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A B S T R A C T   

Many of the steel bridge collapses occur in truss-type bridges. This is, in fact, the focus of this study involving an 
assessment of the robustness of this type of structures based on an actual bridge that the authors had extensively 
monitored and controlled. Robustness was assessed by means of computer simulations of various Damage Sce-
narios (DSs) to analyse the structural bridge capacity to efficiently activate Alternative Load Paths (ALPs). The 
computational models have been previously validated with the results of load tests on the bridge and a laboratory 
test on a full-scale bridge span. The DSs have considered a series of non-simultaneous failures in different ele-
ments. The results indicate that the structure is capable of not triggering a disproportionate collapse after each of 
the DSs with the help of the efficient activation of ALPs that required the contribution of other elements with 
extra-strength capacity as well as from the superstructure and the joints working under bending moments. The 
results were used as the basis for practical recommendations for: i) the design of new steel bridges and the retrofit 
of existing ones and ii) monitoring the structure for the optimal position of sensors to predict local failures that 
could spread to the rest of the bridge.   

1. Introduction 

Bridges over the Firth of Tay (Scotland, 1879), the Birz river 
(Switzerland, 1891), the Peene river (Germany, 1900) and the the 
Quebec bridge (Canada, 1907), or the Seongsu bridge (South Korea, 
1994), the I-35 bridge in Minneapolis (USA, 2007), the Chauras bridge 
(India, 2012) and the I-5 Skagit River in Washington (USA, 2013), are 
some historic and recent examples of the disproportionate collapse of 
truss-like railway and road bridges, characterized by a huge number of 
deaths, injuries and serious economic losses [1–4]. A study made in the 
US [5] identified more than 500 steel truss-type bridge failures in a 
period of 11 years (1989–2000), showing that they occur frequently (an 
average of 9.7 bridges a year in the US) and therefore such bridges are 
highly vulnerable. Natural disasters, impacts, overloads, structural and 
design deficiencies, construction and supervision mistakes or insuffi-
cient maintenance/inspection are the main causes of these collapses. A 
common feature is that a local failure sets off the progressive collapse of 
the entire structure or at least a great part of it. 

While the research on progressive building collapse is quite extensive 
[6–10] this cannot be said for bridge structures [1,11–17], in which case 

most studies deal with actual cases and few with experimental, nu-
merical or theoretical studies. In this field there is still a long way to go 
in the study of bridge structural behaviour after a local failure [18] as 
well as compiling practical recommendations for robust designs and 
existing bridge monitoring. The latest international standards [19–21] 
are oriented to aid in the design and construction of robust structures. 
All of them include Alternative Load Paths (ALPs) that can be activated 
after the local failure of an element. This approach through ALPs follows 
the scenario-independent approach and does not deal with the causes of 
the failure but only aims at minimizing the consequences that a local 
failure may produce in the rest of the structure. 

In view of the vulnerability of truss-type bridges and the low number 
of studies published on progressive bridge collapses, the present study is 
aimed at performing a complete robustness assessment of this type of 
structures considering several local failure scenarios, in order to: (i) 
assess the activation of possible ALPs, (ii) study the structural perfor-
mance and resistant capacity after activating these ALPs, and (iii) sug-
gest recommendations for designing robust bridges and for controlling 
those already existing. The subject of this study is included in the aims of 
the Cluster 3 of the Horizon Europe Program (Civil Security for Society), 
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in a Sustainable Development Goal (Goal 9: Build resilient infrastruc-
ture, promote sustainable industrialization and foster innovation) and in 
the targets of the Sendai Framework. 

After the Introduction, Section 2 presents a description of the real 
case used to carry out the numerical study and summarizes the under-
pinning work of this study. Section 3 describes the computational 
simulation together with a description of the Finite Element (FE) model, 
the loads considered and the validation process. Section 4 contains the 
main results of the robustness assessment for every defined local 
damaged scenario. Section 5 contains a discussion of the results obtained 
with conclusions common to all the failure scenarios and gives practical 
recommendations. Finally, Section 6 provides a summary of the 
conclusions. 

2. Description of the bridge and previous work 

This section is devoted to the description of a real case used as a 
reference structure to carry out a robustness analysis of steel truss-type 
railway bridges. This real case is located in Eastern Spain which was lab 
and tested in the field by some of the authors of this article in previous 
work [16,22,23]. Currently, this bridge is also real-time monitored by 
some of the authors with more than 250 sensors and within the Struc-
tural Health Monitoring (SHM) discipline. Since the authors are familiar 
with it from an experimental point of view, the adopted real case was a 
unique opportunity to perform a computational study. 

2.1. Geometry 

The bridge is a Pratt-type steel structure built in 1913–1915 and 
made with riveted connections (see Fig. 1). The structural scheme of the 
bridge is composed of six spans organized symmetrically in four lateral 
isostatic structures and a statically indeterminate central structure 
composed of two spans. Five steel columns with variable heights and 
two lateral abutments complete the geometry of the bridge which is 
approximately 170 m long with spans lengths and depths varying from 
21 m to 42 m and from 2.3 m to 4.0 m, respectively, span widths of 2.8 m 
and only one traffic lane. The reader is referred to references [16,22] for 
further details on the bridge geometry. One of the isostatic spans was 
selected for the present study since it is currently closely monitored and 
has been lab-tested. 

2.2. Summary of the experimental results 

In this section, the experimental results obtained from the ongoing 
real-time structural health monitoring of the bridge are discussed. For 
the selected isostatic span, the first natural mode was recorded using 
monoaxial accelerometers installed on the upper deck of the bridge mid 
span. OMA identification of this span showed that the structure has a 
fundamental frequency of 8.9 Hz, corresponding to the first bending 
mode. The dynamic response under operational conditions was moni-
tored by fibre optic strain sensors in different elements, including a 
column, a transversal beam and a lower chord that were selected to 

Fig. 1. Bridge view from a drone.  

Fig. 2. Fibre Optic sensor readings from SHM: cross beam (-a), lower chord (-b) and column (-c).  
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represent the whole structure and to validate the FE model. The relevant 
results (obtained by multiplying strain readings of a train passing over 
the bridge by Young’s Steel Modulus equal to 210GPa) in terms of stress 
reading histories from sensors of one reference passing train are shown 
in Fig. 2. 

