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ARTICLE INFO ABSTRACT

Keywords: Fatigue represents a critical condition for infrastructure subjected to repeated cyclic loads, such
Fatigue life estimation as steel railway bridges. The literature offers several methods to estimate fatigue life, consisting
Railway bridge engineering of three main phases: cycle counting, fatigue damage criterion, and damage accumulation

Multiaxial fatigue damage

: X criterion. Applying S-N curves might not be conservative in the case of railway bridges subjected
Rainflow counting method

to traffic because the stress-time history is complex and cannot be reduced to a sinusoidal
history. Additionally, the presence of a multiaxial stress state must be considered. Therefore,
this work compares eight multiaxial fatigue damage criteria for evaluating fatigue life in a
scenario between high and low-cycle fatigue. Specifically, the authors considered four low-
cycle fatigue criteria, namely Smith-Watson-Topper (SWT), Kandil, Brown and Miller (KBM),
Glinka, Fatemi and Socie (FS), and four high-cycle fatigue criteria, Crossland, Basquin and the
methods recommended by Eurocode 3 and British Standard. The rainflow counting method in
ASTM E1049-85 (2011) and Miner’s rule for damage accumulation were used. The Polcevera
railway steel bridge was selected as a case study. A 3D numerical model was developed for
this purpose using Midas Civil software, taking into account the material non-linearity of the
bridge’s elements. Once the area with the highest stress concentration was identified, a detailed
analysis was conducted to estimate the stress and strain time histories induced by train traffic.
A sensitivity analysis was conducted after critically comparing the eight methods for predicting
fatigue life to assess the impact of traffic parameters, train velocity, axle load, and convoy length
on fatigue life. It has been found that the criteria considering axial stress tend to overestimate
the number of fatigue cycles to failure compared to the criteria, including the effect of shear
stress components.

1. Introduction

Over the past few decades, the behavior of infrastructures under an increasing number of heavier vehicles has raised significant
concerns. This trend has intensified stresses, resonance issues, and excessive vibrations and accelerated the aging of materials.
These challenges have prompted design professionals to re-evaluate the vulnerability and durability of bridges critically [1-5].
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Despite these pressing issues, current engineering design codes still fall short of including comprehensive guidelines that effectively
integrate the effect of fatigue on bridge responses to traffic loads and non-linear behavior into bridge design practices [6].

In the case of steel railway bridges, fatigue is a particularly critical issue due to the presence of repeated cyclic loads of
significant amplitude [7-10]. Fatigue damage in metals is associated with the nucleation and growth of microcracks, generally
intercrystalline, under cyclic loading until the initiation of a macroscopic crack. This phenomenon can occur at lower stress levels
than the conventional elastic limit [11]. It is possible to distinguish between fatigue with a large number of cycles, which involves
elastic deformations and which corresponds to a high number of cycles to failure, and fatigue with a low number of cycles (or
low-cycle fatigue) where plastic deformations occur [12]. The fatigue life assessment requires three main ingredients: (i) a cycle
counting method, (ii) a damage criterion, (iii) and a damage accumulation model. The authors will present the main challenges of
the three when applied to steel infrastructures.

(i) The complexity of the fatigue assessment in railway bridges also lies in managing the response under non-sinusoidal block
loads, where the direct application of the S—-N method is not possible. Additionally, using equivalent stress approaches to determine
fatigue damage in block loading scenarios often leads to underestimated fatigue life predictions. Specifically, these approaches fail
to account for the extent of fatigue damage within a loading block, typically resulting in non-conservative estimates. Therefore, a
reliable cycle counting method is necessary. The use of rain flow cycle counting to analyze the time variation of equivalent stress
often fails to accurately predict the complex fatigue damage behaviors in multiaxial scenarios [13,14]. There are currently few
advancements in cycle counting methods [15-18]. However, given the lack of up-and-coming methods and the complexity of their
implementation in professional practice [19], it is considered prudent to rely on established methods such as the ASTM E1049-85
(2011) standard [20]. This method can be applied separately for each stress and then appropriately combined based on the multiaxial
fatigue criteria.

(ii) In the service life of infrastructures, multiaxial stresses are prevalent, where two or three principal stresses vary over time,
often being out-of-phase or changing in direction during a load cycle. This complexity requires adopting multiaxial fatigue analysis
to accurately estimate these components’ fatigue strength. Factors influencing multiaxial stress include the type of loading, complex
geometries of parts, and inherent residual or pre-stresses [21]. Therefore, as stress levels increase, classical methods based on uniaxial
criteria, such as the Goodman method, are not applicable due to the presence, in the simplest cases, of both normal and shear stresses.
Moreover, in the case of railway infrastructures, the literature lacks a critical comparison of the available fatigue damage criteria.
There are three classes of multi-axial fatigue criteria:

» Stress-Based Criteria: Methods proposed by Susmel and Lazzarin [22], McDiarmid [23], and Crossland [24] focus primarily
on stress and are most applicable to high-cycle fatigue scenarios where deformations remain largely elastic.

» Strain-Based Criteria: Models such as those by Brown-Miller [25], Fatemi-Socie [26], and Li-Zhang [27] are suited for
conditions with notable plastic deformation.

» Energy-Based Criteria: These criteria incorporate both stress and strain components and are exemplified by models from
Smith-Watson-Topper [28], Glinka et al. [29], and Varani-Farahani [30].

Additionally, multiaxial fatigue criteria can be differentiated by using the critical plane concept, which identifies a material plane
where stress or strain components peak. This concept, initially introduced by Brown and Miller [25], focuses on maximizing the
shear strain to predict fatigue life. Socie [31] extended this concept, introducing the Smith-Watson-Topper parameter to better
predict tensile-type failures by emphasizing crack growth perpendicular to the maximum tensile stress. Moreover, the integration of
energy criteria with the critical plane approach, as suggested by Liu [32] and Glinka et al. [29], alongside Varani-Farahani’s [30]
takes into account both axial and shear fatigue properties. Despite extensive research by Papadopoulos et al. [33], Sonsino [34], and
others [35-41], the challenge of accurately predicting fatigue life under multiaxial loading remains, especially for civil structures.

