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Abstract

Cable network system is a flexible lightweight structure which curved cables can transmit only tensile forces. The weight
of cable roof dramatically can reduce when the length becomes large. The cable network system is too flexible, most cable
systems are stabilized by pretension forces. The tensile force of cable system is greatly influenced by the sag ratio and

pretension forces. Determining initial sag ratio of cable roof system is essential in a design process of cable structures. Final
sag ratio and pretension depends on initial installed sag and on proper handling during installation. The design shape of
cable system has an affect on the sag and pretension, and must be determined using well-defined design philosophy. This
paper is carried out the comparative data of the deflection and tensile forces on the geometric non-linear analysis of cable
network systems according to sag ratio. The study of cable network system is provided to technical informations for the
design of a large span cable roof, analytical results are compared with the results of other researchers. Structural nonlinear
analysis of systems having cable elements is relatively complex than other rigid structural systems because displacements
are large as a reason of flexibility, initial prestress is applied to cables in order to increase the rigidity, and then divergence
of nonlinear analysis occurs rather frequently. Therefore, cable network systems do not exhibit a typical nonlinear behavior,
iterative method that can handle geometric nonlinearities are necessary.
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(a) One-way
cable roof

(b) Two-way
cable net

(c) HP cable
net

(d) Double-layer
cable net
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(Table 1> Comparison of mechanical characteristics
for steel strand and fiber reinforced plastics

SS | CFRP | GFRP | AFRP
Elastic
rocielos(GP) 19 | 131 | 51 53
Tensile
strengfh{MPa) 1860 | 2400 | 1670 | 1290
Density 785 | 156 | 210 | 125
(t/m)

SS: Steel Strand

CFRP: Carbon Fiber Reinforced Plastics
GFRP: Glass Fiber Reinforced Plastics
AFRP: Aramid Fiber Reinforced Plastics

<Table 1>7 #Z& wi-¢- 719 =& S,
Wi, W Aeol 78 2A52
Aole Fx A& AA Alole tia
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(Fig. 2) A cable net subjected to 4 nodal loads

(Table 2) Properties of cable net

(Table 4) Displacement comparison of a cable net
by tolerances and iteration number(sag ratio 0.10)

- Displacements(m)
Direction 1003] 10003]
X -0.0412556 -0.0412543
y 0.0412556 0.0412543
z -0.447090 -0.447076

Tolerance: 1.0 x 10°
Iteration number=100, 1000

(Table b) Displacements and tensile forces of a
cable net by sag ratio 0.01~0.20

Item Data
Cross sectional area 0.00014645
Self-weight 4612 N/m
Elastic modulus 8.28x10’ kN/ m’
Vertical nodal load 35.60 kN
Pretension of
horizontal cables B0 KN
Pretension of
diagonal cables U2 N

(Table 3) Displacement comparison of a cable net
subjected to 4 nodal loads(sag ratio 0.10)

Displacements(m)
West(4) Nuhoglu(1) Present
X -0.0404 -0.0402 -0.0412
y 0.0404 0.0402 0.0412
z -0.4480 0464 0470

Tensile force of horizontal cable: 56.43kN
Tensile force of diagonal cable: 59.24kN
Element: tension-only 3D line element
Tolerance: 1.0 x 10™

Iteration number=100

Sag ratio Deflection Tension(kN)
(b/L) (m) H D
0.01(h=0.91) 3.790 11454 | 116.35
0.02(h=1.82) 3.048 11062 | 11244
0.03(h=2.74) 2412 10458 | 106.44
0.04(h=3.65) 1.893 97.27 99.18
0.05(h=4.57) 1472 89.29 91.29
0.06(h=5.48) 1.146 81.43 83.55
0.07(h=6.39) 0.89% 74.98 76.34
0.08(h=7.31) 0.703 67.43 69.86
0.09(h=8.22) 0.542 60.45 63.00
0.10(h=9.14) 0.447 56.41 59.22
0.11(h=10.0) 0.362 51.98 55.04
0.12(h=10.9) 0.29% 48.10 51.33
0.13(h=11.88) 0.243 44.67 4812
0.14(h=12.79) 0.201 41.68 45.36
0.15(h=13.71) 0.167 39.04 42.93
0.16(h=14.62) 0.140 36.71 40.82
0.17(h=15.53) 0.118 34.64 38.9%5
0.18(h=16.45) 0.09 32.75 37.29
0.19(h=17.36) 0.083 30.08 35.82
0.20(h=18.28) 0.070 29.55 34.50

