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Abstract. The basic disadvantage of suspension bridges can be considered their increased deformability. One of the ways to
increase the rigidity of a suspension bridge is to transfer a part of stiffening girder rigidity to a suspension cable. A rigid
cable better resists the imposed symmetrical and asymmetrical loads and displacements and retains its original geometric
form. This paper presents a theoretical investigation of the suspension bridge with the rigid cable. Also, taking into account
the geometrical non-linearity of rigid cable behaviour, a simplified analysis method for determination of forces and
displacements in stiffening girder and cable of suspension bridge was developed.
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1. Introduction

Suspension bridges possess a number of technical,
economical and aesthetic advantages [1, 2]. The main prob-
lem of suspension bridges is excessive deformability, es-
pecially under actions of asymmetrical or local loadings
[1–7]. Deformability of suspension systems depends on the
kinematical character of displacements of a flexible sus-
pension cable. The rigidity of suspension bridges is achieved
by stiffening the bridge deck, i e increasing the height, and
consequently the weight of a stiffening girder [5, 6]. The
stiffness and stability of structures can be improved by in-
clined suspenders, a double-cable or combined systems.
Reduction of kinematic displacements of the main cable
can be achieved by a reduction of the sag-to-span ratio, but
the smaller the sag of a cable, the greater are the cable forces
and the required cross-sectional areas of the cables [4–6].
One of the ways to increase the rigidity of a suspension
bridge is to transfer a part of stiffening girder rigidity to a
suspension cable. By changing the ratio of the cable bend-
ing stiffness it is possible to reduce considerably the
displacements of the suspension systems [5, 6]. Such an
example is a suspension bridge in Pittsburgh [6]. Practi-
cally in this bridge there is no stiffness girder and all loads

are transferred to a rigid cable. The rigid cable successfully
resists the imposed symmetrical and asymmetrical loads
and displacements and retains its original geometric form
[8]. The theoretical analysis of the influences of the main
cables stiffness on the deformability of suspension bridge
decks is presented in [9]. The main cables of increased stiff-
ness make it possible to avoid other special stabilisation
measures and local stresses, to increase resistance to corro-
sion; nodal and anchor connections become simpler. Analy-
sis shows that there is a close relationship between the ri-
gidity of the main cable, the character of applied load, and
the displacements of the stiffening girder. It is possible to
reduce deformability of suspension systems substantially
by means of variation of the flexural stiffness of the cables
[10].

It should be noted that there is a lack of scientific pub-
lications on theoretical analysis of suspension bridges with
rigid cables. This paper presents a theoretical investigation
of such a bridge. Taking into account the geometrical non-
linear behaviour of a rigid cable, a simplified engineering
method of analysis for determining forces and displacements
in the stiffening girder and the cable of the suspension bridge
was developed and presented in this paper.
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2. Simplified engineering method for analysis of suspen-
sion bridges

The analysis of suspension bridges as systems of non-
linear geometrical behaviour is complicated [1–5]. There-
fore along with general analytical methods for analysing
suspension bridges, simplified methods are used [6]. Adapt-
ing a beam analogy made it possible to obtain in this inves-
tigation simple and sufficiently accurate expressions for
determination of forces and displacements for flexible ca-
ble and stiffening girder of a suspension bridge [6].

Creation of a simplified analysis method for suspen-
sion bridges with rigid cables under the action of symmetri-
cal and asymmetrical loadings is certainly relevant. Two
erection stages for such suspension bridges can be distin-
guished. In the first stage flexural stiffness is imposed on
the cable from the very beginning of bridge erection, i e
before it is loaded by the permanent and variable loads. In
the second stage the cable attains flexural stiffness only
when the bridge is loaded by the whole permanent load.
Thus in the first case the rigid cable together with the stiff-
ening girder carries both permanent and variable loads. In
the second case the suspension element carries the whole
permanent load in erection stage as an absolutely flexible
cable, but the variable load is carried by the cable of finite
rigidity and by the stiffening girder.

2.1. Design of suspension bridges with the rigid cable
for the first stage of erection under the symmetrical
loading

A suspension bridge subjected to the action of perma-
nent q  and variable p  symmetrical loads is considered
(Fig 1). In this case the part l

p  of the total load is carried
by the rigid cable and the other part s

p   – by the stiffening
girder:

.l sq p p p p∗
+ = = + (1)

Due to the action of the part p
l 
 the thrust force in the

cable after its deformation with allowance for the cable
flexural rigidity will be equal to:
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where f∆  – deflection of the bridge at the middle of the

span; 0f  – the initial sag of the cable.

