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Abstract. An innovative steel cable-stayed pedestrian bridge structure and the preliminary design methodology are pro-
vided in this article. The advantages and disadvantages of the bridge design are presented. The comparative analysis of the
innovative steel cable-stayed pedestrian bridge structure and a similar structure of a single pylon fan cable-stayed bridge
with an 80 m span is provided, the main criteria are reviewed and conclusions are formulated. The main features of the
innovative branched cable-stayed bridge behaviour are reviewed. An overview of technical-economic efficiency and con-

clusions are presented.
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Introduction

Cable-stayed bridges have been widely used since the
1950s. Due to their unique, cost-effective, lightweight and
easy-to-install structure these bridges have become a very
popular solution for medium and long spans (Podolny,
2011). Cable-stayed bridges are among the most prom-
ising modern bridge systems. Their lightweight, durable
and aesthetic expression is one of the main reasons for
its popularity. However, despite all the advantages which
are crucial for bridge building, cable-stayed bridges have
several features that place significant constraints on the
design of such systems. Some of the main and constant
challenges for the engineers are deformability and the
non-linear behaviour of such a system. The current design
calculations are based on provisions that allow “to bypass”
the deformed state analysis. However, it is not sufficiently
clear as of now what the errors of such simplified calcula-
tion are. An equivalent modulus of elasticity is introduced
in the cable calculations which allows one to model the in-
clined cable as a fictitious straight bar. It is not clear what
the real impact of such simplification on the calculation
results is. Engineers lack the knowledge which could be
used in the practical tasks, therefore, data on the behav-
iour of such bridges and preliminary calculations of such
structures are necessary.

The continuing trend is always towards creating more
lightweight and stable cable-stayed bridge structures that

could be used for larger spans. Engineers face many chal-
lenges in achieving this goal.

A lot of research have been published on the deformed
state of the cable-stayed bridges. The nonlinear cable-
stayed bridge behaviour is described in detail by Nazmy
and Abdel-Ghaffar (1990) in “Three-dimensional non-
linear static analysis of cable-stayed bridges” It describes
the three main reasons for geometrical non-linearity and
presents their corresponding calculations.

Despite the fact that the cable-stayed bridge struc-
ture element materials work according to material linear
model, the displacement ratio of the structure load itself
is geometrically non-linear under the design loads. Such
geometrically non-linear behaviour is present for three
main reasons (Nazmy & Abdel-Ghaffar, 1990):

- Nonlinear axial force-elongation relationship for the
inclined cable stays due to the sag caused by their
own weight;

- Nonlinear axial force and bending moment relation-
ship for the pylons and longitudinal stiffening girder
elements;

- Change of the bridge geometry due to large displace-
ments.

Another research with large coverage on geometrically

non-linear analysis and deformed state is “Second-order
inelastic analysis of cable-stayed bridges” by Thai and Kim
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(2012). It also provides reasons for geometrical non-line-
arity and possible calculations of such behaviour. A con-
siderable amount of articles is written on cable behaviour
and its simplified calculations. This includes the following
research: Wang, Lin, and Tang (2002) “Study on nonlin-
ear analysis of a highly redundant cable-stayed bridge”, as
well as Hajdin, Michaltsos, and Konstantakopoulos (1998)
“About the equivalent modulus of elasticity of cables of ca-
ble-stayed bridges” and Freire, Negrao, and Lopes (2006)
“Geometrical nonlinearities on the static analysis of highly
flexible steel cable-stayed bridges” Some of the research
also goes to the core of the nonlinear behaviour of bend-
ing elements which is especially important for the stiffen-
ing girder of the cable-stayed bridges.

Since the analysis of the deformed state is rather
complicated, various simplified calculations are being
developed. One of the first to develop and describe such
calculations in the field of cables was Dischinger (1949) in
“Hangebriicken fur Schwerste Verkehrslasten” and Ernst
(1965) in “Der E-Modul von Seilen unter Brucksichtigung
des Durchhangers”. They refer to the equivalent modulus
of elasticity which assists in approximate estimations of
the cable sag. Later more research was made on this sub-
ject-matter, such as “The tangent and secant modulus of
cable stays with tension cables” by Monaco (1997).

