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[bookmark: _Toc7519830]BACKGROUND STATEMENT

Onset and progression of damage in bridges of various types are not always visually detectable.  There have been instances that hidden damages in structural members such as girders, bracing and bridge deck have caused catastrophic collapses costing life and money (Abedin et al. 2019b; Ghoddousi et al. 2019).  Steel bridges with fracture critical elements and cable-supported/post-tensioned bridges are among vivid examples of such cases. The failure of the Silver Bridge in Ohio in 1967, Collapse of I-35 W bridge over Mississippi River in 2007, pedestrian bridge collapse over a congested road in Miami, FL, in 2018, closure of I-526 Bridge over Wando River due to rupture of post-tensioning tendons and closure of Chicago's Lake Shore Drive Bridge due to cracks in structural steel support girders are examples that could be prevented if the onset and progress of damages could be detected early(Abedin et al. 2019a; Abedin and Mehrabi 2019). After each failure incident, state and federal agencies normally issue instruction for in-depth inspection of all population of bridges with similar characteristics, imposing huge costs and burden on the bridge maintenance agencies.  

According to the AASHTO LRFD Bridge Design Specifications (AASHTO 2017), “Fracture Critical members (FCMs) are steel tension members or steel tension components of members whose failure would be expected to result in collapse of the bridge.” It is required that inspection of these bridges be carried out using “arms-length” approach, which is costly and is a drain on the State’s total bridge budget (AASHTO 2011; AASHTO and AWS 2015). Currently, two steel box girder bridges are classified as bridges with fracture critical members. Specifically, the tension bottom flange in the two steel box girder bridges is categorized as a fracture critical element. Inspection of tension bottom flanges over a busy roadway is costly, time consuming and causes traffic disruption and potential safety hazards (A. Samimi1 *, E. Rahimi1 2017; Samimi et al. 2019). 

Recent research results indicate that two steel box girder bridges could be redundant. The most notable study is the series of full scale tests carried out by University of Texas-Austin (Neuman 2009) that demonstrated a high level of internal redundancy of two steel box girder bridges. A study carried out by HNTB on the two box girder structures in the Marquette Interchange, through non-linear numerical analysis also demonstrated the high level of internal and structural redundancy of two steel box girder bridges. NCHRP project 12-87 (Connor et al. 2018), includes an objective, “(1) develop a methodology to quantify when a steel bridge system is considered FC based on loads, existing conditions, material properties, and bridge configurations, and (2) recommend AASHTO specifications using the methodology in the design of new bridges and the evaluation of existing bridges”. NCHRP 12-87 has recently developed series of recommendations and requirements for twin steel box girder bridges to be considered non-fracture critical.

The main question as what load level should be used and established using a scientific approach still remain as a task to be accomplished. Further, many questions remain on level of performance and the resiliency of infrastructures (Nazari et al. 2019; Rahimi et al. 2019) expected from damaged two steel box girder bridges and behavior in between inspection cycles, before two steel box girder bridges could be removed from non-redundant list. Moreover, Additional efforts are spearheaded by Texas DOT for use of “simple” method to assess the redundancy of two steel box girder bridges, which oftentimes are difficult to meet because of level of conservatism involved. It is however promising that FHWA has been more receptive to the idea of removing two steel box girder bridges from the non-redundant list. There will be some complementary and overlap among the ongoing two limited studies cited above and this project. This should provide more compelling reason for FHWA and more credible justifications and verifications to consider removing two steel box girder bridges from the non-redundant list. In conclusion, this study with the composition of the research team assembled will be very influential in resolving this long standing and challenging issue, namely the redundancy of two steel box girder bridges. 

An additional relevant project related to two steel box girder bridges is a limited numerical study being carried out at Purdue University with limited funding provided by National Steel Bridge Alliance (NSBA). To date, this study has analyzed a few two steel box girder bridges and has developed automated meshing that could be used in conjunction with detail three dimensional non-linear finite element analyses. 