 Under the action of the thrust force the cable elon-
gates. This elastic elongation is defined by expression:
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For determining forces and displacements of the ca-
ble the equation of continuity of deformations is established:
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Thus, the equation (4) in an open form can be pre-
sented as:
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Ignoring the relatively small value 2f∆ , the equation

is obtained:
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Putting expression (2) for the thrust force of the cable
into equation (5) and after rearranging the simplified for-
mula for determination of deflection in the middle of the
span of the bridge is obtained:
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There are two f∆  and 
l

p  unknowns in formula (6).

According to [6] the part of the load taken by the cable will
be equal to:
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Solving simultaneously (6) and (7), a direct solution
for determining the deflection in the span middle of the
bridge is obtained:
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Fig 1. Symmetrically loaded suspension bridge
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When f∆  value is determined, it is possible by the

expression (7) to determine the part of the load taken by the
cable, and using expression (1) – to determine the load part
taken by the stiffening girder.

One of advantages of the presented method of analy-
sis is that it is possible to determine directly deflection in
the span middle and forces of a suspension bridge with rigid
cables. In addition, using these expressions it is possible to
solve a design problem, when the limit value of deflection

f∆  is known, both required rigidities of the cable 
l

EI  and

of the stiffening girder 
s

EI  can be selected.

2.2. Design of suspension bridges with the rigid cable
for the second stage of erection under the action of sym-
metrical loading

In this stage the whole permanent load q is carried by
the cable, which is formed as absolutely flexible. The thrust
force due to the permanent load for such a flexible cable is:
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f
= (9)

When additional variable load is applied, a part of it
will already be taken by the rigid cable, the thrust force
value of which will be equal to:
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The elastic elongation of the cable for this case is de-
termined as follows:
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After solving the equation of continuity of deforma-
tions (4) expression for the second erection stage is ob-
tained:
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Taking into account (7), we obtain a direct solution:
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The main advantage of discussed engineering method
for analysis of a suspension bridge is that possible stages of
the bridge erection and loading history are evaluated by the
method. It should be noted that when programs based on
the finite element method are used, it is difficult to deter-
mine the cable forces and deflections and the stiffening
girder for the second stage.

2.3. Design of suspension bridges with the rigid cable
for the first stage of erection under the action of asym-
metrical loading

A suspension bridge subjected to the action of sym-
metrical permanent q and asymmetrical variable p loads is
considered (Fig 2).

Due to the action of a asymmetrical loading it is more
convenient to design a suspension bridge by two stages. In
the first stage the bridge span is symmetrically loaded by
the permanent load q and a half of the variable load p:

* .
2

p
p q= + (14)

When load *p  is known, it is possible to establish a

deflection in the bridge span middle as in a case of sym-
metrical loading:
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A part of the load *p  taken by the cable will be equal

to:
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And a part of the load *p  taken by the stiffening girder

will be equal to:
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Accordingly, the thrust force in the cable after defor-
mation will be equal to:
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In the second stage the suspension bridge span is loaded

by the half of the variable load **

2

p
p =  (Fig 3). In the left

side of the bridge span direction of the load **p  is down-

wards, and in the right side – upwards. Considering that

,
2
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f f
d

+ ∆
=  and values of the deflection of mid-

Fig 2. Asymmetrically loaded suspension bridge
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dle of span f∆  and cable thrust force H remain constant, it

is simple to equal the displacement to the span quarters.

A part of the load **p  taken by the stiffening girder

will be equal to:

2 20,5 .
s l

p p p= − (19)

The deflection of a quarter of bridge span has increased
and became:
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Difference between 2d  and 1d  is:
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The deflection of a quarter of bridge stiffening girder
also is t:
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Solving the equation (23) with respect to 2l
p , the part

of the load **p  taken by the cable will be equal to:
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When 2l
p  value is determined, it is possible accord-

ing to expression (19) to determine the part of the load taken
by the stiffening girder and using the expression (21) – to
determine the deflection of a quarter of bridge cable and
stiffening girder.