(iii) Regarding the accumulation of damage, the majority of methods in the literature typically utilize Miner’s Rule or its
adaptations, which are conventionally applied in uniaxial scenarios [42]. Miner’s Rule combines a specific damage parameter with
a cycle counting technique, crucial for capturing the genuine fatigue behavior of materials [15,43-45].

This work aims to understand and compare literature methods for predicting the number of cycles to failure under multiaxial
stress states in a scenario between high and low-cycle fatigue. While the bridge’s response remains prevalently elastic, with increasing
axle loads, the stress gets close to the yielding limit in some cases. Therefore, the authors selected four high- and four low-cycle
criteria to thoroughly predict fatigue life. While substantial research exists in the automotive and aircraft industries, fewer studies
address civil infrastructure. The primary reason is that stress levels are generally lower in civil structures. However, this is not
always the case, and significant stress concentrations can occur, especially in bolted and welded joints commonly used in steel
structures. The introduction of geometric discontinuities, such as those created by drilling holes for bolted joints, typically results
in stress concentrations that significantly increase the potential for fatigue crack initiation and propagation under cyclic loading
conditions [46-49]. Despite this, bolted joints are extensively utilized due to their assembly convenience and the feasibility of
disassembly, which offer significant practical advantages [39,50-54].

Therefore, it is crucial to apply multiaxial fatigue criteria along with suitable cycle counting methods to civil infrastruc-
tures [46,55,56]. To the authors’ knowledge, such methods have not been critically applied and compared in the context of civil
infrastructures [57], while there is a substantial literature in another engineering fields. The authors have chosen a representative
case study of a typical steel arch bridge, the Polcevera Bridge. On this bridge, they applied various methods for predicting fatigue
life and evaluated the sensitivity of these predictions to traffic parameters, such as axle load, number, and velocity.
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Fig. 1. Main steps of fatigue life assessment.

2. Theoretical background

Assessing block loading damage requires the integration of three principal fatigue methodologies: a cycle counting method, a
damage criterion, and a damage accumulation model, as shown in Fig. 1.

2.1. Cycle counting: the rainflow cycle counting method

The rainflow cycle counting method is a technique used in fatigue analysis to determine the number and magnitude of stress
or strain cycles experienced by a material under variable loading conditions. The method was developed by Tatsuo Endo and M.
Matsuishi in 1968 [58] at the University of Kyoto. It was originally inspired by the way rain flows down a pagoda roof, with each
successive ledge interrupting the flow and causing the “rainflow” to reverse, much like the reversal in stress-strain cycles in a
material under cyclic loading. The method works by identifying cycles within a randomly varying stress—strain history. The method
is based on identifying peaks and troughs in the stress/strain signal. The method classifies the amplitude and mean of stress or strain
cycles from the turning points. The method counts half-cycles and full-cycles. A full cycle occurs when the load sequence returns
to the start load level, completing a loop. The authors implemented the rainflow counting method defined in the ASTM E1049-85
(2011) standard [20]. It uses the three-point method for cycle counting. A cycle is identified when three consecutive points can be
rearranged to form a hysteresis loop without encompassing any point outside this trio. The ASTM E1049-85 method is widely used
in automotive and aerospace, with limited application in civil infrastructures [19]. The authors provided the following pseudocode
of the ASTM E1049-85 method, implemented in Matlab.

Algorithm 1 ASTM Rainflow Counting Method

1: Initialize stress sequence S
2: Initialize cycle count array C
3: Define the total number of stress reversals R
4: Calculate stress reversals from S
5: Initialize index i « 1
6: while i < R-2 do
7: Calculate stress range X < |S[R(i + 1)] — S[R()]|
8: Calculate stress range Y « |S[R(i +2)] — S[R(i + 1)]|
9: Calculate mean stress M < (S[R(@i + 1)] + S[R(i)])/2
10: if X <Y then
11: Add half cycle (X, M) to C
12: i—i+1
13: else
14: Add full cycle (Y, M) to C
15: i—i+2
16: end if

17: end while
18: Output cycle counts and ranges for fatigue analysis

For multiaxial loading, the rain flow method is applied separately to the axial and shear stress components, following the
approach described in the ASTM E1049-85 (2011) standard [20].
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2.2. Fatigue criteria

The authors expect that the bridge response, despite being in the elastic range, might fall between high and low-cycle fatigue
when, under high axle load, the stress approximates the yielding limit. Therefore, they compared four low-cycle fatigue criteria
(Smith-Watson-Topper (SWT), Kandil, Brown and Miller (KBM), Glinka, Fatemi and Socie (FS)) and four high-cycle fatigue criteria
(Crossland, Basquin, Eurocode 3 and British Standard) to estimate the fatigue life of a railway steel bridge under traffic load.

The SWT introduces a critical plane approach that focuses on the maximum normal stress on the critical plane, while KBM extends
the SWT to include the shear stresses. Glinka employs an energy-based method to relate stress and strain components to fatigue life.
FS is another critical plane approach that focuses on shear strains and stresses. Crossland estimates fatigue using a combination of
maximum principal stress and octahedral shear stress. Basquin is a very old approach based on an empirical relationship between
stress amplitude and the number of cycles to failure, which has become widely used for high-cycle fatigue analysis. The methods
recommended by Eurocode 3 and the British Standard are based on the classical S-N curve approach.

2.2.1. Smith—-Watson-Topper (SWT)
The Smith-Watson-Topper (SWT) method can be expressed as follows for predicting the fatigue life under cyclic loading
conditions [59]:

oM Ae, 0'}2
n _ 2b ! b+
- = (F (2Nf) +0'f€f(2Nf) ¢ 1)

In this expression, o'®* represents the peak normal stress, and Ae; denotes the maximum range of the first principal strain, both
evaluated at the most critical plane of the structure. The highest product value of these parameters is used to calculate the fatigue
life, derived from cyclic stress analysis at various points in finite element models. For structural steel, the constants used for fatigue
calculations are, E = 210 GPa; Fatigue strength coefficient, o-’f = 1170 MPa; Fatigue ductility coefficient, s’f = 0.12; Fatigue strength
exponent, b = —0.087; Fatigue ductility exponent, ¢ = —0.53 [60].