“Structural analysis: a unified classical and matrix ap-
proach” by Ghali and Neville (1978) speaks of the bending
elements and their calculations. These provide examples
of various structures that can also be applied in the cable-
stayed bridge calculations. A more detailed analysis of this
issue is provided by Vega-Posada, Areiza-Hurtado, and
Aristizabal-Ochoa (2011) in “Large-deflection and post-
buckling behavior of slender beam-columns with non-
linear end-restraints”

As for preliminary design one article by Hagen and
Staroseek (2002) “Zur Vorbemessung von Schrigseil-
briicken” is particularly significant. It contains the prelimi-
nary calculations of stress and strain as well as methods
for preliminary identification of the stay cable stress.

This article examines the new innovative two-level
branched cable-stayed bridge behaviour. The preliminary
design methodology for this type of bridges is presented.
The advantages of such structure are indicated and a com-
parative analysis of the standard fan cable-stayed bridge of
a similar length is performed.

1. New structural form

New innovative systems are constantly being developed
in an effort to minimize the possible construction costs
by ensuring the same design structure parameters. One of
these systems is the branched cable-stayed bridges (Fig-
ure 1). Such solution for bridges could be driven by the
need to significantly reduce the cost of materials for the
construction of cable-stayed bridges and, at the same time,
to effectively manage the stress on the bridge elements.

2. Preliminary design

Cable connection coordinates and displacements

It is common that in order to achieve rational bending
moments in the cable-stayed bridge stiffening girder, it is
necessary to provide the cables with a certain prestress
force and to select the required cross-sectional area. In the
case of the branched bridge another important indicator is
in place which is the cable length, or, in other words, the
coordinate of the cable intersection point.

The reaction of the system is particularly sensitive to
the displacements of these connections, and the distribu-
tion of stresses depends much more on the this than on
the cable cross-section area or prestress force, as is the
usual case with the standard cable-stayed bridges. The lat-
ter are only tools to ensure efficient cable performance.
The connection coordinates are extremely significant for
one reason: the balance of forces. In each of the connec-
tions the balance between the vertical and the horizontal
forces must be achieved, otherwise, the performance of
the cables will be inefficient, the prestress force will go
up resulting in an increase in the cross-sectional area of
the cable and the steel costs will grow without any seri-
ous cause. Moreover, in case of a certain load applied to
the stiffening girder the connection displacements will no
longer meet the serviceability limit state requirements, the
system will be unstable and the stresses will be difficult to
control. The difference in bridge behaviour with adjusted
and non-adjusted cable coordinates is shown in Figures 2a
and 2b, respectively.

The difference shown is obvious. In the first case the
cables are displaced downward at more than 10 cm. Such
displacements are unacceptable and even dangerous to the
structure. In the second case the balance of forces in the
connections is achieved and minimal displacements oc-
cur only due to the deflection of the stiffening girder and
cable elasticity.

Engineering calculation methodology

Based on the statement that one of the most important de-
sign aspects of the two-level branched cable-stayed bridges
is the coordinates of cable connections, recommendations
for the calculation of the cable connection coordinates for
the cable-stayed bridges where cables are branched up to 2
times were prepared. Such branches are called levels. The
first level in this case is the upper connection, the second
level connections are the lower ones (Figure 3).

The identification of the cable connection coordinates
of two-level (or one-level) cable-stayed bridge is carried
out according to the algorithm shown in Figure 4.

Determination of the pylon coordinates
H=0,577-L, (1)
where: H - pylon height from the axis of the stiffening

girder; L — the length of the stiffening girder from its edge
to the pylon.
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Figure 2. a) — system displacements without the balance of axial forces in the cable connections;
b) — system displacements with the balance of axial forces in the cable connections

x5 (x1,2)
z,(z
le (xl,l) ],n( 2,2)
x,n (%2,2,2) f
|
X2n (%2,2,1) 7
14
Xpjn (2,1.2) ! // /’ : =
g aj, (o
X (o10) . 7 A G (G,1)
/
/
Zjy (21,0) /,/ Zju (22,1) J f -
; o
(z1) g N =
zi . (z Z - 7 %4 |
“j,n \Z1,1 -z e 7 A o o
< yid 4 %jn ((11,2) ) // / I ;,n( 2’2) s
/// D L, / // h : 3
1) N /AR I
e pd il / i\

i L L, I L Ls L L Lg Lo m?w

r2jm (12,1,1)

i (r1,1)

rm (r2,1,2)

rajn (r22,1)

r1,j (r1,1)

