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Tém tat

Két cAu Tensegrity ngay cang dudc ing dung rong rii trong cic cong trinh dan dung vi do tin ciy cao, st dung
vat liéu hiéu qua, vugt nhip 16n va c6 kha ning déng mé. Py 12 loai két ciu bao gdm céc thanh chiu nén khong
lién tuc nam trong cic diy cdp chiu kéo lién tuc. Phan tich hinh dang cho két cAu nay la can thiét trong giai
doan thiét ké ban dau dé tim ra hinh dang ma tai d6 ting suét trudc trong cac ciu kién Ia tu can bing véi nhau.
Bai bao nay ap dung phuong phap mat do luc tuong thich trong viéc xac dinh hinh dang cda thap Tensegity ba
tang. Quy trinh thuc nghiém bing thanh gb va day cap thép dé minh chitng cho két qua phan tich ciing dudgc
gidi thiéu trong bai bao nay.

Tir khod: két cAu Tensegrity; phan tich hinh dang; phuong phap mat do luc tuong thich; thap Tensegrity ba tang.
ANALYSIS AND EXPERIMENT FOR FORM-FINDING OF THREE-LAYER TENSEGRITY TOWER
Abstract

Tensegrity structures are widely used in civil buildings because of their reliability, saving materials, fabrication
of large-scale structures, and deployability. These structures include a set of discontinuous compressive com-
ponents interacting with a set of continuous tensile components. Form-finding analysis is necessary for these
structures in the preliminary design stage to find the shapes that the prestresses in all components are in the
self-equibilium state. This paper applies the adaptive force density method to find the shape of a three-layer
tensegrity tower. The experiment set-up with timber bars and steel cables to illustrate the results of form-finding
analysis is also introduced.

Keywords: Tensegrity structures; form-finding; adaptive force density method; three-layer Tensegrity tower.
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1. Giéi thiéu

Thuat nglt Tensegrity dudc gidi thiéu dau tién bsi Fuller tit nim 1962 [1]. Fuller mo ta két cu
Tensegrity gdm mot tip hop cac thanh chiu nén khong lién tuc trong mot hé cac thanh chiu kéo lién
tuc. Hién nay, c6 rat nhiéu dinh nghia cho hé két cAu Tensegrity [2—4], nhung theo Zhang [5] mot hé
két chu dudc goi 1a Tensegrity phdi c6 céc dic tinh sau: (1) két cAu nay tu ding dugc ma khong can
lién két n6i dit; (2) cac cu kién 1a cdc thanh thang; (3) chi ¢6 hai loai cAu kién trong hé két ciu nay:
thanh chiu nén va thanh cdp chiu kéo; (4) thanh chiu nén 1a gidn doan, khong lién két truc tiép véi cac
thanh chiu nén khéc tai mdi dau. Véi cac dic tinh nay thi két cAu Tensegrity dugc ting dung rong rai
trong kién tric va xdy dung. Hinh 1 gi6i thiéu hai cong trinh néi tiéng ing dung két ciu Tensegrity.

*Tac gia dai dién. Pia chi e-mail: bghieu@dut.udn.vn (Hiéu, B. Q.)
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(a) Ciu Kurilpa, Australia (b) White Rhino, Nhat Ban

Hinh 1. Mot s6 cong trinh st dung két ciu Tensegrity

Phan tich x4c dinh hinh dang cho két cAu Tensegrity 13 giai doan thiét ké ban dau thiét yéu cho
két cAu nay. Giai doan nay sé xac dinh hinh dang ma tai d6 thda man cic yéu cau ctia ngudi kién tric
va thoa min céc dic tinh vé vat liéu ctia ciu kién, dong thdi hinh dang nay phai didm béo diéu kién
&n dinh. Hé két cAu nay chi &n dinh khi cic ciu kién dugc tng suét trude, nén néi mot cach khac thi
phan tich hinh dang sé tim dudc hinh dang ma tai d6 yéu ciu vé hinh hoc va ting suét truéc 1a can
bing trong mot thé théng nhit. Hién nay cac phuong phép sb trong phan tich hinh dang cho két ciu
Tensegrity chia 1am bén nhém chinh: (1) phuong phap mat do luc tuong thich [6, 7]; (2) phuong phap
dao dong 4o [8]; (3) phucng phap phan tich phi tuyén [9]; va (4) phuong phap tdi uu [10].