2.2.2. Kandil, Brown and Miller (KBM)
The Kandil, Brown and Miller (KBM) multiaxial theory offers a physical interpretation of fatigue crack growth mechanisms [61,
62]. The fatigue assessment is based on the following equation:
!/

4y, O :

% + S, 4e, = E(ZNf)b +€, 2N, 2)
where Ay, is the maximum shear strain range observed, 4¢, represents the normal strain range on the critical plane, indicative of
maximum shear strain, S, is a material-dependent constant optimized for matching fatigue life predictions with empirical uniaxial
stress test results. The constant .S, for steel is typically set to 0.9 based on experimental calibration [60]. The critical plane for this
analysis is where the shear and normal strains due to cyclic loads reach their maximum values.

To compute the normal strain range, Ae¢,, the following equations are used:

Aen:(qg%)el _(61263)92 3

+ +
A€n=<€I €3> _<€| €3> )
2 0, 2 0,

Here, 6, and 6, represent phases of loading and unloading within the fatigue cycle, respectively.

2.2.3. Glinka

Glinka et al. [29] introduced a fatigue parameter that involves the summation of both elastic and plastic energy densities
evaluated on the critical shear plane. The following formula is utilized to assess fatigue damage by integrating stress and strain
measures:
0.12 Eé"

Ay A Ao, Ae 3
4y At n ":ﬁ(ZNf)2b+ 2f(2Nf)b+c 5)

2 2 * 2 2
Ay and At denote the shear strain range and the shear stress range, respectively, while 4¢, and 4o, represents the normal strain and
stress ranges on the critical plane. These metrics can be extracted from the results of finite element analysis, specifically examining
the principal stresses and strains.
The following equations define the process to compute Az and 4s, from principal stress differences:

At = (o) — 03)91 — (o) — 0'3)92 ©

+ +
4o, = o)+ 03 (o1t o
2 o 2 0,

In these equations, o, and o3 are the highest and lowest principal stresses, respectively, with 6, and 6, marking the loading and
unloading phases of the stress cycle.
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2.2.4. Fatemi and Socie (FS) criterion
The Fatemi-Socie criterion [63], which is strain-based, considers the plane of maximum shear strain amplitude as the critical
plane. This approach is summarized in the following expression:

/

AYmax Op,max Tf b
— 2 (1+k—— | = =N +y.2N,) 8
) s, 2G( 1) }’f( 1) (8
where Ay, is the peak shear strain experienced on the critical plane; o, ,,x represents the maximum normal stress on the same
plane; k = 0.3 is the Fatemi-Socie constant; o, is the tensile yield strength; r}, y}, and G are the torsional fatigue strength, ductility
coefficients, and shear modulus, respectively; 5’ and ¢’ are the exponents for fatigue strength and ductility defined in the previous
subsections.

2.2.5. Crossland’s criterion
Crossland’s method [24] uses the second invariant of the deviatoric stress tensor combined with the maximum hydrostatic stress:

Vo + k- O max = }-'(ZNf)b 9)

This criterion can be expressed through the second invariant of deviatoric stress tensor J,, calculated as:

Tow = —— [(do, — A0y)? + (Ao, — 403)* + (4o, — Acy)?] "/’ (10)
2v/6

Ao; represents the range of principal stresses; ¢ . is the peak hydrostatic stress; k is a material constant, typically set to unity.

Crossland is more suitable for multiaxial stress states, such as in complex structures where different stress components (shear
and normal) act simultaneously, such as in aerospace, automotive, or civil structures. Material Behavior: It considers the combined
effects of shear and normal stresses, making it more versatile for multiaxial loading situations.

2.3. Basquin’s law

Basquin [64,65] introduced the empirical relationship between stress amplitude and the number of cycles to failure, which has
become widely used for high-cycle fatigue analysis. Basquin’s law is one of the foundational models in studying fatigue behavior in
materials, especially metals like steel. The Basquin’s law is given by [65]

S =0} @2N)® (11)

where S is the stress amplitude (or alternating stress), N is the number of cycles to failure, o"f is the fatigue strength coefficient,
and b is the fatigue strength exponent, whose values are given in the former subsections. '

2.4. Eurocode 3

According to the Eurocode 3 [66], the fatigue strength for nominal stress ranges is represented by a series of S-N curves, where
the number of cycles to failure N is related to both the axial stress range Aoy and the shear stress range Arg. These S-N curves are
defined in logarithmic form. For the axial stress component, the fatigue strength can be calculated using the following equations:

AcN = Ao -2x 10°, with m =3 for N <5x 10° (12)

Aoy N = 4o’y - 5x10°,  with m =5 for 5x 10° < N < 10° 13)

where N is the predicted number of cycles to failure for a stress range Aoy, Ao is the reference value of the axial stress range for
2 million cycles, 4o}, = 0.73740 is the constant amplitude fatigue limit for axial stress. For the shear stress component, the fatigue
life is similarly calculated using the following equations:

AN = Azf 2% 10°,  with m =3 for N <5x 10° a4

ATUN = At 5% 105, with m=5 for 5x 10° < N < 10 (15)

where N is the predicted number of cycles to failure for a shear stress range Az, A7 is the reference value of the shear stress range
for 2 million cycles, Az, = 0.737Az is the constant amplitude fatigue limit for shear stress.
The fatigue damage is considered negligible if the stress range is below the cut-off limit. The cut-off limit is given by:

9 \1/5
do; = (m) Ao = 0.457 4o (16)

2 \I/s
Aty = (E) Are = 0457 Az a7

These limits represent the lowest stress ranges for which fatigue is still considered.
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Table 1

Mean-line S-N relationships (BS 5400).
Detail class K, A m
w 0.37 x 102 0.654 3.0
G 0.57 x 10'2 0.662 3.0
F2 1.23x 102 0.592 3.0
F 1.73 x 102 0.605 3.0
E 3.29x 102 0.561 3.0
D 3.99x 102 0.617 3.0
C 1.08 x 10" 0.625 3.5
B 2.34x 10 0.657 4.0
S 2.13x 107 0.313 8.0

Table 2

Probability factors (BS 5400).
Probability of failure d
50% 0.0
31% 0.5
16% 1.0
2.3% 2.0
0.14% 3.0

2.5. British standard

The S — —N curves provided in the British Standard, BS 5400 [67], were formulated through statistical analyses of available
experimental data (linear regression analysis of log .S and log N) with minor empirical adjustments to ensure compatibility between
various categories. The following equation represents the S-N relationship:

N-S"™ =K, A 18)

where N is the predicted number of cycles to failure for a stress range .S, m is the inverse slope of the mean-line log S-log N curve,
K| is a constant related to the mean-line log S-log N curve, 4 is the reciprocal of the anti-log of the standard deviation of log N, d
is the number of standard deviations below the mean-line log S-log N curve, also called the probability factor, and different values
of d correspond to varying probabilities of failure.

