb2MiQMb /2 K�MBĕ`2 /ûi�BHHû2 H� +QM+2TiBQM 2i H� `û�HBb�iBQM /2 H�
+�i?û/`�H2 ûT?ûKĕ`2 /2 *`ûi2BH- mM ;`B/b?2HH ûH�biB[m2 2M K�iû`B�m +QKTQbBi2 +QMbi`mBi 2M
kyRj 2i iQmDQm`b 2M b2`pB+2X *2ii2 2tTû`B2M+2 T2m +QKKmM2 � ûiû mM2 bQm`+2 BMûTmBb�#H2
TQm` �HBK2Mi2` +2 i`�p�BH /2 i?ĕb2X *2ii2 `2H2+im`2 2tTQb2 H2b Kûi?Q/2b 2i H2b QmiBHb /2
+QM+2TiBQMb /ûp2HQTTûb TQm` 7�B`2 �#QmiB` H2 T`QD2i- H2b /B{+mHiûb `2M+QMi`û2b- H2b TBbi2b
/Ƕ�KûHBQ`�iBQMX 1HH2 7Qm`MBi û;�H2K2Mi mM2 �M�Hvb2 û+QMQKB[m2 TQm` +2`M2` H2b �t2b /2
T`Q;`ĕb T`BQ`Bi�B`2b /�Mb HǶQTiB[m2 /ǶmM2 +QKK2`+B�HBb�iBQM 7mim`2X
.�Mb H2 +?�TBi`2 j MQmb `�TT2HQMb H2b MQiBQMb 7QM/�K2Mi�H2b /ûD¨ +QMMm2b- BM/BbT2Mb�#H2b
¨ MQi`2 ûim/2- TQm` H� +�`�+iû`Bb�iBQM ;ûQKûi`B[m2 /2 +Qm`#2b /2 HǶ2bT�+2 2i /2 `2Tĕ`2b
KQ#BH2b �ii�+?ûb ¨ /2b +Qm`#2bX *2b MQiBQMb bQMi T`ûb2Miû2b TQm` H2 +�b +QMiBMm TmBb TQm`
H2 +�b /Bb+`2i c +2 /2`MB2` ûi�Mi 2bb2MiB2H TQm` H� `ûbQHmiBQM MmKû`B[m2 /2 MQi`2 KQ/ĕH2X
*2T2M/�Mi- MQmb Q#b2`pQMb [m2 H� MQiBQM +H27 /2 +Qm`#m`2 ;ûQKûi`B[m2 T2`/ bQM mMBpQ+Biû
/�Mb H2 +�b /Bb+`2iX LQmb B/2MiB}QMb �HQ`b THmbB2m`b /û}MBiBQMb /2 H� +Qm`#m`2 /Bb+`ĕi2X
SmBb MQmb H2b +QKT�`QMb b2HQM /2b +`Biĕ`2b T`QT`2b ¨ MQi`2 �TTHB+�iBQM U+QMp2`;2M+2 ;ûQ@
Kûi`B[m2- `2T`ûb2Mi�iBpBiû ûM2`;ûiB[m2- 7Q`K2 /ǶBMi2`TQH�iBQMVX � HǶBbbm /2 +2ii2 �M�Hvb2-
H� /û}MBiBQM H� THmb T2`iBM2Mi2 2bi `2i2Mm2 TQm` H2 /ûp2HQTT2K2Mi /m MQmp2�m KQ/ĕH2
MmKû`B[m2 �m +Qm`b /2b +?�TBi`2b bmBp�MibX
.�Mb H2 +?�TBi`2 9 MQmb ûH�#Q`QMb mM T`2KB2` KQ/ĕH2 /2 TQmi`2 ¨ 9 @.P6b T�` mM2 �TT`Q+?2
p�`B�iBQMM2HH2X A+B MQmb `2T`2MQMb 2i 2M`B+?BbbQMb mM i`�p�BH BMBiBû HQ`b /ǶmM2 T`û+û/2Mi2
i?ĕb2 (R8) BMbTB`û2 T�` /2b i`�p�mt `û+2Mib bm` H� bBKmH�iBQM /2b iB;2b ûH�biB[m2b /�Mb H2
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/QK�BM2 /2b +QKTmi2` ;`�T?B+b (Re)- 2i ¨ H�[m2HH2 DǶ�B +QHH�#Q`û (Rd- R3)X 1M T�`iB+mHB2`- MQi`2
/ûp2HQTT2K2Mi T2`K2i /Ƕ�#QmiB` ¨ /2b 2tT`2bbBQMb Tm`2K2Mi HQ+�H2b /2b 2zQ`ib BMi2`M2b
2i T`Qmp2 HǶû[mBp�H2M+2 �p2+ H2 K2K#`2 bi�iB[m2 /2b û[m�iBQMb /2 EB`+??QzX am` H2 TH�M
K�i?ûK�iB[m2- H2 KQ/ĕH2 2bi /ûp2HQTTû 2M +QMiBMm 2i bQM BKTHûK2Mi�iBQM MmKû`B[m2 MǶ2bi
T�b i`�BiûX
.�Mb H2 +?�TBi`2 8 MQmb /ûp2HQTTQMb mM2 MQmp2HH2 �TT`Q+?2- THmb /B`2+i2 2i THmb +QKTHĕi2-
TQm` +QMbi`mB`2 ¨ T�`iB` /2b û[m�iBQMb /2 EB`+??Qz mM ûHûK2Mi /2 TQmi`2 2M`B+?B T�` mM
MQ2m/ 7�MiƬK2 2i TQbbû/�Mi HmB �mbbB mM MQK#`2 /2 /2;`û /2 HB#2`iû KBMBK�HX GǶQ`B;BM�HBiû
/2 +2i ûHûK2Mi 2bi /2 TQmpQB` HQ+�HBb2` T`QT`2K2Mi /�Mb HǶ2bT�+2 +2`i�BMb ivT2b /2 /Bb+QM@
iBMmBiûb- MQi�KK2Mi /2b /Bb+QMiBMmBiûb /2 +Qm`#m`2b T`QpQ[mû2b T�` /2b 2zQ`ib TQM+im2Hb
Qm /2b b�mib /2 T`QT`Bûiûb K�iû`B2HH2bX *2H� T2`K2i mM2 KQ/ûHBb�iBQM THmb }M2 /2b T?ûMQ@
KĕM2b T?vbB[m2b �m b2BM /2 H� ;`BHH2- �mbbB #B2M �m MBp2�m /2b +QMM2tBQMb [m2 /2b +QM/BiBQMb
�mt �TTmBb- +2 [mB ûi�Bi H2 T`BM+BT�H Q#D2+iB7 /2 +2 i`�p�BH /2 i?ĕb2X
.�Mb H2 +?�TBi`2 e MQmb +QK#BMQMb H2b `ûbmHi�ib /2b +?�TBi`2b T`û+û/2Mib TQm` +QMbi`mB`2
mM ûHûK2Mi /2 TQmi`2 /Bb+`2i iQmi ¨ 7�Bi �/�Tiû ¨ H� KQ/ûHBb�iBQM MmKû`B[m2 /2b ;`B/b?2HHb
ûH�biB[m2bX LQmb T`ûb2MiQMb H� +QMbi`m+iBQM /2 +2i ûHûK2Mi 2i H� Kûi?Q/2 /2 `ûbQHmiBQM Mm@
Kû`B[m2 2KTHQvû2 TQm` i`Qmp2` HǶûi�i /Ƕû[mBHB#`2 bi�iB[m2 /m bvbiĕK2- ¨ b�pQB` H2 `2H�t�iBQM
/vM�KB[m2X 1M}M- MQmb /QMMQMb [m2H[m2b ûHûK2Mib bm` J�`bmTBH�KB- H2 T`Q;`�KK2 BM7Q`@
K�iB[m2 [m2 MQmb �pQMb KBb �m TQBMi 2i [mB BKTHûK2Mi2 HǶûHûK2Mi /2 TQmi`2 /Bb+`2i ûH�#Q`û
�m +Qm`b /2 +2ii2 i?ĕb2X LQmb 2tTQbQMb �mbbB [m2H[m2b `ûbmHi�ib /2 +QKT�`�BbQM �p2+ /2b
HQ;B+B2Hb /m +QKK2`+2 [mB QMi T2`KB /2 p�HB/2` MQi`2 i`�p�BHX SHmb ;ûMû`�H2K2Mi- HǶûHûK2Mi
/ûp2HQTTû +QMpB2Mi #B2M TQm` KQ/ûHBb2` /2b T`Q#HĕK2b /2 +QmTH�;2 ~2tBQM@iQ`bBQM /�Mb /2b
TQmi`2b ûH�M+û2b- +QKK2 T�` 2t2KTH2 H2b T?ûMQKĕM2b /2 `2TQbBiBQMM2K2Mi /2b +�#H2b 2i
/2b ;�ŗM2b �++`Q+?û2b �mt #`�b `Q#Qib- mM K�iû`B2H BM/mbi`B2H [mB b2 /ûKQ+`�iBb2 ¨ ;`�M/2
pBi2bb2X

5





ELASTIC

GRIDSHELL

Part I





Chapter 1
ELASTIC GRIDSHELLS

1.1 INTRODUCTION

h?Bb +?�Ti2` Bb K2�Mi iQ /2}M2 �M/ BMi`Q/m+2 r?�i 2H�biB+ ;`B/b?2HH bi`m+im`2b �`2X Ai
/2p2HQTb � +QKT`2?2MbBp2 #mi T`2+Bb2 pB2r Q7 i?2 MmK2`Qmb FMQrH2/;2 �M/ FMQr@?Qr i?�i
;`�pBi�i2 �`QmM/ i?Bb +QM+2TiX

1.1.1 OVERVIEW

q2 M�im`�HHv #2;BM i?Bb +?�Ti2` #v /2}MBM; i?2 MQiBQM Q7 2H�biB+ ;`B/b?2HH �M/ i?2 +QMi2ti
BM r?B+? i?Bb i2+?MQHQ;v �`Qb2 Ub22 ȜRXkVX q2 #`B2~v ?B;?HB;?i i?2 #2M2}ib Q7 +QKTQbBi2
K�i2`B�Hb 7Q` i?Bb FBM/ Q7 bi`m+im`2X q2 i?2M T`QTQb2 irQ i?Q`Qm;? `2pB2rb , i?2 }`bi QM2
Bb /2/B+�i2/ iQ FMQrM #mBHi 2H�biB+ ;`B/b?2HH bi`m+im`2b Ub22 ȜRXjV r?BH2 i?2 b2+QM/ QM2 Bb
� HBi2`�im`2 `2pB2r Q7 i?2 K�BM rQ`Fb `2H�i2/ iQ i?2 iQTB+ Q7 2H�biB+ ;`B/b?2HHb Ub22 ȜRX9VX
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1.1.2 CONTRIBUTIONS

! q2 2bi�#HBb? � +?`QMQHQ;B+�H `2pB2r Q7 FMQrM #mBHi 2H�biB+ ;`B/b?2HHb- 7`QK i?2 p2`v #2@
;BMMBM; Q7 i?Bb i2+?MQHQ;v iQ i?2 T`2b2Mi iBK2X q2 `2p2�H i?2 `B+?M2bb Q7 i?Bb +QM+2Ti #v
2t?B#BiBM; i?2 ;`2�i p�`B2iv Q7 `2�HBb2/ T`QD2+ibX q2 /Bb+mbb i?2 bT2+B}+BiB2b #`Qm;?i #v
2�+? QM2 Q7 i?2b2 T`QD2+ibX

! q2 2bi�#HBb? �M mT@iQ@/�i2 `2pB2r Q7 i?2 2tBbiBM; b+B2MiB}+ HBi2`�im`2- +`QbbBM; KmHiBTH2
}2H/b Q7 `2b2�`+? U;2QK2i`v- K2+?�MB+b- K�i2`B�H- ĘVX

1.2 DEFINITION

h?2 BMp2MiBQM Q7 i?2 2H�biB+ ;`B/b?2HH +QM+2Ti Bb +QKKQMHv �ii`B#mi2/ iQ 6`2B PiiQ- �
:2`K�M �`+?Bi2+i r?Q /2pQi2/ b2p2`�H v2�`b iQ ;`B/b?2HHbX AM RNd8 ?2 �+?B2p2/ i?2 7�KQmb
J�MM?2BK JmHiB?�HH2 (k)- � rQQ/2M b?2HH Q7 d8yy Kk- BM +QHH�#Q`�iBQM rBi? i?2 2M;BM22`
1/KmM/ >�TTQH/ U�`mTVX GBi2`�HHv- i?2 rQ`/ ǳ;`B/b?2HHǴ `272`b iQ ;`B/b #2?�pBM; HBF2
b?2HHb , 7`QK � K2+?�MB+�H TQBMi Q7 pB2r i?�i K2�Mb bi`2bb2b �+iBM; QM i?2 bi`m+im`2 �`2
K�BMHv i`�MbKBii2/ i?`Qm;? +QKT`2bbBQM �M/ i2MbBQMX h?2b2 bi`m+im`2b +�M +`Qbb H�`;2@
bT�M rBi? p2`v HBiiH2 K�i2`B�HX
>Qr2p2`- �++Q`/BM; iQ i?2 ?BbiQ`B+ 2pQHmiBQM Q7 i?2 +QM+2Ti- iQ +?�`�+i2`Bb2 � ;`B/b?2HH �b
i?2 +QK#BM�iBQM Q7 � bi`m+im`�H +QM+2Ti U� ;`B/ #2?�pBM; HBF2 � b?2HH- b22 ȜRXkXkV �M/ �
bT2+B}+ +QMbi`m+iBQM T`Q+2bb Ub22 ȜRXkXRV mbBM; i?2 #2M/BM; ~2tB#BHBiv Q7 i?2 K�i2`B�H Ub22
ȜRXkXjV b22Kb iQ #2 KQ`2 �++m`�i2X h?2 T`QD2+i Q7 J�MM?2BK Ĝ BM r?B+? � rQQ/2M `2;mH�`
�M/ TH�M�` ;`B/- H�+FBM; b?2�` biBzM2bb- Bb 2H�biB+�HHv /27Q`K2/ mT iQ � i�`;2i2/ b?�T2 rBi?
i?2 ?2HT Q7 bi�vb- �M/ i?2M #`�+2/ �M/ +Qp2`2/ Ĝ Bb `2;�`/2/ �b i?2 bi�`iBM; TQBMi Q7 i?Bb
M2r +QM+2Ti Ub22 };bX RXR� iQ RXR/VX
h?Bb ivT2 Q7 ;`B/b?2HH- FMQrM �b 2H�biB+ ;`B/b?2HH- Qz2`b � p2`v 2H2;�Mi K�MM2` iQ K�i2`B�HBb2
7`227Q`K b?�T2b 7`QK �M BMBiB�HHv ~�i �M/ `2;mH�` ;`B/- r?B+? Q#pBQmbHv ?�b K�Mv T`�+iB+�H
#2M2}ib , TH�M�` BMBiB�H ;2QK2i`v- bi�M/�`/ +QMM2+iBQM MQ/2b- bi�M/�`/ T`Q}H2b �M/ bQ QMX
LQi2 i?�i i?2 i2`K `B;B/ ;`B/b?2HH Bb Q7i2M QTTQb2/ iQ i?2 i2`K 2H�biB+ ;`B/b?2HH iQ BM/B+�i2
`2iB+mH�i2/ bi`m+im`2b i?�i #2?�p2 HBF2 b?2HHb #mi �`2 MQi 7Q`K2/ BM �M �+iBp2@#2M/BM;
T`Q+2bbX