3. Computational modelling 

3.1. Detailed Finite element model 

The Finite Element (FE) model of one isostatic span of the bridge was 
modelled in Abaqus [24]. Fig. 3 depicts the 3D geometry of the bridge 
with the adopted mesh (see Fig. 3-a) and a detail of the axle configu-
ration used to impose the train loads (see Fig. 3-b). The whole model 
comprised approximately 500,000 3D first-order solid (continuous) 8- 
noded finite elements using a fully integration scheme to discretize 
the bridge structure. This high number of FEs was necessary to perfectly 
reproduce the geometry and connections of the elements composing the 
structure. 

The level of detail attained in the present work represents a good 
compromise to study the bridge response and stress transfer among the 
different elements, simplifying the interactions at the level of the riveted 
connections, which were not modelled. In agreement with the field 
observations, passing train was expected to produce stress increases in 
the main elements of the structure during normal operational conditions 
to within 40% of the steel yielding strength. After in situ measurements, 
material mechanical tests and a modal identification procedure the au-
thors considered a Young’s Modulus of 210 GPa, Poisson ratio of 0.3 and 
density of 7850 kg/m3 for the steel elastic behaviour. The boundary 
conditions were selected idealizing the real restraints observed in the 
structure, which was assumed to behave as a simply-supported bridge 
span. The boundary conditions were applied by restricting the corre-
sponding DOFs at the two ends of the bridge model to simulate the roller 
and pinned supports. The internal elements are fully connected to each 

other this being the most appropriate assumption based on numerical- 
experimental results the authors obtained in past studies [16,22]. The 
passing train was simulated statically with equivalent forces resembling 
those distributed by the train wheels on the rails and underlying struc-
tural members. Thus, the model included both sleepers and rails, which 
were simulated as independent elements perfectly connected to each 
other. In agreement with common practice, these elements were sup-
posed to be completely fixed to the underlying structure while the 
loading system comprised the application of movable static forces 
directly on the rails (see Fig. 3-b). Introducing the rails in the model 
made it possible to consider the wheel-rail interaction with surface-to- 
surface contacts. The sleepers worked as rail support points and both 
rails and sleepers were essential as they could be the final line of defence 
in some local failures. 

3.2. Traffic loads 

A railway train with an assigned axle configuration was adopted to 
represent the actual traffic loading on the bridge. As the robustness 
assessment was performed under accidental loading situations, the real 
loading conditions were not increased by any safety factor. The train’s 
axle spacings and weights are provided in Fig. 4-a, while Fig. 4-b shows a 
scheme of the train-structure interaction. The train was treated as 
lumped masses placed over different axles and finally imposed on the 
bridge structure by means of general contact interactions between 
wheels and rails. The train was considered to be fully-loaded during the 
simulations (see Fig. 4-a). 

3.3. Validation 

The FE model was validated with different approaches. The first 
approach was based on the results obtained experimentally with the 
OMA identification from the SHM sensors monitoring the bridge. The 
model comprised the self-wight of the structure and the material 

Fig. 3. 3D model of the bridge: adopted discretization (-a) and detail of the axle configuration (-b).  

Fig. 4. Train-structure interaction: adopted axle spacings and weights (-a) and wheel-rail interaction(-b).  
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properties described in Section 2 and was firstly studied by modal 
analysis for the identification procedure (see Table 1). As it can be seen, 
the structure’s vertical bending mode was attained at a frequency of 
9.07 Hz, which is close to the real one (8.90 Hz). The modal analysis also 
estimated other natural frequencies and relevant modes, which 
involved: a lateral bending mode at 8.83 Hz, a torsional mode at 14.45 
Hz and a 2nd lateral bending mode at 18.77 Hz. 

The second approach was carried out taking into account the struc-
tural response of the bridge in operational condition. The stress in-
creases produced by a passing train on some structural elements of the 
bridge were monitored by the sensors. The sensor readings were 
compared to the numerical outputs without considering the bridge self- 
weight and scaling the static numerical time-steps to be consistent with 
the considered train velocity (39 km/h). Fig. 5 shows the stress evolu-
tion on different structural elements and how the FE model accurately 
reproduces the real response of the structure. 

4. Robustness 

This section presents a robustness assessment of the bridge 

comprising different damage scenarios (DS) and analyses of the bridgés 
structural response. The DS nomenclature was defined as X-N-Z where: X 
is the type of element (i.e., LC, UC, D, C, UT and US standing for lower 
chord, upper chord, diagonal, column, upper transversal beam, and 
upper stringer, respectively); N is the element number; and Z is the side 
(i.e., L and R for left or right, respectively). This nomenclature was used 
for all the DS elements except for transversal beams, where the side Z is 
not relevant. A sketch of the adopted nomenclature is provided In 
Table 2. 

In this study, the damage was simulated through the removal of the 
involved element from the model, which implied the assumption of a 
local failure. Steel elements may be in fact affected by different types of 
damage, the detailed modelling of which typically requires dedicated 
analysis involving damage evolution and propagation. A detailed level 
of modelling is however rarely necessary, while the presence of damage 
is often introduced in numerical models through simpler assumptions, 
like for instance the reduction of the element stiffness according to the 
damage severity [25]. A complete failure of the element can simulate the 
case of a brittle fracture due to a fatigue crack, a loss of the connection, a 
blast, or an impact, as observed in [26]. Regardless of the nature of the 
damage-initiating hazard, however, the assumption of a sudden removal 
of the damaged elements is an effective way to evaluate the ability of the 
system to resist a cascading event and thus to study its robustness. The 
approach of the sudden removal of the damaged element was in fact 
followed by other authors to study the progressive collapse of buildings 
[27] or the dynamic reliability of truss bridges [28]. 

4.1. Damage scenarios (DSs) 

A group of six damage scenarios was considered in the study in the 
form of sudden local failures. The DSs are summarized in Table 2 
organized according to the type of element damaged during the simu-
lation (i.e., primary, for transversal beams and stringers, or secondary 
elements for elements belonging to the Pratt-type structure). Each DS is 
provided with a sketch showing the position of the removed element 
along the bridge. Each simulation was performed considering both un-
damaged and damaged scenarios (the latter achieved by removing the 
entire element from the model) and evaluating the difference in terms of 
global deflection and stress increases at some characteristic points over 
the structure. As the failure of a chord implies the unloading of the di-
agonal connected to it, in both sequences LC6L and UC6L, diagonal D6L 
was removed together with the lower or upper chord, respectively. 

