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Abstract. The article presents the results of the numerical analysis of the asymmetrical one-pylon suspension bridge built-
in rigid cables. The models for the suspension bridge with the cables of different rigidity are analyzed by comparing ver-
tical displacements, bending moments and strains in the structural members of the bridge. The numerical analysis was 
performed by examining the bridge under symmetrical and asymmetrical loading and different erection methods. The 
stress-strain state of a single asymmetrical pylon with the cables of different rigidity and the rational relationship between 
cable rigidity and girder stiffness has been established. 
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Introduction

The structures of suspended bridges are effective from the 
technical and economic points of view and have an ex-
pressive architectural form (Gimsing & Georgakis, 2012; 
Troyano, 2003; Ryall, Parke, & Harding, 2000; Bennet, 
1997). The increased strain, particularly under the action 
of asymmetrical loading, is the main drawback of such 
bridges (Kiisa, Idnurm, & Idnurm, 2012; Kulbach, 2007; 
Juozapaitis & Norkus, 2007). Thus, to reduce the occurring 
kinematic displacements, a sufficient variety of structural 
measures have been proposed (Jennings, 1987; Strasky, 
2005). A large number of analytical methods for calculating 
classical suspension bridges with rigid cables are based on 
nonlinear calculations according to the distorted scheme 
(Arco & Aparicio, 2001; Clemente, Nicolosi, & Raithel, 
2000; Gimsing & Georgakis, 2012; Idnurm, 2006; Jen-
nings, 1987; Kim & Thai, 2010; Kulbach, 2007; Wollmann, 
2001). Also, plenty of studies on the dynamic characteris-
tics of suspension bridges have been carried out (Capsoni, 
Ardito, & Guerrieri, 2017; Goremkins, Rocens, Serdjuks, 
& Sliseris, 2013; El Ouni & Kahla, 2012; Sousa, R., Souza, 
R. M., Figueiredo, & Menezes, 2011; Treyssede, 2010).

The employment of rigid cables is one of the most 
effective ways to make a suspension bridge stiff enough 
(Grigorjeva, Juozapaitis, & Kamaitis, 2010a; Juozapaitis, 

Idnurm, S., Kaklauskas, Idnurm, J., & Gribniak, 2010; Juo-
zapaitis, Kliukas, Sandovič, Lukoševičienė, & Merkevičius, 
2013). Variations in the ratio of cable rigidity to girder 
stiffening may result in a reduction of the vertical displace-
ments of the bridge and assist in providing rigidity for the 
complete structure. The simplified calculation methodol-
ogy for the classical symmetrical one-span bridge with 
rigid cables is given in the previous publications prepared 
by the authors of this article (Grigorjeva et al., 2010a). The 
paper by (Grigorjeva & Juozapaitis, 2013) focuses on the 
revised methodology for symmetrical one-span suspen-
sion bridges with rigid cables. Moreover, the authors have 
performed numerical experiments on classical symmetri-
cal suspension bridges with rigid cables (Grigorjeva, Juo-
zapaitis, Kamaitis, & Paeglitis, 2008).

Several methods can be used for erecting suspension 
bridges with rigid cables (Grigorjeva, Juozapaitis, & Ka-
maitis, 2010b). The first one embraces mounted pylons, 
and the applied cable has finite bending rigidity. Next, 
hangers and a stiffening girder are installed. Under such 
method for bridge erection, a rigid cable takes over all 
permanent and short-term loading. As for the 2nd method 
for the construction and erection of the suspension bridge 
with finite bending rigidity cables, a rigid cable is assem-
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bled from separate flexibly connected members, and hang-
ers and the stiffening girder are installed. At this stage, 
the cable is exposed to symmetrical permanent loading, 
and its behaviour corresponds to that of the totally flexible 
cable. Before loading the bridge with a short-term load, 
the interconnection nodes of the individual members of 
the cable are ‘stiffened’. The methodology for calculating 
the classical suspension bridge considering the installa-
tion stages of suspension bridges with rigid cables were 
proposed in the previous publications by the authors of 
the article, i.e. (Grigorjeva et al., 2010b). 

In order to investigate the behaviour of the asym-
metrical one-pylon suspension bridge with rigid cables, 
an analytical calculation methodology must be prepared 
and numerical experiments must be performed. For con-
ducting numerical analysis evaluating the above discussed 
erection techniques, the application of specific software for 
bridge calculations and analysis is only possible, and MI-
DAS/Civil is one of those. The peculiarities of modelling 
suspension bridges with rigid cables in the environment 
of MIDAS/Civil software were discussed by (Grigorjeva 
& Juozapaitis, 2013). At the beginning of the numerical 
experiment, the application of procedures defined by MI-
DAS/Civil software and used for calculating suspension 
bridges assists with determining the initial stress-strain 
state of the bridge taking into account the effect of per-
manent loading g. Then, the internal forces of the mem-
bers of the bridge, under the effect of permanent loading, 
are attributed to the members of the bridge using certain 
functions. The bridge is loaded with short-term loading, 
and the final stress-strain state of the bridge is determined.