1.2.1 ERECTION PROCESS

lbm�HHv- i?2 ;`B/ KQ`T?QHQ;v Bb MQi i`BpB�H �M/ H2�/b iQ /2bB;M MmK2`Qmb +QbiHv �M/ +QKTH2t
DQBMibX hQ Qp2`+QK2 i?Bb Bbbm2- �M Q`B;BM�H �M/ BMMQp�iBp2 2`2+iBQM T`Q+2bb r�b /2p2HQT2/
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RXR6Q`KBM; T`Q+2bb Q7 i?2
;`B/b?2HH Q7 J�MM?2BK- :2`@
K�Mv

RXR��bb2K#Hv Q7 i?2 iBK#2`
;`B/
1.1a RXR#.27Q`K�iBQM Q7 i?2 ;`B/1.1b

RXR+6BM�H b?�T2 Q7 i?2 H�iiB+2

1.1c

RXR/_QQ}M; rBi? � K2K#`�M2

1.1d

1.1 Forming process of the gridshell of Mannheim, Germany
1.1a Assembly of the timber grid
1.1b Deformation of the grid
1.1c Final shape of the lattice
1.1d Roofing with a membrane
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ELASTIC GRIDSHELLS

i?�i i�F2b �/p�Mi�;2 Q7 i?2 ~2tB#BHBiv BM?2`2Mi iQ bH2M/2` 2H2K2MibX � `2;mH�` TH�M�` ;`B/
K�/2 Q7 HQM; +QMiBMmQmb HBM2�` K2K#2`b Bb #mBHi QM i?2 ;`QmM/ Ub22 };X RXR�VX h?2 2H2K2Mib
�`2 TBMM2/ iQ;2i?2` bQ i?2 ;`B/ ?�b MQ BM@TH�M2 b?2�` biBzM2bb �M/ +�M �++QKKQ/�i2 H�`;2@
b+�H2 /27Q`K�iBQMb /m`BM; 2`2+iBQMX h?2M- i?2 ;`B/ Bb #2Mi 2H�biB+�HHv iQ Bib }M�H b?�T2 Ub22
};bX RXR# �M/ RXR+VX 6BM�HHv- i?2 ;`B/ Bb 7`Qx2M BM i?2 /2bB`2/ b?�T2 rBi? � i?B`/ H�v2`
Q7 #`�+BM; K2K#2`b �M/ i?2 bi`m+im`2 #2+QK2b � b?2HHX h?Bb T`Q+2bb Bb BHHmbi`�i2/ �M/
/2i�BH2/ BM i?2 M2ti +?�Ti2` Ub22 ȜkXjVX

1.2.2 STRUCTURAL TYPOLOGY

h?2B` K2+?�MB+�H #2?�pBQm` Bb p2`v bBKBH�` iQ i?2 QM2 Q7 `2�H b?2HHb 2p2M B7 i?2 K�i2`B�H
Bb /Bb+`2i2 �M/ HQ+�i2/ BM � ;`B/ KQ`2 Q` H2bb QT2MX JQ`2Qp2`- ;`B/b?2HHb #2M2}i 7`QK i?2
b�K2 �/p�Mi�;2b �b i?2 QM2b b?Qr2/ #v �M 2;;b?2HH , i?2v +�M +`Qbb H�`;2 bT�M mbBM; �
HQr �KQmMi Q7 K�i2`B�HX h?2B` biBzM2bb Bb K�BMHv HBMF2/ iQ i?2B` /Qm#H2@+m`p2/ b?�T2X

1.2.3 MATERIAL FLEXIBILITY FOR STRUCTURAL RIGIDITY

AM i?Bb }2H/ Q7 �TTHB+�iBQM- +QKTQbBi2 K�i2`B�Hb HBF2 ;H�bb }#`2 `2BM7Q`+2/ TQHvK2` U:6_SV
+QmH/ 7�pQm`�#Hv `2TH�+2 rQQ/- r?2`2 #Qi? `2bBbi�M+2 �M/ #2M/BM; �#BHBiv Q7 i?2 K�i2`B�H
Bb bQm;?i (d)X h?2 biBzM2bb Q7 i?2 bi`m+im`2 /Q2b MQi /2`Bp2 7`QK i?2 BMi`BMbB+ K�i2`B�H
`B;B/Biv #mi T`BM+BT�HHv 7`QK Bib ;2QK2i`B+ +m`p�im`2X A/2�HHv- i?2 +QKTQbBi2 T`Q}H2b �`2
T`Q/m+2/ #v TmHi`mbBQM- �M 2+QMQKB+ +QMiBMmQmb KQmH/2/ T`Q+2bbX h?2 bi�M/�`/Bb�iBQM Q7
i?2 T`Q+2bb ;m�`�MiB2b p2`v bi�#H2 K�i2`B�H �M/ K2+?�MB+�H T`QT2`iB2bX Ai 7`22b /2bB;M2`b
7`QK i?2 T�BM7mH T`Q#H2K�iB+ Q7 rQQ/ DQBMBM; �M/ rQQ/ /m`�#BHBivX h?2 +?�`�+i2`Bb�iBQM
Q7 i?Bb K�i2`B�H Bb T`2b2Mi2/ 7m`i?2` BM i?2 i?2bBb Ub22 ȜkX8VX

1.3 BUILT ELASTIC GRIDSHELLS : A REVIEW

LQ i?Q`Qm;? ?BbiQ`B+ `2pB2r Bb �p�BH�#H2 �#Qmi 2t2+mi2/ T`QD2+ib Q7 2H�biB+ ;`B/b?2HHb �H@
i?Qm;? bQK2 T�`iB�H `2pB2rb ?�p2 #22M /QM2 iBK2 iQ iBK2 QM i?2 Q++�bBQM Q7 b+B2MiB}+
rQ`Fb Q` +QMbi`m+iBQM T`QD2+ibX h?Bb `2pB2r �BKb �i }HHBM; i?Bb ;�T #v ;BpBM; �M Qp2`pB2r
Q7 i?2 /2p2HQTK2Mi Q7 i?2 +QM+2Ti 7`QK i?2 p2`v #2;BMMBM; iQ i?2 p2`v H�bi 2tT2`BK2MibX
PMHv FMQrM #mBHi T`QD2+ib ?�p2 #22M B/2MiB}2/ �M/ `2TQ`i2/ ?2`2X h?2 QMHv +QM/BiBQM 7Q`
� T`QD2+i iQ #2HQM; iQ i?Bb `2pB2r Bb iQ +QKTHv rBi? i?2 /2}MBiBQM Q7 r?�i �M 2H�biB+ ;`B/@
b?2HH Bb Ub22 ȜRXkV- BM/2T2M/2MiHv iQ �Mv Qi?2` +QMbB/2`�iBQM UK�i2`B�H- 7�#`B+�iBQM- bBx2-
+H�//BM;- ĘVX
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1.2 Known elastic gridshells built by the past
The surface of the bubbles is proportional to the covered area. Colour indicates
the material employed for the rods.

BUILT ELASTIC GRIDSHELLS : A REVIEW
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ELASTIC GRIDSHELLS

h?2 BM7Q`K�iBQMb +QHH2+i2/ /m`BM; i?Bb `2b2�`+? rQ`F �`2 ;Bp2M BM i�#H2 7Q`K�i BM �TT2M/Bt
Ub22 +?�Ti2` �VX � bvMi?2iB+ T`2b2Mi�iBQM Q7 i?2b2 /�i�b Bb T`QTQb2/ iQ i?2 `2�/2` BM };X RXk-
r?2`2 T`QD2+ib �`2 Q`/2`2/ #v /�i2- bT�M- +Qp2`2/ �`2� �M/ K�i2`B�HX
h?2 #QQFb 2/Bi2/ #v i?2 AMbiBimi 7Ƀ` H2B+?i2 6H +?2Mi`�;r2`F2 �`2 Q7 ;`2�i BMi2`2bi iQ mM/2`@
bi�M/ i?2 #2;BMMBM;bX AGRy :`B/ a?2HHb (RN) ?�b � T`2+Bb2 BMp2MiQ`v Q7 i?2 }`bi 2tT2`BK2Mib
7`QK RNek iQ RNde- r?BH2 AGRj JmHiB?�HH2 J�MM?2BK (R) 7Q+mb2b QM i?2 +QMbi`m+iBQM Q7 i?2
JmHiB?�HH2 BM J�MM?2BKX hBK#2` ;`B/b?2HHb, �`+?Bi2+im`2- bi`m+im`2 �M/ +`�7i (ky) Bb �
bB;MB}+�Mi 2zQ`i #mi 7Q+mb2b 2t+HmbBp2Hv QM K2/BmK iQ H�`;2 b+�H2 T`QD2+ib BM iBK#2`X �
bK�HH #mi ;2M2`�H T�`iB�H `2pB2r Bb �HbQ �p�BH�#H2 BM (kR)X �M BMi2`2biBM; `2pB2r Bb �HbQ ;Bp2M
#v ZmBMM �M/ :2M;M�;2H (kk) �b T�`i Q7 i?2B` `2b2�`+? rQ`F QM M2r 2`2+iBQM K2i?Q/bX �
`2pB2r Q7 #`�+BM; �M/ +H�//BM; bvbi2Kb Bb /QM2 BM (kj)X � `2pB2r Q7 7Q`K@}M/BM; K2i?Q/b
Bb /QM2 BM (k9)X 6BM�HHv- p�`BQmb p�Hm�#H2 `2pB2rb �`2 �p�BH�#H2 BM i?2 i?2bBb Q7 .Qmi?2 (k8)-
"Qm?�v� (ke)- h�v2# (kd)- �M/ G�7m2Mi2 >2`M�M/2x (k3)X

1.3.1 THE BEGINNINGS : FROM THE FIRST PROTOTYPE TO THE GERMAN PAVILION

6`2B PiiQ bi�`i2/ ?Bb bim/B2b BM �`+?Bi2+im`2 BM RN9d BM "2`HBM- :2`K�Mv- �M/ +QKTH2i2/ ?Bb
/Q+iQ`�i2 QM i2MbBH2 bi`m+im`2b BM RN8jX h?Bb }`bi rQ`F r�b Tm#HBb?2/ �M/ i`�MbH�i2/ H�i2`
BM i?2 eyǶbX >2 i?2M #2;�M iQ rQ`F BM i?2 }2H/ Q7 HB;?ir2B;?i bi`m+im`2b mbBM; T?vbB+�H
KQ/2Hb bm+? �b bQ�T }HKb Q` ?�M;BM; M2ib- �M/ T?QiQ;`�T?B+ K2�bm`2K2MibX1-2 h?2b2 iQQHb
r2`2 2bb2MiB�Hb 7Q` ?Bb 2tTHQ`�iBQM Q7 7Q`Kb �M/ bi`m+im`2b �b i?2`2 r2`2 MQ +QKTmi2`b �i
i?�i iBK2X

Steel Gridshell, Berkeley, USA, 1962

aBKmHi�M2QmbHv- ?2 #2+�K2 BMi2`2bi2/ #v i?2 bim/v Q7 HB;?ir2B;?i b?2HHb �M/ i?2 r�v i?2v
r2`2 7Q`K@7QmM/X PM2 Q7 ?Bb p2`v }`bi 2H�biB+ ;`B/b?2HH r�b #mBHi BM RNek rBi? bim/2Mib �i
"2`F2H2v- la� (RN- TX kdy)X Ai Bb 7mMMv iQ `2K�`F i?�i i?Bb }`bi ;`B/b?2HH r�b MQi � iBK#2`
;`B/b?2HH #mi � bi22H ;`B/b?2HH K�/2 Qmi Q7 irBM bi22H `Q/b HBMF2/ BM � ;`B/ 7�b?BQM #v #QHib
rBi? +H�KTBM; TH�i2b Ub22 };X RXj�VX h?Bb }`bi 2tT2`BK2Mi /2KQMbi`�i2/ �i bK�HH b+�H2 i?2

1. In the 19th and 20th centuries model testing was at the heart of structural innovation [29]. Analog models were employed
successfully by well-known architects and engineers to go beyond the limits of existing knowledge (A. Gaudi, H. Isler, F.
Candela, F. Otto, …) and are still employed today where numeric models failed to represent accurately some physical
phenomenons (for instance in wind analysis for high rise towers and bridges).
2. “Photography is the medium through which the form and content of a model are communicated. It is one of our most
important tools in that it provides the basis for documentation and information, supplements our creative potential […] ”
[19, p. 56]
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RXjai22H ;`B/b?2HH #mBHi BM RNek
BM "2`F2H2v- la�
RXj�ai22H H�iiB+2

1.3a

RXj#EMQi /2i�BH

1.3b

RX9hBK#2` ;`B/b?2HH #mBHi BM
RNek BM 1bb2M- :2`K�Mv

1.4
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RX8hBK#2` ;`B/b?2HH #mBHi BM
RNed BM JQMi`2�H- *�M�/�

1.5

1.3 Steel gridshell built in 1962 in Berkeley, USA
1.3a Steel lattice
1.3b Knot detail
1.4 Timber gridshell built in 1962 in Essen, Germany
1.5 Timber gridshell built in 1967 in Montreal, Canada
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BUILT ELASTIC GRIDSHELLS : A REVIEW

�#BHBiv iQ #2M/ � `2;mH�` ;`B/ rBi? MQ b?2�` `B;B/Biv BMiQ � +m`p2/ b?�T2 Ub22 };X RXj#VX
h?2 ;`B/ r�b HQQb2Hv #`�+2/ �M/ b?2HH 2z2+ib r2`2 MQi BMp2biB;�i2/X

Essen Gridshell, Essen, Germany, 1962

h?2 b�K2 v2�` ?2 /2bB;M2/ �M/ #mBHi � }`bi iBK#2` ;`B/b?2HH BM 1bb2M- :2`K�Mv (RN- TX kdk)X
h?2 T`QiQivT2 Ĝ � bBM;H2@H�v2` ;`B/b?2HH bT�MMBM; �� N �M/ +Qp2`BM; �M �`2� Q7 ��� Nɞ Ĝ
r�b K�/2 rBi? j@THB2b H�KBM�i2/ iBK#2` T`Q}H2b BM ?2KHQ+F TBM2 Ub22 };X RX9VX h?2 +`Qbb@
b2+iBQM Q7 i?2 T`Q}H2b r�b `2+i�M;mH�` U�� NN t �� NNV �M/ i?2 2H2K2Mib r2`2 �bb2K#H2/
BM � ;`B/ 7�b?BQM rBi? bBKTH2 bi22H #QHibX PM+2 2`2+i2/- MQi?BM; r�b bT2+B}+�HHv /QM2 iQ
BKT`Qp2 i?2 BM@TH�M2 b?2�` biBzM2bb Q7 i?2 ;`B/ �M/ �+iBp�i2 � b?2HH #2?�pBQm`X 6BM�HHv- i?2
bi`m+im`2 r�b +Qp2`2/ rBi? � i`�MbT�`2Mi TH�biB+ 7QBH M�BH2/ /B`2+iHv QM i?2 ;`B/Ƕb T`Q}H2bX

