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FEM, The structural response and load transfer behavior of steel railway bridges under
OpenSeesPy, representative railway loading are systemically evaluated for aging steel railway bridges.
Hardinge bridge, This study is a three-dimensional finite element analysis of a representative 345ft span of
Structural response,

the old Hardinge Bridge, Bangladesh, using OpenSeesPy. The geometry and structural
configuration of the bridge were based on the available historical bridge records and
published information, and representative properties of the structural-steel were assumed
where direct material-test data were not available. The numerical model takes into account
the dead load and an idealized railway loading configuration. The structural response was
assessed by calculating vertical displacement and maximum axial stresses, and
deterministic local alternate-load-path simulations were conducted by removing three
members and observing the redistribution of stresses. The maximum mid-span
displacement calculated for the selected baseline model was about 4.02 inch. The largest
peak axial stress magnitudes were found in the lower-chord and some diagonal members.
Member removal caused significant redistribution of axial demand in neighboring members,
such as a tension to compression stress reversal in one member studied. The demand to
capacity ratios were then calculated based on the adopted tensile yield criterion and
theoretical buckling resistance of compression members. The results show that the
investigated members were not exceeded in the idealized model in terms of elastic/yield or
buckling resistance. The results should be viewed as a preliminary numerical evaluation of
the current structural condition of the Hardinge Bridge, as the model has not been validated
with field measurements.

Demand//capacity ratio.

1. Introduction

Railway bridges are crucial parts of transport infrastructure, designed to facilitate smooth transport of passengers or cargo across various
natural or man-made obstacles. Amongst the different types of bridges, steel truss bridges have been widely used for railway systems because
of their structural efficiency, high strength to weight ratio, and low amount of material necessary to span large distances [1-2]. Many of these
rail bridges were constructed in the late 1800s and early 20th century and are still in use. Many of these structures were constructed several
decades ago, have exceeded their original design lives, and are now exposed to increasing traffic demands and environmental deterioration
that can present significant issues in terms of monitoring / maintenance and eventual failure.

Fatigue damage may occur in steel bridges in service because of the repeated loading from trains, and is more likely as the bridge ages. Fatigue
cracks typically start in connections, at riveted joints or at other stress concentration locations and grow slowly under cycling loading
conditions [3-4]. It is recognized that fatigue is one of the key mechanisms of deterioration in historic steel railway bridges and several studies
have been undertaken to substantiate this. For example, Zhao et al. (2021) [5] explained that parameters such as the number of train loads are
very important for stress ranges in truss members that can be used to initiate and propagate cracks for detail sensitive to fatigue. Likewise,
Deng et al. (2022) [6] pointed out that the damage of fatigue accumulation in bridge connections can cause a decrease in the structural reliability
of the bridges and also result in a shorter residual service life of aging railway bridges. The presence of redundancy is another critical property
for structural safety in steel railway truss bridges. This is known as "structural redundancy,” and implies that if the structure fails, it can still
carry loads by another load path. The majority of historic truss bridges were built as statically determinate bridges without excessive
redundancy, and so the loss of a single critical member can lead to a partial or even total collapse of the structure [7-8]. Some recent works have
looked into the issue of redundancy and robustness in steel truss bridges as a result of this situation. Li et al. (2019) [9] have conducted a study
on alternate load-path in a structural steel truss bridge and demonstrated that the extreme stresses of adjacent structural elements can occur
when certain members are lost. In another study, Fu and You (2019) [10] studied the failure propagation mechanisms of truss bridges and found
that local failure could result in the progressive collapse if there was not enough load redistributing capacity. Engineers have determined the
structural response of bridge systems under realistic loading scenarios in a series of progressively more complex and accurate computational
models. Numerical simulation methods and finite element modeling are employed to evaluate the deflection behavior and stress distribution,
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as well as the structural performance under moving train loads [11-12]. These methods are particularly effective for heritage bridges, where
experimental tests or full-scale loading tests are not feasible, and they can be used to assess the structural integrity and safety of these historic
structures in a cost effective and non-invasive manner. In addition, it is straightforward to evaluate the redundancy behavior in member-
failure scenarios in the simulation with the numerical approaches.