A preliminary study of the numerical stress contours relevant to the 
passage of the train over the undamaged structure allowed to choose six 
damage scenarios involving some of the most demanded primary or 
secondary elements of the bridge. Owing to the role of such elements in 
the performance of the bridge, the six considered DSs can be taken as the 

Table 1 
Fundamental modes and frequencies.   

Mode Frequency Sketch 

Mode 1 1st lateral bending 8.83 Hz 

Mode 2 Vertical bending 9.07 Hz 

Mode 3 Torsional 14.45 Hz 

Mode 4 2nd lateral bending 18.77 Hz 

Fig. 5. Comparison of fibre optic sensor readings from SHM and FE results: transversal beam (-a), lower chord (-b) and column (-c).  
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most representative for the assessment of the bridge’s robustness. It is to 
note that the considered DSs involved only elements belonging to a half 
part of the bridge and to its left side. Due to structural symmetry, 
however, they are representative of any DSs involving specular elements 
with respect to the longitudinal and transversal axes of the bridge.. The 
group of considered DSs thus included a complete robustness assessment 
of the bridge. The main results obtained for the considered DSs are 
discussed in the following sections. 

4.2. Structural response of the bridge: Primary elements (PE) 

4.2.1. Damage scenario DS-UT7 
Relevant to the DS-UT7 damage scenario (Table 2), two close-up 

views of the stress contours are shown in Fig. 6, both taken in a time- 
step in which the axles of the train are centred over the bridge span 
considering the undamaged and damaged scenario. This time step was 
selected to compare the stress contours since it is the most loaded 

situation of the isostatic span and is useful for the study of the secondary 
elements. 

Very slight changes in the stress distribution can be noted by 
comparing these contour maps. More information about local stress 
changes and transfer mechanisms can be taken from a local analysis of 
the stress histories, as it will be done in the following. The deformed 
shape and the vertical displacement contour maps of the undamaged 
and damaged scenarios are provided in Fig. 7, both taken in the same 
time-step in Fig. 6. No increase of the maximum vertical displacement 
dymax was observed after the element’s removal. As expected, the 
removal of the transversal beam UT7 did not significantly affect the 
bridge’s global stiffness and consequently not even its main frequencies 
and modes. This is shown by the comparison between the first four 
frequencies and modes presented in Table 3, where the frequency 
variation in percentage is also provided (the positive or negative signs 
meaning an increase or reduction of the damaged frequency, respec-
tively). Although the frequency values of the damaged are different from 

Table 2 
Nomenclature and Damage Scenarios (DSs).  

Nomenclature 

Sub-Groups Damage Sequence Sketch 
PE - Primary Elements UT7 

US6L 

SE - Secondary Elements LC6L 

UC6L 

D3L 

C2L 
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those of the undamaged structure, the difference is so small (well below 
1%) that it is insignificant in terms of global behaviour of the system. 
Whilst lower natural frequencies typically characterize a damaged 
structure, a slight increase in the first three frequencies was found in this 
case. This is not surprising, since it was due to the reduction of the total 
mass after the removal of the element, which is not compensated enough 
by the global stiffness reduction. However, it can be noted that removing 
the damaged element does not limit the validity of this parametric study, 

since very similar results in terms of global behaviour of the structure 
would have been found if the mass of the damaged element had been left 
in the model. 

To locally study the effect of removing UT7 from the structure, the 
stress evolution during the train passage was monitored in two primary 
elements adjacent to UT7, where a stress transfer mechanism was ex-
pected to be activated after the damage. 

Fig. 8-a and -b presents the principal stress histories at two points. 

Fig. 6. DS-T7: Principal stress contour maps obtained considering initial undamaged (a) and damaged (b) states. Units in Pa.  

Fig. 7. DS-UT7: Vertical displacement contour maps considering both undamaged (a) and damaged (b) states. Legend units in m.  
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The first on the transversal beam UT6, adjacent to that removed, the 
other on the middle-span stringer element US6L. It is worth remem-
bering that both elements are subject to bending actions caused by the 
train acting directly on the rails, which in turn transmit the external 
actions to the underlying elements through the sleepers. The identifi-
cation of the monitoring points was thus carried out paying attention to 
the stress state of the considered elements. Consequently, a point placed 
in the lowest cross-section part of both transversal beam UT7 and 
stringer US6L was selected. The monitoring point was located where the 
maximum stress occurs, this point not necessarily being the same in the 
undamaged and damaged conditions. On average, the damage caused a 

maximum increase in stresses of up to 23% in the adjacent transversal 
beam UT6, and up to 13% in stringer US6L, where the stresses also 
switched from tension to compression at certain times, although very 
low levels of compression stresses were achieved. 

The impact of this DS on the rail superstructure was also assessed. A 
comparison between the time-histories of the vertical displacements 
experienced by the rail before and after damage are provided in Fig. 8c 
and 8d, with reference respectively to two monitoring points over the 
UT7 beam and the US6L stringer. The diagrams show that the rail 
deflection increased by up to 22 % at the first point and 10% at the 
second, with a peak of 10.5 mm. The maximum stresses in the rail are 
comparatively low, with a maximum value of about 32 MPa in the un-
damaged condition and 52 MPa after damage, with an increase of 63%. 

4.2.2. Damage scenario DS-US6L 
The same analysis carried out in DS-UT7 was carried out considering 

the removal of the stringer US6L. In this case the element removal 
produced an asymmetrical bridge asset with an expected impact on the 
stress transfer mechanism to the undamaged elements, and on the 
deformed shape. 

Consistently with the previous damage scenario and for only the 
study of the secondary elements, the stress evolutions were tracked 
considering a specific time-step in which the train is at the centre of the 
bridge span. The main FE results in terms of stress contour maps 
considering both undamaged and damaged states are depicted in Fig. 9-a 
and -b, respectively. A comparison between these maps shows no 

Table 3 
DS-UT7: First four frequencies and modes for the undamaged and damaged 
scenarios.   

