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Abstract

Cable-stayed bridges are sensitive to deformation under asymmetrical and localized
loads, usually requiring heavy stiffening girders and massive pylons to ensure sufficient
stiffness and deformation control. This paper proposes an innovative cable-stayed steel
bridge system that incorporates intersecting stay cables, additional intermediate pylons,
and a prestressed stringer, rather than a conventional stiffening girder. A calculation ap-
proach based on interactions among the string, stay cables, and pylons is developed to
evaluate the structural behavior of the proposed system. Experimental studies using a
scaled physical model were conducted to validate the numerical and analytical results.
This research provides a basis for the practical application and further development of the
novel cable-stayed-string bridge system.

Keywords: steel bridge; cable-stayed-string structure; intermediate pylons; intersecting
cable stays; nonlinear behavior

1. Introduction

In recent years, pedestrian bridges have become an essential component of urban
infrastructure, providing safe pedestrian movement, particularly in densely populated ar-
eas [1,2]. Depending on structural configuration and functional requirements, various
types of pedestrian bridges have been constructed worldwide, including beam, truss,
arch, suspension, and cable-stayed bridges [3,4]. Among them, the cable-stayed pedes-
trian bridge (CSPB) is particularly popular in modern cities due to its aesthetic appear-
ance, cost-effectiveness, and relatively simple erection and construction process [1,5]. The
main structural components of a CSPB are the deck or stiffening girder, pylons, stay ca-
bles, and foundations. Stay cables, acting as elastically flexible supports, are essential for
distributing permanent and service loads acting on the bridge’s stiffening girder. They
also play an important role in controlling the vertical and horizontal displacements of the
stiffening girder and pylons, respectively [6-9].

However, advances in design methods and the use of high-strength materials have
led to increasingly slender pedestrian bridge structures [9,10]. Consequently, these
bridges are more deformable and more susceptible to dynamic effects and pedestrian-
induced vibrations, which may negatively affect user comfort and serviceability [11,12].
Therefore, human-induced vibrations, dynamic response, and structural control of cable-
stayed pedestrian bridges have become important topics in recent research [8,13,14]. In
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addition, numerical modeling and model updating are increasingly used for both analysis
and validation of the static and dynamic behavior of cable-stayed bridges [15,16].

Innovative solutions have been proposed to address these challenges in steel pedes-
trian bridges, including replacing conventional stiffening girders with prestressed string
elements. Recent theoretical and experimental studies have shown that the use of such
string systems instead of conventional strutted structures can significantly reduce bridge
mass and increase structural efficiency [17,18]. In these systems, the string acts as a com-
ponent that stabilizes kinematic displacements, thus enabling the effective use of a light-
weight deck.

In order to reduce the deformability of cable-stayed pedestrian bridges, intermediate
pylons and intersecting stay cables connecting them have been introduced [19]. The use
of intersecting stay-cable configurations provides considerable structural advantages for
steel cable-stayed bridges, especially under asymmetric loading [20-22]. The use of inter-
secting stays can reduce the required stiffness and mass of the stiffening girder and, con-
sequently, the bridge’s total mass. At present, eight pedestrian bridges with such inter-
secting stay-cable systems have been constructed. However, it should be noted that the
calculation and analysis methods for such bridges with intersecting stay cables are still
insufficiently developed.

To further increase the efficiency of these bridges with intersecting stays, an innova-
tive pedestrian bridge solution has been proposed in which the stiffening girder is re-
placed by a prestressed flexible steel string [23]. It should be emphasized that this new
structural solution has not yet been implemented in practice.

Despite the established design experience accumulated in conventional cable-stayed
bridge structural systems, the calculation methods used remain limited. Cable-stayed
bridges, as highly statically indeterminate systems, should be designed using rational
structural parameters. However, their application is difficult without appropriate calcu-
lation methods and experimental validation [11,24,25]. In particular, determining the ge-
ometry and prestressing forces in cable-supported systems requires consideration of the
nonlinear behavior of stay cables, cable sag effects, and construction sequence. It is also
important to evaluate the complex interaction between stay cables and horizontal load-
bearing elements [26-30]. Recent studies on the optimization and adjustment of stay-cable
prestressing forces further underscore the need to improve calculation methods for cable-
stayed bridges to accurately predict internal forces, displacements, and the final structural
configuration [31-35]. Therefore, the design of an innovative bridge system with intersect-
ing stays, intermediate pylons, and a prestressed string requires additional analytical, nu-
merical, and experimental studies to justify the practical application of prestressed steel
cable-stayed bridges with intersecting stay supports [36,37].