The most comprehensive recent study is a project performed at Florida International University and sponsored by Florida Department of Transportation entitled “Managing Florida's Fracture Critical Bridges - Phases I & II,” FDOT Research Project Number BDV29-977-17 (Pham 2016). This extensive experimental, field testing, numerical and analytical studies have shown that a high level of redundancy exists in two steel box girder bridges. Major conclusions from this study includes: 

1. Two steel box girder bridges have a capacity after the complete fracture of the tension flange on one girder
1. Punching shear capacity of the deck is the weak link. Results of FDOT sponsored work indicates that damaged two steel box girder bridges do not have the mechanism to transfer high wheel loads below the deck and punching shear of deck will take place before any other failure type. We should also note that very seldom the bridge sees loads that is designed for, and almost impossible to see the kind of wheel loads that would result in a failure. This important observation is completely absent in recent works conducted by Texas, NCHRP or Purdue work. 

What remains to be accomplished is to take advantage of existing knowledge and conduct the necessary additional work to fill in the knowledge gap and develop a sound methodology, approach and tools that State DOTs could use to evaluate redundancy of two steel box girder bridges and eliminate them from the fracture critical list. 

The existing guidelines in the AASHTO LRFD Bridge Design specification as well as the June 20, 2012 memorandum (FHWA is in the process of issuing update on this memorandum) issued by FHWA and very recent discussions with FHWA, and the recently completed NCHRP 12-87 research project allows and provides a roadmap for assessing the redundancy of two steel box girder bridges. 

The commentary for Section 6.6.2 of the AASHTO LRFD Bridge Design Specifications provides general guidelines that can be used to evaluate the performance of bridges with Fracture Critical members. The challenge, in evaluating redundancy of the two steel box girder bridges, is that it is implied that each bridge in the State inventory, should be analyzed individually before it can be removed from the fracture critical list. In this study the notional bridge approach will be used, as explained later.

[bookmark: _Toc7519831]PROJECT OBJECTIVES
The objective of this project is to establish a design target performance and safety level for two steel box girder bridges, outline a methodology and approach for assessing the redundancy of the two steel box girder bridges, assess the redundancy of one curved girder bridge using the recommended approach, and summarize the findings and present the results to FHWA. 

For establishing bridge loading and response criteria, and minimum acceptable methods and requirements for analysis, the following tasks are in progress.

[bookmark: _Toc7519832]Development of an “Equivalent” or notional Two Steel Box Girder 
The FDOT sponsored project performed earlier by FIU has developed a preliminary approach to develop an “Equivalent” simple or continuous span bridge that could represent a series of two steel box girder bridges. This approach and conceptual steps for developing notional bridge is summarized as follows.

The most reliable method for checking the redundancy of two steel box-girder bridges is conducting a detailed nonlinear finite element model and checking the critical limit states and the minimum load levels that bridges can carry before these limit states are reached. However, checking the redundancy of all two steel box-girder bridges within inventory of a given state requires significant amount of financial, labor and computer recourses. Moreover, future bridges may have different characteristics than the current bridges and their redundancy need to be evaluated by developing a new finite element model.   

The notional approach proposed by the earlier FIU study suggested reducing the level of efforts by subdividing all two steel box-girders within the state inventory into several groups based on their main characteristics, and developing a notional simple or continuous span two steel box girder bridge that would represent each group. By evaluating redundancy of the notional bridge using a detailed nonlinear finite element model, all bridges within the group under consideration, can also be evaluated. Moreover, redundancy of any new bridge can be evaluated by comparing its characteristics to the presented notional bridges. 

The grouping criteria is determined based on the geometrical characteristics of the bridge including the type of bridge, designed lane-load number, maximum span length, number of spans, radius of curvature and cross-section. Based on these factors, bridges of interest can be categorized into several groups. Once select bridges are categorized into groups, a notional bridge model that can represent all the bridges within each group needs to be developed.