Undamaged Damaged (DS-UT7) Δ (%)  

Mode freq 
(Hz) 

Mode freq 
(Hz) 

Mode 
1 

1st lateral 
bending  

8.83 1st lateral 
bending  

8.87  0.45 

Mode 
2 

Vertical bending  9.07 Vertical bending  9.12  0.55 

Mode 
3 

Torsional  14.45 Torsional  14.48  0.21 

Mode 
4 

2nd lateral 
bending  

18.77 2nd lateral 
bending  

18.68  − 0.48  

Fig. 8. DS-UT7: Principal stress histories monitored on the transversal beam UT6 (-a) and on the stringer US6L (-b) considering both undamaged and damaged states. 
Deflection of the rail over beam UT7 (c) and stringer US6L (d). 
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Fig. 9. DS-US6L: Principal stress contour maps obtained considering undamaged (a) and damaged (b) states. Units in Pa.  

Fig. 10. DS-US6L: Vertical displacement contour maps considering both undamaged (a) and damaged (b) states. Legend units in m.  
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significant changes in the stress distribution. Despite the asymmetric 
damage, slight differences were also found in terms of maximum vertical 
displacement at the mid-span of the bridge (Fig. 10). Similarly, the first 
natural frequencies and the corresponding global modes of the structure 
are very slightly affected by the damage scenario, as shown by the 
comparison in Table 4. Of particular interest is the torsional mode, 
which was expected to be the most seriously affected by the asymmetry 
introduced in the bridge geometry by the removal of a stringer, did not 
change its frequency value. As for the negligible frequency increase in 
Table 4, the same comments made on Table 3 also apply. As a matter of 
fact, the global stiffness of the bridge was not affected by the failure of a 
stringer, revealing high robustness of the bridge structure in this type of 
DS. 

To assess the impact of the removal of a stringer on the rail-sleeper 
superstructure, Fig. 11 shows the deformed configurations and the 
vertical displacement maps of the rail-sleeper system in the undamaged 
and damaged condition. From the front view a very small difference it 
can be noted between the left and right vertical settlements (less than 1 
mm). The maximum stress in the rail superstructure was very low (less 
than 50 MPa also in the damaged scenario). This confirms the ability of 
the whole structure to appropriately compensate for the lack of a 
stringer element. 

The negligible impact of this DS on the structure is also shown by the 
diagrams provided in Fig. 12-a and Fig. 12-b where the principal stress 
history is plotted during the train passage with reference to a point in the 
middle-span stringer element US6R, on the right side of the bridge, and 
to a point on the transversal beam UT6. Both the monitored elements 
were very slightly affected by this DS. 

4.3. Structural response of the bridge: Secondary elements (SE) 

4.3.1. Damage scenario DS-LC6L 
Fig. 13 shows a comparison in terms of principal stress contour maps 

between the FE results obtained considering both undamaged and 
damaged states when the lower chord LC6L was removed from the 
bridge. The diagonal D6L was also removed since this element: i) was 
connected to the removed lower chord, ii) was unloaded due to the 
considered damage scenario, and iii) would not be involved in the stress 
transfer mechanism. In this condition, the damage completely changed 
the structural response of the bridge during the passage of the train. 
Indeed, when comparing Fig. 13-a with Fig. 13-b, it can be inferred that 
stress migrated from the lower to the upper part of the bridge that 
caused the lower bracing to experience higher tensile stresses (with in-
creases of more than 300%, as it will be shown by the study of the stress 
changes in some of the most affected elements). In fact, the lower hor-
izontal braces no longer performed only the bracing function but helped 
the structure to maintain its original function, characterized by a 
tensioned lower chord and a compressed upper chord. Given the extent 
of the damage, this function was compromised in any case and the upper 
chord showed high levels of tensile stresses caused by: i) clear torsional 
effects due to the different stiffness of the lateral elements, and ii) local 
bending effects on the upper chord. So, both elements, upper chord and 
lower bracing, experienced high stress increases due to the failure of 
lower chord LC6L. 

Vertical displacement contours are provided in Fig. 14. The 
maximum displacement at the mid span,dymax, increased by almost 34% 
due to damage. The comparison between the front view (in the vertical 
x-y plane) of the undamaged and damaged cases shows an asymmetrical 
deformed bridge shape with the different involvement of the left and 

Table 4 
DS-US6L: First four frequencies and modes for the undamaged and damaged 
scenarios.   

Undamaged Damaged (DS-US6L) Δ (%)  

Mode freq 
(Hz) 

Mode freq 
(Hz) 

Mode 
1 

1st lateral 
bending  

8.83 1st lateral 
bending  

8.85  0.23 

Mode 
2 

Vertical bending  9.07 Vertical bending  9.10  0.33 

Mode 
3 

Torsional  14.45 Torsional  14.46  0.07 

Mode 
4 

2nd lateral 
bending  

18.77 2nd lateral 
bending  

18.75  − 0.11  

Fig. 11. DS-US6L: Displacement maps of the rail-sleepers superstructure considering both undamaged (a) and damaged (b) states. Legend units in m.  
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right Pratt trusses, also leading to torsional effects. Of the six DSs 
considered in the study, this is in fact the most critical one. The removal 
of the lower chord markedly affected the fundamental mode of the 
system, leading to a frequency reduction from 8.83 Hz (undamaged 
scenario) to 7.20 Hz, with a decrease of more than 18 %. This first 

fundamental mode shape switched from lateral bending to vertical 
bending (see Table 5). The other modes were not significantly affected, 
as shown in Table 5. Despite the asymmetry this damage introduced in 
the original symmetric structure, the torsional mode frequency was very 
slightly affected. 

Fig. 12. DS-US6L: Principal stress histories monitored on stringer US6R (-a) and on beam UT6 (-b) considering both undamaged and damaged states.  

Fig. 13. DS-LC6L: Principal stress contour maps obtained considering initial undamaged (a) and damaged (b) states. Units in Pa.  
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This damage scenario was investigated more in depth since it was 
critical. Fig. 15a contains a bar diagram comparing the Von Mises stress 
peaks in some of the most affected elements and shows a migration of 
stress from the left Pratt truss (to which the damaged elements belong) 
to the right one, and from the lower part of the structure to the upper. 
This can be inferred for instance by the reduction of stress in left-side 
chords (65% less in UC4L and more than three times in LC5L) and the 
stress increase in right-side chords (more than 50% in LC5R, UC5R and 
UC6R). From the bar diagram a migration of stress from the central part 
of the structure, where the damaged elements were, to the peripheral, 
can also be inferred. This is proved for instance by the 30% stress 
reduction in column C5L and the 25% increase in column C1L. 