This paper presents the findings of the numerical anal-
ysis of the asymmetrical one-pylon suspension bridge with 
rigid cables considering two types of installation. 

1. Description of the FE model

The numerical analysis of the asymmetrical one-pylon 
suspension bridge was carried out using specific bridge 
computing and analysis software MIDAS/Civil. The spatial 
model for the investigated bridge is presented in Figure 1. 
The conducted numerical analysis is based on the follow-
ing assumptions:

 – only static loading have an effect on the structure of 
the bridge;

 – the behaviour of the structure is elastic;
 – static loading is evenly distributed over the stiffening 
girder through the entire span of the bridge; 

 – static loading across hangers is evenly transmitted to 
the rigid cable;

 – hangers are not extended.
The rigid cable is exposed to permanent symmetrical 

loading g and a part of short-term symmetrical loading 
pc. The stiffening girder holds a part of short-term sym-
metrical loading pg. The main span of the bridge is equal 
to l = 50 m, the initial sag in the middle of the span of the 
cable is equal to f = 5.0 m and the distance between hang-
ers makes 2.5 m (Figure 2). The ratios of cable rigidity to 
girder stiffness and their relationships are given in Table 1. 

Figure 1. Finite element space model of the bridge

Figure 2. Structural system for a bridge model and loading configuration
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The stiffening girder is loaded with evenly distributed con-
stant loading g and short-term loading p that is assumed 
to be constant and makes 5 kN/m2, whereas permanent 
loading g is variable and equal to 5, 2 5 and 1 66 kN/m2 
respectively. Correspondingly, the ratio of short-term to 
permanent loading is γ = 1, 2 and 3.

2. Structural behaviour under the action  
of symmetrical loading

The models for the suspension bridge with the cables of 
different stiffness are considered by comparing vertical 
displacements, bending moments and maximum displace-
ments at the 1st and 2nd stages of erection.

Figure  3 and 4 show variations in displacements, 
maximum deflection, bending moments and strains in the 
structural members subject to the ratio of cable rigidity to 
girder stiffness.

The carried analysis showed that both vertical dis-
placements and bending moments and strains in the stiff-
ening girder decrease under the effect of short-term load-
ing. This drop is subject to the ratio of the main cable to 
girder stiffness. An increase in the ratio of cable rigidity 
to girder stiffness ξ from 0.1 to 5.0 reduces the displace-

ment of the mid-range span by 62%. The maximum bend-
ing moment decreases by 86% in the stiffening girder and 
increases by 80% in the stiff cable. Stress in the stiffening 
girder decreases by 70%. The total stress of the rigid cable 
is reduced by 62%. 

As for the 2nd method for bridge erection, under the 
ratio of short-term to permanent loading equal to γ = 1, 
the maximum bending moment and strain of both the 
rigid cable and stiffening girder are approximately by 50% 
lower than those in the 1st method for bridge erection.

Figure 5 shows a distorted diagram of the asymmetri-
cal one-pylon suspension bridge under the effect of sym-
metrical loading.

3. Structural behaviour under the action  
of Asymmetrical Loading

Figure 6 shows the displacements of the stiffening girder 
under the effect of asymmetrical loading at the 2nd stage 
of erection. Under the action of asymmetrical loading, the 
stiffening girder gains an S-shaped bend that dramatically 
worsens the performance of the bridge. Figure 7 suggests 
the maximum values of the displacements of the loaded 
(left) and unloaded (right) sides of the stiffening girder. 

Table 1. Geometric characteristics of the cable and stiffening girder

ξ = EIc/EIg
Cable section  

d×t, mm
Cable rigidity  

EIc, kNm2
Stiffening girder section  

d×t, mm
Stiffening girder rigidity  

EIg, kN/m2

0.1
0.5
1.0
2.0
5.0

150×25
240×25
280×25
315×25
350×25

4188
20770
34510
50660
71190

350×25
295×25
280×25
255×25
215×25

71190
40930
34510
25380
14390

Figure 3. Vertical displacement curves (top) and middle span deflection (bottom) of the stiffening girder  
under the action of symmetrical loading (γ = 1)
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The maximum displacement is observed in the structure 
of the bridge the ratio of cable rigidity to girder stiffness 
of which is the lowest (ξ = 0.1).