Tolerance: 1.0 x 10™
Iteration number=100

Displacement(m}

oo T
oo 0,05

010 0% 020
Sag ratio

(Fig. 3) Maximum deflections by sag ratio
0.01~0.20
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(Fig. 4) Maximum tensile forces by sag
ratio 0.01~0.2

Displacement(m)
0.45
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1 10 20 30 40 50 60 70 80 90 100
Step

(Fig. 5) Variation of vertical displacement under
iteration step number(sag ratio 0.1)

AL H1E 18 E 9444me] 4719 Aol &S Zie
AolE U ETZ= NISA T2 uldy &4
Azpol dlgt AUEE vluslr] YA =dg o
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H|EH  Saafan(1970), West and Kar(1977),
Desai(1988), Ayhan Nuhoglu(2011)9] &l4]4 z}e}
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(Fig. 6) Comparable displacements of a
cable net by cable spans 150m, 210m,
300m

(Table 6> Comparable displacements of large span
cable net by spans and sag ratio 0.01~0.20

Sag ratio Deflection(m)

(h/L) 150x150 210x210 300x300
0.01 6.212 8.696 12424
0.02 4.990 6.986 9.980
0.03 3.954 5536 7908
0.04 3.099 4.339 6.19
0.05 2414 3.380 4.829
0.06 1.878 2.630 3.757
0.07 1.467 2,054 2.3%
0.08 1.153 1.615 2.307
0.09 0915 1.281 1.830
0.10 0.733 1.026 1.466
0.11 0.593 0.830 1.186
012 0484 0.677 0.968
013 0.398 0.557 0.79
0.14 0.329 0.461 0.659
015 0.274 0.384 0.549
0.16 0.229 0.321 0.459
017 0.193 0.270 0.386
0.18 0.162 0.227 0.325
0.19 0.137 0.192 0.274
0.20 0.115 0.161 0.231

Tolerance: 1.0 x 10™
Iteration number=100
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Gisplacement{m}
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(Fig. 7> Comparable displacements of a cable
net by double pretensions(91.44m x 91.44m)
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(Fig. 8> Comparable tensile forces of a cable
net by double pretensions(91.44m x 91.44m)

Displacement{m}

0.13 0.16 0.20
Sag ratio

(Fig. 9) Comparable displacements of a cable
net by double pretension(300m, 210m, 150m)

(Table 7) Comparable displacements of a
cable net by double pretensions(91.44m x
91.44m)

Sag ratio Deflection Tension(kN)
(h/L) (m) H D
0.01(h=0.91) 3421 12446 | 12612
0.02(h=1.82) 2,676 11992 | 121.60
0.03(h=2.74) 2.038 11292 | 114.62
0.04(h=3.65) 1.520 10443 | 106.18
0.05(h=4.57) 1.105 95.21 97.05
0.06(h=5.48) 0.790 86.24 88.19
0.07(h=6.39) 0.555 7791 80.02
0.08(h=7.31) 0.380 7041 72.69
0.09(h=8.22) 0.253 63.94 6041
0.10(h=9.14) 0.158 58.29 60.97
0.11(h=10.0) 0.093 53.72 56.61
0.12(h=10.9) 0.041 49.57 52.68
0.13(h=11.88) -0.001 45.67 49.02
0.14(h=12.79) -0.031 42.53 4610
0.15(h=13.71) -0.054 39.75 4354
0.16(h=14.62) 0.072 37.32 41.33
0.17(h=15.53) -0.086 35.16 39.39
0.18(h=16.45) -0.09%8 33.21 37.66
0.19(h=17.36) -0.107 31.48 36.15
0.20(h=18.28) 0.114 2990 34.78

Cable net span=91.44m x 91.44m
Pretension of horizontal cables: 47.40kN
Pretension of diagonal cables: 48.58kN
Tolerance: 1.0 x 10™

Iteration number=100
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(Table 8) Comparable displacements of a cable
net by double pretensions(150m, 210m, 300m)

Sag ratio Deflection(m)