This paper discusses an innovative structural system of a steel pedestrian bridge with
intersecting stay cables and prestressed strings. The main focus is placed on the nonlinear
behavior analysis of this bridge system and the development of its calculation method. A
calculation method for such a cable-stayed system is developed based on the interaction
between the string, intersecting stay cables, and intermediate pylons. Numerical and ex-
perimental methods are also used to analyze the behavior of the bridge under investiga-
tion. Experimental tests of the bridge model were conducted to validate the developed
analytical solutions and numerical results. This study provides a basis for the practical
application and further development of the new cable-stayed-string bridge system.

2. Calculation of the Innovative Cable-Stayed-String Bridge

The analyzed bridge system uses an intersecting cable-stay arrangement, where the
stays cross each other between the pylons and the string. In this system, the load is trans-
ferred not through a conventional stiffening girder, but through the interaction of the stay
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cables, intermediate pylons, and the pre-stressed string. This allows the bridge to operate
primarily under axial forces and reduces the need for a massive bending-stiff deck ele-
ment.

A conventional cable-stayed structural system has a typical limitation associated
with the use of a massive girder. This girder must resist bending moments and consider-
able axial compressive forces, which may lead to stability-related issues. One possible al-
ternative is to replace rigid bending elements with flexible suspended elements, such as
cables or strings. These elements are usually prestressed and anchored to the foundation;
therefore, when external loads are applied, the structural response is governed mainly by
tensile stresses. In the investigated bridge system, the load-bearing element of the bridge
deck may therefore be represented by a string. Its behavior can first be described by ana-
lyzing a single string internode.

The analyzed innovative bridge system consists of intersecting cable stays, four in-
termediate pylons, and a string, as shown in Figure 1. The anchorage stays of the bridge
are assumed to be fixed at the end supports. A planar structural model is considered in
order to determine the variables governed by the interaction between the cable system

and the string.
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Figure 1. Scheme of the innovative bridge with intersecting cable stays and intermediate pylons.

Figure 2 shows the deformed configuration of the cable-stayed-string bridge under
symmetrical loading. The applied load is assumed to be uniformly distributed along the
string. In this case, the main unknowns are the displacements at the connection points
between the intersecting stays and the string, A;, A4, A,, and Ay, and the axial forces in
the stay cables, Ni. The supporting forces transferred from the stay cables to the string, F1,
F2, F3, and F4, are also considered as additional unknowns.
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Figure 2. Deformed scheme of the bridge.
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2.1. Cross-Stay Calculation

The first step is to determine the axial forces in the stay cables. For this purpose, the
stay-cable system is divided into triangular subsystems formed by the intermediate py-
lons and the cables connected at their upper nodes. In each subsystem, cable elongation is
governed by the displacements of the cable ends and by the vertical displacement of the
corresponding intermediate pylon.

This relationship makes it possible to analyze the behavior of the connected members
separately. Stay cables connected to the same pylon at the same angle are assumed to have
equal tensile forces under equilibrium conditions. This assumption simplifies the calcula-
tion by reducing the number of unknowns and by relating the system displacements to
the internal forces in the stay cables. The corresponding expressions are given in Equa-
tions (1)—(6), from [36], where the initial prestressing forces are denoted by N,;, as shown
in Figure 3.
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Figure 3. Cable stays and pylons, divided into triangular systems (left side of the system).

E,1A,(cosa - (A,) — sina - (Ag;))
N; = 1 lcl U2+ Ny (1)

EppAycosf - (g — 24,) +

N, = 21, sz (2)
N, = E,3A,cosy - (ZAIC3 — 204 +A,) N 3)
N, = S0y (zAl}; “2eth) )

= B B2 o

Eyd, - (Af) — sina - (A,
N, = 64, (cosa ({6) sina (S))+Np6 ©)

E,; —cable stay elastic modulus, A,—cable stay cross-sectional area, N,; —prestress force
in stays, Ay —horizontal left pylon top deflection (symmetrically Ag,).