By developing a calibrated finite element model for the notional bridge representing each group, the analysis results such as the ultimate load-carrying capacity and maximum deflection can be calculated to check against redundancy criteria. As a result, if the notional bridge model satisfies the redundancy criteria and is classified as redundant, all the bridges within that group will also be categorized as redundant. If the criteria are not satisfied, bridges in that group can be divided into smaller subgroups and the process to find a group which meet the redundancy criteria can be repeated. This approach has the potential ability to classify all the bridges into redundant or non-redundant groups.

[bookmark: _Toc7519833]Florida Bridge Inventory
At the request of FIU researchers, FDOT Research Office provided an inventory of steel box girder bridges in the state of Florida.  As it was stated earlier, the functional and geometric parameters of bridges that have an effect on the ultimate load-carrying capacity and maximum deflection need to be considered for developing notional bridge for each group of bridges in the inventory. As a results, Florida Bridge Inventory was statistically analyzed to determine the available range of each functional and geometric parameter. According to the Florida Bridge Inventory, as of 2016, there are approximately 12,900 bridges in Florida including 1200 steel bridges, of which 140 are steel box girder bridges with the majority being two box girder bridges. 390 steel bridges currently are classified as Fracture Critical. Table 1 and Figure 1 show distribution of bridges based on the number of box girder that varies from single girder to nine girders. Single box girder bridges, regardless of their configurations, are classified as fracture critical bridges and are excluded from this study.  If a two steel box girder bridge group is determined to be redundant, bridges with three or more box-girders with the same characteristic would be automatically determined to be redundant. Hence, statistical analysis of the inventory in this study will be performed over all available two box girder bridges. Detailed information obtained from Florida Bridge Inventory is presented in Appendix A.

[bookmark: _Ref531349476][bookmark: _Toc7519872]Table 1- Distribution of bridge-Number of box girder
	No. of Box Girders
	1
	2
	3
	4
	≥5 
	Total

	No. of Bridges
	3
	85
	33
	7
	12
	140

	Percentage
	2%
	61%
	24%
	5%
	9%




[bookmark: _Ref533110700][bookmark: _Toc532816243][bookmark: _Toc7519882]Figure 1. Distribution of Bridge-Number of box girder

[bookmark: _Toc7519834]Maximum Span Lengths and Number of Spans
The span lengths and number of spans for a bridge are normally determined in design based on parameters such as topography of the site, configuration of other roads beneath or around the bridge, environmental issues, architectural plans, the structural system and construction methods. In a multi-span bridge, span lengths and number of piers are usually determined for optimum configuration. However, by considering environmental effects and construction difficulties for the piers, longer spans with fewer foundations may be the preferred solution. Figure 2 shows distribution of maximum lengths of span for Florida two steel box girder bridges divided into 5 main groups. The span lengths vary from 113 ft to 372 ft with a large majority of bridges having a span between 150~250 ft.

Figure 3 shows distribution of bridges based on the number of span. As it can be seen most of the bridges have more than 3 spans and there are only 5 simple span bridges of this type in the state of Florida. The number of spans, consequently the continuity of spans, plays a defining role in the maximum deflection and ultimate load capacity of a bridge. This is especially important since one fractured girder in a span within a multi-span bridge can carry load as a cantilever beam. As a result, the stiffness of continuous bridges after fracture is much higher than simple span bridges with the same characteristics. The worst fracture scenario in a multi-span bridge is a fracture in the middle of the first or last span, i.e. exterior spans. Because in this case, the fractured girder can act as a cantilever beam just on one side. Accordingly, and for simplicity, a two-span continuous bridge can be considered to represent conservatively all multi-spans bridges.


