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Summary

This study presents a reliability analysis of a 5-metre-long railway steel bridge, focusing on the perfor-
mance of a critical beam. The bridge comprises two I-shaped beams, four diagonal bracings fabricated
from angle sections, and two U-shaped cross beams. The applied loads include dead loads, such as the
structure’s weight, sleepers, rails, guard rails, and connections, along with live loads from trains and
wind forces. The aim is to estimate the reliability indices and failure probabilities of the structure, both
in its intact state and after the loss of two diagonal bracings, and to identify key parameters. The analysis
employs the First-Order Reliability Method and Monte Carlo simulation to account for uncertainties in
material properties, geometry, and loading conditions. This methodology provides valuable insights
into the bridge’s safety performance under various scenarios, offering engineers a framework for mak-
ing informed decisions from the conceptual design phase onward.

1 INTRODUCTION

Structural design is a multifaceted process influenced by a range of factors, including economic, envi-
ronmental, political, and social considerations, as well as client specifications, resource availability,
standardisation, and implementation feasibility. These factors guide the engineering team in selecting
the structural system, stabilisation methods, and the design of component cross-sections and connec-
tions. The design process typically follows the limit state method, which includes two main categories:
ultimate limit states (ULS), which ensure structural strength, and serviceability limit states (SLS),
which address functionality and aesthetics. During the design of steel structures, the primary objective
is often to minimise the total steel weight while satisfying all project requirements.

During the calculation phase, computational tools are employed to assist in the design and devel-
opment of detailed shop, assembly, and field drawings. Although these tools contribute to achieving
high accuracy, especially in steel structures, it is crucial to acknowledge inherent uncertainties, such as
variations in material properties, geometric dimensions, workmanship, and loads. Deterministic ap-
proaches, relying on fixed values, are insufficient to capture these uncertainties. Structural reliability
theory provides a more comprehensive framework for assessing and mitigating risks.

Reliability analysis is also useful in the conceptual phase of the project since it helps engineers
make informed decisions about the structure’s configuration and components. By applying this meth-
odology early on, engineers can optimise the design for both safety and cost-effectiveness.

However, the application of reliability theory is still limited due to challenges such as the lack of
specialised software, computational challenges, and a general unfamiliarity among engineers. This ar-
ticle presents a case study on the application of structural reliability methods — specifically the First-
Order Reliability Method (FORM) and Monte Carlo simulation — on the design of a 5-metre steel
railway bridge. The study focuses on a critical beam of the bridge, analysing the serviceability limit
state of vertical deflection and the interaction between flexure and axial force. The analysis includes
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both an intact bridge and a scenario involving the loss of two diagonal bracings, aiming to estimate
failure probabilities and identify the most influential variables.

2 METHODOLOGY

The steel bridge consists of four diagonal bracings (L101.6x12.7), two cross beams
(U255x68x12.5x9.5), and two symmetric welded I-profiles (denoted as PS). The terminology for the
structural components is as follows: for the angles, the format is L angle width x thickness; for the
channels, it is U channel height x flange width x flange thickness x web thickness; and for the I-profile,
it is PS height x flange width x flange thickness x web thickness. All dimensions are given in millime-
tres.

The bridge geometry and the identification of its members are shown in Fig. 1. In this study, the
bridge was designed according to Brazilian standards, and then, the reliability analysis was performed
on a critical beam (L2), as described in Sections 2.1 and 2.2, respectively.

4.86m

1.20m

Fig. 1 Bridge geometry and member identification.

2.1  Design according to standards

The structure was designed following the Brazilian guidelines [1]-[4], considering dead loads — in-
cluding the structure’s self-weight, wood sleepers, rails (TR 45), guard rails (TR 37), and connection
elements — as well as live loads from the trains (TB 270 from [4]), and wind forces. A dynamic impact
factor (¢) of 1.48 was used according to [3]. The structure was modelled using the software Robot
Structural Analysis Professional 2024 (Fig. 1), considering bar elements. The train loads were simulated
as moving loads.