German Pavilion Auditoria, Montreal, Canada, 1967

6Bp2 v2�`b H�i2`- QM i?2 Q++�bBQM Q7 i?2 RNed AMi2`M�iBQM�H �M/ lMBp2`b�H 1tTQbBiBQM BM
JQMi`2�H- *�M�/�- 6`2B PiiQ r�b �TTQBMi2/ iQ /2bB;M i?2 :2`K�M S�pBHBQM , � H�`;2 +�#H2
M2i i2Mi T`2};m`BM; i?2 `2�HBb�iBQM Q7 i?2 QHvKTB+ bi�/BmK Q7 JmMB+?- :2`K�Mv- BM RNdkX3-4

h?2 T�pBHBQM `2[mB`2/ irQ �m/BiQ`B� �M/ i?2b2 r2`2 /2bB;M2/ mbBM; i?2 T`BM+BTH2 Q7 2H�biB+
;`B/b?2HH (RN- TX kd9)X �HH iQ;2i?2`- i?2 �m/BiQ`B� +Qp2`2/ �M/ �`2� Q7 ��� Nɞ �M/ bT�MM2/
���� NX h?2 +QMbi`m+iBQM i2+?MB[m2 2KTHQv2/ BM JQMi`2�H r�b [mBi2 bBKBH�` iQ i?2 QM2
/2p2HQT2/ BM 1bb2M- #mi i?Bb iBK2 i?2 ;`B/ r�b 7mHHv #`�+2/ rBi? � H�v2` Q7 M�BH2/ THvrQQ/
#Q�`/b �M/ Qz2`2/ � T`QT2` `QQ}M; K�/2 Qmi Q7 BMbmH�iBQM T�M2Hb +Qp2`2/ rBi? � So*
+Q�i2/ 7�#`B+ Ub22 };X RX8VX
h?2 irQ ;`B/b?2HHb #mBHi BM JQMi`2�H K�`F � bB;MB}+�Mi bi2T BM i?2 K�im`�iBQM T`Q+2bb
Q7 i?2 i2+?MB[m2 H2�/BM; iQ i?2 K�DQ` `2�HBb�iBQM Q7 J�MM?2BK BM RNde , � K2i?Q/QHQ;v
?�b 2K2`;2/ iQ T`Q;`2bb ǳ7`QK i?2 BMp2`i2/ 7Q`K iQ i?2 ;`B/b?2HHǴ (RN- TX RdN) c K�BM
+QMbi`m+iBQM /2i�BHb ?�p2 #22M p�HB/�i2/ c p�`BQmb 2`2+iBQM K2i?Q/b ?�p2 #22M i2bi2/ c
KB/@b+�H2 #mBH/BM;b ?�p2 #22M #mBHi iQ ?Qbi Tm#HB+X >Qr2p2`- /m2 iQ i?2 Qp2` +QKTH2tBiv
Q7 i?2b2 bi`m+im`2b- HQib Q7 mMFMQrMb `2K�BM2/ mMbQHp2/ �i i?Bb bi�;2 �M/ i?2 #2?�pBQm`
Q7 i?2 bi`m+im`2b +QmH/ MQi #2 7mHHv T`2/B+i2/X5

3. Actually, Frei Otto became the director of the newly founded Institute for Lightweight Structures (Institut für Leichte
Flächentragwerke or IL) at the University of Stuttgart in 1964. It was the IL that was commissioned by the German
government to conduct research in connection with the planning of the German pavilion for the exposition in Montreal.
4. Video of the construction of the German pavilion : https://www.youtube.com/watch?v=Z0mtFMoseUk.
5. “Snow accumulations in the throat of the common edge beam probably caused one of the two grid shells of project
Montreal to buckle in a relatively flat region. The diameter of the buckled area was about 3 meters. Neither grid rod was
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ELASTIC GRIDSHELLS

Ai Bb rQ`i?r?BH2 iQ K2MiBQM i?�i b2p2`�H mM2t2+mi2/ H�`;2@b+�H2 T`QD2+ib r2`2 bim/B2/ #v
6`2B PiiQ #2ir22M RNed �M/ RNdj �i i?2 AG Q` �i i?2 �i2HB2` q�`K#`QMMX6 h?2b2 T`QD2+ib
�`2 #�bB+�HHv /Q+mK2Mi2/ BM (RN- TTX kd3 @ k33) �M/ `2p2�H i?�i ?2 r�b i`�BMBM; ?Bb +�T�+Biv
iQ K�bi2` H�`;2@b+�H2 T`QD2+ib rBi? i?2 i2+?MB[m2 Q7 2H�biB+ ;`B/b?2HHb 7Q` KQ`2 +QMp2MiBQM�H
#mBH/BM; T`QD2+ib Ur�p2 TQQH- brBKKBM; ?�HH- KmHiB@Tm`TQb2 ?�HH- �m/BiQ`BmK- ĘVX

1.3.2 MANNHEIM MULTIHALLE : THE COMPLETION OF A DECADE OF RESEARCH

h?2 T`QD2+i Q7 i?2 JmHiB?�HH2 bi�`i2/ BM RNdy- r?2M i?2 /2+BbBQM r�b K�/2 i?�i J�MM?2BK-
:2`K�Mv- rQmH/ ?QH/ i?2 "mM/2b;�`i2Mb+?�m BM RNd8X7 h?2 �`+?Bi2+ib Q7 i?2 T`QD2+i- *�`H
Jmib+?H2` � S�`iM2`b- +QMbmHi2/ 6`2B PiiQ �i �i2HB2` q�`K#`QMM �b ?2 r�b bi�`iBM; iQ
;2i FMQrM BM i?2 }H2/ Q7 BMMQp�iBp2 HB;?ir2B;?i bi`m+im`2bX h?Bb Bb ?Qr i?2 B/2� Q7 i?2
;`B/b?2HH r�b BMi`Q/m+2/ BM i?2 T`QD2+i (jy)X
� i?Q`Qm;? `2TQ`i QM i?2 T`QD2+i Bb �p�BH�#H2 BM (R)X � KQ`2 +QM/2Mb2/ #mi biBHH T`2+Bb2
/2b+`BTiBQM Q7 i?2 2M;BM22`BM; T`Q#H2K�iB+b `2H�i2/ iQ i?Bb T`QD2+i �`2 �p�BH�#H2 BM i?2
2t+2HH2Mi T�T2`b 7`QK >�TTQH/ �M/ GB//2HH (k) �M/ GB//2HH (jy)X

Multihalle, Mannheim, Germany, 1975

J�MM?2BK Bb �M mMT`2+2/2Mi2/ `2�HBb�iBQM #2+�mb2 Bi Bb KQ`2 i?�M ir2Miv iBK2b H�`;2`
i?�M i?2 T`2pBQmbHv #mBHi ;`B/b?2HHb BM JQMi`2�H �M/ Bb K2�Mi iQ H�bi K�Mv v2�`b �M/ MQi
QMHv 7Q` i?2 /m`�iBQM Q7 � b?Q`i@i2`K 2t?B#BiBQMX h?2 iBK#2` H�iiB+2- biBHH 2tBbiBM; BM kyRd-
+Qp2`b �M �`2� Q7 ���� Nɞ Ub22 };X RXe�VX Ai Bb +QKTQb2/ Q7 irQ BMi2`+QMM2+i2/ /QK2b- QM2
7Q` i?2 KmHiB@Tm`TQb2 ?�HH UbT�M , �� N % ?2B;?i , �� NV �M/ QM2 7Q` i?2 `2bi�m`�Mi UbT�M
, �� N % ?2B;?i , �� NVX
�Hi?Qm;? i?2 +QMbi`m+iBp2 bvbi2K /2THQv2/ BM J�MM?2BK +H2�`Hv BM?2`Bi2/ 7`QK i?2 T`2@
pBQmb /2p2HQTK2Mib- i?2 +?�HH2M;2 r�b bm+? i?�i Bi ?�/ iQ #2 `2pBbBi2/X AM T�`iB+mH�` i?2
K�BM �//BiBQMb r2`2 i?2 BMi`Q/m+iBQM Q7 i?2 /Qm#H2@H�v2` bvbi2K �M/ i?2 T`QT2` #`�+BM;
Q7 i?2 ;`B/X � K�DQ` �/p�M+2 r�b �HbQ i?2 mb2 Q7 i?2 p2`v }`bi MmK2`B+ KQ/2Hb iQ bim/v
i?2 bi`m+im`2X
h?2 /Qm#H2@H�v2` bvbi2K r�b BMi`Q/m+2/ iQ i�+FH2 irQ Bbbm2b , i?2 ;`B/ M22/2/ bQK2
~2tB#BHBiv iQ #2 #2Mi BMiQ i?2 /2bB`2/ b?�T2- #mi QM+2 2`2+i2/ Bi b?QmH/ T`QpB/2 bm{+B2Mi

broken, i.e. the buckling progressed elastically. It might have been possible to press the buckled area back into shape.” [19,
p. 219]
6. Atelier Warmbronn is the architectural studio founded by Frei Otto in 1969.
7. The Bundesgartenschau is a national horticultural exhibition that takes place every two years in Germany.
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RXehBK#2` ;`B/b?2HH #mBHi BM
RNd8 BM J�MM?2BK- :2`K�Mv
RXe�aFv pB2r

1.6a

BUILT ELASTIC GRIDSHELLS : A REVIEW

#2M/BM; biBzM2bb iQ `2bBbi /Bbim`#BM; HQ�/b �M/ �pQB/ � #m+FHBM; +QHH�Tb2X8 PM+2 2`2+i2/-
i?2 irQ ;`B/b- QM2 bHB/BM; QM iQT Q7 i?2 Qi?2` QM2- r2`2 +QMM2+i2/ iQ;2i?2` iQ 7Q`K � bBM;H2
;`B/ rBi? Km+? ?B;?2` H�//2` T`Q}H2b U7`QK �� NN iQ ��� NNV- BM+`2�bBM; i?2B` #2M/BM;
biBzM2bb #v � 7�+iQ` Q7 �#Qmi ke Ub22 };X RXe#VX
"2+�mb2 i?2 BM@TH�M2 biBzM2bb Q7 i?2 ;`B/ �HbQ TH�vb � K�DQ` `QH2 BM i?2 `2bBbi�M+2 iQ
#m+FHBM;- i?Bb [m2biBQM r�b +QMbB/2`2/ rBi? +�`2X h?2 #`�+BM; Q7 i?2 ;`B/ r�b }`bi �+?B2p2/
#v T`2p2MiBM; i?2 MQ/2b iQ im`M QM+2 i?2 ;`B/ r�b 2`2+i2/X h?Bb r�b /QM2 #v +`2�iBM;
bQK2 7`B+iBQM BM i?2 MQ/2b r?2M iB;?i2MBM; i?2 #QHib HBMFBM; i?2 H�i?b- �7i2` i?2 ;`B/ r�b
2`2+i2/X h?2M- �//BiBQM�H #`�+BM; +�#H2b r2`2 Tmi BM i?2 ;`B/X

8. Theoretically, self-weight loads would produce only compression in the members because the (funicular) form of the
grid resulted from the inversion of a hanging chain model in pure tension.
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RXe#AMi2`BQ` pB2r

1.6b



1.6 Timber gridshell built in 1975 in Mannheim, Germany
1.6a Sky view
1.6b Interior view



ELASTIC GRIDSHELLS

6BM�HHv- i?2 T`QD2+i Q7 J�MM?2BK r�b � F2v T`QD2+i BM i?2 /2p2HQTK2Mi Q7 KQ/2`M HB;?ir2B;?i
bi`m+im`2bX :`2�i 2M;BM22`b r2`2 #Q`M BM iQm+? rBi? 6`2B PiiQ- 7QHHQrBM; ?Bb 7QQibi2Tb Q`
+QHH�#Q`�iBM; rBi? ?BKX h?Bb ?2`Bi�;2 ?�b B``B;�i2/ 7Q` b2p2`�H /2+�/2b i?2 2M;BM22`BM; Q7
HB;?ir2B;?i bi`m+im`2b BM 1m`QT2 �M/ ;�p2 #B`i?- /B`2+iHv Q` BM/B`2+iHv- iQ b2p2`�H bim/BQb
�KQM; r?B+? r2 +�M +Bi2 "m`Q >�TTQH/ �M/ a+?H�B+? "2`;2`K�MM � S�`iM2`X

1.3.3 THE DRY PERIOD : 25 YEARS FROM MANNHEIM TO HANNOVER

�Hi?Qm;? i?2 2tT2`B2M+2 Q7 J�MM?2BK T`Qp2/ i?2 72�bB#BHBiv �M/ i?2 TQi2MiB�H Q7 ;`B/b?2HH
bi`m+im`2b 7Q` H�`;2@b+�H2 T`QD2+ib- Bi �HbQ `2p2�H2/ i?�i i?2b2 T`QD2+ib r2`2 bm#D2+i iQ �M
BM+`2/B#H2 +QKTH2tBiv BM i2`Kb Q7 bi`m+im`�H /2bB;M- ;2QK2i`v- KQ/2HHBM;- i2biBM;- i2�K
rQ`F- +QMbi`m+iBQM K2i?Q/b Ę �i i?�i iBK2- p2`v 72r T2QTH2 +QmH/ T`2i2M/ iQ K�bi2` �HH
i?2 FMQrH2/;2 �M/ i2+?MB[m2b `2[mB`2/ iQ /2bB;M �M/ #mBHi iBK#2` ;`B/b?2HHb �M/ /2p2HQT2/
BM i?2 #QbQK Q7 i?2 AMbiBimi2 7Q` GB;?ir2B;?i ai`m+im`2b BM aimii;�`iX
h?Bb T`QD2+i r�b Q#pBQmbHv r2HH �?2�/ Q7 Bib iBK2 �M/ i?2 2M;BM22`BM; +Qbi iQ /2bB;M bm+?
bi`m+im`2b r�b T`Q#�#Hv T`Q?B#BiBp2 +QMbB/2`BM; i?2 iQQHb �p�BH�#H2 �i i?�i iBK2X h?Bb
+2`i�BMHv 2tTH�BMb r?v MQ 2H�biB+ ;`B/b?2HHb r2`2 #mBHi /m`BM; i?2 k8 7QHHQrBM; v2�`b- /2bTBi2
i?2 QTiBKBbK Q7 i?2 TBQM22`b Q7 i?2 JmHiB?�HH2X9

LQi2 i?�i �`QmM/ RNd8 bK�HH rQ`Fb?QT �M/ 2tT2`BK2Mib H2�/ iQ i?2 +QMbi`m+iBQM Q7 b2p2`�H
#mi bK�HH 2H�biB+ ;`B/b?2HHb- �b `2TQ`i2/ BM (RN)X � MQM@2t?�mbiBp2 #mi [mBi2 2ti2MbBp2 HBbi
Q7 FMQrM 2t2+mi2/ ;`B/b?2HH T`QD2+ib Bb T`2b2Mi2/ BM };X RXkX h?2 /`v T2`BQ/ Bb +H2�`Hv
pBbB#H2X

1.3.4 THE SIGNS OF A RENEWAL : DORSET AND DONCASTER

Ai Bb QMHv ky v2�`b H�i2` i?�i ;`B/b?2HHb bi�`i2/ iQ `2�TT2�`- BM i?2 H�i2 NyǶb K�BMHv BM i?2
lMBi2/ EBM/QK- �M/ 7Q` T`QD2+ib i?�i ?�/ BMi2`2bi BM 2MpB`QMK2Mi�H T`Q#H2K�iB+bX

Westminster Lodge, Dorset, England, 1995

AM RNN8- � bK�HH bim/2Mi `2bB/2M+2 M�K2/ q2biKBMbi2` GQ/;2 r�b #mBHi BM .Q`b2i- 1M;H�M/X
h?Bb /r2HHBM; r�b T�`i Q7 � H�`;2` T`QD2+i Ĝ >QQF2 S�`F Ĝ �BKBM; �i BMp2biB;�iBM; ?Qr
i?2 HQ+�H 7Q`2bi `2bQm`+2b- BM T�`iB+mH�` BKK�im`2 `QmM/rQQ/ i?BMMBM;b- +QmH/ #2 #2ii2`