The vertical components of the cable forces N; are used to determine the resulting
support forces Fi that the stay cables transfer to the string. It should be noted that pylon
compression is not considered in this formulation. Therefore, the forces Fi can be ex-
pressed only in terms of the cable tensile forces and their corresponding angles in the
initial structural configuration, as shown in Figure 4.
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Figure 4. Cable stay forces generating uplifting force F.

To determine the uplift forces Fi generated by the stay cables and transferred to the
string, the force state at the cable attachment points, shown in Figure 2, is considered [36]:

F, = Nycosa + Nycosy — 2N,cosf )
F, = N,cosf3 + Nycosy — 2Nzcosy (8)
F; = Nscosf + Nycosy — 2N,cosy 9)
F, = Ngcosa + N,cosy — 2Nscosf (10)

The bridge’s stay cables can be modeled as inclined cables with limited sag. Since the
stay-cable response is nonlinear, the effect of cable sag should be accounted for in the
analysis. In the initial stage of the calculation, the cable is assumed to be unstressed. The
main unknowns are the displacements of the stay-cable joints C, D, E, and F, the change
in cable length Al, and the axial force S(x). The geometric elongation of the cable, As, is
also considered as an additional unknown, as shown in Figure 5.

Figure 5. Cable-stay calculation scheme.

First, the supportive reactions at the cable’s ends are determined [36]:

q,1l 2

an = ZZ +§‘Ixf (11)
q,'l 2

Fop =" = Saf (12)

q, and q,—cables weight load in z and x-axis, f—cable sag.
The axial (tension) force on the cable can be determined throughout its length; thus,
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L2 gl 2
S(x)5q8f +q2 +(1—Tx> (13)

The cable’s curve shape z(x) is determined by the ratio of the bending moments
caused by the applied loads and the axial tension force in the cable:

2(0) = M, (x) + M, (x) (14)
S(x)
Gy l{4x  4x?
MZ(X) = T T - l—z (15)
2 2x3  3x% «x
M, (x) = §qxlf = "t (16)
The cable length difference before deformation can be described as follows:
8f?
=~ —_ 17
S=l+35 17)

With this expression, the cable’s geometric elongation after deformation can be ob-
tained.

2 _ g2
3 l
These expressions can be used to evaluate the nonlinear behavior of cable-stays. Ax-

ASy; =S — Sy =

ial cable forces can define the start through the change in cable-stay deflection:

L 1.2
N, = b ll (19)
8(fi — fu)
p,—cable weight; f,,; —sag loss due to vertical displacement of nodes.
The discussed deflection change can be obtained by subtracting the geometrical cable

length change from the elastic elongation [36]:

Soi T S1i < g;All: 20
where
Sy = (zi + AL+ §W> 1)
S = (li + g%ﬁlz) (22)
Al; = cosa - Ac (23)
I, = cosf - (ALZ) — 2A0) (24)
AL = cosy - (A¢ —2 2Ap + Ap) (25)
AL = cosy - (Ag —2 20 + Ap) 26)
Al = cosp - (A; — 2Ap) 27)
Alg = cosa - Ap (28)

https://doi.org/10.3390/app16147074



Appl. Sci. 2026, 16, 7074 7 of 17

2.2. Calculation of String Members

The bridge string is designed as a continuous pre-stressed element with a length
equal to the bridge span length (see Figure 1). However, due to the different axial tensile
forces developing in the string internodes B-C and C-D (see Figure 2), separate string
members are analyzed.

The string member B-C, subjected to the distributed load p and the vertical compo-
nents of the forces transferred by the intersecting stays, experiences nodal displacements
Av and Ah, and deforms within the internode according to w; (x). The equilibrium con-
dition of the string member B-C can therefore be written as follows (see Figure 6).

pl
Hye = 8Af,
H,.—the tensile force in the string internode B-C; a—the length of the string internode
B-C; Af; —the displacement at the midspan of the string internode B-C.