The FE results also show that braces and transversal beams play the 
role of “stress conveyors” collaborating the migration of stress from the 
left to the right side of the bridge. In playing this role, the lower brace 
LB6L increased its stress by more than three times (see Fig. 15a), while 
elements like the upper chord UC6L, although changing their general 
behaviour from compression to bending after damage, did not experi-
ence higher stress. 

The time-histories of the principal stresses monitored in two of the 
most demanded elements, the upper chord UC6R and the lower brace 
LB6L, are shown in Fig. 15b and 15c. The compression stress in UC6R 

increased by about 50 %, while the tension stress in LB6L was up to five 
times higher after damage. 

To check the impact of this critical DS on the rail-sleepers, the time- 
histories of deflection and principal stresses at the rail mid span are also 
plotted in Fig. 15c and Fig. 15d for the undamaged and damaged sce-
narios. A comparatively high increase of the maximum vertical rail 
deflection (more than 30%) occurred in the rail superstructure after 
damage, with a peak of 12.6 mm. The rail maximum stress (compres-
sive) at the mid span went from about 21 MPa to 55 MPa, more than 
doubling its value, although being very much lower than the material 
strength. 

4.3.2. Damage scenario DS-UC6L 
Like DS-LC6L, the bridge structural response was analysed after 

removing the upper chord UC6L. Fig. 16 provides the principal stress 
contour maps relevant to the damage scenario in this section and shows 
a marked stress migration mainly from left (affected by damage) to right 
after the removal of upper chord UC6L. The vertical displacement con-
tours displayed in Fig. 17 show a maximum increase of deflection of 
about 30% on the damaged side of the structure. A marked lack of 
symmetry can be noted in the displacement contours of the damaged 
structure in the X-Y vertical plane (see Fig. 17), also involving torsional 
effects. Although less markedly than in DS-LC6L, the frequency values 
decreased significantly also in this DS, as can be inferred from Table 6. 
The fundamental lateral bending frequency fell by about 12%, which is a 
comparatively significant reduction, while the torsional frequency 
dropped by more than 4%. On the other hand, the vertical bending and 
second lateral bending modes were much less affected by this damage 
scenario. 

Fig. 18-a provides a bar diagram with the Von Mises stress peaks 
reached by some of the elements affected by the DS. The histogram 
shows a top-down stress migration from the left to the right side of the 
bridge, after the removal of elements on the left side. This is shown for 
instance by the reduced stress in elements like LC5L and UC5L and by 
the stress increase in others like LC6R and UC5R. Again, some elements 
collaborated to convey the stress from left to right and top-down, for 
instance brace US6L (which almost doubled its stress after damage) and 
the transversal beams UT6 (60% more highly loaded). The stress 

Fig. 14. DS-LC6L: Vertical displacement contour maps considering both undamaged (-a) and damaged (-b) states. Legend units in m.  

Table 5 
DS-LC6L: First four frequencies and modes for the undamaged and damaged 
scenarios.   

Undamaged Damaged (DS-LC6L) Δ (%)  

Mode freq 
(Hz) 

Mode freq 
(Hz) 

Mode 
1 

1st lateral 
bending  

8.83 Vertical bending  7.20  − 18.46 

Mode 
2 

Vertical bending  9.07 1st lateral 
bending  

8.96  − 1.21 

Mode 
3 

Torsional  14.45 Torsional  14.65  1.38 

Mode 
4 

2nd lateral 
bending  

18.77 2nd lateral 
bending  

18.31  − 2.45  
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migrated also from the central part of the structure to the periphery, as 
shown for instance by the 11% reduction in column C7L and the 20% 
increase in column C1L. 

The principal stress histories recorded in two of the most critical 
elements monitored, the upper chord UC5R and the upper brace UB6L, 
are shown in Fig. 18b-c. The compressive stress on UC5R increased by 
about 30%, which may require buckling checks in other loading 

situations. The stress on UB6L changed from tension to compression and 
increased in value up to nine times after the removal of UC6L, which 
may represent a dangerous local condition. 

The time histories of the vertical displacements and stresses of the 
rail at its midspan are shown in Fig. 18c and 18d. The maximum rail 
deflection was 12.1 mm with an increase of 25% with respect to the 
undamaged case. The maximum stress at the rail midspan increased 

Fig. 15. DS-LC6L: (-a) Bar diagram of the Von Mises peak stresses in some of the most involved elements. Principal stress histories monitored on elements UC6R (-b) 
and LB6L (-c) considering both undamaged and damaged states. Vertical displacements (-c) and principal stress (-d) histories at the midspan of the rail superstructure. 
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Fig. 16. DS-UC6L: Principal stress contour maps obtained considering undamaged (a) and damaged (b) states. Units in Pa.  

Fig. 17. DS-UC6L: Vertical displacement contour maps considering both undamaged (-a) and damaged (-b) states. Legend units in m.  
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instead by about 63%. This DS was found to be very demanding on both 
the bridge structure and the rail, although less critical than the scenario 
in which the lower chord failed (DS-LC6L). This occurred since the upper 
horizontal structure is more robust (bracings, beams and stringers) than 
the lower (bracings only) and more efficiently able to transfer the load 
from left to right. 

4.3.3. Damage scenario DS-D3L 
Fig. 19 gives a close-up view of the principal stress contours relevant 

to the failure of diagonal D3L, in accordance with previous damage 
scenarios in a time-step in which the train is at the centre of the bridge. 
From a comparison of the stress contours, a relatively limited effect can 
be noted in terms of activation of alternative load paths in the consid-
ered damage scenario. Locally, the removing the diagonal increased the 
stress level on the adjoining lower and upper chords, while the overall 
structure response was slightly altered by the DS. This is also confirmed 
by the maximum vertical displacement found after the element removal, 
which showed a moderately increased deflection on the bridge’s 
damaged side (Fig. 20). Accordingly, the DS frequencies slightly 
changed with respect to the undamaged case (see Table 7). 

