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Abstract 

In keeping with the requirements of the latest standards for calculating structures and bridges in Spain, EHE 2008 and EAE 2011, 
the inspection and maintenance plan developed for the "Constitución de 1812” bridge, over the Cádiz bay, includes a section 
dedicated to the inspection of cracks that can appear in the steel deck. The estimation of the critical sizes of such cracks was made 
by completing a structural integrity assessment of the bridge deck based on the BS7910 standard, obtaining a critical size of only 
6 mm in certain structural details. These crack sizes cannot be detected by visual inspection, which is in practice the inspection 
method used in bridges. Thus, an alternative methodology for the structural integrity assessment of bridges is proposed, with the 
aim of applying it to the “Constitución de 1812” bridge. The approach is based on the use of more refined (less conservative) 
calculation options according to the BS7910 standard, and on the consideration of structural redundancy criteria. 
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1. Introduction 

In accordance with standards EHE-08 [1] and EAE-11 [2], an inspection and maintenance plan was undertaken  for 
the "Constitución de 1812” bridge, over the Cádiz bay [3]. The plan included a section dedicated to the inspection of 
defects or cracks that can appear in the steel deck, and the estimation of the corresponding critical sizes. 

These sizes were defined based on a structural integrity assessment of the steel deck according to the criteria 
established by BS7910 [4]. The analysis concluded that, in a number of cases, critical crack sizes were around 6 
millimeters [5]. 

In practice, these crack sizes cannot be detected by visual inspection, which is the most commonly used method in 
this type of structures. Therefore, for the near future, alternative approaches have been recommended to analyse the 
integrity of the structure in the presence of larger defects, or to define precisely those areas where it is not possible to 
justify larger critical defects and which, thus, require more exhaustive inspections. 

This document presents, as a proposal, a methodology for a more detailed structural integrity assessment of steel 
bridges, with the aim of justifying (if  physically real) larger crack sizes (than those obtained from the first analysis 
[5] performed following BS7910 [4]) that could eventually be detected by visual inspection. 

The proposed methodology consists, on the one hand, of making a more refined calculation using BS7910 [4] and, 
on the other hand, of using structural redundancy criteria to justify that the structure operates in safe conditions even 
in the presence of visible cracks. 

The situation in which larger critical crack sizes cannot be justified is also considered. In such situations, it will be 
necessary to define the areas of the steel deck in which more detailed inspections should be completed. 

This document defines the bases of the proposed methodology and establishes the criteria considered for both the 
refined calculation with BS7910 [4] and for structural redundancy. 

2. Structural integrity assessment according to BS7910 

The structural integrity assessment of the welded joints in the "Constitución de 1812” bridge, was carried out by 
determining the size of the crack that compromises the safety of each analysed structural component [5]. For this 
purpose, the mechanical properties of the materials, the geometry of the joints and the stress state of the joints were 
taken into account. The structural integrity assessment [5] was performed using the Failure Assessment Diagram 
(FAD) methodology, defined according to Option 1 of BS7910 standard [4] (see Figure 1). 

 

 

Figure 1. Schematic showing a failure condition according to FAD methodology (BS7910 [4] Option 1). 

In the assessment, three different types of cracks were assumed: through thickness crack, semielliptical crack with 
aspect ratio of 0.1, and semielliptical crack with aspect ratio of 0.5. The initiation of fracture was analysed (no ductile 
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tearing) [4] and the mismatch effect [4] was not taken into account, hypotheses that provide (if minimum mechanical 
properties are considered) an additional safety margin against the final failure. 

In the structural integrity assessment, both the mechanical stresses acting on the structure (primary) and the residual 
stresses resulting from the welding process (secondary) were taken into account. The residual stresses proposed by BS 
7910 [4] vary according to the type of welded joint to be analysed. In addition, the self-balancing component of the 
residual stress profile (Ksb) was taken into account. 

The results obtained showed that critical crack sizes were, in a number of cases, around only 6 mm [5]. 

