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ABSTRACT 

The Virginia Department of Transportation is d,eeply committed to the 
development and implementation of an efficient, cost-effective maintenance 
management system for its bridges. Much effort is being applied towards the 
development of a management system that will ensure that appropriate mainte- 
nance takes place at the optimum times. Within such systems, the ability to 
anticipate with reasonable accuracy how rapidly and in what fashion bridges 
will deteriorate is essential in optimizing expenditures of limited maintenance- 
funds. The research described in this report was undertaken to provide this 
predictive capability. Specifically, the objective was to use existing bridge 
inspection data in conjunction with multiple regression analyses to develop 
models relating the rate of deterioration of structural components with variables 
such as age, loadings, and environmental factors and to evaluate the relative 
importance of these variables. In addition, these efforts include a discussion of 
current bridge management activities and recommendations on needed modifi- 
cations to the VDOT record-keeping system. 
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INTRODUCTION 

The Virginia Department of Transportation (VDOT) is responsible for the 
maintenance of all roads and bridges in the Commonwealth. Inspection of its 
bridges in accordance with standards set by the Federal Highway Administra- 
tion (FHWA) is generally supervised by the Central Structure and Bridge Divi- 
sion and administered through bridge engineers in nine district offices located 
around the state. The districts also have the responsibility for maintaining these 
bridges. The required activities utilize federal bridge replacement or rehabilita- 
tion (BR/BH) funds for work done to FHWA standards and state maintenance 
replacement funds for replacement-in-kind or rehabilitation to lesser standards. 
Routine maintenance--generally small jobs--utilizes ordinary maintenance 
funds, which are state funds administered by resident engineers. 

Funds from all of these sources are limited, and considerable effort has 
been devoted to ensuring that the proper action is taken on each structure. Ini- 
tiatives to date have focused on the prioritizing of deficient bridges for available 
funding and the use of levels of service as a basis for field-generated mainte- 
nance budgets. 

Deficiency Points 

In the deficiency point system, priorities for replacement funding are 
based on a program developed for the North Carolina Department of Transpor- 
tation by Dr. David Johnston and his colleagues at North Carolina State Univer- 
sity. I The procedure, which uses data on file in the computerized bridge 



inventory, establishes level-of-service goals for load capacity, clear deck width, 
and vertical under- or over-clearance for bridges on each of the functional clas- 
sification of roads. A fourth factor used in Virginia's computations is the bridge 
sufficiency rating used as a measure of the structure's overall condition. Virg•n- 
la's adoption of the North Carollna procedure differs mainly from the original •n 
the relative •mportance assigned to the factors and •n the use of the suftic•ency 
rating rather than the estimated remaining llfe as a measure of the structure's 
condition. 2 

For .the past several years, the deficiency point ratings have been used to 
prioritize on a statewide basis those bridges scheduled for replacement in Vir- 
ginia's 6-year improvement program. Because of the nature of the bridge char- 
acteristics (capacity, roadway width, and clearance) included in the deficiency 
computations, the procedure is mainly applicable to bridges in need of replace- 
ment. One criticism of the procedure, therefore, has been that it does not lend 
itself to cost-effective rehabilitation and maintenance strategies before the con- 
dition of a bridge becomes critical. This shortcoming has been addressed to 
some degree through the application of a condition-based level-of-service 
approach to state-funded maintenance. 

Level of Service 

Federal regulations require that bridges replaced or rehabilitated using 
BR/BH funds meet the standards for new structures. Replacement-in-kind, 
which means rebuilding what was there, must be paid for through state mainte- 
nance replacement funds administered by VDOT's Maintenance Division. 
Because the use of state funds allows for a much wider latitude in the selection 
of alternative maintenance strategies than does the use of BR/BH funds, the 
choice of structures and the corrective actions to be applied to them become 
more complex. In order to help overcome this complexity and to properly admin- 
ister its funds, the Maintenance Division in cooperation with the Bridge Division 
adopted a level-of-service approach to maintenance. These levels of service 
relate to a structure's condition rather than its physical characteristics, which 
was the case in the deficiency point computations. 

Under this policy, certain inspection ratings flag a structure for mainte- 
nance action intended to preserve or restore it as near as possible to its condi- 
tion as constructed. The system does not address the cure: field engineers must 
assess the situation and choose the appropriate corrective action. The level of 
service, shown below, addresses the scheduling of both ordinary maintenance 
and maintenance replacement activities depending on the severity of the condi- 
tion. [Note" The condition ratings referred to here are numerical assessments of 
a component°s condition for which a value of 9 represents a new structure, and 
a 0 indicates a critical condition level for which a facility is closed and beyond 
repair.] 



Maintenance replacement is used whenever a deck, superstructure, 
or substructure receives a generally fair condition rating (potential 
exists for minor rehabilitation); that is, when the numeric code is 5 or 
below. Also, whenever all structural steel must be painted; that is, 
when paint is rated poor. 

Ordinary maintenance is used whenever a deck, superstructure, or 
substructure receives a fair condition rating (numeric code 6) or a 

poor or critical sub-component rating with a generally good condition 
rating (numeric code 7). Also, whenever spot painting is needed; that 
is, when the paint is rated fair. 

A prioritizing procedure, such as the use of deficiency points, does not 
constitute a management system. The level-of-service approach just described 
is a positive step towards indicating needed rehabilitation, but it does not allow 
for the necessary planning of future maintenance expenditures. A predictive 
capability is required, and the desire to develop this capability provided the 
impetus of this research. 

PURPOSE AND SCOPE 

The primmT objective of this project was to investigate the deterioration of 
bridge components resulting from age, traffic, and exposure to deicing salts. 
The modellng efforts were undertakento provide eu•es that could be used as 
guldes for anticipating the needs of VDOTs bridges that might be candidates for 
•neluslon in a bridge management system. 