The limited impact of this scenario on the overall behaviour of the 
structure can also be inferred from the bar diagram provided in Fig. 21- 
a, where the peaks of the Von Mises stresses in some affected elements 
are displayed with reference to the undamaged and damaged cases. A 
group of elements (C3L, D2L, UC3L, LC3L, LB3L) around the affected 
diagonal are firstly considered in the diagram, then reference to a second 
group of more distant elements (UT3, D2R, LC3R, C2L) is also made. It 
can be noted that the first group experienced a moderate stress increase 
or decrease, while the second group was almost unaffected by the DS. 
This shows a local redistribution of the stress after damage, the bridge 
structure being only slightly affected by the removal of the diagonal. 

Two monitoring points were chosen to analyse the evolution of the 
stress demand, one on diagonal D2L (see Fig. 21-a) and the other one on 
lower chord UC3L (see Fig. 21-b). The principal stress histories in 
Fig. 21-a and Fig. 21-b show that the removal of diagonal D3L led to a 
small increase of tensile stress in diagonal D2L (about 17%) and of 
compressive stress in chord UC3L (35%). 

The rail was almost unaffected by this DS: the maximum stress 
increased by only 15 % (the final Von Mises peak value being 37.5 MPa), 
while the peak midspan deflection went from 9.7 mm to 10.0 mm. 

4.3.4. Damage scenario DS-C2L 
Fig. 22 gives the results of DS-C2L, where the damage comprised the 

removal of column C2. A comparison between the principal stress con-
tour maps provided in Fig. 22-a and -b shows an increase of the 
compression stresses on the upper and lower chords near the removed 
column. In fact, the shear transmission along the Pratt-truss is inter-
rupted when column C2L is removed, causing higher bending stresses on 
the upper and lower chords. 

The vertical displacement contour maps provided in Fig. 23 show a 
very low vertical displacement increase in the damaged structure and a 

moderate reduction of the main frequency values (less than 3%) (see 
Table 8). 

To assess the propagation of stress after damage, Fig. 24 provides a 
bar diagram with the peaks of the Von Mises stresses reached in some 
elements before and after the removal of the C2L column. The first group 
considered in the diagram collects elements (C1L, D2L, D1L, UC2L, 
LC2L) that lie on the left-side Pratt truss and are close to the damaged 
column, while the second group of elements (UC2R, D1R, LC1R, C1R) 
belongs to the right-side Pratt truss. The results show that the DS 
affected only the elements in the vicinity of the damaged column, the 
stress increase in the latter being generally lower than 60%. 

Fig. 24b-c provides the stress histories of a passing train for the un-
damaged and damaged conditions at two of the most seriously affected 
elements: diagonal D1L and upper chord UC2L. Both the compressive 
stress in diagonal D1L and the tension stress in UC2L increased by about 
50 % when C2L failed. The rail was slightly affected in this DS: i.e., only 
a 3 % increase in vertical deflection while the stress in the most heavily 
loaded point in the rail went from about 32 MPa to 48 MPa. 

5. Discussion and recommendations 

This section analyses in depth the previously obtained results. First 
an evaluation of the robustness of the bridge structure is given and valid 
conclusions applicable to other similar bridges are drawn. Identification 
and analysis of the ALPs activated after the various DSs are then per-
formed with special attention to the ways in which they were made 
effective. Finally, a series of recommendations for structural bridge 
design and SHM based on the results are given. 

5.1. Robustness assessment 

Structural robustness is defined as the insensitivity of a structure to 
further damage after a local failure. A robust structure may also be 
resilient if it can adapt to local changes to restrict the spreading of the 
local failure to the rest of the structure. Several methods and indexes 
have been developed to quantify structural robustness. The evaluation of 
the structural robustness can be categorized into three main methodol-
ogies: deterministic, probabilistic and risk-based. 

According to the deterministic evaluation, robustness can be evalu-
ated as the ratio between the maximum displacement of the undamaged 
structure and the corresponding displacement in the damaged one 
[8,26], or as the ratio between the determinant of the stiffness matrix of 
the system in which an element has been removed and that of the intact 
system, or even as the ratio between (1-p) and p_lim where p is the 
maximum spread of damage and p_lim is the acceptable damage [29]. 

For a probabilistic evaluation, the following ratio may be adopted 
[30], where P_f is the probability of failure for the damaged and intact 
structure. 

P f (damaged) − P f (intact)
P f (intact)

(1) 

When a risk-based evaluation of structural robustness is adopted, a 
general expression might be adopted [26,31]. 

R =
∑

D,H
P(C|D)Â⋅P(D|H)Â⋅P(H)Â⋅Cost(C) (2) 

where R is the total risk of the structure, P(C|D) is the conditional 
probability of collapse C of the structure as a result of local damage D, P 
(D|H) is the conditional probability of local damage given event H, P(H) 
is the probability of occurrence of an abnormal hazard event, and Cost 
(C) is the cost of collapse. 

In this study, a deterministic approach has been adopted, in which 
robustness can be quantified as [26]: 

ρ =
s0

sd
(3) 

Table 6 
DS-UC6L: First four frequencies and modes for the undamaged and damaged 
scenarios.   

Undamaged Damaged (DS-UC6L) Δ (%)  

Mode freq 
(Hz) 

Mode freq 
(Hz) 

Mode 
1 

1st lateral 
bending  

8.83 1st lateral 
bending  

7.90  − 10.53 

Mode 
2 

1st vertical 
bending  

9.07 1st vertical 
bending  

8.99  − 0.88 

Mode 
3 

1st torsional  14.45 1st torsional  13.87  − 4.01 

Mode 
4 

2nd lateral 
bending  

18.77 2nd lateral 
bending  

18.42  − 1.86  
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Here ρ is the robustness index, while s0 and sd are the maximum 
displacements of the intact and of the damaged structure respectively. 

Table 9 provides the values of the robustness index ρ for the 
truss—bridge structure under study, calculated for the different DSs. It is 
worth noting that ρ = 1 means that the global structure is totally 
insensitive to the DS while ρ = 0 indicates that the progressive collapse 
of the structure cannot be arrested. As it can be seen from the results, the 
considered pratt-truss structure is robust enough to withstand all the DSs 
without involving progressive collapse. The global response is 

insensitive to DS-UT7 and DS-US6L, and almost insensitive to DS-D3L 
and DS-C2L. As expected, the most aggressive DSs are those involving 
the sudden removal of a main chord, but even in these cases the 
robustness index is high enough (0.80 for DS-UC6L and 0.74 for DS- 
LC6L) to consider the main structure robust enough also against these 
critical DSs. 