A rise in the stiffness ratio ends in the reduction of 
the displacements both the loaded and unloaded part, 
and therefore the overall stiffness of the bridge increases. 
The carried out analysis of the displacements of the largest 
quarter span positions has shown that the most effective 
construction of the bridge is observed when the ratio of 
cable rigidity to girder stiffness makes ξ = 1.0–2.0. Under 
ratio ζ = 2.0, the maximum displacements of quarter span 
positions are reduced to approximately 50%. An increase 
in the ratio of cable rigidity to girder stiffness up to 5.0 
has no significant effect on the displacements of the girder. 

Cable rigidity also affects the distribution of bend-
ing moments and strains both in the cable and stiffening 
girder. Figure 8 shows the charts of the rigid cable of the 

Figure 4. Maximum bending moments (left) and stresses (right) in the middle of the span of the stiffening girder  
and the cable under the action of symmetrical loading (γ = 1)

Figure 5. A deformed finite element model for the bridge under symmetrical loading (ξ = 1,0, γ = 1)
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Figure 6. Vertical displacement curves of the stiffening girder under the action of asymmetrical loading (γ = 1)

Figure 7. Vertical displacement curves (top) and middle span 
deflection (bottom) of the stiffening girder under the action  

of asymmetrical loading (γ = 1)
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By increasing the ratio ζ of the flexural rigidity of the 
cable and girder from 0.1 to 5.0, the maximum bending 
moment of the stiffening girder decreases by 77%, 79% 
and 81% under the ratio of short-term to permanent load-
ing γ = 1, 2 and 3 respectively.

By increasing the ratio ζ of cable rigidity to girder 
stiffness, the bending moment of the stiffening girder de-
creases and that of the rigid cable rises. When ξ varies 
from 0.1 to 5.0, the maximum bending moment of the 
cable increases by 90%. It should be noted that, in the 
case of the 2nd type of bridge erection, the value of the 
bending moment of the cable is not subject to the ratio of 
short-term to permanent loading γ. This is explained by 
the fact that at the initial stage of installation under the 
action of permanent loading, the cable is considered to be 
completely flexible and the bending moment arises only 
from the effect of short-term loading, which is accepted 
as permanent. 

Figure  9 shows a chart of variations in the stress of 
the stiffening girder and cable subject to parameters ζ 
and γ. An increase in the ratio ζ of cable rigidity to girder 
stiffness from 0.1 to 5.0 results in a drop in girder strains 
down to 65%. The total strains of the rigid cable decrease 
slightly. When ζ  =  5.0, the total strains of the cable are 
only by 13% lower than those when ζ = 0.1. Thus, a re-
duction in strains under the effect of axial force increases 
strains under the action of the bending moment. 

In the case of the 2nd method for bridge erection, simi-
larly to symmetrical loading, maximum bending moments 
and strains of both the rigid cable and stiffening girder are 
approximately by 50% lower than those discussed in the 
1st method.

Figure 10 shows a distorted scheme for the asymmetri-
cal one-pylon suspension bridge under the effect of sym-
metrical loading.

Figure 8. Maximum moments of the stiffening girder (left) and cable (right) under the action of asymmetrical loading

Figure 9. Maximum stresses of the stiffening girder (left) and rigid cable (right) under the action of asymmetrical loading

Figure 10. A deformed finite element model for the bridge under asymmetrical loading (ξ = 1.0, γ = 1)
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Conclusions

The paper presents the numerical analysis of the asym-
metrical one-pylon suspension bridge with rigid cables 
using the finite element method. The article analyses the 
models for the suspension bridge with the cables of differ-
ent stiffness by comparing vertical displacements, bend-
ing moments and strains of the structural members of the 
bridge. Numerical analysis has been performed examining 
the load of the bridge under symmetrical and asymmetri-
cal loading applying different methods for bridge erection.

An increase in the ratio of cable rigidity to grid stiffness 
up to ζ = 5 results in a decrease in vertical displacements 
down to 62%. It has been determined that the structure 
the ratio of cable rigidity to grid stiffness of which varies 
from 0.5 to 2.0 is the most effective under both symmetri-
cal and asymmetrical loading. An increase in the ratio of 
rigidity / stiffness up to 5.0 does not significantly affect the 
stress-strain state of the bridge. The maximum bending 
moments of the stiffening girder are reduced to 86%.

The paper looks at the results of numerical analysis 
considering the 2nd method for bridge erection when the 
cable, under the action of permanent symmetrical load-
ing, is simulated as completely rigid. The findings of the 
analysis have demonstrated that, in the 2nd method for 
bridge erection under both symmetrical and asymmetrical 
loading, the maximum bending moments and strains of 
the rigid cable and stiffening girder are by approximately 
50% slighter than those observed in the 1st method.
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