The study also allowed an evaluation of the bridge inspection program 
and provided some recommendations pertaining to its improvement and maxi- 
mizing •ts effectiveness as part of a comprehensive management system. 

This study began with visits with the district bridge engineers who were 
directing structural inspection and maintenance operations across Virginia. The 
purpose was not only to acquaint them with the project, but also to gain practi- 
cal •ns•ghts into maintenance problems. 

After discussions with the district bridge engineers and an advisory panel 
composed of engineers involved in bridge maintenance, it was decided to evalu- 
ate records for 725 bridges in the 4, categories shown below. The number of 
bridges of each type is shown in parentheses" 

1. steel beam bridges with timber decks(256) 
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2. steel beam bridges with concrete decks(142) 

3. concrete beam bridges with concrete decks(182) 

4. concrete box beam bridges(145). 

The following types of structures were excluded from the sample" 

1. municipal bridges not under VDOTjurisdiction 

2. railroad overpasses 

3. foot bridges 

4. major bridge-tunnels 

5. timber beam bridges 

6. truss bridges 

7. concrete slab spans. 

METHODS 

Bridge inventory forms were requested for the 725 bridges, which were 
selected randomly by structure number from all of the structures in the above 4 
categories. All available inspection data on the conditions of the deck, super- 
structure, and substructure, the estimates of remaining service life, posted load 
l•m•ts, and traffle count data were manually collected for each bridge at the dls- 
trict bridge offices. The records of the work done, the condltion of the structure, 
and the recommendations shown on the supplementary bridge reports for each 
Inspection were also summar•ed. Traffic safety and channel and alignment rat- 
•ngs, whleh were also •neluded on the inspection forms, were not recorded. 

Field Evaluation 

At the time of this study, inspections of Virginia's bridges were conducted 
by 18 teams located in 8 district offices. An Important aspect of this study was a 
field evaluation to verify the accuracy and consistency of safety inspections. A 
total of 64 bridges in 7 of the districts were selected from the tlnal study popula- 
tion and evaluated by the central bridge offlee engineer charged w•th the general 
administration of the inspection program accompanied by a member of the 



research team. Occasionally, the assistant state bridge engineer in charge of 
maintenance participated in the evaluations, as did the FHWA's division bridge 
engineer in one instance. 

The field evaluation was of those structures having ratings in the range 
indicating a need for rehabilitation (generally values from 6 to 3) or to older 
structures that had unusually high ratings (values of 7 or 8). Information avail- 
able to the evaluation team included the structural inventory form and the sum- 
mary of inspection data gathered at the district offices used in the statistical 
portion of the study. Inspections made later in the research project after the sta- 
tistical study were also made available. 

Theoretical Model Design 

Three major questions guided the design of the theoretical models. These 
were as follow: (1) Which variables, if any, reflect structural deterioration?; (2) 
Can their magnitude be measured?; (3) Do the suggested relationships make 
sense? 

Modeling Technique 

The decisions reg.arding testing methods were based upon discussions 
with bridge engineers and the project advisory team, the published research 
from MIT and the Transportation Systems Center, research conducted at Wis- 
consin's and New York State's Departments of Transportation, and other pub- 
lished research reports. 3-6 A review of this literature showed that there are 
several common approaches to estimating bridge deterioration rates. Case stud- 
ies of individual structures have frequently been used. However, they tend to 
provide a poor basis for programmatic decisions because such case studies 
often lack generalizable results. Probabilistic studies, such as those employing 
Markov chains, are only recently widely understood and are only amenable to 
treating age as a factor on bridge deterioration. Multiple regression models, on 
the other hand, provide great flexibility in the variables tested and allow one to 
test variables other than age as a major influence on the condition of a struc- 
ture. 

Once multiple regression analysis was settled upon, three equation forms 
were considered. The initial tests assumed that primarily linear relationships 
would predominate between bridge component conditions and the factors influ- 
encing them. Based on theory and work in the pavement management field, the 
next phase looked at logarithmic relationships between condition ratings and 
the age. and cumulative traffic of a bridge. Lastly, in order to account for the rat- 
ings on the lower end of the scale, models were investigated that incorporated 
polynomial behavior. 



Choosing Variables 

In the simplest sense, multiple regression analysis is a statistical tech- 
nique that identifies whether one variable brings about change in another vari- 
able; it also allows one to test for the magnitude of the influence of one variable 

on another. Among the variables consldered •mportant by the d•str•ct bridge 
engineers were geographical location, type of superstructure (i.e., steel beams 

versus concrete beams), and age. The age of the structure is Important not only 
for length of exposure but because it also provides a monitoring variable for 
changes in design trends. For example, the depth of cover in deck concrete has 
been •ncreased •n recent years, and epoxy-coated relnforelng steel has been 
used only s•nce the mid 1970s. Addltional variables consldered by researchers 
•neluded cumulative vehicle and t.mek traffic, number of spans in a bridge, 
degree of skew, roadway system (i.e. interstate, primary, or secondary), and the 
amount of deiclng chloride use. 

Prior to running regressions, correlation matrices that included all poten- 
tially useful independent and dependent variables were ex_a.mined. The correla- 
tion matr• provides mathematical reinforcement to the graphical breakdown. It 
allows the analyst to •dentt• relative degrees of lnfluence that variables may 
have on a given dependent variable, and It signals the existence of intercorrela- 
tions among those variables assumed to be Independent of one another. 

Following this procedure, regressions on the dependent variables of inter- 
est (current condition ratings) were performed Including those explanatory vari- 
ables ldentlfied as most hlghly related by the correlation matrices. To ensure 

that all posslble influences were Investigated, the most theoretically appeallng 
independent variables were included In the first trials whether their correlation 
coefficient was s•gniflcant or not. Statistical output produced during each 
regresslon analysis aided in refining models to incorporate only those variables 
that explained an appreciable portion of one condition ratlng's deviation from 
another. 