In load combinations without the train traffic, the wind load was modelled as a distributed force on
a single beam (speed = 45 m/s and a statistical factor of 1.11), with an exposed height of 0.76 m and a
drag coefficient of 0.63.

When considering simultaneous wind and train loads, loads were applied at the same points as the
train’s wheel positions (see Fig. 2), with the wind speed set to 25 m/s in line with the recommendations
of [5]. In this case, the drag coefficient was 3.73. Additionally, the effect of wind-induced overturning
was considered. By modelling the wind acting at the carbody’s geometric centre, an equivalent vertical
load was calculated. The overturning effect was modelled by increasing the vertical force on one beam
and decreasing it on the other (see Fig. 2), considering the lever arm equal to 2.25 m and the metric rail
gauge.

Symmetric welded I-profiles with flange width br = 200 mm, web thickness tw = 12.5 mm, and
heights dg in multiples of 100 mm, were evaluated. For the vertical deflection, a limit of L/600 due to
the train load was considered, where L is the beam length. The lightest profiles meeting these criteria
were PS 400x200x31.5x12.5 (132 kg/m), PS 500x200x19x12.5 (105 kg/m), and PS 600x200x16x12.5
(106 kg/m), which showed vertical deflections of 0.81 cm, 0.70 cm, and 0.52 cm, respectively. The
critical combination for the ultimate limit states was 1.35 dead load + 1.50 ¢.train load + wind, with
the bending moment and the shear force being 525 kN-m and 560 kN, respectively, and the Cy factor
for non-uniform bending moment equal to 1.41. The utilization rates of the PS 400, PS 500, and PS 600
profiles were 0.87, 0.94, and 0.83, respectively.

The critical load configurations identified for beam L2 from the moving load model are shown in
Fig. 2. In cases (A) and (C) of Fig. 2, the transverse loads simulate the wind acting on the opposite side
of the bridge to beam L2. This results in an overturning effect that increases the vertical loads on beam
L2. In contrast, in cases (B) and (D), the wind acts on the same side of beam L2, and the vertical load
is relieved.
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Fig. 2 Critical train and wind loadings’ configurations identified for ULS for beam L2.

2.2 Reliability analysis

The reliability analysis was performed focusing on beam L2 (see Figs. 1 and 2), considering the three
cross-sections determined in Section 2.1 and the four loading configurations shown in Fig. 2. The First-
Order Reliability Method (FORM) and Monte Carlo simulations were implemented using MATLAB.
The HLRF and iHLRF optimisation algorithms were used, as detailed in [6]. The transformation steps
followed the Nataf Model, with solutions provided in [7]. No correlation was considered between the
random variables.

For vertical deflection, Monte Carlo simulations were conducted for comparison. A Latin Hyper-
cube Sampling technique was used to reduce variance, generating a number of samples (ns) equal to
5 million. Independent samples for normal and lognormal variables were obtained using the Box-Mul-
ler algorithm [6].

2.2.1 Random variables

The statistics considered in this study are presented in Table 1. The heights and corresponding flange
thicknesses in Table 1 refer to the three cross-sections determined in Section 2.1. The uncertainties in
the train load were modelled through coefficients of variation (COV) of 0.10 and 0.15. Additionally,
the impact factor was evaluated both as a deterministic value and as a random variable. Thus, three
cross-sections, two load scenarios, and two impact factor scenarios were assessed.

Table 1 Distribution, mean, and coefficient of variation (COV) of each random variable.