[bookmark: _Ref532812119][bookmark: _Toc532816244][bookmark: _Toc7519883]Figure 2. Distribution of Bridge-Length of Max. span (ft)


[bookmark: _Ref532812447][bookmark: _Toc532816245][bookmark: _Toc7519884]Figure 3. Distribution of Bridge-Number of span
[bookmark: _Toc7519835]Number of Lanes
Number of lanes is determined based on parameters such as average annual daily traffic (ADTT), the desired level of service, percent of trucks and peak hour factor (PHF), and the number of lanes in the connecting roadway. Loading configuration for design and evaluation of a bridge depends on the number of lanes, therefore making it another effective parameter in redundancy evaluation. As shown in Figure 4, statistical analysis over the Florida bridge inventory shows that 92% of twin steel box girder bridges have 1 or 2 lanes, which are generally used for overpass roadways. Therefore, because of their lower percentage number, bridges with 3 or 4 lanes, for the time being, are not considered in the grouping criteria. Also, for all the remaining single and double-lane bridges, 2-lane bridges will be used conservatively in the grouping process.


[bookmark: _Ref532812917][bookmark: _Toc532816246][bookmark: _Toc7519885]Figure 4. Distribution of Bridge-Number of lanes
	
[bookmark: _Toc7519836]Deck Width
A typical lane width is 12 ft, however, the actual width can vary based on the type of roadway, whether it is a principal arterial, rural highway or residential street, or whether it is in straight or curved span.  Further, the lane closest to a raised median or in a ramp may be extra wide to allow for some distance between vehicle and the median. Deck width includes the lane widths plus shoulders, curbs and railings, and the larger the lane width, the more critical will be the effect of eccentric loading (over fractured girder).  Road width is normally 2 to 3 ft smaller than deck width.  Analysis of inventory bridges show that the deck width varies within a range for certain number of lanes.  For example, deck width for a two-lane bridge varies between 40 ft and 50 ft. For this study, the deck width is not considered a parameter (variable).  For simplicity, it will be attempted to use in analysis a typical width that would represent the majority of two-lane bridges. It is also realized that the design of a specific bridge including dimensions and spacing of the girders have already taken into account the deck width, therefore renders it to be a dependable variable. Figure 5 shows the distribution of bridges based on the deck width. 


[bookmark: _Ref533076252][bookmark: _Toc7519886]Figure 5. Distribution of Bridge- Deck width

[bookmark: _Toc7519837]Radius of Curvature
Whilst straight highway bridges are the ideal configuration when design is concerned, bridge layouts may need to be curved due to the site topology, existing obstacles, and roadway function (ramps). The minimum radius of curvature, as shown in Figure 6, is normally determined based on parameters such as design speed, slide friction factor, lateral acceleration, super-elevation, steel constructability, functional adequacy, space availability, etc. As the radius of curvature of a bridge decrease, torsional moment increase due to the eccentricity of gravity loads relative to the line of support. This torsional moment is significant even for a short span bridge. 

Because of this, steel box girder bridges because of their high torsional resistance are mainly used for ramp and curved overpass highway bridges. In cases where one girder is fractured, torsional resistance would decrease significantly, as a result, loading eccentricity due to curvature will negatively affect the ultimate load capacity and serviceability of the bridge and cannot be ignored. 
[image: ]
[bookmark: _Ref531349432][bookmark: _Toc532816247][bookmark: _Toc7519887]Figure 6. Radius of curvature

According to the AASHTO LRFD, the horizontal radius of curvature measured to the centerline of the girder web shall not be less than 150 ft. In addition, the radius shall not be less than 1000 ft when the flange thickness exceeds 3.0 in or the flange width exceeds 30.0 in. Table 2 shows the available minimum radius of curvature for each span groups that would be used for grouping representing the most critical combination of span length and curvature. 