Data Preparation 

The majority of the information assimilated for this project was tran- 
scribed directly from structural inventory and inspection records. Cumulative 
traffic data and chloride usage, however, required additional research and pro- 
cessing in order for it to be meaningfully implemented into the modeling pro- 
gram. 

Cumulative traffic volumes were obtained using growth rate and extrapo- 
lation and interpolation formulas borrowed from the pavement management 
field. Using average daily traffic (ADT) counts for a given bridge, one set from the 
latest available traffic tables and one from the earliest available records, an esti- 
mate of the traffic rate for the year the bridge was built was made. W•th these 



volumes, a cumulative traffic volume can be estimated including all traffic from 
the opening of the bridge to present. The formulas used were as follows: 

•l log 
85 -y• 

g= 10 -1 

ADT 
0 

ADT 

(I +g)" 

ADTcu 
m 

365ADT 
o 

(1 +g) n_ 1 

where" g = 
growth rate from earliest ADT to 1985 

Yl = year of earliest available ADT 

estimated ADT for year bridge was built 

ADT for year of earliest available ADT 

ADT from latest tables (I 985) 

number of years between the year the bridge was built and 

the year of earliest available ADT 

n = 
bridge age 

ADTcurn 
= 

cumulative traffic from opening of bridge to present (for a 4- 

lane divided highway). 

Calculation of chloride application rates was more straightforward but 
still involved a rigorous records search and some minor modifications. Chloride 
applications are recorded by county and were available fairly consistently for 
the past 10 to 115 years. The records Include the total weight of calcium chloride, 
sodlum chloride, and abrasives (w•th approximately 10 percent calcium or 
sodlum chloride content) used yearly on each highway system within a resi- 
dency. To facfiltate comparison of the use of chlorides among other counties 
and on other bridges, thls rate |s calculated as a chloride per lane mile of road- 



way. The final average county chloride rate per system was calculated using the 
total volume of CaC1 plus NaC1 used per lane mile in addition to 10 percent of 
the abraslves volume. The relatively slmple equation forms were: 

RCACL 
weightcAct. 

lanemileSroadway 

RNACL 
weightNAC 

L 

la ne mi e S roadway 

RABR 
weightAB 

R 

lane mi e s roadway 

CLro 
r 

RcAcL + RNACI + 0.10 × RAB,• 

where" RCACL 
= 
calcium chloride application per lane mile 

RNACL 
= 
sodium chloride application per lane mile 

RAB R = 
abrasives application per lane mile 

CLTo T = 
total chloride application per lane mile. 

RESULTS 

File and Record Examination 

At the initiation of the project prior to the employment attrition prompted 
by early retirement incentives of 1991, the district safety Inspection teams had 
had relatively little turnover in personnel. Inspection records maintained in V•r- 
g•nla for structures and culverts hav•ng waterway openings of 136 ft • or greater 
have been available •n most of the dlstriets since the National Bridge Inspection 
Standard (NBIS) was issued in 1971. Because of the comprehensive nature of 
the Vlrg•nia inspection form and the extensive experience and stability of the 
•nspection force, data on the current conditions of the structures was reason- 



ably complete and of good quality. The data on maintenance performed, how- 
ever, was found to be much more sketchy and less reliable. In fact, an 
evaluation of the •mprovement •n performance gained by various corrective 
actions, which was one of the origlnal objectives of the study, could not be met 
because of a lack of usable data. Among the •nspection documents available 
were the following: 

Bridge Inspection Report (Form B7)---Virginia's inspection report, 
like that of many states, allows the recording of information beyond 
that required for the federal SI & A. In addition to the general condi- 
tion ratings for the deck, superstructure, substructure, etc., sub- 
components such as the wearing surface, railings, expansion 
joints, and bearings are also rated. Space is provided for a descrip- 
tion of the nature of any distress encountered, and at times, 
lengthy descriptions with photographs are included with the 
reports. The inspection reports are filed in each district bridge 
office, and copies are sent to the central bridge division. No micro- 
film or computer files are made of the report. 

Supplementary Bridge Report (Form B6)--The supplementary report 
is a single sheet that is generally used to summarize the inspection 
report, indicate any change in load carrying capacity, and recom- 
mend needed repairs or rehabilitation. There is space to report any 
work done since the last inspection, but since no formal communi- 
cation channels exist, the information may not be complete. The 
supplementar• bridge report is filed with the inspection report. 

Structure Inventory (Form B79)--This is the master record that 
includes a complete description of the structure, location data, con- 
dition and appraisal rating summaries, and other data required for 
the federal SI & A system or desired by the Department. The data is 
contained in a computer file, and those items required for any 
report can be retrieved as needed. 

The original pool of 725 bridges was later trimmed to 571 bridges as a 
result of incomplete records and questionable data for structures older than 50 
years on primary routes and 30 years on secondar• roads. Nevertheless, the 
sample represents nearly 5 percent of the total number of bridges in the inven- 
tor•. Figure 1 shows the relative condition of the major bridge components for 
the investigated data set. 

The structures were assigned to 3 groups of districts, each group having 
common geographical features" 

lo the eastern coastal area to the fall line (districts 4-Richmond, 5-Fred- 
ericksburg, and 6-Suffolk), 
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Figure 1. Data set condition histogram. 

the piedmont plateau (districts 3-Lynchburg, 7- Culpeper, and 9- 
Northern Virginia), and 

the western mountains and valleys (districts 1-Bristol, 2-Salem, and 
8-Staunton). 

At least 40 structures of each type were included in each geographical area. 