(29)

¢
W1(x) >
Y ’q[ [

Figure 6. String calculation scheme B-C.

The vertical support reaction at node C is equal to

l Av l Av
_pl_ A _plg
2 4 Af,

An additional condition for determining the unknowns is obtained from the defor-

) (30)

mation compatibility equation of the string member:

So+Asy = 54 (31)
Hb S
As,, = ECA 0 (32)
8 Af? Av?
S1 =59 — Ah + + (33)

3( — Ah) 21 — Ah)

s = a—initial length of the string internode; As,; —the elastic elongation of the string in-
ternode; s; —the length of the string internode after deformation; EA—the axial stiffness
of the string.

After rearranging the expression, the midspan displacement Af; of the string mem-
ber can be determined when one end has a vertical displacement Av and a horizontal
displacement Ah, as shown in Figure 6:

3| 3plt
- f_ 34
A 64 EA d 4

d_1+3Av2 L3 8h-L 35)
T 16 AfET 8Af? (

Here, d is a coefficient that accounts for the influence of node C displacements on the string
displacement Af;.
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Then, string tension force can be described:

_ 3| p*l* EAd 36
Hye = ’T (36)

Using Equations (34) and (35), the displacement of the string internode, Af;, can be
directly determined when the displacement of node C is known. The tensile force Hj,, can
then be calculated using the corresponding expression (Figure 7). These formulas are anal-
ogous to the previously presented equations for calculating a string member [12].

P

' U TN TR TN TR R TN TR SN TR S N NN S NN AN ST A D
X
=
Z =
Ani <
LWl(x) ;
<1 Ani
F A

12 Fy

Figure 7. String calculation scheme C-D.

To reduce bridge displacements, the string may be pre-stressed in certain cases. If the
ratio between the initial pre-stressing force of the string, Ny, and the tensile force H,,; is
denoted by

Ny
HpTl

n= (37)

we obtain the formula for calculating the midspan displacement of the string internode

B-C
33plt(1 — n)
Afpra = ’ 64 EA d (38)

Then, the expression for calculating the tensile force in the pre-stressed string mem-
ber B-C can be written as follows:

3| p2l? EAd

_ 39
Hprpe 24 (1 — n) 9

It can be seen from Equations (38) and (39) that pre-stressing reduces the string dis-
placement Af,,; and increases the tensile force Hp, p..

To evaluate the multi-span string system, an auxiliary moment diagram is used only
for calculation purposes. It does not represent actual bending of the string but helps to
determine the tensile forces in different string internodes. The auxiliary moment function
is obtained from the distributed load and the nodal forces transferred from the cable-stay

system:
M(x) = M(X)gise — M(Xnoaar (40)
4F, + 3F, + 2F; + F,
Menodgar = ( : 25 : 4)1 (41)
3F, + 6F, + 4F; + 2F,
Mprogar = ( : ’ 5 : 4)l (42)
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2F, + 4F, + 6F; + 3F,
Mgnoaar = < ! 2 5 3 4>l (43)
F, + 2F, + 3F; + 4F,
Menogar = ( ! 2 5 2 4>l (44)
Mcaise =2p - 1 (45)
Mpaise =3p - I? (46)

After defining the nonlinear behavior of the string and stay cables, a calculation se-
quence for the entire bridge system can be established. As noted previously, an iterative
solution is required because the unknown parameters are interdependent. For symmet-
rical loading, the iterative procedure may be carried out as follows. First, initial assumed
values of the displacements Ac and Ad at the string—cable connection points are selected,
while Ae and Af are taken as equal due to symmetry. Based on these assumed displace-
ments, the axial forces in the stay cables N; and their horizontal components N;_p,, can
be determined [36]:

Ni_phor = sina - N; (47)
Ny _por = sinf - N, (48)
N3_por = siny - N3 (49)

The support forces F; and the fictitious bending moments at points C and D can then
be calculated. Based on these values, the fictitious horizontal forces H, and H; are deter-
mined:

M(x)
i = TF
The axial force H,; is then determined as the average value of v. This step is used to

(50)

estimate the axial force acting in the string internode between points C and D based on
the corresponding fictitious force values.

