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Abstract:  

Cable-net structures are used for many structural purposes, such as stadiums, 

roofs, bridges…etc. They are lightweight structures that can be used in unique 

construction at an effective cost. Geometrical nonlinearity governs the 

performance of cable net systems. This particular system can equilibrate applied 

loads by undergoing significant deformations with small strains. Therefore, the 

cable-net structures require to attain a suitable degree of prestressing to prevent 

cables from slacking and to obtain specific geometry and function. The effective 

numerical approach is applied for computing the desired level of prestress for a 

three-dimensional cable-net model and a conical cable-net model. The targeted 

prestress is achieved considering the nonlinear behavior of cables. The nonlinear 

member variation is introduced as a second-order function of displaced joints. 

Then used in determining the desired prestress. Two numerical examples are 

conducted using the present technique and the nonlinear analysis of SAP2000. 

Both of the analysis outcomes for the models showed a very well agreement with 

reaching the target. However, using the Euclidean norm index with a value of 

0.0809 in the first example confirmed that the current technique is more 

approachable to the desired prestress. In addition, when the value of actuation is 

pre-determined and used in computing the degree of prestress, both the present 

approach and SAP2000 software work equivalently, as seemed in the second 

example, which showed 0.04% of the maximum difference in the prestress 

computation. 

 

Keywords: Cable-net; Prestress; Geometric Nonlinearity; Self-Equilibrate; 

Force Method.  

 
 

1. Introduction 

Cable-net structures are tensile structures whose stability is dependent on the axial tensile force alone. 

The majority of cable-net structures are kinematically indeterminates; therefore, they rely on their 

geometrical flexibility follow-on their self-equilibrated state [1]. Prestressing is essential in cable-net 

systems to attain the looked-for shape, stiffness, and stability [2]. Moreover, the level of prestressing 

has a direct influence on indicating the load tolerance capability, expenses, and shape deformation [3]. 

The cable-net form is generally determined via its nodal positions, and it has highly flexible geometry. 

Thus, taking into account the geometric nonlinearity during the prestressing is crucial [4-7].  

Many research publications have been conducted to find out the optimal degree of prestressing for 

various tensile structures. Pellegrino [8] developed an approach based on the linear force method, 

assuming small deformation, to find out the prestressed mechanism and the loading conditions that 

have an effect on causing cable looseness. Kwan and Pellegrino [9] used the least squares analysis 

technique to calculate the state of prestress in particular and optimal situations with preselected 

actuators equal to the number of self-stress states. However, You [10] prestressed cable structure by 

altering the member length of the cables, and similarly controlled the nodal positions by charging the 
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prestress degree above the lower limit. Dong and Yuan [11] used a space grid system to determine the 

preliminary internal force during the pre-tensioning process. Subsequently, they computed the 

controlled prestress force via pretensioning the elements of the space grid that were requested in the 

design.  

Consequently, when large deformation and geometric nonlinearity are engaged, the linear techniques 

become inaccurate or unacceptable [2, 6, 12-15]. Hence, a more validated technique is desired to deal 

with the large deformability and geometric nonlinearity issues. Utilizing a Simulated Annealing 

Algorithm (SAA) with the developed nonlinear force method. An iteration procedure is applied to 

attain the nonlinear controlling of the nodal of the prestressed cable-net [6]. In a later study, a Dynamic 

Relaxation Method (DRM) was inserted as a linear force method for displacement control to reach 

nonlinear nodal controlling for geometrically nonlinear prestressed systems [2]. Guo and Zhou [12] 

took benefit from the nonlinear behavior of a negative Gaussian-curvature cable dome to propose a 

pretension algorithm relying on the iterative procedure amid the targeted internal stress and required 

prestressing level. 