Description Symbol  Distrib. Mean Cov Unit Ref
Elastic modulus E Lognormal 216,000 0.06 MPa [6]
Yield strength
(A36 steel) fy Normal 335 0.09 MPa [8]
Profile height dg Normal 40/50/60 0.3/Mean cm [8]
Flange thickness tr Normal 3.1428/1.8956/1.5963 0.0477 cm [8]
Web thickness tw Normal 1.25 0.05/Mean cm Adapted
from [9]
Max. igg‘ég' wind -y Gumbel 26.1243 02062 mis  [10]
Locoml‘;t;‘ée point 5 Normal 135 0.10/0,15 kN -
Wago”ﬁg;;”'b“ted Normal 45 0.10/0,15  KkN/m :
Impact factor 0 Normal 1.479 —/0,10 - -
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2.2.2 Limit state equation for vertical deflection

After evaluating the moving load model, the maximum displacement was identified for the load con-
figuration shown in Fig. 3, with da =2.00 m, db =1.16 m, dc = 1.00 m, da = 0.70 m, and L = 4.86 m.
For this configuration, using a limit deflection of L/600, the limit state equation is given by Eq. (1). A
total of 12 models were evaluated, considering the three cross-sections determined in Section 2.1, two
coefficients of variation for the loads, and two impact factor scenarios.

P P

| iy

7o dy | da | de [ dgT
| L |
Fig. 3 Critical position identified for vertical deflection considering the TB 270 train loading.
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2.2.3 Limit state equation for axial and flexure interaction

In addition to the scenarios described in Section 2.2.1, both intact and damaged states — where diago-
nals D2 and D3 were removed (see Fig. 1) — were evaluated, totalling 24 models. The general form of
the limit state equations analysed for Cases A to D shown in Fig. 2 is given by:
N M, M,
gNJrM(E!fy’ dgr i, by W, P, g, 0) = 1 — 2]\211 - <M:zl;+ij;l:> (2)
where Ngy, My s, and M, g, represent the calculated axial force and bending moments about the strong
and weak axes, respectively, without load factors; and Ngy, M, ri, and M, gy are the corresponding re-
sistances, calculated according to [1], including the Cy factor and without applying resistance factors.

3 RESULTS

3.1 Vertical deflection

The reliability indices for vertical deflections of the PS 400, PS 500, and PS 600 profiles, calculated
using FORM, are shown in Fig. 4(a). A comparison of the reliability indices obtained via FORM and
the upper and lower bounds from the Monte Carlo simulation is presented in Fig. 4(b). The convergence
of the Monte Carlo simulations is illustrated in Fig. 4(c). Additionally, the sensitivity coefficients are
displayed in Fig. 5, where the positive sign (+) indicates a random variable for resistance, while the
negative sign (-) represents a random variable for load or demand.

As expected, the profile with the largest height and highest moment of inertia, PS 600, exhibits the
highest reliability index. However, it is important to note the significant differences in reliability indices
among the three profiles. For instance, in the most critical scenario — where the coefficient of variation
(COV) of the loads is 0.15, and the COV of the impact factor is 0.10 — the reliability index for PS 400
is frorm = 0.392, corresponding to a failure probability (prrorm) of 0.348. In contrast, for the same
scenario, PS 600 yields a reliability index of frorm = 3.063, with a much lower ptrorm 0f 0.0011.

It can be observed that an increase in the COV of the load leads to an increase in the point load
sensitivity coefficient, causing the reliability index curve to shift downward. Furthermore, the impact
factor has a significant effect on the results. When treated as a random variable, the impact factor causes
a downward shift in the reliability index curve, with sensitivity coefficients ranging from 0.28 to 0.40.
Additionally, the distributed load (q) and geometric properties have a minimal impact on the results.
Therefore, the most influential variables are the point load (P), impact factor (¢), and modulus of elas-
ticity (E).
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Fig. 4 (a) Reliability indices for vertical deflection obtained using FORM; (b) comparison be-
tween FORM and Monte Carlo results, considering the impact factor as a random variable
and (c) convergence of the Monte Carlo simulation for PS 400, COVtg 270 = 0.15 and COV,,

=0.10.
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Fig. 5 Sensitivity coefficients determined using FORM.