H, + Hy,
=" (51)
Having H.4, Hy, and Hg, can be defined:
Hpe = Heq — Hpc (52)
Hge = Heq + Hpq (53)
Here,

Hye = Niopor — Na—por (54)

HAd = NZ—hor - N4-—hor (55)

After defining the calculation procedure, the obtained results can be verified using
Equations (34)—(36). The iterative cycle is repeated until the required accuracy is reached.
The scheme of the proposed calculation approach is shown in Figure 8.

https://doi.org/10.3390/app16147074



Appl. Sci. 2026, 16, 7074 10 of 17

( Guess values of internode deflection )

( Result check ) ( Axial forces of cables and their horizontal actions [1-6D
( Deflections of adjacent internodes ) ( Cable support forces [7-1 OD
( Axial forces of adjacent internodes [52_53D Fictional moments at‘strlng fand cable-stays
connection point [40]

(Axial forces in intermode between selected points [5@( Fictional axis forces [47-49])

Figure 8. Calculation iteration sequence for bridge system.

These calculations were performed to verify that the proposed iterative method ac-
curately predicts the displacements and internal forces of the string-cable system before
applying it to the experimental model. For this numerical/analytical verification model, a
string-cable system with the cable and pylon profiles listed in Table 1 was calculated using
the proposed method and compared with the FE numerical modeling results. Therefore,
the parameters in Table 1 refer to the verification model and not to the reduced-scale phys-
ical specimen described in Section 3. Although the main focus of this paper is the static
behavior of the proposed system, a limited modal analysis was also conducted to indicate
its natural vibration characteristics and possible serviceability limitations.

Table 1. Cross-sections of structural elements.

Element Steel Type Parameters Finite Element Type
Cables 5960 d=0.05m Cable
Pylons 5355 d=0.508 m, t=0.03m Beam
String 5960 d=0.10m Cable

The results of this comparison are provided in Table 2.

Table 2. Systems forces and displacements under symmetrical loading.

String Cable Stays
Maximum Ax- Deflection [m] Maximum Ax-
ial Force [KN] A Aa Ae Ar ial Force [kN]
FEM Model 6683 0423 1.134 1.134 0.423 3761
Analytical solution 6472 0417 1.122 1.118 0413 3745

Deflection differences are under 2%, and axial force differences are under 4%, high-
lighting the accuracy of this calculation methodology.

The dynamic behavior of the cable-stayed-string bridge differs substantially from
that typically observed in conventional cable-stayed bridges. Due to the relatively low

https://doi.org/10.3390/app16147074
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rotational stiffness of the system, which is governed by the cross-sections of the stay cables
and their initial prestressing level, the structure exhibits very low natural frequencies. The
results of the modal analysis showed that the first vibration mode has a frequency of only
0.037 Hz. This indicates that, when designing this type of bridge, additional structural
stabilization measures must be considered, and a detailed dynamic analysis should be
performed.

3. Physical Experiment

This chapter presents the experimental results obtained from the physical model with
a geometrical scale of global dimensions to the full structure of 1:20 (Figure 9). The model
consisted of four intermediate pylons and separate end pylons that supported a pre-ten-
sioned steel string (Figure 10). Instead of conventional main-side pylons, in-place sup-
ports were used in this model. These supports were intended to limit possible horizontal
displacements of the intermediate pylons during the experiment.

The ends of the pre-tensioned string were also anchored to the same point supports.

Figure 9. Cable-stayed bridge model.

'L

A F :
B E =
= i o D i Jl .
Q = I L o Q
= 0 - i 0 = 0|3
i . i i I
G 997.5 H 1000 I 1000 J 1000 K 997.5 L =
4995

Figure 10. Geometrical parameters of the cable-stayed-string bridge model.

The total length of the bridge model was 4995 mm. The middle spans between the
pylons were 1000 mm, while the outer spans were 997.5 mm. The outer pylons were 731
mm high, and the inner pylons were 556 mm high. The intermediate pylons were con-
nected according to a parabolic curve. The vertical distance between the upper supports

https://doi.org/10.3390/app16147074
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and the lower anchorage was 1000 mm. The distance between the strings was 320 mm.
The string and the outer anchorage stays were connected to support bearings that allowed
for rotation around the horizontal axis (Figure 11).

