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Abstract. The stability of cable-net structures depends on the prestress of the system. Due to the large displacement and 
mutual effect of the cables, it is difficult to simulate the tensioning process and control the forming accuracy. The Backward 
Algorithm (BA) has been used to simulate the tensioning process. The traditional BA involves complicated and tedious 
matrix operations. In this paper, a new numerical method based on the Vector Form Intrinsic Finite Element (VFIFE) 
method is proposed for BA application. Moreover, the tensioning sequence of a complex cable-net structure is introduced. 
Subsequently, a new approach for BA application in the simulation of the tensioning process is presented, which combines 
the VFIFE approach and the notion of form-finding. Finally, a numerical example is simulated in detail and the results of 
different tensioning stages are analyzed to verify the feasibility of the proposed approach. This study provides a significant 
reference for improving the construction control and forming accuracy of complex prestressed cable-net structures.

Keywords: tensioning process simulation, Backward algorithm, complex cable-net structure, computational method, Vector  
Form Intrinsic Finite Element.

Introduction

Prestressed cable-net structures are flexible space struc-
tures composed of interlaced steel cables. The prestressed 
steel cables can enhance the structure with stiffness and 
spatial stability, enabling the structure to bear external 
loads. The construction of prestressed cable-net struc-
tures is closely related to the tensioning process (Nazmy & 
Abdel-Ghaffar, 2005; Cruz et al., 1998; Janjic et al., 2003). 
Due to limitations related to the tensioning machines and 
the working conditions faced on-site, cables may need to 
be tensioned in batches during the construction process. 
Thus, the application of prestress is an intricate process 
of force distribution and transmission. In addition, post-
tensioned cables affect the front-tensioned cables, and de-
termining their relationship comes with difficulties.

Numerous studies have focused on specific structures, 
such as cable-stayed bridges (Dong et  al., 2009; Reddy 
et  al., 1999; Granata et  al., 2018; Lozano-Galant et  al., 
2013) and domes (Gao et al., 2017; Liu et al., 2016). The 
main algorithms used in the literature to simulate the con-
struction process are the Backward Algorithm (BA) and 

the Forward Algorithm (FA) (Lozano-Galant et al., 2012). 
The pretension obtained by the BA can avoid multiple ad-
justments, effectively improving the tensioning efficiency. 
Thus, the BA is a commonly used algorithm (Behin, 1990; 
Behin & Murray, 1992; Wang et al., 2004). The first step of 
the BA is to design the structure in the prestressed equilib-
rium state, that is, the Objective Completion Stage (OCS) 
(Yang & Sun, 1998; Mao et al., 1995). At this stage, the in-
ternal force and geometric state of the cables are regarded 
as the initial values. Then, the cables are removed in a 
backward sequence to determine the control parameters 
for each construction stage. Moreover, backward analysis 
can also determine the changes in the nodal displacement 
and internal force, achieving the same purpose as the FA. 
Therefore, a more satisfactory assessment and evaluation 
of the construction scheme can be performed, which can 
guide the construction and improve the construction 
technology.

In general, the traditional BA involves modeling using 
complex matrix operations. To obtain the control param-
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eters of a certain stage, backward analysis is needed from 
its previous stage. For some complex cable-net structures, 
the convergence problem to be solved is always different. 
In 2004, Ting et al. (2004a, 2004b) and Shi et al. (2004) 
proposed a novel computational analysis approach named 
Vector Form Intrinsic Finite Element (VFIFE) method. 
This approach bears a novel calculation mode and de-
scribes, predicts, and analyzes the structural behavior 
through the motion of space particles. In the engineering 
field, the VFIFE method has exhibited good adaptability 
when dealing with strongly nonlinear problems. For ex-
ample, Hou et al. (2018) derived the equation for 8-node 
hexahedral elements and applied it in spiral bevel gear 
meshing problems. Xu and Lin (2017) and Ye and Nian 
(2017) analyzed the rupture of dome structures and un-
derground pipelines respectively. Li et al. (2018a, 2018b) 
analyzed the space nonlinear behavior of marine risers. 
Additionally, the VFIFE method has better convergence 
and accuracy characteristics, and is also suitable for par-
allel processing. Based on the core concept of the VFIFE 
method, convergence problems related to the simulation 
of the tensioning process of complex cable-net structures 
can be avoided.