3.2 Axial and flexure interaction

Out of the 96 limit state equations evaluated, convergence issues were observed in 5 cases. For four of
these cases, the issue was resolved by adjusting the standardized parameters of the iHLRF algorithm
[11]. This section presents the results for Case A and Case B (see Fig. 2), which are representative of
the scenarios investigated.
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Results for Case A (Fig. 2) are shown in Fig. 6. For reference, the JCSS reliability limit of 4.4 for
the ultimate limit state (ELU) is also displayed, considering normal safety measures and severe failure
consequences. In the intact state, all investigated cross-sections met the JCSS limit. However, when the
diagonal bracings are removed, the probability of failure increases and only the PS 400 profile met the
JCSS limit in all scenarios. The lowest reliability index of 3.51 was observed for the PS 500.

After the removal of the diagonal bracings, the beam’s unbraced span doubles, which causes the
cross-section’s moment resistance about the strong axis to deviate from the plastic moment. This is
associated with the redistribution of sensitivity coefficients from fy to variables such as P, ¢, and tx.

Figure 7 shows the results for Case B (Fig. 2), where the investigated beam experiences a reduction
in vertical force but is subjected to bending about the y-axis (weak axis). In this case, it can be observed
that the damaged state significantly increases the wind sensitivity coefficient. In the intact state, the
investigated beam behaves as a continuous beam with three supports, and weak-axis bending is mini-
mal. However, after the intermediate support is lost, the unbraced length doubles, increasing the beam’s
susceptibility to transverse actions. Comparing the flange sections — the primary elements resisting
transverse actions — the PS 400 profile exhibits significantly higher stiffness (200x31.5 mm vs.
200x19 mm and 200x16 mm), explaining its superior reliability indices compared to the PS 500 and PS
600 profiles.
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Fig. 6 Case A — Reliability indices and sensitivity coefficients for the axial and flexure interaction
in the intact and damaged states.
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Fig. 7 Case B — Reliability indices and sensitivity coefficients for the axial and flexure interaction
in the intact and damaged states.

4 CONCLUSIONS

This study has conducted a structural reliability analysis focusing on a beam of a railway steel bridge.
Limit state equations related to vertical deflection and the interaction between axial force and bending
moment were evaluated using the FORM transformation method and Monte Carlo simulations. Ini-
tially, the structure was designed following the recommendations of [1]. Subsequently, 24 models were
assessed using reliability theory, considering intact and damaged configurations; three profiles
(PS 400x200x31.5x12.5, PS 500x200x19x12.5, and PS 600x200x16x12.5); coefficients of variation for
TB-270 of 0.1 and 0.15, and the analysis of the impact factor as either a deterministic value or a random
variable.

For the limit state equation related to vertical deflection, the most relevant variables were P, ¢, E,
and tr. The results from FORM and Monte Carlo simulations were in close agreement. The PS 400
profile exhibited the lowest reliability indices, ranging from 0.39 to 0.62, while the PS 600 profile
showed the highest values, from 3.06 to 4.82.

For the limit state equations related to the interaction between axial force and bending moment, the
most relevant variables were fy, P, W, ¢, and tr. The PS 400 profile demonstrated the highest reliability
indices, ranging from 5.00 to 6.68 in the intact state, and from 4.63 to 5.88 in the damaged state. Con-
versely, the lowest reliability indices were observed for the PS 500 profile, reaching 3.51 in the dam-
aged state.

The application of reliability theory can help engineers identify optimised geometric configurations
and cross-sections starting from the conceptual design phase. For example, in this study, it was observed
that none of the cross-sections designed according to the standards outperformed the others in both the
ultimate limit state (ULS) and serviceability limit state (SLS). This suggests that the optimal solution
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for the investigated problem would likely require a PS 500 profile with a larger flange than the one
evaluated.

In conclusion, this study underscores the importance of considering uncertainties associated with
random variables, such as material properties, structural dimensions, and loading conditions. Future
investigations should expand the analysis to include additional loading types and geometric configura-
tions, as well as further explore the combined effects of wind and railway traffic. In particular, given
the significance of the variables P and ¢, there is a clear need to develop representative statistics for
Brazilian railway traffic and establish guidelines for calculating the impact factor. This is especially
relevant since the moving load standard [4] was cancelled without replacement in 2015, and unlike that
of version [3], the current version [12] no longer includes expressions for calculating the impact factor
in railway structures.
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