(h/L) 150x150 210x210 300x300
0.01 5.605 7.848 11.211
0.02 4379 6.131 8.759
0.03 3.340 4.676 6.681
0.04 2487 3482 4.975
0.05 1811 2.536 3.623
0.06 1.294 1.811 2.588
0.07 0.869 1.270 1.814
0.08 0.622 0871 1.244
0.09 0413 0.578 0.826
0.10 0.235 0.363 0.519
011 0.146 0.204 0292
0.12 0.061 0.086 0122
0.13 -0.002 -0.003 -0.005
0.14 -0.051 0.072 -0.103
0.15 -0.089 0.125 0.178
0.16 0.119 -0.166 0.238
017 0142 019 0.284
0.18 0161 0.225 0.322
0.19 0.176 -0.246 0.352
0.20 0188 -0.263 0.376

Pretension of horizontal cables: 48.58kN
Pretension of diagonal cables: 47.40kN
Tolerance: 1.0 x 10

Iteration number=100
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i ® ) Data:
B si 5 s
) s s @ = Initial forces
® (Fo)irironat = 222.5 KN (all cables)
£l @ 6l @
8 External loads
gl W (all free nodes)
N & @ Vertical nodal load, P=-4.45 KN
(Additional loads only at node 7)
-— Vertical load , Pz=-66.75KN
Lateral load , Py= 44.5KN
G5 A 0.0006452 m®,
=" £ 165.54GNin’,
(Units are converted from the original
X papers,

11b=4.45N, 1 in = 0.0254m)

‘ 12.19™ x8=97.52" |

(Fig. 10> Nonlinear analysis model of prestressed
hyperbolic parabolic cable net

(Table 9) Properties of HP cable net

Item Data
Cable area 0.0006452m’
Elastic modulus 1 1.655x10°kN/m’(Cable)
Elastic modulus 2 5000N/mn’(Membrane)
Prestressing load 222.5kN
Roof size 97.52m x 97.52m
Roof height 6.096m
HP equation Z=0.00011906 (X* - Y?) + 3.048
41 nodes
FEM model 64 cable elements
64 membrane elements

ARl F7)E 9752m x 97.52me]il, EolE
6.096mo|t}. 3o 4 Te=o A 41702 A4, 64
e} AolE 84, 64719 HraiE Rtk
AolE AL 0.0006452m’ 0|3, Ao]Eo] EHA
AGE 165.54GN/m’, =12 e A5E 5000N/
mm>o|th %7] FEe RE Fo]Bo F53H
2225kNS A83t9th sk SEZES 10032
33, 48 9x+= 1.0 x 102 ARt 4=
o] xhg_—o—}_ AolEe] 91917 24 1.0 x 10°9] 3
TE Atk Fo% 2l uig vidy

A4 A OB ATAG A AT AHE

rLl[o
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HolZEy Qt}l B dApais U3 d-s=e
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3520l g A3t Aol AL 43
o} B33 34 1003]9F 100032 3Hch
A= 1.0 x 1077 1.0 x 10°2.2 ato] 71813}

Falae SRS FRHFH R

(Table 10) Comparable displacements by the other
paper results

(Table 12) Comparable axial forces of the
other paper results

Cable Axial forces(kN)

Thronton(3) Nuholu(1) Present

204.46 204.45 205.05

5 204.95 204.92 204.86
13 205.87 20570 20551
25 163.12 163.14 163.05
40 163.22 163.24 162.77
52 163.30 163.33 162.95
60 163.36 163.37 163.29
o4 167.79 163.63 163.75

Node Vertical displacement(m)
Thornton(3) Nubholu(1) Present
34 0.000 0.000 0.000
1 0.136 0.136 0.1343
3 0417 0.417 0.4180
7 1.143 1.144 1.1448
13 0.507 0.508 0.5094
19 0.293 0.294 0.2932
23 0170 0170 0.1707
25 0.009 0.069 0.0680

Present analysis:

Tolerance: 1.0 x 10™

Iteration number=100

FEM model:

64 cables and 62 membrane elements

(Table 11) Comparable displacements by tolerance
and iteration number

Present analysis:
Tolerance: 1.0 x 10*
Iteration number=100

(Table 13) Displacements of HP cable net by loads
Nodal displacements(m)

Node

445 kN 10 kKN 50 kKN | 100 kN
34 0.000 0.000 0.000 0.000
1 0.075 0.160 0.555 0.838
3 0.167 0.359 1253 1.873
7 0233 0513 1.925 2908