9. “For many years after its completion, Happold promoted the benefit of the timber gridshell as a construction technique
and stated that he could not understand why it had not been adopted more widely. He perceived the benefits to be in
the efficiency of the construction method to enable doubly curved (shell) structures to be constructed quickly and cost
effectively.” [31].
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RXd_QmM/rQQ/ ;`B/b?2HH #mBHi
BM RNN8 BM .Q`b2i- 1M;H�M/
RXd�AMi2`BQ` pB2r1.7a RXd#1ti2`BQ` pB2r1.7b

RX3hBK#2` ;`B/b?2HHb #mBHi BM
RNN3 BM .QM+�bi2`- 1M;H�M/
RX3�AMi2`BQ` pB2r

1.8a

RX3#1ti2`BQ` pB2r

1.8b

1.7 Roundwood gridshell built in 1995 in Dorset, England
1.7a Interior view
1.7b Exterior view
1.8 Timber gridshells built in 1998 in Doncaster, England
1.8a Interior view
1.8b Exterior view

23





BIBLIOGRAPHY

1 6X PiiQ- ǳAGRj JmHiB?�HH2 J�MM?2BK-Ǵ "X "m`F?�`/i- JX *?�BiQb- CX G�M;M2`- qX G�M;M2` �M/
:X Gm##2`;2`- 1/bX- b2`X AMbiBimi 7Ƀ` H2B+?i2 6H +?2Mi`�;r2`F2 UAGVX aimii;�`i- RNd3X

2 1X >�TTQH/ �M/ AX GB//2HH- ǳhBK#2` H�iiB+2 `QQ7 7Q` i?2 J�MM?2BK #mM/2b;�`i2Mb+?�m-Ǵ h?2 ai`m+@
im`�H 1M;BM22`- pQHX 8j- MQX j- TTX NNĜRj8- RNd8X

3 JX J+Zm�B/- 6X PiiQ �M/ aX "�M- ǳ1M;BM22`BM; �M/ �`+?Bi2+im`2, #mBH/BM; i?2 C�T�M T�pBHBQM-Ǵ
BM a?B;2`m "�M- S?�B/QM S`2bb- kyye- TTX 3ĜRRX

4 _X >�``Bb �M/ PX E2HHv- ǳh?2 bi`m+im`�H 2M;BM22`BM; Q7 i?2 .QrMH�M/ ;`B/b?2HH-Ǵ BM aT�+2 ai`m+im`2b
8- pQHX R- kyyk- TTX ReRĜRdkX

5 _X >�``Bb- aX >�bFBMb �M/ CX _QvMQM- ǳh?2 a�pBHH :�`/2M ;`B/b?2HH, /2bB;M �M/ +QMbi`m+iBQM-Ǵ h?2
ai`m+im`�H 1M;BM22`- pQHX 3e- MQX Rd- TTX kdĜj9- kyy3X

6 *X .Qmi?2- PX "�p2`2H �M/ CX@6X *�`QM- ǳ6Q`K@}M/BM; Q7 � ;`B/ b?2HH BM +QKTQbBi2 K�i2`B�Hb-Ǵ
CQm`M�H Q7 i?2 AMi2`M�iBQM�H �bbQ+B�iBQM 7Q` a?2HH �M/ aT�iB�H ai`m+im`2b- pQHX 9d- MQX R- TTX 8jĜek-
kyyeX

7 *X .Qmi?2- CX@6X *�`QM �M/ PX "�p2`2H- ǳ:`B/b?2HH bi`m+im`2b BM ;H�bb }#`2 `2BM7Q`+2/ TQHvK2`b-Ǵ
*QMbi`m+iBQM �M/ "mBH/BM; J�i2`B�Hb- pQHX k9- MQX N- TTX R83yĜR83N- kyRyX

http://www.leichtbauverein.de/en/publications/list-prices/index.htm
https://www.istructe.org/journal/volumes/volume-53-(published-in-1975)/issues/issue-3/articles/timber-lattice-roof-for-the-mannheim-bundesgartens
http://fr.phaidon.com/store/architecture/shigeru-ban-9780714846293/
http://dx.doi.org/10.1680/ss5v1.31739.0018
https://www.istructe.org/journal/volumes/volume-86-(published-in-2008)/issues/issue-17/articles/the-savill-garden-gridshell-design-and-constructio
https://navier.enpc.fr/sites/default/IMG/pdf/article%7B%5C_%7D2-%7B%5C_%7DSH.pdf
http://dx.doi.org/10.1016/j.conbuildmat.2010.02.037


BIBLIOGRAPHY

8 PX "�p2`2H- CX@6X *�`QM- 6X h�v2# �M/ GX /m S2HQmt- ǳ:`B/b?2HHb BM +QKTQbBi2 K�i2`B�Hb, +QMbi`m+@
iBQM Q7 � jyyKk 7Q`mK 7Q` i?2 aQHB/�vbǶ 72biBp�H BM S�`Bb-Ǵ ai`m+im`�H 1M;BM22`BM; AMi2`M�iBQM�H-
pQHX kk- MQX j- TTX 9y3Ĝ9R9- kyRkX

9 GX /m S2HQmt- 6X h�v2#- PX "�p2`2H �M/ CX@6X *�`QM- ǳ*QMbi`m+iBQM Q7 � H�`;2 +QKTQbBi2 ;`B/@
b?2HH i`m+im`2, � HB;?ir2B;?i bi`m+im`2 K�/2 rBi? TmHi`m/2/ ;H�bb }#`2 `2BM7Q`+2/ TQHvK2` im#2b-Ǵ
ai`m+im`�H 1M;BM22`BM; AMi2`M�iBQM�H- pQHX ke- MQX k- TTX ReyĜRed- kyReX

10 "X .Ƕ�KB+Q- �X E2`K�MB �M/ >X w?�M;- ǳ6Q`K }M/BM; �M/ bi`m+im`�H �M�HvbBb Q7 �+iBp2Hv #2Mi
iBK#2` ;`B/ b?2HHb-Ǵ 1M;BM22`BM; ai`m+im`2b- pQHX 3R- TTX RN8Ĝkyd- kyR9X

11 .X L�B+m- _X >�``Bb �M/ *X qBHHB�Kb- ǳhBK#2` ;`B/b?2HHb, /2bB;M K2i?Q/b �M/ i?2B` �TTHB+�iBQM iQ
� i2KTQ`�`v T�pBHBQM-Ǵ BM qQ`H/ *QM72`2M+2 QM hBK#2` 1M;BM22`BM;- Zm2#2+ *Biv- *�M�/�- kyR9X

12 "X .Ƕ�KB+Q- �X E2`K�MB- >X w?�M;- �X Sm;M�H2- aX *QH�#2HH� �M/ aX SQM2- ǳhBK#2` ;`B/b?2HHb,
MmK2`B+�H bBKmH�iBQM- /2bB;M �M/ +QMbi`m+iBQM Q7 � 7mHH b+�H2 bi`m+im`2-Ǵ ai`m+im`2b- pQHX j- TTX kkdĜ
kj8- kyR8X

13 CX >�//�H JQ`F- aX .vpBF >BHH2`bǠv- "X J�MmK- �X _ǠMM[mBi �M/ LX G�#QMMQi2- ǳAMi`Q/m+BM;
i?2 b2;K2Mi H�i? @ � bBKTHB}2/ KQ/mH�` iBK#2` ;`B/b?2HH #mBHi BM h`QM/?2BK LQ`r�v-Ǵ BM qQ`H/
*QM72`2M+2 QM hBK#2` 1M;BM22`BM;- oB2MM�- �mbi`B�- kyReX

14 _X J2bMBH- ǳai`m+im`�H 2tTHQ`�iBQMb Q7 7�#`B+�iBQM@�r�`2 /2bB;M bT�+2b 7Q` MQM@bi�M/�`/ �`+?Bi2+@
im`2-Ǵ S?. i?2bBb- lMBp2`bBiû S�`Bb@1bi- kyRdX

15 6X h�v2#- "X G272p`2- PX "�p2`2H- CX@6X *�`QM �M/ GX /m S2HQmt- ǳ.2bB;M �M/ `2�HBb�iBQM Q7 +QKTQb@
Bi2 ;`B/b?2HH bi`m+im`2b-Ǵ CQm`M�H Q7 i?2 AMi2`M�iBQM�H �bbQ+B�iBQM 7Q` a?2HH �M/ aT�iB�H ai`m+im`2b-
pQHX 8e- MQX R- TTX 9NĜ8N- kyR8X

16 JX "2`;Qm- JX q�`/2ixFv- aX _Q#BMbQM- "X �m/QHv �M/ 1X :`BMbTmM- ǳ.Bb+`2i2 2H�biB+ `Q/b-Ǵ �*J
h`�Mb�+iBQMb QM :`�T?B+b- pQHX kd- MQX j- ej,RĜej,Rk- kyy3X

17 GX /m S2HQmt- 6X h�v2#- "X G272p`2- PX "�p2`2H �M/ CX@6X *�`QM- ǳ6Q`KmH�iBQM Q7 � 9@.Q6 iQ`@
bBQMf#2M/BM; 2H2K2Mi 7Q` i?2 7Q`K}M/BM; Q7 2H�biB+ ;`B/b?2HHb-Ǵ BM S`Q+22/BM;b Q7 i?2 A�aa �MMm�H
avKTQbBmK- �Kbi2`/�K- L2i?2`H�M/b- kyR8X

18 "X G272p`2- 6X h�v2#- GX /m S2HQmt �M/ CX@6X *�`QM- ǳ� 9@/2;`22@Q7@7`22/QK EB`+??Qz #2�K KQ/2H
7Q` i?2 KQ/2HBM; Q7 #2M/BM;ĜiQ`bBQM +QmTHBM;b BM �+iBp2@#2M/BM; bi`m+im`2b-Ǵ AMi2`M�iBQM�H CQm`M�H
Q7 aT�+2 ai`m+im`2b- pQHX jk- MQX k- TTX eNĜ3j- kyRdX

19 6X PiiQ- ǳAGRy :`B/ a?2HHb-Ǵ "X "m`F?�`/i- CX >2MMB+F2 �M/ 1X a+?�m2`- 1/bX- b2`X AMbiBimi 7Ƀ`
H2B+?i2 6H +?2Mi`�;r2`F2 UAGVX aimii;�`i- RNd9X

20 CX *?BHiQM �M/ :X h�M;- ǳhBK#2` ;`B/b?2HHb, �`+?Bi2+im`2- bi`m+im`2 �M/ +`�7iXǴ _QmiH2/;2- kyRdX

21 JX *QHHBMb �M/ hX *Qb;`Qp2- ǳ� _2pB2r Q7 i?2 bi�i2 Q7 i?2 �`i Q7 iBK#2` ;`B/b?2HH /2bB;M �M/
+QMbi`m+iBQM-Ǵ BM *BpBH 1M;BM22`BM; _2b2�`+? BM A`2H�M/- kyReX

22 :X ZmBMM �M/ *X :2M;M�;2H- ǳ� `2pB2r Q7 2H�biB+ ;`B/ b?2HHb- i?2B` 2`2+iBQM K2i?Q/b �M/ i?2
TQi2MiB�H mb2 Q7 TM2mK�iB+ 7Q`KrQ`F-Ǵ BM qAh h`�Mb�+iBQMb QM i?2 "mBHi 1MpB`QMK2Mi- pQHX Rje-
CmMX kyR9- TTX RkNĜR9jX

360

http://dx.doi.org/10.2749/101686612X13363869853572
http://dx.doi.org/10.2749/101686612X13363869853572
http://dx.doi.org/10.2749/101686616X14555428758885
http://dx.doi.org/10.2749/101686616X14555428758885
http://dx.doi.org/10.1016/j.engstruct.2014.09.043
http://dx.doi.org/10.1016/j.engstruct.2014.09.043
http://opus.bath.ac.uk/41279/1/WCTE%7B%5C_%7D2014%7B%5C_%7DTimber%7B%5C_%7DGridshells%7B%5C_%7DDesign%7B%5C_%7Dmethods%7B%5C_%7Dand%7B%5C_%7Dtheir%7B%5C_%7Dapplication%7B%5C_%7Dto%7B%5C_%7Da%7B%5C_%7Dtemporary%7B%5C_%7Dpavilion%7B%5C_%7DNaicu%7B%5C_%7DHarris%7B%5C_%7DWilliams.pdf
http://opus.bath.ac.uk/41279/1/WCTE%7B%5C_%7D2014%7B%5C_%7DTimber%7B%5C_%7DGridshells%7B%5C_%7DDesign%7B%5C_%7Dmethods%7B%5C_%7Dand%7B%5C_%7Dtheir%7B%5C_%7Dapplication%7B%5C_%7Dto%7B%5C_%7Da%7B%5C_%7Dtemporary%7B%5C_%7Dpavilion%7B%5C_%7DNaicu%7B%5C_%7DHarris%7B%5C_%7DWilliams.pdf
http://dx.doi.org/10.1016/j.istruc.2015.05.002
http://dx.doi.org/10.1016/j.istruc.2015.05.002
https://hal-enpc.archives-ouvertes.fr/tel-01510053
https://hal-enpc.archives-ouvertes.fr/tel-01510053
https://www.iass-structures.org/index.cfm/journal.article?aID=750
https://www.iass-structures.org/index.cfm/journal.article?aID=750
http://dx.doi.org/10.1145/1360612.1360662
https://hal.archives-ouvertes.fr/hal-01199049
https://hal.archives-ouvertes.fr/hal-01199049
http://dx.doi.org/10.1177/0266351117714346
http://dx.doi.org/10.1177/0266351117714346
http://www.leichtbauverein.de/en/publications/list-prices/index.htm
http://dx.doi.org/10.4324/9781315773872
http://hdl.handle.net/10344/5192
http://hdl.handle.net/10344/5192
http://dx.doi.org/10.2495/MAR140111
http://dx.doi.org/10.2495/MAR140111


BIBLIOGRAPHY

23 SX *mpBHHB2`b- *X .Qmi?2- GX /m S2HQmt �M/ _X G2 _Qv- ǳ>v#`B/ bi`m+im`�H bFBM, T`QiQivT2 Q7 �
:6_S 2H�biB+ ;`B/b?2HH #`�+2/ #v � }#`2@`2BM7Q`+2/ +QM`2i2 2Mp2HQT2-Ǵ CQm`M�H Q7 i?2 AMi2`M�iBQM�H
�bbQ+B�iBQM 7Q` a?2HH �M/ aT�iB�H ai`m+im`2b- pQHX 83- MQX R- TTX e8Ĝd3- kyRdX

24 GX EBK@G�M o�mHQi- ǳ6Q`K@}M/BM; Q7 2H�biB+ ;`B/b?2HHb-Ǵ Ja+ i?2bBb- JAh- kyReX

25 *X .Qmi?2- ǳ1im/2 /2 bi`m+im`2b ûH�M+û2b T`û+QMi`�BMi2b 2M K�iû`B�mt +QKTQbBi2b , �TTHB+�iBQM ¨
H� +QM+2TiBQM /2b ;`B/b?2HHb-Ǵ S?. i?2bBb- 1+QH2 L�iBQM�H2 /2b SQMib 2i *?�mbbû2b- kyydX

26 GX "Qm?�v�- ǳPTiBKBb�iBQM bi`m+im`2HH2 /2b ;`B/b?2HHb-Ǵ S?. i?2bBb- lMBp2`bBiû S�`Bb@1bi- kyRyX

27 6X h�v2#- ǳaBKmH�iBQM MmKû`B[m2 /m +QKTQ`i2K2Mi Kû+�MB[m2 MQM HBMû�B`2 /2 ;`B/b?2HHb +QKTQbûb
/2 TQmi`2b ûH�M+û2b 2M K�iû`B�mt +QKTQbBi2b 2i /2 b2+iBQMb [m2H+QM[m2b-Ǵ S?. i?2bBb- lMBp2`bBiû
S�`Bb@1bi- kyR8X

