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2. Abstract 

Working Package 4 focuses on advanced technologies to assess the vulnerability of existing 
infrastructures at the component level. Key sectors under consideration include transportation, 
hydraulic, energy, and telecommunication infrastructures. The approach integrates in-situ 
diagnostics, unmanned surveys equipped with AI recognition systems and machine learning 
algorithms, as well as remote sensing techniques to monitor degradation phenomena. Advanced 
infrastructure modelling, incorporating dynamic identification and model updating, supports 
vulnerability assessment and the establishment of alarm thresholds for early warning systems. 
 
Within the framework of Work Package 4, Task 4 is dedicated to developing strategies to model 
infrastructure components, assessing their vulnerability and robustness under current and future 
conditions. The methodology incorporates degradation processes and the impacts of both natural 
and human-induced actions, employing dynamic system identification, Bayesian model updating, 
and scenario analysis. 
 
This report titled “Advanced physics-and-data driven modelling approaches” (DV 4.4.a) is the first 
out of three deliverables expected for this Task. It aims to gather outputs from the participating 
Research Units on the numerical modeling of infrastructure components, utilizing physics-based 
approaches, data-driven techniques, or a combination of both. 
 
In particular, the research unit UNINA (contributors: Raffaele Landolfo and Aldo Milone) developed 
a finite element model for multi-scale analysis of steel bridges subjected to combined fatigue and 
man-induced and/or environmental degradation. The research unit UNIROMA1 (contributors: Walter 
Lacarbonara and Giuseppe Quaranta) developed both semi-analytical physics-based models and 
machine learning models to study dynamic vehicle-bridge interaction in braking scenarios. The work 
also includes scenarios analysis, uncertainty quantification and experimental validations. The 
research unit UNIBO (contributors: Cristiana Bragalli, Elena Toth and Lorenzo Carmelo Zingali) 
developed a multiple dimensions data-driven numerical modeling approach applied to the water 
distribution system of Parma managed by IREN SpA. An advanced hydraulic (physically-based) 
model of this real-world water distribution system has been implemented in WNTR Python package 
able to perform multiple analysis. 
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4. Multiscale modelling of steel bridges subjected to fatigue, man-

induced and environmental degradation 

4.1 Generality 

Steel and steel-concrete composite bridges represent a significant aliquot of the infrastructural stock in Italy. 

As reported by major Italian highway network managements, almost 10% of highway bridges in the country 

features a steel or composite deck. Most of such manufacts are employed as highway overpasses with an 

average span of ≈ 30 – 40 m, simply-supported schemes and are characterized by a very significant average 

daily traffic (ADT). Remarkably, a large part of these structures already endured a non-negligible service life 

(about 40 years). 

In the same fashion, over 4000 Italian railway bridges in service are made of steel. To this end, the most 

common structural solution is represented by 3D truss schemes featuring coupled (e.g., usually battened) 

members. Most of these bridges experienced a very long service life up to present time (more than 100 years 

in about 30% of the cases) and are characterized by obsolete details such as hot-driven riveted (HDR) 

connection, which were the most common structural detail implemented in steel bridges erected in the XIXth 

century and the first half of the XXth century. 

In light of the above, it is quite clear how fatigue phenomena can represent a critical issue for steel and 

composite bridges, i.e., also in light of their typically limited redundancy deriving from adopted schemes. This 

criticality is further worsened by structural aging in the form of either man-induced and/or environmental 

degradation. As for the former case, it is worth mentioning how – in case of bridges featuring bolted 

connections – clamping loss due to traffic-induced loosening can significantly reduce fatigue life of details. 

With respect to environmental effects, the clearest hazard for steel infrastructures is represented by metallic 

corrosion, which can result in strong stress amplifications. 

Within this framework, this contribution presents a technique for multi-scale finite element modelling (MS-

FEM) of critical steel bridge infrastructures based on the Strain Energy Density (SED) method, i.e., in order to 

assess the influence of degradation on the fatigue performance of critical details.  

This Section is hence mainly divided in six parts. In subSection 4.2, a brief state-of-the-art review on 

established multi-scale modelling techniques for steel bridges is first presented. Subsequently, the main features 

of the proposed, SED-based, methodology are introduced (§4.3). A wider focus on basic principles of the SED 

method is hence given in subSection 4.4. subSection 4.5 presents some more details on how to link different 

scale models with peculiar reference to steel bridges. Finally, the influence of man-induced and environmental 

degradation is theoretically (§4.6) and practically (§4.7) addressed.   

4.2 State-of-the-art on multiscale modelling of CIs 

MS-FEM of Critical Infrastructures (CIs) is based on a combination of global structural analysis with detailed 

local damage assessment, i.e., with the aim to enable a comprehensive performance evaluation. 

This approach can either involve different element types and scales within a single FEM, i.e., as e.g. shown by  

Mashayekhi & Santini-Bell, 2020,  Li et al., 2007, or be based on structural sub-assembly (Milone et al., 2024, 

Tartaglia et al., 2022).  
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Recently, various techniques have been developed for a concurrent multi-objective optimization to update 

multi-scale models, improving accuracy in both global and local response predictions (see e.g. Wang et al., 

2013). These models, when properly developed and calibrated, can effectively represent complex parts of CIs 

such as bridge welded, bolted or riveted connections, while maintaining computational efficiency.  

Moreover, on principle, MS-FEM can be combined with structural health monitoring (SHM), i.e., in order to 

validate and/or update models to provide accurate assessments of bridge performance and safety. 

In order to give context for the methodology proposed in subSection 4.3, in the following few notable 

contributions devoted to MS-FEM of CIs are mentioned. Wang et al., 2013 developed a multi-scale model of 

Runyang Suspension Bridge in Jiangsu, China (see Figure 4.2-1) for dynamic identification purposes. The 

Authors indeed employed 1D frame and cable elements to model the entire bridge, while a limited portion of 

the orthotropic deck was accurately reproduced through 2D shell elements. Computational effort and analyses 

accuracy were balanced with an optimization procedure aiming at properly capturing i) bridge modal shapes 

and frequencies, ii) midspan deflections and iii) local stress values on the refined portion. 

 

Figure 4.2-1 – MS-FEM of Runyang Suspension Bridge for dynamic identification purposes 
(Adapted from Wang et al., 2013). 

Zhu et al., 2014 addressed MS-FEM of Stonecutters Bridge in Hong Kong, China (see Figure 4.2-2) aiming at 

integrating results from on-site SHM and outcomes from numerical analyses. In the same fashion of the 

previous work, 1D frame and cable elements were used to model strands and parts of the deck, while 3D brick  

elements were used to model piers, shafts and specific parts of the collaborating concrete slab. The Authors 
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showed how proper MS-FEM of this long-span bridge could i) support the interpretation of SHM results and 

ii) allow accurate damage analysis of bridge details. 

 

Figure 4.2-2 – MS-FEM of Stonecutters Bridge (Adapted from Zhu et al., 2014). 

Li et al., 2007  performed MS-FEM of Tsing Ma Bridge in Hong Kong, China for fatigue damage estimation 

on welded details. The Authors also investigated the effectiveness of coupled and uncoupled damage models 

in interpreting detected fatigue cracks. Finally, Mashayekhi & Santini-Bell, 2020 developed a MS-FEM for 

fatigue assessment of bridges via hotspot stress method. By simulating the dominant traffic scenarios of the 

bridges, the Authors derived stress histories on welded details and hence estimated remaining fatigue life. 

4.3 Main features of the proposed methodology 

The proposed methodology for fatigue assessment of steel bridges via MS-FEM is illustrated in Figure 4.3-1.  

 
Figure 4.3-1 – Proposed methodology for fatigue assessment of steel bridges via MS-FEM. 
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Step 1 is represented by global modelling of the bridge through 1D frame and/or 2D shell elements. Priority is 

given to minimizing the computational effort in deriving influence lines (ILs) on critical members (e.g., 

bending moment ILs on main girders in correspondence of joints, axial force ILs on truss transverse beams, 

etc...). Fatigue analysis in terms of internal forces is hence performed by using equivalent truck loads as 

prescribed in Fatigue Load Model 4 (FLM4) encoded in EN1991-2. Nominal stress histories on details are 

hence derived based on cross-section properties, i.e., combining effects (e.g., M + N) when necessary.  

Subsequently, stress histories can be conveniently reduced to a set of equivalent demand stress ranges ΔσEd,i 

via the well-known Rainflow Method encoded in EN1993-1-9. Such demand values are used as inputs for 

local, refined FEM modelling of critical details (Step 2). Fatigue analysis is performed through numerical 

application of the Strain Energy Density (SED) method, the principles of which are outlined in subSection 4.4. 

In order to assess the influence of man-induced and environmental degradation, local FEMs are parametrized 

and suitably manipulated to simulate corrosion, clamping loss, etc… (Step 3, see §4.6 for further details). 

Parametrization allows time-dependant assessment of residual bridge life based on traffic and inspection data. 

Insights about each of the described aspects are provided in the following. 

4.4 Principles of the Strain Energy Density method 

The Strain Energy Density (SED) method was first introduced by Lazzarin & Zambardi, 2001, which first 

noticed that applying stress-based approach to fatigue analysis would lead in many cases to the prediction of 

a higher fatigue strength as respect to the value obtained by simply dividing the fatigue limit of a plain 

specimen by the theoretical value of the stress concentration factor. 

This suggested that fatigue failure of notched/drilled components was not governed by the notch (hot-spot) 

stress, but rather by an averaged stress over a finite neighborhood of the notch tip. The Authors dealt with this 

aspect via an energetic formulation. Accordingly, an energetic, stress-related parameter was introduced to 

describe fatigue and fracture behavior of notched components, i.e., the averaged strain energy density (ASED 

or W̅) over a control volume ΩSED centered at (or nearby) the notch tip (see Figure 4.4-1 and (4.4-1): 

W =
1

ΩSED

σij dεij

εij

0

  over ΩSED  =
σij εij

2 ΩSED 
   (4.4-1) 

 

with σij and εij being the notch stress and strain components, respectively. 

 
a) 
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b) 

Figure 4.4-1 – a) Control volumes for typical notched components and mechanical significance of 
ASED parameter and b) application of SED method to steel and aluminum fillet welded joints 
(Adapted from Berto & Lazzarin, 2014). 

 
Shape and size of the control volume ΩSED were determined based on theoretical considerations related to the 

stress distribution around the notch tip. Accordingly, a single material parameter (control volume radius R0, 

see Figure 4.4-1a) is required to address ASED calculations. 

In monotonic conditions, fracture is predicted to occur when a critical ASED value W̅C is attained. For an 

ideally elastic, isotropic and brittle material having ultimate tensile strength (UTS) equal to fu and Young 

Modulus equal to Em, critical ASED can be directly estimated as follows (Equation (4.4-2)): 

WC =
f
u

 2

2 Em 
 (4.4-2) 

As for the relevant case of fatigue collapse, SED method can be successfully applied by introducing the ASED 

range ΔW̅ = W̅max - W̅min as a fracture indicator (Berto & Lazzarin, 2014). To this end, the well-known 

Basquin’s formula can be conveniently expressed in terms of ΔW̅ as follows (Equation (4.4-3)): 

Nf = CSED ΔW
  mSED (4.4-3) 

with CSED, mSED being empirical parameters to be derived on a case-by-case basis. 

Fatigue analysis through ΔW̅ parameter was successfully applied to a bulk of more than 900 experimental tests 

on fillet welded cruciform joints, both made of steel and aluminium (see Figure 4.4-1b).  

It is worth mentioning that, differently from typical assumptions for fatigue analyses (e.g., referring to fully-

reversal loading, stress ratio R = σmin/σmax =  – 1), ASED fatigue approach assumes zero-to-tension loading as 

a reference condition, i.e., R = 0. Nevertheless, mean-stress effect can be explicitly accounted for by means of 

a non-dimensional prestress coefficient cw depending on the stress ratio as follows (Equation (4.4-4)): 

∆WȿR≠0 = cw ∆W0       cw = 
1  sign R  R2

1  R 2
 (4.4-4) 

cw can be graphically regarded as the ratio among the areas underlying stress-strain curves (that is, ΔW̅), 

bounded by the same stress range Δσ but for R ≠ 0 and R = 0, respectively. Notably, the above Equation yields 

cw = 1 for zero-to-tension loading (R = 0) and cw = 0.5 for fully-reversal loading (R = –1). 
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By recalling the well-known quadratic dependence of strain energy (variations) on applied stress (ranges), the 

above energy-based calculations can be easily expressed in terms of stress-equivalent results, thus enabling 

the use of properly calibrated S-N curves for each detail.  

4.5 Multi-scale modelling of steel bridges for SED applications  

4.5.1 Insights about global modelling and global-local interaction 

In the proposed methodology, global FEMs are typically developed in SAP2000. All members are modelled 

via one-dimensional frame or two-dimensional shell elements (see Figure 4.5-1). In the relevant case of built-

up or coupled members (e.g., typically found in railway bridges), equivalent cross-sectional properties (i.e., 

derived with a fiber model) can be introduced as i) this results in a significant reduction of the computational 

effort and ii) actual members’ geometry and response can be later addressed via refined local FEMs.  

 
Figure 4.5-1 – MS-FEM of steel bridges for SED applications: Global modelling. 

 

An approximate estimation of connections behavior can be performed via provisions encoded in EN1993-1-8. 

This enables the introduction of internal releases at member ends wherever required (e.g., in case of shear tab 

connections, truss KT joints, etc…). Moreover, proper restraints (i.e., typically pins and rollers) have to be 

introduced at the spans’ ends to reproduce the intended structural scheme.  

Internal action histories for critical connections are estimated through moving load analysis, i.e., based on ILs 

on members of interest. Dynamic load amplification should be considered depending on relevant factors (e.g., 

road roughness and span length for road bridges, train speed and span length for railway ones). For this 

purpose, a suitable dynamic factor φ can be used to amplify equivalent fatigue loads encoded in EN1991-2. 

The collaboration among global and local models, i.e., the core of MS-FEM, is established by adopting the 

Rainflow processed stress histories as inputs for the energetic calculations. 

4.5.2 Insights about local modelling and SED-based fatigue assessment 

Once global FEAs outcomes have been derived, local FEMs for SED-based assessment of details are 

developed in ABAQUS environment (see Figure 4.5-2). Critical details can be conveniently chosen based on 

global FEMs results. For instance, parts in which i) non-negligible mean tensile stresses due to gravity loads 

and ii) significant stress histories due to traffic loads should be selected.  
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Figure 4.5-2 – MS-FEM of steel bridges for SED applications: Local modelling. 

 

As first shown by Lazzarin et al., 2010, FEM can be suitably used to estimate ΔW̅ values. To this end, it is 

worth recalling that common finite elements (e.g. solid bricks, either 8-node linear or 20-node quadratic ones) 

feature displacement-based formulations. Therefore, calculated stresses (i.e., recollected in a stresses vector σ) 

are strongly mesh-sensitive.  

Contrariwise, strain energy density is directly estimated based on the vector of nodal displacements δ. 

Therefore, significantly coarser meshes can be used for ASED calculations with respect to stresses, as nodal 

displacement values are “exact” quantities within the framework of the FE method.  

A further improvement in terms of computational effort for estimating ΔW̅ values is given in the work of Foti 

et al., 2020. Indeed, as mentioned in the previous subSection, the estimation of strain energy requires the 

knowledge of the spot in which the largest principal stresses σI are attained. Therefore, the definition of the 

control volume ΩSED is usually done after a preliminary FEA devoted to lone stress calculations. The Authors 

overcame this issue by introducing the so-called free mesh SED estimation technique. 

Accordingly, if free mesh (i.e., with no partitioned control volume) is adopted, accurate ASED estimations can 

be still achieved, provided that i) quadratic solid or shell elements are used and ii) the mesh size s in the 

neighbourhood of the notch tip is smaller or equal than R0/4. To this end, it is worth reporting that typical R0 

values for non-welded steel details are in the range ≈ 0.7 – 1 mm, while for the heat affected zone of welded 

details R0 = 0.28 mm can be used (Radaj & Vormwald, 2013), and hence s should be selected compliantly. 

In order to balance computational effort and accuracy of analyses, geometrical and mechanical symmetries in 

critical details can be exploited, if appropriate. Structural continuity shall also be restored after sub-assemblage. 

These tasks are easily accomplished by means of proper boundary conditions (BCs). SED-based assessment 

of details can be hence investigated by applying surface pressures with magnitude Δσ at members’ ends.  

The von Mises criterion can be adopted to model steel yielding, while proper kinematic and/or isotropic models 

can be used to account for strain hardening (see e.g., Dutta et al., 2010). To this end, materials’ mean strength 

values should be adopted in compliance with indications from original design reports, if retrievable.  

A strong attention has to be paid to contact among adjacent parts, as it represents the main source of non-

linearity in fatigue conditions, i.e., as yielding and geometrical effects are usually negligible. To this end, 

“surface-to-surface” interactions can be introduced among adjacent parts. Both normal and tangential 

behaviour shall be accounted for by means of “hard contact” (i.e., rigid interface, no-tension) and “penalty” 

formulations, respectively (with a friction coefficient μ = 0.3 being suitable for steel). 
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4.6 SED-based assessment of the influence of man-induced and 

environmental degradation 

One of the main simplified assumptions of the proposed methodology is to neglect the effect of man-induced 

and environmental degradation on the global behavior of CIs of concern. This simplification can be considered 

realistic for steel bridges in service, i.e., in which phenomena as clamping loss or metallic corrosion are 

characterized by a strong degree of localization. Moreover, due to the typical lack of redundancy of adopted 

structural schemes, the possible reduction of axial, bending and/or shear stiffness due to degradation would 

have a limited effect on internal action histories in any case. 

This hypothesis enables the manipulation of the lone local FEM for the SED-based assessment of CIs. This 

results in a significant saving of time if refined models are properly parametrized as a function of degradation 

phenomena to be investigated. 

With reference to man-induced degradation, the present subSection is focused on clamping loss, i.e., the 

reduction of pre-tightening in high-strength bolts due to vibrations induced by repeated traffic loads. Clamping 

loss can be strongly detrimental for the fatigue performance of connections due to the reduction of plies 

prestressing which i) reduces the connection stiffness and friction resistance, resulting in an increase of slips 

and bolt-to-hole contact pressures and ii) locally increments the stress ratio, i.e., promoting fatigue failure due 

to the well-known mean stress effect (Milone & Landolfo, 2024). 

Clamping loss can be suitably modelled in ABAQUS through the Bolt-Load command, which simulates 

coaction in bolts due to tightening up to a prescribed value (see Figure 4.6-1a). Therefore, starting from the 

design value reported in EN1993-1-8 (σclamp = 0.7 fub, with fub being the ultimate tensile strength of the bolt), 

the clamping stress can be reduced up to a null value in the worst case scenario. From a time-depending 

perspective, different trends of clamping loss can be adopted in analyses. As shown by Basava & Hess, 1998, 

bolt untightening due to vibration is characterized by a clearly non-linear trend which can be approximated by 

a downward parabola in the logarithmic σclamp - n space. 
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b) 

Figure 4.6-1 – Modelling of typical degradation phenomena in steel bridges: a) clamping loss,  
b) metallic corrosion. 

 

Nevertheless, in absence of more detailed indications, a (log-)linear reduction of clamping loss in time up to 

total loss for the assumed value of reference service life can be assumed. Alternatively, a fixed level of 

clamping loss during fatigue analyses can be assumed for a worst case scenario evaluation. 

With reference to metallic corrosion, its effect for a given total corrosion degree η (= Δm/m0 with m being the 

mass of the detail) can be evaluated through a suitable change in the detail geometry. A first, simplified 

assessment can be done by simply reducing the thickness of corroded parts, i.e., by assuming uniform corrosion 

on the element of concern (see Figure 4.6-1b).  

