
Development of a Structural Health Monitoring System to Evaluate Structural Capacity and Estimate Remaining Service Life for Bridges
Pooled Fund Project

January 2009

objective:  The ultimate objective of this project is to integrate a damage detection algorithm capable of evaluating a bridge’s structural capacity and estimating remaining service life into a structural health monitoring system.  

I – Research Problem Statement
In the past decade, Los Alamos National Laboratories evaluated six non-destructive damage detection algorithms in terms of their ability to detect and locate damage on bridges (Farrar and Jauregui, 1996). While significant at the time, the state of the art has evolved such that damage cannot only be detected and located, it can also be quantified. Although numerous damage detection algorithms exist to detect a change in the structure, that information by itself is of little value to a state bridge engineer. What is needed is a structural health monitoring (SHM) system capable of evaluating the structural capacity and remaining service life of a bridge.
Some specific examples of conditions that may impact structural capacity and remaining service life, and for which a SHM system can be used, include the following:

· Damage from illegal overweight vehicles

· Collision damage (with or without strengthening and repair)
· General deterioration of various structural elements 

· Scour damage from flood events
· Damage from extreme events (e.g., seismic, wind) 
II – Research methodology
The research is proposed to be conducted in three Phases.  In Phase I, a gap analysis should be performed to identify areas that require additional work before implementing structural health monitoring as a tool to evaluate structural capacity and remaining service life. Future phases of this project would then be based on the results of the gap analysis, but would address such issues as:
· Which damage detection algorithm(s) to implement, 
· Whether the SHM system should be permanent or mobile, and, most importantly, 
· How the results from the damage detection algorithm can be utilized to assess capacity and estimate remaining service life.  
Although one of the outcomes of the first phase will be to more specifically define subsequent phases, the following are general topics for these subsequent phases.  
In Phase II, refined algorithms will be developed to determine load ratings utilizing SHM approaches.  Specifically, this work will focus on the “load side” of the rating equation by focusing on methodologies for developing analytical models that can distinguish accurate internal forces (e.g., moments or shears) from external loads (e.g., live load or dead load).  In addition to traditional load ratings, the algorithms will be developed to quantify other atypical loadings, which may include superloads, overloads, and large implements of husbandry.  Techniques for model development exist, and this work will seek to finalize the development of a turnkey algorithm.  
In Phase III, statistical models will be developed that utilize the load rating algorithms described above to determine structural degradation and remaining service life.  Structural degradation with time is generally believed to be nonlinear, with the general “shape” easily defined.  Much more difficult, however, is the assignment of numerical attributes to the curve.  Phase III will utilize both statistical and structural concepts to define the degradation/time relationship. 
The following is a brief list of pertinent tasks for the three phases noted above.

PHASE I – Gap Analysis
Task 1 – Literature Review:  Damage detection and system identification algorithms

The first of the two products of this work will be related to detecting damage and determining accurate load ratings.  In Task 1, literature will be collected and reviewed related to the state of the practice and state of the art in damage detection and load rating determination.  These topics have been researched for many years, and the research team anticipates creating a document that summarizes and critiques the various methodologies.

Task 2 – Literature Review:  Techniques for damage evaluation

As noted above, it is desired to develop a technique that extrapolates a damage detection/load rating algorithm to estimate remaining service life.  Although this technique has been a topic of interest for many years, there is not a significant amount of pertinent published literature.  In this task, the research team will seek to define the state of the art.

Task 3 – Interim Report

A brief report will be prepared and submitted to the project’s technical advisory committee (TAC).  This report will document all tasks in Phase I.

PHASE II – Real-time Damage Detection and Load Rating Algorithm Development
Task 4 – Development of real-time, strain-based algorithm(s)

In Task 4, algorithms that are based on strain readings for detecting damage and for determining load ratings will be developed.  It is anticipated that the results of Task 1 and the research team’s experience in this general area will facilitate such development.  Specifically, it is believed that an anomaly detection processes will be needed for detecting damage.  Further, it is anticipated that an on-the-fly finite element model calibration will be needed to determine load ratings.  The algorithm(s) will be developed to quantify atypical loadings, which may include superloads, overloads, and large implements of husbandry.  
Task 5 – Development of real-time, vibration-based algorithm(s)

In Task 5, algorithms that are based on vibration readings for detecting damage and for determining load ratings will be developed.  It is anticipated that the results of Task 1 and the research team’s experience in this general area will facilitate such development.  Specifically, it is felt that an anomaly detection processes will be needed for detecting damage.  Further, it is anticipated that an on-the-fly finite element model calibration will be needed to determine load ratings.  The algorithm(s) will be developed to quantify atypical loadings, which may include superloads, overloads, and large implements of husbandry.  
Task 6 – Development of real-time, fused-data algorithm(s)

It is hypothesized that the use of a data set fused from both strain and vibration components may yield a more accurate algorithm than other methods.  In this task, such a process will be evaluated.