2.4. Design of suspension bridges with the rigid cable
for the second stage of erection under the action of asym-
metrical loading

In this stage the whole permanent load q is carried by
the cable, which is formed as absolutely flexible. In the
first stage the suspension bridge span is loaded by a perma-

nent load and a half of the variable load *

2

p
p q= + . De-

flection in the middle of bridge span will be equal to:

* 4 2
0 0

2 2
0 0 0

0,375 3
,

16 30 30 3
l s

p l l H f
f

f EA f EI EI l H

−
∆ =

+ + +
(25)

where 
2

0

0
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H

f
=  – the thrust force of the absolutely flex-

ible cable.

When deflection f∆ value is determined, it is possi-

ble according to expression (16) to determine a part of the

load *p  taken by the cable, and according to expression

(17) to determine a part of the load *p  taken by the stiffen-

ing girder. The thrust force in the cable after deformation
will be equal according to the expression (18).

In the second stage the suspension bridge span is loaded

by the half of the variable load **

2

p
p =  (Fig 3).

According to expression (24) to determine a part of

the load *p  taken by the cable and according to expression

(21) – to determine the deflection of a quarter of bridge
cable and stiffening girder.

3. Numerical example

The geometrical configuration of the model for the
bridge considered here is shown in Fig 4.

The model for the bridge is a symmetrical reference
structure, having a span of 7 m. The sag to span ratio of the

Fig 3. Suspension bridge scheme for the second design stage

Fig 4. Suspension bridge model
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cable is 1:7. Distance between suspenders is 0,5 m. The
model for the suspension bridge was analyzed under the
action of symmetrical and asymmetrical loading. Finite el-
ement method (FEM) of analysis of the model for the bridge
was performed by the program CosmosM.

For analytical analysis the simplified engineering
method was applied with the allowance for stages of erec-
tion of the bridge structures.

Suspension rigid cable to girder rigidities ratios and
cross-sections are presented in Table 1.

Symmetrical load p = 3,0 kN/m was assumed for cal-
culation of stresses and displacements of the suspension
bridge with rigid cables according to the engineering method
for the first stage. For the second erection stage, the perma-
nent symmetrical load  q = 2,0 kN/m and variable one
p = 1,0 kN/m were assumed.

Asymmetrical load was assumed taking into account

variable and permanent loads ratio ,
p

q
γ =  varying it by

1γ =   to 3γ = . Permanent load q = 1,0 kN/m and variable

load p = 0,5 kN/m, p = 1,0 kN/m, and p = 1,5 kN/m was
assumed for calculating stresses and displacements accord-
ing to the engineering method for the first stage of erec-
tion.

In the second erection stage the cable attains flexural
stiffness only when the bridge is loaded by the whole per-
manent load q = 1,0 kN/m, the variable load p = 0,5 kN/m,
p = 1,0 kN/m, and p = 1,5 kN/m is carried by the cable of
finite rigidity and by the stiffening girder.

3.1. Results of numerical experiment performed by sim-
plified engineering method and by FEM method for the
first erection stage under a symmetrical load

Results of performed comparative analysis are pre-
sented in Tables 2 and 3. Results of calculation and of com-
parison are presented in Table 2 for the rigid cable and in
Table 3 for the stiffening girder. It should be noted that ac-
cording to the engineering method, values of stresses and
deformations were determined for sections 2 and 2’ (Fig 2),
while according to the method of numerical simulation re-
sults are presented in Tables 2 and 3 for sections 1, 1’, 2 ir 2’.

The peculiarity of the engineering method is that on
the basis of equality of areas limited by deflection curves

of the cable (quadratic parabola) and of the beam (fourth-
order parabola), continuity conditions of displacements are
satisfied in sections 2(2') and 3(3').

Errors for these sections, in comparison with results
of numerical experiment, are less, moreover and for other
sections the difference is not significant.

A diagram, indicating the cable variation and the stiff-
ening girder displacements with the ratio of the cable to the

girder flexural rigidities 
l

s

EI

EI
 is presented in Fig 5. The

diagram indicates that the errors of displacements values
in sections 2 and 2' determined according to the engineer-
ing method do not exceed 15 %.