As a result, structural health monitoring (SHM) systems have been increasingly used for the monitoring of aging bridges. These sensors can be
installed on a bridge to measure the strain, displacement and vibration responses of the bridges as trains pass over them, thereby providing
information on structural performance and potential damage [13-14]. Recent studies have also looked into using machine learning to find
damage to bridges and assess their condition. In these studies, it is demonstrated that machine learning can detect structural issues and foresee
when maintenance is required [15-16]. However, detailed computational assessments integrating structural response and local alternate-load-
path behavior remain limited for historic railway steel bridges in developing regions. As with many of these bridges, they continue to serve the
public despite its growing use, with no detailed structural assessment or advanced monitoring systems. One of them is Hardinge Bridge, a steel
truss railway bridge over Padma River, Bangladesh, which is over 100 years old and of importance. So far, systematic numerical studies with
regard to the structural behavior, the redundancy features of the bridge and the response to train loading have been relatively scarce, although
bridges play a crucial role in the national railway systems.

The prior studies of steel truss railway bridges are focused on fatigue evaluation, structural health monitoring, or simulation of individual
bridge components. However, very few studies have been performed that have been integrated with structural analysis to redundancy and
failure propagation assessment for historic railway bridges in maintaining areas of the world. Specifically, the structural response and load-
redistribution mechanism of century old railway truss bridges loaded with modern trains remains to be investigated. To bridge this gap, here
we develop a computational framework to enable the evaluation of the structural response of the Hardinge Bridge under realistic railway
loading situations. Research involves an examination of performance under loads, member failure, and redundancy of the bridge. The outcomes
will contribute to shedding light on the structural behavior of aging steel rail bridges and provide a preliminary computational framework for
identifying members associated with substantial load redistribution and for supporting subsequent detailed inspection and assessment.

2. Materials and methods
2.1. Research framework and structure of the study

Through a computational modeling framework, this study evaluates the structural performance, and redundancy behavior of the historic steel
railway bridge Hardinge Bridge. The method combines geometric modeling, finite element structural simulation, and redundancy analysis
under simulated railway loading conditions. This is a common multistage approach employed by many in the structural evaluation of aging
steel bridges [17-19].

2.2, Description of the bridge and structural data

The study considers the Hardinge Bridge, a riveted steel truss railway bridge constructed in 1915 over the Padma River in western Bangladesh.
The main structural features of this bridge are as follows:

Total length of the bridge: 5940 ft (%1810 m)

Number of spans: 15

Span length: 345 ft (105 m) per span

Deck width: 32 ft

Elevation: Approx. 49 ft above sea level

Structural system: steel through truss

Railway configuration: double broad-gauge tracks

Structural components: top chords, bottom chords, diagonals, verticals, crossbeams, and longitudinal stringers
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These structural characteristics were used as the principal inputs for geometric modeling and structural analysis. Structural dimensions and
material properties were derived from historical drawings, bridge inspection reports, and literature pertaining to similar steel truss bridges.
The general at site view and the shape dimensions of Hardinge Bridge are shown in Figs. 1a-d.

The historical records of this study were used mostly for defining the bridge geometry, member arrangement, span configuration and structural
system. Original mill certificates, material-grade specifications and mechanical test results performed in situ for the steel were not available;
material parameters used in the numerical model are explicitly different from historically documented bridge information.
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Figure 1. (a) Original site view, (b) Single span side view, (c) Cross sectional details of top chord and bottom chord and (d) Cross section details of
different types of members in Hardinge Bridge

2.3. Modeling of geometric elements

A three-dimensional finite element model of the bridge was created in OpenSeesPy using three-dimensional trusses. The geometry of the bridge
was modeled by specifying the coordinates of the nodes, the connections between the members, and the geometry of the cross sections of the
main structural elements such as chord members, diagonal members, vertical members and floor beams. The bridge was idealized as a truss,
where structural members act as truss elements and topology is defined by their nodal interactions. The three dimensional modeling however,
has the benefit of guaranteeing the accuracy of the bridge behavior that can be replicated to the transmission of load to the truss members to
ensure structural integrity and the performance of the bridge under load conditions is accurately assessed.