Két cAu thap Tensegrity, két hop cic don nguyén Tensegrity doc theo chiéu cao, 1a mot dang két
chu Tensegrity phd bién nhét. Cac thap Needle Tower va Needle Tower II dudc thiét ké bdi Kenneth
Snelson Ia cac vi du dién hinh cho loai két ciu nay [11]. Trong thuc t& xay dung, thap Tensegrity chii
yéu dudc st dung nhu cot chdng sét, tru thap dng-ten hoic tao diém nhén kién tric. Thap Warnow
Tower v6i chiéu cao 49,2 mét & Rostock, Diic 12 mot vi du dién hinh cho ting dung trong thuc té ctia
loai két cAu nay. DAy ciing 13 thdp Tensegrity cao nhét tiing dudc xdy dung tif trudc dén nay [12].

Bai bao nay ap dung phuong phap méat do luc tudng thich trong phan tich hinh dang cho thip
Tensegrity ba ting vdi cdc diéu kién rang budc vé hinh hoc dugc dp dung truc tiép trong qua trinh
phan tich. Mot trong cac hinh dang tim dugc sé dudc thuc nghiém kiém chiing bang viéc xdy dung hé
thap Tensegrity ba tang bang cac thanh gb c6 dudng kinh hai muoi milimét va day cap cé duong kinh
mot milimét.

2. Phuong phap mat dd huc twong thich trong phan tich hinh dang thap Tensegrity ba ting

Phuong phdp mat do luc dudc gi6i thiéu bdi Schek vao nim 1974 [13] dudc dp dung chi yéu cho
hé 1ui cap. Zhang [6, 7] 4p dung phucng phdp nay cho két cAu Tensegrity véi cdc diéu kién rang budc
vé hinh hoc dudgc ap dung truc tiép trong qua trinh phan tich hinh dang. Trong phan nay, phuong phap
mit d6 luc tuong thich nay sé dudc ap dung trong phan tich hinh dang ctia hé két ciu thap Tensegrity.

119



Hiéu, B. Q., va cs. / Tap chi Khoa hoc Céng nghé Xay dung
2.1. Gidi thiéu vé hé két cdu thdp Tensegrity ba tang

Két ciu thap Tensegrity 1a mot dang dic biét ctia két cau Tensegrity. Két ciu thap nay dudc xay
dung dua trén su két hop clia cic don nguyén doc theo chiéu cao. Hinh 2(a) thé hién két ciu thip
Tensegrity ba tang bao gdm ba don nguyén ma mdi don nguyén dic trung cho mot ting. Cac thanh
chiu nén thé hién bang dudng nét dam & Hinh 2(b) trong khi d6 céc thanh cap chiu kéo dudc thé hién
bing cac dudng nét dam trén Hinh 2(c) dén Hinh 2(f). D& hé két cAu thap 1a &n dinh, c6 bdn loai cap
1a can thiét cho két cAu nay [5]: (1) cdp ngang la cac ddy cap ndi cac niit trén cing mdt mét phang, chi
ton tai & mit dudi cling va trén cung cla thap hay néi cach khac cac diy cap ngang 1a cac day cdp nbi
cdc nit ¢ mit dudi don nguyén 1 va mit trén don nguyén 3; (2) cdp xién 1a cdc dy cap nbi cdc nit
& mit dusi mot don nguyén va mit trén mot don nguyén khac lién ké hay néi cach khac cic day cap
xién 1a cic day cap ndi cdc niit & mit trén don nguyén 1 v6i mit dusi don nguyén 2 va mit trén don
nguyén 2 véi mit dudi don nguyén 3; (3) cap ding 1a cic day cap ndi cic nit & miit trén va mit dudi
ctia cing mdt don nguyén; (4) cap chéo 1a cac day cap ndi cdc mit & mit dudi (hodic mit trén) cia hai
don nguyén lién ké.
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(d) Cap diing (e) Céap xién (f) Cép chéo

