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Abstract. Optimization of the construction scheme of the cable-strut tensile structure based on error sensitivity
analysis is studied in this paper. First, the element length was extracted as a fundamental variable, and the relationship
between element length change and element internal force was established. By setting all pre-stresses in active cables
to zero, the equation between the pre-stress deviation in the passive cables and the element length error was obtained
to analyze and evaluate the error effects under different construction schemes. Afterwards, based on the probability
statistics theory, the mathematical model of element length error is set up. The statistical features of the pre-stress
deviation were achieved. Finally, a cable-strut tensile structure model with a diameter of 5.0 m was fabricated. The
element length errors are simulated by adjusting the element length, and each member in one symmetrical unit was
elongated by 3 mm to explore the error sensitivity of each type of element. The numerical analysis of error sensitivity
was also carried out by the FEA model in ANSYS software, where the element length change was simulated by
implementing appropriate temperature changes. The theoretical analysis and experimental results both indicated that
different elements had different error sensitivities. Likewise, different construction schemes had different construction
precisions, and the optimal construction scheme should be chosen for the real construction projects to achieve lower
error effects, lower cost and greater convenience.

Keywords: cable-strut tensile structures; error sensitivity analysis; construction scheme; statistical analysis;
model experiment

1. Introduction

The cable-strut tensile structure is a type of flexible structure composed of cables in tension and
struts in compression. Benefiting from the high strength of the tension cables and the adjustable
stiffness distribution by pre-stress, the cable-strut tensile structure has the advantages of large span,
good economic performance and lightweight features. Well-known tensile structures include the
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Olympic gymnastics hall in Seoul, the Redbird Arena and the Georgia Dome in the United States,
the La Plata Stadium in Argentina, the Tao-Yuan County Arena in Taiwan, the Kuala Lumpur
Stadium in Malaysia, and the Shenzhen Bao’an Stadium and the Foshan Century Lotus Stadium in
China. The cable-strut tensile structure performs excellent bearing capacity, not only because of
the high strength of the tension cables and the adjustable stiffness distribution by pre-stress but
also because it makes full use of the pre-stress in providing stiffness and saving the material. Thus,
accurate pre-stress distribution is a guarantee and premise of superior bearing performance.
However, before construction, the pre-stress of the structure is zero. As construction progresses,
the pre-stress will increase and will achieve the final pre-stress at the completion of the
construction. Thus, the validity and rationality of the construction techniques determine the
accuracy of the pre-stress distribution, which means that the construction techniques perform an 1
important role in the pre-stress distribution and guarantee excellent bearing capacity of the
structure.

Over the last two decades, research on the construction technique of the cable-strut tensile
structure has been conducted. Many construction schemes and form-finding methods for different
equilibrium states during the whole construction procedure were investigated (Barnes 1999, Jeon
and Lee 2000, Chen and Dong 2013, Coyetty and Guisset 1988, Deng et al. 2005, Dong and Yuan
2007, Greco and Cuomo 2012, Maurin and Motro 1998, Ye et al. 2012, Zhang and Ohsaki 2016).
The existing methods were mostly based on theoretical calculation, in which construction errors
were not considered. However, because of the complicated working conditions and other negative
effects, construction errors are inevitable, including the element length error, installation deviation
error, pinhole machining error, node or anchorage size error and temperature deviation error,
resulting in deviations between the real and theoretical pre-stress distributions (Liu et al. 2012,
Zhang et al. 2014).

The previous studies showed that the pre-stress deviation is very sensitive to the performance
of the bearing capacity (Gao et al. 2005, Peng and Wu 2004). Thus, it was important and necessary
to evaluate the error sensitivity of different elements and the construction precision of different
construction schemes. Over the last ten years, many error sensitivity analysis studies have been
reported, most of which were based on the probability theory or orthogonal design method (Gao et
al. 2005, Guo et al. 2009, Peng and Wu 2004, Wang et al. 2012, Zhang 2008, Zong et al. 2012).
With the probability theory, the errors were modeled with a group of stochastic errors conforming
to a certain distribution. In the orthogonal design method, the errors were modeled with some
groups of deviation levels. The error sensitivity was then determined by evaluating their effects on
the distribution of the initial pre-stress and structural static and dynamic behavior. Thus far, error
sensitivity studies considering errors that conform not only to a certain distribution but also to the
mathematical statistical law have not yet been reported. Likewise, further research on the
construction of precision and error effects of those construction schemes and the optimization of
construction schemes based on error sensitivity analysis have not been reported.