Review of Previous and Current Research 

Deterioration Studies. 

Much of the work carried out through this project has emulated ongoing 
federal- and state-funded efforts in the bridge management area. Related bridge 
performance studles Include those mentioned earlier, which are described tn 
FHWA's DemonstraUon Project Number 71, "Bridge Management Systems. "4 

The "IS(; and the MIT projects used a national bridge database and provided 
deterioraUon functions relating major component ratings with the state w•th•n 
whlch the bridge ls located, structure type, skew, number of spans, custodian 
type (•.e. c•ty, county, state), age, and traftle. New York and W•scons•n both 
developed relatively generalized deterioration models using piece-wise linear 
regression techniques and an In-state data base. 
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Along wlth discussing data-fitting techniques, this related research notes 
common rating trends and similar experiences in finding and interpreting inac- 
curate or inconsistent data sets. A common observation was the tendency of the 
deterioration rate to decrease approximately 10 to 15 years after a bridge is 
built. In general, it was determined that bridges can be expected to decline in 
overall rating at about 0.1 points per year and can be expected to have a useful 
life of about 65 to 70 years. 

System Studies 

Over the duration of this study, including the lapse between completion of 
research and the reporting of results, a number of bridge management system 
projects have been launched. FHWA's DP No. 71 has prompted several research 
efforts both with overall system development and with optimum fund allocation 
programs incorporating specific numerical techniques. The National Coopera- 
tive Highway Research Program administered a project that identified and 
developed the necessary elements of a comprehensive BMS, including the earli- 
est attempts at providing a universally applicable software package. Most 
recently, under the funding of FHWA, Cambridge Systematics has produced a 
powerful and flexible adaptation of a national bridge management system soft- 
ware package (PONTIS). 

The FHWA demonstration project was based on and done in conjunction 
with the work done at N.C. State under the direction of Dr. David W. Johnston. 
Its primmT purpose was to encourage state and other local agencies to adopt a 
systematic procedure for allocating bridge MR&R funds. The priority ranking 
formulas for several states and the level-of-service methods adopted by North 
Carolina DOT are presented and discussed. The latest efforts have studied the 
feasibility of automated fund distribution systems using an incremental benefit- 
cost-analysis algorithm. 

NCHRP Project 12-28, "Bridge Management S•stems," was conducted by 
ARE, Inc. engineering consultants of Austin, Texas.' The first phase of research 
identified six essential elements of a bridge management system: 

I. database 

network-level major maintenance, rehabilitation, and replacement 
selection 

3. maintenance 

So 

historical data analysis 
project level interface 

6. reporting. 

II 



The second and third phases of the project investigated development, testing 
and implementation of a standardized microcomputer software package based 
on the elements identitied tn the first phase. The six major modules of the pro- 
gram corresponded to those components ldentitled earller and |nteract to per- 
form the basle functions of bridge management. The ttitrd phase, now underway 
and scheduled for completion sometime •n m•d I9913, wtll •nclude a review of the 
software package produced in the second phase. At thls stage, it would appear 
that |t ls a system better suited to smaller networks w•th fewer structures (such 
as a municlpallty). In light of thls, the review of thls package by the Department 
has taken on a somewhat secondary priority ranking.The latest research effort, 
an additional FHWA-sponsored venture, Is being conducted by Cambridge Sys- 
tematies and Optima, Inc. a The objective of this study is to provide a universally 
applicable network optimization system for bridge Improvements and mainte- 
nance. It lncorporates the Markov Chain methodologies to enable a network to 
make historical adaptations to locally specific deterioration and costs using a 
probabfl•stie approach. The system design goals, as presented •n the "PONTIS 
Executive Summary," are as follows" 

to provide a systematic procedure for finding MR&R budget require- 
ments 

to incorporate level-of-service goals in assessing bridge improvement 
needs and budget requirements 

to provide a capability to consider the entire bridge network simulta- 
neously in arriving at optimal policies and recommendations for 

to retain the flexibility to address any subset of bridges 

to provide priority orders and sequencing for bridges in need of MR&R. 
and improvement 

to coordinate MR&R planning decisions with future improvement 
decisions 

to consider the differing inspection and repair needs of the major 
structural components of bridges as well as the differing needs of the 
various types of bridges 

to allow for updating of predictive probabilities as the necessary data 
becomes available over time 

to consider the immediate and future costs and benefits of the various 
courses of action and their effect on future conditions (In particular, 
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the model would weigh the benefits of preventive maintenance versus 
cos•er but less frequent corrective actions) 

to allow sensitivity analyses of the recommended policies in terms of 
fu•ture conditions of the bridge network and cost requirements 

to be flexible to accommodate different state-specific improvement, 
MR&R, and fiscal policy issues 

to provide a basis for short-term and long-term MR&R and improve- 
ment budget planning and resource allocation 

to provide a rigorous procedure and an analytical framework for incor- 
porating expert engineering judgment in the model. 

Recently, the Department and the departments of transportation of 12 other 
states and the city of San Jose completed a beta test (secondary assessment 
conducted outside the developing institution) of the PONTIS software package. 
The results have been extremely promising. Of the modifications recommended 
by the testing agencies, much of the emphasis was placed on the establishment 
of Commonly Recognized (CoRe) elements. The flexibility allowed to the partici- 
pants in the creation and maintenance of non-CoRe elements was of equal con- 

cern. Overall, the PONTIS testers agreed that the program is a powerful and 
flexible software package that can be implemented in part or as a whole to fulfill 
bridge MR&R planning needs of most agencies. 9 

Descriptive Statistics of Database 

The appendix includes most of the original database. In its raw form, 
however, it is difficult to identify distributions and trends that may be statisti- 
cally important. The following figures provide better descriptive illustrations of 
data trends. To avold eonfuslon resulting from plot clutter, the actual data 
points have been replaced with llnear "best fit" approximations developed 
through s•ngle-var•able regress|on analysls. 