On one hand, this condition enables an easy parametrization of local FEMs accounting for corrosion. On the 

other hand, some significant amplification phenomena may be neglected if pitting (i.e., non-uniform corrosion) 

is overlooked in analyses.  

Alternatively, pits can be explicitly modelled as hemispherical or conical voids on the elements surface. If this 

is the case, the spatial distribution of pits and their depth should be randomly generated on the basis of empirical 

statistic distributions referred to real case studies. This approach, although enabling an higher level of 

verisimilitude in corrosion fatigue analyses, has the clear drawback of being very onerous and of requiring 

consistent experimental data. 

Some other, notable options involve i) the use of cell automata models to simulate surficial corrosion on steel 

elements (see e.g., Contreras et al., 2011) or ii) the accurate reproduction of real corrosion scenarios through 

scanning and subsequent import in FEM environment (see e.g., Liu & Kelly, 2019). 

Whichever is the adopted strategy, it is important to highlight that all cases should be governable trough a 

discrete set of synthetic such as the total corrosion degree η, the elements aspect ratio, etc…  

4.7 Applicative example 

4.7.1 Generality and geometrical features of the case study 

The selected case-study is a double-girder steel-concrete composite bridge located in Naples, Italy. The 

structure, which was designed according to Italian normative provisions that were in force during 1960s (Circ. 

384 14/02/1962), was completed during 1976 and opened to traffic shortly after. Due to its location (i.e., close 

to a commercial harbour), the structure experienced a significant heavy trucks flow since its opening. 

Figure 4.7-1 depicts a) main geometrical features for the investigated composite bridge as retrieved in the 

original design drawings and b) a lateral view of the structure with the most critical detail being highlighted. 

Increasingcorrosion degree ͎

Uniform corrosion
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a) 

 
b) 

Figure 4.7-1 – Main features of the selected case study: a) geometrical features retrieved in the 
original design report, b) front view with the critical double covered joint being highlighted. 

 

The structure, which is simply supported and covers a moderate span of 33 m, is composed of two identical, 

built-up I-shaped girders (H = 1.90 m) with unequal flanges.  

The spacing among such main beams is constant and equal to 4.25 m. The cross-section is completed by a 20 

cm thick precast concrete slab (B = 8.25 m). It is worth remarking that such a structural section is representative 

of a large number of existing road bridges being in service in Italy. 

In order to further stiffen the structural system, both transverse and roof bracings (s = 5.5 m) are present, with 

coupled angle profiles being adopted in both cases. 

The roadbed includes a 15 cm thick asphalt layer and a couple of heavy side barriers. 

With reference to structural details, main girders are divided into three equal segments, whose structural 

continuity is restored via double covered joints (DCJs, see Figure 4.7-2) featuring high-strength bolts placed 

on both the lower flange and across the web. Moreover, braces are connected to main longitudinal members 

through bolted gusset plate connections. The composite action among steel girders and the upper slab is 

ensured by Ø18 Nelson studs (in groups of four on each flange, see Figure 4.7-1a). 
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Figure 4.7-2 – Main features of most critical structural detail: longitudinal girder-to-girder DCJ. 

4.7.2 MS-FEM of the case study 

In compliance with remarks from previous subSections, the coupled global-local MS-FEM of the case study 

was developed based on retrieved data from drawings and on-site surveys. Namely, global modelling of the 

steel-concrete bridge was carried out in SAP2000 v.23 (see Figure 4.7-3, global FEM).  

Main girders and bracings were modelled through mono-dimensional frame elements, while the upper slab 

was modelled through 2D shell elements. The degree of connection among structural members was accounted 

for through members’ end releases, whenever relevant. For instance, truss connections among transverse 

elements and main girders were modelled as internal hinges. Moreover, support provided by either fixed or 

mobile bearings was modelled through equivalent pin restraints at the span ends. 

Global FEM was used to perform to estimate mean stresses σm and maximum stress ranges ΔσEd,i on details, 

the cyclic response of which governs the fatigue behaviour of the structure. From this perspective, as 

anticipated, the lower flange DCJ connecting consecutive segments of the main girders proved to be the most 

critical component. For fatigue analyses, the following load aliquots were accounted for: 

 
Figure 4.7-3 – MS-FEM of the selected case study. 
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¶ Self-weights, estimated assuming an unit weight of 78.5 kN/m3 and 25.0 kN/m3 for structural steel and 

reinforced concrete, respectively; 

¶ Permanent loads, i.e., the asphalt layer (13 kN/m3) and barriers (0.3 kN/m); 

¶ «Standard» lorries from FLM4. 

 

Subsequently, refined modelling of the DCJ was carried out in ABAQUS (see Figure 4.7-3, local FEM). 3D 

solid, 20-node brick elements were used to discretize all parts. In order to balance analyses accuracy with the 

computational effort, the developed local FEM accounted for the joint longitudinal symmetry. Surface contacts 

and clamping forces in bolts were modelled as described in subSection 4.5.2. 

4.7.3 SED-based assessment in pristine conditions 

Advanced cyclic assessment of the selected critical DCJ was performed through SED method as discussed in  

subSections 4.4 & 4.5.2. 

As a first step, a “master” ΔW-Nf curve was derived for the specific detail of concern (DCJ with preloaded 

bolts). For this purpose, experimental results from Razavi et al., 2017 (i.e., 21 tests – excluding runouts – on 

both uncoated and galvanized symmetrical butt joints with preloaded bolts) were used. According to 

prescriptions reported in EN1990, the characteristic value (PF = 5%) of SED-related fatigue strength was used 

for service life estimations (CSED = 
1

1514.8
, mSED = 1.46, see Figure 4.7-4a, b).  

Subsequently, FEAs were performed with reference to the critical DCJ. In compliance with remarks reported 

in Berto & Lazzarin, 2014, the control volume for ASED calculations was identified nearby the most stressed 

hole and suitably picked in the local FEM. A control volume radius R0 = 1 mm was adopted for European 

S355 mild steel, and mesh size was hence properly selected based on recommendations from Foti et al., 2020.  

Compliantly with global FEAs results, Δσ values resulting from the passage of the five equivalent lorries (V1–

V5) included in FLM4 were applied at the joint end, i.e., superimposed with clamping forces and static stresses 

due to self-weight and permanent loads.  

  
a) b) 

 
c) 

Figure 4.7-4 – SED-based fatigue assessment of the critical detail: a-b) derivation of the master 
fatigue curve from data reported in Razavi et al., 2017, c) definition of ΩSED for the DCJ. 
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Results from SED-based assessment of the case study are summarized in Figure 4.7-5 in terms of a) outcomes 

from moving load analyses (stress histories deriving from standard lorries), b) ASED ranges estimations based 

on local FEAs and c) residual life estimations carried out through the well-known Palmgren-Miner (PM) rule. 

For the sake of comparison, fatigue analysis was first performed with reference to normative provisions 

reported EN1993-1-9. Accordingly, a detail class DC 112 (ΔσC = 112 N/mm2 for Nf = 2 ∙ 106 cycles) was 

selected for the DCJ of concern, with fatigue demand being calculated on the gross cross-section. 

In light of its importance within the regional transportation network, an average yearly traffic of 0.5 ∙ 106 heavy 

trucks was assumed for the bridge in accordance with EN1991-2. A medium-distance frequency distribution 

of standard lorries was also compliantly assumed. In absence of actual traffic data, a stationary distribution of 

traffic in time was assumed for residual service life estimations. To this end, the following expression was 

adopted (Equation (4.7-1)): 

Lres = 
1 –В В di,j

Lref
i=1

5
j=1

В dLref,j
5
j=1

 (4.7-1) 

where Lres is the residual service life, Lref is the reference structural life (= 50 years) and di,j is the elementary 

fatigue damage deriving from the passages of the j-th lorry during the i-th year of service life. 
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c) 

Figure 4.7-5 – SED-based fatigue assessment of the critical detail: a) moving load analysis, b) 
estimation of ASED ranges, c) residual service life estimation through the PM rule. 

 

With reference to advanced SED-based fatigue assessment, the same input parameters in terms of traffic flow 

and mean stresses were adopted. Equation (4.7-1) was still used for Lres estimations, i.e., by replacing S-N 

based elementary damage with SED-based elementary damage (see Figure 4.7-5c). 

As expected, moderate stress ranges are induced by standard lorries (16–36 N/mm2, see Figure 4.7-5a), with 

them being superimposed to a minimum stress of 47 N/mm2 caused by permanent loads. According to 

Goodman’s criterion, a percentage increment of about 15–18% in terms of fatigue demand is hence required 

to account for the mean stress effect. 

With reference to refined local FEAs, stress and SED analyses confirm how principal stresses parallel to 

applied loads (S11) always reach their peak value nearby the ninth inner hole of the upper cover plate, that is, 

in correspondence of the first bolt installed in the right segment of the girder (see Figure 4.7-5b).  

This clearly descends from i) the rather low thickness of the cover plate itself (half of the flange thickness) and 

ii) the peculiar load transfer mechanism (butt joint in shear). As expected, ΔW values (= 0.03–0.07 mJ/mm3) 

increase with increasing values of nominal Δσ. 

Lres estimations for the critical detail yield a good agreement between results derived in compliance with 

EN1993-1-9 and with the SED method, i.e., both in terms of total fatigue damage DTOT (0.14 against 0.16) and 

Lres (301 against 268 years), i.e., with the bridge being largely safe against standard fatigue loads. Remarkably, 

SED method proves to be slightly more conservative, i.e., especially with reference to lighter lorries – which 

induce negligible damage according to normative provisions.  

Therefore, the two approaches can be considered comparable with reference to pristine conditions. 

4.7.4 Effect of structural degradation 

In order to reproduce a potential joint defectivity due to progressive clamping reduction, four different 

scenarios of pre-tightening loss were investigated. Accordingly, four different clamping loss scenarios were 

considered (see Figure 4.7-6): 

A) Loss of pre-tightening action in the lone most stressed bolt; 

B) Loss of pre-tightening action in three consecutive bolts, including the most stressed one; 

C) Loss of pre-tightening action in all bolts surrounding the most stressed one; 

D) Loss of pre-tightening in all the bolts. 
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Figure 4.7-6 – Clamping loss scenarios considered for the case study. 

 

For each of the above scenarios, progressively lower clamping ratios (50%, 30%, 0%) were considered for 

SED calculations related to the passage of each standard lorry, resulting in a total of 4×3×5 = 60 refined FEAs.  

Relevant residual service life estimations are summarized in Table 4.7-1 and Figure 4.7-7. It can be 

immediately noticed that, for moderate levels of clamping loss (σclamp/fub ≥ 0.5), only a slight increase in terms 

of fatigue damage is observed, with a reduction of Lres in the range 20–25%. Nevertheless, for larger reductions 

of clamping force, residual life strongly decrease (-40–50% for σclamp/fub = 0.3).  

As expected, most critical estimations are achieved when the pre-tightening force is completely lost, with the 

worst scenario being represented by a simultaneous loss of clamping in all bolts (Case D00, -98%). 

Nevertheless, it should be remarked that this case represent a lower bound in terms of potential fatigue 

performance, as contemporary and total untightening of all bolts in a DCJ due to traffic and vibrations is highly 

unlikely. 

Interestingly, in other scenarios, similar degrees of Lres reduction are attained for the same value of clamping 

stress ratio, although a detrimental interaction among group of untightened bolts can still be observed. Such 

effect is more pronounced for σclamp/fub ≤ 0.3. This descends from the localized reduction of friction resistance, 

which induces a modification of load transferring mechanism for bolts in shear. 

Table 4.7-1 – SED-based fatigue assessment of the case study: total fatigue damage and residual 
service life for each considered clamping loss scenario. 

CASE REF A05 A03 A00 B05 B03 B00 C05 C03 C00 D05 D03 D00 

Lorry   dij 

V1 0.03 0.04 0.05 0.06 0.04 0.05 0.06 0.04 0.05 0.09 0.04 0.04 0.13 

V2 0.01 0.02 0.03 0.03 0.02 0.02 0.03 0.02 0.02 0.05 0.02 0.02 0.08 

V3 0.06 0.07 0.10 0.11 0.07 0.09 0.12 0.07 0.10 0.18 0.07 0.09 0.33 

V4 0.04 0.05 0.07 0.08 0.05 0.07 0.08 0.05 0.07 0.12 0.05 0.06 0.28 

V5 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.04 0.01 0.02 0.07 

DTOT 0.16 0.19 0.27 0.30 0.20 0.24 0.31 0.20 0.25 0.48 0.20 0.24 0.89 

Lres [y] 268 213 134 117 206 156 110 205 148 55 203 162 6 

REF: Reference scenario (no clamping loss) 

XYY: Clamping loss scenario X (= A, B, C, D) – Clamping ratio σclamp/fub YY (= 0.5, 0.3, 0.0) 

 

Scenario: A Scenario: B Scenario: C Scenario: D 

Design Clamping

Reduced Clamping

Design Clamping: 0.7× 800 MPa× 707 mm2 = 396 kN

Clamping loss ratios: 0.5 (283 kN), 0.3 (197 kN), 0.0 (0 kN)
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a) 

 
b) 

Figure 4.7-7 – Effect of clamping loss for the selected case study: a) alterations in load transfer 
mechanism and b) progressive reduction of residual service life. 

4.8 Derivation of structural fragility using multi-scale modelling 

As summarized in the previously, MS-FEM can be used to effectively and efficiently assessing the fatigue 

performance of steel/composite bridges affected by ongoing degradation phenomena. Nevertheless, each 

application of the proposed strategy leads to a single, time-depending trend of corrosion fatigue damage 

D(t), which strictly depends on the assumed evolution of environmental and man-induced degradation. This 

limitation can be overcome by introducing some simplified, yet plausible assumptions to account for 

alternative degradation paths which share a same intensity measure (IM – e.g., the maximum corrosion 

degree ηMAX or clamping loss Δσclamp,MAX at the end of the reference service life VREF), and hence estimate 

the conditioned failure probability for increasing IM values (fragility function P(D > 1| IM, t, VREF … - with 

e.g., IM = ηMAX, Δσclamp,MAX, …). In the following analytical developments, a power trend with variable 

convexity is assumed for the evolution of degradation phenomena (see Figure 4.8-1): 
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Figure 4.8-1 –Examples of normalized parametric trends for degradation evolution. 

For each assumed trend, total corrosion fatigue damage Dmax = f(n, IMMAX,1, IMMAX,2, …, t = VREF) is 

estimated on the basis of SED calculations and hence arranged in a m-dimensional matrix [D], in which 1 

degree of freedom (DOF) is assigned to n and the other m – 1 DOFs are associated to IM values. An example 

of such mathematical structure is depicted in Figure 4.8-2 with reference to the simplest case of a single 

degradation source (e.g., steel corrosion). In this case, the maximum value of corrosion at the end of fatigue 

life ηMAX varies along each column, while convexity parameter n varies along consecutive rows. Scenarios 

(e.g., matrix cells) associated with expected failure (D ≥ 1) are highlighted in red. 

 
Figure 4.8-2– Damage matrix [D] in case of corrosion-depending degradation. 

Two alternative approaches can be hence used to derive structural fragility based on the estimated damage 

matrix, e.g., a frequentist approach or a distribution-based approach. Relevant details are discussed in 

following. 

4.8.1 Frequentist approach for fragility derivation 

The simplest option to assess structural fragility starting from the damage matrix is to directly exploit the 

concept of event probability, i.e., by counting – for a given IMMAX value – the number of scenarios nfail | 
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0.100312824 0.179642155 0.320261018 0.56915054 0.715940395 0.802920662 0.900444154 1.009799848 1.132437662 1.269989237 1.424291526 1.59741359 1.791687056 2.009740775 2.254540284 2.529432778 2.838198411 3.185108869 3.574994308 4.013319917 4.506273605 5.06086649 5.685048219 6.387839434 7.179484091 8.071624845 9.077505184 10.21220272 11.49289873 12.93919006 14.57345034 16.42124918 18.51183898

0.100266721 0.17948863 0.319877342 0.568296784 0.714786884 0.801583874 0.898897665 1.008013581 1.130377383 1.267615987 1.421560971 1.594275278 1.788083575 2.005606787 2.249801423 2.524004393 2.831984128 3.177998946 3.566863748 4.004026316 4.49565467 5.048737206 5.671197589 6.372026727 7.16143454 8.051024677 9.053995908 10.18537453 11.46228288 12.90425006 14.53357179 16.37572794 18.45986748

0.100220723 0.179335538 0.319494942 0.567446264 0.713637945 0.800252498 0.897357568 1.006234844 1.128325957 1.265253126 1.418842585 1.591151197 1.784496712 2.001492177 2.245085131 2.518602264 2.825800358 3.170924448 3.558774282 3.994780343 4.485090901 5.036671777 5.657420827 6.356299431 7.1434837 8.030538549 9.030618338 10.1586984 11.43184257 12.86951267 14.49392706 16.33047652 18.40820735

0.100129036 0.179030645 0.318733945 0.565754851 0.711353669 0.797605846 0.89429638 1.002699758 1.124249422 1.260558279 1.413441972 1.584945317 1.777372352 1.993320515 2.235719574 2.507875968 2.813523406 3.15688061 3.542717315 3.976429747 4.464127058 5.012730371 5.63008644 6.325098182 7.107874778 7.989904472 8.984253718 10.10579699 11.37148231 12.80063841 14.41533055 16.24077323 18.30580964

0.100083348 0.17887884 0.318355333 0.564913919 0.710218273 0.796290498 0.892775205 1.000943308 1.122224192 1.258226149 1.410759574 1.581863314 1.773834612 1.989263178 2.231069971 2.502551404 2.807429757 3.149910721 3.534749169 3.967324366 4.453726095 5.000853353 5.616527597 6.309622805 7.090215034 7.969754581 8.961264399 10.07956906 11.34155928 12.76649795 14.37637457 16.19631648 18.25506637

0.099992279 0.178576503 0.317601849 0.563241504 0.707960823 0.793675588 0.889751483 0.997452344 1.118199509 1.253592121 1.405430173 1.57574068 1.766807423 1.981204787 2.221836287 2.491978467 2.79533096 3.136073648 3.518931962 3.949251573 4.433083904 4.977284132 5.58962362 6.278919049 7.055180891 7.92978432 8.915666177 10.02755225 11.28221984 12.69880151 14.29913689 16.10818078 18.15447707

0.099946898 0.178425967 0.317226964 0.562409983 0.706838712 0.792375957 0.888248855 0.995717732 1.116199938 1.251290083 1.402783004 1.572699852 1.763317738 1.977203457 2.21725188 2.486729708 2.78932536 3.129205932 3.511082277 3.940283428 4.422841816 4.965590922 5.57627731 6.263689295 7.037804887 7.909962077 8.893055088 10.00176082 11.25280046 12.66524208 14.26085116 16.06449713 18.10462556

0.09985644 0.17812615 0.316480871 0.56075622 0.704607578 0.789792176 0.885261862 0.992270006 1.11222605 1.246715614 1.397523317 1.566658687 1.756385614 1.969255848 2.208147133 2.476306664 2.777400641 3.115570832 3.495499204 3.922481839 4.402513545 4.942384834 5.549793155 6.233470659 7.003331069 7.87063876 8.848203581 9.950605656 11.19445507 12.59869228 14.18493598 15.9778867 18.00579537