Hinh 2. Két cAu thap Tensegrity ba ting

2.2. Niit va cdu kién

D€ tién cho viéc thé hién phuong phap mat do luc tuong thich véi hé két cAu nay, cac ki hiéu sau
day dudc st dung thong nhit trong toan bo bai bao nay: ny = 4 1a s6 thanh chiu nén trong mdt don
nguyén; n; = 3 1a téng s6 don nguyén. Tong sd nit trong hé n, tdng s6 thanh chiu nén m, téng s day
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cdp ngang m, tong s6 day cap xién m,, tong sd diy cip diing my, tdng sd day cap chéo m,. va tdng sb
cau kién trong hé m dudc xac dinh theo cong thic (1).

n=2nmn; =24

mg = ngnp = 12

m, =2ng, =8

my=2(mp—1)ng =16 (D)

my =ngng = 12

me.=2m;—1)ng =16

m=mg+m, +my;+mg+m. =064

2.3. Phuwong phdp mdt do luc tuong thich
Trong phan ndy, cdc thuit nglt tuong tu trong nghién ciu clia Zhang [6, 7] dudc st dung. Tong
s6 nit trong hé 1a n = 24 mit va dudc danh sb thd tu nhu Hinh 2(b). Cac it nay sé dich chuyén
tu do dén khi ting sut trudc trong cic thanh chiu nén va cic dy cap chiu kéo 12 & trong trang thai
can bang. Trong hé gdm m = 64 cu kién nay, ma tran lién két hay ma tran Topology, C, c6 kich ¢
m X n = 64 x 24 véi cic phan tif dugc xac dinh theo cong thiic (2)
+1 néu j=I()
C(,j)={ -1 néuj= k() (2)
0  trong c4c phan con lai
trong d6 i 1 cAu kién thi i lién két hai niit / va k (I < k); j 14 cot thd j trong ma trdn C; 1 < i < 64;
T
1 < j,k,1 <24. Toa do (x,y,z) cia cac nit dudc tip hgp trong cac vector X = [xl Xy - x,,] ,
T T R . .
y= [y1 Yo o yn] vaz = [Z] 2 z,,] . Ung luc trude va chiéu dai cta cdc cau kién duge
T T .
tap hdp trong céc vector S = [sl Sy - sm] val = [11 L - lm] . Mét do luc ¢g; trong cau
kién thu i dugc xac dinh theo cong thuc (3)
N
qi = l_l 3)
i

Phuong trinh cin bang ctia hé Tensegrity khong c6 lién két nbi dt va khong cé ngoai luc dudc
xéc dinh bang phuong phap mat do Iuc theo cong thiic (4)

Ex=0 (4a)
Ey=0 (4b)
Ez=0 (4¢)

trong d6 ma trdn mat do luc E c6 kich cd n X n dugc xac dinh theo cong thiic (5)
E=C"QC (5
g 0 - 0
a_|0 @
rongdo Q=) " T
0 0 - qnm
Zhang [6, 7], d€ hé két cAu Tensegrity dat tSi trang thdi siéu bén viing trong khong gian ba chiéu thi
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su khuyét hang ctia ma tran E phai thda min cong thiic (6)
7 >4 (6)

Phuong phap mat do luc tuong thich dudc dp dung d€ xdc dinh mat do luc cho céc ciu kién clia
hé thap Tensegrity nhu trong Hinh 3.

| Gia thuyét mat do luc ban diu @, |

N
v
| Phan tich Eigenvalue dé tim " |

|
< Kiém tra cong thac (6)>

l Dbung
| Xac dinh mat do luc Q |

Cap nhat mat d luc @ |

Sai

Hinh 3. Phuong phap mat do luc tuong thich

2.4. Diéu kién rang budc hinh hoc

a. Piéu kién dbi xiing ctia mat do luc

6 A7

3

2

(a) Hinh khéng gian (b) Mit bing
Hinh 4. Su dbi xiing trong don nguyén 1 ctia thap Tensegrity

Trong ciing mdt don nguyén, cic ciu kién thudc cing mot nhém, vi du nhu thanh chiu nén hay
cap diing, 12 dbi xiing xoay quanh truc z. N6i mot cach khac, néu mot ciu kién xoay mot géc 90 do
quanh truc z sé trung vi tri v6i mot cAu kién khac. Hinh 4 thé hién su dbi xding nay ctia don nguyén
1 cho céc thanh chiu nén va day cap ding. Vi vay, cac thanh chiu nén 1-5, 2-6, 3-7 va 4-8 la c6 cung
chiéu dai va cuing tng sut trudc, cac cap ding 1-6, 2-7, 3-8 va 4-5 ciing c6 cung chiéu dai va cling
ting suét trude. Diéu nay c6 nghia 12 mat do luc trong cic ciu kién niy 13 nhu nhau. Su rang budc nay
dudc thé hién trong cdng thiic (7)