12 (r22,2)

Figure 3. Cable connection coordinate calculation scheme
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« Determining the total span length

« Determining the distance to the pylon

« Determining the height of the pylon according to formula 1
« Determining the height of the cable branches according to formulae 2 and 3

« Determining the coordinate x of the first level cables according to formulae 4 and 5
« Determining the coordinate x of the second level cables according to formulae 6 and 7

Figure 4. Algorithm for finding the coordinates of the cable connections of the branched cable-stayed bridge
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where: h, ; - the height of the first level cable branch j
from the stiffening girder axis; h, ;, — height from the
stiffening girder to the second level branch; H - pylon
height from the stiffening girder axis.

Determination of the first level coordinates x
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where x; ; - the distance of the first level cable branch j
from the stiffening girder edge; h,; ; - the distance of the
first level cable branch j from the stiffening girder axis;
H - pylon height from the stiffening girder axis; r; ; - fic-
titious intersection point of the first level j-cable with the
stiffening girder calculated according to formula 4:

VD3 L, Ly, Ly
_ 4j-2 4j-1 4j
nj= El Li+—4 +—2 +—4 , (5)
i=

where: L; - the length of the i stiffening girder distance
between the cables.

Determination of the second level coordinates

X1 =i ) i
Xo,jm =T jn t ( ] h] ) = (6)
Lj

where: x, ; , - the distance of the second level branch from
the stiffening girder edge; x; ; - the distance of the first
level branch from the stiffening girder edge; h, ; , - height
from the stiffening girder to the second level branch; i ; -
height from the stiffening girder to the first level branch;
13, n — fictitious intersection point of the first level n-cable
with the stiffening girder calculated according to:

2n—1 L
Py jn = ZLl. + z" , (7)
i=1

where: L; — the length of the i stiffening girder distance
between the cables; L,, — the length of the 2# stiffening
girder distance between the cables.

3. Bridge behaviour comparative analysis

For the purpose of identifying the behaviour of the new
structure behaviour the following loads are assessed: the
dead load of the structures and the temporary pedestrian
loads. With the use of these loads the structure is tested
according to two combinations: the symmetric (when the
pedestrian load is applied across the entire bridge) and
asymmetric (when the pedestrian load is applied to only
one side of the bridge). The variable load of the pedes-
trian bridge is the pedestrian traffic load. It is calculated
in accordance with LST EN 1991-2; 2006 - 5.1.(2) (Lietu-
vos Standartizacijos departamentas, 2006). The 4th load
model is applied - the crowd load - which is equal to

G.f = 5%. This load is distributed to longitudinal gird-

ers, symmetric and asymmetric load variations are devel-
oped.

The stiffening girder of the bridge under analysis
(Figure 5) is 80 m in length, designed from the IPE 450
profile. The pylon is designed from a square cross-section
element with a length and width of 550 mm and the wall
thickness of 30 mm. The anchor cables are modelled from
110 mm diameter cables. The first level cables starting
from the anchor cable are 90 mm and 60 mm in diam-
eter. The second level cables starting from the anchor ca-
ble are 70 mm, 70 mm, 50 mm and 50 mm in diameter.
The third level cables starting from the anchor cable are
70 mm, 60 mm, 70 mm, 60 mm, 40 mm, 30 mm, 40 mm
and 30 mm in diameter.

The innovative bridge is compared to the conventional
cable-stayed bridge (Figure 6). The stiffening girder of this
bridge is respectively 80 m long, designed from the IPE
500 profile. The pylon is designed from a square cross-sec-
tion element with a length and width of 500 mm and the
wall thickness of 20 mm. The anchor cables are modelled
from 80 mm diameter cables. The other three cables, ar-
ranged in a row starting from the anchor cable, are 50 mm
in diameter, while the three cables closest to the pylon are
40 mm in diameter.

