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Nomenclature

L Bridge Span Length
LR Arch rib length
LR

br Wind bracing system length
h Height of the end portal
B Bridge width
f Arch rise
αC Hanger slope
αR Arch rib slope
DL Dead Load
LL Live Load
HR Height of the arch rib cross-section
BR Width of the arch rib cross-section
tR
w Web thickness of the arch rib cross-section

tR
f Flange thickness of the arch rib cross-section

HT Height of the tie girder cross-section
BT Width of the tie girder cross-section
tT
w Web thickness of the tie girder cross-section

tT
f Flange thickness of the tie girder cross-section

Dbr External diameter of the arch cross beam
tbr Thickness of the arch cross beam
m Number of hangers
mbr Number of Arch cross-beam
p Hangers steo
pbr Step of the arch cross-beam along the arch rib
AC Hanger cross-section
S C Hanger initial stress

1. Introduction

During the last decades, tied-arch bridges have become very competitive to cable-stayed bridges in the field of
medium span lengths, and probably, they will be an effective solution to overcome long spans in the next future
(Greco et al. (2019)). The structure of a tied arch bridge is composed of two arch ribs, which sustain a lower deck by
means of several hanger cables. In particular, the deck ties the arch ribs extremities together, thus supporting the hori-
zontal thrust (Lonetti et al. (2016); Tan and Yao (2019)). The hanger arrangement classifies tied arch bridges basically
in (i) moment tied and (ii) network configurations: the first consists of several vertical hangers equally spaced along
the tie girders, whereas the latter is composed of the union of two specular planes of inclined hangers forming a net
configuration (Pellegrino et al. (2010); Bruno et al. (2016)).
The arch ribs are mainly subjected to compression, whereby being easily susceptible to out-of-plane buckling phe-
nomena that may compromise the integrity of the whole structure (Lonetti and Pascuzzo (2019, 2016); Tetougueni
et al. (2019, 2020)). High axial compressions may be induced by (1) heavy live loads acting on the deck, such as
high-speed trains (Greco et al. (2018)), (2) ground-related risks or (3) actions induced by hazards (Greco et al. (2013);
Bruno et al. (2018); Lonetti and Maletta (2018); Tetougueni and Zampieri (2019)). For this reason, the buckling design
of tied-arch bridges represents one of the major issue that designers have to address. Usually, wind bracing systems
are adopted to increase the capacity of the structure against out-of-plane buckling phenomena. In this framework, the
most traditional configurations are (i) Vierendeel, (ii) X-shaped, and (iii) K-shaped schemes (Latif and Saka (2019)).
However, these systems may be considerably expensive since require much material as well as long manufacturing
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processes to be realized. Currently, this aspect represents the main obstacle to the application of tied-arch bridges in
the field of long-span structures. Consequently, effective strategies to enhance the integrity of tied-arch bridges against
out-of-plane buckling phenomena while saving economic resources are much required. Surprisingly, the out-of-plane
buckling behavior of tied arch bridges has still not been extensively investigated since few research works have fo-
cused on the problem. Ju (Ju (2003)) performed a systematic study with the aim to define analytical formulas for
calculating the buckling length factors of the most common arch bridge configurations, such as upper and lower deck
ones. De Backer et al. (Backer et al. (2014)) investigated out-of-plane nonlinear behavior of steel tied-arch bridges
by using an advanced 3d numerical model. The main aim was to assess the reliability of the simplified approach
proposed by Eurocode to define the critical axial force in arch ribs. They found that numerical evaluations are less
conservative than results determined by using EC3 procedures. On the base of their investigations, they proposed a
practical formula for a proper evaluation of the buckling length factor. Liu et al. (Liu et al. (2014)) defined an analytic
solution to evaluate the lateral buckling load for tied arch bridges braced by means of Vierendeel wind bracing layout.
More recently, a numerical investigation on tied arch bridges based on nonlinear incremental elastic analyses is pro-
posed in (Lonetti et al. (2019)), in which is shown how traditional buckling analyses may lead to overestimations in
the maximum buckling capacity of the structure. While some research has been carried out on the buckling behavior
of tied arch bridges, only a few studies have attempted to investigate the buckling behavior of network arch bridges
(Greco et al. (2019); Lonetti and Pascuzzo (2019)). In particular, in (Lonetti and Pascuzzo (2019)), a practical method
to quickly evaluate the critical axial force of network arch bridges has been proposed. It is worth noting that, previous
studies mainly focused on tied-arch bridge structures based on vertical arch ribs. However, during the last years, a
number of bridge configurations with inclined arch ribs is realized in practical applications (Guo et al. (2012); Ştefan
Guţiu et al. (2016); Lan et al. (2019)). In particular, the arches are frequently inclined inwardly, thereby reducing the
transversal distance between the top points. This configuration provides relevant aesthetic benefits to the bridge, but
it also contributes to increasing the lateral stiffness of the structure. However, there is a current paucity of studies
investigating the buckling capacity of the tied-arch bridge with inclined arches (Gui et al. (2016)).
The purpose of this paper is to examine the nonlinear behavior of tied-arch bridges with ribs inclined inwardly, espe-
cially focusing on the benefits induced by arches inclination on the buckling capacity of the structure. The nonlinear
behavior is examined by means of a combined analysis based on traditional Elastic Buckling Analysis (EBA) and
Nonlinear Elastic Analysis (NEA).
This paper begins by describing the numerical model and analysis methods employed to investigate the nonlinear
behavior of tied arch bridges. It will then go on to numerical results and discussions.