28 1X G�7m2Mi2 >2`M�M/2x- ǳ.2bB;M �M/ QTiBKBb�iBQM Q7 2H�biB+ ;`B/b?2HHb-Ǵ S?. i?2bBb- lMBp2`bBi i
/2` EɃMbi2 "2`HBM- kyR8X

29 "X �//Bb- ǳhQvb i?�i b�p2 KBHHBQMb @ � ?BbiQ`v Q7 mbBM; T?vbB+�H KQ/2Hb BM bi`m+im`�H /2bB;M-Ǵ h?2
ai`m+im`�H 1M;BM22`- pQHX NR- MQX 9- TTX RkĜkd- kyRjX

30 AX GB//2HH- ǳ6`2B PiiQ �M/ i?2 /2p2HQTK2Mi Q7 ;`B/b?2HHb-Ǵ *�b2 aim/B2b BM ai`m+im`�H 1M;BM22`BM;-
pQHX 9- MQX amTTH2K2Mi *- TTX jNĜ9N- kyR8X

31 _X >�``Bb- CX _QK2`- PX E2HHv �M/ aX CQ?MbQM- ǳ.2bB;M �M/ +QMbi`m+iBQM Q7 i?2 .QrMH�M/ ;`B/b?2HH-Ǵ
"mBH/BM; _2b2�`+? �M/ AM7Q`K�iBQM- pQHX jR- MQX e- TTX 9kdĜ989- kyyjX

32 _X "m`iQM- JX .B+FbQM �M/ _X >�``Bb- ǳh?2 mb2 Q7 `QmM/rQQ/ i?BMMBM;b BM #mBH/BM;b, � +�b2 bim/v-Ǵ
"mBH/BM; _2b2�`+? �M/ AM7Q`K�iBQM- pQHX ke- MQX k- TTX deĜNj- RNN3X

33 PX GQr2Mbi2BM- ǳGQi?B�M :`B/b?2HH-Ǵ "mBH/BM; 7Q` � 6mim`2 qBMi2`- TTX kkĜkN- J�`X kyykX

34 "/QMHBM2X+QXmF- ǳh?2 Qi?2` ;`B/b?2HH-Ǵ kyykX

35 PX GQr2Mbi2BM- ǳ:`B/b?2HHb BM 1M;H�M/X A/2�b 7`QK i?2 lXEX K�F2 bimMMBM; mb2 Q7 bK�HH iBK#2`-Ǵ
qQQ/ .2bB;M �M/ "mBH/BM;- J�v kyy9X

36 6Qm`i?/QQ`XQ`;- ǳ:`QrBM; �M/ K�FBM; 6HBKr2HHǶb +?2biMmi ;`B/b?2HH-Ǵ kyyjX

37 ǳh?2 a�pBHH #mBH/BM;X � pBbBiQ` +2Mi`2 rBi? � iBK#2` ;`B/b?2HH `QQ7 ;`B/b?2HH bi`m+im`2b-Ǵ h_�.�-
TTX RĜd- kyyeX

38 LX G�#QMMQi2- CX >X JQ`F- aX >X .vpBF- �X _ǠMM[mBbi �M/ "X J�MmK- ǳ1tT2`BK2Mi�H �M/ MmK2`@
B+�H bim/v Q7 i?2 bi`m+im`�H T2`7Q`K�M+2 Q7 � iBK#2` ;`B/b?2HH-Ǵ BM qQ`H/ *QM72`2M+2 QM hBK#2`
1M;BM22`BM;- oB2MM�- �mbi`B�- kyRe- TTX jĜRyX

39 aX �/`B�2Mbb2Mb- ǳai`2bb2/ bTHBM2 bi`m+im`2b-Ǵ S?. i?2bBb- lMBp2`bBiv Q7 "�i?- kyyyX

40 aX �/`B�2Mbb2Mb- JX "�`M2b �M/ *X qBHHB�Kb- ǳ� M2r �M�HviB+ �M/ MmK2`B+�H #�bBb 7Q` i?2 7Q`K@
}M/BM; �M/ �M�HvbBb Q7 bTHBM2 �M/ ;`B/b?2HH bi`m+im`2b-Ǵ BM *QKTmiBM; .2p2HQTK2Mib BM *BpBH �M/
ai`m+im`�H 1M;BM22`BM;- "X EmK�` �M/ "X >X oX hQTTBM;- 1/bX- 1/BM#m`;?, *BpBH@*QKT S`2bb- RNNN-
TTX 3jĜNRX

361

http://dx.doi.org/10.20898/j.iass.2017.191.853
http://dx.doi.org/10.20898/j.iass.2017.191.853
https://dspace.mit.edu/handle/1721.1/104247
https://tel.archives-ouvertes.fr/pastel-00003723/
https://tel.archives-ouvertes.fr/pastel-00003723/
https://tel.archives-ouvertes.fr/tel-00583409/
https://pastel.archives-ouvertes.fr/tel-01260287
https://pastel.archives-ouvertes.fr/tel-01260287
https://opus4.kobv.de/opus4-udk/frontdoor/index/index/docId/994
https://www.istructe.org/journal/volumes/volume-91/issues/issue-4/articles/feature-toys-that-save-millions-a-history-of-using
http://dx.doi.org/10.1016/j.csse.2015.08.001
http://dx.doi.org/10.1080/0961321032000088007
http://dx.doi.org/10.1080/096132198370001
https://docuri.com/download/gridshell-building%7B%5C_%7D59c1cd9df581710b2862d7ee%7B%5C_%7Dpdf
http://www.bdonline.co.uk/the-other-gridshell/1020435.article
http://www.tabpi.org/2004/b10.pdf
http://www.fourthdoor.org/annular/?page%7B%5C_%7Did=441
https://www.trada.co.uk/case-studies/the-savill-building-windsor-great-park-windsor-royal-berkshire/
https://www.researchgate.net/profile/Nathalie%7B%5C_%7DLabonnote/publication/313606368%7B%5C_%7DExperimental%7B%5C_%7Dand%7B%5C_%7Dnumerical%7B%5C_%7Dstudy%7B%5C_%7Dof%7B%5C_%7Dthe%7B%5C_%7Dstructural%7B%5C_%7Dperformance%7B%5C_%7Dof%7B%5C_%7Da%7B%5C_%7Dtimber%7B%5C_%7Dgridhsell/links/589f8a48a6fdccf5e96d3397/Experimental-and-numerical-study-of-the-structural-performanc
https://www.researchgate.net/profile/Nathalie%7B%5C_%7DLabonnote/publication/313606368%7B%5C_%7DExperimental%7B%5C_%7Dand%7B%5C_%7Dnumerical%7B%5C_%7Dstudy%7B%5C_%7Dof%7B%5C_%7Dthe%7B%5C_%7Dstructural%7B%5C_%7Dperformance%7B%5C_%7Dof%7B%5C_%7Da%7B%5C_%7Dtimber%7B%5C_%7Dgridhsell/links/589f8a48a6fdccf5e96d3397/Experimental-and-numerical-study-of-the-structural-performanc
http://dx.doi.org/10.4203/ccp.63.4.1
http://dx.doi.org/10.4203/ccp.63.4.1


BIBLIOGRAPHY

41 JX "�`M2b- ǳ6Q`K }M/BM; �M/ �M�HvbBb Q7 i2MbBQM bi`m+im`2b #v /vM�KB+ `2H�t�iBQM-Ǵ AMi2`M�iBQM�H
CQm`M�H Q7 aT�+2 ai`m+im`2b- pQHX R9- MQX k- TTX 3NĜRy9- RNNNX

42 aX �/`B�2Mbb2Mb �M/ JX "�`M2b- ǳh2Mb2;`Biv bTHBM2 #2�K �M/ ;`B/ b?2HH bi`m+im`2b-Ǵ 1M;BM22`BM;
ai`m+im`2b- pQHX kj- MQX R- TTX kNĜje- kyyRX

43 JX "�`M2b- aX �/`B�2Mbb2Mb �M/ JX E`mTF�- ǳ� MQp2H iQ`bBQMf#2M/BM; 2H2K2Mi 7Q` /vM�KB+ `2H�t@
�iBQM KQ/2HBM;-Ǵ *QKTmi2`b �M/ ai`m+im`2b- pQHX RRN- TTX eyĜed- kyRjX

44 1X SQmHb2M- ǳai`m+im`�H /2bB;M �M/ �M�HvbBb Q7 2H�biB+�HHv #2Mi ;`B/b?2HHb, i?2 /2p2HQTK2Mi Q7 �
MmK2`B+�H bBKmH�iBQM iQQH-Ǵ Ja+ i?2bBb- *?�KH2`b lMBp2`bBiv Q7 h2+?MQHQ;v- kyR8X

45 "X .Ƕ�KB+Q- >X w?�M; �M/ �X E2`K�MB- ǳ� }MBi2@/Bz2`2M+2 7Q`KmH�iBQM Q7 2H�biB+ `Q/ 7Q` i?2 /2bB;M
Q7 �+iBp2Hv #2Mi bi`m+im`2b-Ǵ 1M;BM22`BM; ai`m+im`2b- pQHX RRd- TTX 8R3Ĝ8kd- kyReX

46 CX "2bbBMB- *X G�x�`Q �M/ aX JQMH2ƦM- ǳ� 7Q`K@}M/BM; K2i?Q/ #�b2/ QM i?2 ;2QK2i`B+�HHv 2t�+i
`Q/ KQ/2H 7Q` #2M/BM;@�+iBp2 bi`m+im`2b-Ǵ 1M;BM22`BM; ai`m+im`2b- pQHX R8k- TTX 89NĜ883- kyRdX

47 hX "mH2M/� �M/ CX EMBTT2`b- ǳai�#BHBiv Q7 ;`B/ b?2HHb-Ǵ *QKTmi2`b �M/ ai`m+im`2b- pQHX dN- MQX Rk-
TTX RReRĜRRd9- kyyRX

48 _X J2bMBH- CX P+?b2M/Q`7 �M/ *X .Qmi?2- ǳai�#BHBiv Q7 Tb2m/Q@7mMB+mH�` 2H�biB+ ;`B/ b?2HHb-Ǵ AMi2`@
M�iBQM�H CQm`M�H Q7 aT�+2 ai`m+im`2b- pQHX jy- MQX R- TTX kdĜje- kyR8X

49 "X G272p`2- *X .Qmi?2 �M/ PX "�p2`2H- ǳ"m+FHBM; Q7 2H�biB+ ;`B/b?2HHb-Ǵ CQm`M�H Q7 i?2 AMi2`M�iBQM�H
�bbQ+B�iBQM 7Q` a?2HH �M/ aT�iB�H ai`m+im`2b- pQHX 8e- MQX R38- TTX R8jĜRdR- kyR8X

50 aX _X J�H2F- ǳh?2 2z2+i Q7 ;2QK2i`v �M/ iQTQHQ;v QM i?2 K2+?�MB+b Q7 ;`B/ b?2HHb-Ǵ S?. i?2bBb-
JAh- kyRkX

51 hX C2Mb2M- PX "�p2`2H �M/ *X .Qmi?2- ǳJQ`T?QHQ;B+�H �M/ K2+?�MB+�H BMp2biB;�iBQM Q7 BMi2`+QM@
M2+i2/ 2H�biB+ ;`B/b?2HHb-Ǵ AMi2`M�iBQM�H CQm`M�H Q7 aT�+2 ai`m+im`2b- pQHX k3- MQX j@9- TTX Rd8ĜR3e-
kyRjX

52 :X 6BHx �M/ .X L�B+m- ǳk G�M/b+�T2b Ĝ BMi2`�+iBQM Q7 k ;`B/b?2HHb #�b2/ QM � KQ/B}2/ ai2r�`i@
:Qm;? T`BM+BTH2-Ǵ BM S`Q+22/BM;b Q7 i?2 A�aa qQ`FBM; :`QmTb Rk Y R3 AMi2`M�iBQM�H *QHHQ[mBmK-
hQFvQ- C�T�M- kyR8X

53 6X h�v2#- CX@6X *�`QM- PX "�p2`2H �M/ GX /m S2HQmt- ǳai�#BHBiv �M/ `Q#mbiM2bb Q7 � jyyKk +QKTQbBi2
;`B/b?2HH bi`m+im`2-Ǵ *QMbi`m+iBQM �M/ "mBH/BM; J�i2`B�Hb- pQHX 9N- TTX NkeĜNj3- kyRjX

54 JX hQmbb�BMi- ǳ� /2bB;M iQQH 7Q` iBK#2` ;`B/b?2HHb, i?2 /2p2HQTK2Mi Q7 � ;`B/ ;2M2`�iBQM iQQH-Ǵ Ja+
i?2bBb- .2H7i lMBp2`bBiv Q7 h2+?MQHQ;v- kyydX

55 CX PHbbQM- ǳ6Q`K }M/BM; �M/ bBx2 QTiBKBx�iBQM, AKTH2K2Mi�iBQM Q7 #2�K 2H2K2Mib �M/ bBx2 QTiB@
KBx�iBQM BM `2�H iBK2-Ǵ Ja+ i?2bBb- *?�HK2`b lMBp2`bBiv Q7 h2+?MQHQ;v- kyRkX

56 GX "Qm?�v�- PX "�p2`2H �M/ CX@6X *�`QM- ǳJ�TTBM; irQ@r�v +QMiBMmQmb 2H�biB+ ;`B/ QM �M BKTQb2/
bm`7�+2, �TTHB+�iBQM iQ ;`B/ b?2HHb-Ǵ BM S`Q+22/BM;b Q7 i?2 A�aa �MMm�H avKTQbBmK- o�H2M+B�- aT�BM-
kyyN- TTX N3NĜNNdX

362

http://dx.doi.org/10.1260/0266351991494722
http://dx.doi.org/10.1016/S0141-0296(00)00019-5
http://dx.doi.org/10.1016/j.compstruc.2012.12.027
http://dx.doi.org/10.1016/j.compstruc.2012.12.027
http://publications.lib.chalmers.se/records/fulltext/236319/236319.pdf
http://publications.lib.chalmers.se/records/fulltext/236319/236319.pdf
http://dx.doi.org/10.1016/j.engstruct.2016.03.034
http://dx.doi.org/10.1016/j.engstruct.2016.03.034
http://dx.doi.org/10.1016/j.engstruct.2017.09.045
http://dx.doi.org/10.1016/j.engstruct.2017.09.045
http://dx.doi.org/10.1016/S0045-7949(01)00011-6
http://dx.doi.org/10.1260/0266-3511.30.1.27
https://www.iass-structures.org/index.cfm/journal.article?aID=719%20http://www.researchgate.net/profile/Cyril%7B%5C_%7DDouthe/publication/282151602%7B%5C_%7DBuckling%7B%5C_%7Dof%7B%5C_%7DElastic%7B%5C_%7Dgridshells/links/560538d108ae5e8e3f314bad.pdf
http://www2.ing.unipi.it/griff/files/SamarRulaMalek-PhDThesis.pdf
http://dx.doi.org/10.1260/0266-3511.28.3-4.175
http://dx.doi.org/10.1260/0266-3511.28.3-4.175
http://opus.bath.ac.uk/47846/1/15T%7B%5C_%7D16filz.pdf
http://opus.bath.ac.uk/47846/1/15T%7B%5C_%7D16filz.pdf
http://dx.doi.org/10.1016/j.conbuildmat.2013.04.036
http://dx.doi.org/10.1016/j.conbuildmat.2013.04.036
http://homepage.tudelft.nl/p3r3s/MSc%7B%5C_%7Dprojects/reportToussaint.pdf
http://publications.lib.chalmers.se/records/fulltext/171108/171108.pdf
http://publications.lib.chalmers.se/records/fulltext/171108/171108.pdf
https://hal.archives-ouvertes.fr/hal-00531430
https://hal.archives-ouvertes.fr/hal-00531430