The cable cross-section area and prestress force is
selected in such a way as to maximize the rationality of
the stresses in the stiffening girder. The adjustment of the
stresses can only be done by increasing the cable diameter.
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In this way the cable becomes more rigid and its defor-
mation decreases, the support for the stiffening girder is
greater. The problem with this method is that the cables
are expensive, thus, the option of increasing the diameter
is extremely non-cost-effective. Also, the stresses can be
adjusted by applying the prestress force only, however, in
this case an extremely high prestress force is required and
the cable may break. In this case both methods were com-
bined. The cable diameter was selected according to the
strength conditions, and only then the prestress force was
provided. This way the most efficient and cost-effective
option is achieved. The stress control in the case of an
innovative bridge is even more complicated, as the third
element is added: the cable connection coordinates, the
calculation of which is presented in the second section.

The analysis of bending moments

Under the symmetric load the bending moments in the
stiffening girder are evenly distributed due to the imposed
loads (Figure 7). The highest value in stiffening girder
reaches only 72.99 kNm, while the lowest is 63.36 kNm.
The 13% difference between the maximum and minimum
bending moments in the stiffening girder is formed due to
the rather complicated cable system.

Under the asymmetric load the bending moments in
the stiffening girder are different in their values on the
right and the left sides due to the imposed loads (Figure 8).
Since the pedestrian load is only on the left side this is ex-
actly where the moments increase, while they decrease on
the right side. The uneven bending moments can be seen
on the left side. The bending moments are rising upwards

Figure 5. The new innovative branched cable-stayed bridge
structure scheme

Figure 6. The structure scheme for the conventional cable-stayed
bridge used for comparison with the new structure
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closer to the pylon, while they go downward in moving
away from the pylon. This is due to the fact that the cables
which are farther away from the pylon because of their
smaller angle with the stiffening girder have a lower sup-
porting effect. The highest value in the stiffening girder
reaches 116.03 kNm, while the lowest in this case is only
7.59 kNm.

The analysis of axial forces

In the case of the symmetric load the maximum axial
force is applied to the pylon (Figure 9). In the stiffening
girder itself the axial compressive forces are distributed
stepwise. In such a case the highest axial forces appear in
the points where the stiffening girder is compressed from
both sides. Such distribution of the cable-stayed bridge
axial forces in the stiffening girder is rather unusual and
varies unevenly throughout the entire length of the stiffen-
ing girder. The maximum axial force value in the stiffen-
ing girder reaches 1707.67 kN. The axial forces in cables
vary depending both on the weight of the structure acting
on it, and on the stiffness of the cables, as well as on the
prestress force in them. The maximum axial force in the
cables reaches 1512.49 kN.

In the case of the asymmetric load the maximum axial
force is also applied to the pylon (Figure 10). The axial
compression forces in the stiffening girder are distributed
similarly to the case of the symmetric load. The maximum
axial force in the cables reaches 1488.31 kN.

UMy 50kNm
Max. =1221,68
Min, =-282,95

Lastfalle: 3 (Visas ULS)

Figure 7. Diagram of the bending moments
under symmetric load
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“My 50kNm
Max. =1186,12
Min. =-148,95

Lastfalle: 4 (Pusé ULS)

Figure 8. Diagram of the bending moments under
asymmetric load

U Fx+c Fx-t 1000kN
Max. =4318,28
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Figure 9. Diagram of the axial forces under symmetric load
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Figure 10. Diagram of the axial forces under asymmetric load

The analysis of the behaviour of the new structure of
the cable-stayed bridge makes it evident that this structure
is a promising and innovative one. In the case of asym-
metric load, the bending moments formed in the stiffen-
ing girder are only 1.5 times higher than in the case of the
symmetric load. Such indicator can effectively reduce the
cross-section of the structural elements, thus reducing the
dead load and the price of the bridge elements. The axial
forces during the symmetric load are 14% stronger than in
the case of asymmetric load, however, in the general case
their values are small.

The behaviour analysis reveals the main advantages
and disadvantages of the new structure, shows the key as-
pects to be addressed in the design of such a bridge.

The conclusions of the bridge behaviour
comparative analysis

The cable-stayed bridge with cables branching two times
(Figure 5) is an innovative structure with the main pur-
pose of reducing the steel costs. Effective results can be
achieved for two main reasons:

- The smaller number of cables is achieved due to the
cable branching, which allows the cables to have a
denser distribution and to make them considerably
shorter;

- A denser arrangement of cables on the stiffening
girder minimizes the bending moments and stresses
are controlled more effectively in the case of asym-
metric load, thus allowing the use of slenderer ele-
ments for the production of the stiffening girder.