2. Numerical implementation

2.1. Structural scheme of the bridge

The structural scheme depicted in Fig.1 represents a typical tied-arch bridge, in which arch ribs are inclined in-
wardly with an angle (αR). The geometry of the structure is defined in terms of the span length (L), deck width (B),
and rise ( f ). The cable system is typically arranged according to two geometric configurations: (i) the moment tied
scheme, which consists of several vertical hangers and (ii) the network configuration, which is formed by the com-
bination of two specular planes of hangers inclined of a constant slope (αC) with respect to the horizontal axis. Both
configurations ensure intermediate supports equally spaced of (p) along the girder.
Usually, the arch ribs are braced against out-of-plane displacements by means of a wind bracing system, whose typical
configurations are Vierendeel, X-shaped, and K-shaped layouts. The un-braced portions of the arch ribs identify the
end portals of the structure, whose height is denoted by h. The ratio between the height of the end portal and the total
length of the arch ribs, i.e. h/LR, is frequently employed as dimensionless parameter to quantify the extension of the
wind bracing system. The arch rib and the tie girder typically consist of hollow rectangular cross-sections, whereas
pipes are used for wind bracing system components.
The bridge presents external boundary conditions based on in-plane hinged or simply restrains at right and left ends
respectively, whereas along out-of-plane direction fixed conditions are considered.
In the common practice, the cross-sections are dimensioned by means of practical design rules (Hedgren (1994)),
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Fig. 1. A schematic of a tied-arch bridge

which were defined according to dimensions employed in most of tied-arch bridge structures build in the past (see
Table 1). Similarly, preliminary design rules are defined for the wind bracing system (Table 2).

2.2. Numerical model and analysis methods

The bridge structure is analyzed by means of an advanced 3D FE model, in which the arch rib, the tie girder, and
the arch transversal beams are modeled by using Timoshenko nonlinear beam elements, whereas truss elements are
adopted for the hangers. In particular, the hangers are discretized into a number of elements according to the Multi
Element Cable System (MECS) approach, which permits to reproduce any source of nonlinearity of cables properly.
Both arch and girder are connected to the cable system by means of explicit constraint equations defined at intercep-
tions nodes of beams and truss elements.
Usually, two methods are employed to investigate the nonlinear behavior of tied arch bridges: (i) an eigenvalue buck-
ling analysis (EBA), which calculates the critical mode shapes of the structure and corresponding critical load mul-
tipliers, and (ii) a nonlinear elastic analysis (NEA), which consists of a step-by-step analysis where the acting loads
are progressively increased up to the crisis of the structure. EBA permits to characterize the nonlinear behavior of the
structure with a relatively low computational effort. However, it does not account for any nonlinear source arising from

Table 1. Preliminary design rules of the cross-sections of structural elements

Design Variables Minimum Maximum Mean

Height of the arch rib cross-section to span length ratio HR/L 1/190 1/140 5/806
Width of the arch rib cross-section to span length ratio BR/L 1/190 1/140 5/806
Height of the tie girder cross-section to span length ratio HT /L 1/70 1/50 3/175
Cable cross-section AC (cm2) 23.079 53.851 38.465