The cited researche demonstrates that in order to determine the prestressing level of statically and 

kinematically indeterminate cable structures, an algorithm, and iteration from developed linear 

approaches are validated and applied. It was suggested that, despite mechanical and modeling 

imprecision, the quantity of member alteration created could result in self-equilibrated conditions [9, 

16]. Therefore, this work is carried out to apply an effective nonlinear technique derived based on the 

force method that both the equilibrium and compatibility matrices are formulated depending on the 

topology at a fully deformed shape. The targeted prestressing level is computed by the nonlinear 

amount of actuation in 3D and conical cable-net models. The calculated amount of total actuation was 

then validated by comparing it with the nonlinear analysis results of SAP2000. 

The layout of this article is as follows. Section 1 presents a general introduction and review of the 

literature. In Section 2, the basic equations of the force method are introduced and related to nonlinear 

member actuation. The short form of a nonlinear single element of member actuation for structures 

with nonlinear geometrical behavior is given in Section 3.Two numerical examples of the space and 

conical cable-net models using the nonlinear technique and SAP2000 are presented in Section 4. 

Finally, some conclusions are presented in Section 5. 

2. Nonlinear Force Method 

The general self-equilibrated prestressing state and the compatibility equations can be expressed as: 

(1)   0oH d T   

(2)    oG d d e d  

where H(d) is the equilibrium matrix at the deformed configuration, To is the internal force. G(d) is 

the compatibility matrix at the deformed configuration, and d and eo(d) are nonlinear nodal 

displacement and member actuation, respectively. It is proved by the virtual work that GT(d)= H(d) 

[17].  

3. Nonlinear Member Actuation 

We now proceed to derive the nonlinear actuation equations for a general bar in 3D space, as shown in 

Figure 1. The cable element is determined as a bar that contains tensile axial force while prestressed. 

Deem a bar o-h with node coordinates (xo, yo, zo) and (xh, yh, zh), and initial length lo facing deformability 

during prestressing by shortening amount of eo so that it ends up in new position o'-h' with end 
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coordinates (xo’, yo’, zo’) and (xh’, yh’, zh’) and new length of l’, see Figure 1. Adopting the abbreviation ( 

)ho = ( )h – ( )o, the member length after prestress is: 

(3) '  o ol l e  

Similarly, looking back to Figure 1, the l’ can also be expressed as:  

(4)      
2 2 2

' ho ho ho ho ho hol x dx y dy z dz       

Equation (4) can be rewritten as   
1

2 2 2' 1o ol l B l  , where  2 2 2 2ho ho ho ho hoB dx dy dz x dx   

2 2ho ho ho hoy dy z dz  .  

Utilizing Taylor’s series in expanding B gives an infinite-term summation of the function by deriving 

the term of that function at a specific point. This means that the original function will be equal to the 

sum of its derived terms at this point [13]. 

 
Figure 1: Displacement and member length during prestressing process 

Now applying the Taylor series expansion on l’  yields [7, 13, 14]    
2

2 2' 1 1 2 1 8o o ol l B l B l  

... , then substituting the B into the expansion and equalizing (3) by (4) gives the nonlinear required 

amount of member actuation as a second order function to the nodal position in the deformed 

configuration as below: 

  

(5) 

2 2 2

2 2 2 2 2 2

3

3 3 3

2

2
      

      

ho ho ho ho ho ho ho ho ho

o o

ho ho ho ho ho ho

o

ho ho ho ho ho ho ho ho ho ho ho ho

o o o

oe
x dx y dy z dz dx dy dz

l l

x dx y dy z dz

l

x y dx dy x z dx dz y z dy dz

l l l
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In (5), some terms with trivial effects have been ignored. Referring to (1), the member internal axial 

force in equilibrium due to large deformation and member length alteration after prestressing process 

can be set to the x-, y-, and z-components as: 

(6) 

cos

cos

cos

o o

o o

o o

T x T

T y T

T z T













 

where cos ho ho o ox dx l e    , cos ho ho o oy dy l e    , and cos ho ho o oz dz l e    . The 

relation between the nonlinear amount of member actuation and the member prestress can be presented 

in the constitutive relationship as: 