(b)

Figure 11. Anchorage stay connection at point “A” (a); support at point “L” (b).

To ensure uniform tensioning, the string element was designed as a continuous steel
rod. All stay and string ends had threads intended for assembly and tensioning. The string
was tensioned using anchorage stays at the support bearings and screw couplers. The
cross-stays were connected to the pylons via extended screw couplers fitted to the stays’
threaded ends. The pylons were supported on the string and transferred forces to it, while
the string was connected to the outer U-shaped supports by bolts. This ensured that the
pylons would not move along the string’s longitudinal direction.

The string and diagonal stays were made of 6 mm diameter round steel rods from
high-strength steel S700. The string was designed as a continuous steel rod to ensure uni-
form prestressing along the entire element. The pylon elements were made from 40 x 40 x
3 mm rectangular hollow sections from structural steel S355. These cross-sections were
selected to limit pylon deformations and minimize their influence on the global defor-
mation of the bridge model.

The supports of the anchorage stays were designed so that both the anchorage stay
and the string could be tensioned without introducing additional stresses, particularly
bending stresses. The pre-tensioning of the string and the stays is particularly important
in this model because it maintains continuous tension in the diagonal stays. In addition,
at certain loading levels, the outer spans of the string may become compressed. The axial
forces of the model elements were measured using tensiometers (Figure 12).

https://doi.org/10.3390/app16147074
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Figure 12. Loaded internode C-D.

The pretensioning of the model elements was carried out gradually; its results are
presented in Table 3. First, the string was prestressed before the pylons and cable-stays
were installed. After that, pylons were fixed to the string once the prestress reached 2.38
kN. After that, the cable-stays were prestressed by tightening the fastening nuts at the
ends of the threaded rods.

Table 3. Elements axial forces after prestressing steps [kN].

Outer String In- Middle String Anchor Cable- Middle Cable-
ternode Internode Stay Stays
Prestressing Ele-  (G-H and (1-)) (A-Hand (CJ anz I-D)
ment K-L) F-K)

Strain Gauge 1 Strain Gauge 3 Strain Gauge 7 Strain Gauge

11&12
1. Strlng pre- 238 238 0 0
stressing
2. Cable sfays 281 151 0.38 1.13
prestressing

The displacement data for the string were obtained experimentally and numerically
using the finite element method. These results are presented in Table 4, and sensor loca-
tions in Figure 13. The experimental and numerical string displacements differed by ap-
proximately 9-10%, regardless of whether symmetrical or asymmetrical loading was ap-
plied.

Table 4. Comparison of displacements.

Load Deflection Outer Span Inner Span ~ Middle Span

Loading (G-H) (H-1) I-J
Step Data . - -
Disp. Meter3 Disp. Meter5 Disp. Meter 7
Test [mm] 16.05 14.96 15.95
1 FEM [mm] 17.70 14.40 14.40
Symmetrical Analytical 18.90 15.60 15.60
Test [mm)] 20.97 15.30 17.50
2 FEM [mm] 20.20 16.00 16.00
Analytical 22.50 17.60 17.70
Asymmetrical 1 Test [mm)] 16.00 16.20 10.04

https://doi.org/10.3390/app16147074
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FEM [mm] 17.30 15.30 10.40
) Test [mm)] 20.40 18.00 12.26
FEM [mm] 19.60 17.00 11.80

Figure 13. Strain gauges and displacement meters arrangement (red-strain gauges; blue—displace-

ment meters).

The experimental displacements in the middle span of the string were smaller than
those obtained numerically. In all other outer spans, the numerically calculated displace-
ment values were higher.

4. Analytical, Experimental, and Numerical Results Analysis

This section summarizes, discusses, and verifies the results obtained from the calcu-
lation methodology, experimental investigation, and numerical analysis of the innovative
cable-stayed-string bridge. The displacement values under symmetrical and asymmet-
rical loading are presented in Table 4. The presented data show that the string displace-
ments calculated using the developed calculation methodology are approximately 6-8%
higher than those obtained numerically and, on average, approximately 5-15% higher
than those obtained experimentally.