Table 2. Preliminary design rules for wind bracing system configuration

Design Variables Minimum Maximum Mean

Step of the arch cross beam to bridge width ratio pbr/B 1/4 3/4 1/2
Height of the end portal to arch rib length ratio h/LR 0.024 0.271 0.147
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the cable system. On the other hand, NEA allows to properly predicting the nonlinear behavior of the structure be-
cause it reproduces any kind of nonlinear effect. However, it should be performed considering the structure subjected
to initial out-of-plane displacements to accurately capture out-of-plane buckling mechanisms. Based on the previous
remarks, in the present study an analysis method that combines EBA and NEA is adopted to analyze the out-of-plane
nonlinear behavior of tied-arch bridges. The proposed method is described in detail in Table 3. It is worth nothing
that, EBA and NEA analyses require firstly the definition of the initial configuration of the bridge structure under the
action of dead loads (DL) (points 2.1 and 3.1), which consists to evaluate the initial stress distribution in hangers,
arch ribs, and tie girder. This step is considerable important in the present study because the nonlinear behavior of
the bridge structure is highly affected by stress and strain distribution. The identification of the initial configuration
is performed by means of a numerical procedure according to “zero displacement method”, which is usually adopted
in the context of cable-supported bridges. This method identifies the initial stress distribution of hangers, arch ribs,
and tie girder to reduce the deformations of the bridge structure under the action of dead loads. For sake of brevity,
the numerical procedure is not discussed here, but details regarding the numerical implementation can be found in
(Lonetti and Pascuzzo (2014a,b,c)).
Starting from the initial configuration, EBA calculates the live load multipliers and the corresponding critical buckling
modes of the structure by solving the eigenvalue problem associated to the governing equation of the structural prob-
lem (point 2.2). In the case of NEA, once that the initial configuration of the structure is defined, initial displacements
are imposed to the structure reproducing the first critical buckling mode shape (calculated by EBA in point 2.2) with
a maximum magnitude of L/8000 (point 3.2). Note that, this magnitude is considerably smaller than L/300, which
is the value that EC3 (European Committee for Standardization (2006)) usually prescribes to reproduce the effect
of geometric imperfections. This because a magnitude of L/300 may highly influence the nonlinear behavior of the
structure, thereby leading to relevant conservative prediction of the maximum carrying load of the structure. NEA
identifies the maximum buckling load of the structure by performing an incremental analysis (point 3.3). In particular,
the equilibrium equations of the structure are solved by imposing at the i-th loading step the following equations:

[KL + λKNL] [u + ∆u] = g0 + λq (1)

where KL is the stiffness matrix, KNL is the stress stiffness matrix, g0 and q are the dead and live load vectors, u and
∆u are the displacement vector and its incremental quantity, respectively.

3. Results

Numerical results are proposed with the aim to analyze the out-of-plane nonlinear behavior of tied-arch bridges,
investigating the influence of arch ribs inclination on the out-of-plane buckling capacity of the structure. The study
was developed with reference to a steel tied-arch bridge of 150 m, whose width (B) and rise ( f ) are equal to 15 m
and 27 m (i.e. f /L=0.18), respectively. Arch ribs and tie girders are made of steel and have rectangular hollow cross-
sections, whereas pipe elements are used for the beams of the wind bracing system. Table 4 summarizes cross-section
dimensions, which were selected according to the mean values of preliminary design rules typically adopted in the
framework of tied-arch bridges (Hedgren (1994)) (see Table 1). The dimensionless height of the end portals (h/LR)
and the step of arch transversal beams (pbr/B) are assumed of 0.147 and 0.5, respectively. The cable system consists
of 18 hanger elements equally spaced along the girder every 7.5 m. The hangers can be arranged in vertical or net-

Table 3. A description of methodology used to evaluate the nonlinear behavior of tied-arch bridges

1. Definition of the tied arch bridge structure
2. Perform EBA to identify the critical mode shapes of the structure.

2.1. Define the initial configuration of the structure under the action of Dead Loads (DL)
2.2. Resolve the eigenvalue buckling problem

3. Perform NEA
3.1. Define the initial configuration of the structure under the action of DL
3.2. Assign initial out-of-plane displacements, evaluated by means of EBA (point 2)
3.3. Increase live loads (LL) and evaluate the maximum loading capacity of the structure
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Table 4. Cross-sections dimension for a tied-arch bridge with L= 150 m