13 0.262 0.583 2.367 3.588
10 0.008 0.190 0.749 1.091
11 0176 0.397 1.567 2310
12 0.237 0.533 2153 3.232

Tolerance: 1.0 x 10
Iteration number=100

(Table 14) Tensile forces of HP cable net with glass

Node 1&%"1@1 disPlacemeT(()?o)ﬂ fiber membrane by loads
34 0.000000000 0.000000000 Cable =10 ngslf; force;(()kllj)N TN
1 0.134304328 0.134304328 -
3 0418036248 0418036248 184% | 14017 | 1349 | 763
7 1.144856232 1.144853184 5 184.16 140.09 15.09 11.32
13 0.509406144 0.509406144 13 183.91 140.03 16.49 15.75
;g 8%;3%2;5 gigggg;%g %5 18378 | 14000 | 1739 | 1890
% 0.063069460 0.068044600 29 268.40 329.99 759.98 11344
Present analysis; 30 267.44 32857 75457 1124.2
Toler@ce: 1.0 x 10° 31 266.78 327.56 749.74 1114.5
g;;“"“ number=100, 1000 n 26646 | 32706 | 74677 | 11074
model: - —
64 cables and 62 membrane elements Toler.ance. 10 x 10
Iteration number=100
27t Xo|x _53
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(Table 15) Displacements of HP cable net with glass 3.3 =0{&l AH0|E YIE FX9| H|MEsHA
fiber membrane by loads N 8 yerze WA
Node Nodal displacements(m) H? i‘ijj] A ecﬁ;ﬂ Aol & "ﬂ-—.:rL —1; N g
445 KN 10 kKN 50 kKN | 100 kKN M8 385tz 3} 1638 Galileos 917 Al
0075 0519 0.550 0.827 ol&o] FEAolztal Ttk 1691 Bernoulli,
0165 0.354 1.231 1.836 Leibnittz, Huygens= 7MW E] F4, 5 d4=410]
7 0.229 0.502 1.881 2.387 gt AEAX T 1891d Routhe= A8 &4 71
1B | 0256 0570 | 2289 | 3459 Y] o] tiat WS A1$ia, 19819 Irvine
10 | 0081 | 0187 | 078 | 108 o agrangian WAAE olate] W) Fee)
no| om0 | LA | 239 g0 o dEAe ARETh B ATeiae
2L 020 ] 02 | 2B L35 gga gue) Aol vETE, A%l dad =
Iteration number=100 0178 ﬂ] o]% L‘”.E_‘?'}_q EH?} H]/‘\j@oéﬂfﬁ,% ‘/r\‘ﬁg 3]’

|
o 1 A3E B3 AolEe A =4 4
Fel= <Fig. 10>9] 2y} Y
o} v A Ao FHEQ A= 1.0 x 107, FEE=5
3= 1003 =2 ATk

Displacemeni(m)

Disp

(Fig. 11) Deformation shape contours of HP cable net
and glass fiber membrane
(contour range: 0-3.123m, all nodal loads: T00kN) 1 3 7 13 18 23 e

Node

(Fig. 13) Vertical displacements of a flat cable
net by nodal loads T00kN, 50kN, T0kN, 4.45kN

Displacement(m)

3.5
(Table 16) Displacements of a flat cable net
3.0
25 Nodal displacements(m)
' Node (sag ratio h/L=0.0)
Dlsp 445kN | 10kN | B50kN | 100kN
15 1 0.460 0.720 1.446 1.882
1.0 3 1.057 1.621 3.182 4125
o 7 | 1583 | 237% | 4685 | 6082
13 1.737 2.689 5.343 6.945
0.0 19 1543 2376 4685 6.082
1 10 20 30 40 50 60 70 80 90 100
23 1.057 1.621 3.182 4125
Step 25 0.460 0.720 1.446 1.882
(Fig. 12) Vertical displacement of HP cable net under Tolerance: 1.0 x 10°

iteration step number(all nodal loads: 100kN) lteration number=100

54 _H 163 M3z SH652, 2016. 9
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(Fig. 14> Deformation shape contours of a flat cable
net and glass fiber membrane
(contour range: 0-6.945m, all nodal loads: T00kN)
(Table 17) Displacements of a trailing cable net
Nodal displacements(m)
Node (sag ratio h/L=0.016)
4.45kN 10kN 50kN 100kN
1 0.093 0.337 1.032 1.460
3 0.230 0.750 2237 3.159
7 0332 1102 3.306 4.670 (Fig. 16> Deformation shape contours of a trailing
13 0.366 1.252 3.790 5357 cable net and glass fiber membrane(sag ratio=0.016,
Tolerance: 1.0 x 10* contour range: 0-5.357m, all nodal loads: T00kN)
Iteration number=100
6 Displacement(m)
5 o
4 5 I
A 4 I 4
Disp 3
2
| A A A
1
. A A A A
1 3 7 13 19 23 25
Node , m S “ -