2.4. Finite element structural analysis
2.4.1. Numerical modeling

The structural response of the bridge was quantified using Finite Element Analysis in python through OpenSeesPy framework. OpenSeesPy is
the Python interface to the OpenSees finite-element framework and enables scripted structural modeling and analysis. [20]. In finite element
model:

% Nodes are truss joints.

* Elements — Steel members.

* This specifies the material behavior with linear elastic properties of steel.

* Boundary conditions simulate the support conditions on the bridge.
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The idealization of the main truss members as axial truss members is appropriate for the primary chord, diagonal and vertical members since
the force of the primary chord, diagonal and vertical members is their dominant response under the idealization adopted. The floor beams and
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the longitudinal stringers were modelled as beam-column elements that were able to reproduce flexural and shear deformation and to offer a
physically plausible load transfer path from the railway loading system to the main trusses.

2.4.2. Material properties

Hardinge Bridge is a historic riveted steel truss bridge built in 1915. Available historical records were used to develop the geometry and
structural configuration for the bridge; however, original mill certificates, material-grade specifications or mechanical test results of the
existing steel were not available. So, the bridge members are not explicitly assigned a particular steel grade of the past.

Baseline numerical model properties were based on the representative structural-steel properties. The density was assumed to be 7850kg/m3,
the Young's modulus (E=200) GPa, the Poisson's ratio 0.30 and the nominal yield strength (Fy=250) MPa. The adopted yield strength represents
a representative modelling parameter, and is not to be interpreted as a measured in-situ property of the 1915 bridge steel.

The linear-elastic material formulation was chosen because the goal of the present study is to investigate the structural response and the
redistribution of local stresses in the baseline materials under the loading and member-removal scenarios. Long-term deterioration, corrosion,
fatigue, residual stress or local damage of the properties of the materials were not explicitly modeled. The calculated response needs thus to be
understood conditioned on the adopted material parameters.

In the case of tension members, the axial stress computed was compared with the adopted value of the nominal yield stress. The resistance of
compression members was determined not by comparing the compressive stress with the yield strength, but by using the theoretical column
buckling formulation presented in Section 2.8.

2.4.3. Boundary condition and load-transfer mechanism

The representative 345-ft (105-m) span was modeled using 3-D nodal coordinates representing the geometry of the bridge as documented. The
support conditions were idealized to simulate the longitudinal and transverse restraint from the bridge bearings. Assuming the support
conditions, the translational degrees of freedom were restrained and the rotational degrees of freedom were kept if they were necessary as per
the beam-column equivalent floor system. The selected boundary conditions have been assumed to be idealized baseline conditions as detailed
in-situ bearing stiffness and rotational conditions were not available.

Railway loads were not placed directly on main truss nodes, but on the floor system. Wheel reactions were originally placed at the proper
rail/stringer locations, carried along the longitudinal stringers and floor beams and then conveyed to the main truss at the same panel point
locations. The position of the train was gradually moved along the span to determine the characteristic response position. The magnitude of
the wheel/axle load, wheel spacing, axle spacing, number of loaded axles, and the nodal load values are all given in the updated model
description.

2.5. Loading conditions
2.5.1. Dead load

The dead load includes the self-weight of the bridge members and all other superimposed loads which are permanently attached to the structure.
Two railroads are present in the bridge and the weight of rail and sleepers are considered as 0.09 kip/ft uniformly distributed load on four
stringers of the bridge [21].

2.5.2. Live load

The Live load is considered as train load. Therefore, the wheel arrangement and loading of WDM2 Co-Co type for locomotive and Bo-Bo type for
bogies are taken into consideration. The center-to-center spacing of two wheels of Co-Co type locomotive and Bo-Bo type bogie is 6.75 feet and
8.5 feet, respectively [22].