3. Structural redundancy 

Redundancy in structures and bridges can be defined as the ability of a structural system to support loads after 
damage or failure of one or more of its members [6]. This capacity is conditioned by the ability of the structure to 
redistribute the loads from the damaged area, either in the transverse or longitudinal direction of the bridge. 

Redundancy could be understood as an excess of what is necessary or normal, synonymous of superfluous, although 
in the context of bridge engineering, redundancy is considered a characteristic of good design [7]. 

The Federal Highway Administration (FHWA) [7] carefully analysed three types of structural redundancy in 
bridges: load path redundancy, structural redundancy and internal redundancy. In each of the types, an alternative 
mode for the transmission of the stresses in the structure is identified, which partially maintains its bearing capacity 
after the failure of some of its elements. 

Current regulations consider redundancy based on resistance modifying factors or load modifying factors. These 
factors are defined on the basis of a subjective assessment of the operational importance of the structure and of safety 
criteria. The modifying factors have been obtained for the most common structures, "typical bridges", such as 
prestressed concrete I-beam bridges, steel I-beam bridges and prestressed concrete box beam bridges. 

As indicated in the comments in section 1.3.4 of the AASHTO LRFD specifications [6], load modification factors, 
including redundancy factors, are still subject to investigation today. 

4. Methodology for the structural integrity assessment 

In order to address the problems mentioned above, a methodology is proposed for the structural integrity assessment 
of steel bridges. The objective of the methodology is to provide a reasoned justification for the safety of the structure 
in the presence of defects or cracks that can be detected during a visual inspection. 

The methodology for the structural integrity assessment can be followed in the flowchart gathered in Figure 2. 
First, the crack size that can be detected during the inspection of the structure is established. Initially it is considered 

that the inspection of the bridge will be visual and, therefore, a defect size compatible with this type of inspection is 
established. For this study, and as an initial reference, it will be assumed that the crack size that can be detected by 
visual inspection in a singular steel structure would be in the range of 10 to 20 cm. 

This will be the inspection threshold size to be considered initially in the method. In the case that the subsequent 
structural integrity analysis (following BS7910) determines that the critical crack size is smaller than the inspection 
threshold, a more accurate inspection method should be considered. 

Once the critical crack size is obtained (Ft1), it is determined whether it can be detected by visual inspection 
according to the established inspection threshold. If the critical crack is detectable, two situations can occur: the actual 
crack is larger than the critical crack or smaller than the critical crack. If the actual crack is larger than the critical 
crack (Fr>Ft1), a modified structural integrity evaluation (refinement of the calculation) will be applied to obtain a new 
critical crack size (Ft2). If the actual crack is smaller than the critical one (Fr<Ft1), a control plan or, if necessary, a 
repair plan for the crack will be established, ending the procedure. 

The structural integrity refinement is less conservative than the basic one, providing larger critical crack sizes that 
could already be detected by visual inspection. In case the refined critical crack is detectable, it is compared to the real 
crack. If the real crack is smaller than the theoretical one (Fr<Ft2), a control plan or, if applicable, a repair plan for  that 
crack is applied, concluding the procedure. If the real crack is larger (Fr>Ft2), the redundancy of the structure will be 
analysed in order to obtain a new critical crack size. In case the obtained critical crack is not detectable with the 
established visual inspection threshold, the redundancy of the structure is analysed in order to assess whether it is 
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possible to consider larger critical crack sizes (Ft3). Once again, it is necessary to check whether the critical crack 
obtained is detectable by visual inspection methods or not. 

 

 

Figure 2. Flowchart of the alternative structural integrity assessment methodology for steel bridges. 
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If it is detectable, it is compared to the real crack. If the real crack is smaller than the critical one (Fr<Ft3), a control 
plan or, if necessary, a repair plan will be applied to the crack, concluding the procedure. If the real crack is larger 
(Fr>Ft3), a repair plan is mandatory and the procedure concludes.  

Finally, if Ft3 is not detectable with the established inspection threshold, it is necessary to reduce this threshold for 
the specific structure or structural detail, thus making it possible in that case to detect cracks of smaller size. From 
there, the analysis cycle starts again. 