Task 7 – Compare and contrast result(s) from Tasks 4 through 6 

During Task 7, the various algorithms will be compared and contrasted.  This effort will include evaluating the algorithms in terms of both their accuracy and their usability.

Task 8 – Interim Report

A brief report will be prepared and submitted to the TAC.  This report will document all tasks in Phase II.

PHASE III – Structural Deterioration and Remaining Life Models
Task 9 – Development of Statistical Models to Extrapolate Time-dependent Load Ratings

During Task 9, statistical models will be investigated, evaluated, and developed for extrapolating the time-dependent load ratings determined using the algorithms developed in Phase II.  The result of this work will be a process for projecting past load ratings into the future such that deterioration curves can be developed.

Task 10 – Development of Structural Models to Quantify Extrapolations

In Task 10, the prototypical deterioration curves developed in Task 9 will be quantified through the integration of structural condition and performance models.  This effort will lead to a deterioration curve that can be used to estimate the end of service life and that can help determine the timing of proactive maintenance.

Task 11 – Final Report

A concise report will be prepared and submitted to the TAC.  This report will document all tasks in all phases.
III – Background
Over the past several decades, a significant research effort has focused on the development of algorithms to locate and quantify damage in a structure using non-destructive methods.  More recently, the area of structural health monitoring has gained notoriety as a complementary technology to systematic identification and non-destructive damage detection methods (Chang, 2001).  
Limitations of Current Research

A limitation of current research is that structural health monitoring is often undefined or poorly defined.  For example, structural health monitoring has been defined by Housner et al. (1997) as “the use of in-situ, nondestructive sensing and analysis of structural characteristics, including the structural response, for detecting changes that may indicate damage or degradation.”  Unfortunately, such a definition fails to consider the effect of damage on structural capacity and remaining service life.  It has become apparent from this and other work (Ansari, 2005) that integration of the various technologies required for an operational SHM system for bridges as defined under Section II of this proposal is practically non-existent.    
In 2003, a workshop held at the University of California-San Diego to assess the current state of structural health monitoring indicated the limitations of current research in structural health monitoring.  While the topic of structural health monitoring has generated significant interest among researchers, the workshop indicated that too much emphasis has been placed merely on implementing large instrumentation systems that continuously monitor the structure and generate enormous databases.  Moreover, based on the work presented at the 2003 workshop it is apparent that most research focused on damage detection methods that merely detect a change in condition as a result of continuous monitoring.  Very few systems can locate and quantify damage or even estimate structural capacity and remaining service life. 
Developing the Capabilities of Structural Health Monitoring Systems

Both Caltrans and the Iowa DOT have been interested and active in addressing means to evaluate bridge damage and the associated impact on the effectiveness of the bridge to provide service.  Some relatively recent noteworthy Caltrans efforts that have been undertaken or are currently in progress to evaluate damage in terms of remaining service life and structural capacity include work by Stubbs et al., 2000; Sikorsky, 2005; and Benzoni et al., 2007.  Additional pertinent information is provided in the proposal section.
Using Structural Health Monitoring to Detect Damage
Recently, several strain-based SHM systems have been developed for this purpose at the Iowa State University Bridge Engineering Center (BEC). Efforts were carried out to solve problems associated with (1) large-volume data collection, management, and remote communication; (2) design parameter estimation and evaluation; (3) structural capacity evaluation; (4) truck parameter identification; and (5) damage detection using statistical pattern recognition. 
For example, in a high-performance steel (HPS) bridge monitoring project at the BEC, strains were collected using 40 state-of-the-art fiber optic sensors at a frequency of 31.25 Hz. Conventional design parameters, including distribution factors (DF), neutral axis (NA), and end restraint (ER), were calculated in real-time from the collected data to evaluate the performance of the bridge and to look for changes with time. Instead of focusing significantly on exhaustive data interpretation, significant efforts were put into the design and implementation of the data management and remote data communication systems that could handle large-volume data sets in a near real-time fashion. The prototype system developed in this project proved to be effective and efficient, and it has been used in other projects with only minor modifications. The overall structure of that system is thought to be applicable for the proposed project (Wipf et al., 2006). Successfully solving the data management and communication challenge is a critical element for any SHM system.  