(7)  o oFT e d  

where F is the flexibility matrix and can be provided from the element modulus of elasticity E, cross-

sectional area ao, and initial member length lo as o ol Ea [6, 18-20].  The general form of the algebraic 

system can be written as: 

(8) 
2 2 2 2 2 2 2 2 2

3

3 3 3

2 2

oFT ho ho ho ho ho ho

o

ho ho ho ho ho ho ho ho ho

o o

ho ho ho ho ho ho ho ho ho ho ho ho

o o o

x dx y dy z dz

l

dx dy dz x dx y dy z dz

l l

x y dx dy x z dx dz y z dy dz

l l l

 
 

   
 

 

 

Equation (8) is a system of nonlinear equations that require mathematical nonlinear solver methods 

such as substitution or elimination techniques. Since, the arrangement of the nonlinearity is defined as 

power 2, any technique that solves a nonlinear algebraic system can be used; however, in this work, 

fsolve in MATLAB is used. 

4. Numerical Examples 

The validation of the technique is examined through two numerical examples, namely 3D cable-net 

and conical cable-net models. The same two models were analyzed in SAP2000 software using 

geometrical nonlinear analysis regarding large deformation. The comparison has been made between 

the outcomes of the proposed technique and SAP2000 and tabulated in the following subsections.  

4.1 3D Cable-net Model 

The 3D cable-net model shown in Figure 2, has 14 nodes that the x, y, and z coordinates are shown in 

Table 1. Eight of them are pinned and shown with black solid connectors. It consists of 21 members 

with the axial stiffness of 40,000 N. The targeted degree of prestress (To) for all the cables is determined 

as shown in the 6th column in Table 1. The prestressing process is performed by pre-indicating the 

required member pretension force for all members. The present technique has been applied to attain 

the targeted prestress (To
*) using fsolve in MATLAB, and the results came out as shown in the 7th 

column in Table 1. The other findings of the present technique, such as the 3D nodal displacements of 

the free nodes and the required amount of nonlinear member actuation, are tabulated in Table 2. As a 

practical consideration, only members 7, 8, 9, 10, 19, 20, and 21 are selected as actuators, while the 

remaining cables are set to be unchangeable in length. The total amount of shortening is 13.1514 mm. 

Later, the results are validated by nonlinear analysis results of the same model using SAP2000 finite 

element analysis software. At this stage, the same quantity of members shortening is assigned to the 
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same cables. The outcomes of the computed prestress and nodal displacements are presented in the 8th 

column in Table 1 and columns 2-7 in Table 2.  

For testing the accuracy and closeness to the desired prestress level, the Euclidean norm (l2-norm) [15] 

is used as an evaluation index, as presented in Table 1. The l2-norm is defined as *

2o oT T and 

2
'o oT T to indicate the discrepancy between the vectors of targeted prestress and the calculated 

prestress by the present technique and SAP2000 respectively. The smaller value of the Euclidean norm 

is 0.0809 with the present technique showing that it is more accurate and more approachable to the 

desired target in comparison to To'. Regarding the nodal displacements, the computed dx, dy, and dz 

by the present technique have a very good agreement in comparison to the SAP2000 results as shown 

in Table 2. Figure 3 shows the amount of discrepancy between the targeted prestress and the present 

technique prestress, as well as To and SAP2000 prestress for the cables labeled in column 1 of Table 

1. For some cables (10 members) the computed prestress by SAP2000 is closer to the targeted To, 

while for the other 11 members, the computed one by the present technique is closer, as confirmed 

through the Euclidean norm index. 