So, even though the structural response significantly changed after 
suffering damage in the most demanding DSs, the structure was able to 
avoid a full-scale collapse. This is true under the considered loading 

Fig. 18. DS-UC6L: (-a) Bar diagram of the maximum Von Mises stresses in some of the most critical elements, considering both initial and damaged states. Principal 
stress histories monitored on the upper chord UC5R (-b) and on the upper bracing UB6L (-c) in the undamaged and damaged scenarios. Vertical displacements (-c) 
and principal stress (-d) histories at the midspan of the rail superstructure. 
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Fig. 19. DS-D3L: Principal stress contour maps obtained considering initial undamaged (a) and damaged (b) states. Units in Pa.  

Fig. 20. DS-D3L: Vertical displacement contour maps considering both undamaged (-a) and damaged (-b) states. Legend units in m.  
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conditions of the bridge in service. In these conditions the bridge can be 
said to be sufficiently robust to bear the passing of light-weight trains. 
However, the fact of being robust does not imply that the operating 
conditions of the trains passing over it are safe. Obviously, all train 
operations should be immediately stopped if a local failure of the type 
analysed here is identified. However, the local failure could have been 
due to a train passing over the bridge when the failure occurred. In these 

circumstances it is important to determine whether the train could stand 
the deformation caused by each damage scenario at a local level (on 
rails). In the DSs involving primary elements, rail vertical displacements 
of up to 1.5 mm were recorded over a length of 3.5 m. In the case of DSs 
involving secondary elements the deflections were up to 2.8 mm over a 
complete span of 21 m. In the DSs where primary elements failed the 
maximum additional slope in the rails was 0.85 mm/m while in DSs 
relevant to secondary elements it was 0.27 mm/m. These values are 
slightly above the maximums recommended by railway authorities for 
new interventions [32,33], so that the structure can also be considered 
apt for the possible transit of a hypothetical train that could cause a local 
structural failure in both primary and secondary elements. 

The above conclusions may not be valid for heavier train traffic (e.g. 
conventional or high-speed trains) or other structures. It is generally 
known that any structure has an extra strength capacity when working 
under real loading conditions (due to safety factors and idealised design 
loads). As far as the considered steel truss-type bridge is concerned, this 
extra capacity should be in agreement with the increases in percentage 
found in the present study to consider that this structure is robust 
enough. The extracted results generally showed stress increases up to 
65%, which should be covered by the extra strength capacity of the 

Table 7 
DS-D3L: First four frequencies and modes for the undamaged and damaged 
scenarios.   

Undamaged Damaged (DS-D3L) Δ (%)  

Mode freq 
(Hz) 

Mode freq 
(Hz) 

Mode 
1 

1st lateral 
bending  

8.83 1st lateral 
bending  

8.78  − 0.57 

Mode 
2 

Vertical bending  9.07 Vertical bending  8.94  − 1.43 

Mode 
3 

Torsional  14.45 Torsional  14.24  − 1.45 

Mode 
4 

2nd lateral 
bending  

18.77 2nd lateral 
bending  

18.80  0.16  

Fig. 21. DS-D3L: (-a) Maximum Von Mises stresses in some of the most affected elements considering both undamaged and damaged states. Principal stress histories 
monitored on the diagonal D2L (-b) and on the upper chord UC3L (-c) in the undamaged and damaged scenarios. 
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Fig. 22. DS-C2L: Principal stress contour maps obtained considering undamaged (a) and damaged (b) states. Units in Pa.  

Fig. 23. DS-C2L: Vertical displacement contour maps considering both undamaged (-a) and damaged (-b) states. Legend units in m.  
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considered bridge. However, some DS cases (LC6L and UC6L) showed 
stress increases in some elements up to nine times the original stress in 
the undamaged structure, which cannot be compensated by the extra 
strength capacity provided by the safety factors typically adopted in the 
design of such kind of structures. 

5.2. Alternative load paths (ALPs) to the damage scenarios 

Any structure is robust if it can efficiently activate ALPs after a local 
failure without compromising its safety. In the case dealt with in this 
study, the ALPs were activated within the structure’s capacity in all the 
DSs, and the structure was found to be able to adapt to the new condi-
tions. However, there were significant differences between the consid-
ered scenarios and different activated ALPs. Table 10 gives a summary of 

Table 8 
DS-C2L: First four frequencies and modes for the undamaged and damaged 
scenarios.   

Undamaged Damaged (DS-UC6L) Δ (%)  

Mode freq 
(Hz) 

Mode freq 
(Hz) 

Mode 
1 

1st lateral 
bending  

8.83 1st lateral 
bending  

8.69  − 1.59 

Mode 
2 

Vertical bending  9.07 Vertical bending  8.90  − 1.87 

Mode 
3 

Torsional  14.45 Torsional  14.07  − 2.63 

Mode 
4 

2nd lateral 
bending  

18.77 2nd lateral 
bending  

18.67  − 0.53  

Fig. 24. DS-C2L: (a) Maximum Von Mises stresses in some of the most affected elements considering both undamaged and damaged states. Principal stress histories 
monitored on the diagonal D1L (-b) and on the upper chord UC2L (-c) in the undamaged and damaged scenarios. 

Table 9 
Robustness quantification of the structure for the different DSs.   

DSs Failure description s0[cm] sd[cm] ρ 

Primary 
Elements 

DS- 
UT7 

Transversal beam  0.99  0.99  1.00 

DS- 
US6L 

Stringer or 
longitudinal beam  

0.99  0.99  1.00 

Secondary 
Elements 

DS- 
LC6L 

Lower Chord  0.99  1.33  0.74 

DS- 
UC6L 

Upper Chord  0.99  1.24  0.80 

DS-D3L Diagonal  0.99  1.02  0.97 
DS-C2L Column  0.99  1.02  0.97  
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the main efficiently activated ALPs in the various DSs. 
Regarding the DSs in primary elements, and specially in DS -UT7, the 

failure of a transversal beam produced a notable change in the ways the 
loads were transmitted and required the stringers (also the rails to some 
extent) to support greater loads, with a span twice the length of the 
original span. DS-US6L was even more critical and required the contri-
bution of the rails working under bending stresses as the last line of 
defence to redistribute the local loads towards secondary elements. 