It should be remarked that, to handle low-stress ranges, the BS 5400 recommends reducing the number of repetitions of each
stress range to less than the fatigue limit, .S, by multiplying a reducing factor, 4;, which is defined as:

2
S, .
20 fS.
%=<%)’1&<% 19)
1, if 5, > S,

where S; is the stress range of the cycle, .S is the fatigue limit (below which the fatigue damage is negligible), 4, is the reducing
factor. The parameters of Eq. (22) are given in Tables 1 and 2.
The authors adopted the values for class B and a probability of failure of 2.3%, which is also considered the reference value.

2.6. Damage accumulation criterion and fatigue life assessment

Miner’s Rule [42] is used to calculate the cumulative damage in a material under cyclic loading.

n; (20)

p=Y L
Ni

M:

i=1

where »; is the number of cycles at stress amplitude ¢/;, N, is the number of cycles to failure at the adjusted stress amplitude from
the S-N curve. The material is considered to have failed when D > 1. To estimate the fatigue life in years, consider the annual
damage calculated using Miner’s Rule based on traffic load data:

T= !

D annual (21)
where D, is the cumulative damage per year. The resulting T represents the estimated number of years before failure. The
authors also considered the approach by Bannantine and Socie, who proposed a multiaxial cumulative damage criterion based on
a mix of critical plane damage parameters, rain flow cycle counting methods and Miner’s rule. The main idea is to get the total
fatigue damage through a combination of two different damage behaviors. Eq. (22) expresses this concept, where the largest fatigue
damage occurs in the plane with the smallest value of N(0) (i.e. the critical plane).

L1 1
N@®)  N,©6 N0

(22)
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Fig. 2. (a) Technical drawing and (b) view of the bridge.

N,(h) and N_(h) are the fatigue life estimations obtained through a critical plane based on axial and shear strains, respectively.
3. Case study: the Polcevera bridge
3.1. Bridge description

The bridge is located in the Sampierdarena area of Genoa, specifically within the former ILVA Cornigliano site. It crosses the
Polcevera stream, see Fig. 2.

It is a steel arch bridge with a total length of 179.5 m, primarily composed of two identical arches each spanning 80 m. The
structural typology utilized for these 80-meter spans, features an eliminated thrust arch at the base and braced walls at the top.

The length of each beam, measured between the axes of the supports, is 80 m, while the distance between the walls (the width
of the bridge) is 10.80 m. Each wall connects to the main beam through 15 hangers with a 4-meter pitch, comprised of round bars
made from special S460 NL steel with a nominal diameter of @ 130 mm. The arch-to-deck connection is facilitated by a special end
segment (referred to as a “shoe”), which connects the arch cores to the core of the beam-chain.

The arch is constructed with a caisson Section 2 meters high, featuring an upper flange of 1500 x 35 mm, a lower flange of
1500 x 35 mm, and two cores of 30 mm each; the height at the arch’s crown is 18.70 m. The beams are constructed with a double
T-section, 2.80 meters in height, with an upper flange of 1000 x 40 mm, a lower flange of 1000 x 40 mm, and a core thickness
that increases from 20 mm to 40 mm at the joint with the arch.

The remaining span consists of a simply supported deck with a length of 10.80 meters between the support axes. The beams
have a double T-section (resembling an I-section) of 2.80 meters in height, with an upper flange of 1000 x 30 mm (segment 1) and
1000 x 35 mm (segment 2), a lower plate of 1000 x 30 mm (segment 1) and 1000 x 35 mm (segment 2), and cores of 20 mm
(segment 1) and 18 mm (segment 2). The support surface for the railway infrastructure consists of a deck with HEB 600 steel
beams embedded in a concrete slab of at least 650 mm thickness; the slab’s extrados has a waterproofing mantle with an overlying
protective screed. The retaining walls of the ballast and the slab are equipped with @ 130 mm holes for water drainage.

More details on the bridge construction can be found in [68].
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Fig. 3. Numerical model of the bridge in Midas.

Table 3

Characteristics of the structural steel used (S 420).
Property Unit Value
Characteristic ultimate strength MPa 520
Characteristic yield strength MPa 420
Elastic modulus MPa 210,000
Ultimate limit state safety factor 1.05
Design yield strength MPa 400

Table 4

Mechanical characteristics of steel used for hangers (S 460 N/NL).
Property Unit Value
Characteristic ultimate strength MPa 540
Characteristic yield strength MPa 460
Elastic modulus MPa 210,000
Ultimate limit state safety factor 1.05
Design yield strength MPa 438.1

Table 5

Mechanical characteristics of concrete (C32/40).
Property Unit Value
Cylindrical characteristic strength MPa 32
Average cylindrical strength MPa 40
Average tensile strength MPa 3.02
Average flexural strength MPa 3.63
Young’s modulus MPa 33,000
Cracked young’s modulus MPa 16,000
Cylindrical design strength MPa 18.13
Design tensile strength MPa 1.41

3.2. Numerical model of the bridge

The authors developed a 3D Finite Element model of the bridge (Fig. 3). 3D beam element model are used to model the main
girders, cross beam, arch rib. Truss element model are used for braces and cables. Fig. 3 illustrates the numerical model with the
supports used. The global model after discretization presents 430 nodes and 743 elements.

The structural elements such as arch ribs, beams, transverse beams, and transverse bracings are made of S420 steel, while S460
NL class steel is employed for the hangers. Additionally, C32/40 concrete with B450C steel reinforcements is used for the slab. The
characteristics of these materials are detailed in Tables 3-6.