Another BEC project involved the development of a low-cost SHM system (primarily intended for low-volume bridges). For this project, a structural analysis program BEC analysis was developed to calculate the strain or/and moment response of a typical girder bridge at desired points under typical highway loads. Further, a relatively simple algorithm was developed and integrated into the system that quantifies deterioration rates. Additionally, the system computes the critical structural responses and theoretical structural capacity. The structural capacity is then used as a threshold to detect overloaded vehicles (Wipf et al., 2007 (2)). 

In response to an important need identified by the Iowa Department of Transportation (Iowa DOT), a fracture critical bridge (FCB) monitoring system, which is based upon a strain-based damage detection approach, was developed using statistical pattern recognition. Specifically, a statistical control chart approach was developed to define structural response and to identify changes at damage-prone areas (Wipf et al., 2007 (1); Doornink et al., 2006). In the first stage of the project, more than 400 relationships between the event-extreme strains of target sensors and non-target sensors were created to define the structural behavior of the system. The control limit for each relationship was then defined using the resulting training data. During the monitoring stage, for each truck event all relationships were evaluated against the limits to determine “pass” or “fail” assessments. The trend of the relationship pass percentage (RPP) (i.e., the ratio of the “pass” assessments over the total number of relationships) was evaluated to determine the changes in structural condition. 
In the second stage of the project, the system was extended to general purpose damage detection applications. In this sense, users are not required to know the likely damage-prone areas in advance. The sensitivity of the statistical damage detection approach was improved by successfully differentiating the strain variance caused by load conditions/variations from those caused by structural changes. During implementation, a strain-based truck parameter detection algorithm was developed that can detect the number of truck axles, transverse position, speed, axle spacing, and event start and end times. Additionally, trucks with the same geometry configurations can be roughly classified into weight groups according to the global strain responses (Lu et al., 2007). The truck parameter detection approach was verified through field testing, and it can be used as a component for the proposed load rating function. The overall effectiveness of the strain-based damage detection method has been verified with finite element analysis results (Lu, 2008). 
The third stage of the project is currently ongoing and will verify the SHM solution with field data and induced damage. 

Using Structural Health Monitoring to Measure Structural Capacity 
One option for managing structures identified as structurally deficient is to perform diagnostic load testing to more accurately assess load carrying ability.  Frequently, diagnostic load tests reveal strength and serviceability characteristics that exceed those predicted with codified parameters.  Usually, codified parameters are very conservative at predicting lateral load distribution characteristics and the influence of other structural attributes.  As a result, the predicted rating factors are often conservative.  
In the early 2000s the BEC developed a bridge rating procedure that is specially designed for performing bridge ratings based on data from physical testing (Wipf et al., 2003). Starting with commercially available hardware and software, the research team performed diagnostic load tests on seven “typical” bridge structures: three steel-girder bridges with concrete decks, two concrete slab bridges, and two steel-girder bridges with timber decks.  In addition, a steel-girder bridge with a concrete deck previously tested and modeled was investigated for general process verification purposes.  The tests were performed by attaching strain gages to the bridges at locations of interest to measure bridge behavior due to live load.  The field test results were then used to develop, calibrate, and validate analytical rating models.  Based on the experimental and analytical results, it was found that bridge tests could be conducted relatively easy, that accurate models could be generated with relative ease and speed, and that the ratings, in general, were larger than the codified load factor distribution (LFD) method. 

In another project in the summer of 2003, a series of superloads were scheduled to depart from the Waterloo, Iowa, area for a location near Mason City, Iowa.  Given the magnitude of the expected loads (600,000 to 900,000 lbs), the Iowa DOT Office of Bridges and Structures requested that the Iowa State University BEC assist in assessing the load carrying capacity of the most critical bridge along the scheduled route.  The critical bridge is a five-span, prestressed concrete girder bridge crossing a small creek and a railroad line.  One span of this bridge was found, through traditional calculations, to be of greatest concern (RF~0.5).  This span has a total length of approximately 120 ft 6 in. and has a six-girder cross-section.  To assist the Iowa DOT in assessing this bridge, the BEC conducted a traditional load test on the bridge using various combinations of one and two loaded tandem axle dump trucks.  Strain data were collected at three cross-sections of the critical span: near the west abutment, at midspan, and near the first pier.  Four girders were instrumented with two strain gages each (one each on the top and bottom flanges) at the sections near the abutment and pier, and all six girders were instrumented with two strain gages each (one each on the top and bottom flanges) at the section near midspan.