One of the main features of this innovative structure

is the distribution of the axial forces in the stiffening
girder (Figure 9). It is common knowledge that the axial
forces of the cable-stayed bridges closer to the pylon are
growing. This is due to the fact that the stiffening girder
is compressed by the horizontal component of the cable
axial force which is directed towards the mounting of that
cable. In the case of fan and hybrid cable-stayed bridges
this component decreases slightly towards the pylon as the
angle between the cable and the stiffening girder increases,
in the case of parallel cable-stayed bridges this component
grows at a constant rate. The performance of the two-level
branched cable-stayed bridges is quite different since the
angle of each cable with the stiffening girder varies and
may even be greater than 90°. In this case the maximum
axial forces are on the sections of the stiffening girder

which are enclosed by two cables that branch from the
same cable. If the angle of the cable with respect to the
stiffening girder exceeds 90°, the maximum axial force is
reached not in the part closest to the pylon, but on the
section of the stiffening girder between the two cables the
components of the horizontal axial forces of which are di-
rected towards each other.

Such uneven distribution of axial forces in the stiffen-
ing girder allows to achieve highly effective stress control
results. If the pedestrian load of 5 kN/m? of the stiffening
girder of the bridge is evenly distributed across the entire
length, efficiency as high as 30% can be achieved com-
pared to the case of the standard fan cable-stayed bridge
(Figure 11). Meanwhile, applying such a load to only one
side of the bridge increases the efficiency of the branched
cable-stayed bridge up to 50%, estimations being made ac-
cording to the stresses on the stiffening girder (Figure 11).
Such cost-efficient results are achieved because the axial
forces in the stiffening girder do not grow in an even man-
ner gradually up to the maximum value, but are distrib-
uted differently across the entire length of the stiffening
girder.

Contrary to the conventional cable-stayed bridges
the branched bridge is extremely insensitive to asym-
metric loads. In terms of the axial forces this indicator is
50% better than in the case of the standard cable-stayed
bridge (Figure 12). While the maximum axial force of
3265.19 kN is reached under the asymmetric load at the
stiffening girder of the standard cable-stayed bridge, the
maximum axial force as low as 1663.59 kN is reached at
the stiffening girder of a two-level branched cable-stayed
bridge with similar parameters. Even better results can
be seen in terms of the bending moments (Figure 12).

Symmetrical load

6000
5000 5341.08
4000 431828
3000
2000 2429.54
1000 1512.49 1707.67
974.6
0
Cable axial Pylon axial Stiffening girder axial
force, kN force, kN force, kKN
Standard bridge Branched bridge
Asymmetrical load
8000
7000 7601.13
6000
5000
4000
;ggg B 3265.19
1489.31

1000 1466.58 1663.59

0

Cable axial Pylon axial Stiffening girder axial
force, kN force, kN force, kKN
Standard bridge Branched bridge

Figure 11. The results of the comparative analysis of the axial
forces. The blue colour indicates the standard bridge data, the
grey colour — the branched bridge data
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Asymmetrical load
600 Standard bridge

400 491.06 Branched bridge

116.03
Stiffening girder bending moments, kNm

Figure 12. The results of the analysis of the bending moments
in the stiffening girder. The blue colour indicates the standard
bridge data, the grey colour - the branched bridge data

For instance, in the case of the asymmetric load on the
stiffening girder the maximum bending moment reached
at the branched cable-stayed bridge is even 4.2 times lower
than that of the stiffening girder of the standard fan cable-
stayed bridge with analogous parameters, i.e. 116.03 kKNm
and 491.06 kNm respectively.

The interesting fact is that the difference between the
maximum bending moment of the branched cable-stayed
bridge stiffening girder with a symmetric and asymmetric
load is 37%, while in case of an equivalent span standard
fan cable-stayed bridge it is as high as 74%.

This particular indicator is the biggest advantage of
the innovative two-level branched cable-stayed bridge
design which makes it possible to minimize the cost of
production of the stiffening girder. In any case both the
axial forces and the bending moments in this new struc-
ture are smaller. This makes it possible to design slenderer
elements of the bridge, to construct simpler connections,
while in terms of aesthetics the design is even more light-
weight and more valuable.