 

Figure 2: 3D cable-net model with labelled nodes and members 
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Table 1: Nodal coordinates, cable prestress and l2 - norm 

Nodes 

Coordinates 

Cables 

Prestress (N) 

x (mm) y (mm) z (mm) To 
To*  

Present Technique 

To' 

SAP2000 

1 0 720 720 
1,2,13,14 51 50.8 50.92 

2 900 270 540 

3 1800 720 720 
3,6,15,18 29 29.03 28.88 

4 180 540 0 

5 630 270 270 
4,5,16,17 12.7 12.61 12.68 

6 1170 270 270 

7 1620 540 0 
7,9,19,21 51.1 51.08 51.32 

8 0 -720 720 

9 900 -270 540 
8,20 50.5 50.41 50.48 

10 1800 -720 720 

11 180 -540 0 
10 44.5 44.35 44.83 

12 630 -270 270 

13 1170 -270 270 
11,12 38.1 38.07 37.99 

14 1620 -540 0 

*

2o oT T  0.0809 

2
'o oT T  0.1909 

 

Table 2: Nodal displacement and cable actuation 

Nodes 

Displacement (mm) 
Actuator eo (mm) 

Present Technique SAP2000 

dx dy dz dx dy dz 7 -1.3796 

2 0 -2.5476 -1.0199 0 -2.5422 -1.0220 8 -0.9696 

5 0.1446 0.2569 -1.3495 0.1433 0.2559 -1.3368 9 -1.3796 

6 -0.1446 0.2569 -1.3495 -0.1433 0.2559 -1.3368 10 -5.6938 

9 0 2.5476 -1.0199 0 2.5422 -1.0220 19 -1.3796 

12 0.1446 -0.2569 -1.3495 0.1433 -0.2559 -1.3368 20 -0.9696 

13 -0.1446 -0.2569 -1.3495 -0.1433 -0.2559 -1.3368 21 -1.3796 

Total Actuation (mm) 13.1514 
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Figure 3: Prestress difference between targeted prestress and present technique and also targeted 

prestress and SAP2000 for 3D cable-net model 

4.2 Conical Cable-net Model 

As a second example, a conical cable-net structure as shown in Figure 4 prestressed by the present 

approach. The system consists of 24 cables labeled as shown in figure 5, and they have an axial 

stiffness (EA) of 104 N/mm2. The model has 18 nodes, as shown in Figure 4, and the coordinates are 

tabulated in columns 2-4 of  

Table 3: Conical cable-net nodal coordinates and displacements. Joints 2, 4, 6, and 13-18 are restrained 

against x-, y-, and z- directions translation, while joints 1, 3, and 5 are restrained only in vertical (z) 

direction. Nodes 6-12 are free to move in all directions. The prestress of this model started by 

determining the member shortening of cables 19-24 by 9 mm and cables 7-12 by 5 mm, as shown in 

column 4 of Table 4, which results in 84 mm of the total amount of member actuation that prevents 

any slack of the cables. Via using equation (8), the required pretension for all members is attained and 

presented in Table 4 (column 2). The exterior nodal displacement also came out, as presented in 

columns 5-7 of  

Table 3: Conical cable-net nodal coordinates and displacements.  

Similarly, the conical cable-net system is modeled and prestressed in SAP2000 software with the same 

given properties of joints, connectivity members, and supports. The identical amount of member 

actuation as member deformation in the load case is assigned to the above-mentioned cables. Then it 

is analyzed by selecting nonlinear geometrical considerations with large deformability. The joint 

displacement output is shown in  

Table 3: Conical cable-net nodal coordinates and displacements (columns 8-10), and the member 

pretensions output is presented in Table 4(column 3). The maximum difference percent of the 

displacement resultant between the present technique and SAP2000 is 0.01%, while the maximum 

discrepancy percent for prestress level is 0.04% as shown in figure 6. These findings show the great 

consistency and precision of the proposed approach in computing the required degree of prestress 

without causing any slack in any member.  
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Figure 4: Conical cable-net model with labelled nodes 

 

Figure 5: Top view of the conical cable-net model with labeled cables 
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Table 3: Conical cable-net nodal coordinates and displacements 

Nodes 

Coordinates  

mm 

Displacements (mm) 