Diagrams indicating variations of bending moments
in the cable and in the stiffening girder with the ratio of the

cable to the girder flexural rigidities 
l

s

EI

EI
 are presented in

Figs 6 and 7.
The diagrams indicate that the bending moments in

sections 2 and 2’ in both the cable and the girder differ not

Table 1. Cable to girder rigidities ratios and cross-sections Table 2. Comparison of displacements, forces and stresses for
the rigid cable

Table 3. Comparison of displacements, stresses and forces for
the stiffening girder
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much. Errors of bending moment values determined ac-
cording to the engineering method do not exceed 10 %. On
the ground of performed investigations, it is possible to state
that the engineering method is sufficiently accurate.

3.2. Comparison of calculation results for the first and
the second erection stages of the bridge under a sym-
metrical load

Calculation results of the first and second erection
stages of the bridge using the engineering method are pre-
sented in Tables 4 and 5. Results of calculation of forces
and displacements for the rigid cable are presented in Ta-
ble 4 and for the stiffening girder – in Table 5.

Calculation results are presented for sections 1 and 1'
(Fig 4). Tables 4 and 5 indicate displacements and forces
determined by the engineering method in the second stage
for both the cable and the girder are less. It can be explained
by the fact that in the second erection stage the cable be-

Fig 5. Displacement of rigid cable and stiffening girder

Fig 7. Bending moments in stiffening girder

Fig 6. Rigid cable bending moments

Table 4. Comparison of displacements, forces and stresses for
the rigid cable

Table 5. Comparison of displacements, forces and stresses for
stiffening girder
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Fig 8. Displacements of a rigid cable and a stiffening girder

haviour corresponds to the behaviour of an absolutely flex-
ible cable. The cable carries the whole permanent load.

Diagram of variation of displacements for the cable
and the stiffening girder determined by the engineering
method with allowance for both erection stages in respect

to the cable to the girder rigidity ratio 
l

s

EI

EI
 is presented in

Fig 8.



17T. Grigorjeva et al / THE BALTIC JOURNAL OF ROAD AND BRIDGE ENGINEERING – 2006, Vol I, No 1, 11–20

It can be seen from the diagram that displacement val-

ues of the middle section of the cable and the girder deter-

mined according to the engineering method for the second

erection stage are less about 18 %.
The diagram indicating variation of bending moments

in the rigid cable with the cable to the girder rigidity ratio

l

s

EI

EI
  is presented in Fig 9. The diagram indicates that dif-

ference between erection stages is not great for smaller ri-

gidity ratios. In the case of rigidity ratio 1l

s

EI

EI
=  this dif-

ference is a bit greater.
Diagram indicating variation of bending moments in

the stiffening girder with the cable to the girder rigidity

ratio l

s

EI

EI
 is presented in Fig 10. Similarly as with the rigid

cable, difference between erection stages is not great for
smaller rigidity ratios. The difference increases with rigid-

ity ratio l

s

EI

EI
.

 3.3. Results of numerical experiment performed by sim-
plified engineering method and by FEM method for the
first erection stage under asymmetrical loads

Results of performed comparative analysis are pre-
sented in Tables 6 and 7. Results of calculation and of com-
parison are presented in Table 6 for the rigid cable and in
Table 7 for the stiffening girder.

A diagram indicating the cable variation and the girder
displacements stiffening with the ratio of the cable to the

girder flexural rigidities 
l

s

EI

EI
 is presented in Fig 11.

The diagram indicates that the errors of values of
displacements o the left side of bridge span determined ac-
cording to the engineering method do not exceed 18 % and
on right side of the bridge span do not exceed 20 %.

Diagrams indicating variations of bending moments

in the cable and in the stiffening girder with the ratio of the

cable to the girder flexural rigidities 
l

s

EI

EI
, then the ratio of

variable and permanent loads intensities 1
p

q
γ = =  is pre-

sented in Fig 12.

 Fig 9. Rigid cable bending moments Fig 10. Stiffening girder bending moments

Table 6. Comparison of displacements, forces and stresses for the rigid cable
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The diagrams indicate that the bending moments in
the left and right side of the bridge span in both the cable
and the girder differ much. Errors of bending moment val-
ues determined according to the engineering method are
about 29 %.

3.4. Comparison of results of calculation for the first
and the second erection stages of the bridge under non-
symmetrical load

Calculation results of the first and the second erection
stages of the bridge under the action of the asymmetrical
loading using the engineering method are presented in Ta-
bles 8 and 9. Results of calculation of forces and
displacements for the rigid cable are presented in Table 8
and for the stiffening girder – in Table 9.