Fq=10 0
trong d6 q = [q1 qQ qm]T 12 mat do luc trong cac ciu kién, ma tran F c¢6 m — nc hang va m
cot, nc 1a s6 nhom ciu kién c6 cing mat do luc, trong bai bdo nay nc = 14 s& dudc mo ta cu thé &
Muc 2.6. V6i dinh nghia nay trén mot hang ctia ma tran F chi c6 hai phan ti khac khong va gid tri ctia
né 1an lugt 1a +1 va —1.
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b. DPiéu kién rang budc vé cao do
< A A N A L - A , . 2, N A A T
Trong thict ké nay cao do cua cdc don nguyén dudc xac dinh trudc, vi vay toadd z = [z1 FoRERR Zn]
clia cdc niit 12 da biét. Diéu kién rang budc vé cao do nay dudc thé hién trong cong thiic (8)

Nq =0 (8)

trong d6 ma trdn N = CTW, ma tran W 1a ma tran dudng chéo vé6i cdc phan tii trén dudng chéo chinh
bing Cz. Cong thic (8) dé dang c6 dudc tir cong thiic (4c).

Hai diéu kién rang budc nay dugc thé hién lai trong cong thiic (9) va dudc dua truc tiép vao quy
trinh x4c dinh mat do luc t6i wu trén Hinh 3.

F
=0

{ N } q ©)

2.5. Xdc dinh toa do ciia cdc nit tu do
. T
Nhu da théo luan & Muyc 2.4b, cao do cita céc nit a da biét. Vivay toadox =[x1 x -+ x|,

T

y= [y1 R yn] cua cac nut l1a duge xac dinh tir ma trdn mat do luc E sau khi da cé dugc mat

do luc t6i vwu va diéu kién dbi xiing cia céac thanh chiu nén.
Cong thiic (4a) va (4b) dugc viét lai dusi dang ma trin nhu trong cong thiic (10)

E 0 X
[0 E]{y}:() hay AX=0 (10)

Luu y rang su khuyét hang ctia ma tran mat do luc E sau khi da t6i uu 14 4 vi vay khong gian rong
ctia ma tran A sé c6 8 cdt hay néi cach khac toa do 4 nit phai dudc xdc dinh trude dé c6 10i giai théng
nhit cho phuong trinh (10). Trong bai b4o nay, diéu kién dbi xting clia cac thanh chiu nén trong cling
mot don nguyén nhu trén Hinh 4 dugc 4p dung nhu trong cong thic (11)

SX =0 (11)

trong d6 ma tran S dudc xdc dinh tir diéu kién rang budc vé dbi xing clia cic thanh chiu nén trong
cung mdt don nguyén.

Tir cong thifc (10) va (11) thi chi can x4c dinh trudc toa do ctia 2 niit thi toa do ctia cdc niit con lai
s& dudc x4c dinh thong nhét. Diéu nay sé& dugc thé hién trong vi du tinh todn trong muc tiép theo.

2.6. Vi du tinh todn

Chiéu cao ctia mdi don nguyén dudc chon giéng nhau 1a H; = H, = H3 = 0,4 m trong vi du tinh
to4n nay. Chiéu cao niy dugc chon dé tao su thuan 1gi cho viéc thuc nghiém & phan 3. Chiéu cao lip
nhau giita hai don nguyén lién tiép 12 4 = 0, 1 m. Pinh nghia cho H,, H>, H3 va h dudc thé hién trén
Hinh 2(a).