In this study, a new approach without matrix opera-
tions is proposed, where the BA is applied to simulate 
the tensioning process of complex cable-net structures. 
To demonstrate the effectiveness and adaptability of the 
proposed approach, the Five-hundred-meter Aperture 
Spherical Telescope (FAST) active reflector, which is an 
extremely complex cable-net structure (Nan & Peng, 
2000), is selected as the simulation example. Such com-
plex prestressed cable-net structures are mostly adopted 
for flexible reflectors and deployable antennas (Shi et al., 
2021; Liu et al., 2019; Maddio et al., 2019; Yuan & Yang, 
2019; Li et al., 2016), where the construction accuracy has 
a direct impact on astronomical observation accuracy. The 
most critical tensioning process during the construction 
of such complex cable-net structures is simulated and 
the changes in the internal force are determined as well. 
This provides an innovative approach for the construc-
tion analysis of this type of complex prestressed cable-net 
structures.

1. Complex cable-net structure  
of the FAST active reflector

Figure 1 illustrates the complex cable-net structure of 
the FAST active reflector. The main cable-net is a major 
load-bearing structure attached to peripheral support. 
Each main cable node is connected to an actuator using 
a down-tied control cable, which controls the position of 
each node by modifying the cable length. Due to a large 
number of interlaced elements in the cable-net structure, 
complex forces emerge during the tensioning process.

The OCS of the FAST is the reference state of the re-
flector that serves as the BA initial state for the tensioning 
process simulation. Figure 2 presents the cross-sectional 
relationship of the reflector. In the reference state, the re-

Figure 1. The complex cable-net structure of the FAST active 
reflector: a – Real image; b – Numerical model
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Figure 2. Reference surface of the cable-net structure
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flector is a defined spherical surface with a 500 m aperture 
and 300 m curvature radius.

During the construction process, the main cables are 
braided before installation. Subsequently, the actuator 
arms are extended, connecting the control cables with 
little or no tension. Finally, the cables are tensioned by 
changing the length of the actuators. Following the sym-

Figure 3. Tensioning arrangement diagram
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metry principle, the tensioning unfolds in an inside-out 
fashion. The cables are connected and tensioned in five 
consecutive steps. Each step is ungraded and the actuators 
are directly tensioned into their place. The tensioning ar-
rangement diagram is displayed in Figure 3.

2. Novel simulation approach  
for the tensioning process

2.1. Structural discretization  
and motion description

In the proposed VFIFE method, the complex cable-net 
structure is first discretized into mass particles and mass-
less elements. The motion of particles is used to describe 
the motion of the structure, whereas the elements are uti-
lized only in the internal force calculations. Consequently, 
the particles describe the structure and serve as the carri-
ers of the spatial position, force, and deformation.

According to Figure 4, the node coordinates determine 
the position of the structure. The mass of the structure 
is assigned to the particles, and the internal and exter-
nal forces exerted on the particles reflect the internal and 
external forces of the structure. Considering the space 
particle denoted with “1” in Figure 4, the internal force 
f on point 1 results from the connected elements, while 
the external force stems from the concentrated external 
force P and the equivalent external force Fq of the uniform 
external force q. The internal force f is derived from the 
element deformation, which is related to the element ma-
terial and cross-section, and can be determined using the 
material mechanics equation from strut-and-tie models.