The different aspects that should be addressed in the refinement of the analysis are explained below. 

4.1. Modified structural integrity assessment technique 

The refinement of the structural integrity assessment is based on the specifications of BS7910, with the following 
design and testing criteria:  

 Refined FAD. 
 Real tensile properties. 
 Real fracture toughness. 
 Consideration of working temperature. 
 Detailed calculation of residual stresses.  

4.1.1. Refined FAD according to BS7910 

BS7910 [4] has three levels of analysis depending on the application and availability of material data. Option 1 is 
a conservative procedure, relatively simple to apply and does not require detailed stress-strain data for the materials 
being analysed. Option 2 is based on the use of the full stress-strain curve of the material, providing less conservative 
results. Option 3 uses numerical analysis to generate the FAD, whose Failure Assessment Line (FAL, see Figure 1) is 
specific to the material, geometry and loading type. 

The proposed methodology firstly considers the FAD defined in Option 1 and, for successive iterations the use of 
Option 2 and Option 3 FADs. As the analysis moves from Option 1 to Option 3, the final result (e.g., critical crack 
size) is more accurate and less conservative, but in contrast, the costs of the calculation and operational processes are 
higher. Options 2 and 3 are more costly to implement than Option 1, as they require specific laboratory testing and/or 
simulation.  

4.1.2. Real tensile properties 

From the inspection and maintenance point of view, and in this case, from the safety point of view, the traceability 
of the materials used in the bridge, such as concrete, reinforcing steel and, of course, structural steel, is considered to 
be essential. When refining the analysis, the actual tensile properties of the materials used on site can be obtained. In 
the case of steel plates, the whole stress strain curve and both the yield stress and the ultimate tensile strength can be 
taken into account for the calculations. These values are higher than those indicated in the specifications, something 
that implies an increase in the load bearing capacity of the structure. On the other hand, since these are real data, they 
are not affected by the coefficient of reduction of the mechanical properties required by the limit state calculation 
method. Finally, if the analysis considers an accidental situation, the standards also allow a value of 1.0 for the 
coefficient of reduction of the mechanical properties. 

4.1.3. Real fracture toughness 

When performing conventional bridge structural integrity assessments, conservative estimations of toughness 
obtained from Charpy results are generally used. Even in the case of using real toughness data, it is a conservative 
common practice to use the lowest fracture toughness value obtained in the tests. This is of particular relevance when 
assessing welded joints, where the fracture toughness of base material, heat affected zone (HAZ) and weld bead may 
be rather different. 
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Thus, the refinement in the use of fracture toughness data consists in using specific toughness values for the 
situation being analysed: e.g, if the crack is located in the base material, the fracture toughness of the base material 
should be used (and not lower values obtained from the HAZ of the weld bead). Similarly, if the number of tests 
performed in the particular location of interest is high enough, a statistical treatment can be performed in order to 
derive the fracture toughness value associated to a certain probability of failure (e.g., 5%), rather than using minimum 
values. 

4.1.4. Consideration of temperature 

Fracture toughness tests are carried out at a specific temperature according to the recommendations established by 
the applicable regulations or, if necessary, according to the historical temperature records in the area. 

In a first analysis, and from a conservative point of view, the fracture toughness tests of the material used in the 
"Constitución de 1812" Bridge, were carried out at a temperature of -20 ºC. However, the minimum temperature 
recorded in Cadiz since 1954 according to the Spanish National Meteorology Agency (AEMET) is -1.0ºC [8], so the 
fracture toughness tests performed [5] are conservative, as they were performed at a temperature that is much lower 
(19ºC) than the minimum recorded temperature at the bridge location. In other words, the fracture toughness of the 
material can be significantly higher when considering a temperature closer to the real operating temperature.  

4.1.5. Detailed calculation of residual stresses 

BS7910 [4] proposes a series of expressions to determine the residual stresses in different types of joints. The 
proposed methodology proposes to perform, when necessary, detailed calculations to determine the actual residual 
stresses in the joint being analysed. 