The breakdown of the database began at the most aggregate level with an 
observation of the trends in condition rattngs of the major components of the 
bridge: the deck, the superstructure, and the substructure. Figure 2 summa- 
rizes the relatlve performances of these components and demonstrates that the 
rating of the deck, which ls usually the most "exposed" component of a bridge, 
is a leadlng Indicator in the deterioration process. The superstructure rating 
tends to parallel the deck at slightly higher values. The subst.mcture rating 
drops more quicldy ln•tlally but stabilizes and maintains a h|gher level of service 
over the bridge life span. 
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In general, bridges tend to deteriorate in response to deck performance. 
Since this was anticipated, most of the effort expended for this project 
addressed the performance of the decks. 

Figures 3 through 5 illustrate the deck condition ratings versus time for 
each of the nine districts in the state. Figure 6 approximates thetr performances 
with respect to the geographical regions discussed earlier. 

From the standpoint of functional classification, Figure 7 suggests that 
secondary system bridge decks typically outperform those in the primary and 
interstate systems. 

Two variables that are likely strongly correlated with both geographics 
and system classification are cumulative traffic loadings and chloride applica- 
tion rates. Figure 8 demonstrates that both total vehicle traffic and truck traffic 
adversely affect the decks of bridges. An obvious trend can be identified for total 
vehicle traffic for most bridges. However, when the counts are parsed (as for 
interstate and primary systems), the effects of cumulative truck volumes are 
amplified significantly. Likewise, with the aid of a regressional best fit, damage 
associated with chlorides may be inferred from Figure 9. 

Figures 10 and 11 show potential influences on deck performance that 
might stem from the general configuration of a structure. Consistent with our 
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Figure 3. Districts 1, 2, and 3. 

Best Fit Lines 

Deck Rating i' 
7 

Dletrlct 4 --I-- Dl•trlct 6 --)K- District 8 

10 20 30 40 50 
Age, ye•re 

Figure 4. Districts 4, 5, and 6. 
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Figure 5. Districts 7, 8, and 9. 
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Figure 6. ,Regional influences. 
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Figure 9. Chloride usage influence. 
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Figure 1 i. Straight or skewed effects. 

expectations, Figure 10 shows that single-span bridges will generally fair better 
than mulUple-span structures. F|gure 11 shows that ratings will drop off faster 
on skewed decks than on perpendicular alignments. 

Empirical Test Results 

The modeling phase involved running and evaluating a variety of predic- 
tive equations. The relative accuracy of the models was measured by the coeffi- 
cient of determination (which is frequently called the R-squared value). Other 
tests of model suitability included comparisons of predicted versus actual con- 
ditions and the standard error of the estimated variable. 

A battery of regression models were tested using each of the mathematical 
formats discussed earlier and an assortment of variables. The values of the sta- 
tistical significance indicators were acceptable for linear models, but actual ver- 
sus predicted plots illustrated a larger-than-desirable scatter at extreme values. 
The full logarithmic models proved to be overly reactive, but semi-log models 
produced significant results. The last experiments were with polynomially 
equipped equations. Their performance was not, however, an improvement; it 
was not even as accurate as the original models. 
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This section presents the best models developed for several of the straUfi- 
cations that were investigated. All the models that will be discussed were based 
on linear or semi-log functions. Since the most functionally important, compo- 
nent of the bridge is its deck, the majority of regression analyses were dedicated 
to modeling.its performance. 

Each of the models tested had the following general form" 

A f(a, b, c x) 

where" A 
= 

the condition rating of the component, such as the deck, the super- 
structure, or the substructure 

a mathematical relation between condition and influences on condi- 
t.ion 

those variables hypothesized to explain variations in the condition of 
a structure (such as age, log(age), bridge type, traffic volume, chlo- 
ride application, etc.). 

Wooden Decks 

Two of the best equations for explaining variations in wooden deck ratings 
are shown below: 

A 9- 0.29 (SPANS) 0.64 (CL) 1.01 (LOGAGE), [11 

where: R-squared 
= 

0.861 
Standard Error 

= 
0.6 

Weight 
= 

8 percent Spans, 20 percent Chloride, 72 percent Age 
t-statistics significant at 0.95. 

A 9 0.57 (CL) 0.22 (LOGCTV) I2l 

when: R-squared 
= 
0.862 

Standard Error 
= 

0.6 
Weight 

= 
19 percent Chloride, 81 percent Traffic 

t-statistic significant at 0.95. 

The first equation shows that a timber bridge rating is inversely related to 
the number of spans, chloride applications, and age. The R-squared is 0.86. 
More specifically, the rating can be estimated by subtracting from 9 (the rating 
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of a new component) the log of the age of the bridge, by subtracting 0.64 times 
the average annual chloride application in tons per lane mile by county, and by 
subtracting 0.29 if the wooden bridge has multiple spans rather than a single 
span. The weights that are shown indicate the relative importance of the influ- 
ence of each of the variables. In addition, each of the variables were statistically 
significant at the 95 percent level of confidence. 

Results shown in equation 2 are quite similar. This equation relates the 
deck rating to the log of cumulative traffic volume (which has a very high 
explanatory value in the equation) and to chloride application. 

Wooden Decks Rated 7 and Below 

Because bridges with deck ratings of-7 and below are frequently of the 
greatest concern to those who have responsibility for maintenance and rehabili- 
tation, the authors also tested deck equation models for th•s stratification of the 
bridge sample. The results were qulte lnteresting and are shown •n Equation :3. 