(Fig. 15) Vertical displacements of a trailing (Fig. 17> Saquare cable net modeling(span=100m, 200m)
cable net by nodal loads 1T00kN, 50kN,
T0kN, 4.45kN

<Figs. 13~15>°|4 ol AolEe] nlHdFs|A]
271892 2E AolEd 225kNS 48314
: £1003), £HL2A+= 1.0 x 1072
ek PEo] AgshE Aol BAHL 10

0] 3k ZEE ARSI AT 2
FIA A S 445KN°] 28 A] 4744, 10kNe] (Fig. 18) Displacement of square cable net
218 Al 2158, 50kNo] Z-& A] 1418, 100kN©] (span=100m, sag ratio=0.0, pretension="100kN,
29 A] 12087} ZolSQa awe] A BlE= contour=0-6.940m)
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(Table 18) Displacements of square cable net
(span=100m)

Nodal displacements(m) by pretension 100, ;
200, 300kN 5
No ;
sag=0.07 sag ratio=0.0 4
100kN 100kN | 200kN | 300kN Disp
56 0.000 0.000 0.000 0.000 2 A
57 0.193 2.708 1.429 0.958 1 L’* A
58 0.302 4.660 2447 1.640 0
59 0.366 5961 | 3123 | 2092 ¥oo%® w0 e e s M e
60 0.402 6.700 3.507 2.349 Node
61 0414 6540 3.632 2433 (Fig. 19) Displacements of square cable net
62 0.402 6.700 3.507 2.349 (span=100m)
63 0.366 5.961 3123 2.092
64 0.302 4.660 2447 1.640
65 0.193 2.708 1.429 0.958
66 0.000 0.000 0.000 0.000

Span: 100m x 100m

Tolerance: 1.0 x 10°

Number of nodes=121

Number of elements=121 cable elements and 400
triangular membrane elements

Load=10kN(all nodes) |
0 . 4

57 58 59 60 61 62 63 64 65

Disp

L4
L4

VS
<

L4

L4

\d
4

Node
(Table 19) Displacements of square cable net

(Fig. 20) Displacements of square cable net
(span=200m)

(span=200m)

Nodal displacements(m) by pretension 300,
No 400, 500kN
sag=0.10 sag ratio=0.0
100kN 300kN 400kN 500kN
56 0.000 0.000 0.000 0.000
57 0513 7462 5714 4.605
58 0.726 12.830 9.792 7.880
59 0.815 16.410 12.499 10.051
60 0.854 18.450 14.039 11.285
61 0.865 19.112 14.539 11.685
62 0.854 18450 14.039 11.285 (Fig. 21) A spoke wheel cable net(span=100m)
63 0.815 16.410 12499 10.051
64 0.726 12.830 9.792 7.880 P
65 0513 7.462 5.714 4,605 AT
66 0.000 0.000 0.000 0.000

Span: 200m x 200m

Tolerance: 1.0 x 10°

Number of nodes=121

Number of elements=121 cable elements and 400
triangular membrane elements

Load=40kN(all nodes)

(Fig. 22) Top view of a cable net(span=100m)
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(Table 20) Displacements of a spoke wheel cable net
(span=100m)

Pre- Vertical displacement(m)
tension sag=0.05 sag=0.075 sag=0.10
100 0.608 0.374 0.228
200 0.560 0.335 0.19%
300 0511 0.304 0.175
400 0478 0.283 0.170
500 0459 0.266 0.165

Tolerance: 1.0 x 10°

Ridge and valley cable: 60mm
Bracing cable=12mm

Elastic modulus=190GPa
Nodal load=25kN

0.8 Displacement(m)

o8 0\’\0\,\‘
Disp 04 I\-\
0.2 A A A

0.0

A

100 200 300 400 500

Pretension

(Fig. 23> Displacements of a cable net(span=100m)
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