Structural element Shape B (mm) H (mm) t f (mm) tw (mm) D (mm) tp

Arch Rib Rectangular 930 930 40 40
Tie girder Rectangular 930 2570 40 110
Arch-cross beams Pipe 650 10
Hangers Circular 70

work configurations. In the last case, the hangers are spit in two specular sub-systems of 9 elements, inclined of an
angle αC with respect to the horizontal. Dead loads, concerning structural and nonstructural loads, are equal to 200
kN/m, whereas live loads are assumed of 160 kN/m, which consists of two lines of the LM-71 train model (European
Committee for Standardization (2003)) acting on the whole bridge length. The nonlinear behavior of the structure was
investigated by means of a combined analysis method based on Eigenvalue Buckling analysis (EBA) and Nonlinear
Elastic Analysis (NEA).
At first, comparisons are proposed between results relatives to bridge configurations with vertical and inward-inclined
arch ribs. The analysis was performed considering moment tied configuration and Vierendeel scheme for cable system
and wind bracing system, respectively. Fig. 2-a reports the evaluation of the maximum live load multiplier obtained by
means of EBA and NEA, whereas Fig. 2-b depicts the first critical mode shapes obtained by means of NEA. Note that,
the results of NEA in Fig.2-a are presented in terms of load-displacement curves in the form λ vs δ/L, where λ and δ/L
represent the live load multiplier and the normalized out-of-plane displacement of the rib cross-section at x/L=1/4, re-
spectively. The results show that EBA overestimates the maximum capacity of the bridge structures, thereby denoting
how nonlinearities of the structure considerably affect the out-of-plane buckling behavior. In particular, the buckling
load evaluated by means of EBA is higher than the one obtained by NEA for vertical and inclined arch ribs of 125%
and 43%, respectively. Consequently, an accurate evaluation of the buckling capacity of the structure can be achieved
exclusively by using NEA analysis.
The results also highlight that arch ribs inclination significantly improves the integrity of the structures against out-
of-plane buckling mechanisms since the live load multiplier predicted by NEA increases from 1.34 to 4.33. Such
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Fig. 2. Comparison between inclined and vertical arch ribs configurations. (a) Maximum live load multiplier (λ) evaluated by means of EBA and
NEA; (b) First critical out-of-plane buckling mode shapes predicted by NEA
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is performed by means of a numerical procedure according to “zero displacement method”, which is usually adopted
in the context of cable-supported bridges. This method identifies the initial stress distribution of hangers, arch ribs,
and tie girder to reduce the deformations of the bridge structure under the action of dead loads. For sake of brevity,
the numerical procedure is not discussed here, but details regarding the numerical implementation can be found in
(Lonetti and Pascuzzo (2014a,b,c)).
Starting from the initial configuration, EBA calculates the live load multipliers and the corresponding critical buckling
modes of the structure by solving the eigenvalue problem associated to the governing equation of the structural prob-
lem (point 2.2). In the case of NEA, once that the initial configuration of the structure is defined, initial displacements
are imposed to the structure reproducing the first critical buckling mode shape (calculated by EBA in point 2.2) with
a maximum magnitude of L/8000 (point 3.2). Note that, this magnitude is considerably smaller than L/300, which
is the value that EC3 (European Committee for Standardization (2006)) usually prescribes to reproduce the effect
of geometric imperfections. This because a magnitude of L/300 may highly influence the nonlinear behavior of the
structure, thereby leading to relevant conservative prediction of the maximum carrying load of the structure. NEA
identifies the maximum buckling load of the structure by performing an incremental analysis (point 3.3). In particular,
the equilibrium equations of the structure are solved by imposing at the i-th loading step the following equations:

[KL + λKNL] [u + ∆u] = g0 + λq (1)

where KL is the stiffness matrix, KNL is the stress stiffness matrix, g0 and q are the dead and live load vectors, u and
∆u are the displacement vector and its incremental quantity, respectively.

3. Results

Numerical results are proposed with the aim to analyze the out-of-plane nonlinear behavior of tied-arch bridges,
investigating the influence of arch ribs inclination on the out-of-plane buckling capacity of the structure. The study
was developed with reference to a steel tied-arch bridge of 150 m, whose width (B) and rise ( f ) are equal to 15 m
and 27 m (i.e. f /L=0.18), respectively. Arch ribs and tie girders are made of steel and have rectangular hollow cross-
sections, whereas pipe elements are used for the beams of the wind bracing system. Table 4 summarizes cross-section
dimensions, which were selected according to the mean values of preliminary design rules typically adopted in the
framework of tied-arch bridges (Hedgren (1994)) (see Table 1). The dimensionless height of the end portals (h/LR)
and the step of arch transversal beams (pbr/B) are assumed of 0.147 and 0.5, respectively. The cable system consists
of 18 hanger elements equally spaced along the girder every 7.5 m. The hangers can be arranged in vertical or net-