A 9 0.29 (CL) 0.34 (LOGCTV) [31 

where" R-squared 
= 
0.973 

Standard Error 
= 

0.38 
Weight 

= 
8 percent Chloride, 92 percent Traffic 

t-statistics significant at 0.95. 

R-square now goes to 0.973. In other words, 97 percent of the variation in 
wooden bridge deck ratings can be explained by an equation that includes chlo- 
ride application rates and the log of cumulative traffic volume. These results 
suggest that such an equation can estimate the rating within about 0.4 points 
of the actual rating for wooden deck bridges. The log of cumulative traffic vol- 
ume simply indicates that the relationship between wooden deck ratings and 
traffic volume is not linear. The reader should also note that cumulative traffic 
is the major explanatory variable. 

Concrete Decks 

The next subset of evaluations includes all types of bridges with concrete 
decks. The most interesting modeling results are shown in Equations 4 and 5. 
Equation 4 estimates that a deck rating is equal to 9 minus 0.42 if the bridge is 
a multi-span rather than a single-span bridge and that the deck rating declines 
by 1.213 times the log of the age of the bridge. 

NOTE: As has been the case throughout, the SYSTEM and SPANS 
variables are what is referred to as regression dummies. In other 
words, they test the Influence of a particular categorical variable. 
The system variable takes on a value equal to one for primary sys- 
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tem bridges or interstate bridges and a value of zero for the second- 
ary system. Multi-span bridges are assigned a value of one; single- 
span bridges a value of zero. 

Equation 5 shows roughly the same ability to explain variations in deck 
rating. That is, the R-squared in both Equations 4 and 5 is0.85. Equation 5 is 
an alternative model for predicting concrete deck ratings, and it also demon- 
strates that decks on multi-span bridges have a tendency to rate lower than sin- 
gle spans of the same age, the same traffic volume, and other similar 
characteristics. It also shows that the log of the age of the bridge and the log of 
cumulative traffic volume have significant negative influences on deck ratings. 
Either of the equations predicts ratings within 0.9 of the actual rating. 

A 9 0.41 (SYSTEM) 0.42 (SPANS) 1.23 (LOGA GE) [41 

where" R-squared 
= 

0.85 
Standard Error 

= 
0.9 

Weight 
= 

15 percent SYSTEM, 17 percent SPANS, 68 percent LOGAGE 
t-statistics significant at 0.95. 

A 9 0.36 (SPANS) 0.96 (LOGA GE) O. 11 (LOGCTV) [51 

when: R-squared 
= 

0.85 
Standard Error 

= 
0.9 

Weight 
= 

15 percent SPANS, 48 percent LOGAGE, 37 percent LOGCTV 
t-statistics significant at 0.95. 

Concrete Decks Rated 7 and Below 

Turning to concrete decks rated 7 and below, equation 6 performs very 
well since it suggests that system type, the span layout (single versus multi- 
span), the log of age, and the log of cumulative traffic volume are the significant 
explanatory variables. 

A 9-0.32(SYSTEM) -0.31 (SPANS) -0.96(LOGAGE) -0.12(LOGCTV), [6] 

where" R-squared 
= 

0.93 
Standard Error 

= 
0.73 

Weight 
= 

10 percent SYSTEM, 11 percent SPANS, 47 percent LOGAGE, 
32 percent LOGCTV 
t-statistics significant at 0.95. 

Age and traffic volume have the greatest proportionate influence on the ratings, 
but it should be noted that among two bridges of the same age and traffic vol- 
ume, a multi-span bridge will be rated slightly lower on average than a single- 
span bridge (as lndleated by the minus 0.:31 coefficient on the SPANS variable). 
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Other Deck Models 

Concrete deck modeling results on the secondary system, the primary 
system, and the interstate system stratifications were very similar to those for 
the entire data set. Significant variables include the number of spans, the age, 
the traffic volume, truck traffic volume, and the ratings 4 years prior. As one 
might suspect, previous deck ratings tend to be excellent predictors of short- 
run critical rating levels. Bridge type and skew proved to be insignificant. R- 
squared values ranged from 0.87 for long-run models to 0.98 for those models 
that were short-run and based on ratings four years previously. The accuracy of 
the models generally is within 0.75 of the actual rating. 

Superstructure and Substructure Models 

Numerous tests were run on superstructure and substructure models. 
These models incorporated the same general form as the deck models described 
•n th•s report. Bridge type, age, spans, and the jolnt and deck rating four years 
previously proved to be the most slgnitleant influences on superstructure and 
substructure ratings. Steel beam, concrete deck, and multi-span structures 
tend to deteriorate more rapidly than concrete beam or concrete box-beam 
structures. In all modeling tests, care was exercised to ensure that problems of 
multi-eolinearity were avolded or corrected for. In addition, model results reflect 
only variables that are statistically significant tnfluences on ratlngs at or above 
the 95 percent confidence level. 

DISCUSSION 

Appraisal of Inspection Records 

During the early stages of the project, an assessment of the inspection 
records began to indicate some distinct strengths and weaknesses in the cur- 
rent recording system. Perhaps the most significant of the deficiencies was the 
lack of reliable historical maintenance records. There are at least two reasons 
for this inadequacy. First, there apparently was incomplete communication 
between the inspection teams, the district bridge offices, and those mainte- 
nance forces assigned to the residency offices. The recommendations on work to 
be done formulated by the district offices on the basis of the inspection reports 
consist of general tasks, i.e., "the expansion joint should be cut out and recast; 
all areas of spalled concrete should be patched with pneumatically applied mor- 
tar." The provision of specific detalls on quantifies of the work required or its 
urgency, such as used by states such as Pennsylvania, might be a useful addi- 
tion to Virginia's system. Similarly, the communication back to the district 
offices of work done is often vague and, occasionally, omitted. There is also 
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some concern about the activity codes used to describe maintenance activities. 
Either the limited number of available codes or an incomplete use of existing 
codes may be preventing the development of usable task and cost data, 

Accuracy and Consistency of Inspections 

An initial goal of this project was to provide an assessment of the accu- 
racy and consistency of the field safety inspection teams. The field evaluation 
was, necessarily, a comparison of informed opinions: those of the inspectors for 
each bridge versus those of the office engineer. This methodology did not yield 
quantifiable results, but certain trends were indicated. 