[bookmark: _Ref531349813][bookmark: _Toc7519873]Table 2-Distribution of loading eccentricity based on bridge curvature
	Length of Max. Span (ft)
	100-150
	150-200
	200-250
	250-300
	300-400

	Available Min. radius of curvature (ft)
	175
	280
	400
	490
	774



[bookmark: _Toc7519838]Parameters to be Considered in Grouping
Based on analyzing Florida Bridge Inventory, it can be concluded that only number of spans (single span or two continuous spans), maximum span length, radius of curvature and cross section are the parameters with the highest impact and will be considered for grouping criteria. Other parameters will be assumed constant for notional bridges. In this research, deck is assumed to have two lanes, and the width of deck is assumed to be a typical value most used within the inventory for 2-lane bridges. For this stage of investigation, skewness at supports will not be considered as one of the parameters, i.e., supports are assumed to be perpendicular to the longitudinal axis of the bridge. 

For the initial grouping, all bridges in the inventory are divided into two main groups of simple and two continuous spans.  In the latter case, fractured girder in multi-span bridge can still carry load as a cantilever beam from one side, as a result the stiffness of these bridge after fracture is higher than simple span bridges with the same characteristics.  Also, a two continuous-span bridge can represent conservatively all other multi-span bridges. Each of these two main groups can be divided into 5 subgroups based on the maximum span length presented in Figure 2 to form 10 main initial groups. Range of radius of curvature for each span length group can be determined according to available radius of curvature in the inventory. 

Once geometric parameters of notional bridge for each group are determined, design details of a set of similar inventory bridges will be obtained from FDOT.  The notional finite element model for each group will then be developed based on these design details, and analyzed to evaluate the ultimate load carrying capacity, and the maximum deflection to span length ratio for the intact bridge. The load carrying capacity and deflection will be used to define the level of over or under capacity design as well as deflection to span ratio, and to assure that the cross-sections are true representation for bridge configuration. 

Finally, the notional finite element model representing each group with the minimum available radius of curvature for that group will be developed for fractured girder condition.  The models will be analyzed under the loading condition obtained from reliability analysis (to be conducted later in this study). The results will be compared to the redundancy criteria (Ultimate limit state and serviceability limit states to be determined later in this study) to find if a notional bridge with the minimum allowable radius of curvature will meet the redundancy criteria. If the notional bridge representing on group with the minimum radius of curvature satisfies the redundancy criteria, then all bridges in that group will be identified as redundant.  Otherwise, the radius of curvature will be increased incrementally until the redundancy criteria are met.  Accordingly, the referenced bridge group can be divided into subgroups based on radius of curvature that would satisfy the redundancy criteria. Since the groups cover wide ranges of span length with different radius of curvature, it is likely that some groups with large span will not meet the redundancy criteria even for a straight bridge. For such cases, the bridge group can then be divided into subgroups with varying span length in each group to determine redundant and non-redundant subgroups based on their span length. Figure 7 presents the initial grouping for notional bridge concept to be considered in the redundancy analysis.



[bookmark: _Ref531349392][bookmark: _Toc532816248][bookmark: _Toc7519888]Figure 7. Initial notional bridges


[bookmark: _Toc7519839]Development of Loading and Criteria for Redundancy VErification 
Some previous studies have investigated the redundancy of steel girder bridges using more or less an arbitrary load level(Daniels et al. 1988; Hebdon et al. 2017; Hovell 2007; Idriss et al. 1995; Williamson et al. 2010). Arbitrarily selecting the load level that the damaged two steel box girder bridges should be able to carry has been frequently questioned. Therefore, there is a need to develop more rational approaches to establish the load level and application method that the damaged bridge should carry for proper evaluation. Further there may also be a need to develop additional performance criteria, such as deflection limits for damaged bridges. The concept of damaged two steel box girder bridges being able to deflect without collapse is a desirable mode of behavior, since it will be detectable. This task may involve establishing the target safety level or reliability index. Two approaches may be considered to establish the target reliability level.  One approach will consist of seeking the bridge owners input on an appropriate safety level. The other approach will be to establish the safety level inherent in redundant bridges. 

Development of criteria for redundancy and loading has been the subject of several technical meeting with full participation of the research team. 
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