2.5.3. Dynamic load considerations

The railway live-load effects were adopted and a constant dynamic load allowance factor of 1.15 was applied to these in both the intact and
member-removal scenarios. This factor is an abridged allowance for dynamic effects involved in mobile loading of the railway and is not a
transient dynamic analysis. The dynamics associated with the sudden removal of members were not added. Fig. 2 illustrates an applied loading
configuration, which was used in the analysis.

2.6. Structural response analysis

FEM was used to evaluate the principal structural response parameters, including axial stress of steel truss members, displacement of the nodes
of the steel truss, member stress distribution and load path distribution. A detailed investigation was conducted of three major fracture
situations that occurred at various locations along the span.

2.7. Structural redundancy analysis

Numerical results were analyzed in Python with OpenSeesPy framework. Firstly, an intact model of the bridge was analyzed with the given dead
and live loads of the railway. Then, one by one, selected members were removed to simulate member loss in localized areas, and the resulting
changes in the axial force and stress of the adjacent members were assessed. Therefore, the analysis is not considered a full-scale system-level
redundancy or reliability analysis, but rather a local alternate-load-path assessment based on a deterministic approach.
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Figure 2. Loadings and wheel arrangements of two types of locomotives (a) Co-Co and (b) Bo-Bo
2.8. Demand/Capacity ratios analysis

Demand-to-capacity (D/C) ratios were determined for those critical members identified in the member-removal simulations. The demand was
considered to be the maximum tensile axial stress in tension members extracted from the verified OpenSeesPy analysis and the reference
resistance adopted was based on the nominal yield strength of 250MPa.

The theoretical column-buckling resistance was used to calculate the governing resistance, instead of using the yield strength directly, for
compression members. The calculation was done as per AISC 360 specification [23]. The idealized baseline assumption of an effective length
factor (K=1.0) was used for truss members. This is not intended to be used as a measured effective length condition of an existing bridge as the
actual value of the rotational restraint of the historic riveted connections was not available.

D/C ratios of each member were determined by dividing the adopted resistance by the applied demand. A number less than unity means that
the calculated demand is less than the adopted resistance in the context of the assumptions of the numerical model. This value does not
formally certify the structural safety of the existing bridge.

2.9. Model verification and validation limitations

The size and the structural layout of the representative bridge span was identified based on past information and records. However, the results
of field measurements, ambient-vibration data, strain-monitoring records, detailed bearing properties, and direct material-test results were not
available for an independent validation of the numerical model. It is thus important to acknowledge that the analysis presented herein is a
numerical approximation of a baseline bridge configuration, which may be idealized.

The main restrictions are the following:

v"  Since no mechanical-test data were available for the existing steel, the material properties used were representative.

v' Explicitly taken care of in the model are not the section reduction caused by corrosion, fatigue damage, residual stresses, and deterioration
of riveted connections.

v' The rotational stiffness and true restraint properties of historic riveted connections and bearings are simplified.

v' Primary truss members are idealized based on their dominant axial response while beam-column elements are used to represent the load
transfer in the flexural response for the floor-system members.

v"  Therailwayloading configuration was simplified and the dynamic load allowance was assumed to be constant instead of using a full train—
bridge interaction analysis.

v' The baseline analysis is linear elastic and does not include material yielding, geometric nonlinearity, connection failure, or nonlinear
progressive-collapse behavior.

v' The member-removal analysis is meant to address the selected localized scenarios and is not to be taken as a system-level redundancy or
reliability analysis.

v' The adopted material properties, the effective length factor, the support conditions and the cross-sectional properties have not been
quantified in terms of their uncertainty through a formal probabilistic sensitivity analysis.

As such, the results provide a preliminary computational screening of the structural response and local load redistribution. They are not to be
considered as a final determination of the safety or serviceability of the existing Hardinge Bridge.