In general, there was a tendency towards a stricter interpretation of the 
standards on the part of the office engineer. Of the seven districts checked, four 
often tended to rate the components of a given bridge higher than did the office 
engineer, whereas three generally assigned equivalent ratings. Many instances 
of overrating by the districts occurred in the range from 8 to 6. The distinctions 
between values in this range, which encompass conditions from good to fair, are 
not always clear in the field. Overrating is serious primarily in the case of a 
structure in the range of 5 to 6, for which a high value would not alert the level- 
of-service system to needed rehabilitation. Differentiation of rating levels in this 
range is easier, however, and overrating of the structure as a whole was not as 
prevalent. 

The examination of structures in the field also indicated the importance of 
subcomponent ratings. There was an apparent acceptance of lower standards of 
railing adequacy and a toleration for absolutely poor performance or complete 
failure of expansion joint seals. Subcomponent ratings of "poor" or "critical" 
activate the level-of-service system call for the scheduling of needed repairs. 
Unfortunately, prompt corrective action has not always been taken, especially 
in the case of joint seals. There were many instances of deterioration of bridge 
seats, pier caps, beam ends, and diaphragms that resulted from failed joint 
seals. Lastly, the districts often displayed a tendency to overrate older bridges 
(those 40 years and older) particularly on low-volume secondaries. Also, charac- 
teristic of these bridges was a healing phenomenon that may occur periodically 
throughout its life-span. More relaxed records systems generally fail to account 
for maintenance or improvements to many of these structures, and precon- 
ceived budget allocations may sway inspection ratings. 

For several reasons, it was impossible to assign corrective factors to the 
ratings of individual teams or districts. Within the relatively small sample, no 
district overrated all of its bridges. In most cases, only certain components of 
the structure were overrated. Later inspection data indicated that performance 
in terms of the grouping of values improved after the training course in 1986. 
The course concentrated on minimizing the subjectiveness of ratings through 
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the application of rules, with the aim that graduates would rate any given com- 
ponent w•thin a one-point range. An evaluation of actual inspections in two dis- 
tricts by a team of engineers from the FHWA confirmed the adequacy of the 
procedures .observed. Many of the later eases of overrating were w•thin th•s tol- 
erance, and there were only a few Instances of overrating In which serious dis- 
tress was lgnored. Therefore, it appears doubtful that the applleation of a 
corrective factor is necessary. 

Assessment of Experimental Database 

An overview of the data set, from a deck condition standpoint, indicates 
that the worst performing decks are found in the Bristol, Culpeper, and Staun- 
ton Districts. A common factor that may bear some responsibility may involve 
the increased number of yearly freeze-thaw cycles of these regions. The incon- 
sistency •n thls hypothesls is the eonsplcuous absence of Salem and, to some 
extent, Northern. V•rg•nla, where the yearly temperature fluctuations are compa- 
rable. Obviously, factors other than geographic/climatic condltions affect the 
data significantly. 

The apparent bridge performances in the Lynchburg district could elicit 
some reservations concerning the database. According to the best data fit of 
these ratings, the decks in District 3 tend to improve slightly with age. The dom- 
inatlon of secondary bridges and a complete lack of Interstate bridges in this 
district may contribute to this unusual outcome. The absence of the Interstate 
system, alone, allows offlclals in Lynchburg to prioritize maintenance activities 
differently and could result in a more evenly maintained network. In addition, 
none of the Lynchburg bridges over 130 years of age appeared In the tinal data- 
base, resulting in an unusually young representation. 

The consistency of the present.conditions and deterioration trends in dis- 
tricts 4, 5, and 6 indicate that the researchers' decision to group the Richmond, 
Fredericksburg, and Suffolk districts together in a regional stratification was 
valid. The observed rating decline in this region may be indicative of the influ- 
ence of climate on performance. Despite some localized high traffic volumes and 
scattered tidal conditions, widespread rapid deck deterioration did not appear to 
predominate in these milder climates. 

The best estimate plots in Figure 6 indicate that the worst deck perfor- 
mances are in region 2 (districts 3, 7, and 9) in which the large number of dete- 
riorated structures in the Culpeper district negate the moderate to good 
performances in the other two districts of the region. Again, these results are 
most likely attributable to climatic fluctuation in addition to the fact that the 
network |s older and more heavily travel. 
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An unexpected phenomenon noted during the modeling study was the 
tendency for wooden deck deterioration to accelerate with increased salt appli- 
cations. Possibly the chloride variable reflects the effects of a related factor such 
as higher truck volumes on certain more heavily traveled (and hence more often 
salted) secondary roads, or perhaps the deleterious effect of chlorides on timber 
is more significant than originally envisioned. Except for this aberration, the 
timber deck models were intuitively sound, and each of the variables portrayed 
influences that are consistent with the theoretical relationship one would nor- 
mally expect. For example, one would expect deck ratings to be reduced by 
increased cumulative traffic volumes and age; hence, the negative coefficient on 
the traffic and log-age variables. 

Another pertinent observation was made during exercises with concrete 
deck performance modeling. In this case, a concrete deck on the interstate or 
primary system was hypothesized to deteriorate more rapidly than a compara- 
ble concrete deck on the secondary system largely as a result of the potential 
influence of chloride application on major thoroughfares. Engineering design 
and structural relationships further suggested to the authors that multi-span 
bridges would most likely deteriorate more rapidly than a comparable single- 
span concrete deck. The negative values on the SYSTEM and SPANS coefficients 
in Equation 4 serve to confirm these hypotheses. 