Table 3. A description of methodology used to evaluate the nonlinear behavior of tied-arch bridges

1. Definition of the tied arch bridge structure
2. Perform EBA to identify the critical mode shapes of the structure.

2.1. Define the initial configuration of the structure under the action of Dead Loads (DL)
2.2. Resolve the eigenvalue buckling problem

3. Perform NEA
3.1. Define the initial configuration of the structure under the action of DL
3.2. Assign initial out-of-plane displacements, evaluated by means of EBA (point 2)
3.3. Increase live loads (LL) and evaluate the maximum loading capacity of the structure

6 Domenico Ammendolea / Structural Integrity Procedia 00 (2019) 000–000

Table 4. Cross-sections dimension for a tied-arch bridge with L= 150 m

Structural element Shape B (mm) H (mm) t f (mm) tw (mm) D (mm) tp
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Arch-cross beams Pipe 650 10
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work configurations. In the last case, the hangers are spit in two specular sub-systems of 9 elements, inclined of an
angle αC with respect to the horizontal. Dead loads, concerning structural and nonstructural loads, are equal to 200
kN/m, whereas live loads are assumed of 160 kN/m, which consists of two lines of the LM-71 train model (European
Committee for Standardization (2003)) acting on the whole bridge length. The nonlinear behavior of the structure was
investigated by means of a combined analysis method based on Eigenvalue Buckling analysis (EBA) and Nonlinear
Elastic Analysis (NEA).
At first, comparisons are proposed between results relatives to bridge configurations with vertical and inward-inclined
arch ribs. The analysis was performed considering moment tied configuration and Vierendeel scheme for cable system
and wind bracing system, respectively. Fig. 2-a reports the evaluation of the maximum live load multiplier obtained by
means of EBA and NEA, whereas Fig. 2-b depicts the first critical mode shapes obtained by means of NEA. Note that,
the results of NEA in Fig.2-a are presented in terms of load-displacement curves in the form λ vs δ/L, where λ and δ/L
represent the live load multiplier and the normalized out-of-plane displacement of the rib cross-section at x/L=1/4, re-
spectively. The results show that EBA overestimates the maximum capacity of the bridge structures, thereby denoting
how nonlinearities of the structure considerably affect the out-of-plane buckling behavior. In particular, the buckling
load evaluated by means of EBA is higher than the one obtained by NEA for vertical and inclined arch ribs of 125%
and 43%, respectively. Consequently, an accurate evaluation of the buckling capacity of the structure can be achieved
exclusively by using NEA analysis.
The results also highlight that arch ribs inclination significantly improves the integrity of the structures against out-
of-plane buckling mechanisms since the live load multiplier predicted by NEA increases from 1.34 to 4.33. Such
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Fig. 2. Comparison between inclined and vertical arch ribs configurations. (a) Maximum live load multiplier (λ) evaluated by means of EBA and
NEA; (b) First critical out-of-plane buckling mode shapes predicted by NEA
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behavior can be explained by analyzing the buckling modes and the deformed shapes at failure reported in Fig. 2-b. In
the case of inclined arches, the center of the structure behaves rigidly, whereas the side zones are affected by relevant
lateral displacements as well as larger bending deformations. In this framework, the out-of-plane buckling length of
the ribs is considerably reduced and the integrity of the structure improves largely. This mechanism similarly occurs
in traditional tied-arch bridge structures with vertical ribs braced by means of X-shaped or K-shaped wind bracing
systems, as highlighted in (Lonetti and Pascuzzo (2019); Lonetti et al. (2019)). In particular, in (Lonetti et al. (2019))
the Authors have revealed that the braced portion of the arch ribs behaves as a high stiff truss structure, while the
side zones work as portals (i.e. the end portals of the structure). In particular, they have found that the minor height
of the portals the major integrity of the structure against out-of-plane buckling phenomena. On the other hand, the
results relatives to the bridge with vertical ribs reveal that the deformation of the structure is mainly dominated by
arch ribs, and no rigid regions are present. In particular, the deformed shape of the structure reproduces similarly
the out-of-plane buckling mode shape of a single arch with fixed extremities. Figure 3 shows the variability of the
maximum axial force in arch ribs (Ncr) in terms of the arch slope αR. Ncr is normalized with respect to the yield axial
force of the rib cross-section (Ny), which is defined assuming a yield strength for the steel of 360 MPa. Comparisons
between Viereendel and K-shaped wind bracing system schemes are also proposed. The results show that the arch rib
inclination significantly improves the integrity of the structure braced by means of Vierendeel bracing system since
Ncr/Ny largely increases for αR increments. In particular, the out-of-plane buckling crisis of the structure is completely
avoided for αR >8. On the other hand, the K-shaped bracing system guarantees margin of safety against out-of-plane
buckling crisis for any values of slope αR. In particular, Ncr/Ny keeps almost constant with αR and equal to 2.1. A
possible explanation for this might be that the K-shaped bracing system stiffs the ribs so hard to make quite negligible
the stiffness provided by arch ribs inclination.
It is worth noting that, the structural integrity of tied-arch bridges with vertical ribs braced by means of a K-shaped
bracing system highly depends on the lateral stiffness of the bridge end portals. Fixed joint connections between rib
and tie extremities are usually employed to configure end portals with an enhanced lateral stiffness. However, rigid
connections may require a considerable amount of economic resources to be realized. Alternatively, hinges joints may
be adopted, but the integrity of the structure against out-of-plane buckling phenomena might be considerably reduced.
In order to evaluate the structural behavior of tied-arch bridges with fixed and hinge joint connections between rib and
tie extremities, further results are developed. In particular, comparisons results are performed between vertical and
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Fig. 3. Variability of the ratio between the critical buckling force Ncr and the yield force Ny for several values of the arch ribs inclination (αR).
Comparisons between K-shaped and Vierendeel wind bracing system configurations
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Fig. 4. Effect of joint connection between rib and tie extremities. (a) Load-displacements curves relatives to bridge structure with vertical and
inclined arch ribs braced by means of K-shaped and Vierendeel system, respectively. (b) Variability of the arch rib critical axial force