When describing the motion of the structure nodes, 
their entire time history is discretized into a finite number 
of tiny time steps denoted by Dt. Subsequently, the actual 
trajectory of the space particles is described by superpos-
ing the motions in each micro-segment, thus approximat-
ing the continuous motion of space particles in both space 
and time. Formally, the time history can be represented as 
an interval [t0, tf], and a series of time points t0, …, ta, tb, 
tg,…, tf divides the total time into subperiods. If the space 
particle motion in the period [ta, tb] meets the standard 
governing equation, the calculated trajectory of the space 
particle in this period is called a path element (Figure 5). 
A path element can undergo small deformation and large 
displacement. The physical properties of space particles 

(e.g., material properties and stress states) are approximat-
ed as invariants in the path element. Therefore, many large 
displacement and deformation problems can be simplified 
into large displacement and small strain problems.

2.2. Static equilibrium calculation principles

The core of the VFIFE method is structural dynamic 
analysis. When the virtual damping force FD acts as an 
energy dissipation mechanism, the amplitude of the space 
particles gradually decreases, converging eventually to a 
nearly stationary state, i.e., equilibrium. Once the virtual 
damping force FD is added, the motion of the space par-
ticles is affected by the external force, internal force, and 
damping, consequently deforming the elements. On the 
contrary, the internal force generated by the deformation 
of the elements affects the connected space particles. The 
motion of the space particles follows Newton’s second law, 
and generalized motion equations are given in Eqns (1) 
and (2):

= z  – ;D iF m x  (1)

= + = + +   ,     i n D Dm F P fx F F  (2)

where z denotes the damping coefficient. In Eqns (1) and 
(2), the damping coefficient serves solely as an energy dis-
sipation mechanism. It can be equal to an actual material 
damping for dynamic problems or an arbitrary positive 
value can be assumed for the sake of numerical calcu-
lation. The damping coefficient does not affect the final 
convergence result but it affects the convergence speed. 

Figure 4. Description of a cable-net space point

Figure 5. Schematic diagram of path elements
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Parameters , ,  and x x x   denote the space particles’ dis-
placement vector, velocity vector, and acceleration vector, 
respectively. P denotes the external force on space parti-
cles, f denotes the internal force on space particles, and Fn 
denotes the resultant force vector of the particle, excluding 
the virtual damping force, Fn = [Fx, Fy, Fz].

Equation (1) can be solved in many different ways. In 
this paper, the explicit central difference method is em-
ployed, which does not require complex iterations and is 
simpler than other traditional methods. Both x and Fn are 
functions of time t, = = ≥     (   0)nt t nh n , where h is the time 
step increment and n = 0 is the initial step. The velocity 
vector nx  and acceleration vector x of each particle can 
be respectively obtained by:

+= 1 –1  (  – ) / 2 ;n n nx x x h  (3)

+= + 2
1 –1  (  – ,2  ) /n n n nx x x x h  (4)

where xn – 1, xn, and xn + 1 denote the particle displacement 
vectors at time steps (n – 1), n, and (n + 1).

Equations (1) to (4) yield the particle motion differ-
ence expressed as:
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(5)

where the coefficients are set as follows:

= +z1  1   / 2;c h  (6)

= z2  1  – / 2.c h  (7)

The particle motion difference equations are indepen-
dent (i.e., they do not affect each other). Consequently, 
the matrix singularity problems are avoided and non-
convergence due to matrix operations in the traditional 
BA is prevented.

2.3. Novel backward algorithm

When a structure is subjected to large deformations in 
the tensioning process, its post-tensioning state is usu-
ally obtained first. The BA is an effective approach for de-
termining the zero state of a structure. Starting from the 
post-tensioning state, the structure tensioning process is 
simulated backward. In structures that require tensioning 
a large number of cables, the cables are added following 
a tensioning sequence. Conversely, the BA gradually re-
moves these cables from structures. Therefore, the ten-
sioning process comprises numerous distinct interme-
diate states. When analyzing the tensioning stage k, the 
traditional BA relies on the form and stress state of the 
structure at the tensioning stage k + 1. Nevertheless, using 
form-finding, the target tensioning stage can be analyzed 

directly, which is more convenient. The flow chart of the 
proposed novel BA is illustrated in Figure 6.