0.099766386 0.177827993 0.31573964 0.559114703 0.702393713 0.787228813 0.882298955 0.988850627 1.108285453 1.24218017 1.392309295 1.560670873 1.749515729 1.961380747 2.199126755 2.46598168 2.765589774 3.102067794 3.480069185 3.904857492 4.382390384 4.919415955 5.523583178 6.203568768 6.969223018 7.831737657 8.80383929 9.900012569 11.136758 12.53289014 14.10988295 15.89227037 17.90811146

0.099721509 0.177679533 0.315370831 0.55829849 0.701293188 0.785954708 0.880826435 0.987151449 1.106327498 1.239926915 1.389719211 1.557696738 1.746103847 1.957470059 2.194647816 2.460855502 2.759726496 3.095365165 3.472410828 3.896110915 4.372404702 4.908019277 5.510579612 6.188734976 6.952304254 7.812443218 8.781837266 9.874923793 11.10814907 12.50026535 14.07267498 15.84982946 17.8596929

0.099632054 0.177383839 0.314636794 0.556675066 0.69910482 0.783421487 0.877899071 0.983773888 1.102436001 1.235449011 1.384572503 1.551787546 1.739325657 1.949701757 2.185751674 2.450674875 2.748083195 3.082056448 3.457205964 3.878747246 4.352583134 4.885399108 5.484772596 6.159298507 6.91873353 7.774162226 8.738188397 9.825155874 11.05140355 12.43556034 13.9988868 15.76567128 17.76368997

0.099587475 0.177236602 0.314271553 0.555867818 0.698016925 0.782162308 0.876444151 0.982095413 1.10050235 1.233224232 1.382015726 1.548852307 1.735959133 1.94584389 2.181334171 2.445620073 2.742302756 3.075449871 3.449658883 3.870129483 4.342746463 4.874174698 5.471968071 6.144694575 6.902080104 7.755173964 8.716539562 9.800474413 11.02326426 12.40347697 13.96230294 15.72394976 17.71610064

0.099498613 0.176943337 0.313544595 0.554262163 0.69585358 0.779658657 0.873551644 0.97875885 1.096658974 1.228802702 1.376934947 1.543020095 1.729270696 1.938180092 2.172559561 2.43558062 2.730823275 3.062331076 3.434674014 3.853020447 4.323219413 4.851894964 5.446554346 6.115712233 6.86903353 7.717497714 8.673588201 9.75151079 10.96744598 12.33984079 13.88974667 15.64121138 17.62173407

0.099410142 0.176651673 0.312822294 0.552668178 0.69370666 0.777174411 0.870682005 0.975449175 1.092847147 1.224418123 1.371897371 1.537238315 1.722641043 1.930584724 2.163864508 2.42563356 2.719450984 3.04933652 3.419833023 3.836077902 4.303884888 4.829837721 5.421397598 6.087026556 6.836329286 7.680216345 8.631092196 9.703072127 10.91223279 12.27690193 13.81799395 15.55939893 17.52843444

0.099322061 0.176361595 0.312104602 0.551085725 0.691575962 0.774709324 0.867834941 0.972166038 1.089066456 1.220070002 1.366902411 1.531506271 1.716069352 1.923056814 2.15524787 2.415777548 2.708184302 3.036464348 3.405133735 3.819299303 4.284739911 4.807999489 5.396493763 6.058632797 6.803961838 7.643323407 8.589044033 9.65514967 10.85761448 12.21464854 13.74703099 15.47849636 17.43618308

0.099278166 0.176217147 0.311747468 0.550298781 0.690516635 0.773483892 0.866419785 0.970534315 1.087187657 1.217909461 1.364420731 1.528658687 1.71280499 1.919317858 2.150968606 2.410883273 2.702590079 3.030073587 3.397836562 3.810970702 4.275237589 4.797161434 5.384135441 6.044543932 6.787902718 7.625020623 8.56818559 9.63137934 10.83052529 12.18377526 13.71184145 15.43838137 17.3904448

0.099190663 0.175929422 0.311036597 0.548733374 0.688409901 0.771047101 0.86360605 0.967290348 1.083452905 1.213615118 1.359488619 1.522999973 1.706318736 1.911889358 2.142467496 2.40116137 2.691478917 3.017381596 3.38334585 3.794433363 4.256371485 4.775645351 5.359603542 6.016579381 6.756030355 7.58869855 8.526795468 9.584215221 10.77678073 12.12252844 13.64203797 15.35881436 17.29973184

0.099103542 0.175643248 0.310330215 0.547179164 0.6863189 0.768628882 0.860814184 0.964072076 1.079748282 1.209356037 1.354597704 1.517389315 1.699888458 1.904525974 2.134042041 2.391527269 2.68046955 3.004807517 3.368991599 3.778053835 4.237687754 4.754339898 5.335314771 5.988895333 6.724481482 7.552749402 8.485835131 9.537546291 10.72360661 12.06193864 13.57299117 15.28011877 17.21002244

0.0990168 0.17535861 0.309628274 0.545636021 0.684243442 0.766229007 0.858043915 0.960879173 1.076073399 1.205131754 1.349747436 1.511826064 1.693513389 1.897226799 2.125691174 2.381979717 2.669560509 2.992349622 3.354771789 3.761829752 4.219183632 4.733241844 5.311265359 5.961487395 6.693250978 7.517167217 8.445297637 9.491364472 10.67099352 12.00199493 13.50468835 15.20227982 17.12129943

0.098930435 0.175075497 0.308930729 0.544103817 0.68218334 0.763847252 0.855294973 0.957711318 1.072427873 1.200941816 1.344937278 1.506309582 1.687192775 1.889990947 2.11741385 2.372517484 2.658750349 2.980006222 3.34068444 3.745758799 4.200856412 4.712348029 5.287451619 5.934351269 6.662333834 7.48194616 8.405176195 9.445661865 10.61893228 11.94268663 13.43711708 15.1252831 17.03354606

0.098844444 0.174793893 0.308237535 0.542582427 0.680138412 0.761483395 0.852567094 0.954568196 1.068811328 1.196785774 1.3401667 1.500839241 1.680925878 1.882817545 2.109209045 2.363139367 2.648037657 2.967775659 3.326727611 3.729838706 4.182703442 4.691655358 5.26386994 5.907482745 6.631725147 7.447080525 8.365464167 9.400430748 10.56741392 11.88400331 13.37026525 15.04911451 16.94674596

0.098758825 0.174513786 0.307548647 0.541071726 0.678108475 0.75913722 0.849860019 0.951449495 1.065223395 1.192663192 1.335435182 1.49541443 1.674711971 1.875705739 2.101075751 2.353844183 2.637421047 2.955656309 3.312899401 3.71406725 4.164722126 4.671160801 5.240516789 5.880877705 6.601420121 7.412564729 8.326155056 9.355663565 10.51642965 11.82593476 13.30412099 14.97376028 16.86088314

0.098673574 0.174235162 0.306864021 0.539571592 0.676093354 0.756808514 0.847173493 0.948354913 1.061663713 1.188573639 1.330742215 1.490034543 1.668550344 1.868654692 2.093012984 2.344630774 2.62689916 2.94364658 3.299197947 3.698442254 4.14690992 4.650861389 5.217388706 5.854532118 6.571414062 7.378393309 8.287242507 9.311352929 10.46597088 11.76847101 13.23867272 14.89920695 16.77594196

0.098588689 0.173958009 0.306183614 0.538081906 0.674092872 0.754497067 0.844507264 0.945284149 1.058131925 1.184516692 1.326087297 1.48469899 1.662440299 1.861663579 2.085019776 2.335498004 2.616470665 2.931744911 3.285621424 3.682961583 4.129264334 4.630754217 5.194482301 5.828442036 6.541702374 7.344560917 8.248720303 9.267491613 10.41602922 11.71160229 13.1739091 14.82544137 16.69190715

0.098504168 0.173682313 0.305507383 0.53660255 0.672106858 0.752202673 0.841861087 0.94223691 1.05462768 1.180491936 1.321469938 1.47940719 1.656381148 1.854731594 2.077095177 2.326444759 2.606134253 2.919949773 3.272168041 3.667623146 4.111782925 4.610836436 5.171794256 5.802603593 6.512280558 7.311062321 8.21058236 9.224072544 10.36659644 11.65531907 13.10981907 14.75245067 16.60876378

0.098378062 0.173271475 0.304500775 0.534402629 0.669154597 0.748792614 0.837928888 0.937709529 1.049422209 1.17451427 1.314613267 1.471550279 1.647386384 1.844442752 2.065334889 2.313011615 2.590799498 2.902453537 3.252215028 3.644877709 4.085863425 4.581308786 5.13816452 5.764309496 6.468681735 7.261429116 8.15408294 9.159758058 10.29338392 11.57197168 13.01492333 14.6443901 16.48568834

0.098294439 0.172999368 0.303834802 0.532948592 0.667204021 0.746539974 0.835331787 0.934719848 1.045985335 1.170568223 1.31008771 1.466365386 1.641451555 1.837655153 2.057577778 2.304152445 2.580687745 2.890918224 3.239061897 3.62988598 4.068782098 4.561852402 5.116008298 5.739083764 6.439965529 7.228742831 8.116879868 9.117414656 10.24518859 11.5171118 12.95247035 14.57328219 16.40471042

0.09821117 0.172728675 0.303172861 0.531504485 0.665267334 0.744303692 0.832753907 0.931752702 1.042574827 1.166652971 1.305598058 1.461222293 1.635565321 1.830923972 2.049886092 2.295369063 2.570663698 2.879484318 3.226025914 3.615029487 4.051856783 4.542575888 5.094059345 5.71409676 6.411524175 7.196372874 8.080040757 9.07548992 10.19747476 11.46280563 12.89065405 14.50290635 16.32457426

0.098128254 0.172459384 0.302514911 0.5300702 0.663344376 0.742083576 0.830195019 0.928807818 1.039190363 1.16276813 1.301143858 1.456120464 1.629727049 1.824248467 2.04225896 2.286660446 2.560726158 2.868150414 3.213105443 3.600306318 4.03508525 4.523476647 5.072314635 5.689344964 6.383353577 7.164314489 8.043560079 9.033977431 10.15023498 11.40904452 12.82946439 14.43325094 16.24526636

0.098004535 0.172058049 0.301535384 0.527936949 0.660485339 0.738783307 0.826391808 0.92443165 1.034161805 1.156997067 1.294528058 1.448543944 1.621058218 1.814338012 2.030937432 2.273735517 2.545979485 2.851334066 3.193937812 3.578467455 4.010211518 4.495154611 5.040074054 5.652650755 6.341596595 7.116800934 7.989499311 8.972467945 10.08024826 11.32940637 12.73883345 14.33009377 16.12782869

0.09792249 0.171792211 0.300887242 0.526526746 0.658596023 0.736602794 0.823879427 0.921541261 1.030841071 1.153186619 1.290160555 1.443542996 1.615337166 1.807798537 2.023467973 2.265209463 2.53625312 2.840244214 3.181299157 3.564069472 3.993814966 4.476487515 5.018827105 5.628472034 6.314085516 7.085501289 7.953891271 8.931958858 10.03416203 11.27697126 12.67916791 14.26219014 16.0505343

0.097800065 0.171396 0.299922246 0.524429127 0.655786736 0.733361072 0.820144954 0.917245621 1.025906666 1.147525438 1.28367278 1.436115413 1.606841358 1.798088826 2.012379081 2.252553838 2.521817893 2.823787727 3.162546993 3.54270992 3.969493836 4.448802202 4.987319787 5.592621878 6.273299729 7.039104838 7.901115071 8.871926167 9.965872794 11.19928402 12.59077897 14.16160945 15.93605754

0.097718875 0.171133541 0.299283674 0.523042355 0.65393012 0.731219032 0.817677731 0.914408124 1.022647757 1.143787128 1.279389307 1.431212199 1.601233821 1.791681028 2.005062185 2.244204358 2.512295692 2.81293373 3.150180582 3.528625957 3.953459251 4.430552097 4.966552966 5.568995726 6.246424337 7.008536254 7.866347536 8.832383191 9.920896864 11.14812474 12.53257938 14.09539018 15.86069849

0.097597723 0.170742347 0.298332859 0.520979409 0.651169197 0.7280342 0.814010018 0.910190656 1.017804707 1.138232517 1.273025644 1.423928938 1.592905602 1.782165676 1.994198436 2.231809258 2.498161638 2.796825097 3.131829865 3.507729364 3.929671669 4.403481323 4.935753105 5.533959623 6.206574886 6.963216428 7.814808921 8.773772787 9.854241892 11.07231512 12.44634748 13.99728748 15.7490685

0.097477325 0.170354113 0.297390388 0.518936823 0.648436649 0.724882732 0.810381443 0.906019001 1.013015176 1.132740314 1.266734637 1.416730136 1.584675425 1.772763992 1.983466314 2.219566421 2.484203549 2.78091964 3.113713556 3.487103016 3.906195445 4.376769065 4.905365849 5.499398155 6.167271215 6.918523981 7.763991279 8.715990729 9.788538467 10.99759843 12.36137084 13.90062643 15.63909428

0.097397474 0.170096916 0.296766652 0.517586249 0.646630483 0.722800012 0.807983806 0.903262956 1.009851422 1.129112967 1.262580347 1.411977089 1.579242207 1.766558291 1.97638345 2.211487666 2.474994214 2.770426893 3.101763926 3.473499554 3.890714461 4.359156411 4.885332649 5.476615923 6.141366243 6.889070902 7.730505671 8.677920599 9.745254445 10.94838248 12.30540319 13.83697051 15.56667932

0.097278314 0.169713534 0.295837825 0.515576879 0.643944191 0.719702912 0.804418984 0.899165899 1.005149008 1.123722318 1.256407529 1.404915627 1.571171407 1.757341322 1.965865162 2.199492111 2.461321811 2.754851201 3.084027958 3.453311566 3.867743138 4.333025359 4.855614094 5.442823478 6.10294662 6.845394396 7.68085522 8.621479201 9.68109067 10.87543376 12.22245655 13.7426403 15.45938143

0.097159887 0.169333014 0.29491703 0.513587019 0.64128505 0.716637712 0.800891554 0.895112578 1.000497652 1.118391168 1.250303932 1.397934578 1.563193892 1.748232433 1.955471953 2.187641155 2.447816414 2.739468225 3.066514198 3.433379606 3.845066623 4.307233575 4.826285771 5.409479684 6.065042615 6.802310275 7.631885164 8.565819113 9.617823936 10.80351484 12.14069204 13.64966706 15.35364127

0.097042186 0.168955323 0.294004152 0.511616364 0.638652617 0.713603886 0.79740089 0.89110225 0.995896471 1.113118474 1.244268326 1.391032493 1.555307958 1.739229627 1.945201484 2.175932061 2.434474824 2.724274232 3.049218295 3.41369861 3.822679023 4.281774207 4.797339719 5.3765753 6.027643505 6.759806105 7.583581091 8.510923637 9.555434906 10.73260333 12.06008374 13.55802078 15.24942409

0.096925205 0.168580425 0.293099082 0.509664616 0.636046464 0.710600918 0.793946378 0.887134187 0.991344606 1.107903219 1.238299512 1.38420796 1.547511948 1.730330958 1.935051476 2.164362165 2.42129393 2.709265592 3.032136016 3.394263649 3.800574605 4.256640591 4.768768202 5.344101347 5.990738875 6.717869809 7.535929007 8.456776563 9.493904809 10.66267749 11.98060649 13.46767236 15.14669623

0.096808934 0.168208286 0.292201711 0.507731482 0.633466168 0.707628306 0.790527422 0.88320768 0.986841216 1.102744409 1.23239632 1.377459602 1.539804243 1.721534529 1.925019707 2.152928869 2.408270698 2.694438767 3.015263241 3.375069927 3.778747792 4.231826247 4.740563693 5.312049092 5.954318599 6.676489653 7.488915317 8.403362146 9.433215416 10.59371624 11.90223589 13.37859355 15.04542501
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IMMAX in which  D ≥ 1 is achieved and dividing it for the total number of relevant scenarios nTOT (i.e., which 

coincides with the dimension of the chosen set of possible values of n – see Figure 4.8-3). 

P D > 1 ȿ IM = IMMAX, VREF) = 
nfail | IMMAX

nTOT
   (4.8-2) 

 
Figure 4.8-3 – Example of application of the proposed frequentist approach. 

As a result, a point-by-point fragility function is obtained for increasing values of IMMAX. In best scenarios,  

nfail | IMMAX = 0, while in worst ones (i.e., the ones associated with largest values of IMMAX), nfail | IMMAX = 

nTOT is obtained, and hence the relevant probability is consistently bounded between 0 and 1. If needed, a 

parametric distribution (i.e., normal or lognormal) can be used to best-fit derived points, although non-

convex probability trends could be obtained and should be addressed carefully. Indeed, after reaching a 

“critical” IM value IM* (i.e., the one associated with D = 1 for n = 1), the failure probability typically rises 

very sharply and hence stabilize until very large (and implausible) values of IMMAX are assumed. 