inclined arch ribs configurations braced by means of K-shaped and Vierendeel wind bracing systems, respectively.
Figure 4-a depicts the load displacement curves, whereas Fig. 4-b show the corresponding values of critical axial force
of ribs normalized with respect to the yield axial force (Ncr/Ny). The results show that the performances of K-shaped
bracing system suddenly decrease when hinges are adopted since the maximum load multiplier and the corresponding
critical axial force reduces about 67%. Contrarily, for the structure with inclined ribs, this decrement is exclusively
of 23%. This behavior may be explained by the fact that rib inclination leads to a bridge structure characterized by
A-shape transversal geometrical configuration, which provides a notable lateral stiffness mainly due to its geometry.
In this framework, fixed or hinge mutual connections between rib and tie extremities less affect the nonlinear behavior
of the structure. This can be easily appreciates by means of deformed shape configuration of the structures reported
in Fig. 4-a.
The behavior of the structure is now investigated considering the effect arising from both arch rib and hanger inclina-
tions. Figure 5 plots the variability of the live load multiplier of the structure as a function of the hanger slope (αC),
for vertical and inclined arch rib configurations. For the structure with inclined arches, the results show that the live
load multiplier varies in a nonlinear manner. In particular, it firstly increases up to a peak value that occurs at αC=55◦