As it can be seen in Figure 6, the form and stress 
state of the cable-net structure at the OCS is obtained 
first. Using the element introduction and removal con-
cept, the cables corresponding to the 5th step (Figure 3) 
are omitted from the structure according to the backward 
sequence of the tensioning process. Similarly, the strain, 
load, mass, and other relevant effects of the cables are set 
to zero. The internal force of the removed cables reacts 
on the remaining structure, inducing additional internal 
force and deformation. Then, the VFIFE method is used to 
determine the equilibrium state. This process is iterative, 
requiring 200 iterations to get satisfactory results. Hence, 
the tensioned structure and stress state after the 4th step 
are obtained. The above-described procedure is repeated, 
gradually removing the cables in the 4th, 3rd, 2nd, and 1st 
steps until the zero state of the complex cable-net struc-
ture is found. The internal force and deformation state of 
the structure in each tensioning stage serve as an essential 
basis for guiding the construction.

3. Tensioning process simulation

3.1. Numerical model

The numerical model of the complex FAST active reflec-
tor cable-net structure contained 2590 main cable nodes 
denoted as J1 to J2590. Similarly, the main cables were 
labeled as M1 to M6980, and a total of 2275 control ca-
bles were denoted as C1 to C2275. The diameter of the 
main cables was 25 mm and that of the control cables was  
10 mm. The elastic modulus E was 2.05 MPa (Qian, 2007).

In the work reported by Qian (2007), the OCS of the 
cable-net structure was obtained using the traditional fi-
nite element method. Subsequently, the OCS was recon-
structed using the new VFIFE method, and a comparison 
of the OCS stress nephogram is presented in Figure 7. 
Because the novel BA based on the VFIFE method avoids 
complex matrix operations compared to the traditional FE 
methods, it is characterized by an improved convergence. 
In the OCS obtained by the VFIFE method, the main ca-
ble stress ranges between 465.25 and 576.73 MPa, while 
the stress obtained using the traditional finite element 
method varies from 469.22 to 570.78 MPa. In Figure 8,  
the stress distribution comparison and error rate are ex-
hibited. Despite that the two nonlinear methods have dis-
tinct form-finding principles and different iteration steps, 
the maximum error rate of the main cable stress is only 
3.29%. In both simulation results, the main cable nodes 
can be guaranteed to be on the reference surface. These 
results verify the correctness and feasibility of the VFIFE 
method.

Figure 6. Flow chart of the novel backward algorithm
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3.2. Cable-net structure at different  
tensioning stages

As described in Section 2, the tensioning process takes 
place from the inside outwards, and the cables are con-
nected and tensioned in five consecutive steps. In back-
ward analysis, the tensioning process is simulated in re-
verse order, i.e., inwards. Main cables and the correspond-
ing control cables are removed in batches to determine 
the internal force and deformation state of the structure 
in each tensioning stage. The omitted control cables in the 
different tensioning stages are listed in Table 1. The state 
in which all control cables have been removed denotes the 
zero state.

Figure 9 illustrates the stress nephogram of the com-
plex cable-net structure at different tensioning stages 
while reflecting the removed control cables in each stage. 
The stress extremum in different tensioning stages is de-
picted in Figure 10. In the zero state, the maximum main 
cable stress is equal to 297.12 MPa. During the first step, 
the maximum stress value increases to 592.53 MPa, with 
0.143% of the main cables’ stress exceeding the maximum 
stress in OCS. The subsequent steps further increase the 
proportion of the main cables whose stress exceeds the 
maximum OCS value. In particular, 0.229% of the main 
cables’ stress exceeds the maximum stress in OCS after 
the 2nd step, 0.287% after the 3rd step, and 1.877% after 
the 4th step. Starting from the 2nd step, the maximum 
stress gradually increases from 651.50 MPa after the 2nd 
to 770.93 MPa after the 4th step. The main cables with 
maximum stress in each tensioning stage are those near 
the edge of the beam truss. During the entire tensioning 
process, the main cable stress is within the safety margin, 
and no relaxation occurs.