CONCLUSIONS AND RECOMMENDATIONS 

The condition ratings and the rating process in Virginia has provided an 
adequate basis for management system development. Results of the field evalu- 
ations reinforced the findings of the earlier records search. In general, compari- 
sons of ratings from an independent team of rating engineers were reasonable, 
and there were no major inconsistencies among regions of rating teams 
throughout the state. 

In anticipation of a new optimization and planning system (specifically 
one incorporating PONTIS), this rating process will evolve to encompass a more 
network level perspective. Although the existing methodologies will provide a 
sound foundation upon which this new system can build, an evaluation of it 
does suggest some areas of concern. Among those, perhaps the most critical 
pertain to the accuracy and detail typically furnished in regard to needed main- 
tenance activities. If accurate planning is expected, a mechanism must also be 
provided to better track corrective actions, costs, and corresponding perfor- 
mance responses. 

The modeling effort conducted during this study has been successful. The 
results are logical, and they are consistent with reasonable structural and theo- 
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retical relationships. The multiple regression technique employed allows for 
variables other than age to be tested as influences on bridge deterioration and 
performance, and the forecasting accuracy is sufficient for program planning. 

Of the numerous positive aspects of these modeling research efforts, per- 
haps the greatest potential application l•es •n the abfllty to ask "What •f?." ques- 
tions. For example, the modeling effort now provides VDOT w•th the ability to 
predict with a reasonable degree of accuracy what might happen to a bridge rat- 
Ing If general traffic or truck traffic volume were to Increase substantially or if 
chloride application rates were to be altered. It also provides the ability to fore- 
cast how comparable bridges on the primary or the interstate system rn•ght 
deteriorate as compared to a bridge on the secondary system of equal age. 

The predictive capabilities developed under this project involved purely 
deterministic methods. An interim study conducted through the Mid-Atlantic 
Unlvers•ties Transportation Center • 1 incorporated the identical database to 
•nvestigate the use of a probabflistie approach to deterioration modeling. It pro- 
vides a particularly timely function in that it documents a test of VDOT's net- 
work bridge deterioration for compliance with the Markovian Decision Process, 
which is the model•g technique used in PONTIS. The conclusions suggest that 
VDOTs bridges demonstrate the Markovian Property (transition properties only 
a function of current state- no memory). However, an upcoming research 
project that will Investigate the penalty exacted If the network ls not 100 percent 
applicable is expected in the near future. 

The facility to monitor and predict structural performance given regional 
financial and environmental influences is imperative if MR&R needs are to be 
accurately anticipated and the allocation of funds optimized. The. learning 
capacity of the Markov Chain methodologies incorporated into PONTIS allows 
for this sort of historical adaptation to locally specific deterioration and cost 
probabilities. The quantity and accuracy of the historical database continue, 
therefore, to be critical issues. The reliability of MR&R planning will be directly 
related to the quality of information on which it is based. 

FURTHER RESEARCH 

The results presented here have reflected a portion of a larger effort 
underway to implement a structures maintenance management system for the 
Virginia Department of Transportation. As referred to earlier, the Department 
recently participated In a very favorable beta-testing of the Cambridge System- 
atlcs system. The Impending federal mandate for bridge management, adminis- 
tered under the Intermodal Surface Transportation Efficiency Act (ISTEA), also 
serves as an element of motivation. In response, VDOT has elected to dedicate 
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its BMS development efforts towards the implementation of PONTIS. To accom- 
plish this, a considerable effort will be needed to manage the incorporation of 
the beta-test suggestions and the adaptation of many of the methods and 
means unlque to VDOT to those of PONTIS. Future research should provide 
support to the Department's Bridge and Maintenance Dlv•sions as they works to 
satisfy the requirements set forth under I• while providing V•rg•n•a w•th a 
cost-effective maintenance management system for lts bridges. 

The scope of this work will be driven by the needs that surface as the sys- 
tem is put into place. Typical areas of concern that will likely require the techni- 
cal expertise available at The Research Council tnelude the following: 

1. The identification of the MR&R alternatives for bridges in Virginia and 
the corresponding cost strategies necessa• for their incorporation into PONTIS. 
This would include a survey of the current MR&R activities implemented by 
VDOT and the development of strategies for tracking costs and converting them 
into units compatible with a network-level management system (specifically 
PONTIS). 

2. The evaluation of developing bridge inspection technology. For example, 
the feasibility of bar coding, digital/video logging, and other multi-media record- 
tng and storage teehnlques should be Included. This research may seek to build 
upon emerging technologies of PC-based multimedia, optical storage, and net- 
work computing to streamline the process of gathering and distributing struc- 
tural tnspectlon information. Finally, some attention may be directed to 
permanent instrumentation as a means to monitoring a structure's health (i.e. 
fiber optic strain gages). 

3. The investigation of the role of a bridge inventory and management sys- 
tem in a comprehensive geographic information system (GIS) for VDOT. A signifi- 
cant effort will be necessary to coordinate the relevant database mater•al of each 
of the management networks slated forIncorporation Into a state-side GIS. The 
most tmmed|ate benefits would Include better access to Information regarding 
structure location, classification, history, and CUlTent conditions. It is expected 
that much of this work will also Incorporate the products of developing tnspec- 
t.ion technology, such as digital video and optical storage. 

These subject areas represent a prelimlnm3r cross-section of concerns 
that will likely be investigated. The scope, however, should by no means be lim- 
ited to these areas because many phases of the process have yet to mature 
much beyond the conceptual. 
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