4.2. Structural redundancy criteria 

The NCHRP 406 report [9] provides guidance on whether a structure can be considered redundant or not. This 
report develops a methodology to ensure that a bridge has a minimum level of safety when the bridge is intact or after 
the failure of a component.  

A bridge is considered safe if it: a) Provides a reasonable level of safety against failure of the first member. b) Does 
not reach its ultimate capacity under extreme load conditions. c) No major deformations occur under expected load 
conditions. d) Is capable of supporting some traffic load after the damage of a component. 

The report establishes four limit states to be reviewed when evaluating structural redundancy in bridges: 

1. One member failure, load factor LF1. Live load in a linear elastic model, increasing the live load until the 
failure of the first member.  

2. Ultimate limit state, load factor LFu. Live load in a non-linear structural model, increasing the live load until 
the bridge collapses. 

3. Functionality limit state, load factor LFf. Live load in a non-linear structural model, increasing the live load 
until the displacement in a main longitudinal member is L/100 (L being the main structural dimension). 

4. Limit state of damage condition, factor LFd. Live load in a non-linear structural model, increasing the live 
load until the bridge collapses.  

Based on different reliability analyses, a bridge can be considered sufficiently redundant if the structural analysis 
provides the reserve ratios indicated in Table 1 [9]: 

    Table 1. Required load factor ratios [9] 

LOAD FACTOR RATIOS FOR DIRECT SYSTEM REDUNDANCY APPROACH 

Reserve ratio Ultimate limit state Ru = LFu/LF1 1.30 

Reserve ratio Functionality limit state Rf = LFf/LF1 1.10 

Reserve ratio Damage condition Rd = LFd/LF1 0.50 
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The reserve ratio for damage condition Rd, with a value of 0.5, indicates that a damaged bridge must be capable of 

supporting 50% of the live load of an intact bridge before failure of the first member occurs.  
The NCHRP 406 report [9] sets out criteria for establishing whether a bridge can be considered redundant or not and 
determines its level of redundancy. In this work, it is not a question of establishing whether a bridge is redundant or 
not, but to determine whether a bridge is in a safe situation according to the established redundancy criteria.  

Thus, the methodology proposed in this document to justify the safety of a bridge in the event of a structural element 
failure, focuses on checking that the reserve ratio of the damage condition is admissible.  

In addition, structural redundancy criteria will be followed, when necessary, to determine the actions and 
deformations to be considered in the analyses.  

4.2.1. Actions considered 

Currently, bridge design codes do not provide a definitive answer as to the level of load bearing capacity that a 
damaged structure must withstand.  

One of the design conditions of the IAP-11 standard [10] is accidental situations, which are defined as those 
conditions that can be caused by an impact or the failure of an element. They shall be considered instantaneous unless 
the failure can remain undetected. The IAP-11 standard [10] evaluates the accidental situations considering the dead 
load and the live load, both without factoring.  

The AASHTO LRFD specification [11], article 6.6.2, provides some ideas: “Relief from the full factored loads 
associated with the Strength I Load Combination should be considered, as should the number of loaded design lanes 
versus the number of striped traffic lanes”. This may lead to unexpected situations, as the design lanes may be 
temporarily put into service due to bridge damage. 

The NCHRP 406 report [9] suggests that the required load should be unfactored, considering the dead load plus 
two HS-20 trucks in parallel, which can be considered more reasonable.  

Moreover, the energy released during the fracture of steel elements must be taken into account in the calculations. 
A similar situation is envisaged in the design of cable-stayed bridges, which must be able to withstand the loss of a 
cable.  

Following the structural redundancy criteria of the NCHRP 406 report [9], within the scope of the methodology 
proposed in this study for the particular case of the “Constitución de 1812” Bridge, it will be verified that the bridge 
has sufficient capacity to withstand the design stresses (dead loads + two H20 trucks + distributed service load), values 
that are not factored. 