3. Results

3.1. Structural response to train loading

The maximum vertical movement was calculated to be about 4.02 in (102 mm) at mid-span. For a 345-ft (4140-in) span, the corresponding
L/1200 and L/1000 values are approximately 3.45 and 4.14 in, respectively. Hence, the computed displacement is greater than L/1200, but less
than L/1000. Since the present investigation does not provide a definitive pass/fail serviceability analysis for the historic structure, this result
is presented as a numerical comparison.

3.2. Axial stress distribution

The calculated axial stresses of the members investigated varied between -99.5 and 93.4 MPa in the intact model and -86.0 and 64.6 MPa
following the member removal scenarios studied (Fig. 3). Member (g) showed a stress change from tension (+17.1 MPa) to compression (-29.1 MPa)
after member (h) was removed, which illustrates the redistribution of stresses in the truss.
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3.3. Redundancy and member removal analysis

The bridge was modelled and the pertinent loads applied; the whole bridge was then analyzed in its intact state. All members' axial stresses
were directly calculated within OpenSeesPy framework. Afterwards, the model was modified by removing a primary member to create a fracture
scenario and the analysis was repeated. The remaining members in the fractured configuration were then analyzed using the same applied
load to assess load redistribution and redundancy behavior of the remaining members by comparing the axial stresses to that obtained from
the intact model. In the present work three critical fracture scenarios at three different positions of the bridge are presented and discussed.

Combined-Load Axial Stress Before and After Member Removal

100+ B Intact member

- After member removal

751

504

254

Combined-load axial stress (MPa)
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=100 1

Positive = tension; negative = compression
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Adjacent member (removed member)

Figure 3. Axial stress distribution in the truss members under combined loading
3.3.1. Removal of member (c)

For the first scenario, it was assumed that the vertical member (c) was fractured. In Fig. 4, the fractured member and surrounding members are
shown, with member (d), which is directly connected to member (c), having no force on it after the fracture. Table 1 shows the axial stresses of
the adjacent members (a), (b) and (e) for dead, moving and combined loading condition. Based on the results, it is observed that the axial stress
of the member (b) under the dead load condition is approximately 78.6% higher and under the combined loading condition is approximately
66.7% higher. The increase is due to the fact that members (b), (c), (d) and (e) are a single truss unit and if member (c) fails, load equilibrium is
lost, and member (d) is ineffective. Thus, the load applied is mostly transferred to member (b). When an extra load is placed on the bridge,
localized failure or yielding may occur if the redistributed load exceeds the axial capacity of member (b).

Fractured vertical member (c)

1 \(®
1
d
(©) |.(-2
1
aNy/"
Figure 4. Fractured vertical member (c) and its adjacent members
Table 1. Changes in axial stresses of adjacent members due to removal of member (c)
Stress due to dead load (psi) Stress due to live load (psi) Stress due to combined load (psi)
Member Before After Percentage Before After Percentage Before After Percentage
fracture fracture g fracture fracture g fracture fracture g
(@) -7994.1 -7263.2 9.1% -6440.2 -5963.2 7.4% -14434.3 -13226.4 8.4%
(®) 1416.4 2530.3 78.6% 1594.0 2488.0 56.1% 3010.4 5018.4 66.7%
(e) -4894.6 -3442.3 29.7% -4677.1 -3503.5 25.1% -9571.7 -6945.8 27.4%
*The percentage change is given by (I Oafter | =1 Opefore I) /1 Opefore 1% 100%. In cases of stress sign reversals, the percentage change is not

regarded as an increase or a decrease in the conventional sense, but rather as an indication of the change from tension to compression and
vice-versa.
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3.3.2. Removal of member (h)

In this case, it was assumed that vertical member (h) was broken. After the fracture, member (i) has no load, as it is no longer effective, since it
is directly connected to the fractured member. The fractured member and adjoining members are shown as in Fig. 5 and the variations of the
axial stresses in the adjoining members (f), (g) and (j) for dead load, moving load and combined load conditions are shown in Table 2. The results
show that the axial stress of member (g) increases about 70.3% after the fracture of member (h). This behavior is explained by the fact that the
members (g), (h), (i), and (j) make up one truss unit and the load equilibrium is affected when member (h) fails, so member (i) is inactive. Thus, the
load redistributed will mainly pass-through member (g). The load on member (g) is the load carrying capacity, if the additional load is greater
than this, member (g) may exceed its elastic limit, compromising the stability of the adjacent truss panel.