Diéu kién dbi xitng vé mat do luc trong vi du tinh todn nay dudc thuc hién biang cach chia mat do
luc trong 64 thanh cAu kién thanh 14 nhém tuong ng vdi nc = 14 trong cdng thiic (7): (1) cac thanh
chiu nén trong cling mot don nguyén c6 mat do luc giébng nhau va cé gia tri 1an lugt 14 q;, qf, qg;
(2) tuong ty mat do lyc ctia cdc diy cap ngang trong ciing mdt don nguyén lan luct 1a q,ll, q,31; (3) mat
dd luc cia cac day cdp xién lan ludt 12 qi, qi; (4) mat do luc trong cic day cdp ding lan luot 12 qclz’ qfl,
qfl; va mat do luc ctia cac dy cap chéo lan luot 1a qi, qg”, q%b, qg. Luu y chi s6 dui thé hién loai cau
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kién bao gom thanh chiu nén (), cap ngang (n), cap xién (x), cap ding (d) va cap chéo (c). Trong khi
d6 chi s6 trén thé hién sé don nguyén. Bang 1 thé hién diéu kién dbi xing vé mat do luc nay trong cic
cAu kién dudc thé hién bang cac niit lién két.

Bang 1. Piéu kién dbi xing vé mat do luc

Mat db luc Céu kién (nut-nut)

q! 1-5 2-6 3-7 4-8

7 9-13 10-14 11-15 12-16

q 17-21 18-22 19-23 20-24

q) 1-2 2-3 3-4 4-1

q 21-22 22-23 23-24 24-21

7 59 9-6 6-10 7-11 11-8 8-12 12-5
7 13-17  17-14  14-18 1815 1519  19-16 1620  20-13
g 5-4 6-1 7-2 8-3

4 13-12 14-9 15-10 16-11

4 21-20 22-17 23-18 24-19

q! 1-9 2-10 3-11 4-12

g 5-13 6-14 7-15 8-16

q? 9-17 10-18 11-19 12-20

q; 13-21 14-22 15-23 16-24

Mat d6 Iuc ban dau (quy trinh & Hinh 3) dugc chon lan lugt 1a —1,0 cho cac thanh chiu nén va
+1,0 cho cdc thanh chiu kéo. Sau 354 vong Lip thi mat do luc téi vu cho vi du tinh todn niy dugc thé

hién & Bang 2.

Bang 2. Mat dd luc sau khi tbi uu

Thanh chiu nén Céapngang  Cap xién Cép diing Cép chéo
a5 = q 0 an = q, “=q a=4q 4 @ 4¢=49 4=
“11691  —1,1168 12964 15050  0.6760 05982  0.6575 03458

Két qui 6 Bang 2 cho thidy mat do luc trong don nguyén 1 va 3 13 hoan toan giéng nhau. Véi cac
diéu kién rang budc vé mit hinh hoc trong vi du tinh toan nay thi vai trd ctia don nguyén 1 va don
nguyén 3 1a nhu nhau trong hé thap Tensegrity ba tang nay. Vi vay, két qua trong bai bao nay hap ly
hon so véi két qua trong nghién cu ctia Zhang [5] ma trong d6 mat do luc clia cdc thanh chiu nén
trong don nguyén 1 va 2 1a gibng nhau va khac so v6i don nguyén 3.

Hinh 5 thé hién két qué hinh dang cla thap Tensegrity v6i mat do luc t6i uu & Bang 2 trong cic
truong hgp: (TH1) Toa d6 nut 1 1a (0; 0), nut 3 1a (0,1; 0,1); va (TH2) toa d6 nut 1 1a (0; 0) va ntit 3 1a
(0,25; 0,25). Nhu da thao luin & muc 2.5, chi can xac dinh toa do clia 2 nut, toa d cic nit con lai sé
dugc ty dong xac dinh theo phuong phap mat do luc tuong thich da dudc trinh bay & bai bao nay. Két
qua ctia TH2 & Hinh 5(c), 5(d) sé dudc lua chon dé thuc nghiém kiém dinh & phan 3.
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02