The characteristics of various bridge components are detailed in Table 7.

3.3. Assessment of the actions

To accurately model the static behavior of the bridge, the combined effects of various load cases were considered. These load
cases include permanent loads, traffic load, and loads resulting from natural hazards such as wind and temperature fluctuations.
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Table 6

Mechanical characteristics of concrete slab steel reinforcement (B450C).
Property Unit Value
Characteristic ultimate strength MPa 540
Characteristic yield strength MPa 450
Young’s modulus MPa 210,000
Design yield strength MPa 391.3

Table 7
Section properties of the bridge components.
Component Geometry Values Units Diagram
Total height (h) 2800 mm Itf
Flange thickness (7,) 40 mm
Main girder Flange width (b) 1000 mm
8 Web thickness (7,,) 40 mm
Area 189000 mm? H
Moment of inertia 2.19 x 10" mm*
Total height (h) 600 mm
Flange thickness (1) 30 mm =
Cross beam Flange width (b) 300 mm tw
Web thickness (7,,) 15.5 mm B
Area 27000 mm? As above
Moment of inertia 1.66 x 10° mm*
Total height (H) 2000 mm ]
p Flange thickness (1) 35 mm
t
Arch Rib Width of section (B) 1500 mm H\
Web thickness (7,,) 30 mm
Hangers Diameter (H) 130 mm . B :
g Cross section area 13273.23 mm? Clircular cross-section
Total height (H) 100 mm tfll T ]
Flange thickness (t f) 10 mm
Bracing elements Width of section (B) 100 mm H [
Web thickness (7,,) 10 mm
Space (C) 10 mm B ’c 2
Table 8
Self-weight of the structural elements.
Element Cross-section area (m?) Characteristic value (kN/m)
Girder 0.1888 17.82
Cross Beam 0.0264 2.07
Arch Rib 0.2208 17.33
Bracing 0.0038 0.2983
Hanger 0.0134 1.0419
Concrete Slab 7.02 175.5
Table 9
Self-weight of the non-structural elements.
Elements Number Weight density (kN/m?) Width (m) Characteristic value (kN/m)
Ballast 1 20 4 28
Sleepers (spacing = 0.6 m) 2 for both lanes 24 (Concrete sleepers) 2.6 3.96
Rails 2 per lane - - 2.4

The interaction of these loads was analyzed using the quasi-permanent combination approach for long-term effects, as expressed by
the following equation:

Z Gy +P+ Z v, O, (23)
J i>1
where G, ; represents the permanent loads, P denotes prestress, y,; are the combination factors for variable loads, and Q,;
symbolizes the variable loads associated with each case.
The permanent loads include the self-weight of the main structural elements and the reinforced concrete slab. These weights are
detailed in Table 8 and the weights of non-structural elements are grouped in Table 9.
This structure comprises two lanes, each with a width of 3 m and an axle spacing (approximately the standard rail spacings
used) of 1435 mm, prescribed for normal railways. The railway traffic model adopted for the design is the standard Load Model
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Fig. 4. High speed train load model HSLM-A1 according to Eurocode.

Table 10
Main effect of temperature load.
Parameter Symbol Value Units
Maximum strain € 0.00018
Maximum bridge elongation AL 0.014 m
Maximum positive bending moment kNm Minimum negative bending moment kNm
i i 17300 T KNm 6900
/ il e I* N - \ N 4 /, 0
|\ A— N — -7300 - 11 M=~ 5 -9100
Axial force main girder kN Shear force arch ribs kN
TR, 5740 PP S 2860
s T @ - 0 al ) 0
e Il | -2500 b 2l ®1940
Axial force arch ribs kN Tensile stress in the hangers MPa
) _— 4920 140
A
el i | 4y ” )
SR 4 y
< \\T\" | //f// ) 0 |
N ) -1800 ’ 0

Fig. 5. Diagrams of the axial stress, shear force, and bending moment, with the maximum values from the fundamental load combination in the most significant
structural elements.

HSLM Al, representing the loading from passenger trains at speeds exceeding 150 km/h. The model is predefined in the software
Midas Civil and was calibrated, as detailed in Fig. 4.
The wind action has been computed according to the Italian standard [69], resulting of a wind distributed load of 4.1 kN/m.
The force due to temperature variation was determined based on available climatic data. A maximum positive temperature
change of 20 °C and a minimum temperature change of —18° C were considered. Additionally, positive and negative temperature
gradients of +15 °C were applied to the bridge. The maximum effects of temperature load are detailed in Table 10.

3.4. Static analysis

The linear elastic analysis of the rail bridge was performed to assess the static performance of the structure under the influence
of permanent loads. This analysis was carried out for validating the model and assessing the static stress state.

Given the predominance of stresses and strains in the vertical direction compared to other directions, only diagrams in the vertical
direction will be presented. Fig. 5 displays diagrams of the axial stress, shear force, and bending moment, with the maximum values
from the fundamental load combination in the most significant structural elements.
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Fig. 6. Envelope of bending moment, shear and axial force in the cross beams.
Vertical displacement [mm] Axial stress
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Fig. 7. Deformed shape of the bridge at the service limit state and identification of critical node characterized by the highest mechanical stresses.

Table 11

Stress values at the most critical joint.
Element Girder Cross beam
Axial stress (MPa) 304.06 -0.18
Shear stress in y direction (MPa) 103.93 0.13
Shear stress in z direction (MPa) -36.08 498.13

The positive bending moment diagram shows the bending moment distribution across the arch. The maximum positive bending
moment reaches up to 17300 kN m, which typically occurs near the supports where the reaction forces are greatest. The minimum
negative moment (up to —9100 kN m) reveals tension on the inner curve of the arch, predominantly occurring at the crown of the
arch. This is expected as the arch acts in compression at the supports and tension at the crown under vertical loading. The axial
force in the main girder shows a predominant compressive force (up to 5740 kN), mainly due to thermal load. The axial forces in
the arch ribs manifest a combination of tension and compression along the arch’s length, with maximum compression at the ends
near the supports and tension towards the middle. The maximum compression is around 4920 kN, and tension is about —1800 kN.
This distribution is typical for arch structures. The shear forces in the arch ribs show significant variation, with maximum values up
to 2860 kN and a minimum going down to —1940 kN. The highest shear occurs near the supports and reduces towards the apex of
the arch. The hangers exhibit tensile stresses with a maximum stress of 140 MPa. The stress distribution is uneven, with the highest
stress near the ends of the hangers where they connect to the arch and the deck. In conclusion, the highest bending moments occur
at the supports and the crown, indicating that these are critical areas, especially in the design and inspection phases. Both axial and
shear force distributions on the ribs reveal that the parts of the arch near the supports are the most stressed zones.