4.8.2 Distribution based approach for fragility derivation 

A more robust statistical interpretation of the damage matrix can be obtained by using a distribution-based 

approach for fragility assessment (see Figure 4.8-4). 
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0.100220723 0.179335538 0.319494942 0.567446264 0.713637945 0.800252498 0.897357568 1.006234844 1.128325957 1.265253126 1.418842585 1.591151197 1.784496712 2.001492177 2.245085131 2.518602264 2.825800358 3.170924448 3.558774282 3.994780343 4.485090901 5.036671777 5.657420827 6.356299431 7.1434837 8.030538549 9.030618338 10.1586984 11.43184257 12.86951267 14.49392706 16.33047652 18.40820735

0.100129036 0.179030645 0.318733945 0.565754851 0.711353669 0.797605846 0.89429638 1.002699758 1.124249422 1.260558279 1.413441972 1.584945317 1.777372352 1.993320515 2.235719574 2.507875968 2.813523406 3.15688061 3.542717315 3.976429747 4.464127058 5.012730371 5.63008644 6.325098182 7.107874778 7.989904472 8.984253718 10.10579699 11.37148231 12.80063841 14.41533055 16.24077323 18.30580964

0.100083348 0.17887884 0.318355333 0.564913919 0.710218273 0.796290498 0.892775205 1.000943308 1.122224192 1.258226149 1.410759574 1.581863314 1.773834612 1.989263178 2.231069971 2.502551404 2.807429757 3.149910721 3.534749169 3.967324366 4.453726095 5.000853353 5.616527597 6.309622805 7.090215034 7.969754581 8.961264399 10.07956906 11.34155928 12.76649795 14.37637457 16.19631648 18.25506637

0.099992279 0.178576503 0.317601849 0.563241504 0.707960823 0.793675588 0.889751483 0.997452344 1.118199509 1.253592121 1.405430173 1.57574068 1.766807423 1.981204787 2.221836287 2.491978467 2.79533096 3.136073648 3.518931962 3.949251573 4.433083904 4.977284132 5.58962362 6.278919049 7.055180891 7.92978432 8.915666177 10.02755225 11.28221984 12.69880151 14.29913689 16.10818078 18.15447707

0.099946898 0.178425967 0.317226964 0.562409983 0.706838712 0.792375957 0.888248855 0.995717732 1.116199938 1.251290083 1.402783004 1.572699852 1.763317738 1.977203457 2.21725188 2.486729708 2.78932536 3.129205932 3.511082277 3.940283428 4.422841816 4.965590922 5.57627731 6.263689295 7.037804887 7.909962077 8.893055088 10.00176082 11.25280046 12.66524208 14.26085116 16.06449713 18.10462556

0.09985644 0.17812615 0.316480871 0.56075622 0.704607578 0.789792176 0.885261862 0.992270006 1.11222605 1.246715614 1.397523317 1.566658687 1.756385614 1.969255848 2.208147133 2.476306664 2.777400641 3.115570832 3.495499204 3.922481839 4.402513545 4.942384834 5.549793155 6.233470659 7.003331069 7.87063876 8.848203581 9.950605656 11.19445507 12.59869228 14.18493598 15.9778867 18.00579537

0.099766386 0.177827993 0.31573964 0.559114703 0.702393713 0.787228813 0.882298955 0.988850627 1.108285453 1.24218017 1.392309295 1.560670873 1.749515729 1.961380747 2.199126755 2.46598168 2.765589774 3.102067794 3.480069185 3.904857492 4.382390384 4.919415955 5.523583178 6.203568768 6.969223018 7.831737657 8.80383929 9.900012569 11.136758 12.53289014 14.10988295 15.89227037 17.90811146

0.099721509 0.177679533 0.315370831 0.55829849 0.701293188 0.785954708 0.880826435 0.987151449 1.106327498 1.239926915 1.389719211 1.557696738 1.746103847 1.957470059 2.194647816 2.460855502 2.759726496 3.095365165 3.472410828 3.896110915 4.372404702 4.908019277 5.510579612 6.188734976 6.952304254 7.812443218 8.781837266 9.874923793 11.10814907 12.50026535 14.07267498 15.84982946 17.8596929

0.099632054 0.177383839 0.314636794 0.556675066 0.69910482 0.783421487 0.877899071 0.983773888 1.102436001 1.235449011 1.384572503 1.551787546 1.739325657 1.949701757 2.185751674 2.450674875 2.748083195 3.082056448 3.457205964 3.878747246 4.352583134 4.885399108 5.484772596 6.159298507 6.91873353 7.774162226 8.738188397 9.825155874 11.05140355 12.43556034 13.9988868 15.76567128 17.76368997

0.099587475 0.177236602 0.314271553 0.555867818 0.698016925 0.782162308 0.876444151 0.982095413 1.10050235 1.233224232 1.382015726 1.548852307 1.735959133 1.94584389 2.181334171 2.445620073 2.742302756 3.075449871 3.449658883 3.870129483 4.342746463 4.874174698 5.471968071 6.144694575 6.902080104 7.755173964 8.716539562 9.800474413 11.02326426 12.40347697 13.96230294 15.72394976 17.71610064

0.099498613 0.176943337 0.313544595 0.554262163 0.69585358 0.779658657 0.873551644 0.97875885 1.096658974 1.228802702 1.376934947 1.543020095 1.729270696 1.938180092 2.172559561 2.43558062 2.730823275 3.062331076 3.434674014 3.853020447 4.323219413 4.851894964 5.446554346 6.115712233 6.86903353 7.717497714 8.673588201 9.75151079 10.96744598 12.33984079 13.88974667 15.64121138 17.62173407

0.099410142 0.176651673 0.312822294 0.552668178 0.69370666 0.777174411 0.870682005 0.975449175 1.092847147 1.224418123 1.371897371 1.537238315 1.722641043 1.930584724 2.163864508 2.42563356 2.719450984 3.04933652 3.419833023 3.836077902 4.303884888 4.829837721 5.421397598 6.087026556 6.836329286 7.680216345 8.631092196 9.703072127 10.91223279 12.27690193 13.81799395 15.55939893 17.52843444

0.099322061 0.176361595 0.312104602 0.551085725 0.691575962 0.774709324 0.867834941 0.972166038 1.089066456 1.220070002 1.366902411 1.531506271 1.716069352 1.923056814 2.15524787 2.415777548 2.708184302 3.036464348 3.405133735 3.819299303 4.284739911 4.807999489 5.396493763 6.058632797 6.803961838 7.643323407 8.589044033 9.65514967 10.85761448 12.21464854 13.74703099 15.47849636 17.43618308

0.099278166 0.176217147 0.311747468 0.550298781 0.690516635 0.773483892 0.866419785 0.970534315 1.087187657 1.217909461 1.364420731 1.528658687 1.71280499 1.919317858 2.150968606 2.410883273 2.702590079 3.030073587 3.397836562 3.810970702 4.275237589 4.797161434 5.384135441 6.044543932 6.787902718 7.625020623 8.56818559 9.63137934 10.83052529 12.18377526 13.71184145 15.43838137 17.3904448

0.099190663 0.175929422 0.311036597 0.548733374 0.688409901 0.771047101 0.86360605 0.967290348 1.083452905 1.213615118 1.359488619 1.522999973 1.706318736 1.911889358 2.142467496 2.40116137 2.691478917 3.017381596 3.38334585 3.794433363 4.256371485 4.775645351 5.359603542 6.016579381 6.756030355 7.58869855 8.526795468 9.584215221 10.77678073 12.12252844 13.64203797 15.35881436 17.29973184

0.099103542 0.175643248 0.310330215 0.547179164 0.6863189 0.768628882 0.860814184 0.964072076 1.079748282 1.209356037 1.354597704 1.517389315 1.699888458 1.904525974 2.134042041 2.391527269 2.68046955 3.004807517 3.368991599 3.778053835 4.237687754 4.754339898 5.335314771 5.988895333 6.724481482 7.552749402 8.485835131 9.537546291 10.72360661 12.06193864 13.57299117 15.28011877 17.21002244

0.0990168 0.17535861 0.309628274 0.545636021 0.684243442 0.766229007 0.858043915 0.960879173 1.076073399 1.205131754 1.349747436 1.511826064 1.693513389 1.897226799 2.125691174 2.381979717 2.669560509 2.992349622 3.354771789 3.761829752 4.219183632 4.733241844 5.311265359 5.961487395 6.693250978 7.517167217 8.445297637 9.491364472 10.67099352 12.00199493 13.50468835 15.20227982 17.12129943

0.098930435 0.175075497 0.308930729 0.544103817 0.68218334 0.763847252 0.855294973 0.957711318 1.072427873 1.200941816 1.344937278 1.506309582 1.687192775 1.889990947 2.11741385 2.372517484 2.658750349 2.980006222 3.34068444 3.745758799 4.200856412 4.712348029 5.287451619 5.934351269 6.662333834 7.48194616 8.405176195 9.445661865 10.61893228 11.94268663 13.43711708 15.1252831 17.03354606

0.098844444 0.174793893 0.308237535 0.542582427 0.680138412 0.761483395 0.852567094 0.954568196 1.068811328 1.196785774 1.3401667 1.500839241 1.680925878 1.882817545 2.109209045 2.363139367 2.648037657 2.967775659 3.326727611 3.729838706 4.182703442 4.691655358 5.26386994 5.907482745 6.631725147 7.447080525 8.365464167 9.400430748 10.56741392 11.88400331 13.37026525 15.04911451 16.94674596

0.098758825 0.174513786 0.307548647 0.541071726 0.678108475 0.75913722 0.849860019 0.951449495 1.065223395 1.192663192 1.335435182 1.49541443 1.674711971 1.875705739 2.101075751 2.353844183 2.637421047 2.955656309 3.312899401 3.71406725 4.164722126 4.671160801 5.240516789 5.880877705 6.601420121 7.412564729 8.326155056 9.355663565 10.51642965 11.82593476 13.30412099 14.97376028 16.86088314

0.098673574 0.174235162 0.306864021 0.539571592 0.676093354 0.756808514 0.847173493 0.948354913 1.061663713 1.188573639 1.330742215 1.490034543 1.668550344 1.868654692 2.093012984 2.344630774 2.62689916 2.94364658 3.299197947 3.698442254 4.14690992 4.650861389 5.217388706 5.854532118 6.571414062 7.378393309 8.287242507 9.311352929 10.46597088 11.76847101 13.23867272 14.89920695 16.77594196

0.098588689 0.173958009 0.306183614 0.538081906 0.674092872 0.754497067 0.844507264 0.945284149 1.058131925 1.184516692 1.326087297 1.48469899 1.662440299 1.861663579 2.085019776 2.335498004 2.616470665 2.931744911 3.285621424 3.682961583 4.129264334 4.630754217 5.194482301 5.828442036 6.541702374 7.344560917 8.248720303 9.267491613 10.41602922 11.71160229 13.1739091 14.82544137 16.69190715

0.098504168 0.173682313 0.305507383 0.53660255 0.672106858 0.752202673 0.841861087 0.94223691 1.05462768 1.180491936 1.321469938 1.47940719 1.656381148 1.854731594 2.077095177 2.326444759 2.606134253 2.919949773 3.272168041 3.667623146 4.111782925 4.610836436 5.171794256 5.802603593 6.512280558 7.311062321 8.21058236 9.224072544 10.36659644 11.65531907 13.10981907 14.75245067 16.60876378

0.098378062 0.173271475 0.304500775 0.534402629 0.669154597 0.748792614 0.837928888 0.937709529 1.049422209 1.17451427 1.314613267 1.471550279 1.647386384 1.844442752 2.065334889 2.313011615 2.590799498 2.902453537 3.252215028 3.644877709 4.085863425 4.581308786 5.13816452 5.764309496 6.468681735 7.261429116 8.15408294 9.159758058 10.29338392 11.57197168 13.01492333 14.6443901 16.48568834

0.098294439 0.172999368 0.303834802 0.532948592 0.667204021 0.746539974 0.835331787 0.934719848 1.045985335 1.170568223 1.31008771 1.466365386 1.641451555 1.837655153 2.057577778 2.304152445 2.580687745 2.890918224 3.239061897 3.62988598 4.068782098 4.561852402 5.116008298 5.739083764 6.439965529 7.228742831 8.116879868 9.117414656 10.24518859 11.5171118 12.95247035 14.57328219 16.40471042

0.09821117 0.172728675 0.303172861 0.531504485 0.665267334 0.744303692 0.832753907 0.931752702 1.042574827 1.166652971 1.305598058 1.461222293 1.635565321 1.830923972 2.049886092 2.295369063 2.570663698 2.879484318 3.226025914 3.615029487 4.051856783 4.542575888 5.094059345 5.71409676 6.411524175 7.196372874 8.080040757 9.07548992 10.19747476 11.46280563 12.89065405 14.50290635 16.32457426

0.098128254 0.172459384 0.302514911 0.5300702 0.663344376 0.742083576 0.830195019 0.928807818 1.039190363 1.16276813 1.301143858 1.456120464 1.629727049 1.824248467 2.04225896 2.286660446 2.560726158 2.868150414 3.213105443 3.600306318 4.03508525 4.523476647 5.072314635 5.689344964 6.383353577 7.164314489 8.043560079 9.033977431 10.15023498 11.40904452 12.82946439 14.43325094 16.24526636

0.098004535 0.172058049 0.301535384 0.527936949 0.660485339 0.738783307 0.826391808 0.92443165 1.034161805 1.156997067 1.294528058 1.448543944 1.621058218 1.814338012 2.030937432 2.273735517 2.545979485 2.851334066 3.193937812 3.578467455 4.010211518 4.495154611 5.040074054 5.652650755 6.341596595 7.116800934 7.989499311 8.972467945 10.08024826 11.32940637 12.73883345 14.33009377 16.12782869

0.09792249 0.171792211 0.300887242 0.526526746 0.658596023 0.736602794 0.823879427 0.921541261 1.030841071 1.153186619 1.290160555 1.443542996 1.615337166 1.807798537 2.023467973 2.265209463 2.53625312 2.840244214 3.181299157 3.564069472 3.993814966 4.476487515 5.018827105 5.628472034 6.314085516 7.085501289 7.953891271 8.931958858 10.03416203 11.27697126 12.67916791 14.26219014 16.0505343

0.097800065 0.171396 0.299922246 0.524429127 0.655786736 0.733361072 0.820144954 0.917245621 1.025906666 1.147525438 1.28367278 1.436115413 1.606841358 1.798088826 2.012379081 2.252553838 2.521817893 2.823787727 3.162546993 3.54270992 3.969493836 4.448802202 4.987319787 5.592621878 6.273299729 7.039104838 7.901115071 8.871926167 9.965872794 11.19928402 12.59077897 14.16160945 15.93605754

0.097718875 0.171133541 0.299283674 0.523042355 0.65393012 0.731219032 0.817677731 0.914408124 1.022647757 1.143787128 1.279389307 1.431212199 1.601233821 1.791681028 2.005062185 2.244204358 2.512295692 2.81293373 3.150180582 3.528625957 3.953459251 4.430552097 4.966552966 5.568995726 6.246424337 7.008536254 7.866347536 8.832383191 9.920896864 11.14812474 12.53257938 14.09539018 15.86069849

0.097597723 0.170742347 0.298332859 0.520979409 0.651169197 0.7280342 0.814010018 0.910190656 1.017804707 1.138232517 1.273025644 1.423928938 1.592905602 1.782165676 1.994198436 2.231809258 2.498161638 2.796825097 3.131829865 3.507729364 3.929671669 4.403481323 4.935753105 5.533959623 6.206574886 6.963216428 7.814808921 8.773772787 9.854241892 11.07231512 12.44634748 13.99728748 15.7490685

0.097477325 0.170354113 0.297390388 0.518936823 0.648436649 0.724882732 0.810381443 0.906019001 1.013015176 1.132740314 1.266734637 1.416730136 1.584675425 1.772763992 1.983466314 2.219566421 2.484203549 2.78091964 3.113713556 3.487103016 3.906195445 4.376769065 4.905365849 5.499398155 6.167271215 6.918523981 7.763991279 8.715990729 9.788538467 10.99759843 12.36137084 13.90062643 15.63909428

0.097397474 0.170096916 0.296766652 0.517586249 0.646630483 0.722800012 0.807983806 0.903262956 1.009851422 1.129112967 1.262580347 1.411977089 1.579242207 1.766558291 1.97638345 2.211487666 2.474994214 2.770426893 3.101763926 3.473499554 3.890714461 4.359156411 4.885332649 5.476615923 6.141366243 6.889070902 7.730505671 8.677920599 9.745254445 10.94838248 12.30540319 13.83697051 15.56667932

0.097278314 0.169713534 0.295837825 0.515576879 0.643944191 0.719702912 0.804418984 0.899165899 1.005149008 1.123722318 1.256407529 1.404915627 1.571171407 1.757341322 1.965865162 2.199492111 2.461321811 2.754851201 3.084027958 3.453311566 3.867743138 4.333025359 4.855614094 5.442823478 6.10294662 6.845394396 7.68085522 8.621479201 9.68109067 10.87543376 12.22245655 13.7426403 15.45938143

0.097159887 0.169333014 0.29491703 0.513587019 0.64128505 0.716637712 0.800891554 0.895112578 1.000497652 1.118391168 1.250303932 1.397934578 1.563193892 1.748232433 1.955471953 2.187641155 2.447816414 2.739468225 3.066514198 3.433379606 3.845066623 4.307233575 4.826285771 5.409479684 6.065042615 6.802310275 7.631885164 8.565819113 9.617823936 10.80351484 12.14069204 13.64966706 15.35364127

0.097042186 0.168955323 0.294004152 0.511616364 0.638652617 0.713603886 0.79740089 0.89110225 0.995896471 1.113118474 1.244268326 1.391032493 1.555307958 1.739229627 1.945201484 2.175932061 2.434474824 2.724274232 3.049218295 3.41369861 3.822679023 4.281774207 4.797339719 5.3765753 6.027643505 6.759806105 7.583581091 8.510923637 9.555434906 10.73260333 12.06008374 13.55802078 15.24942409

0.096925205 0.168580425 0.293099082 0.509664616 0.636046464 0.710600918 0.793946378 0.887134187 0.991344606 1.107903219 1.238299512 1.38420796 1.547511948 1.730330958 1.935051476 2.164362165 2.42129393 2.709265592 3.032136016 3.394263649 3.800574605 4.256640591 4.768768202 5.344101347 5.990738875 6.717869809 7.535929007 8.456776563 9.493904809 10.66267749 11.98060649 13.46767236 15.14669623

0.096808934 0.168208286 0.292201711 0.507731482 0.633466168 0.707628306 0.790527422 0.88320768 0.986841216 1.102744409 1.23239632 1.377459602 1.539804243 1.721534529 1.925019707 2.152928869 2.408270698 2.694438767 3.015263241 3.375069927 3.778747792 4.231826247 4.740563693 5.312049092 5.954318599 6.676489653 7.488915317 8.403362146 9.433215416 10.59371624 11.90223589 13.37859355 15.04542501

0.096693369 0.167838874 0.291311931 0.505816676 0.630911319 0.70468556 0.787143436 0.879322034 0.982385479 1.097641076 1.226557605 1.370786074 1.532183265 1.712838492 1.915104013 2.141629643 2.395402174 2.679790313 2.998595959 3.356112776 3.757193157 4.207324871 4.712718876 5.280410047 5.918372834 6.635654231 7.442526811 8.350665094 9.373349028 10.52569909 11.82494823 13.29075696 14.94557874

0.096578502 0.167472156 0.290429638 0.503919918 0.628381515 0.7017722 0.78379385 0.875476574 0.977976595 1.092592273 1.220782255 1.364186067 1.524647476 1.704241042 1.905302283 2.130462021 2.382685481 2.665316875 2.982130262 3.337387651 3.735905418 4.183130328 4.68522663 5.249175954 5.882892011 6.595352456 7.396750651 8.298670544 9.314288448 10.45860614 11.74872052 13.20413597 14.84712666

0.096426419 0.166987334 0.289264717 0.501418511 0.625046721 0.697932621 0.779380283 0.870410661 0.972169614 1.085943767 1.213178477 1.355498214 1.514729684 1.6929281 1.89240704 2.11577243 2.365961235 2.646285568 2.960483016 3.312774115 3.707928068 4.151337937 4.649106802 5.208146574 5.83629144 6.542428287 7.336646789 8.230412358 9.236765679 10.37055322 11.64869385 13.09048771 14.71797445
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Figure 4.8-4 – Example of application of the proposed distribution-based approach. 