Present technique SAP2000 

x y z dx dy dz dx dy dz 

1 500 800 2000 -0.13605 0.25208 0 -0.13605 0.25207 0 

2 700 800 2000 0 0 0 0 0 0 

3 800 600 2000 0.36521 0 0 0.36520 0 0 

4 700 400 2000 0 0 0 0 0 0 

5 500 400 2000 -0.13605 -0.25208 0 -0.13605 -0.25207 0 

6 400 600 2000 0 0 0 0 0 0 

7 420 950 1000 2.42820 -4.61710 -5.68460 2.42818 -4.61715 -5.68466 

8 780 950 1000 -2.40600 -4.57380 -5.64970 -2.40595 -4.57384 -5.64983 

9 950 600 1000 -3.92790 0 -5.30870 -3.92774 0 -5.30872 

10 780 250 1000 -2.40600 4.57380 -5.64970 -2.40596 4.57384 -5.64983 

11 420 250 1000 2.42820 4.61710 -5.68460 2.42818 4.61714 -5.68466 

12 250 600 1000 3.86180 0 -5.26860 3.86166 0 -5.26859 

13 300 1200 0 0 0 0 0 0 0 

14 900 1200 0 0 0 0 0 0 0 

15 1200 600 0 0 0 0 0 0 0 

16 900 0 0 0 0 0 0 0 0 

17 300 0 0 0 0 0 0 0 0 

18 0 600 0 0 0 0 0 0 0 

Table 4: Conical cable-net elements, member prestress, and element actuation 

Cables 
Prestress (N) 

eo (mm) 
Present technique SAP2000 

1,4 6.8104 6.8103 

0 2, 3 7.3148 7.3147 

5,6 7.3676 7.3674 

7,10 4.6076 4.6075 

-5 8,9 5.6949 5.6948 

11,12 5.6917 5.6917 

13,17 46.3540 46.3542 

0 
14,16 46.5490 46.5492 

15 45.7450 45.7446 

18 45.9650 45.9646 

19,23 47.5640 47.5639 

-9 
20,22 47.7590 47.7586 

21 46.7130 46.713 

24 46.9320 46.9316 

Total actuation (mm) 84 
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Figure 6: Prestress difference between the present technique and SAP2000 for the conical cable-net 

model 

5. Conclusion 

In this paper, the application of the nonlinear prestressing technique has been performed on a three-

dimensional cable-net system and a conical-shaped cable-net system. The present approach is based 

on the nonlinear force method, using nonlinear member actuation as a function of deformed nodal 

displacement. The findings are validated with the outcomes of nonlinear geometric finite element 

analysis by SAP2000. The applied technique can be used either by indicating the pre-level of desired 

prestress as in the 1st example or by introducing the amount of member actuation as in the 2nd example. 

The Euclidean norm index is employed to specify the precision of the technique. It got out to be 0.0809 

and 0.1909 when the closeness of the present technique and SAP2000 was measured concerning the 

targeted prestress, respectively. Generally, the conclusions can be summarized as: 

1. The present method is applicable for prestressing space cable structures. 

2. The applied approach is very accurate in computing the targeted prestress when it is pre-

determined. It can be seen in the 2nd cable-net numerical example that the maximum difference 

between the targeted and computed current prestress was 0.2, while it was 0.33 with the 

computed prestress via SAP2000. 

3. The present technique is equivalent when the amount of member actuation is pre-indicated. It is 

confirmed in the conical cable-net example that the maximum discrepancy between the applied 

technique and SAP2000 was only 0.0004. 

4. The slack of the cables can be prevented through the required member actuation. The total 

actuation for attaining a particular state of prestressing for the 3D cable-net was 13.1514 mm 

using 7 cables out of 21 members, but it was 84 mm for the conical cable-net via 12 members 

shortening. 

5. These results are not the optimal solution for reaching the desired prestress level. Although, 

trying different cables may result in a more optimal set of actuators. 
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