Diagram of variation of displacements for the cable
and the stiffening girder determined by the engineering
method with allowance for both erection stages in respect

to the cable to the girder rigidity ratio 
l

s

EI

EI
, then the ratio

of variable and permanent loads intensities 1
p

q
γ = =   is

presented in Fig 13.

It can be seen from the diagram that the displacement
values of the left and right side of the cable and the girder
determined according to the engineering method for the
second erection stage are less about 13 %.

Diagram indicating variation of bending moments in
the rigid cable with the cable to the girder rigidity ratio

l

s

EI

EI
  is presented in Fig 14.

Table 7. Comparison of displacements, forces and stresses for stiffening girder

 

s

l

EI

EI

Fig 11. Displacements of rigid cable and stiffening girder the ra-
tio of variable and permanent loads intensities γ = 1

Fig 12. Rigid cable and stiffening girder bending moments, the
ratio of variable and permanent loads intensities γ = 1
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d
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692,0

800,0 600,0 613,0 903,0 33 23 700,0 500,0 52,0 62,0 92 03

410,0 310,0 016,0 206,0 36 26 210,0 010,0 84,0 15,0 65 95

120,0 020,0 888,0 878,0 19 29 710,0 610,0 07,0 57,0 08 68

975,0

700,0 500,0 692,0 092,0 13 03 600,0 400,0 412,0 912,0 52 42

410,0 310,0 075,0 465,0 95 85 010,0 900,0 804,0 334,0 74 94

020,0 910,0 928,0 128,0 58 68 310,0 510,0 195,0 836,0 86 47

000,1

600,0 400,0 812,0 412,0 32 22 500,0 300,0 371,0 771,0 02 12

010,0 900,0 614,0 114,0 34 24 900,0 800,0 133,0 353,0 83 14

410,0 310,0 895,0 295,0 26 16 210,0 010,0 284,0 225,0 65 06
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The diagram indicates that that bending moment val-

ues of the left side of the cable and the girder determined

according to the engineering method for the second erec-

tion stage are less about 8 %.

4. Conclusions

Application of cables of finite flexural rigidity for sus-

pension bridges is an effective method for stabilization of

their initial form. Design method presented in this paper

gives an opportunity to take into account flexural rigidity

l
EI   of the cable under the action of symmetrical and asym-

metrical loading. Two design cases are distinguished for

evaluating two possible stages of erection of a suspension

bridge.

Performed investigations and comparison of results of

numerical experiment make it possible to state that the ac-

curacy of the discussed engineering method is sufficient.

The main advantage of this method for a suspension bridge

analysis is that possible stages of erection and loading his-

tory of the bridge are evaluated in the method. Also the

design solution can be readily obtained when the limit de-

flection f∆   is known, flexural rigidities for both the cable

l
EI   and the girder 

s
EI  can be selected.

 Fig 13. Displacements of rigid cable and stiffening girder, the
ratio of variable and permanent loads intensities

 Fig 14. Displacements of rigid cable and stiffening girder, the
ratio of variable and permanent loads intensities
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800,0 600,0 6,7 601,0 480,0 05 64 700,0 500,0 6,7 890,0 690,0 94 54

410,0 310,0 1,9 191,0 281,0 08 97 210,0 110,0 1,9 281,0 081,0 57 67

120,0 020,0 11 972,0 862,0 901 111 020,0 910,0 11 862,0 362,0 501 001

975,0

700,0 500,0 6,7 291,0 081,0 94 74 600,0 400,0 6,7 181,0 971,0 54 34

410,0 310,0 1,9 273,0 853,0 67 47 210,0 110,0 1,9 853,0 843,0 27 07

020,0 910,0 11 445,0 725,0 301 001 810,0 710,0 11 825,0 625,0 99 79

000,1

600,0 400,0 6,7 432,0 712,0 14 93 400,0 300,0 6,7 512,0 212,0 93 83

010,0 900,0 1,9 354,0 334,0 76 66 900,0 800,0 1,9 814,0 214,0 46 36

410,0 310,0 11 166,0 736,0 29 19 310,0 210,0 11 116,0 106,0 88 68

Table 8. Comparison of displacements, forces and stresses for the rigid cable
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