4. Technical-economic efficiency

One of the most significant indicators in the construc-
tion of bridges is their economic efficiency. The solutions
for reducing the costs of construction work and materials
are constantly under consideration. The branched cable-
stayed bridge helps save up to 34% of steel (Figure 13).
Most importantly, the branched cable-stayed bridges re-
quire as much as 20% less steel than the standard cable-
stayed bridges. In the context of modern construction this
indicator is very important while calculating the economic
efficiency of bridge construction.

100

20 100% 100% 100% 100%

70 79.48%

61.01% 65.96%

40 49.96%

Steel quantity Steel quantity Steel quantity Total steel

for stiffening for pylon for cables quantity
girder
Standard bridge Branched bridge

Figure 13. The results of the economic efficiency analysis.
The blue colour indicates the standard bridge data, the grey
colour - the branched bridge data
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The highly effective control of stresses in the stiffen-
ing girder under asymmetric loads, the lesser amount of
cables with their denser distribution and the uneven dis-
tribution of axial forces are the main reasons proving that
a branched cable-stayed bridge is more cost-effective than
the conventional cable-stayed bridges. Figure 11 shows
that up to 50% less steel is used for the stiffening girder,
39% less steel for the pylons and 20% less steel for the
stay cables. Such results are achieved in the comparison
of the 80 m span two-level branched cable-stayed bridge
with a conventional fan bridge of the same span. In case
of the increase of the span the cross-sections of all three
elements grow. In other words, as the span grows, the eco-
nomic efficiency of the two-level branched cable-stayed
bridges is increasing even more.

Conclusions

With the rapid development of bridge construction tech-
nologies and the need for large spans, the search is on for
new solutions that would deal not only with the struc-
tural but also the cost-effective implementation. One of
the new and extremely promising systems is the branched
cable-stayed bridges. The analysis of the deformed state
behaviour of these bridges leads to the conclusion that
this system can be one of the main cable-stayed bridge
systems in pursuit of increasing the bridge spans up to
record lengths.

The branched cable-stayed bridge structure allows to
manage the asymmetric loads effectively which is an im-
portant indicator for reducing the cross-sections of the
bridge elements. Such structure requires a lesser amount
of cables. Designing such a structure is a complicated pro-
cess, however, the development of a proper calculation
methodology and practical recommendations can make
this cable-stayed bridge structure one of the most promis-
ing (Stragys, 2018).

The study of the behaviour of the two-level branched
cable-stayed bridge led to several main conclusions:

- The stiffening girder enclosed by two cables branch-
ing from a single point undergoes greater compres-
sion. For this reason, the axial forces in the stiffening
girder of the cable-stayed bridges with cable branch-
ing vary unevenly;

- In order to achieve rational bending moments in the
stiffening girder particular attention must be paid not
only to the cable prestress, but also to many other
parameters: the cable cross-section area, the connec-
tion coordinates, the determination of balance of the
axial forces;

— The stiffening girder deflections of such cable-stayed
bridges are strongly dependent on the balance of
the axial forces in the cable branching. In case of
imbalance of forces in such connection, large cable
displacements occur which result in large displace-
ments of the stiffening girder. A very important task
is to control the branched structure displacements
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properly, as they can have a significant effect on the
serviceability limit state;

- The most effective performance of the structure with
cables branching from a single point takes place
when the cable of the upper level is of larger cross-
section than the cables branching from it;

- The reduction in the height between the cable con-
nection and the stiffening girder “h” produces inten-
sive growth of the axial forces of that particular part
of the stiffening girder, as the element is more com-
pressed, i.e. the horizontal components of the axial
forces of the cables are greater. A similar effect hap-
pens in the opposite case: when the height h increas-
es, the axial forces in the stiffening girder decrease;

— If the angle between the cable and the stiffening gird-
er is greater than 909, it leads to stretching in the lat-
ter. The reason for this is the following: the horizontal
component of the cable axial force becomes directed
towards the opposite side;

— For the latter two reasons the axial forces in the stiff-
ening girder are distributed unevenly in case of such
cable configuration. The compressive force of the
elements enclosed by two cables branching from a
single point is greater than that of the intermediate
elements;

- The most cost-effective option is the one that uses
more cables with smaller cross-section compared
with the one using larger cross-section cables;

- With regard to stresses the most effective option is
the one in which the difference between the maxi-
mum and minimum stresses in the stiffening girder
is the smallest.
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