In this paper, the element length error sensitivity analysis and optimal construction scheme
method are explored through theoretical analysis and experimental study. With the implementation
of the proposed method, the error sensitivity of different elements can be analyzed, and elements
with high error sensitivity whose lengths should be controlled exactly are found. Likewise, after
analyzing and comparing the different error effects of different construction schemes, the optimal
construction scheme should be chosen for the real construction projects to achieve low error
effects, low cost and greater convenience.



Optimization of the construction scheme of the cable-strut tensile structure based on... 1033

2. Error sensitivity analysis method

To explore effective construction schemes that have the ability to control and reduce
construction error effects, the error sensitivity of each element was analyzed in the first stage.
Among all construction errors, the element length error is an important construction error and was
taken as the main variable. The relationship between the element length change and element
internal force change was established to evaluate the error effects caused by element length error,
such as pre-stress deviation and shape deviation. In a cable-strut tensile structure, setting the
element number as b, the node number as n, and the support constraint node number as c, the
following equilibrium equation (Eq. (1)) (Pellegrino and Calladine 1986, Pellegrino 1993),
physical equation (Eq. (2)) and geometric equation (Eq. (3)) can be established.

At=P (D
t=M(e-e,) 2)
Bd=e (3)

where ¢ is the internal force vector (bx1); P is the nodal load vector ((3n—c)x1); d is the node
displacement vector ((3n—c)x1); e is the member expansion (bx1); ey is the initial member
expansion (bx1); M is the element stiffness matrix (bxb); M;; = EA; / I; with E;, A;, and [; as the
elastic modulus, section areas and lengths for element i, respectively; A is the equilibrium matrix
((3n—c)xb); and B is the coordinate matrix (bx(3n—c)), B = A’. Combining Eq. (1), Eq. (2) and Eq.
(3) leads to
t=MA" (AMA"Y'P+M(A" (AMA")'AM - I)e,
=t, t,

“4)

d =(AMA") (P + AMe,) (5)

Eq. (4) reflects the relationship among the initial defect length e, loading P and axial force ¢.
Eq. (5) reflects the relationship among the initial defect length e, loading P and node displacement
d. In the above equations, / is the unit matrix, #p is the additional axial force caused by load P, and
t, is the additional axial force caused by the initial defect length ey. Thus, when the load P is a
constant number, the pre-stress deviations and shape deviations of the structure are caused by the
original element length variation; when the member length changes by dey, the pre-stress and
shape change are

5t=M(A"(AMA"Y' AM - I)e, = S,e, (6)

5d =(AMA")' AM Se, = S, 5e, 7

where S, = M(A" (AMA™Y'AM — 1), S, is the stress sensitivity matrix (bxb), and (Sy); reflects the
magnification between the jth element’s original length change and the ith element’s pre-stress
deviation. S; = (AMA")'AM, S, is the shape sensitivity matrix ((3n—c)xb), and (Sa); reflects the
magnification between the jth element’s original length change and the ith element’s nodal
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displacement deviation. Eq. (6) represents the relationship between the element length deviation
and the pre-stress deviation.

3. Relationship between the pre-stress deviation of the passive cable and
the element length error based on the exact control of the active cable pre-stress

In a real cable-strut tensile project, the structural members can be classified into two different
types. The first type is the so-called “active member”, which helps lift the tensile structure. The
active member’s length is adjusted during the construction procedure, and its internal force is
recorded immediately by the jack. The second type is the ordinary “passive cable”, which has a
predetermined fixed slack length between two predefined joints. The passive cable’s internal force
is produced passively according to the balance equation and geometric equation. The pre-stress
deviation is then classified into active cable pre-stress deviation Jz, and passive cable pre-stress
deviation d¢,. Likewise, the element length error can also be classified into active cable length
error de, and passive cable length error de,o. The stress sensitivity matrix S, is rewritten as