Among the DSs with secondary elements, DS-LC6L simultaneously 
activated two principal ALPs: i) the failure of the lower chord made the 
upper chord to change its behaviour, mainly from compression stresses 
to bending stresses; and ii) the failure of the lower chord on the left side 
caused a load transmission to the right side raising the stress levels of the 
elements through which it passed (e.g. lower horizontal bracing) and the 
Pratt-truss elements on the right. This, however, did not happen in DS- 
UC6L, where the main ALP was only the load transmitted to the right. In 
this last case (DS-UC6L) the elements that allowed the load to be 
transmitted from the left to the right side (i.e. transversal beam and 
stringers, upper horizontal bracing) were much more resistant than in 
DS-LC6L (with only lower horizontal bracing) and caused: i) this to be 
the predominant ALP, and ii) the lower chord did not have to bear 
considerable bending stresses. 

In DS-D3L the failure of a diagonal clearly changed the local struc-
tural configuration of this zone from that of a Pratt truss to a Vierendeel 
beam, thus requiring higher resistance to bending stresses at the joints. 
This situation with bending stresses is not common with Pratt trusses, in 
which the structure can find its equilibrium with only axial stresses and 
residual bending stresses. 

Finally, in DS-C2L the failure of one column required the joints in the 
upper and lower chords to be able to absorb bending stresses. 

5.3. Recommendations 

This section gives a series of practical recommendations deduced 
from the results obtained in the study and the discussion done up to this 
point. 

When designing new structures like the one here studied, it is rec-
ommended to do a preliminary analysis like the one carried out in the 
present paper in order to design robust bridge elements able to activate 
efficient ALPs in case of a local failure. Alternatively, some key elements 
can be over-designed (e.g. bracing elements and main chords) and a 
good connection between the superstructure (i.e. sleepers and rails) and 
the structure should be ensured. Structural continuity is also especially 
important in the nodes to give the structure sufficient ability to absorb 
bending stresses at the joints. This last recommendation is not common 
when designing Pratt trusses but should be addressed if the aim is to 
achieve a robust structure. 

For existing steel truss-type bridges two approaches are recom-
mended: i) reinforce the structures to comply with the robust criteria 

referred to above, and/or ii) monitor critical elements in real time, 
especially in cases that do not comply with the robust criteria, to 
anticipate the complete failure of a local element that could cause a 
progressive collapse. This last option can be carried out by means of 
strain, displacement and acceleration sensors. The strain sensors should 
be placed at points in the cross section at which increased strain is higher 
after, or during, the failure of an element. As it could be seen from the 
analysis and the results obtained, the elements generally suffer signifi-
cant increases in both axial and bending stresses. Early detection of the 
failure of an element will be simpler if the strain sensors are placed far 
away from the centre of gravity of the cross section. A complete series of 
recommendations for strain, displacement and acceleration sensors can 
be found in Buitrago et al. [16]. 

Throughout the study, the acceleration sensors and FFTs showed that 
the fundamental frequencies of the damaged structure were significantly 
reduced only in the case of serious damage. The most sensitive of these 
frequencies is associated with the 1st lateral bending and so it is the 
fundamental frequency that should be controlled. However, it is quite 
difficult to anticipate any local failure by means of monitoring the 
fundamental frequencies. In fact, vibration-based methods of structural 
damage detection are typically based on monitoring changes of more 
sensitive parameters than the frequency such as the mode-shape cur-
vature or the curvature of the Frequency Response Function [34]. 

The knowledge and recommendations extracted in this study are 
being applied to three real truss-type bridges in the region of Valencia 
(Spain) with more than 400 strain, temperature, displacement and ac-
celeration sensors in a real-time monitoring system with a series of 
automatically checked alarms. Further results, conclusions and recom-
mendations are expected to be extracted from this acquired experience 
and the big-data analysis in the coming years. 

6. Conclusions 

This paper describes a complete evaluation of the robustness of steel 
truss-type bridge structures based on the case study of an actual bridge, 
the results of which were used to draw conclusions and make recom-
mendations. The study of robustness consisted of computer simulations 
of different Damage Scenarios (DSs) to examine the structure’s capacity 
to activate Alternative Load Paths (ALPs). The scenarios included a se-
ries of non-simultaneous failures of different elements that together 
represented the behaviour of the entire structure: a transversal beam 
and a longitudinal beam (stringer) of the primary system, a lower and an 
upper chord, a diagonal and a column of the secondary system. After the 
analysis of the results the bridge’s robustness was assessed together with 
an analysis of the significant and efficient ALPs activated, after which 
some recommendations were made. The study’s conclusions were as 
follows:  

• In the different DSs the structure was able to avoid the repercussions 
of the local failure in the form of a progressive collapse. This 
conclusion may not be valid for other types of train or other types of 
structures, which would require a more in-depth analysis.  

• After each of the local failures efficient ALPs were activated that 
required the structural contributions of: i) elements with higher 
stresses than those generated in the undamaged structure, ii) ele-
ments working with a different structural configuration, (iii) ele-
ments of the superstructure such as rails, and (iv) joints under 
bending stresses.  

• It is recommended that new or existing truss-type bridge structures 
be designed or retrofitted following the methodology used in the 
study. Alternatively, key structural elements should be over- 
designed, to allow the efficient activation of ALPs; joints should be 
given with higher resistance to bending stresses; and the structure 
and superstructure should have a strong connection to allow load 
transfer between them. 

Table 10 
Main active ALPs after each DS.   

DS Failure description Alternative Load Paths 

Primary 
Elements 

DS- 
UT7 

Transversal beam Stringers working with a double 
span; slight contribution of rails 

DS- 
US6L 

Stringer or 
longitudinal beam 

Contribution of rails 

Secondary 
Elements 

DS- 
LC6L 

Lower Chord (i) Bending of the upper chord  

(ii) Load transmission to the 
other Pratt truss 

DS- 
UC6L 

Upper Chord Load transmission to the other 
Pratt truss 

DS- 
D3L 

Diagonal Bending of joints in a Vierendeel 
system 

DS- 
C2L 

Column Bending of joints  
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• Continuous structural monitoring is also recommended with the 
optimal arrangement of sensors to be able to predict in time the 
occurrence of local failures and prevent the complete failure of the 
entire structure. 
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