Fig. 6 displays the envelope of bending moment, shear and axial force in the cross beams. The bending moment diagram shows
a “V” shape, due to the presence of point load. The maximum negative bending moment reaches about —1950 kN m, and a smaller
positive moment of 1410 kN m, revealing that the crossbeams manifest more significant tension at the top fibers near the supports.
The shear force diagram displays a stepped pattern, due to points of load application. The shear force varies from 920 kN to —950
kN. The positive and negative values indicate the direction of the shear force, which is crucial for determining the nature of the
shear stresses and the necessary reinforcement in those areas. The axial force appears relatively uniform across the length of the
crossbeams. However, there is a slight variation which might be due to the axial loads transmitted from other connected structural
components like arches or the main girders. Axial forces show a maximum compressive force of about —269 kN and a minor tensile
force up to 101 kN.

Regarding the bridge deflection, the maximum deflection at the service limit state is 78 mm, which is less than the limit L/500
= 157 mm, according to the Eurocode [70], see Fig. 7(a). The deflection calculation has been carried out considering the effect of
shear strain.

In conclusion, the most critical area of the bridge is the approach zone where the connection between the main girder and the
cross-beam, circled in Fig. 7(b). As will be detailed later, the evaluation of the bridge’s fatigue response will focus on the analysis
of this structural node, being the most vulnerable part of the structure.

This joint is at the intersection of the cross beam and the girder. The numerical values of the stresses for each of these elements
are detailed in Table 11.

11
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Fig. 8. Von-Mises stress of the most stressed joint, shown by the rectangle.

Table 12
Frequency of vibration and corresponding critical velocities.
Frequency of vibration [Hz] Critical velocity [km/h]
9.89 332
10.96 368
12.21 410
14.81 498
16.01 540
20.81 700

The stress distribution can be better appreciated from Fig. 8.
3.5. Modeling the dynamic load effects

For the fatigue response evaluation of the bridge, it is necessary to consider the dynamic effects of the traveling load. In the
case study considered, the authors have neglected the effects of vehicle-structure interaction due to their modest nature. This is
explained by two reasons. In railway bridges, the roughness of the rails is very low and thus negligible compared to that of roads [71].
Furthermore, the speed of the train is far from the critical speed defined in the same way (c,,;) as follows [72]:

S-w; -1

Cori = — 24

cr,i

where o, is the ith natural pulsation, S is the speed parameter of the train, and / its length. The speed parameter .S is taken to be
equal to 0.25d /L, which corresponds to 0.375.

Table 12 shows the critical velocities obtained for the various modes, as reported in Fig. 9. By keeping the train speed not
exceeding 200 km/h, resonance effects are negligible, and thus the traveling load can be modeled as moving point loads.

In conclusion, for the evaluation of the mechanical response of the node, the authors studied the bridge’s response under a
traveling block load, defined in Fig. 4, disregarding any vehicle-bridge interaction, which is of little significance for these structures
as demonstrated in many studies [73]. The block load is modeled as a sequence of concentrated forces moving at a constant speed.

3.6. Refined modeling of the bolted joint

For a more accurate assessment of the stress state at the critical node of the structure, located at the intersection between the
main girder and the cross-beam, the authors conducted a detailed FE modeling. This included modeling of the bolts and drilled
flanges, to account for stress concentrations at the bolted joints.

Tables 13 and 14 characterize the geometric and mechanical properties of the steel plates and bolts used in the assemblies,
shown in Fig. 10.

Fig. 11 displays the refined FE model of the bolted joint for fatigue life assessment.

12
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10.96 [Hz]

Fig. 9. View of the first six modes of the structure.

Table 13

Characteristics of plate.
Element Thickness [mm] Width [mm] Material
Plate 20 150 5420

Table 14

Characteristics of bolts, where f,, and f,, are the yielding and ultimate strengths, respectively.
Bolt class fy [MPa] fu» [MPa] Diameter [mm] Hole diameter [mm]
Bolt M24 900 1000 24 26
Bolt M27 900 1000 27 30

Fig. 10. FE model of the plate and the bolt.

4. Fatigue life assessment

As anticipated in the previous section, the maximum and minimum stresses were identified after a refined FE analysis on the
joint between the cross beam element and the main girder, as shown in Fig. 12.

The stress plot shows that the most stressed element of the node are on the plates, close to the bolts.

Table 15 lists the mechanical properties of steel used in multiaxial fatigue criteria defined in Section No. 2.

Fig. 13(a) displays the time histories of axial and shear stress at the most stressed point under the train load, as defined in Fig. 4.
The passage of the train induces higher shear stress compared to axial stress. Specifically, the time histories exhibit higher peaks at
the beginning due to the greater load exerted by the locomotive, which then decreases in subsequent carriages. When plotting stress
versus strain, no nonlinearity is observed, see Fig. 13(b). The variations remain within the elastic range, while being proportional.

Table 16 and Fig. 14 provide estimates of fatigue life using the considered fatigue criteria, illustrating diverse approaches to
evaluating the endurance of structural components under repeated loading.

13
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Fig. 11. Refined FE model of the bolted joint characterized by the most severe stress state.
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Fig. 12. Nephogram of the (a) shear and (b) axial stresses of the most critical joint under investigation.