5tc Scc Scu 5e(30 8
5tu - Suc Suu 5(3“ 0 ( )
During the construction procedure, the pre-stresses of the active cables were controlled exactly

with the help of the jack. The pre-stress deviation was zero. According to Eq. (8), the length
adjustment values of the active cable are written as

de, =-S5t
=SS, 8,100, =1 5./, )¢, =~(0e,,+5.S,,0e,) v
The length adjustment values of all cables are then written as
Se={Je, O}T (10)
Thus, the pre-stress deviations of all passive cables are expressed as
ot, =[S, S, 15, +S, e =(S, ~S,.S.S. )oe,=Rde, (11)

When the active cable number is s, R, =S,,—S,S.'S,, is the stress sensitivity matrix of the
passive cables based on the condition that the pre-stress deviation of all active cables is zero. (R));
reflects the magnification between the jth element’s original length change and the ith passive
cable’s pre-stress deviation based on the internal force of all active cables. Comparing Eqgs. (6) and
(11), it can be found that the exact control for the active cable’s internal force will change the
passive cable’s pre-stress deviation. Regarding different construction schemes, different active
cables will be adopted and different error effects for the passive cables will be produced. After
comparing the pre-stress deviation of different construction schemes, the optimal construction
scheme can be chosen as the construction scheme, with minimum pre-stress deviation for all

passive cables.
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4. The statistical features of the pre-stress deviation

The element length error mainly comes from the original length calculation error and
machining error. The original length calculation error is the deviation between the approximate
curve equation and the real shape. It also comes from temperature change, humidity change,
material property change and other factors. In this study, it is assumed that the errors are
independent, that the probability of positive or negative error is the same and that according to the
Lindberg—Levy central limit theorem, the total length error obeys the normal distribution N~(x, ¢°),
where 4 is the average error and o° is the error variance. For a random error variable obeying the
normal distribution, the proportion of errors falling in [4 — 30, u + 30] is 99.74%. Assuming that
the element length error control scope is in the range of [a, b], then

_a+b
H 2

az%@—@ (12)

where a and b are the upper and lower limits of the length error, respectively. The manufacturing
deviation of the cable-strut tensile structure can be found in the technical specification for the
cable structure (JGJ257-2012) (as shown in Table 1). According to Eq. (12), the average value and
standard deviation of the cable and strut length deviation distribution difference were obtained as
shown in Table 2.

As discussed above, this study assumes that the errors are independent, the probability of
positive or negative error is the same, and the error obeys the normal distribution N~(u.;, 0.),
where u,; and o,; are the average value and standard deviation for the ith element length error,
respectively. According to Eq. (6) and probability statistics theory, when each element length

Table 1 Allowable error of element length

Element Element length L (m) Allowable deviation AL (mm)
<50 +15
Cable 50 <L <100 +20
>100 L/5000
<5 +5
Strut S5<LZ10 +10
> 10 +15

Table 2 Error characteristic of element length

Element Length L (m) Average ¢ (mm) Standard deviation o (mm)
<50 0 5
Cable 50<L<100 0 6.67
> 100 0 L/15000
<5 0 1.67
Strut 5<L<10 0 3.33
> 10 0 5
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error is distributed independently, the distribution of the initial pre-stress deviation of each element
also obeys the normal distribution N~(u;, 6,;), where u,; and o, are the average value and standard
deviation of the ith element internal force, respectively. Among them are the following

b

My = zSnj,uej (13)
j=1
b

o, =Y S0, (14)
j=1

According to Eq. (13) and Eq. (14), the pre-stress deviation effects caused by the element
length error, namely the element length error sensitivity, can be achieved and used to evaluate the
length error sensitivity of each type of element. Likewise, the distribution of initial pre-stress
deviation of passive cables also obeys the normal distribution N~(u;;, o;) when the pre-stress in the
active cables are controlled exactly, where u,; and o,; are the average value and standard deviation
of the ith passive cable internal force, respectively. Among them are the following

b—s
Hi = thiquej (15)
=
S o
O, = ZRleo-ej (16)
=1

According to Egs. (15) and (16), the pre-stress deviation effects in passive cables caused by the
element length error can also be achieved and can be used to evaluate the error effects under
different construction schemes. After comparing the pre-stress deviation effects of different
construction schemes, the optimal construction scheme is achieved, with lower pre-stress deviation
and greater convenience.