Fractured vertical member (h)
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Figure 5. Fractured vertical member (h) and its adjacent members

Table 2. Changes in axial stresses of adjacent members due to removal of member (h)

Member Stress due to dead load (psi) Stress due to live load (psi) Stress due to combined load (psi)
Before fracture After fracture Percentage Before fracture After fracture Percentage Before fracture After fracture Percentage

® -1585.4 -1596.5 0.70% -3735.5 -3714.3 0.6% -5320.9 -5310.8 0.2%

() 215.8 -144.9 32.87% 2259.0 -4071.6 80.2% 2474.8 -4215.6 70.3%

G) -2016.4 -1474.7 26.86% -4093.9 -2980.3 27.2% -6110.2 -4454.9 27.1%

Member (g) showed a stress-state reversal after the removal of member (h). The change in its axial stress during dead load was from +215.8 psi
(tension) to -144.9 psi (compression), and the change in the combined-load stress was from +2474.8 psi to -4215.6 psi. This is a more structural
transition because it changes the resistance mechanism when the transition from tension to compression occurs in a member. Compression
adds an applicable buckling limit state, which does not apply to a member that is tensile only. Hence, the answer is termed as "stress reversal"
and is not a conventional percentage increase or decrease.

3.3.3. Removal of member (k)
In this case, it was assumed that diagonal member (k) was fractured and the changes in the axial stresses were compared with stresses in the
intact bridge. The broken diagonal member and adjacent members are shown in Fig. 6, in which the dotted lines are inactive members. Table 3

shows the axial stress changes of the neighboring members (1), (0) and (p) for the above three loading conditions: dead load, moving load and
combined load.

Fractured diagonal member (k)

()
.
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Figure 6. Fractured diagonal member (k) and its adjacent members
Table 3. Changes in axial stresses of adjacent members due to removal of member (k)
Memb Stress due to dead load (psi) Stress due to live load (psi) Stress due to combined load (psi)
€MOET pofore fracture After fracture Percentage Before fracture After fracture Percentage Before fracture After fracture Percentage
(0) -1874.2 -5814.1 210.2% -2954.1 -6652.8 125.2% -4828.3 -12466.8 158.2%
(0) 5426.3 2930.1 46.0% 4671.5 3074.1 34.2% 10097.7 6004.1 40.5%
(p) 7879.4 5450.1 32.5% 5671.2 3924.2 30.8% 13550.6 9374.3 30.8%

The results show that after the member (k) is broken, the load in member (l) increases by a factor of 210.2% if it is subjected to dead load alone,
and by a factor of 158.2% if it is subjected to both dead load and live load. This significant rise is due to the disintegration of the truss unit
consisting of the members (k), (1), (m) and (n). The members (m) and (n) are directly connected to the fractured member and so they too lose their
effectiveness leading to a significant load re-distribution to member (I). When the load on member (1) is redistributed, if it is still greater than
the load-bearing capacity of member (1), it is possible that the structure will suffer a localized loss of load-carrying capacity, necessitating a
nonlinear dynamic analysis to fully evaluate the failure mechanism.
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3.4. Demand/Capacity ratios

The calculated D/C ratio for the members investigated did not exceed a value of 1 for the resistance adopted as per Table 4 and Table 5. The
ratios were calculated using the adopted nominal tensile strength for tension members, and the calculated buckling resistance for compression
members. These results suggest the demands calculated in the idealized model did not exceed the adopted resistance, but these results should
not be regarded as a formal certification of the existing bridge.