BIBLIOGRAPHY

57 GX "Qm?�v�- PX "�p2`2H �M/ CX@6X *�`QM- ǳPTiBKBx�iBQM Q7 ;`B/b?2HH #�` Q`B2Mi�iBQM mbBM; � bBKTHB@
}2/ ;2M2iB+ �TT`Q�+?-Ǵ ai`m+im`�H �M/ JmHiB/Bb+BTHBM�`v PTiBKBx�iBQM- pQHX 8y- MQX 8- TTX 3jNĜ393-
kyR9X

58 1X G�7m2Mi2 >2`M�M/2x- aX a2+?2HK�MM- hX _ƺ`B; �M/ *X :2M;M�;2H- ǳhQTQHQ;v QTiBKBb�iBQM Q7
`2;mH�` �M/ B``2;mH�` 2H�biB+ ;`B/b?2HHb #v K2�Mb Q7 � MQM@HBM2�` p�`B�iBQM�H K2i?Q/-Ǵ BM �/p�M+2b
BM �`+?Bi2+im`�H :2QK2i`v- kyRk- TTX R9dĜReyX

59 GX /m S2HQmt- PX "�p2`2H- CX@6X *�`QM �M/ 6X h�v2#- ǳ6`QK b?�T2 iQ b?2HH, � /2bB;M iQQH iQ K�i2`B@
�HBx2 7`227Q`K b?�T2b mbBM; ;`B/b?2HH bi`m+im`2b-Ǵ BM .2bB;M JQ/2HBM; avKTQbBmK- "2`HBM- .2mib+?@
H�M/- kyRRX

60 uX J�bbQM �M/ GX JQM�bb2- ǳ1tBbi2M+2 Q7 ;HQ#�H *?2#vb?2p M2ib QM bm`7�+2b Q7 �#bQHmi2 :�mbbB�M
+m`p�im`2 H2bb i?�M kᇎ-Ǵ CQm`M�H Q7 :2QK2i`v- pQHX Ry3- MQX R- TTX k8Ĝjk- kyRdX

61 uX J�bbQM- ǳ1tBbi2M+2 2i +QMbi`m+iBQM /2 `ûb2�mt /2 *?2#vb?2p �p2+ bBM;mH�`Biûb 2i �TTHB+�iBQM
�mt ;`B/b?2HHb-Ǵ S?. i?2bBb- lMBp2`bBiû S�`Bb@1bi- kyRdX

62 aX SQM2- :X JB``�- 1X SB;M�i2HHB- .X G�M+B� �M/ aX *QH�#2HH�- ǳaT2+B�HBb2/ �H;Q`Bi?Kb 7Q` /Bz2`2Mi
T`QD2+i bi�;2b BM � TQbi@7Q`K2/ iBK#2` ;`B/b?2HH /2bB;M-Ǵ BM S`Q+22/BM;b Q7 i?2 j`/ AMi2`M�iBQM�H
*QM72`2M+2 QM ai`m+im`2b �M/ �`+?Bi2+im`2- :mBK�`½2b- SQ`im;�H- kyRe- TTX k8NĜkeeX

63 *X .Qmi?2- _X J2bMBH- >X P`ib �M/ PX "�p2`2H- ǳL2r b?�T2b 7Q` 2H�biB+ ;`B/b?2HHb +Qp2`2/ #v TH�M�`
7�+2ib-Ǵ BM S`Q+22/BM;b Q7 i?2 A�aa �MMm�H avKTQbBmK- hQFvQ- C�T�M- kyRe- TTX RĜNX

64 LX EQi2HMBFQp�@q2BH2`- *X .Qmi?2- 1X G�7m2Mi2 >2`M�M/2x- PX "�p2`2H- *X :2M;M�;2H �M/ CX@6X
*�`QM- ǳJ�i2`B�Hb 7Q` �+iBp2Hv@#2Mi bi`m+im`2b-Ǵ AMi2`M�iBQM�H CQm`M�H Q7 aT�+2 ai`m+im`2b- pQHX k3-
MQX j@9- TTX kkNĜk9y- kyRjX

65 LX EQi2HMBFQp�@q2BH2`- ǳPTiBKBb�iBQM Kû+�MB[m2 2i ûM2`;ûiB[m2 /Ƕ2Mp2HQTT2b 2M K�iû`B�mt +QK@
TQbBi2b TQm` H2b #�iBK2Mib-Ǵ S?. i?2bBb- lMBp2`bBiû S�`Bb@1bi- kyRkX

66 :X ZmBMM- *X :2M;M�;2H �M/ EX@lX "H2ixBM;2`- ǳaBKmH�iBM; TM2mK�iB+ 2`2+iBQM Q7 bi`�BM2/ ;`B/
b?2HHb pB� /vM�KB+ `2H�t�iBQM-Ǵ BM S`Q+22/BM;b Q7 i?2 A�aa �MMm�H avKTQbBmK- hQFvQ- C�T�M-
kyReX

67 �X GBmiB- �X Sm;M�H2 �M/ "X .Ƕ�KB+Q- ǳ"mBH/BM; iBK#2` ;`B/b?2HHb rBi? �B`, MmK2`B+�H bBKmH�iBQMb
�M/ i2+?MB[m2 +?�HH2M;2b-Ǵ BM S`Q+22/BM;b Q7 i?2 j`/ AMi2`M�iBQM�H *QM72`2M+2 QM ai`m+im`2b �M/
�`+?Bi2+im`2- :mBK�`½2b- SQ`im;�H- kyRe- TTX k8RĜk83X

68 1X GX >2`M�M/2x �M/ *X :2M;M�;2H- ǳ� M2r ?v#`B/, 2H�biB+ ;`B/b?2HHb #`�+2/ #v K2K#`�M2b-Ǵ BM
qAh h`�Mb�+iBQMb QM i?2 "mBHi 1MpB`QMK2Mi- pQHX Rje- CmMX kyR9- TTX R8dĜReNX

69 "X .Ƕ�KB+Q- �X E2`K�MB- >X w?�M;- SX a?2T2`/ �M/ *X qBHHB�Kb- ǳPTiBKBb�iBQM Q7 +`Qbb@b2+iBQM
Q7 �+iBp2Hv #2Mi ;`B/ b?2HHb rBi? bi`2M;i? �M/ ;2QK2i`B+ +QKT�iB#BHBiv +QMbi`�BMib-Ǵ *QKTmi2`b �M/
ai`m+im`2b- pQHX R89- TTX RejĜRde- kyR8X

70 �X J2M;2b- PX .X E`B2; �M/ hX a+?rBMM- 1/bX- ǳ�/p�M+BM; rQQ/ �`+?Bi2+im`2, � +QKTmi�iBQM�H
�TT`Q+?XǴ _QmiH2/;2- kyReX

71 aBi2 aû+m`Biû- ǳ_ĕ;H2K2Mi 1_S ivT2 *ha U#B; iQTb � i2MibVXǴ

363

http://dx.doi.org/10.1007/s00158-014-1088-9
http://dx.doi.org/10.1007/s00158-014-1088-9
http://dx.doi.org/10.1007/978-3-7091-1251-9_11
http://dx.doi.org/10.1007/978-3-7091-1251-9_11
https://hal.archives-ouvertes.fr/hal-01199030
https://hal.archives-ouvertes.fr/hal-01199030
http://dx.doi.org/10.1007/s00022-016-0319-1
http://dx.doi.org/10.1007/s00022-016-0319-1
https://cermics.enpc.fr/%7B~%7Dmassony/thesis.pdf
https://cermics.enpc.fr/%7B~%7Dmassony/thesis.pdf
http://dx.doi.org/10.1201/b20891-33
http://dx.doi.org/10.1201/b20891-33
https://www.researchgate.net/publication/308715285%7B%5C_%7DNew%7B%5C_%7Dshapes%7B%5C_%7Dfor%7B%5C_%7Delastic%7B%5C_%7Dgridshells%7B%5C_%7Dcovered%7B%5C_%7Dby%7B%5C_%7Dplanar%7B%5C_%7Dfacets
https://www.researchgate.net/publication/308715285%7B%5C_%7DNew%7B%5C_%7Dshapes%7B%5C_%7Dfor%7B%5C_%7Delastic%7B%5C_%7Dgridshells%7B%5C_%7Dcovered%7B%5C_%7Dby%7B%5C_%7Dplanar%7B%5C_%7Dfacets
http://dx.doi.org/10.1260/0266-3511.28.3-4.229
https://pastel.archives-ouvertes.fr/pastel-00807510
https://pastel.archives-ouvertes.fr/pastel-00807510
https://www.researchgate.net/publication/306402198%7B%5C_%7DSimulating%7B%5C_%7DPneumatic%7B%5C_%7DErection%7B%5C_%7Dof%7B%5C_%7DStrained%7B%5C_%7DGrid%7B%5C_%7DShells%7B%5C_%7Dvia%7B%5C_%7DDynamic%7B%5C_%7DRelaxation
https://www.researchgate.net/publication/306402198%7B%5C_%7DSimulating%7B%5C_%7DPneumatic%7B%5C_%7DErection%7B%5C_%7Dof%7B%5C_%7DStrained%7B%5C_%7DGrid%7B%5C_%7DShells%7B%5C_%7Dvia%7B%5C_%7DDynamic%7B%5C_%7DRelaxation
https://www.researchgate.net/publication/305873535%7B%5C_%7DBuilding%7B%5C_%7Dtimber%7B%5C_%7Dgridshells%7B%5C_%7Dwith%7B%5C_%7Dair%7B%5C_%7DNumerical%7B%5C_%7Dsimulations%7B%5C_%7Dand%7B%5C_%7Dtechnique%7B%5C_%7Dchallenges
https://www.researchgate.net/publication/305873535%7B%5C_%7DBuilding%7B%5C_%7Dtimber%7B%5C_%7Dgridshells%7B%5C_%7Dwith%7B%5C_%7Dair%7B%5C_%7DNumerical%7B%5C_%7Dsimulations%7B%5C_%7Dand%7B%5C_%7Dtechnique%7B%5C_%7Dchallenges
http://dx.doi.org/10.2495/MAR140131
http://dx.doi.org/10.1016/j.compstruc.2015.04.006
http://dx.doi.org/10.1016/j.compstruc.2015.04.006
http://dx.doi.org/doi:10.4324/9781315678825
http://dx.doi.org/doi:10.4324/9781315678825
http://www.sitesecurite.com/contenu/portail/ad%7B%5C_%7Derp/erp%7B%5C_%7D05.php?id=top


BIBLIOGRAPHY

72 CX GX *H�`F2- ǳ1m`Q+QKT /2bB;M +Q/2 �M/ ?�M/#QQF, bi`m+im`�H /2bB;M Q7 TQHvK2` +QKTQbBi2b-Ǵ
CX GX *H�`F2- 1/X 1 � 6L aTQM- kyyjX

73 GX *X "�MF- ǳ*QKTQbBi2b 7Q` +QMbi`m+iBQM, bi`m+im`�H /2bB;M rBi? 6_S K�i2`B�HbXǴ CQ?M qBH2v �
aQMb- kyyeX

74 6B#2`HBM2 *QKTQbBi2b �fa- ǳ6B#2`HBM2 /2bB;M K�Mm�H-Ǵ kM/ 2/X kyykX

75 *X .Qmi?2- AX ai27�MQm �M/ aX :2M;- ǳGQM; i2`K #2?�pBQm` Q7 T`2bi`2bb2/ +QKTQbBi2 TBT2b-Ǵ BM
kyĕK2b CQm`Mû2b L�iBQM�H2b bm` H2b *QKTQbBi2b- kyRd- TTX RjNNĜR9yeX

76 :X 6X �X GǶ>QbTBi�H- ǳ�M�Hvb2 /2b BM}MBK2Mi T2iBib- TQm` HǶBMi2HHB;2M+2 /2b HB;M2b +Qm`#2bXǴ � S�`Bb-
/2 HǶAKT`BK2`B2 `Qv�H2- ReNeX

77 CX .2H+Qm`i- ǳ�M�Hvb2 2i ;ûQKûi`B2- ?BbiQB`2 /2b +Qm`#2b ;�m+?2b /2 *H�B`�mi ¨ .�`#Qmt-Ǵ �`+?Bp2
7Q` >BbiQ`v Q7 1t�+i a+B2M+2b- pQHX e8- MQX j- TTX kkNĜkNj- kyRRX

78 hX >QzK�MM- ǳ.Bb+`2i2 /Bz2`2MiB�H ;2QK2i`v Q7 +m`p2b �M/ am`7�+2b-Ǵ BM J�i?@7Q`@AM/mbi`v G2+im`2
LQi2 a2`B2b- pQHX R3- kyyNX

79 1X oQm;�- ǳSH�M2 +m`p2b-Ǵ BM G2+im`2b BM .Bb+`2i2 .Bz2`2MiB�H :2QK2i`v- �mbiBM- la�- kyR9- +?X RX

80 _X "Bb?QT- ǳh?2`2 Bb KQ`2 i?�M QM2 r�v iQ 7`�K2 � +m`p2-Ǵ h?2 �K2`B+�M J�i?2K�iB+�H JQMi?Hv-
pQHX 3k- MQX j- TTX k9eĜk8R- RNd8X

81 6X EHQF- ǳhrQ KQpBM; +QQ`/BM�i2 7`�K2b 7Q` br22TBM; �HQM; � j. i`�D2+iQ`v-Ǵ *QKTmi2` �B/2/
:2QK2i`B+ .2bB;M- pQHX j- MQX j- TTX kRdĜkkN- RN3eX

82 >X :m;;2M?2BK2`- ǳ*QKTmiBM; 7`�K2b �HQM; � i`�D2+iQ`v-Ǵ *QKTmi2` �B/2/ :2QK2i`B+ .2bB;M-
pQHX e- MQX R- TTX ddĜd3- RN3NX

83 CX "HQQK2Mi?�H- ǳ*�H+mH�iBQM Q7 `272`2M+2 7`�K2b �HQM; � bT�+2 +m`p2-Ǵ BM :`�T?B+b :2Kb- �X aX
:H�bbM2`- 1/X- pQHX R- a�M .B2;Q- la�, �+�/2KB+ S`2bb S`Q72bbBQM�H- AM+X- RNNy- TTX 8edĜ8dRX

84 �X CX >�MbQM �M/ >X J�- ǳS�`�HH2H i`�MbTQ`i �TT`Q�+? iQ +m`p2 7`�KBM;-Ǵ AM/B�M� lMBp2`bBiv-
"HQQKBM;iQM- la�- h2+?X _2TX- RNN8X

85 hX SQbiQM- aX 6�M; �M/ qX G�riQM- ǳ*QKTmiBM; �M/ �TT`QtBK�iBM; br22TBM; bm`7�+2b #�b2/ QM
`Qi�iBQM KBMBKBxBM; 7`�K2b-Ǵ BM S`Q+22/BM;b Q7 i?2 9i? AMi2`M�iBQM�H *QM72`2M+2 QM *�.f*:-
qm?�M- *?BM�- RNN8X

86 qX q�M;- "X CɃiiH2`- .X w?2M; �M/ uX GBm- ǳ*QKTmi�iBQM Q7 `Qi�iBQM KBMBKBxBM; 7`�K2b-Ǵ �*J
h`�Mb�+iBQMb QM :`�T?B+b- pQHX kd- MQX R- k,RĜk,R3- kyy3X