Table 15

Mechanical properties of steel used in multiaxial fatigue criteria [60].
Property Value
Young’s modulus E (Pa) 210 x 10°
Fatigue tensile strength a"f (Pa) 1190 x 10°
Tensile yield strength o, (Pa) 450 x 10°
Shear modulus G (Pa) 81.2x 10°
Fatigue shear strength r} (Pa) 0.6 x a}
Fatigue strength exponent b —-0.087
Fatigue ductility exponent ¢ -0.53
Material-dependent constant .S for KBM [61] 0.9
Fatemi-Socie constant k 0.3
Fatigue tensile strain e’f 0.12
Fatigue shear strain y} 0.12

The low-cycle fatigue results (SWT, KBM, Glinka, FS) show much shorter fatigue life predictions than the high-cycle fatigue
criteria (Crossland, Basquin, EC3, BS). This is expected because low-cycle fatigue focuses on conditions where plastic deformation
occurs under higher strain amplitudes, leading to faster fatigue failure. Conversely, high-cycle fatigue methods assume elastic
deformation and lower strain amplitudes, resulting in significantly longer predicted fatigue lives. These are more appropriate when
the structure is subjected to millions of cycles with relatively low stresses. However, some low-cycle criteria predictions are not
very far from those of standard high-cycle predictions (such as EC3 and BS). KBM is the most conservative low-cycle fatigue method

14
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Fig. 13. (a) Time history of the axial and shear stresses, (b) Axial vs. Shear stress plot.

Table 16
Number of train transit to failure according to all considered damage criteria (the reference train is shown in Fig. 4). The fatigue life is estimated considering

30 train transits per day.

Fatigue assessment Low-cycle fatigue High-cycle fatigue

SWT [59] KBM [61] Glinka [29] FS [63] Crossland [24] Basquin [65] EC3 [66] BS [67]
1/D* 1.16E+06 3.01E+05 2.04E+06 1.32E+06 1.63E+07 1.91E+07 3.66E+06 3.94E+07
Fatigue life [years] 105.48 27.52 186.52 120.52 1491.39 1740.03 334.44 359.91

2 Number of train transit to failure.
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Fig. 14. Bar plot of the number of train transit to failure according to all considered damage criteria (the reference train is shown in Fig. 4). The fatigue life
(right y-axis) is estimated considering 30 train transits per day.

among low-cycle criteria, likely due to its emphasis on multiaxial stress and strain states. It predicts the earliest failure and may not
be considered reliable in this context. Basquin and Crossland provide relatively optimistic fatigue life estimates, around 1400 and
1500 years, respectively. Crossland’s prediction is slightly lower because it includes multiaxial stress states, considering the second
invariant of the deviatoric stress tensor and the maximum hydrostatic stress. The very high estimates are because the parameters
used are calibrated for average predictions, which correspond to a 50% failure probability. The Eurocode estimates seem more
realistic, but they are based on a lower probability of failure, for example, 2.3% in the case of the BS standard. These standards are
specifically designed for steel structures and railway bridges, making them reliable benchmarks for comparison. Their results suggest
the bridge will experience a long fatigue life under the current loading conditions. Interestingly, when higher failure probability is
considered for BS, the estimates approximate those of Crossland and Basquin exceeding 1500 years.

Given the long predicted fatigue lives, the structure’s loading seems to fall under high-cycle fatigue conditions, where stress
remains in the elastic range. EC 3 and BS might provide the most realistic estimations, as they are tailored for railway bridges and
civil structures. It is also worth noting that the estimates from the standards, which are inherently reduced to account for lower
probabilities of failure, are very close to the deterministic values obtained from the low-cycle fatigue criteria. While low-cycle fatigue
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Table 17
Fixed and variable parameters on the univariate sensitivity analysis.

Variable parameters Constant parameters
Speeds [km/h] Axle load [kN] Convoy length [m]
150 170 190 210 170 179
Axle load [kN] Speeds [km/h] Convoy length [m]
170 190 210 230 170 179
Convoy length [m] Speeds [km/h] Axle load [kN]
213 247 281 315 247 170

Table 18

Results of univariate sensitivity analysis. The table displays the number of cycles to failure for the considered three traffic parameters’ variation.
Velocity [km/h] Low-cycle fatigue criteria High-cycle fatigue criteria

SWT KBM Glinka FS Crossland Basquin EC3 BS

150 2.44E+06 1.53E+05 4.31E+06 2.22E+06 1.63E+07 1.91E+07 3.66E+06 3.94E+06
170 " " " " " " " "
190 " " " " " " " "
210 " " " " " " " "
Axle load [kN] SWT KBM Glinka FS Crossland Basquin EC3 BS
170 2.44E+06 1.53E+05 4.31E+06 2.22E+06 1.63E+07 1.91E+07 3.66E+06 3.94E+06
190 " 1.24E+05 ! " 1.10E+07 1.09E+07 1.83E+06 1.58E+06
210 " 9.53E+04 ! " 5.65E+06 4.69E+06 1.21E+06 1.26E+06
230 " 6.63E+04 " " 1.63E+06 1.72E+06 4.39E4+05 5.91E405
Convoy length [m] SWT KBM Glinka FS Crossland Basquin EC3 BS
213 2.12E+06 1.41E+05 3.96E+06 2.12E+06 2.36E+07 2.56E+07 5.16E+06 5.48E+06
247 1.79E+06 1.28E+05 3.60E+06 1.94E+06 1.88E+07 2.01E+07 4.10E+06 4.37E+06
281 1.47E+06 1.16E+05 3.24E+06 1.75E+06 1.41E+07 1.46E+07 3.11E+06 3.27E+06
315 1.15E+06 1.03E+05 2.89E+06 1.17E+06 9.42E+06 9.09E+06 2.01E+06 2.09E+06

criteria may not be as relevant, they become more applicable when axle loads increase, bringing stresses closer to the plastic limit.
Under such conditions, these criteria provide reasonable and comparable estimates to the standards, as discussed in the following
section.

5. Univariate sensitivity analysis of fatigue life to traffic variables

The authors conducted a univariate sensitivity analysis to quantify the effects of traffic parameters, namely velocity, axle load,
and train length. Specifically, they performed three analyses by varying one parameter at a time while fixing the other two, as
reported in Table 17.

Four numerical models have been developed to analyze the influence of train velocity variation on the bridge’s dynamic response.
These models simulate trains of the same length and axle load but with varying velocities of 150 km/h, 170 km/h, 190 km/h, and 210
km/h. These specific values were selected to remain below the critical velocity of 332 km/h. Additionally, the impact of varying axle
loads was assessed by adopting the following axle load configurations: AL1 (190 kN), AL2 (210 kN), and AL3 (230 kN). To account
for variations in train length, the authors considered increases of 2, 4, 6, and 8 wagons, respectively, in the model simulations.