Accordingly, for each column of [D], the average value Davg,ln | IMMAX and the relevant standard deviation 

σD,ln | IMMAX of the natural logarithm of damage is first estimated according to: 

DavgȟÌÎ | IMMAX=
В lnDmax,i  | IMMAX

nTOT
i = 1

nTOT
   

(4.8-3) 

σD,ln | IMMAX=
В (ln D

max,i
 | IMMAX  Davg | IMMAX)

2nTOT
i = 1

nTOT  1
 

 

Damage for a given value of IMMAX is hence assumed to behave as a lognormally distributed random variable 

D | IMMAX ~ LN(Davg,ln | IMMAX; σD,ln | IMMAX).  
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0.100083348 0.17887884 0.318355333 0.564913919 0.710218273 0.796290498 0.892775205 1.000943308 1.122224192 1.258226149 1.410759574 1.581863314 1.773834612 1.989263178 2.231069971 2.502551404 2.807429757 3.149910721 3.534749169 3.967324366 4.453726095 5.000853353 5.616527597 6.309622805 7.090215034 7.969754581 8.961264399 10.07956906 11.34155928 12.76649795 14.37637457 16.19631648 18.25506637

0.099992279 0.178576503 0.317601849 0.563241504 0.707960823 0.793675588 0.889751483 0.997452344 1.118199509 1.253592121 1.405430173 1.57574068 1.766807423 1.981204787 2.221836287 2.491978467 2.79533096 3.136073648 3.518931962 3.949251573 4.433083904 4.977284132 5.58962362 6.278919049 7.055180891 7.92978432 8.915666177 10.02755225 11.28221984 12.69880151 14.29913689 16.10818078 18.15447707

0.099946898 0.178425967 0.317226964 0.562409983 0.706838712 0.792375957 0.888248855 0.995717732 1.116199938 1.251290083 1.402783004 1.572699852 1.763317738 1.977203457 2.21725188 2.486729708 2.78932536 3.129205932 3.511082277 3.940283428 4.422841816 4.965590922 5.57627731 6.263689295 7.037804887 7.909962077 8.893055088 10.00176082 11.25280046 12.66524208 14.26085116 16.06449713 18.10462556

0.09985644 0.17812615 0.316480871 0.56075622 0.704607578 0.789792176 0.885261862 0.992270006 1.11222605 1.246715614 1.397523317 1.566658687 1.756385614 1.969255848 2.208147133 2.476306664 2.777400641 3.115570832 3.495499204 3.922481839 4.402513545 4.942384834 5.549793155 6.233470659 7.003331069 7.87063876 8.848203581 9.950605656 11.19445507 12.59869228 14.18493598 15.9778867 18.00579537

0.099766386 0.177827993 0.31573964 0.559114703 0.702393713 0.787228813 0.882298955 0.988850627 1.108285453 1.24218017 1.392309295 1.560670873 1.749515729 1.961380747 2.199126755 2.46598168 2.765589774 3.102067794 3.480069185 3.904857492 4.382390384 4.919415955 5.523583178 6.203568768 6.969223018 7.831737657 8.80383929 9.900012569 11.136758 12.53289014 14.10988295 15.89227037 17.90811146

0.099721509 0.177679533 0.315370831 0.55829849 0.701293188 0.785954708 0.880826435 0.987151449 1.106327498 1.239926915 1.389719211 1.557696738 1.746103847 1.957470059 2.194647816 2.460855502 2.759726496 3.095365165 3.472410828 3.896110915 4.372404702 4.908019277 5.510579612 6.188734976 6.952304254 7.812443218 8.781837266 9.874923793 11.10814907 12.50026535 14.07267498 15.84982946 17.8596929

0.099632054 0.177383839 0.314636794 0.556675066 0.69910482 0.783421487 0.877899071 0.983773888 1.102436001 1.235449011 1.384572503 1.551787546 1.739325657 1.949701757 2.185751674 2.450674875 2.748083195 3.082056448 3.457205964 3.878747246 4.352583134 4.885399108 5.484772596 6.159298507 6.91873353 7.774162226 8.738188397 9.825155874 11.05140355 12.43556034 13.9988868 15.76567128 17.76368997

0.099587475 0.177236602 0.314271553 0.555867818 0.698016925 0.782162308 0.876444151 0.982095413 1.10050235 1.233224232 1.382015726 1.548852307 1.735959133 1.94584389 2.181334171 2.445620073 2.742302756 3.075449871 3.449658883 3.870129483 4.342746463 4.874174698 5.471968071 6.144694575 6.902080104 7.755173964 8.716539562 9.800474413 11.02326426 12.40347697 13.96230294 15.72394976 17.71610064

0.099498613 0.176943337 0.313544595 0.554262163 0.69585358 0.779658657 0.873551644 0.97875885 1.096658974 1.228802702 1.376934947 1.543020095 1.729270696 1.938180092 2.172559561 2.43558062 2.730823275 3.062331076 3.434674014 3.853020447 4.323219413 4.851894964 5.446554346 6.115712233 6.86903353 7.717497714 8.673588201 9.75151079 10.96744598 12.33984079 13.88974667 15.64121138 17.62173407

0.099410142 0.176651673 0.312822294 0.552668178 0.69370666 0.777174411 0.870682005 0.975449175 1.092847147 1.224418123 1.371897371 1.537238315 1.722641043 1.930584724 2.163864508 2.42563356 2.719450984 3.04933652 3.419833023 3.836077902 4.303884888 4.829837721 5.421397598 6.087026556 6.836329286 7.680216345 8.631092196 9.703072127 10.91223279 12.27690193 13.81799395 15.55939893 17.52843444

0.099322061 0.176361595 0.312104602 0.551085725 0.691575962 0.774709324 0.867834941 0.972166038 1.089066456 1.220070002 1.366902411 1.531506271 1.716069352 1.923056814 2.15524787 2.415777548 2.708184302 3.036464348 3.405133735 3.819299303 4.284739911 4.807999489 5.396493763 6.058632797 6.803961838 7.643323407 8.589044033 9.65514967 10.85761448 12.21464854 13.74703099 15.47849636 17.43618308

0.099278166 0.176217147 0.311747468 0.550298781 0.690516635 0.773483892 0.866419785 0.970534315 1.087187657 1.217909461 1.364420731 1.528658687 1.71280499 1.919317858 2.150968606 2.410883273 2.702590079 3.030073587 3.397836562 3.810970702 4.275237589 4.797161434 5.384135441 6.044543932 6.787902718 7.625020623 8.56818559 9.63137934 10.83052529 12.18377526 13.71184145 15.43838137 17.3904448

0.099190663 0.175929422 0.311036597 0.548733374 0.688409901 0.771047101 0.86360605 0.967290348 1.083452905 1.213615118 1.359488619 1.522999973 1.706318736 1.911889358 2.142467496 2.40116137 2.691478917 3.017381596 3.38334585 3.794433363 4.256371485 4.775645351 5.359603542 6.016579381 6.756030355 7.58869855 8.526795468 9.584215221 10.77678073 12.12252844 13.64203797 15.35881436 17.29973184

0.099103542 0.175643248 0.310330215 0.547179164 0.6863189 0.768628882 0.860814184 0.964072076 1.079748282 1.209356037 1.354597704 1.517389315 1.699888458 1.904525974 2.134042041 2.391527269 2.68046955 3.004807517 3.368991599 3.778053835 4.237687754 4.754339898 5.335314771 5.988895333 6.724481482 7.552749402 8.485835131 9.537546291 10.72360661 12.06193864 13.57299117 15.28011877 17.21002244

0.0990168 0.17535861 0.309628274 0.545636021 0.684243442 0.766229007 0.858043915 0.960879173 1.076073399 1.205131754 1.349747436 1.511826064 1.693513389 1.897226799 2.125691174 2.381979717 2.669560509 2.992349622 3.354771789 3.761829752 4.219183632 4.733241844 5.311265359 5.961487395 6.693250978 7.517167217 8.445297637 9.491364472 10.67099352 12.00199493 13.50468835 15.20227982 17.12129943

0.098930435 0.175075497 0.308930729 0.544103817 0.68218334 0.763847252 0.855294973 0.957711318 1.072427873 1.200941816 1.344937278 1.506309582 1.687192775 1.889990947 2.11741385 2.372517484 2.658750349 2.980006222 3.34068444 3.745758799 4.200856412 4.712348029 5.287451619 5.934351269 6.662333834 7.48194616 8.405176195 9.445661865 10.61893228 11.94268663 13.43711708 15.1252831 17.03354606

0.098844444 0.174793893 0.308237535 0.542582427 0.680138412 0.761483395 0.852567094 0.954568196 1.068811328 1.196785774 1.3401667 1.500839241 1.680925878 1.882817545 2.109209045 2.363139367 2.648037657 2.967775659 3.326727611 3.729838706 4.182703442 4.691655358 5.26386994 5.907482745 6.631725147 7.447080525 8.365464167 9.400430748 10.56741392 11.88400331 13.37026525 15.04911451 16.94674596

0.098758825 0.174513786 0.307548647 0.541071726 0.678108475 0.75913722 0.849860019 0.951449495 1.065223395 1.192663192 1.335435182 1.49541443 1.674711971 1.875705739 2.101075751 2.353844183 2.637421047 2.955656309 3.312899401 3.71406725 4.164722126 4.671160801 5.240516789 5.880877705 6.601420121 7.412564729 8.326155056 9.355663565 10.51642965 11.82593476 13.30412099 14.97376028 16.86088314

0.098673574 0.174235162 0.306864021 0.539571592 0.676093354 0.756808514 0.847173493 0.948354913 1.061663713 1.188573639 1.330742215 1.490034543 1.668550344 1.868654692 2.093012984 2.344630774 2.62689916 2.94364658 3.299197947 3.698442254 4.14690992 4.650861389 5.217388706 5.854532118 6.571414062 7.378393309 8.287242507 9.311352929 10.46597088 11.76847101 13.23867272 14.89920695 16.77594196

0.098588689 0.173958009 0.306183614 0.538081906 0.674092872 0.754497067 0.844507264 0.945284149 1.058131925 1.184516692 1.326087297 1.48469899 1.662440299 1.861663579 2.085019776 2.335498004 2.616470665 2.931744911 3.285621424 3.682961583 4.129264334 4.630754217 5.194482301 5.828442036 6.541702374 7.344560917 8.248720303 9.267491613 10.41602922 11.71160229 13.1739091 14.82544137 16.69190715

0.098504168 0.173682313 0.305507383 0.53660255 0.672106858 0.752202673 0.841861087 0.94223691 1.05462768 1.180491936 1.321469938 1.47940719 1.656381148 1.854731594 2.077095177 2.326444759 2.606134253 2.919949773 3.272168041 3.667623146 4.111782925 4.610836436 5.171794256 5.802603593 6.512280558 7.311062321 8.21058236 9.224072544 10.36659644 11.65531907 13.10981907 14.75245067 16.60876378

0.098378062 0.173271475 0.304500775 0.534402629 0.669154597 0.748792614 0.837928888 0.937709529 1.049422209 1.17451427 1.314613267 1.471550279 1.647386384 1.844442752 2.065334889 2.313011615 2.590799498 2.902453537 3.252215028 3.644877709 4.085863425 4.581308786 5.13816452 5.764309496 6.468681735 7.261429116 8.15408294 9.159758058 10.29338392 11.57197168 13.01492333 14.6443901 16.48568834

0.098294439 0.172999368 0.303834802 0.532948592 0.667204021 0.746539974 0.835331787 0.934719848 1.045985335 1.170568223 1.31008771 1.466365386 1.641451555 1.837655153 2.057577778 2.304152445 2.580687745 2.890918224 3.239061897 3.62988598 4.068782098 4.561852402 5.116008298 5.739083764 6.439965529 7.228742831 8.116879868 9.117414656 10.24518859 11.5171118 12.95247035 14.57328219 16.40471042

0.09821117 0.172728675 0.303172861 0.531504485 0.665267334 0.744303692 0.832753907 0.931752702 1.042574827 1.166652971 1.305598058 1.461222293 1.635565321 1.830923972 2.049886092 2.295369063 2.570663698 2.879484318 3.226025914 3.615029487 4.051856783 4.542575888 5.094059345 5.71409676 6.411524175 7.196372874 8.080040757 9.07548992 10.19747476 11.46280563 12.89065405 14.50290635 16.32457426

0.098128254 0.172459384 0.302514911 0.5300702 0.663344376 0.742083576 0.830195019 0.928807818 1.039190363 1.16276813 1.301143858 1.456120464 1.629727049 1.824248467 2.04225896 2.286660446 2.560726158 2.868150414 3.213105443 3.600306318 4.03508525 4.523476647 5.072314635 5.689344964 6.383353577 7.164314489 8.043560079 9.033977431 10.15023498 11.40904452 12.82946439 14.43325094 16.24526636

0.098004535 0.172058049 0.301535384 0.527936949 0.660485339 0.738783307 0.826391808 0.92443165 1.034161805 1.156997067 1.294528058 1.448543944 1.621058218 1.814338012 2.030937432 2.273735517 2.545979485 2.851334066 3.193937812 3.578467455 4.010211518 4.495154611 5.040074054 5.652650755 6.341596595 7.116800934 7.989499311 8.972467945 10.08024826 11.32940637 12.73883345 14.33009377 16.12782869

0.09792249 0.171792211 0.300887242 0.526526746 0.658596023 0.736602794 0.823879427 0.921541261 1.030841071 1.153186619 1.290160555 1.443542996 1.615337166 1.807798537 2.023467973 2.265209463 2.53625312 2.840244214 3.181299157 3.564069472 3.993814966 4.476487515 5.018827105 5.628472034 6.314085516 7.085501289 7.953891271 8.931958858 10.03416203 11.27697126 12.67916791 14.26219014 16.0505343

0.097800065 0.171396 0.299922246 0.524429127 0.655786736 0.733361072 0.820144954 0.917245621 1.025906666 1.147525438 1.28367278 1.436115413 1.606841358 1.798088826 2.012379081 2.252553838 2.521817893 2.823787727 3.162546993 3.54270992 3.969493836 4.448802202 4.987319787 5.592621878 6.273299729 7.039104838 7.901115071 8.871926167 9.965872794 11.19928402 12.59077897 14.16160945 15.93605754

0.097718875 0.171133541 0.299283674 0.523042355 0.65393012 0.731219032 0.817677731 0.914408124 1.022647757 1.143787128 1.279389307 1.431212199 1.601233821 1.791681028 2.005062185 2.244204358 2.512295692 2.81293373 3.150180582 3.528625957 3.953459251 4.430552097 4.966552966 5.568995726 6.246424337 7.008536254 7.866347536 8.832383191 9.920896864 11.14812474 12.53257938 14.09539018 15.86069849

0.097597723 0.170742347 0.298332859 0.520979409 0.651169197 0.7280342 0.814010018 0.910190656 1.017804707 1.138232517 1.273025644 1.423928938 1.592905602 1.782165676 1.994198436 2.231809258 2.498161638 2.796825097 3.131829865 3.507729364 3.929671669 4.403481323 4.935753105 5.533959623 6.206574886 6.963216428 7.814808921 8.773772787 9.854241892 11.07231512 12.44634748 13.99728748 15.7490685

0.097477325 0.170354113 0.297390388 0.518936823 0.648436649 0.724882732 0.810381443 0.906019001 1.013015176 1.132740314 1.266734637 1.416730136 1.584675425 1.772763992 1.983466314 2.219566421 2.484203549 2.78091964 3.113713556 3.487103016 3.906195445 4.376769065 4.905365849 5.499398155 6.167271215 6.918523981 7.763991279 8.715990729 9.788538467 10.99759843 12.36137084 13.90062643 15.63909428

0.097397474 0.170096916 0.296766652 0.517586249 0.646630483 0.722800012 0.807983806 0.903262956 1.009851422 1.129112967 1.262580347 1.411977089 1.579242207 1.766558291 1.97638345 2.211487666 2.474994214 2.770426893 3.101763926 3.473499554 3.890714461 4.359156411 4.885332649 5.476615923 6.141366243 6.889070902 7.730505671 8.677920599 9.745254445 10.94838248 12.30540319 13.83697051 15.56667932

0.097278314 0.169713534 0.295837825 0.515576879 0.643944191 0.719702912 0.804418984 0.899165899 1.005149008 1.123722318 1.256407529 1.404915627 1.571171407 1.757341322 1.965865162 2.199492111 2.461321811 2.754851201 3.084027958 3.453311566 3.867743138 4.333025359 4.855614094 5.442823478 6.10294662 6.845394396 7.68085522 8.621479201 9.68109067 10.87543376 12.22245655 13.7426403 15.45938143

0.097159887 0.169333014 0.29491703 0.513587019 0.64128505 0.716637712 0.800891554 0.895112578 1.000497652 1.118391168 1.250303932 1.397934578 1.563193892 1.748232433 1.955471953 2.187641155 2.447816414 2.739468225 3.066514198 3.433379606 3.845066623 4.307233575 4.826285771 5.409479684 6.065042615 6.802310275 7.631885164 8.565819113 9.617823936 10.80351484 12.14069204 13.64966706 15.35364127

0.097042186 0.168955323 0.294004152 0.511616364 0.638652617 0.713603886 0.79740089 0.89110225 0.995896471 1.113118474 1.244268326 1.391032493 1.555307958 1.739229627 1.945201484 2.175932061 2.434474824 2.724274232 3.049218295 3.41369861 3.822679023 4.281774207 4.797339719 5.3765753 6.027643505 6.759806105 7.583581091 8.510923637 9.555434906 10.73260333 12.06008374 13.55802078 15.24942409

0.096925205 0.168580425 0.293099082 0.509664616 0.636046464 0.710600918 0.793946378 0.887134187 0.991344606 1.107903219 1.238299512 1.38420796 1.547511948 1.730330958 1.935051476 2.164362165 2.42129393 2.709265592 3.032136016 3.394263649 3.800574605 4.256640591 4.768768202 5.344101347 5.990738875 6.717869809 7.535929007 8.456776563 9.493904809 10.66267749 11.98060649 13.46767236 15.14669623

0.096808934 0.168208286 0.292201711 0.507731482 0.633466168 0.707628306 0.790527422 0.88320768 0.986841216 1.102744409 1.23239632 1.377459602 1.539804243 1.721534529 1.925019707 2.152928869 2.408270698 2.694438767 3.015263241 3.375069927 3.778747792 4.231826247 4.740563693 5.312049092 5.954318599 6.676489653 7.488915317 8.403362146 9.433215416 10.59371624 11.90223589 13.37859355 15.04542501

0.096693369 0.167838874 0.291311931 0.505816676 0.630911319 0.70468556 0.787143436 0.879322034 0.982385479 1.097641076 1.226557605 1.370786074 1.532183265 1.712838492 1.915104013 2.141629643 2.395402174 2.679790313 2.998595959 3.356112776 3.757193157 4.207324871 4.712718876 5.280410047 5.918372834 6.635654231 7.442526811 8.350665094 9.373349028 10.52569909 11.82494823 13.29075696 14.94557874

0.096578502 0.167472156 0.290429638 0.503919918 0.628381515 0.7017722 0.78379385 0.875476574 0.977976595 1.092592273 1.220782255 1.364186067 1.524647476 1.704241042 1.905302283 2.130462021 2.382685481 2.665316875 2.982130262 3.337387651 3.735905418 4.183130328 4.68522663 5.249175954 5.882892011 6.595352456 7.396750651 8.298670544 9.314288448 10.45860614 11.74872052 13.20413597 14.84712666

0.096426419 0.166987334 0.289264717 0.501418511 0.625046721 0.697932621 0.779380283 0.870410661 0.972169614 1.085943767 1.213178477 1.355498214 1.514729684 1.6929281 1.89240704 2.11577243 2.365961235 2.646285568 2.960483016 3.312774115 3.707928068 4.151337937 4.649106802 5.208146574 5.83629144 6.542428287 7.336646789 8.230412358 9.236765679 10.37055322 11.64869385 13.09048771 14.71797445

0.096313153 0.166626777 0.288399499 0.499562811 0.622573838 0.69508602 0.776108815 0.866656418 0.96786704 1.081018646 1.207546789 1.349064832 1.507386894 1.684553922 1.882863314 2.104902641 2.35358803 2.632207935 2.944473058 3.294573375 3.687243321 4.127836393 4.622410606 5.17782651 5.801859723 6.50333028 7.2922515 8.180001514 9.179521156 10.30554255 11.57485355 13.00660396 14.62266081

0.096163182 0.166150055 0.287256985 0.49711519 0.619313566 0.691333817 0.771797461 0.861709823 0.962199078 1.074531832 1.200130774 1.340594698 1.497721216 1.673532566 1.870304932 2.090601818 2.33731204 2.613693037 2.923420278 3.270643689 3.660052157 4.096947336 4.587328211 5.137988059 5.756625786 6.451973884 7.233945694 8.113805072 9.104362132 10.22019934 11.47793302 12.89651629 14.49759029
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A similar assumption is hence made with reference to failure threshold. Namely, according to Zhu et al. 

(1995), the threshold value D* after which fatigue failure for variable amplitude loadings is obtained should 

not be fixed (D* = 1), i.e., as its logarithm rather behaves as a normally distributed variable with unitary 

expected value and non-negligible scatter – ln D* ~ N(1; 0.3). By exploiting basic properties of lognormal 

distribution, it can be immediately observed that the demand/capacity ratio D/D* behaves as a lognormal 

variable as well, i.e., with expected value E(D/D*) = Davg,ln | IMMAX and standard deviation σ(D/D*) = 

σ2D,ln | IMMAX + σ2Dɕ . Therefore, for a given value of IMMAX, structural fragility can be hence derived as 

the probability of D/D* > 1 given its parametric definition. Also in this case, the resulting fragility function 

is obtained by points, and a parametric distribution (i.e., normal or lognormal) can be used to best-fit derived 

points is deemed relevant. Nevertheless, careful attention is needed with this approach as well, i.e., as the 

assumption of homoskedasticity of D/D* (i.e., constant scatter) for increasing values of IMMAX is typically 

not satisfied. 