Table 4. D/C ratios based on yield strength

Member Scenario (Member removed) Max stress after fracture (psi) Fy(psi) D/C Ratio Status

() Remove (c) 5,018.4 0.138
© 6,004.1 36260 0166  D/C<10
®) Remove (k) 9374 0.259

Table 5. D/C ratios based on buckling resistance

Member Scenario (Member removed) KL/r F,(ksi) Stress(ksi) D/CRatio  Status
(a) Remove (0) 92.6 23.02 13.23 0.574

(e 99.1 21.53 6.95 0.323

® 113.4  18.35 5.31 0.289

() Remove (h) 121.0 16.69 4.22 0.253 D/C <10
(0) 121.0 16.69 4.45 0.267

(1) (Diagonal) Remove (k) 81.3 25.53 12.47 0.488

3.5. Discussion
3.5.1. Structural performance

The calculated mid-span displacement is the response of the idealized baseline model under the loading, geometry, support condition and
representative material properties used. The model has not been verified by means of field measurements and the numerical displacement does
not necessarily provide evidence of the stiffness of the existing bridge having been maintained through its service life as the deterioration or
section loss is not explicitly modeled.

3.5.2. Redundancy implications

Based on the member-removal simulations, it is found that the analyzed truss configuration can redistribute the load after localized member
loss. However, the extent of load redistribution depends heavily on the location and type of the removed member. For the investigated members,
where large stress increments are found, they can thus be assumed to be highly stressed/load critical in the scenarios analyzed. The present
results do not provide evidence of fracture-critical behavior as they do not assess residual capacity, connection failure and nonlinear dynamic
response. These members should be given special consideration, however, for future inspection and detailed structural examination.

3.5.3. Implications for management of aging railway bridges

The present computational approach may serve as a preliminary screening tool for identifying bridge regions where localized member loss
could produce substantial stress redistribution. Such numerical screening should be complemented by field inspection, material
characterization, corrosion/section-loss measurements, connection assessment, and, where feasible, structural health monitoring before
decisions concerning rehabilitation or continued service are made.

4, Conclusion

A 3-D finite element model of a typical 345-ft (105-m) span of the historic Hardinge Bridge, Bangladesh was created to examine the structural
response and local load redistributions of the bridge when subjected to an idealized railway loading configuration. The model was built in
OpenSeesPy, with available historical information on the bridge geometry and structural-steel properties (where no material-test data were
present). The baseline analysis resulted in a maximum vertical displacement of ~4.02in (102mm) in the loading configuration used in the
analysis, close to the midspan area. This is greater than an (L/1200) comparison value of about 3.45 for the 345-ft span, but lesser than an
(L/1000) comparison value of about 4.14 in. It is important to note that no bridge-specific serviceability governing criterion was set in the
current study and therefore this comparison should not be viewed as a final pass or fail criterion for the serviceability of bridges. The member-
removal simulations showed that there was significant local redistribution of axial demand. In particular, some neighboring members
experienced marked increase in stress magnitude and member (g) went from tension to compression after the removal of member (h). This
stress reversal will prove to be important since the potential governing limit state shifts from tensile to compression-related stability. In the
idealized numerical model, the investigated members were below the theoretical buckling resistance or adopted yield. The calculated D/C ratios
should not, however, be considered to be formal safety factors or a reflection of the current safety of the existing bridge. This analysis is a first
order calculation and is deterministic with no field validation, deterioration-based loss of section, material degradation, detailed riveted-
connections behavior, nonlinear material behavior, geometric nonlinearity or dynamic member-removal effects. The study is therefore very
useful as a starting point in calculating structural response and potential alternate load paths in an historic railway truss as a preliminary
computational screening. Future tasks should include field measurements, material characterization, corrosion and section-loss data,
connection level modelling, systematic member removal screening, sensitivity/uncertainty analysis and nonlinear static/dynamic simulation
to develop a more complete assessment of the bridge's residual structural capacity.
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