5. Experimental study
5.1 Model design

To test the proposed method, a cable-strut tensile structure model with a diameter of 5 m, as
shown in Fig. 1, was fabricated in the laboratory. It was composed of twelve pieces of symmetrical
cable-strut units (as shown in Fig. 1(a)), and each unit included tension cables and compression
struts. The tension cables were divided into three categories: hoop cables, ridge cables and
diagonal cables, as shown in Fig. 1(b). Each type of cable was comprised of high-strength steel
wire, a cable end and a sleeve, which was used for adjustment of the cable lengths. The
compression struts consisted of strut 1 and strut 2, with a section parameter of ®15x3. All struts
also had sleeves, which were used for adjustment of the strut lengths. During the experiment, the
resistance foil strain gauge BX120-5AA was employed to measure the member internal force, and
a static data logger was used to collect the readings of the strain gauges.
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(b) Element of each symmetrical unit

Fig. 1 A cable-strut tensile structure model

5.2 FEA model in ANSYS

The element length error sensitivity of the model was also simulated by finite element analysis
in the ANSYS software program, in which the element length change was simulated by the
temperature change. The temperature change AT was described as

AT=AL/ (17)

where AL = 3 mm is the element length change in this study, a = 1.2x107 is the linear expansion
parameter, and L is the designed element length.

5.3 Model research

Ridge cable 1 (denoted as RC1), diagonal cable 1 (denoted as DC1), strut 1, strut 2, the top
hoop cable (denoted as THC) and the lower hoop cable (denoted as LHC) in unit 4 were each
elongated by 3 mm. The variations of internal forces in all elements in unit 4, unit 1 and unit 10
were measured, as shown in Tables 3-8. A positive value indicates that the element force increases,
and a negative value indicates that the element force decreases. The following are shown: (1) Any
element length change could cause force variations in all elements of the structure, which indicated
that the tensile structure had strong overall balance performance. (2) The internal force changes of
all elements caused by the element length change of ridge cable 1 and diagonal cable 1 were
similar, which indicated that their error sensitivities were similar. In the same way, strut 1 and strut
2, and the top hoop cables and the lower hoop cables also had similar error sensitivity. In
comparison, the error sensitivity of the hoop cables was the most sensitive, whereas those of the
ridge cables and diagonal cables were less sensitive, and the struts were least sensitive. (3) The
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Table 3 The element internal force changes caused by diagonal cable elongation of 3 mm in unit 4 (kN)

RC2  Strut 1

LHC

-0.31

3.14

Unit Element
No. Pre-stress
Numerical Axial force

ANSYS value  Deviation %

-0.26
-16.18

2.68
-14.52

4 Measured Axial force

values Deviation %

-0.31
0.00

2.40
-23.44

Measured error %

19.30

-10.43

Numerical Axial force
ANSYS value  Deviation %

-0.26
-15.03

2.68
-14.54

1 Measured Axial force

values Deviation %

-0.31
0.00

2.95
-6.00

Measured error %

17.71

10.00

Numerical Axial force
ANSYS Value Deviation %

-0.26
-15.01

2.68
-14.50

10 Measured Axial force

values Deviation %

-0.31
0.00

2.93
-6.76

Measured error %

17.68

Strut2 THC
-0.31  2.86
-0.26 241
-15.66 -15.74
-0.31 221
0.00 -22.89
18.56 -8.49
-0.26 241
-15.04 -15.71
-0.31  2.68
0.00 -6.17
17.78 11.32
-0.26 241
-15.02 -15.70
-0.31  2.58
0.00 -9.88
17.70  6.90

9.06

Table 4 The element internal force changes caused by ridge cable elongation of 3 mm in unit 4 (kN)

Strut 1

LHC

-0.31

3.14

Unit Element
no. Pre-stress
Numerical Axial force

ANSYS value  Deviation %

-0.26
-16.18

2.69
-14.35

4 Measured Axial force

values Deviation %

-0.31
0.00

2.89
-7.81

Measured error %

19.30

7.63

Numerical Axial force
ANSYS value  Deviation %

-0.26

-15.06

2.69

-14.32

1 Measured Axial force

values Deviation %

-0.31
0.00

2.57

-18.00

Measured error %

17.75

-4.30

Numerical Axial force
ANSYS value  Deviation %

-0.26

-15.03

2.69

-14.30

10 Measured Axial force

values Deviation %

-0.31
0.00

Strut2 THC
-0.31  2.86
-0.26 240
-15.67 -15.95
-0.31 270
0.00 -5.72
18.58 12.16
-026 240
-15.07 -15.98
-0.31  2.16
0.00 -24.68
17.81 -10.35
-0.26 241
-15.05 -15.94
-0.31 230
0.00 -19.77