The internal force distribution of the control cables is 
demonstrated in Figure 11. Trends similar to those ob-
served for the main cables can be seen in control cable 
case as well. First, the number of control cables whose 
stress exceeds the maximum OCS stress increases, and, af-
ter the 4th step, 1.714% of control cables’ stress exceeds the 
maximum. Secondly, the control cable maximum stress 
rises from 161.631 MPa after the 1st step to 433.228 MPa  
after the 4th step. In the 3rd and 4th steps, the control cables 
with maximum stress are near the beam truss edge. Final-
ly, throughout the entire tensioning process, the control 
cables’ stress remains within the safety margin without any 
relaxation. Thus, the tensioning scheme can be considered 
feasible.

The obtained results verify the feasibility of the pro-
posed BA based on the VFIFE method. Due to the nu-
merous cross nodes and complex stress characteristics, the 
obtained zero state of the structure enables strict control 
of the fabrication length of each cable, improves the over-
all accuracy, and avoids the need for length adjustments 
during installation.

Figure 7. OCS stress nephogram obtained by different methods: a – Novel VFIFE method; b – Traditional finite element method

Figure 8. Comparison of the main cable stress distribution
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Table 1. Removed control cables in the different tensioning stages

Stage Removed control cables

5th step (OCS) → 4th step C1281 ~ C2275

4th step → 3rd step C706 ~ C1281

3rd step → 2nd step C301 ~ C706

2nd step → 1st step C71 ~ C301

1st step → Zero state C1 ~ C71
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Conclusions

The tensioning and forming processes of cable-net struc-
tures are highly complicated. However, they are critical 
for ensuring construction safety and compliance with the 
design requirements. In this study, a novel BA is proposed 
and its feasibility is demonstrated based on the numerical 
example of the complex cable-net structure of the FAST 
active reflector. The key findings of this work can be sum-
marized as follows:

1) A new BA based on the VFIFE method has been 
proposed building on the idea of form-finding. This 
approach results in the independent particle motion 
equations, thus rendering it convenient for element 
removal and avoiding the complex matrix opera-
tion.

Figure 10. Stress extremum for different tensioning stages

Figure 11. Stress distribution of control cables for different 
tensioning stages

2) The VFIFE method can be readily used in the OCS 
simulation. The maximum error rate of the stress es-
timated by the VFIFE method and traditional finite 
element method is only 3.29%. In both simulation 
results, the main cable nodes are guaranteed to be on 
the reference surface. These results verify the correct-
ness and feasibility of the proposed VFIFE method.

Figure 9. Stress nephogram at different tensioning stages:  
a – Zero state; b – 1st step; c – 2nd step; d – 3rd step; e – 4th step; f – 5th step (OCS)
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3) In the backward analysis of the tensioning process, 
the maximum main cable stress occurs after the 4th 

step when 1.877% of the main cables’ stress exceeds 
the maximum stress in the OCS. The main cables 
with maximum stress are those near the beam truss 
edge. During the entire tensioning process, the 
stress of the main cables is within the safety margin, 
and no relaxation occurs.

4) The maximum stress in control cables also occurs 
after the 4th step, and 1.714% of control cables’ 
stress exceeds the maximum stress in OCS. Simi-
lar to findings related to main cables, the stress of 
the control cables remains within the safety margin, 
and no relaxation occurs. The final structure at the 
zero state provides an important basis for the ac-
curate control of blanking and forming.

The novel BA based on the VFIFE method represents 
an effective approach for simulating the construction pro-
cess. Its characteristics of no complex matrix operations 
and improved convergence show the potential for appli-
cation in other prestressed structures, such as truss string 
structures, latticed shell string structures and cable-stayed 
bridges. However, since this method needs a little more 
computational cost, its efficiency will be investigated in 
detail in the future.
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