From the data collected during the 2003 test, a finite element model was created and calibrated.  The final model had less than a 9% error at predicting the field test results.  This model was then used to predict the response of the bridge to the first superload expected to cross the bridge (approximately 640,000 lbs).   From this model, and further consultation with the Iowa DOT, it was determined that the bridge did have sufficient strength (both flexural and shear) to allow passage of the loads (i.e., RF>1.0).

During passage of the first superload, the same instrumentation scheme was installed on the bridge prior to the load arriving.  The response of the bridge was then measured as the load crossed the bridge.  It was observed that there is very good correlation between the predicted and actual response at midspan.  A brief post-loading visual inspection of the bridge reveled that additional cracking in the barrier wall and deck had occurred.  This may account for the slightly less accurate prediction at the pier location.

In general, this approach (preliminary testing, modeling, and prediction) proved to be relatively easy to complete.  Further, the results obtained show that, in general, good accuracy can be attained using this system and can provide bridge owners with additional valuable information (Phares et al., 2003).
Using Structural Health Monitoring to Evaluate Remaining Service Life
There are roughly 600,000 bridges in the United States’ National Bridge Inventory (NBI).  Evaluating the general condition of the nation’s bridges and assessing their remaining service life presents a complex management issue when considering cost, safety, and time.  Because of the large number of bridges, management can become an overwhelming task.   Due to a mandate by the Intermodal Transportation Efficiency Act (ISTEA) of 1991, bridge management systems have been employed throughout the nation, and their use has prompted mixed opinions from bridge owners.  The use of bridge management systems has improved the state of bridge management, though it is conceivable that by taking advantage of the nature of bridge behavior and construction and material similarities, great improvements can still be made.  Even when individual bridges are compared and proven to be different in many facets, similarities exist in construction or behavior, and tendencies can be identified that promote the implementation of a group- or fleet-based management system.  In short, bridges with similar construction, material, or behavior may be able to be managed as a group rather than on an individual basis.  This concept is derived from fleet management techniques found in other industries, including trucking, airline, and busing.

To evaluate the viability of a fleet management concept for bridges, the BEC “managed” a fleet of timber bridges.  In this work, a fleet was identified by characterizing bridges by similar geometry and construction.  Samples from within the fleet were given very detailed inspections, load tested, and analytically modeled to learn about the samples’ performance, similarities, etc.  With the derived information, it was determined that fleet management shows promise as a way of improving the overall management of the nation’s bridges.  However, proper identification of the fleet was found to be essential in any such effort (Phares et al., 2007).
California is also currently researching the use of SHM systems for managing bridge systems. As part of the seismic retrofit program initiated in California after the Loma Prieta Earthquake of 1989, the California Department of Transportation (Caltrans) installed seismic response modification devices (SRMD) on several of the major toll bridges across the state to improve their performance during a seismic event. Having completed this work, the Caltrans is investigating methods to evaluate the performance of these devices and estimate their remaining service life without removing the devices from the bridge for testing/inspection.  A recently completed study demonstrated the efficacy of using a global non-destructive damage detection algorithm to monitor the performance of these devices, as well as the bridge, while in service (Benzoni et al., 2007).  Two projects are pending within Caltrans to implement this method and develop a methodology to evaluate capacity and remaining service life.  
IV – Funding and Participation
The estimated funding for this project is $500,000. The budget includes funding for salaries and benefits for personnel, equipment costs for the demonstration structural health monitoring system, travel costs for TAC meetings and multiple trips to demonstration sites, and various supply costs.
A partnership for funding this research is proposed between the Iowa DOT and Caltrans.  The partnership will be administered through the pooled-fund process.  Additional states will be invited to participate.  Each state will be requested to contribute $30,000–$50,000 per year for four years, depending on its needs.  
V – Duration of Research
The duration of research is expected to be approximately 60 months. The total duration of Phases 2 and 3 may need to be extended depending on the need to expand the study scope from participation of additional states and their corresponding interest and needs. 

Phase 1: 12 months


Phase 2: 24 months


Phase 3: 24 months

VI – Project Administration
The Iowa DOT, through the Iowa State University BEC, will serve as the lead state and handle administrative duties for the project, but will work closely with Caltrans and other participating state DOTs.  Each participating entity may provide an individual to serve on the TAC that will provide direction to the project.  The committee will meet every six months.  Travel expenses for these meetings will be covered by the pooled fund.
At the first TAC meeting, members will set the final scope and tasks for the project based on needs of the participating states. The TAC will organize the specifics of the cooperative work tasks and oversee the accomplishment of these tasks.  The BEC, under the direction of the TAC, will provide administrative management and be the lead research institution on the project.
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