2.29

-27.02

Measured error %

17.71

17.74  -4.55

-14.84
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Table 5 The element internal force changes caused by strut 1 elongation of 3 mm in unit 4 (kN)

Unit Element DC1 DC2 RC1 RC2 Strutl Strut2 THC LHC
no. Pre-stress 175 166 160 151 -031 -031 286 3.14
Numerical Axial force  1.80 1.70 1.65 156 -033 -032 295 323
ANSYSvalue  Deviation% 3.00 271 331 299 647 149 3.04 276

4 Measured Axial force  1.75 179 1.60 142 -031 -032 286 3.14
values Deviation %  0.00  7.68  0.00 -590 0.00 342 0.00 0.00
Measured error % -2.91 484 -321 -8.63 -6.08 1.90 -295 -2.68

Numerical Axial force  1.80 1.70 1.64 156 -032 -032 295 323
ANSYSvalue  Deviation% 2.75 2.63 3.03 290 299 294 304 275

1 Measured Axial force  1.75 1.66 1.60 1.51 -031 -031 286 3.14
values Deviation %  0.00  0.00 000 000 0.00 0.00 0.00 0.00
Measured error % 264 253 291 -278 288 280 -295 -2.68

Numerical Axial force  1.80 170 1.64 156 -032 -032 295 323
ANSYSvalue  Deviation% 274 2.63 3.03 291 298 293 303 275

10 Measured Axial force  1.75 1.66 1.69 151 -031 -030 286 3.14
values Deviation%  0.00  0.00 577 000 0.00 -352 0.00 0.00
Measured error % -2.66 -2.55 267 281 -2.88 -625 -294 -2.67

Table 6 The element internal force changes caused by strut 2 elongation of 3 mm in unit 4 (kN)

Unit Element DCI DC2 RClI RC2 Strutl Strut2 THC LHC
no. Pre-stress 175 166 160 151 -031 -031 286 3.14
Numerical Axial force  1.80 171 1.65 156 -032 -034 295 323
ANSYSvalue  Deviation% 291 287 3.19 3.13 154 858 3.07 279

4 Measured Axial force  1.75 1.66 1.60 1.51 -030 -030 286 3.14
values Deviation%  0.00  0.00  0.00 0.00 -333 -342 0.00 0.00
Measured error % -2.83 -2.79 -3.09 -3.04 -480 -11.05 -297 -2.71

Numerical Axial force  1.80 1.70 1.64 156 -032 -032 295 323
ANSYSvalue  Deviation% 2.78 2.66 3.05 293 301 297 307 278

1 Measured Axial force 175 166 1.60 151 -031 -031 286 3.14
values Deviation%  0.00  0.00  0.00 0.00 0.00 0.00 0.00 0.00
Measured error % -2.67 256 -293 281 -290 -2.83 -297 -2.71

Numerical Axial force  1.80 1.70  1.64 156 -032 -032 295 323
ANSYSvalue  Deviation% 2.77 2.66 3.05 294 301 296 3.06 2.78

10 Measured Axial force 175 166 1.60 151 -031 -031 286 3.14
values Deviation%  0.00  0.00  0.00 0.00 0.00 0.00 0.00 0.00
Measured error % -2.69 -258 -295 -283 -290 -286 -297 -2.70
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Table 7 The element internal force changes caused by top hoop cable elongation of 3 mm in unit 4 (kN)