87 _X hX 6�`QmFB- *X :B�MM2HHB- JX GX a�KTQHB �M/ �X a2biBMB- ǳ_Qi�iBQM@KBMBKBxBM; Qb+mH�iBM;
7`�K2b-Ǵ *QKTmi2` �B/2/ :2QK2i`B+ .2bB;M- pQHX jR- MQX R- TTX kdĜ9k- kyR9X

88 6X 6`2M2i- ǳam` H2b +Qm`#2b ¨ /Qm#H2 +Qm`#m`2-Ǵ CQm`M�H /2 J�i?ûK�iB[m2b Sm`2b 2i �TTHB[mû2b-
pQHX Rd- MQX R- TTX 9jdĜ99d- R38kX

89 CX .2H+Qm`i- ǳ�M�Hvb2 2i ;ûQKûi`B2 , H2b +Qm`#2b ;�m+?2b /2 *H�B`�mi ¨ a2``2i-Ǵ S?. i?2bBb- lMB@
p2`bBiû S�`Bb@oA- kyydX
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90 CX "2`MQmHHB- ǳZmQ +QMiBM2Mim` �M2F/Qi�-Ǵ BM PT2`� QKMB�- i�K �Mi2� bT�`bBK 2/Bi�- [m�K ?�+i2Mmb
BM2/Bi�- 9- J�`+B@JB+?�2HBb "Qmb[m2i- G�mb�MM�2 � :2M2p�2- Rd9kX

91 >X SBiQi- ǳam` H� [m�/`�im`2 /2 H� KQBiBû /ǶmM2 +Qm`#2- [mB 2bi H� +QKT�;M2 /2 H� +v+HQś/2-Ǵ >BbiQB`2
/2 HǶ�+�/ûKB2 _Qv�H2 /2b a+B2M+2b- pQHX R- TTX e8Ĝed- Rdk9X

92 CX GX *QQHB/;2- ǳ� ?BbiQ`v Q7 ;2QK2i`B+�H K2i?Q/b-Ǵ b2`X .Qp2` "QQFb QM J�i?2K�iB+bX Pt7Q`/,
Pt7Q`/- *H�`2M/QM T`2bb- kyRjX

93 :X JQM;2- ǳ�TTHB+�iBQM /2 HǶ�M�Hvb2 ¨ H� ;ûQKûi`B2- ¨ HǶmb�;2 /2 HǶ1+QH2 BKTû`B�H2 TQHvi2+?MB[m2-Ǵ
9i? 2/X S�`Bb, o2 "2`M�`/- R3yNX

94 GX 1mH2`- ǳ.2 KQim im`#BM�iQ`BQ- +?Q`/�`mK KmbB+�`mK-Ǵ BM LQpB *QKK2Mi�`BB �+�/2KB�2 a+B2M@
iB�`mK AKT2`B�HBb S2i`QTQHBi�M�2- pQHX RN- S2i`QTQHB- Rdd8- TTX j9yĜjdyX

95 �X :`�v- 1X �##2M� �M/ aX a�H�KQM- ǳJQ/2`M /Bz2`2MiB�H ;2QK2i`v Q7 +m`p2b �M/ bm`7�+2b rBi?
J�i?2K�iB+�-Ǵ j`/ 2/X *?�TK�M � >�HHf*_*- kyyeX

96 .X *�``QHH- 1X >�MFBMb- 1X EQb2 �M/ AX ai2`HBM;- ǳ� bm`p2v Q7 i?2 /Bz2`2MiB�H ;2QK2i`v Q7 /Bb+`2i2
+m`p2b-Ǵ h?2 J�i?2K�iB+�H AMi2HHB;2M+2`- pQHX je- MQX 9- TTX k3Ĝj8- kyR9X

97 �X "Q#2MFQ- ǳ.Bb+`2i2 /Bz2`2MiB�H ;2QK2i`v-Ǵ kM/ 2/X kyR8X

98 SX _QKQM- ǳ*Qm`#2b /Bb+`ĕi2b TH�M2b-Ǵ b2`X _û7û`2M+2b b+B2M+2bX 1HHBTb2b- kyRj- +?X RX

99 JX "2`;Qm- "X �m/QHv- 1X oQm;�- JX q�`/2ixFv �M/ 1X :`BMbTmM- ǳ.Bb+`2i2 pBb+Qmb i?`2�/b-Ǵ �*J
h`�Mb�+iBQMb QM :`�T?B+b- pQHX kN- MQX 9- RRe,RĜRRe,Ry- kyRyX

100 CX G�M;2` �M/ .X �X aBM;2`- ǳG�;`�M;B�M �bT2+ib Q7 i?2 EB`+??Qz 2H�biB+ `Q/-Ǵ aA�J _2pB2r-
pQHX j3- MQX 9- TTX ey8ĜeR3- .2+X RNNeX

101 aX L�#�2B- ǳJ2+?�MB+�H 7Q`K@}M/BM; Q7 iBK#2` 7�#`B+ bi`m+im`2b-Ǵ S?. i?2bBb- 1S6G- kyR9X

102 JX :`û;QB`2 �M/ 1X a+?ƺK2`- ǳAMi2`�+iBp2 bBKmH�iBQM Q7 QM2@/BK2MbBQM�H ~2tB#H2 T�`ib-Ǵ *QKTmi2`@
�B/2/ .2bB;M- pQHX jN- MQX 3- TTX eN9Ĝdyd- kyydX

103 �X h?22ii2M- GX :`BbQMB- *X �M/`BQi �M/ "X "�`bFv- ǳ:2QK2i`B+�HHv 2t�+i /vM�KB+ bTHBM2b-Ǵ
*QKTmi2`@�B/2/ .2bB;M- pQHX 9y- MQX R- TTX j8Ĝ93- kyy3X

104 6X "2`i�BHb- "X �m/QHv- JX@SX *�MB- "X Zm2`H2mt- 6X G2`Qv �M/ CX@GX Gûpā[m2- ǳamT2`@?2HB+2b 7Q`
T`2/B+iBM; i?2 /vM�KB+b Q7 M�im`�H ?�B`-Ǵ �*J h`�Mb�+iBQMb QM :`�T?B+b- pQHX k8- MQX j- TTX RR3yĜ
RR3d- kyyeX

105 6X "2`i�BHb- ǳamT2`@+HQi?QB/b-Ǵ *QKTmi2` :`�T?B+b 6Q`mK- pQHX jR- MQX k- TTX 8yNĜ8R3- kyRkX

106 CX aTBHHK�MM �M/ JX h2b+?M2`- ǳ*P_.1 , +Qbb2`�i `Q/ 2H2K2Mib 7Q` i?2 /vM�KB+ bBKmH�iBQM Q7
QM2@/BK2MbBQM�H 2H�biB+ Q#D2+ib-Ǵ BM 1m`Q;`�T?B+b avKTQbBmK QM *QKTmi2` �MBK�iBQM- a�M .B2;Q-
la�- kyyd- TTX RĜRyX

107 SX CmM;- aX G2v2M/2+F2`- CX GBMM �M/ JX P`iBx- ǳ� /Bb+`2i2 K2+?�MB+b �TT`Q�+? iQ *Qbb2`�i `Q/
i?2Q`v S�`i R, bi�iB+ 2[mBHB#`B�-Ǵ AMi2`M�iBQM�H CQm`M�H 7Q` LmK2`B+�H J2i?Q/b BM 1M;BM22`BM;-
pQHX 38- MQX R- TTX jRĜey- kyRyX
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108 6X "X 6mHH2`- ǳ.2+QKTQbBiBQM Q7 i?2 HBMFBM; MmK#2` Q7 � +HQb2/ `B##QM, � T`Q#H2K 7`QK KQH2+mH�`
#BQHQ;v-Ǵ BM S`Q+22/BM;b Q7 i?2 L�iBQM�H �+�/2Kv Q7 a+B2M+2b Q7 i?2 la�- pQHX d8- RNd3- TTX j88dĜ
j8eRX

109 �X *X J�;;b- ǳq`Bi?BM; ;2QK2i`v �i }MBi2 i2KT2`�im`2, _�M/QK r�HFb �M/ ;2QK2i`B+ T?�b2b 7Q`
biBz TQHvK2`b-Ǵ h?2 CQm`M�H Q7 *?2KB+�H S?vbB+b- pQHX RR9- MQX Rj- TTX 8333Ĝ83Ne- �T`X kyyRX

110 _X /2 o`B2b- ǳ1p�Hm�iBM; +?�M;2b Q7 r`Bi?2 BM +QKTmi2` bBKmH�iBQMb Q7 bmT2`+QBH2/ .L�-Ǵ h?2
CQm`M�H Q7 *?2KB+�H S?vbB+b- pQHX Rkk- MQX e- ye9Ny8,RĜye9Ny8,8- kyy8X

111 JX �X "2`;2`- ǳhQTQHQ;B+�H [m�MiBiB2b, +�H+mH�iBM; rBM/BM;- r`Bi?BM;- HBMFBM;- �M/ ?B;?2` Q`/2`
BMp�`B�Mib-Ǵ BM G2+im`2b QM hQTQHQ;B+�H 6HmB/ J2+?�MB+b- G2+im`2 LQi2b BM J�i?2K�iB+b- pQHX RNdj-
aT`BM;2`- "2`HBM- >2B/2H#2`;- kyyN- +?X G2+im`2 LQ- TTX d8ĜNdX

112 CX �H2t�M/2` �M/ aX �MiK�M- ǳh?2 �K#B;mQmb irBbi Q7 HQp2-Ǵ Zm�`i2`Hv Q7 �TTHB2/ J�i?2K�iB+b-
pQHX 9y- MQX R- TTX 3jĜNk- RN3kX

113 "X �m/QHv �M/ uX SQK2�m- ǳ1H�biB+Biv �M/ ;2QK2i`vXǴ Pt7Q`/ lMBp2`bBiv S`2bb- kyRyX

114 1X >X .BHH- ǳEB`+??QzǶb i?2Q`v Q7 `Q/b-Ǵ �`+?Bp2 7Q` >BbiQ`v Q7 1t�+i a+B2M+2b- pQHX 99- MQX R-
TTX RĜkj- RNNkX

115 aX �MiK�M- ǳLQMHBM2�` T`Q#H2Kb Q7 2H�biB+Biv-Ǵ kM/ 2/X- b2`X �TTHB2/ J�i?2K�iB+�H a+B2M+2bX L2r
uQ`F, aT`BM;2`- L2r uQ`F- Lu- kyy8X

116 1X _2BbbM2`- ǳPM QM2@/BK2MbBQM�H H�`;2@/BbTH�+2K2Mi }MBi2@bi`�BM #2�K i?2Q`v-Ǵ aim/B2b BM �TTHB2/
J�i?2K�iB+b- pQHX 8k- MQX k- TTX 3dĜN8- RNdjX

117 �X GQp2- ǳ� i`2�iBb2 QM i?2 K�i?2K�iB+�H i?2Q`v Q7 2H�biB+Biv-Ǵ kM/ 2/X *�K#`B/;2 lMBp2`bBiv S`2bb-
RNyeX

118 :X EB`+??Qz- ǳl#2` /�b ;H2B+?;2rB+?i mM/ /B2 #2r2;mM; 2BM2` 2H�biBb+?2M b+?2B#2-Ǵ CQm`M�H 7Ƀ` /B2
`2BM2 mM/ �M;2r�M/i2 J�i?2K�iBF- pQHX R38y- MQX 9y- TTX 8RĜ33- R38yX

119 :X EB`+??Qz- ǳoQ`H2bmM;2M Ƀ#2` K�i?2K�iBb+?2 S?vbBF, J2+?�MBFXǴ "X :X h2m#M2` UG2BTxB;V- R3deX

120 �X *H2#b+?- ǳh?ûQ`B2 /2 HǶûH�biB+Biû /2b +Q`Tb bQHB/2bXǴ S�`Bb, S�`Bb .mMQ/- R33jX

121 aX L2mFB`+?- ǳ1M`QmH2K2Mi- +QMi�+i 2i pB#`�iBQMb /2 iB;2b ûH�biB[m2b-Ǵ h?ĕb2 /Ƕ>._- lMBp2`bBiû
S�`Bb@oA- kyyNX

122 aX hBKQb?2MFQ- ǳGsoAX PM i?2 +Q``2+iBQM 7Q` b?2�` Q7 i?2 /Bz2`2MiB�H 2[m�iBQM 7Q` i`�Mbp2`b2
pB#`�iBQMb Q7 T`BbK�iB+ #�`b-Ǵ h?2 GQM/QM- 1/BM#m`;?- �M/ .m#HBM S?BHQbQT?B+�H J�;�xBM2 �M/
CQm`M�H Q7 a+B2M+2- pQHX 9R- MQX k98- TTX d99Ĝd9e- RNkRX

123 CX *X aBKQ �M/ GX om@ZmQ+- ǳ� :2QK2i`B+�HHv@2t�+i `Q/ KQ/2H BM+Q`TQ`�iBM; b?2�` �M/ iQ`bBQM@
r�`TBM; /27Q`K�iBQM-Ǵ AMi2`M�iBQM�H CQm`M�H Q7 aQHB/b �M/ ai`m+im`2b- pQHX kd- MQX j- TTX jdRĜjNj-
RNNRX

124 aX �MiK�M- ǳEB`+??QzǶb T`Q#H2K 7Q` MQMHBM2�`Hv 2H�biB+ `Q/b-Ǵ Zm�`i2`Hv Q7 �TTHB2/ J�i?2K�iB+b-
pQHX jk- MQX j- TTX kkRĜk9y- RNd9X
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125 .X ZX *�Q �M/ _X qX hm+F2`- ǳLQMHBM2�` /vM�KB+b Q7 2H�biB+ `Q/b mbBM; i?2 *Qbb2`�i i?2Q`v,
JQ/2HHBM; �M/ bBKmH�iBQM-Ǵ AMi2`M�iBQM�H CQm`M�H Q7 aQHB/b �M/ ai`m+im`2b- pQHX 98- MQX k- TTX 9eyĜ
9dd- kyy3X

126 >X G�M; �M/ CX GBMM- ǳG�;`�M;B�M }2H/ i?2Q`v BM bT�+2 �M/ iBK2 7Q` ;2QK2i`B+�HHv 2t�+i *Qbb2`�i
`Q/b-Ǵ 6`�mM?Q72` AhqJ- h2+?X _2TX- kyyNX

127 CX 1X *Bbi2`M�b �M/ SX >QHK2b- ǳ"m+FHBM; Q7 2ti2MbB#H2 i?2`KQ2H�biB+ `Q/b-Ǵ J�i?2K�iB+�H �M/
*QKTmi2` JQ/2HHBM;- pQHX je- MQX j- TTX kjjĜk9j- kyykX

128 .X JQmHiQM- hX G2bbBMM2b �M/ �X :Q`B2Hv- ǳJQ`T?Q2H�biB+ `Q/bX S�`i A, � bBM;H2 ;`QrBM; 2H�biB+
`Q/-Ǵ CQm`M�H Q7 i?2 J2+?�MB+b �M/ S?vbB+b Q7 aQHB/b- pQHX eR- MQX k- TTX jN3Ĝ9kd- kyRjX

129 *X G�x�`Q- aX JQMH2ƦM- CX "2bbBMB �M/ CX *�b�MQp�- ǳ� `2pB2r QM ;2QK2i`B+�HHv 2t�+i KQ/2Hb 7Q`
p2`v ~2tB#H2 `Q/b-Ǵ BM S`Q+22/BM;b Q7 i?2 A�aa �MMm�H avKTQbBmK- hQFvQ- C�T�M- kyReX