4.9 Applicative example: POC2 Cadore Bridge 

In this Section, the discussed MS-FEM based methodologies to estimate corrosion fatigue-related strutctural 

fragility are applied with reference to a representative case study, i.e., the Cadore Bridge over Piave River, 

which belongs to the POC2 (SS51 Alemagna) developed within the EP RETURN Project. All relevant 

details are discussed in the following.  

4.9.1 Generalities 

The Cadore bridge is a 272 m long, full-steel orthotropic steel deck (OSD) bridge. This bridge belongs to a 

series of viaducts erected to improve the viability on the Alemagna State Road 51 (i.e., one of the CIs 

selected as POC2 within RETURN project) between mountainous areas of Treviso, Belluno and Bolzano 

provinces. Cadore bridge crosses the Piave river in the locality of Perarolo di Cadore (BL – see Figure 

4.9-1).  

 

  

Figure 4.9-1 – Geolocalization and lateral view of the Cadore Bridge in Perarolo di Cadore (BL). 

 

Being designed by Matildi Engineering firm and built by the Cimolai Costruzioni company in about three 

years – Cadore bridge was opened to traffic in 1985. The relevant, global structural scheme involves an 

arch-frame arrangement, i.e., with two pairs of box-shaped steel piers inclined of ≈ 40°, (H = 55 m, variable 

section). The deck is divided into a central span (L = 128 m) and two lateral spans (L = 72 m). It features a 
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double box section with variable dimensions along the bridge length (H = 6 m). The upper box constituting 

the road platform is composed by a 13.3 m wide open-stiffener orthotropic slab, the upper plate of which is 

in direct contact with the asphalt layer without the presence of any concrete slab. All the described plate 

elements and profiles described above are made of self-passivating steel. 

4.9.2 Constructional details 

Due to well-known complex geological conditions, Cadore bridge foundations had to be conceived as light 

as possible. This, in conjunction with the considerable span to be crossed (272 m), lead to the definition of 

the mentioned arch-frame scheme in place of a bulkier arch scheme. The longitudinal bridge profile exhibits 

a slope of ≈5% (ΔH ≈ 15 m among the two ends of the bridge). The structure is restrained on four sides, i.e., 

at the base of each couple of piers and at the deck ends. In the first case, fixed hinge restraints were adopted, 

and appropriate structural details were developed (see Figure 4.9-2a). As for deck restraints, a fixed hinge 

was adopted on Tai side, while the other side was equipped with a roller, i.e., leaving the deck free "to 

breathe" under thermic excursions. 

Transferring of horizontal actions from deck to piers to abutments was aided through special girders (steel-

concrete composite “tie-girders” equipped with anti-seismic devices), which were also crucial in the 

assembly phase of both the pier legs and relative semi-girders.  

As for cross-sections of the arch-frame system, the deck girder features a double box section (W = 6.60 m, 

H = 6 m in the central span, H = 3 ÷ 6 m in side spans – see Figure 4.9-2b). The 13.3 m wide is made with 

an open-stiffener orthotropic plate composed by transverse sheets spaced at a distance of 3 m and 0.3 m 

spaced flat ribs placed longitudinally. In the same fashion, the webs and the bottom flange of the lower box 

(core) are also stiffened by transverse sheets (p = 3 m) and longitudinal flat ribs (webs)/half-IPE segments 

(flange). Transverse stiffening system is completed by X-braces made of coupled L profiles, (p = 6 m). 

 

  

Figure 4.9-2 – Structural details of Cadore bridge: a) base hinge, b) central span OSD. 

With regards to piers, each one is made up of a pair of legs inclined along both main axes (longitudinal slope 

≈40°, transverse opening at the base ≈19.2 m). Legs are connected by a box-shaped transverse rod placed at 

about ⅓ Hpier from the hinges (4 × 3 m). Each leg features a rectangular hollow section (H = 3 ÷ 6 m 

increasing towards the deck, W = 2 m) being stiffened through flat ribs (p = 0.3 m) on all internal sides. 6 

m-pitched Z-braces are present also in this case.  
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Both girder and piers were conceived as an assemblage of multiple, 6 m long segments due to shipment 

reasons. Structural continuity was hence restored on-site through double covered joints equipped with high-

strength bolts. In a similar fashion, girder-to-legs connections were made through welded special segments 

at the piers’ upper ends which were in turn bolted to the adjacent deck segments.   

4.9.3 Geometric reconstruction of POC2 Cadore bridge 

On the basis of data provided by the bridge manager and recollected from literature, a thorough geometric 

reconstruction of Cadore bridge was carried out. Namely, global dimensions, plates’ thicknesses and 

configuration of stiffeners were derived for each deck and pier segment. As a consequence of structural 

optimization, 10 different cross-section configurations were adopted for the girder (see Figure 4.9-3a, blue 

markers), while 8 configurations were adopted for each pier (see Figure 4.9-3a, cyan markers). With 

reference to the specific purpose of the following developments (corrosion fatigue analysis and study of the 

effectiveness of low-impact retrofit strategies), reconstructed details were rationally simplified, i.e., in order 

to derive computationally addressable cross-section configurations for which mechanical properties could 

be easily estimated and used for global FEM modelling. An example of application of such logic is depicted 

in the following with reference to the middle girder segment (Cross-section A-A’ – Figure 4.9-3b). 

 

Figure 4.9-3: a) Structural lateral view of the Cadore bridge with different cross-section 
configurations being highlighted in blue (girder) and cyan (piers), b) Example of cross-

section reconstruction for Girder segment A-A’. 

4.9.4 Global FE modelling of POC2 Cadore bridge 

Global FE modelling of the Cadore bridge was carried out in SAP2000 environment (see Figure 4.9-4). Each 

girder and pier segment was modelled through a 1D frame element being aligned with the relevant cross-

section centroid. In compliance with the intended response of structural details, no releases were placed in 

the connection zone among piers’ legs and the girder (full-rigid joints). In the same fashion, base joints and 

deck ends’ detailing were modelled through equivalent hinge or roller restraints. 

 

 
                    Reconstructed cross-section                           Simplified cross-section                  Properties 

 

CROSS-SECTION  

PROPERTIES: A-A’ 

A [m2] 0.58 

Wel,z [m3] 0.69 

Wel,y [m3] 1.07 

Wpl,z [m3] 1.12 

Wpl,y [m3] 1.77 

Iz [m4] 2.93 

Iy [m4] 7.09 

ρz [m] 2.25 

ρy [m] 3.49 

 

(a)

(b)
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Figure 4.9-4: Global FE modelling of the Cadore bridge:  

structural scheme and assumed fatigue loads as per FLM4. 
 

In order to perform MLAs, influence lines in performance-governing sections S (e.g., midspan segment, 

deck-to-pier connection, pier base joint, etc.) were derived. For this purpose, vertical unitary forces FY = 1 

were considered as moving entities on a path coinciding with the roadway profile. Subsequently normal 

stress histories σ(t) (oscillograms) were derived based on the combined effect of bending moments and axial 

forces. This enabled the derivation of equivalent stress ranges Δσeq (fatigue demand) via the Rainflow 

method. In this regard, it is worth mentioning that a “medium distance” composition of traffic was assumed 

for FLM4-based calculations (see Figure 4.9-4). As for the total number of heavy trucks per year (average 

yearly traffic AYT), n = 500000 vehicles/year was assumed in compliance with NTC2018, Tab. 5.1.X, i.e., 

considering a moderate flow of heavy trucks due to the presence of a single slow lane per travel direction. 

An example of oscillograms (i.e., referred to deck section F-F’) is shown in Figure 4.9-5. 
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Figure 4.9-5: NTC2018-compliant stress oscillograms for deck section F-F’. 

4.9.5 Considerations about spatial development of corrosion in Cadore bridge 

As stated previously, all plates and members of the Cadore bridge viaduct are made of weathering steel. 

This choice, in principle, results in a superior corrosion performance of the structure due to the well-known 

process of formation of a protective (passivated) layer on exposed surfaces. Nevertheless, as reported in 

scientific literature, in presence of multiple factors such as i) persistent moisture, ii) reduced ventilation and 

iii) insufficient maintenance, even weathering steel components can deteriorate due to material loss. For the 

relevant case of Cadore bridge, these condition can potentially occur due to the peculiar configurations of 

cross-sections, i.e., closed boxes in which internal ventilation is limited and meteoric water can leak in from 

continuity joints and stagnate on the bottom. As a result, localized corrosive phenomena could potentially 

occur on deck lower flanges (see Figure 4.9-6).  

 
Figure 4.9-6: Assumed spatial development of corrosion for Cadore Bridge (Section F-F’). 

To this end, it is noteworthy reporting that even very large levels of local corrosion on the lower flange plate 

would still only result in very moderate “global” corrosion level. This condition justifies the assumption of 

neglecting any global stiffness reduction due to corrosive phenomena. 

4.9.6 Local FE modelling of POC2 Cadore bridge 

Local FE modelling of  Cadore bridge was developed in ABAQUS 2017 environment (see  Figure 4.9-7). 
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In order to balance computational effort and analyses accuracy, only a segment of the open-stiffened lower 

flange was modelled, i.e., the portion enclosed among two consecutive stiffeners (half IPE 240 segments) 

being welded to the 300 × 10 mm transverse plates. The peculiar 120 × 20 mm  cutout below the IPE flange 

was also explicitly modelled to accurately detect stress concentrations, i.e., in compliance with 

recommendations from the European Technical Document CEN/TS 1993-1-901. In order to equivalently 

restore the structural continuity, the rear part of the transverse plate was assumed to be fixed (UX,Y,Z = RX,Y,Z 

= 0), while periodicity boundary conditions (BCs) were introduced on both sides (UZ = RX = RY = 0). Due 

to the small size of the considered detail with respect to global cross-section dimensions, uniform tension 

was assumed to act on the detail. 

 

Figure 4.9-7: Local FE modelling of Cadore bridge for SED calculations. 

  

Results of local FE analyses are depicted in Figure 4.9-8 for a pristine detail (Figure 4.9-8a) and a worn 

detail (Figure 4.9-8b). As expected, most severe stress concentration always occur nearby the flange-to-

cutout weld toe, around which the SED-related control volume (R0 = 0.28 mm) was hence identified. 

Notably, a local reduction of the lower flange cross-section of 10% results in a +10%, +4% and +22% 

increase of maximum principal stress, peak strain energy density and averaged strain energy density, 

respectively. 

 

 
a) 

CROSS-SECTION  

PROPERTIES: A-A’ 

A [m2] 0.58 

Wel,z [m3] 0.69 

Wel,y [m3] 1.07 

Wpl,z [m3] 1.12 

Wpl,y [m3] 1.77 

Iz [m4] 2.93 

Iy [m4] 7.09 

ρz [m] 2.25 

ρy [m] 3.49 

 

Periodicity BC

Fixed Restraint

Applied Pressure (Δσ = 1 N/mm2)

Z X

Y

Δσ = 1 N/mm2 – Pristine

Δσ = 1 N/mm2 – η = 10%
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b) 

Figure 4.9-8: Results of local FE analyses: distribution of maximum principal stresses and strain 
energy density for a) pristine detail (η = 0%), b) worn detail (η = 10%). 

4.9.7 Fragility estimation of Cadore bridge 

On the basis of the above MS-FE analyses, fragility estimation as per §4.8.1 and §4.8.2 has been carried out.  

For instance, nTOT = 200 scenarios were considered, i.e., assuming a variation of n in the range [1/6; 6] as 

suggested in Guo et al., 2019. With reference to IM values, ηMAX in the range [0%; 50%] was investigated, 

i.e., with the relevant mass loss being referred to the lone lower flange cross-section. 

Relevant results are depicted in Figure 4.9-9 in terms of a) trend of key analysis parameters (i.e., nfail for the 

frequentist approach and Davg,ln; σD,ln for the distribution-based approach) and b) resulting fragility curves. 

It can be easily observed how the frequentist approach yields a sharp increase of nfail for ηMAX > 25%, with 

an increase rate of about ≈17 failure cases per 1% increment of corrosion degree until ηMAX = 30%. 

Subsequently, a stabilization is observed in the range ηMAX = 30-40% before nfail becomes equal to nTOT for 

ηMAX = 47%. 

In a similar fashion, the distribution-based approach depicts a clear linear trend of Davg,ln for increasing 

values of ηMAX. Most notably, the average value of ln D approaches 0 (→ D = 1 → failure threshold) for 

similar values of ηMAX (≈32%) with respect to the frequentist approach. Moreover, a clear heteroskedasticity 

of results is observed, i.e., with results being far more scattered as the maximum corrosion degree increases 

(σD,ln,10% = 0.33, σD,ln,20% = 0.59, σD,ln,30% = 0.76). 
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b) 

Figure 4.9-9: Fragility assessment of Cadore Bridge: a) relevant parameters for the frequentist 
and distribution-based approach and b) resulting fragility curves. 

Consistently, corrosion fatigue fragility curves are almost null for ηMAX < 25%, and hence they sharply 

increase. Significantly, the frequentist approach proves to be more severe, i.e., with a median value of ηMAX 

(i.e., associated with PF = 0.5) of ≈ 33%, while ηMAX,MEDIAN ≈ 43% is achieved according to the distribution-

based approach. 

4.10 Conclusions 

In this Section, the proposed methodology for MS-FEM of steel/composite bridges affected by fatigue and 

degradation phenomena has been used to estimate structural fragility. 

To this regard, two different approaches, i.e., a frequency-based and distribution-based one, have been 

proposed and applied with reference to a representative case study, i.e., the Cadore Bridge belonging to the 

POC2 SS51 Alemagna developed within the EP RETURN Project. 

Accordingly, thorough geometric reconstruction of the bridge was first carried out based on information 

provided by the bridge manager and found in literature. Subsequently, global FEM was developed in 

SAP2000 environment, i.e., using 1D frame elements accounting for the variation of cross-section properties 

along critical cross-section of the bridges. Subsequently, refined local FEMs were developed in ABAQUS 

2017 environment to evaluate the energy-based fatigue demand on critical welded details. 

MS-FEM of Cadore bridge enabled the estimation of the damage matrix, and relevant fragility curves were 

hence derived. Remarkably, similar median values of “critical” corrosion (i.e., in the range 30-40% in terms 

of mass loss of the lower flange) were derived in both cases, i.e., providing a first significant application of 

proposed methodologies. 
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5. Physics-based models, surrogate models and experimental 

assessment of the vehicle-bridge interaction in braking 

conditions 

5.1 Introduction 

Braking is a common excitation source for roadway bridges. Previous studies have shown that it can be a 

dynamic loading scenario more severe than the one originated by a vehicle moving at constant speed. The 

effects of braking on bridge dynamics can be conveniently measured using the so-called impact factor, which 

expresses the ratio between the maximum bridge response (e.g., displacement) under braking conditions and 

the value corresponding to a vehicle that moves with constant speed. Dynamic effects due to braking often lead 

to impact factors larger than one, which can also exceed those prescribed in bridge design codes. This is 

especially evident if the vehicle brakes almost instantaneously in the first half-span of the bridge. Compared to 

a vehicle moving at constant velocity, it has been found that braking can amplify the bridge response by 30% 

and more. The effects attributable to braking can be further amplified in curved bridges.  

The comprehensive numerical simulation of vehicle dynamics under braking would require a multiphysics 

approach. In this sense, Guner et al. (2004) carried out a thermodynamic analysis of the braking effect while 

Broniszewski et al. (2019) estimated the influence of the vehicle aerodynamics on the braking length. Although 

these studies provide relevant information about vehicle dynamics under variable speed, their computational 

effort is too prohibitive for bridge assessment applications. For the sake of simplicity, therefore, most of the 

available studies implement somewhat similar and less sophisticated dynamic models. In doing so, a hard 

braking condition is typically assumed and the inherent nonstationary random process attributable to the road 

roughness is not considered. This modelling approach is meant at maximizing the dynamic response of the 

bridge under traffic load. Nonetheless, neither stationary road roughness nor a hard braking condition can often 

simulate the actual bridge dynamics. Hence, it is evident that a quantitative comparison among modelling 

strategies with different levels of sophistication is needed for the proper assessment of all the phenomena and 

variables involved in the vehicle-bridge dynamic interaction under braking conditions. This is the essential 

premise for using any model with the right confidence level in bridge assessment. Vehicle-bridge dynamic 

modelling is also relevant for the studies that investigate the feasibility of drive-by identification techniques 

(Cheema et al. 2022, Mokalled et al. 2022) as well as the structural health monitoring of bridges based on the 

response of the vehicles (Li et al. 2022) or using traffic-induced energy harvesting devices (Cahill et al. 2016). 

Indeed, the realistic simulation of the bridge dynamics under the passage of vehicles calls for the proper 

consideration of the road roughness (Yang and Sun 2020). In this regard, most of the previous studies do not 

account for the nonstationary random excitation that arises when the bridge is crossed by vehicles moving at 

variable speed (Chompooming and Yener 1995), or the nonstationary random response of the system is 

approximated assuming a stationary stochastic process in the time domain (Ju and Lin 2007). Nonetheless, road 

roughness can generally be simulated as a stationary random process in the space domain provided that the 

vehicle moves with a constant speed only. In such cases, the tire response induced by road roughness is a 

stationary random process in the time domain. Conversely, when a vehicle moves at variable speed, the tire 

response induced by the road roughness is essentially a nonstationary random process in the time domain 

(Zhang et al. 2002). A few approaches have been developed so far to analyze nonstationary random vibrations 

due to a vehicle subjected to acceleration or braking. A state-space formulation has been originally proposed 

for simulating the nonstationary response of a vehicle that travels on a homogeneous rough road. Herein, 

vehicle dynamics is modelled via linear ordinary differential equations in the time domain. In contrast, a 

differential equation models the excitation process of rough roads in the spatial domain. Furthermore, Sasidhar 
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and Talukdar (2003) use Monte Carlo simulations to reproduce the actual rough deck profile. For the sake of 

completeness, it is highlighted that most studies assume perfect contact between the wheel and the road surface, 

but there are a few recent attempts that also account for the wheel separation (Zhang et al. 2018). Azimi et al. 

(2013) and Yu et al. (2018) showed that road roughness can have a significant effect on the vertical responses 

of the bridge, but it has limited influence on the longitudinal reaction forces at the hinged supports. The 

negligible effect of braking on longitudinal acceleration is also confirmed in other studies (Gao et al. 2022). 

Vehicle modelling also plays an important role when studying the effects of braking on bridge dynamics. A 

large variety of vehicle models has been proposed so far, spanning from quarter-vehicle models to two-

dimensional and three-dimensional models. Regarding the analysis of the bridge response under moving 

vehicles, there are two main strategies. The simplest approach assumes that vehicle dynamics do not affect the 

bridge response. Such an approach is widely used in engineering practice due to its easy implementation, 

reduced computational cost (Zhu and Law 2015), and robustness against numerical instability (Deng et al. 