and subsequently decreases linearly. This does not occur in the case of vertical arch ribs scheme since the live load
multiplier keeps almost constant with the hanger slope. The results indicate that network layouts for the cable system
may effectively contribute to increase the performance of tied-arch bridges with inclined ribs.
Finally, a parametric study in terms of bridge length span (L) was performed. The main aim is to assess the effective-
ness of this design strategy for bridge spans longer than 150 m, from both structural and economic points of view.
In particular, with regard to the economic aspect, the study focuses attention on the overall amount of steel involved
in the bracing system (Vbr), which represents one of the most expensive parts of the entire structure due to high cost
of manufacturing processes per unit of volume. For every span length considered, the structures were dimensioned
according to the mean values reported in Table 1 and Table 2. Figures 6-a and b show the variability of Ncr/Ny and
Vbr as a function of L, respectively. Results obtained for tied-arch bridges with vertical arches braced by means of a
K-shaped bracing system are also reported for comparison purpose. Arch ribs inclination can be efficiently employed
in the field of medium/large span length because Ncr/Ny is almost 1.3 for any value of L. Furthermore, it ensures
significant economic benefits since the overall amount of material needed for the bracing system is lower than that
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behavior can be explained by analyzing the buckling modes and the deformed shapes at failure reported in Fig. 2-b. In
the case of inclined arches, the center of the structure behaves rigidly, whereas the side zones are affected by relevant
lateral displacements as well as larger bending deformations. In this framework, the out-of-plane buckling length of
the ribs is considerably reduced and the integrity of the structure improves largely. This mechanism similarly occurs
in traditional tied-arch bridge structures with vertical ribs braced by means of X-shaped or K-shaped wind bracing
systems, as highlighted in (Lonetti and Pascuzzo (2019); Lonetti et al. (2019)). In particular, in (Lonetti et al. (2019))
the Authors have revealed that the braced portion of the arch ribs behaves as a high stiff truss structure, while the
side zones work as portals (i.e. the end portals of the structure). In particular, they have found that the minor height
of the portals the major integrity of the structure against out-of-plane buckling phenomena. On the other hand, the
results relatives to the bridge with vertical ribs reveal that the deformation of the structure is mainly dominated by
arch ribs, and no rigid regions are present. In particular, the deformed shape of the structure reproduces similarly
the out-of-plane buckling mode shape of a single arch with fixed extremities. Figure 3 shows the variability of the
maximum axial force in arch ribs (Ncr) in terms of the arch slope αR. Ncr is normalized with respect to the yield axial
force of the rib cross-section (Ny), which is defined assuming a yield strength for the steel of 360 MPa. Comparisons
between Viereendel and K-shaped wind bracing system schemes are also proposed. The results show that the arch rib
inclination significantly improves the integrity of the structure braced by means of Vierendeel bracing system since
Ncr/Ny largely increases for αR increments. In particular, the out-of-plane buckling crisis of the structure is completely
avoided for αR >8. On the other hand, the K-shaped bracing system guarantees margin of safety against out-of-plane
buckling crisis for any values of slope αR. In particular, Ncr/Ny keeps almost constant with αR and equal to 2.1. A
possible explanation for this might be that the K-shaped bracing system stiffs the ribs so hard to make quite negligible
the stiffness provided by arch ribs inclination.
It is worth noting that, the structural integrity of tied-arch bridges with vertical ribs braced by means of a K-shaped
bracing system highly depends on the lateral stiffness of the bridge end portals. Fixed joint connections between rib
and tie extremities are usually employed to configure end portals with an enhanced lateral stiffness. However, rigid
connections may require a considerable amount of economic resources to be realized. Alternatively, hinges joints may
be adopted, but the integrity of the structure against out-of-plane buckling phenomena might be considerably reduced.
In order to evaluate the structural behavior of tied-arch bridges with fixed and hinge joint connections between rib and
tie extremities, further results are developed. In particular, comparisons results are performed between vertical and
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inclined arch ribs configurations braced by means of K-shaped and Vierendeel wind bracing systems, respectively.
Figure 4-a depicts the load displacement curves, whereas Fig. 4-b show the corresponding values of critical axial force
of ribs normalized with respect to the yield axial force (Ncr/Ny). The results show that the performances of K-shaped
bracing system suddenly decrease when hinges are adopted since the maximum load multiplier and the corresponding
critical axial force reduces about 67%. Contrarily, for the structure with inclined ribs, this decrement is exclusively
of 23%. This behavior may be explained by the fact that rib inclination leads to a bridge structure characterized by
A-shape transversal geometrical configuration, which provides a notable lateral stiffness mainly due to its geometry.
In this framework, fixed or hinge mutual connections between rib and tie extremities less affect the nonlinear behavior
of the structure. This can be easily appreciates by means of deformed shape configuration of the structures reported
in Fig. 4-a.
The behavior of the structure is now investigated considering the effect arising from both arch rib and hanger inclina-
tions. Figure 5 plots the variability of the live load multiplier of the structure as a function of the hanger slope (αC),
for vertical and inclined arch rib configurations. For the structure with inclined arches, the results show that the live
load multiplier varies in a nonlinear manner. In particular, it firstly increases up to a peak value that occurs at αC=55◦