Unit Element DC1 DC2 RCI RC2  Strutl Strut2 THC LHC
no. Pre-stress 175 1.66 160 151 -031 -031 286 3.14
Numerical Axial force 130 123 1.14 1.08 -023 -023 203 233
ANSYS value  Deviation % -25.80 -25.84 -28.76 -28.83 -27.17 -26.69 -28.89 -25.82
4 Measured Axial force 144 128 121 124 -027 -027 221 2.6
values Deviation % -17.75 -23.04 -24.00 -17.70 -13.30 -13.66 -22.89 -31.25
Measured error % 10.85  3.77 6.68 15.63 19.05 17.76 8.43 -7.32
Numerical Axial force 130 123 1.14 1.08 -023 -023 204 233
ANSYS value  Deviation % -25.78 -25.83 -28.79 -28.88 -27.25 -27.20 -28.79 -25.77
1 Measured Axial force 144 126 121 1.15 -027 -027 216 257
values Deviation % -17.47 -24.00 -24.00 -24.00 -1328 -11.60 -24.68 -18.00
Measured error % 11.24 2.50 6.75 6.89 19.23 21.49 5.78 10.47
Numerical Axial force 130 123 1.14 1.08 -023 -023 204 233
ANSYSvalue  Deviation % -25.76 -25.82 -28.73 -28.82 -27.24 -27.15 -28.72 -25.75
10 Measured Axial force 144 145 123 124 -028 -027 230 229
values Deviation % -17.75 -12.40 -23.07 -18.00 -10.92 -14.07 -19.77 -27.02
Measured error % 10.79 18.09 795 1522 2245 1798 12.57 -1.71

Table 8 The element internal force changes caused by lower hoop cable elongation of 3 mm in unit 4
Unit Element DCI DC2 RCl RC2 Strutl Strut2 THC LHC
no. Pre-stress 175 1.66 160 151 -031 -031 286 3.14
Numerical Axial force 129 123 1.14 1.08 -023 -022 205 232
ANSYS value  Deviation % -26.07 -26.11 -28.42 -28.48 -27.13 -27.64 -28.43 -26.22
4 Measured Axial force 144 128 121 124 -027 -027 221 240
values Deviation % -17.75 -23.04 -24.00 -17.70 -13.30 -13.66 -22.89 -23.44
Measured error % 11.25 4.16 6.17 15.07 1897 19.32 7.73 3.77
Numerical Axial force 129 122 1.14 1.08 -023 -023 205 232
ANSYS value  Deviation % -26.12 -26.18 -28.37 -28.45 -27.19 -27.15 -28.38 -26.11
1 Measured Axial force 144 126 121 124 -027 -027 233 239
values Deviation % -17.47 -24.00 -24.00 -18.00 -13.28 -11.60 -18.51 -24.00
Measured error % 1174 299 6.14 1464 19.14 2141 1379 285
Numerical Axial force 129 123 1.14 1.08 -023 -023 205 232
ANSYS value  Deviation % -26.05 -26.12 -28.35 -28.43 -27.18 -27.10 -28.35 -26.04
10 Measured Axial force 144 135 132 115 -028 -027 230 229
values Deviation % -17.75 -18.61 -17.30 -24.00 -10.92 -14.07 -19.77 -27.02
Measured error % 1123 1019 1543 620 2235 1790 11.98 -1.33
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element force changes in unit 4 were similar to those in other units, exhibiting no phenomenon in
which the force changes in the nearer position to unit 4 were more obvious than those in the farther
position to unit 4, which again indicated that the structure had strong overall balance performance.
(4) The measured values and computed results of the error sensitivity analysis were almost
consistent, but there were still various errors, such as the element length error, the geometric error
in the boundary platform, and the adjustment length error. Thus, this method is an effective way to
increase the experimental precision by considering errors when building the numerical model to
simulate the real experimental model.

5.4 Element length error sensitivity analysis of the model structure
based on the proposed method

According to the proposed element length error sensitivity analysis method, the mathematical
models of the element length error can be established based on Eq. (12) and Table 2. The
sensitivity matrix S, and statistical characteristics of the pre-stress deviation were achieved based
on Eq. (6), Egs. (13) and (14), as shown in Table 9 (in the column labeled “No active cable”),
which indicated the following: (1) Ridge cable 1 and diagonal cable 1 had similar length error
sensitivity because of symmetry and because the gravity effects were not considered. In the same
way, strut 1 and strut 2, ridge cable 2 and diagonal cable 2, and the top hoop cables and lower hoop
cables also had similar length error sensitivity. They were almost consistent with the numerical
analysis results in ANSYS and the experimental results in model testing. (2) Each element had
different element length error sensitivity; in comparison, the error sensitivity of the hoop cables
was the most sensitive, whereas those of the ridge cables and diagonal cables were less sensitive,
and the struts were least sensitive; this was also consistent with the numerical analysis results and
experimental results. (3) The error standard deviation ratios among the hoop cable, ridge cable
(diagonal cable) and strut were oyc : Orec) : Osuut = 8.43 1 4.45 1 0.87, which was almost consistent
with the numerical analysis results and experimental results. As previously mentioned, the element
length sensitivity calculation results by the method proposed in this paper were almost consistent
with the numerical analysis results of the finite element analysis model in ANSYS and the
experimental results, which indicated that the proposed error sensitivity analysis method was
accurate and that the design of the model was effective.