2015). Hence, the vehicle-bridge system is divided into two subsystems, so as the corresponding dynamic 

equations are solved separately using an iterative procedure. However, the assumption of uncoupled vehicle-

bridge dynamics cannot always be accepted. Therefore, more refined strategies to solve the coupled dynamical 

system have been also proposed. For example, Henchi et al. (1998) solve the coupled equations of motion by 

means of the central difference method while Yang and Lin (1995) develop a vehicle-bridge interaction 

element. Finally, it is important to recall that, since the response of the vehicle tires is a random process, the 

effects of braking conditions should be investigated on a statistical basis. Despite this evidence, only 

deterministic analyses are reported within the current literature. 

Regardless of their fidelity level, all existing models about the vehicle-bridge dynamic interaction in braking 

conditions are derived on a physical basis and call for the solution of some differential equations. Regrettably, 

the associated computational effort is an issue for several practical applications where the governing equations 

must be solved several times (e.g., scenario and vulnerability analysis). This issue has recently motivated the 

exploitation of data-driven approaches for developing efficient, yet accurate, surrogate models. For instance, 

Ni et al. (2021) develop a Kriging surrogate model for the reliability-based design of bridges taking into account 

the vehicle-bridge interaction. Such a study has the merit of being the only one that explores the use of surrogate 

models for addressing vehicle-bridge interaction problems, but it neglects the braking effects. 

Within this framework, the present work aims at providing new insights into the dynamic vehicle-bridge 

interaction in braking conditions. In this perspective, an extensive numerical investigation is first performed 

by means of both physics-based models and surrogate models. On the one hand, the critical examination of the 

obtained results reveals some effects of the vehicle-bridge interaction in the braking conditions that were not 

pointed out previously. On the other hand, it is demonstrated for the first time that surrogate models are able 

to capture the complex dynamics of the vehicle-bridge interaction in braking conditions. The present study 

concludes with an experimental investigation that aims at evaluating the accuracy of the considered numerical 

(physics-based and surrogate) models. 

5.2 Numerical modeling 

5.2.1 Dynamic analysis of the vehicle-bridge interaction in braking conditions 

Braking often constitutes a more critical scenario for bridge dynamics as compared to a vehicle moving at a 

constant speed. The peculiar dynamics induced by braking depend on the concurrent effects of three relevant 

factors.  
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¶ Road roughness. If a vehicle moves at a variable speed, then the roughness level of the road is also 

variable and depends on the vehicle’s speed impacting the road asperities. Therefore, road roughness 

cannot be accurately represented in such cases through a stationary random process. Conversely, it 

acts as a nonstationary random process for vehicle dynamics. While a nonstationary random process 

can simulate the reduction of the frequency content in the excitation due to the lowering of vehicle 

speed, a stationary random process always reflects a constant velocity condition, even if the vehicle is 

braking. 

¶ Inertial effects. When the vehicle moves at a constant speed, the bouncing and pitching of the vehicle 

are uncoupled. In the case of braking, a horizontal inertial force applied to the vehicle’s centroid 

couples bouncing and pitching. This contributes to amplifying the excitation level and thus can 

increase the dynamic response of the bridge.  

¶ Braking friction. Braking cannot be realistically considered an instantaneous phenomenon. This 

implies that a finite, non-zero braking length is always needed in order to reduce the speed of the 

vehicle until it stops. This phenomenon is governed by dynamic friction forces that originate between 

the tires and the road. These horizontal forces represent an eccentric axial load for the bridge and can 

amplify its dynamic response. 

The displacement impact factor IF is commonly considered in order to quantify the effects of braking on bridge 

dynamics under traffic loads. It is defined as follows: 

)&=
ύȟ

ύȟ
ȟ   (5.2-1) 

where ύȟ  and ύȟ  are the maximum bridge deflection under braking conditions and the value 

corresponding to a vehicle that moves at a constant speed, respectively. Although the realistic analysis of the 

vehicle–bridge dynamic interaction should account for all these factors, several studies are based on similar 

models that take into account a limited set of them. The lack of comparative studies among different modelling 

approaches, in turn, does not allow us to understand the effects of all the assumptions and parameters involved. 

The critical examination of alternative modelling approaches accounting for their complexity and accuracy, as 

well as the associated computational cost, are also crucial towards practical applications, such as sensitivity 

and reliability analyses. Hence, two classes of modelling approaches are herein considered to investigate the 

dynamics of the vehicle–bridge interaction in braking conditions. The first class of approaches encompasses 

physics-based models (i.e., models ruled by dynamic laws). Specifically, six models characterized by different 

levels of complexity and accuracy are considered. They are listed in Table 5.2-1 together with the 

corresponding assumptions. 

Table 5.2-1 – Physics-based models of the vehicle-bridge interaction in braking conditions. 

Model label IF label 

Model assumptions 

Roughness 
Vehicle  

model 

Inertial 

effects 

Braking 

friction 

1dof-hb-st )&ȟ ȟ  Stationary 1-degree-of-freedom No No 

1dof-hb-st )&ȟȟ  Stationary 1-degree-of-freedom No Yes 

1dof-sb-nst )&ȟȟ  Nonstationary 1-degree-of-freedom No Yes 

2dof-hb-st )&ȟ ȟ  Stationary 2-degree-of-freedom Yes No 

2dof-sb-st )&ȟȟ  Stationary 2-degree-of-freedom Yes Yes 

2dof-sb-nst )&ȟȟ  Nonstationary 2-degree-of-freedom Yes Yes 
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The synoptic scheme in Figure 5.2-1 resumes the assumptions underlying the estimation of the IF according 

to the considered physics-based models. 

 
Figure 5.2-1 – Synoptic scheme that resumes the assumptions underlying the estimation of the IF 

according to the considered physics-based models. 

Since these physics-based models are ruled by differential equations, their use can require a tremendous 

computational effort if they must be solved many times. Surrogate models (also known as metamodels) can 

provide a convenient way to cope with the computational burden required by these applications. In this context, 

the basic idea is to develop a data-driven approximation of the vehicle-bridge interaction in breaking conditions 

that is more efficient to execute, in such a way to obtain a direct estimate of the desired output starting from a 

set of relevant parameters. The development of surrogate models requires discovering the correct function that 

fits the data and the appropriate numeric coefficients of the function. Machine learning techniques have proven 

especially suitable to deal with this task in several scientific fields. Therefore, their feasibility in approximating 

the dynamics of the vehicle–bridge interaction under braking conditions is investigated here. Specifically, the 

following two supervised machine learning techniques are considered (Quaranta et al. 2020). 

¶ Neural network. The elaboration of the data-driven model for the vehicle–bridge dynamic interaction 

leverages the well-known capability of neural networks as universal function approximators. 

¶ Genetic programming. Evolutionary computing is exploited to look for a proper model function in 

symbolic form, which approximates as best as possible the desired output. 

Neural networks usually provide data-driven models that are more accurate than those carried out using genetic 

programming. However, depending on the neural network’s complexity, it may be hard to write down the 

corresponding final model function as a compact symbolic expression. Genetic programming sometimes leads 

to less accurate predictions than neural networks, but it provides a symbolic function that can be conveniently 

employed in practice. 

5.2.2 Physics-based vehicle-bridge dynamic modelling 

Figure 5.2-2 and Figure 5.2-3 shows a vehicle represented as one-degree-of-freedom and two-degrees-of-

freedom oscillator, respectively, moving on a bridge (represented as a pinned-pinned beam). 
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Figure 5.2-2 – Single degrees-of-freedom vehicle model moving on a pinned-pinned beam-type 

bridge model. 

 
Figure 5.2-3 – Two degrees-of-freedom vehicle model moving on a pinned-pinned beam-type 

bridge model. 

Taking the two-degrees-of-freedom vehicle mode as reference, translation and rotational dynamic equilibrium 

equations of the vehicle mass can be written as follows: 
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The bridge is modelled as a linear elastic Euler–Bernoulli beam with constant mass per unit length and constant 

bending stiffness. The continuous vertical displacement of the bridge is governed by the following partial 

differential equation: 
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All the equations ruling the vehicle–bridge interaction can be written in matrix form by discretizing the beam 

span into ὲ degrees-of-freedom and ὔ elements whose length is Ўὼ. The spatial discretization is performed 

using the finite difference method. For more details, the interested reader is referred to the work by Aloisio et 

al. (2023).  

5.2.3 Machine-learning-aided surrogate vehicle-bridge dynamic modelling 

The development of surrogate models for predicting the bridge response via neural networks and genetic 

programming is now addressed. It is understood that both these machine learning techniques must undergo a 

proper training stage, which also defines the application of the corresponding surrogate models against new 

data. The training dataset can be obtained using any one of the considered physics-based models. The accuracy 

of the predictive capability of the resulting surrogate models is then corroborated by considering a validation 

dataset (i.e., new data that was not included in the training dataset). A multi-layer feedforward artificial neural 

network is herein investigated. Optimizing the artificial neural network layout is critical in maximizing its 

accuracy level and its predictive capability against new data. Among the different strategies proposed to 

optimize the artificial neural network layout, a genetic-algorithm-based approach has been adopted in the 

present work. The general procedure is outlined in Figure 5.2-4. The genetic algorithm is designed to optimize 

the number of hidden layers, the number of artificial neurons for each hidden layer and their activation function 

(the same activation function is assumed for all hidden artificial neurons). The activation function for the 

artificial neurons in the output layer and the training solver is assigned a priori. The chromosome encoding of 

the candidate solution consists of two parts. The length of the first part is equal to the assigned maximum 

number of hidden layers. Herein, an integer variable identifies the number of hidden layers and hidden artificial 

neurons: the number of non-zero elements in this chromosome segment defines the number of hidden layers, 

whereas the corresponding values identify the number of hidden artificial neurons for each layer. The last 

element of the chromosome encodes the activation function for the hidden artificial neurons using another 

integer number. An artificial neural network is thus built for each chromosome, which is next trained by the 

selected training solver. The genetic algorithm optimizes the layout of the net in an attempt to maximize its 

accuracy, which is quantified by evaluating the root mean squared error function against the training dataset.  

The search for the symbolic form of the best model function via genetic programming is performed by adopting 

a tree-based representation of the candidate solutions. The initial population is obtained according to the 

ramped half-and-half method. This initial population is then manipulated iteratively by applying standard 

genetic operators. The following combination of genetic operators is implemented throughout the iterative 

procedure, namely tournament selection, subtree crossover, point mutation, and reproduction. Common 

arithmetic, logarithmic, exponential and power operators are selected as candidates for the model formulation. 

One of the most critical issues in implementing genetic programming algorithms is the uncontrolled growth of 

the model complexity. This phenomenon is also known as bloat and identifies an excessive growth of the 

model complexity that leads to a small increment of the model accuracy over the training dataset. In contrast, 
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it often goes with a significant worsening of the predictive capability against new data. Out of the available 

approaches to cope with bloat in genetic programming, the strategy implemented in the present work assumes 

model accuracy and model complexity as conflicting criteria following Ekart and Nemeth (2001). 

 
Figure 5.2-4 – Genetic-algorithm-based optimization of the artificial neural network architecture. 

5.3 Numerical and experimental applications 

An existing bridge is considered as case study for the following numerical and experimental investigations. It 

is a simply supported pre-stressed concrete girder bridge belonging to the Italian motorway network. The cross-

section has a trapezoidal shape and is 2.3 m high, with two cantilevered wings 3.85 m wide, which are pre-

stressed by bonded post-tensioned tendons. A pair of piers, whose center distance is about 40 m, sustains each 

bridge span. This bridge has been selected as a case study since it can be considered representative of medium-

span prestressed concrete girders of the Italian motorway network. 

Numerical investigations have been performed by varying randomly the road roughness in each simulation. 

Three roughness classes are considered according to ISO 8608 specifications.  Attention is paid on road and 

vehicle parameters that might influence the vehicle-bridge dynamic interaction in braking conditions according 
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to the current state-of-the-art. The parameters selected for the following numerical investigations together with 

their ranges of variation reflect the usual variability of road and vehicle characteristics. Particularly, viscous 

damping coefficient of the vehicle and friction coefficient values are based on existing literature. 

Experimental tests have also been performed to corroborate the accuracy of the numerical predictions. The 

dynamic bridge deflection of the bridge under the applied dynamic load has been measured using a laser sensor. 

The portable equipment installed for the dynamic measurement of the bridge displacements is shown in Figure 

5.3-1. It consists of an easel supporting a laser sensor (Microepsilon optoNCDT 1420). The sampling rate was 

1000 Hz. The C-Box/2 A controller (Micro-epsilon) digitizes the signal, which is then acquired through a 

personal computer using an Ethernet cable. A lead–acid battery provides power to the laser sensor, the 

controller and the personal computer. 

 

Figure 5.3-1 – Some views of the bridge under investigation from the road level (a) and from 
beneath the deck (b), where it is also possible to note the equipment that was installed to 
measure the deflection under the applied dynamic load.. 

5.3.1 Monte Carlo simulations 

Monte Carlo simulations are conducted to evaluate the statistics of the IF calculated according to the considered 

physics-based models. These simulations are accomplished by sampling the numerical values of vehicle and 

road parameters through the Latin hypercube technique.  lists the statistics of the IF estimates obtained using 

the considered models. On the one hand, this statistical analysis confirms some well-established results. 

¶ Hard braking is the most severe dynamic loading scenario for the bridge on average since the 

corresponding mean values of the IF are larger than one. For such braking conditions, the use of a two 

degrees-of-freedom vehicle model leads to mean IF values slightly larger than those obtained by means 

of a single degree-of-freedom vehicle model because the latter does not account for the inertial effects 

due to pitching. 

¶ If the friction forces manifesting in the braking length are considered, then a nonstationary road 

roughness model leads to mean IF values slightly larger than those obtained under the assumption of a 

stationary road roughness model. This result does not depend on the vehicle model and is attributable 

to the fact that a nonstationary roughness model yields effects at frequencies closer to those of the 

bridge. 

On the other hand, this statistical analysis also highlights some effects of the dynamic modelling of the vehicle-

bridge interaction that are not pointed out in the existing studies. 
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¶ The vehicle model has a different influence depending on which braking scenario is considered. In the case 

of soft braking, a single-degree-of-freedom vehicle model yields mean IF values much larger than those 

estimated using a two-degrees-of-freedom model, given the road roughness. This heavily contrasts with 

what has been just observed in case of hard braking and may appear counter-intuitive. Ultimately, it implies 

that pitching motion can be negligible in the case of soft braking if the vehicle is approximated with a 

concentrated mass (i.e., the effect of the lumped mass in the single-degree-of-freedom vehicle model can 

dominate the contribution due to pitching-induced inertial effects arising in the two degrees-of-freedom 

vehicle model during soft braking). 

¶ The mean value of the IF is almost constant or can slightly reduce as the road roughness level increases. 

Ultimately, this implies that the contribution to the total bridge displacement attributable to the road 

roughness under the passage of a vehicle travelling at a constant speed over the entire span can compensate 

or dominate the dynamic amplification generated by braking as the road roughness level increases. 

¶ The dispersion of the IF values largely depends on which braking conditions and vehicle model is 

considered. The CoV of the IF values corresponding to hard braking conditions is much lower than those 

obtained under soft braking conditions. Notably, the most severe estimates of the IF in terms of the mean 

value (corresponding to hard braking condition) are associated with lower dispersion. And the CoV of the 

IF values corresponding to a two-degrees-of-freedom vehicle model are significantly larger than those 

estimated considering a single-degree-of-freedom vehicle model. Another interesting finding is that an 

increment of the road roughness level corresponds to a reduction of the CoV for the IF in the case of hard 

braking conditions while it does not produce significant effects otherwise. 

Table 5.3-1 – Statistics of the IF estimates (CoV: coefficient of variation). 

Parameters Roughness )&ȟ ȟ  )&ȟȟ  )&ȟȟ  )&ȟ ȟ  )&ȟȟ  )&ȟȟ  

Mean 

Class A 

1.048714 0.663515 0.700208 1.053947 0.527481 0.532239 

Variance 0.004231 0.039081 0.048095 0.021834 0.063127 0.064687 

CoV 0.062026 0.297944 0.313202 0.140201 0.476322 0.47786 

Mean 

Class B 

1.011531 0.669867 0.673822 1.038816 0.530142 0.530422 

Variance 0.000258 0.038312 0.039582 0.004709 0.062202 0.062297 

CoV 0.015892 0.292199 0.29526 0.066057 0.470446 0.470556 

Mean 

Class C 

1.011531 0.669867 0.673822 1.038816 0.530142 0.530422 

Variance 0.000258 0.038312 0.039582 0.004709 0.062202 0.062297 

CoV 0.015892 0.292199 0.29526 0.066057 0.470446 0.470556 

5.3.2 Experimental validation 

An experimental investigation has been finally performed to evaluate the accuracy of the numerical predictions. 

Dynamic tests have been carried out for the considered case study by employing a two-axes vehicle. A single 

bridge span is considered in experimental tests. It is pointed out that vehicle model parameters in Table 7 are 

retrieved from the available technical documentation expect for vehicle frequencies and viscous damping 

coefficient, which have been estimated through dynamic tests. Regrettably, it was not possible to evaluate the 

roughness of the road profile. Therefore, it is assumed a road roughness level corresponds to class A since the 

bridge belongs to a motorway network. Experimental values and numerical predictions of the IF are compared 

in Figure 5.3-2. As regards the numerical predictions of the IF through the physics-based model, mean and 

confidence bounds are estimated from the set of 2,000 random simulations. Conversely, the estimates of the IF 

obtained from surrogate models should be considered as nominal values.  
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Figure 5.3-2 – Variation of IF as a function of the vehicle velocity: confidence bounds estimated 
using the physics-based model, nominal values carried out through surrogate modelling, and 
experimental data. 

In agreement with Deng and Wang (2015), the experimental values in Figure 5.3-2 demonstrate that the IF can 

be close to or larger than 1.3, even under good road surface conditions. Figure 5.3-2 also shows that 

experimental values of the IF fall within the confidence bounds estimated by using the physics-based model of 

the dynamic vehicle–bridge interaction. A general overview of the results confirms that physics-based models 

and surrogate models are both able to predict accurately the IF. 
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6. Data-driven numerical modeling of water infrastructure 

6.1 Introduction 

Water infrastructures systems intrinsically recall the systemic nature being defined as the set of elements 

distinct in terms of properties and functions, mutually interconnected, interacting with each other and with the 

external environment, to allow the collection, adduction, purification and distribution of water resources; they 

react or evolve as a whole connected to the environmental, economic and social context in a bidirectional way. 

This definition is consistent with the identification of water systems as critical infrastructures because of their 

impact on the socio-economic context of the environment in which they develop (Mohammed et al., 2022). As 

regards drinking water distribution systems, the progressive extension of the networks is superimposable to 

urban expansion, often sharing the lack of a harmonious project in their development (Agathokleous et al., 

2017). The growing territorial extension of the water distribution systems has shown the need for a regulation 

of water services to harmonize the economic-financial goals with the general objectives of social nature, 

environmental protection and efficient use of resources. A significant route could therefore be one that allows 

promoting the investments needed to address a specific criticality, such as water losses or continuity of the 

water service, and the planning of interventions that enhance the overall increase in the resilience of water 

distribution systems, also including the quality of water from the withdrawal from the environment to the users. 

Data-driven numerical modeling uses information about the infrastructure and the monitoring of hydraulic 

parameters, water consumption and water quality. If overall assessments of the impact of environmental 

changes are introduced, including those related to climate and the economic and social context, numerical 

modeling can provide indications from the overall to the local, both in terms of impact understood as the 

criticality that is generated, and in terms of efficiency of actions that can be implemented at a structural, 

managerial level or intended to impact on water demand. Numerical modelling can therefore support the 

process of identifying interventions, allowing the creation of scenarios and the evaluation of impacts; in fact, 

planning and design are intrinsically multi-criteria and multi-phase (Cunha et al., 2019). The approach 

consequently requires considering the uncertainty of the boundary conditions and being dynamic, incremental 

and adaptive. Also, acute challenges such as cyber-attacks and extreme weather events, together with future 

pressures, such as climate change, population growth, and economic and social change, may increase in 

intensity and unpredictability (Ofwat, 2017). The impact of technological advances in the possibilities of 

monitoring and data transmission allows to have useful information to describe the infrastructural and 

operational status of water distribution systems, as well as to understand the impact of management choices. 