and subsequently decreases linearly. This does not occur in the case of vertical arch ribs scheme since the live load
multiplier keeps almost constant with the hanger slope. The results indicate that network layouts for the cable system
may effectively contribute to increase the performance of tied-arch bridges with inclined ribs.
Finally, a parametric study in terms of bridge length span (L) was performed. The main aim is to assess the effective-
ness of this design strategy for bridge spans longer than 150 m, from both structural and economic points of view.
In particular, with regard to the economic aspect, the study focuses attention on the overall amount of steel involved
in the bracing system (Vbr), which represents one of the most expensive parts of the entire structure due to high cost
of manufacturing processes per unit of volume. For every span length considered, the structures were dimensioned
according to the mean values reported in Table 1 and Table 2. Figures 6-a and b show the variability of Ncr/Ny and
Vbr as a function of L, respectively. Results obtained for tied-arch bridges with vertical arches braced by means of a
K-shaped bracing system are also reported for comparison purpose. Arch ribs inclination can be efficiently employed
in the field of medium/large span length because Ncr/Ny is almost 1.3 for any value of L. Furthermore, it ensures
significant economic benefits since the overall amount of material needed for the bracing system is lower than that
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Fig. 5. Variability of the live load multiplier as a function of the hangers slope (αC)
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Fig. 6. Comparison between tied arch bridges with inclined and vertical arch ribs for several bridge span lengths (L). (a) Variability of the critical
axial force of arch ribs and (b) the volume of the material involved in the wind bracing system (Vbr)

required for the traditional scheme based on vertical arches for every value of L. In particular, the material saving
increases exponentially with bridge span length increments.
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4. Conclusion

This study examined the effectiveness of arch rib inclination as strategy design to increase the structural integrity
of the tied-arch bridges against out-of-plane buckling mechanisms. The analysis was performed by means of a refined
FE numerical model, in which an accurate description of any source of nonlinearity involved in structural elements
was considered. A method that combines results relative to traditional elastic buckling analysis and incremental non-
linear elastic analysis was adopted to properly quantify the maximum capacity of the bridge structure. An adequate
evaluation of the effective capacity of tied-arch bridges can be obtained exclusively by means of nonlinear incre-
mental analyses, since traditional elastic buckling methods may lead to considerable overestimations of the structural
capacity. The results denoted that arch rib inclination significantly improves the integrity of the structure against out-
of-plane buckling mechanisms. This may be attributed to two main factors. Firstly, the rib inclination generates a high
stiff region along the center of the structure, which limits the out-of-plane deformability of the ribs. The effective
buckling length of the ribs is then considerably reduced and the integrity of the structure increases. Secondly, the rib
inclination configures an A-shape transversal scheme for the structure, which enhances the overall lateral stiffness of
the bridge structure mainly by means of its geometry. This mechanism makes tied-arch bridges particularly efficient
when hinges are assumed as mutual connections between rib and tie cross-section extremities. Finally, the results have
shown that configurations with inclined arch ribs represent an effective solution in the field of long spans, ensuring
both structural and economic advantages. From an economic point of view, the amount of material needed for the
bracing system is significantly lower than that required for traditional tied arch bridges with vertical arches braced by
means of K-shaped systems, thus involving a relevant reduction of construction costs.
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Fig. 6. Comparison between tied arch bridges with inclined and vertical arch ribs for several bridge span lengths (L). (a) Variability of the critical
axial force of arch ribs and (b) the volume of the material involved in the wind bracing system (Vbr)

required for the traditional scheme based on vertical arches for every value of L. In particular, the material saving
increases exponentially with bridge span length increments.
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4. Conclusion

This study examined the effectiveness of arch rib inclination as strategy design to increase the structural integrity
of the tied-arch bridges against out-of-plane buckling mechanisms. The analysis was performed by means of a refined
FE numerical model, in which an accurate description of any source of nonlinearity involved in structural elements
was considered. A method that combines results relative to traditional elastic buckling analysis and incremental non-
linear elastic analysis was adopted to properly quantify the maximum capacity of the bridge structure. An adequate
evaluation of the effective capacity of tied-arch bridges can be obtained exclusively by means of nonlinear incre-
mental analyses, since traditional elastic buckling methods may lead to considerable overestimations of the structural
capacity. The results denoted that arch rib inclination significantly improves the integrity of the structure against out-
of-plane buckling mechanisms. This may be attributed to two main factors. Firstly, the rib inclination generates a high
stiff region along the center of the structure, which limits the out-of-plane deformability of the ribs. The effective
buckling length of the ribs is then considerably reduced and the integrity of the structure increases. Secondly, the rib
inclination configures an A-shape transversal scheme for the structure, which enhances the overall lateral stiffness of
the bridge structure mainly by means of its geometry. This mechanism makes tied-arch bridges particularly efficient
when hinges are assumed as mutual connections between rib and tie cross-section extremities. Finally, the results have
shown that configurations with inclined arch ribs represent an effective solution in the field of long spans, ensuring
both structural and economic advantages. From an economic point of view, the amount of material needed for the
bracing system is significantly lower than that required for traditional tied arch bridges with vertical arches braced by
means of K-shaped systems, thus involving a relevant reduction of construction costs.
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