(c) Mat ding, TH2 (d) Hinh khong gian, TH2

Hinh 5. Két quéa phan tich hinh dang ctia thap Tensegrity

3. Quy trinh thuc nghiém cho thap Tensegrity ba tang

Trong thi nghiém nay, céc thanh chiu nén st dung gb xoan dao c6 dudng kinh 1a 20 mm. Pay la
loai gb thudc nhém IV va tinh chit co 1y ctia gb nay dugc ldy gin diing theo [14]. Day cép thép st
dung loai c4p nhiéu sdi, va dudng kinh danh nghia ctia diy c4p 12 1 mm. Hé s6 dan hoi ctia day cip
dudc 14y gin ding 12 E = 10° N/mm? [15, 16]. S& dung hé khung thép bén ngoai dé tién hanh cb dinh
toa do cac thanh chiu nén theo diing két qua & Hinh 5(c) va 5(d). Dy doi va mit phang toa do dudc st
dung d€ x4c dinh toa do clia cdc niit trong hé thap nay nhu & Hinh 6. Tiép theo céc day cap c6 dudng
kinh 1 mm c6 gan ting-do dé lién két cac thanh chiu nén lai, chiéu dai ctia cac day cdp nay dugc quan
ly theo diing chiéu dai da tdi uu & Hinh 5(c) va 5(d).

Cic day cap dudc cing bang ting-do va thude kep theo diing ty 1& mat do luc tdi uvu & Bang 2 va
theo cong thuc (12).

qi Al l?

=L 12
qn Al l,‘z 12)

trong d6 Al, 1a su diéu chinh ting-do ctia cdc day cdp ngang dudc ldy 1am chuén; Al; 1a sy diéu chinh
ting-do cho cac day cap thi i con lai tng v6i mat do luc g;; [,va [; 1a chiéu dai ctia cac ddy cdp ngang
va day cdp thii i theo két qua & Hinh 5(c) va 5(d).

Trong thi nghiém nay, cic ddy cap ngang dudc cing bang cach diu chinh ting-do mot doan la
2 mm tuong dng v6i bién dang 12 0,8%. Bang 3 thé hién su diéu chinh ting-do cho cic diy cdp con

125



Hiéu, B. Q., va cs. / Tap chi Khoa hoc Cong nghé Xay dung

Hinh 6. Thyc nghiém xac dinh hinh dang thap Tensegrity

lai trong hé dua trén mat do luc ti uu trong Bang 2 va cong thiic (12). Luu y ring, cic day cap dudc
thé hién bang nét dam trén Hinh 2. Trong d6, cdp xién dudgc chia thanh hai loai 12 day dai va day ngan
nhu & trén Hinh 2(e).

Bang 3. Su diéu chinh ting-do d€ tao luc cing cdp trong thi nghiém

C4p xién (mm) Cép ding (mm) Cép chéo (mm)
Cép ngang (mm) - .
Day dai Day ngan DN 1&3 bN 2 DN 1&3 bN 2
2,0 4.4 1,3 34 2,9 2,8 1,7

Sau khi ciing cdp, tién hanh thdo khung thép ngoai va hinh dang ctia thap Tensegrity thu dudc &
Hinh 7.

Hinh 7. Két qué thuc nghiém hinh dang thap Tensegrity
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4. Két luan

Bai bdo di trinh bay phuong phdp mat do luc tuong thich trong viéc xic dinh hinh dang ctia két
chu thap Tensegrity ba ting. Cac diéu kién rang budc vé mat do luc va hinh hoc dugc két hdp trong
qué trinh x4c dinh mat do luc tdi uu cho cic cAu kién trong hé. Két qua phan tich cho thy mat do luc
t6i uu ctia cdc cAu kién trong don nguyén mot va ba 1a dbi xiing nhau. Hinh dang ctia thap Tensegrity
ba tAng dudc xac dinh mot cach tu dong dua trén két qua mat do luc tbi uu c6 dugc tit phan tich. Mot
trong cac hinh dang nay dudc chon dé thuc hién thi nghiém. Quy trinh thuc nghiém thap Tensegrity
ba tAng vdi cac thanh gd c6 dudng kinh hai muoi milimét va diy cap c6 dudng kinh mot milimét ciing
da dugc dé xuét. Két qua thuc nghiém da kiém chiing dugc két qua phan tich cho truong hop thap
Tensegrity ba tang. Tuy nhién, bai bdo chua kiém ching dugc luc nén trong cic thanh gb trong qua
trinh thi nghiém. Vi vy, viéc st dung vat liéu khac két hop véi céc thiét bi do dién ti d€ xac dinh mat
dd luc trong cac thanh chiu nén dudc khuyén khich thuc hién trong céc nghién ciu tiép theo.
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