6.2 Main features of the proposed methodology 

Urban areas, by virtue of the concentration of population and human activities, represent particularly critical 

contexts. Ofwat (2015) propose a non-exhaustive map of the interdependencies between water infrastructure 

and the environmental, social and economic context (Figure 6.2-1). Future scenarios must therefore be linked 

to the evolution of domestic water needs and industrial and agricultural activities. Furthermore, the 

characterization of users, facilitated by the installation of smart meters, can allow the subsequent transition to 

georeferenced scenarios of water needs. The availability of digital models of the water infrastructure, at the 

georeferenced graph and hydraulic model level, can help in defining critical scenarios that consider 

interdependencies (Aljadhai S. & Abraham, 2018) and therefore in the implementation of intervention and 

mitigation measures (Figure 6.2-2). Data-driven numerical modeling includes multiple dimensions, closely 

connected due to the systemic nature of the water distribution networks: topological dimension, that can be 

addressed based on graph theory; structural dimension, with models representing the state of degradation of 
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the infrastructure; hydraulic dimension, reproduced by means models that represent the fluid motion; 

environmental dimension, based on the representation of boundary conditions; social and economic dimension, 

based on models representing water demand by quantifying current and future needs. The proposed 

methodology aims to connect the different dimensions of modeling by communicating data and models for an 

approach oriented to an analysis and therefore to a global vision of water distribution systems. 

 

Figure 6.2-1 – Map of interdependencies between water infrastructure and the environmental, 
social and economic context (Ofwat, 2015). 

 

 

Figure 6.2-2 – Framework components and tools used (Aljadhai et al., 2018). 

6.2.1 Topological dimension in numerical modeling 

Water Distribution Systems (WDS) can be modeled in the topological dimension as complex graphs whose 

development took place in successive stages. Porse E. & Lund J. (2016) use graph theory to characterize a 

network and identify the connectivity as a measure of resilience from the infrastructure point of view. If the 

network as a whole is seen as a connected graph, each edge has a different importance within the real system. 

The concept of a subset of continuously connected pipes mainly dedicated to transport water from the sources 

to the pipes instead dedicated to supply users is consolidated, but in large looped WDN the identification of 
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this subset is not uniquely determined. A part of literature is indeed dedicated to the degree of importance of 

each pipeline, often measured on the impact in terms of hydraulic operation and satisfaction of water 

consumption that an interruption of its flow could cause. Identifying the main connections between water 

production, processing and distribution sites can give a clearer comprehension of their structure, importance 

and criticality (Fortini et al., 2014). If in a completely open WDN, this distinction between pipes mainly 

dedicated to transport water and pipes instead dedicated to supply users has lost importance, it becomes a key 

aspect in a sectorization design. An approach to determine the pipes mainly dedicated to transport water is 

presented by Brentan et al. (2018) in which they define the trunk main through a process based on the shortest-

path concept derived from graph theory associated to the flow in each pipe. Several general criteria distinguish 

the trunk network from the distribution network, such as diameters, connections, and locations. In general, the 

connection to the trunk network is restricted to medium-diameter and large-diameter pipes. Ferrari et al. (2014) 

identify water transmission mains as the series of connected pipes having a diameter equal to or greater than a 

threshold used to extend and convey water between sources, such as storage facilities, external water supply 

networks, wells, springs. Thus, the distinction made in the definition of transmission mains and distribution 

mains is a function of the size of the water system itself. The concept of pipes mainly dedicated to transport 

water in the sectorization of WDN is also considered in Liu and Lansey (2020), in which the feed pipes are 

determined as first phase of a multiphase approach to design a defined number of sectors. Identification of the 

trunk network is not a trivial matter as it determines to some extent the final partition of WDN and thus the 

implementation of sectors costs and the hydraulic performance of the sectorized WDN (Herrera et al., 2016; 

Zhang et al., 2019, 2021). These main pipes refer to the pipes that have large diameters and transport a large 

amount of water. Each branch pipe on the main pipes can be considered as a possible outset of the sectors in 

design and the water is supplied from the main pipes to sectors through the branch pipes (Zhang et al., 2019). 

In Diao et al. (2016), the WDS is decomposed into a twin-hierarchy pipeline structure consisting of backbone 

mains and community feeders. The backbone mains refer to all the most critical paths forming the backbone 

network of the system. For instance, trunks connecting critical infrastructures, e.g., reservoirs, tanks, and pump 

stations, thus changes of any backbone mains will have significant impacts on the whole system’s water supply 

(e.g., water demand supplied, pressure, energy consumption). Graph theory and standard graph metrics of 

betweenness centrality (Freeman, 1977) and connectivity were adapted to account for connectivity to supply 

points in the system by Giustolisi et al. (2019) and Chen et al. (2021). This approach to define pipeline 

criticality assessments can be used as a mirror reading in terms of importance of the pipes; this type of approach 

can be further refined if the hydraulic model is available (Dunn & Wilkinson, 2013; Meijer et al., 2021). 

6.2.2 Numerical modeling for Primary network analysis 

WDS is assumed to be described by means an undirected weighted graph G = (N, E) where N is the set of 

nodes and E is the set of edges. Each edge is associated with a nonnegative weight. The graph G can 

comprehend multiple edges between the same pair of nodes. The node set N includes a subset NP Ṓ N of 

primary nodes, which correspond to water resources inlet nodes, storage volumes as reservoirs or tanks, nodes 

for providing water to other WDSs or users of particular strategic importance (as hospitals, schools, military 

zones). Given the undirected weighted graph G = (N, E), the Primary Network (PN) is identified by means the 

algorithm proposed in Zingali et al. (2024) in which PN is defined as a connected sub-graph which meets some 

criteria: (i) given the strategic relevance of primary nodes, PN is request to connects the subset NP Ṓ N by 

means the minimum weighted path; (ii) PN is a non-tree subgraph to guarantee a certain degree of redundancy; 

(iii) PN must transport a proper fraction of the water consumption within its edges. The criteria (i) and (ii) are 

mainly direct to the interconnection of primary nodes; all the criteria (i), (ii) and (iii) are mostly applied to 

sustain an eventual WDS sectorization. 
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6.2.3 Structural dimension in numerical modeling 

In the modeling of the structural dimension, identifying the key factors that influence the pipe failure is a key 

task in developing reliable prediction models (Farmani et al., 2017). According to a recent review, these factors 

can be generally grouped into three types according to their attributes in WDS: physical, operational, 

environmental, social and economic (Fun et al., 2023; Taiwo et al., 2023). In Taiwo et al. (2023) and 

Forero‑Ortiz et al. (2023) a systematic review of the techniques used in modeling the failure probability of 

water pipes, including physical, statistical, machine-learning (ML)-based (Fun et al., 2023; Zali et al., 2024) 

and combined models are presented (Figure 6.2-3). In Figure 6.2-4a, a brief discussion about the frequency 

analysis of the factors that influence the failure of water pipes, which are resultantly used in developing the 

prediction models and material types used in prior investigations, are shown. 

 

Figure 6.2-3 – Prediction models for failure probability of water pipes (Taiwo et al., 2023). 

6.2.4 Hydraulic dimension in numerical modeling 

The hydraulic analysis is based on the Water Network Tool for Resilience (WNTR) that is an EPANET 

compatible Python package designed to simulate and analyze resilience of water distribution networks (Klise 

et al., 2017). The official WNTR software repository is hosted in the U.S. EPA’s GitHub organization 

(USEPA/WNTR). WNTR is a Python package, which requires Python along with several Python package 

dependencies, including NetworkX, Pandas, Matplotlib, NumPy, and SciPy. Leveraging the object-oriented 

programming capabilities of Python, WNTR easily performs many complex analyses. The primary modeling 

components in WNTR include: (1) disaster models (e.g., attenuation models to predict ground movement after 

an earthquake), (2) fragility curves used to assign the probability of damage to network components, (3) 

flexible controls to change the status and operation of network components, (4) models to estimate leaks in the 

network, (5) PDD hydraulic simulation to model the network during low pressure conditions, (6) resilience 

metrics to evaluate the effect of the disruption and repair strategies, and (7) the ability to perform Monte Carlo 

simulations. WNTR uses a PDD model proposed by Wagner et al. (1988): 
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where Ὠ is the actual demand delivered to customers (m3/s), Ὀ is the customers expected demand (m3/s), ὴ is 

the pressure (Pa), ὖ is the pressure above which the customer should receive the expected demand (Pa), and 

ὖ is the pressure below which the customers cannot receive any water (Pa). ὖ and ὖ can be defined at each 

node and can be modified by the user. The available water resource derived from abstraction from the aquifer 

was modeled with reference to the scheme shown in Figure 6.2-5. It is modeled as a reservoir with constant 

hydraulic head and infinite capacity (fixed-head element), to which a hydraulic head equal to zero was 

assigned, connected with a pump. The rule of this pump is to reproduce the dynamic behavior of the aquifer; 

it is therefore assigned a characteristic curve with a linear trend as a function of the abstracted flow rate. The 

data used to construct this curve were provided by the water utility and cross-checked with data supplied by 

ARPAE. The second pump, installed in series with the first one, represents the actual well pump and it is 

characterized by the performance curve of the installed hydraulic machine. 

  
(a)                                                                                         (b) 

Figure 6.2-4 – Descriptive statistics of the influencing factors (Taiwo et al., 2023); (b) pipe break 
dataset aggregated based on nearest distance of break point to the pipe (Fun et al., 2022). 
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Figure 6.2-5 – Well system modeling scheme. 

6.3 Case study: Parma water distribution systems 

The water distribution system (WDS) of Parma was identified as case study within the area managed by IREN 

SpA. An advanced hydraulic (physically-based) model of a real-world water supply network has been 

implemented in WNTR Python package able to perform multiple analysis. The pressure-driven model will be 

used on long-term simulation under changeable water resources and water demand scenarios. The results will 

be able to be included in the assessment of a realistic vulnerability and in the validation of possible 

interventions for the mitigation of the associated risk.  

The model is composed of 24020 nodes of which 23990 junctions, 5 tanks, and 25 reservoirs and 25052 links 

of which 18503 pipes, 6476 valves and 73 pumps. The length of the pipes is 832.7 km. The average demand 

allocated to the nodes is 612 l/s of which 68% water consumption and 32% leakage. In the model, demand 

pattern is characterized by type of user and area. The reservoirs represent suction tanks of a pumping station 

and 24 wells. In order to model the drawdown of a water table due to withdrawal depending on the pumping 

rate, the well was modeled as a reservoir with a pump that has a linear characteristic curve which at zero flow 

rate gives a head equal to the height of the water table without withdrawal and which at the maximum 

withdrawal rate gives a head corresponding to the lowering of the water table for that withdrawal. WDS in the 

modeled scenario is supplied by 13 active wells and the reservoir, that represent a suction tank of pumping 

station. There are 3 junctions in the hydraulic model, which are transfer nodes that supply other water 

distribution systems. 

6.3.1 Topological dimension: Primary Network analysis of Parma WDS 

The connection of the primary nodes of WDN (the network's resources Reservoirs and Tanks) was analyzed 

by the algorithm proposed in Zingali et al. (2024). In Figure 6.3-1 a Steiner tree was determined, which 

represents the minimum tree that connects the network's 29 primary nodes A weight were assigned at the pipes 

equal to L/D^5. The resulting Steiner tree, as shown in the figure, has a length of 48.8 km and an equivalent 

diameter (D) of 166 mm, which the weighted average of the diameters based on the length. 
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Figure 6.3-1 – Primary Network by the algorithm proposed in Zingali et al. (2024): Steiner Tree 
Network. 

6.3.2 Hydraulic dimension: WNTR analysis with the numerical model of Parma WDS 

The hydraulic model is able to simulate the dependence of the leakage on pressure. The nodes in which the 

leakage is allocated are emitter nodes with a discharge coefficient. In Figure 6.3-2 the global water balance 

results from Pressure Driven Analysis (PDA) is shown, the black line represents the total demand in the 

network (users consumption, leakage and transfer nodes), the flow in blue represents the demand withdrawn 

into the system (user consumption and leakage) or the total demand in the network minus the flow outgoing to 

other WDSs, and in red it can observe the variable trend of the leakage over the simulation time due to the 

pressure dependence. 

 

Figure 6.3-2 – WNTR PDA results: flow rate entering the system is represented in black; the 
system demand (user consumption and leakage) in blue, obtained subtracting water transfers 
to other systems; finally, leakage flow rate in red. 
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The simulation model does not identify critical pressure conditions in the simulation period, except for isolated 

cases at nodes without user demand. In Figure 6.3-3 WNTR PDA results obtained by the hydraulic model are 

presented showing the maps of maximum, average and minimum pressures and relative percentage distribution 

at the nodes of the Parma water distribution system model, respectively in (a), (b) and (c). 

6.3.3 Structural dimension in numerical model of Parma WDS 

The data were processed in the open source QGIS environment (https://www.qgis.org/), which allows to 

visualize, organize, analyze and represent spatial data. For a more in-depth analysis of the state of the water 

infrastructure, the breaks shapefile of the years 2022 and 2023 was uploaded into the QGIS project. Thanks to 

the potential of QGIS and the geo-localization of the interventions provided by IREN SpA, it was possible to 

have an overlapping view of the water distribution model of Parma with the associated interventions (Figure 

6.2-4b). The purpose of this processing is to extract from the data provided the information useful for 

conducting a study on the fragility of the network, trying to understand the main causes. Furthermore, this 

analysis creates the base for attempting to interpret the degradation phenomena and therefore can provide 

information on the priority of interventions. 

(a) 

 

(b) 
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(c) 

 

Figure 6.3-3 – WNTR PDA results: maps of maximum, average and minimum pressures and 
relative percentage distribution at the nodes of the Parma water distribution system model, 
respectively in (a), (b) and (c). 

Figure 6.3-4 shows the analyses of georeferenced breaks in the water distribution networks of Parma in the 

period 2022-2023. Table 6.3-1 shows the analysis of the breaks in the period 2022-2023 that affected the 

pipelines present in the Parma water distribution network model in relation to the material; the percentage of 

the total breaks that occurred for each material and the relative percentage in terms of length of the network 

corresponding to each material are indicated; furthermore, the average break rate (number of breaks per km in 

a year) in the observation period 2022-2023 is also indicated. Table 6.3-2 shows the analysis of the breaks in 

the period 2022-2023 that affected the pipes present in the Parma water distribution network model in relation 

to the diameter; the percentage of the total breaks that occurred for each diameter class and the relative 

percentage in terms of length of the corresponding network are indicated; furthermore, the average break rate 

(number of breaks per km in a year) in the observation period 2022-2023 is also indicated. 

  
(a)                                                                               (b)  

Figure 6.3-4 – (a) grouping of pipelines that did not suffer any breaks in the period 2022-2023 
(black line), that suffered breaks in 2022 (orange line), in 2023 (green line) or that suffered 
breaks in both years (blue line); (b) interventions on water network in 2023 based on the type: 
breaks on water pipelines (red dots) and breaks on user connections (green dots). 
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Table 6.3-1 – Water distribution network of Parma: distribution of breaks as a function of the pipe 
material. 

Material %breaks 
% relative 

length 

Rate of failure 

breaks/(km*year) 

Cast iron 28,6 9,5 0,308 

Asbestos cement 39,2 47,7 0,155 

Polyethylene 25,4 17,5 0,189 

Welded Steel 6,8 25,3 0,134 
 

 

Table 6.3-2 – Water distribution network of Parma: distribution of breaks as a function of the 
diameter. 

Diameter 

(mm) 
% relative length % breaks 

Rate of failure 

breaks/(km*year) 

D≤50 1,6% 7,9% 0,927 

50≤D<90 14,8% 50,3% 0,651 

90≤D<125 39,0% 33,3% 0,163 

125≤D<175 27,3% 3,5% 0,024 

175≤D<300 9,0% 1,3% 0,027 

D≥300 8,3% 3,8% 0,086 
 

6.4 Vulnerability assessment scenarios 

The vulnerability analysis identified realistic future criticalities that could affect the security of drinking water 

supply for the case study. The analysis of population projections did not indicate significant population growth, 

as the population balance in the absence of immigration is negative. The drinking water demand was therefore 

assumed to be stationary, and the focus was placed on water resource availability. The vulnerability of the 

supply system was analyzed by considering two types of scenarios. The first vulnerability analysis concerns 

the current conditions and assumes the unavailability of a group of wells, a scenario attributable either to 

pumping system malfunction or to the inability to use the related water resource due to quality issues. The 

second vulnerability analysis, instead, considers a future generalized lowering of the groundwater table, in 

order to assess whether the current pumping facilities are capable of compensating for this drawdown. The 

results of these scenarios, particularly those of the future scenario, should be interpreted considering that the 

operation of the water distribution network was simulated while maintaining the constraints imposed by the 

current district-based configuration. Consequently, in the future, the structure of the district-based distribution 

network could be revised to mitigate the effects induced by changes in water resource availability. 

6.4.1 Vulnerability assessment on the current scenario 

The vulnerability assessment on the current scenario concerns the unavailability of an important groups of 

wells, which at present provides an average flow rate of 91 l/s. Figure 6.4-1 illustrates a representative trend 

of the production from the well group, which is no longer available in this scenario. The capacity of the water 

system to compensate for this unavailable flow rate through a different pumping regulation was therefore 

evaluated. Furthermore Figure 6.4-2illustrates a reduction in the average pressure in the central area of the city 

compared with the current distribution. This is accompanied by an increase in the number of nodes exhibiting 
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pressures within the range of 20 to 30 m. In details, numerical results do not identify critical pressure conditions 

in the simulation period, except for isolated cases at nodes without user demand (Figure 6.4-2). 

 

Figure 6.4-1 – WNTR PDA results: representative trend of the production from the well group, which is no 

longer available in this scenario. 

 

 

 

 

Figure 6.4-2 – WNTR PDA results vulnerability assessment on the current scenario concerns the 

unavailability of an important groups of wells: maps of average pressures and relative percentage distribution 

at the nodes of the Parma water distribution system model. 

6.4.2 Vulnerability assessment on the future scenario 

The vulnerability assessment in the future scenario considers a generalized lowering of the groundwater table, 

in order to evaluate whether the current pumping stations are capable of compensating for this drawdown. 

Consequently, in the well system modeling scheme the curve representing the drawdown of the water level as 

a function of the abstracted flow rate was lowered, as illustrated in Figure 6.4-3. 
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Figure 6.4-3 – WNTR PDA model: drawdown of the dynamic groundwater level as shown in the curve, 

consistently with the well system modelling scheme shown in Figure 6.2-5. 

The results shown in Figure 6.4-4are related to an uniform drawdown of 5 m. Despite the lowering of the 

groundwater table, the current pumping system can adapt to the new conditions through a different inverter 

regulation. It should be noted that the proposed configuration is not optimal in terms of pressure control or 

well selection, but rather represents a limiting scenario designed to test whether the existing pumping facilities 

can effectively compensate for the variation assumend in this scenario. 

 

 

 

 

Figure 6.4-4 – WNTR PDA results: maps of average pressures and relative percentage distribution at the 

nodes of the Parma water distribution system model considers a future generalized lowering of the 

groundwater table equal to 5 m, in order to assess whether the current pumping facilities are capable of 

compensating for this drawdown. 
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