5.5 Error effect analysis of three different construction schemes

In this study, three different construction schemes of the model structure were analyzed. The
first one was to tension the ridge cable 1. For simplicity, it was denoted as scheme 1. The next one
was to tension the diagonal cable 1. The third one was to tension both ridge cable 1 and diagonal
cable 1. Likewise, they were denoted as scheme 2 and scheme 3. According to Eq. (11), the
sensitivity matrix R, was established. According to Egs. (15) and (16), the statistical characteristics
of the passive cable pre-stress deviation, based on the pre-stress in the active cables were exactly
controlled, can also be obtained for the above three construction schemes, as shown in Table 9,
which indicated the following: (1) With the help of exactly controlling the pre-stress in some
active cables, the pre-stress deviation level was reduced, and the construction precision was
obviously increased, compared with the construction condition with no active cables. (2) Because
of symmetry and because the gravity effects were not considered, scheme 1 and scheme 2 had
similar construction precisions. (3) Compared with scheme 1 and scheme 2, scheme 3 had higher
construction precision, with lower error standard deviation. However, it featured tension in all
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Table 9 The statistical features of the pre-stress deviation under different construction schemes

Construction scheme No active cable Scheme 1 Scheme 2 Scheme 3
element Mii O My O My Oy Hii Oy
Diagonal cable 1 0 4.70 0 0.138 0 0 0 0
Diagonal cable 2 0 4.45 0 0.137 0 0.031 0 0.031
Ridge cable 1 0 4.70 0 0 0 0.138 0 0
Ridge cable 2 0 4.45 0 0.031 0 0.137 0 0.031
Strut 1 0 0.87 0 0.015 0 0.015 0 0.008
Strut 2 0 0.87 0 0.018 0 0.018 0 0.012
Top hoop cable 0 8.43 0 0.047 0 0.230 0 0.047
Lower hoop cable 0 8.43 0 0.230 0 0.047 0 0.047

outer cables, and the total number of active cables was 24. Thus, the scheme 3 construction
procedure was more complicated and the construction cost was higher. Nevertheless, the increase
level was not obvious.

6. Conclusions

According to the various construction errors and resulting in deviations between the real and
theoretical pre-stress, theoretical analysis and experimental study have been performed to analyze
and control construction error in this paper. First, the element length was taken as the variable, and
the fundamental relationship between the element length change and element internal force change
was set up based on the balance equation, geometric equation and physical equation, which can
evaluate the error sensitivity of different elements. By setting all pre-stress in the active cables to
zero, the equation between the pre-stress deviation in the passive cables and element length error
was obtained, which allows for the analysis and comparison of the error effects under different
construction schemes. Based on the probability statistics theory, the mathematical model of the
element length error was then set up, and the statistical features of the pre-stress deviation were
determined under different construction schemes. Finally, a cable-strut tensile structure model with
a diameter of 5.0 m was fabricated. The element length errors were simulated by adjusting the
element lengths, and each member in one symmetrical unit was elongated by 3 mm to explore the
error sensitivity of each type of element. An error sensitivity numerical analysis was also carried
out by the finite element analysis model in ANSYS, in which the element length change was
simulated by imposing appropriate temperature changes. The theoretical analysis and experimental
results both indicated that different elements had different error sensitivity. Likewise, different
construction schemes had different construction precision, and the optimal construction scheme
should be chosen for the real construction to achieve lower error effects, lower cost and greater
convenience.