4.2.2. Limit deformations 

Bridge design standards do not refer to the deformations to be considered when evaluating a damaged bridge. The 
NCHRP 406 [9] report proposes that, in service and with unfactored load, the maximum limit deflection should be 
lower than L/100, given that exceeding this value would make the bridge unsuitable for traffic. 

The value of L/100 is also considered here as a limit in the case of a damaged bridge. 

4.3. Calculation models 

The analysis of the structural redundancy of a bridge requires the use of a structural model and a finite element 
package that considers the elastic and inelastic behaviour of the materials, as well as the possibility of second order 
geometric effects. The non-linear model can be used both for the analysis of an intact structure and for the study of 
different damage scenarios.  

4.4. Structural integrity assessment of the “Constitución de 1812” Bridge. Cádiz  

Following the methodology outlined above, an attempt will be made to justify that the permissible crack sizes are 
detectable by visual inspection. Larger defect sizes may be justified by structural redundancy criteria, using calculation 
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models to check that stability exists, that the deformations are maintained according to the defined criteria and that the 
remaining section meets the elasticity criteria. 

 

 

Figure 3. Bending moment diagram scheme in diaphragms of the deck with stay cables, working as simply supported beams. 

In a first approach, the deck of the "Constitución de 1812" Bridge works in two different ways, depending on 
whether or not there are stay cables nearby. In those sections with stay cables, the transmission of forces and moments 
occurs perpendicular to the deck. This means that the transversal diaphragms act as simply supported beams that 
conduct the loads from the center of the deck to the stay cables. Thus, both the concrete slab and the upper part of the 
diaphragms are in compression, whereas the lower steel plates of the deck are subjected to (transverse) tensile stresses 
(see Figure 3). In contrast, those sections of the deck without stay cables work in approximately the same way as one 
or two span beams supported by the piers and/or by the stay cable zones. These beams usually present longitudinal 
negative bending moments on the supports and longitudinal positive bending moments in the central zone of the spans 
(see Figure 4). 

 
As an initial approach, the structural integrity assessment of the "Constitución de 1812" Bridge will be carried out 

as follows:  

1. In the extreme segments of the compensation spans, where there are areas without cables (see Figure 4) the 
plates 1, 2, 3 and 4, see Figure 5, are in charge of supporting the positive longitudinal bending moments. In 
this area, a transversal crack will be considered in a section of plate 1 and in a section of plate 4.  

2. In the segments near the main towers, where there are areas without cables, plates 2 and 3 support part of the 
negative longitudinal bending moments. In this section, a transversal crack in plate 3 will be considered.  

3. In areas with cables, see Figure 3, plates 1 and 4 are responsible for supporting the positive transverse bending 
moments. In these areas, a longitudinal crack in a section of plate 1 or a crack in a section of plate 4 is 
considered. 

 
 
 
 
 
 

 

 

 

 

Figure 4. Bending moment diagram scheme in longitudinal direction (dead load hypothesis).  
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Figure 5. Transversal section of the deck and identification of the steel plates. 
 

5. Conclusions and future work 

An initial structural integrity assessment of the steel deck of the "Constitución de 1812” Bridge obtained critical 
crack sizes that cannot be detected by visual inspection. As visual inspection is the typical inspection technique in 
bridges, this result represents a major structural integrity issue. 

Moreover, ordinary structural integrity assessments (as that performed in the "Constitución de 1812” Bridge) are 
generally based on conservative assumptions that, consequently, generate conservative estimations of critical crack 
sizes. 

This paper presents an alternative structural integrity assessment methodology for bridges to justify larger critical 
crack sizes. The proposed methodology is based on using more refined (less conservative) calculation options, 
according to BS7910 [4], and considering structural redundancy criteria such as the value of the stresses to be 
considered, the admissible level of deformation, etc. The final objective is to be able to demonstrate that, if it is 
physically true, the size of the estimated critical defects can be detected by visual inspection. 

The methodology is currently being applied to the "Constitución de 1812” Bridge, over the Bay of Cádiz. 
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