The axial forces in the string and diagonal stays, obtained experimentally and nu-
merically, are presented in Table 5. The results show that, in both loading stages, the axial
forces calculated numerically in the string spans were higher than those obtained experi-
mentally. The largest differences were observed in the outer string span, with differences
not exceeding 7%. Within the middle string span, the maximum displacement difference
in the first loading stage reached 19%; however, after increasing the load in the second
stage, it decreased to 7%.

Table 5. Comparison of axial forces.

Outer String Inner Inter- Middle String Anchor Cable

Load  Axial Force Internode node Internode Stay M(lél:i}l’es]t)a)y s
Loading Step Data (G-H) (H-1) (I-]) (A-H)
Strain Gauge  Strain Strain Strain Gauge Strain
1 Gauge 2 Gauge 3 7 Gauge 11 and 12
After prestress Test [kN] 2.93 2.35 1.68 0.49 1.02
FEM [kN] 2.81 213 151 0.38 1.13
Test [kN] 4.013 4.76 5.03 2.26 0.68
1 FEM [kN] 4.26 5.49 6.02 2.13 0.03
Symmetrical Analytical 4.83 5.93 6.27 2.35 0.01
Test [kN] 4.53 5.35 6.67 2.63 0.51
2 FEM [kN] 4.69 6.26 6.94 2.50 0.02
Analytical 5.2 6.4 6.54 2.73 0.01
1 Test [kN] 3.88 4.06 3.67 1.24 1.01 0.72
Asymmetrical FEM [kN] 4.29 4.81 4.27 1.85 0.84 0.08
2 Test [kN] 4.32 4.61 4.53 1.66 0.93 0.52
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FEM [kN] 4.76 5.44 5.78 2.15 0.87 0.01

When analyzing the stress values in the stays, it was found that only the middle stays
showed numerical model predictions lower than the measured forces. The largest differ-
ences between these values occurred after applying asymmetrical loading. This mismatch
in the results was most likely due to inaccuracies between the models.

It should also be noted that, except for the middle diagonal stays, the axial forces
measured in the string and anchorage stays during the experiment did not reach the val-
ues predicted by the numerical model.

5. Conclusions

1. The investigated innovative pre-stressed cable-stayed-string steel bridge with inter-
secting cable stays showed non-standard structural behavior. Since the stiffening
girder is replaced by a pre-stressed string, loads are mainly transferred through axial
forces in the string, stays, and pylons. A calculation method for this innovative bridge
is presented, dividing this bridge into separate fragments consisting of an intermedi-
ate pylons, cable-stayed string, and string intermediate nodes.

2. This cable-stayed bridge calculation method presents an approximate calculation of
the cable-stayed bridge as an inclined cable, assessing the load acting along the cable-
stayed span and the cable-stayed displacements. It also discusses the nonlinear cal-
culation of the load-bearing string supported by the cables, taking into account the
displacements of the intermediate supports and the pre-tensioning of the string.

3. The analytical results agreed well with the finite element model under symmetrical
loading. The difference in the maximum axial force of the string was approximately
3%, vertical displacement differences were below 2%, and the difference in the max-
imum axial force of the stays was approximately 0.5%.

4.  The results of numerical and experimental analysis of the innovative bridge model
showed that different tensile forces develop in separate string internodes due to the
action of the intersecting stays and nodal displacements. Therefore, the evaluation of
string displacements, stay forces, and force redistribution is essential for this bridge
system.

5. The physical bridge model confirmed the general deformation pattern predicted by
the numerical model. Experimental and numerical string displacements differed by
approximately 9-10% for both symmetrical and asymmetrical loading. The largest
discrepancies were observed in the diagonal stays, especially under asymmetrical
loading.

6. It was found that the tensile (axial) force of the string increases slightly as it ap-
proaches the middle of the bridge span and depends on the vertical and horizontal
displacements of its nodes and the applied prestressing. The axial forces of the stay
cables, on the contrary, decrease as it approaches the middle of the bridge. Under the
action of an asymmetric load, this bridge, unlike conventional cable-stayed bridges.
deforms evenly and the maximum string displacements do not exceed the displace-
ments under symmetrical loading.
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