130 uX a?B- �X 1X "Q`QpBF �M/ CX 1X >2�`bi- ǳ1H�biB+ `Q/ KQ/2H BM+Q`TQ`�iBM; b?2�` �M/ 2ti2MbBQM-
;2M2`�HBx2/ MQMHBM2�` a+?`ƺ/BM;2` 2[m�iBQMb- �M/ MQp2H +HQb2/ɢ7Q`K bQHmiBQMb 7Q` bmT2`+QBH2/ .L�-Ǵ
h?2 CQm`M�H Q7 *?2KB+�H S?vbB+b- pQHX Ryj- MQX 3- TTX jReeĜjR3j- RNN8X

131 "X .X *QH2K�M- 1X >X .BHH- JX G2K#Q- wX Gm �M/ AX hQ#B�b- ǳPM i?2 /vM�KB+b Q7 `Q/b BM i?2
i?2Q`v Q7 EB`+??Qz �M/ *H2#b+?-Ǵ �`+?Bp2 7Q` _�iBQM�H J2+?�MB+b �M/ �M�HvbBb- pQHX RkR- MQX 9-
TTX jjNĜj8N- RNNjX

132 _X *�b�iB �M/ 6X "2`i�BHb- ǳamT2` bT�+2 +HQi?QB/b-Ǵ �*J h`�Mb�+iBQMb QM :`�T?B+b- pQHX jk- MQX 9-
TX R- CmHX kyRjX

133 �X *�KT�MBH2- JX J�M/�`BMQ- oX SBb+QTQ �M/ �X S`�MxBi2HHB- ǳPM i?2 2t�+i bQHmiBQM Q7 MQM@mMB7Q`K
iQ`bBQM 7Q` #2�Kb rBi? �bvKK2i`B+ +`Qbb@b2+iBQM-Ǵ qQ`H/ �+�/2Kv Q7 a+B2M+2- 1M;BM22`BM; �M/
h2+?MQHQ;v- pQHX jR- TTX jeĜ98- kyyNX

134 GX S`�M/iH- ǳwm` iQ`bBQM pQM T`BbK�iBb+?2M bi #2M-Ǵ S?vbBF�HBb+?2 w2Bib+?`B7i- pQHX 9- TTX d83Ĝddy-
RNyjX

135 EX EQQ?2bi�MB- ǳLQMHBM2�` 7Q`+2 /2MbBiv K2i?Q/ 7Q` i?2 7Q`K@}M/BM; Q7 KBMBK�H bm`7�+2 K2K@
#`�M2 bi`m+im`2b-Ǵ *QKKmMB+�iBQMb BM LQMHBM2�` a+B2M+2 �M/ LmK2`B+�H aBKmH�iBQM- pQHX RN- MQX e-
TTX kydRĜky3d- kyR9X

136 aX hBKQb?2MFQ �M/ CX LX :QQ/B2`- ǳh?2Q`v Q7 2H�biB+Biv-Ǵ kM/ 2/X J+:`�r@>BHH "QQF- RN8RX

137 aX SX hBKQb?2MFQ- ǳh?2Q`v Q7 #2M/BM;- iQ`bBQM �M/ #m+FHBM; Q7 i?BM@r�HH2/ K2K#2`b Q7 QT2M +`Qbb
b2+iBQM-Ǵ CQm`M�H Q7 i?2 6`�MFHBM AMbiBimi2- pQHX kjN- MQX 9- TTX kyRĜkRN- J�`X RN98X

138 oX wX oH�bQp- ǳh?BM@r�HH2/ 2H�biB+ #2�Kb-Ǵ kM/ 2/X Ab`�2H S`Q;`�K 7Q` a+B2MiB}+ h`�MbH�iBQMb- RNeRX

139 1X 1Hi2`- ǳhrQ 7Q`KmHB Q7 i?2 b?2�` +2Mi2`-Ǵ S2`BQ/B+� SQHvi2+?MB+� J2+?�MB+�H 1M;BM22`BM;- pQHX k3-
MQX k@j- TTX RdNĜRNj- RN39X

140 CX JX �Hp2b- ǳ.vM�KB+ �M�HvbBb Q7 #`B/;2 ;B`/2`b bm#D2+i2/ iQ KQpBM; HQ�/b , LmK2`B+�H �M/
�M�HviB+�H #2�K KQ/2Hb +QMbB/2`BM; r�`TBM; 2z2+ib-Ǵ Ja+ i?2bBb- h2+MB+Q GBb#Q�- kyR9X
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141 �X .�v- ǳ�M AMi`Q/m+iBQM iQ /vM�KB+ `2H�t�iBQM-Ǵ h?2 1M;BM22`- pQHX kRN- MQX 8e33- TTX kR3ĜkkR-
RNe8X

142 CX _X >X Pii2`- �X *X *�bb2H �M/ _X 1X >Q##b- ǳ.vM�KB+ _2H�t�iBQM-Ǵ S`Q+22/BM;b Q7 i?2 AMbiBimiBQM
Q7 *BpBH 1M;BM22`b- pQHX j8- MQX 9- TTX ejjĜe8e- RNeeX

143 �X *X *�bb2H �M/ _X 1X >Q##b- ǳLmMK2`B+�H bi�#BHBiv Q7 /vM�KB+ `2H�t�iBQM �M�HvbBb Q7 MQM@HBM2�`
bi`m+im`2b-Ǵ LmK2`B+�H J2i?Q/b BM 1M;BM22`BM;- pQHX Ry- MQX e- TTX R9ydĜR9Ry- RNdeX

144 JX "�`M2b- ǳ�TTHB+�iBQMb Q7 /vM�KB+ `2H�t�iBQM iQ i?2 iQTQHQ;B+�H /2bB;M �M/ �M�HvbBb Q7 +�#H2-
K2K#`�M2 �M/ TM2mK�iB+ bi`m+im`2b-Ǵ BM AMi2`M�iBQM�H *QM72`2M+2 QM aT�+2 ai`m+im`2b- :mBH/7Q`/-
1M;H�M/- RNd8- TTX kRRĜkRNX

145 JX S�T�/`�F�FBb- ǳ� K2i?Q/ 7Q` i?2 �miQK�iB+ 2p�Hm�iBQM Q7 i?2 /vM�KB+ `2H�t�iBQM T�`�K2i2`b-Ǵ
*QKTmi2` J2i?Q/b BM �TTHB2/ J2+?�MB+b �M/ 1M;BM22`BM;- pQHX k8- MQX R- TTX j8Ĝ93- RN3RX

146 SX lM/2`rQQ/- ǳ.vM�KB+ `2H�t�iBQM-Ǵ BM *QKTmi�iBQM�H K2i?Q/b 7Q` i`�MbB2Mi �M�HvbBb- RN3j- +?X 8-
TTX k9eĜke8X

147 JX "�`M2b- ǳ6Q`K }M/BM; �M/ �M�HvbBb Q7 i2MbBQM bT�+2 bi`m+im`2b #v /vM�KB+ `2H�t�iBQM-Ǵ S?.
i?2bBb- *Biv lMBp2`bBiv Q7 GQM/QM- RNddX

148 .X q�F2}2H/- ǳ.vM�KB+ `2H�t�iBQM �M�HvbBb Q7 T`2i2MbBQM2/ M2irQ`Fb bmTTQ`i2/ #v +QKT`2bbBQM
�`+?2b-Ǵ S?. i?2bBb- *Biv lMBp2`bBiv Q7 GQM/QM- RN3yX

149 CX _Q/`B;m2x- :X _BQ- CX JX *�/Qm �M/ CX h`Qm|�`/- ǳLmK2`B+�H bim/v Q7 /vM�KB+ `2H�t�iBQM rBi?
FBM2iB+ /�KTBM; �TTHB2/ iQ BM~�i�#H2 7�#`B+ bi`m+im`2b rBi? 2ti2MbBQMb 7Q` j. bQHB/ 2H2K2Mi �M/
MQM@HBM2�` #2?�pBQ`-Ǵ h?BM@q�HH2/ ai`m+im`2b- pQHX 9N- MQX RR- TTX R9e3ĜR9d9- kyRRX

150 >X EX .�M; �M/ JX �X J2;mB/- ǳ1p�Hm�iBM; i?2 T2`7Q`K�M+2 Q7 �M 2tTHB+Bi /vM�KB+ `2H�t�iBQM
i2+?MB[m2 BM �M�HvxBM; MQM@HBM2�` ;2Qi2+?MB+�H 2M;BM22`BM; T`Q#H2Kb-Ǵ *QKTmi2`b �M/ :2Qi2+?MB+b-
pQHX jd- MQX R@k- TTX Rk8ĜRjR- kyRyX

151 .X JX GX /� aBHp�- "X SX C�+Q# �M/ JX oX _Q/`B;m2b- ǳAKTHB+Bi �M/ 2tTHB+Bi BKTH2K2Mi�iBQM Q7
i?2 /vM�KB+ `2H�t�iBQM K2i?Q/ 7Q` i?2 /2}MBiBQM Q7 BMBiB�H 2[mBHB#`BmK +QM};m`�iBQMb Q7 ~2tB#H2
HBM2b-Ǵ BM k8i? AMi2`M�iBQM�H *QM72`2M+2 QM Pzb?Q`2 J2+?�MB+b �M/ �`+iB+ 1M;BM22`BM;- >�K#m`;-
:2`K�Mv- kyyeX

152 JX _2x�B22@S�D�M/- aX _X a�`�7`�xB �M/ >X _2x�B22- ǳ1{+B2M+v Q7 /vM�KB+ `2H�t�iBQM K2i?Q/b BM
MQMHBM2�` �M�HvbBb Q7 i`mbb �M/ 7`�K2 bi`m+im`2b-Ǵ *QKTmi2`b �M/ ai`m+im`2b- pQHX RRk@RRj- TTX kN8Ĝ
jRy- kyRkX

153 "X >X oX hQTTBM; �M/ SX Ap�MvB- ǳ*QKTmi2` �B/2/ /2bB;M Q7 +�#H2@K2K#`�M2 bi`m+im`2b-Ǵ kyydX

154 JX JBFB- aX �/`B�2Mbb2Mb- hX A;�`�b?B �M/ EX E�r�;m+?B- ǳh?2 ;2Q/2bB+ /vM�KB+ `2H�t�iBQM K2i?Q/
7Q` T`Q#H2Kb Q7 2[mBHB#`BmK rBi? 2[m�HBiv +QMbi`�BMi +QM/BiBQMb-Ǵ AMi2`M�iBQM�H CQm`M�H 7Q` LmK2`@
B+�H J2i?Q/b BM 1M;BM22`BM;- pQHX NN- MQX N- TTX e3kĜdRy- kyR9X

155 :X LQ? �M/ EX@DX "�i?2- ǳ�M 2tTHB+Bi iBK2 BMi2;`�iBQM b+?2K2 7Q` i?2 �M�HvbBb Q7 r�p2 T`QT�;�@
iBQMb-Ǵ *QKTmi2`b �M/ ai`m+im`2b- pQHX RkN- TTX Rd3ĜRNj- kyRjX
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156 uX .m�M- .X GB �M/ SX 6X S�B- ǳ:2QK2i`B+�HHv 2t�+i T?vbB+b@#�b2/ KQ/2HBM; �M/ +QKTmi2` �M@
BK�iBQM Q7 ?B;?Hv ~2tB#H2 R. K2+?�MB+�H bvbi2Kb-Ǵ :`�T?B+�H JQ/2Hb- pQHX d8- MQX k- TTX 8eĜe3-
kyRjX

157 "X 6B2`x- ǳai�#BHBxBM; 2tTHB+Bi /vM�KB+ }MBi2 2H2K2Mi bBKmH�iBQMb-Ǵ Ja+ i?2bBb- 1h> wɃ`B+?- kyRjX

158 1X >�B`2`- *X Gm#B+? �M/ :X q�MM2`- ǳ:2QK2i`B+ MmK2`B+�H BMi2;`�iBQM, ai`m+im`2@T`2b2`pBM; �H@
;Q`Bi?Kb 7Q` Q`/BM�`v /Bz2`2MiB�H 2[m�iBQMb-Ǵ kM/ 2/X aT`BM;2` "2`HBM >2B/2H#2`; L2r uQ`F- kyyeX

159 SX *mM/�HH- ǳ1tTHB+Bi@}MBi2 /Bz2`2M+2 K2i?Q/b BM ;2QK2+?�MB+b-Ǵ BM kM/ AMi2`M�iBQM�H *QM72`2M+2
QM LmK2`B+�H J2i?Q/b BM :2QK2+?�MB+b- pQHX R- "H�+Fb#m`;- la�- RNde- TTX RjkĜR8yX

160 qX CX G2rBb- ǳh2MbBQM bi`m+im`2b, 6Q`K �M/ #2?�pBQm`XǴ h?QK�b h2H7Q`/- kyyjX

161 _X "Q`;?B- ǳaBKTH2 T2M/mHmK /vM�KB+b, `2pBbBiBM; i?2 6Qm`B2`@#�b2/ �TT`Q�+? iQ i?2 bQHmiBQM-Ǵ
�`sBp 2@T`BMib- TTX RĜRe- kyRjX

162 �X "2HûM/2x- *X S�b+m�H- .X JûM/2x- hX "2HûM/2x �M/ *X L2BTT- ǳ1t�+i bQHmiBQM 7Q` i?2 MQMHBM2�`
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Modeling of bending-torsion couplings in active-bending structures
APPLICATION TO THE DESIGN OF ELASTIC GRIDSHELLS

An elastic gridshell is a freeform structure, gener-
ally doubly curved, but formed out through the re-
versible deformation of a regular and initially flat
structural grid. Building curved shapes that may
seems to offer the best of both worlds : shell struc-
tures are amongst the most performant mechan-
ically speaking while planar and orthogonal con-
structions are much more efficient and economic
to produce than curved ones. This ability to “form
a form” efficiently is of peculiar importance in the
current context where morphology is a predomi-
nant component of modern architecture, and en-
velopes appear to be the neuralgic point for build-
ing performances.
The concept was invented by Frei Otto, a Ger-
man architect and structural engineer who devoted

many years of research to gridshells. In 1975 he
designed the Multihalle of Mannheim, a 7500 m2

wooden shell which demonstrated the feasibility of
this technology and made it famous to a wide au-
dience. However, despite their potential, very few
projects of this kind were built after this major real-
ization. And for good reason, the resources com-
mitted at that time cannot guarantee the replicabil-
ity of this experiment for more standard projects,
especially on the economic level. Moreover, the
technics and methods developed by Otto's team
in the 1960s have mostly fall into disuse or are
based on disciplines that have considerably evolved.
New materials, such as composite materials, have

recently emerged. They go beyond the limita-
tions of conventional materials such as timber and
offer at all levels much better technical perfor-
mances for this kind of application. Finally, it should
be noted that the regulatory framework has also
deeply changed, bringing a certain rigidity to the
penetration of innovations in the building indus-
try. Therefore, the design of gridshells arises in
new terms for current architects and engineers and
comes up against the inadequacy of existing tools
and methods.
In a first part, we deliver a thorough review of this
topic and we present in detail one of our main
achievements, the ephemeral cathedral of Créteil,
built in 2013 and still in service. In a second part,
we develop an original discrete beam element with

a minimal number of degrees of freedom adapted
to the modeling of bending and torsion inside grid-
shell members with anisotropic cross-section. En-
riched with a ghost node, it allows to model more
accurately physical phenomena that occur at con-
nections or at supports. Its numerical implemen-
tation is presented and validated through several
test cases. Although this element has been devel-
oped specifically for the study of elastic gridshells,
it can advantageously be used in any type of prob-
lem where the need for an interactive computation
with elastic rods taking into account flexion-torsion
couplings is required.

In this thesis, which marks an important step in a personal research adventure initiated in 2010,
we try to embrace the issue of the design of elastic gridshells in all its complexity,

addressing both theoretical, technical and constructive aspects.
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