Fig. 15 presents the time histories of axial and shear stresses for three parametric analyses: (a) velocity, (b) axle load, and (c)
train length. Each subfigure displays the time history on the left and the shear versus axial stress on the right. The stress values are
substantially independent of the velocity, which, except for the duration of the time history, yields nearly identical stress values
and number of cycles. Regarding the axle load, it induces a significant variation in stress, particularly the peak corresponding to
the locomotive’s transit, which rises from 30 to almost 50 MPa. Nevertheless, the response remains within the elastic range, and
the shear and axial stresses and strains are proportional to each other. The increment in train length leads to a higher number of
cycles, which indirectly reduces the total number of train transits to failure (see Table 18).

As depicted in Fig. 15, the time histories have reflected the results.

Notably, no effect of train velocity on fatigue life is observed within the considered ranges. The damage criteria do not account for
the deformation rate but focus solely on stress levels and the number of cycles, which remain substantially unchanged, thus yielding
the same values when numerically solving the equations that express the damage criterion. The number of cycles to failure decreases
as the axle load increases. This trend is observed across both low-cycle and high-cycle fatigue criteria. Regarding the axle load, the
predictions from the low-cycle criteria, such as SWT and FS, remain substantially unchanged. The only criteria showing variation are
KBM and all high-cycle fatigue criteria. Specifically, KBM and Crossland appear quite sensitive to variations in shear stresses. The
convoy length has an almost proportional effect on the number of cycles to failure. Similarly, EC3 and BS 5400 show a decreasing
trend with increasing axle load and convoy length. However, their results remain more consistent than Crossland’s, making them
more reliable for design purposes. Convoy length also influences fatigue life, with longer convoys leading to fewer cycles to failure.
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Fig. 15. (right) Time history of the axial and shear stresses, (left) Axial vs. Shear stress plot. (a) shows the variation due to train velocity, (b) due to axle load
and (c) the convoy length.

This is observed in low-cycle and high-cycle criteria but with a minor effect compared to axle loads. In conclusion, the results are
quite variable. In this specific case, the use of high-cycle fatigue criteria is recommended. However, given the moderate stress levels
(e.g., an axial stress range of 50 MPa), the predictions from low-cycle fatigue criteria are very close to those from the high-cycle
criteria provided by the standards, which are generally associated with predictions for lower probabilities of failure. Considering
about 30 trains per day, representing a typical scenario for a medium-traffic railway line, an estimated lifespan of approximately
100-300 years aligns with several studies in the literature, such as in [74].

Specifically, Su et al. [74] study a steel arch bridge similar to the one under investigation, supported by cables, and estimate
the probability of fatigue failure over the years, limiting their analysis to 100 years. In some cases (see case No. 1 in [74]), there
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is a 100% probability of failure by the 100th year. In previous studies on bridges of different types, such as [75,76], the lifespan
estimates are similar, in the range of 50-100 years, which is the range found for higher axle loads.

6. Conclusions

The work compares various multiaxial damage criteria for the fatigue life assessment of railway steel bridges. Evaluating fatigue
life involves three main steps: a method for counting load cycles, damage creation, and damage accumulation mechanisms.

Given that this involves train loads rather than sinusoidal excitation, the authors implemented the rainflow method as defined
in the ASTM E1049-85 (2011) standard [20]. Six damage criteria were compared to evaluate their performance on railway bridges,
as most literature applies these methods primarily to other engineering fields such as aircraft and automotive.

The authors compared the predictions of low- and high-cycle fatigue criteria since, although the stress state is in the elastic
range, it is moderate and could lead to an intermediate situation between low- and high-cycle fatigue, which needs to be verified
and analyzed. The low-cycle criteria used are Smith-Watson-Topper (SWT) [59], Kandil, Brown, and Miller (KBM) [61], Glinka [29],
and Fatemi and Socie (FS) [63]. The high-cycle criteria include Crossland [24], Basquin [65], and the methods recommended by
Eurocode 3 [66] and the British Standard [67]. Miner’s rule was then adopted to quantify damage accumulation.

The selected case study is a steel arch bridge over the Polcevera River in Genoa, Italy. The bridge was modeled in Midas Civil, and
fatigue analysis was conducted on the most stressed structural node, a bolted joint connecting the main girder and the cross-beam.
Load histories in terms of stress and strain were used to quantify the fatigue life of the joint. The railway load was modeled as a
train of concentrated loads, neglecting vehicle-bridge interaction due to its irrelevance in this case, given the low rail roughness
and the train speed being well below the critical speed. The values for vertical accelerations and maximum bending stresses are
below the standard EN 1994-2 limits.

The bridge’s response remains predominantly within the elastic range. Therefore, the recommended high-cycle criteria provide
more reliable estimates. In particular, Crossland and Basquin predict a fatigue life greater than 1000 years, while the British Standard
and Eurocode predict approximately 300 years. This discrepancy arises because the standards are based on lower failure probabilities
and tend to provide conservative estimates. In contrast, the predictions from Basquin and Crossland can be considered mean
estimates associated with a 50% probability of failure. Considering about 30 trains per day, which represents a typical scenario for a
medium-traffic railway line, an estimated lifespan of approximately 300 years, according to the Standards, aligns with several studies
in the literature with similar bridge typologies. The predictions are significantly lower for the low-cycle criteria. Still, except for
KBM, which tends to underestimate fatigue life severely, the estimates are not far below the standards, ranging from approximately
100 to 200 years.

In a second step, a univariate sensitivity analysis was conducted to evaluate the sensitivity of fatigue life to certain traffic
parameters, such as axle load, velocity, and train length. No effect of train velocity on fatigue life is observed within the considered
ranges. Both low-cycle and high-cycle fatigue criteria display consistent trends regarding the impact of axle load and convoy length.
Still, high-cycle fatigue criteria (Crossland, Basquin, EC3, BS) predict longer fatigue lives than low-cycle criteria.
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