Acknowledgments

The research described in this paper was financially supported by the National Natural Science
Foundation of China (Grants No. 51578422, 51308080), the Natural Science Foundation of



Optimization of the construction scheme of the cable-strut tensile structure based on... 1043

Zhejiang Province (Grant No. LY14E080019), the Science and Technology Project of Zhejiang
Province (Grant No. 2014C33013), the Science and Technology Project of the Ministry of
Housing and Urban-Rural Development of China (2014-K3-005), and the Qinglan Project of
Jiangsu Province.

References

Barnes, M.R. (1999), “Form-finding and analysis of tension structures by dynamic relaxation”, Int. J. Space
Struct., 14(2), 89-104.

Chen, L.M. and Dong, S.L. (2013), “Optimal prestress design and construction technique of cable-strut
tension structures with multi-overall selfstress modes”, Adv. Struct. Eng., 16(10), 1633-1644.

Coyetty, J.P. and Guisset, P. (1988), “Cable network analysis by a nonlinear programming technique”, Eng.
Struct., 10(1), 41-46.

Deng, H., Jiang, Q.F. and Kwan, A.S.K. (2005), “Shape finding of incomplete cable-strut assemblies
containing slack and prestressed elements”, Comput. Struct., 83(21-22), 1767-1779.

Dong, S.L. and Yuan, X.F. (2007), “”, Spatial Struct., 3, 3-12.

Gao, B.Q., Xie, Z.L. and Peng, W.X. (2005), “Sensitivity analysis of cables to Geiger dome structure”, J.
Zhejiang Univ. (Engineering Science), 39(11), 1685-1689.

Greco, L. and Cuomo, M. (2012), “On the force density method for slack cable nets”, Int. J. Solid. Struct.,
49(13), 1526-1540.

Guo, Y.L.,, Wang, X.A. and Tian, G.Y. (2009), “Sensitivity Study of random errors for cable tension
structure of Baoan Stadium”, Construct. Technol., 38(3), 35-39. [In Chinese]

Jeon, B. and Lee, J. (2000), “Cable membrane roof structure with oval opening of stadium for 2002 FIFA
World Cup in Busan”, Proceedings of the 6th Asian-Pacific Conference on Shell and Spatial Structures.
Soul: Hakmuh Publishing INC IASS, 2, pp. 1037-1042.

Liu, H.B., Chen, Z.H. and Niu, B. (2012), “Numerical simulation and in-situ monitoring of pre-stressing
construction of suspen-dome structures”, J. Build. Struct., 33(12), 79-84.

Maurin, B. and Motro, R. (1998), “The surface density method as a form-finding tool for tensile membrane”,
Eng. Struct., 20(8), 712-719.

Pellegrino, S. (1993), “Strucutural computation with the singular value decomposition of equilibrium
matrix”, Int. J. Solid. Struct., 30(21), 3025-3035.

Pellegrino, S. and Calladine, C.R. (1986), “Matrix analysis of statically and kinematically indeterminate
frameworks”, Int. J. Solid. Struct., 22(4), 409-428.

Peng, W.X. and Wu, H. (2004), “Sensitivity analysis of cable-truss dome structures”, Spatial Struct., 10(3),
35-39.

Wang, Z.Q., Cheng, S.H. and You, D.Q. (2012), “Research on construction techniques of cable dome roof”,
J. Build. Struct., 33(4), 67-76.

Ye, J.H., Feng, R.Q., Zhou, S.L. and Tian, J. (2012), “The modified force-density method for form-finding
of membrane structures”, Int. J. Steel Struct., 12(3), 299-310.

Zhang, L.M. (2008), “Structural analysis algorithm and structural performance research for non-fully
symmetry Geiger cable dome”, Ph.D. Dissertation; Shanghai Jiao Tong University, China.

Zhang, J.Y. and Ohsaki, M. (2016), “Form-finding of complex tengrity structures by dynamic relaxation
method”, J. Struct. Construct. Eng., 81(719), 71-77.

Zhang, Y.Q., Zhang, Z. and Ding, J.M. (2014), “Construction tension simulation analysis and monitoring of
Ji ning Gymnasium Roof”, Construct. Technol., 43(14), 96-102.

Zong, Z.L., Guo, Z.X. and Lu, F.W. (2012), “Error control and adjusting method of cable dome construction
process”, Architect. Technol., 43(10), 891-894.

cc





