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EXECUTIVE SUMMARY 
This research effort reviewed the state of the art and practice in the field of bridge element 
deterioration / improvement modeling. It is noted as a result of the literature review that age-
dependent do-nothing deterioration has been widely observed in the field. However, its practical and 
effective modeling has not been reported or practiced. In addition, modeling for condition 
improvement due to renewal construction work, preservation, or prevention has been challenging. 
These issues were the focus of the present research effort. 

This study thus developed a new and practical method for deterioration / improvement modeling 
using bridge element quantities in the BrM inspection records along with bridge age from the 
National Bridge Inventory (NBI). For reliable forecasting, the new method uses these quantities 
directly to determine the transition probability matrices (TPMs) for modeling condition deterioration 
or improvement. BrM quantities evolve as a result of deterioration subject to the environment or 
condition improvement by renewal construction work. The TPMs were derived exactly from bridge 
element quantity transitions among the condition states. The example TPMs were found age-
dependent for the case of do-nothing, quantifying faster bridge element deterioration when aging. 
Results show that this approach is effective in forecasting the life of a bridge element. For consistent 
concept and application, the condition improvement TPMs were also similarly derived from the 
quantity evolution documented in element inspection records. Examples of renewal construction 
work are deck overlay of micro-silica concrete, steel beam repainting, bridge cleaning, etc., and they 
are recorded in agency records of activities. 

Two efficient computer software programs were developed in Microsoft Excel for bridge owners to 
obtain TPMs for the cases of do-nothing deterioration and condition improvement, respectively, 
using available inspection records. The Excel format provides a convenient visual interface as well as 
possible transfer of results to other platforms for further analysis or presentation. Bridge owners will 
be able to use the tools to generate TPMs for any element whose inspection records are provided. As 
a result, TPMs can be continuously updated whenever more inspections are performed and their 
records are included as input to the software programs. In addition, the software tools are 
transparent for the user to readily perform expert elicitation, especially when the inspection records 
are erroneous or not available. Such activity can be informatively guided by the intermediate and 
final results of trial calculations from the software tools, as illustrated by two application examples in 
the software programs.  

This new concept and associated software tools may be applied by other bridge owners using the 
BrM bridge management system. The two application examples for Elements 12 (reinforced concrete 
deck) and 107 (steel girder beam) in the software programs can be readily transplanted to other 
states as a starting point for application of the research products herein. The examples show that the 
age-dependent TPM is able to realistically replicate element deterioration for the do-nothing case, 
particularly faster deterioration while aging. They also demonstrate that TPMs for different types of 
renewal construction work are able to contrast their various effectiveness, such as replacement, 
concrete overlay, bituminous overlay, patching, and sealing to a reinforced concrete deck.  
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CHAPTER 1: INTRODUCTION 

BACKGROUND 
Over the past several decades, virtually all US state transportation agencies have gradually adopted 
AASHTOWare Bridge Management (BrM). Meaningful bridge element inspection data have been 
gathered by a large number of bridge owners so far. It is important to ensure that the collected data 
are effectively employed for forecasting and related decision-making on maintenance, repair, 
rehabilitation, or replacement. 

The overall objective of this research project was to develop deterioration curves based on element-
level inspection data from Illinois’ bridge inventory. The deterioration curves will provide the basis for 
the bridge management system of the Illinois Department of Transportation (IDOT): AASHTOWare 
BrM. 

IDOT started to collect condition state data of bridge elements in the BrM framework around 1994. 
The present study analyzed this dataset along with other available IDOT databases. It accordingly 
developed a new approach to the transition probability matrix (TPM) directly based on IDOT BrM 
data. The study implemented this approach into two computer software programs, Mansus and 
Elevatio, using Excel. Mansus and Elevatio are for typical cases of do-nothing deterioration and 
condition improvement via renewal construction work, respectively. Illustrations were also developed 
and documented in this report as to how the resulting TPMs and other intermediate results could be 
used for forecasting bridge-element condition for a single bridge or a number of bridges in a network. 
The network can be a route, a region, or the entire state. 

ORGANIZATION OF REPORT 
This report consists of six chapters, including this introductory chapter.  

Chapter 2 documents a literature review of state of the art and the practice in the relevant field. It 
focuses on bridge element deterioration/improvement modeling using the BrM element inspection 
records. First, the BrM and NBI systems of inspection and rating are reviewed and contrasted to 
ensure the present project’s effort on the former. Next, it highlights challenges in this focused field. 

Chapter 3 presents proposed new approaches to extracting TPMs for both do-nothing deterioration 
and condition improvement. These approaches reflect intentions to respond to the challenges 
identified in Chapter 2 observed in previous research efforts. The main and critical advancement of 
the proposed approaches is to maintain the relation between the previous and future condition 
statuses through the obtained TPM for each individual bridge element. Then, the resulting TPMs for 
the bridge element are averaged and evaluated for their variations among all bridges in the scope. 
This idea also allows the factor of age to be explicitly included in TPMs, because each bridge-
associated element has an age recorded in the NBI. In contrast, previous methods ignored the 
fundamental relation between the previous and future condition statuses through TPM for each basic 
unit (bridge element). 
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Chapter 4 introduces two computer software programs, Mansus and Elevatio, in the MS Excel 
platform for TPM calculation using BrM element inspection records. Their algorithms are based on 
the proposed new approaches presented in Chapter 3. 

Chapter 5 includes two application examples, EN12 and EN107, carried out in the Mansus and 
Elevatio programs. The presentations also include applications of the TPMs for potential forecasting 
and relevant decision-making. The researchers expect these applications to inspire further 
applications in this direction. 

Chapter 6 contains a summary of the conclusions and recommendations of the present study. 
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CHAPTER 2: STATE OF THE ART AND THE PRACTICE 
There are two bridge condition rating systems practiced in the United States for bridge management, 
the NBI and the BrM systems.  

The NBI system records aggregated bridge condition ratings for the deck, superstructure, 
substructure, culvert, and possibly a few other bridge components and/or systems, depending on the 
bridge owner. Without further detailing to bridge elements such as concrete girder beam, steel 
bearing, expansion joint, etc., the NBI system uses a rating scale from 0 to 9 in general for these 
bridge components, subsystems, or systems. There are a few exceptions. For example, the state of 
New York uses a scale of 0 to 7 for the same bridge components or systems. To enhance or quantify 
the rating, however, some bridge owners also use agency-specific forms or other tools to gather 
more detailed condition information contributing to the final rating of the integrated components, 
subsystems, or systems (i.e., deck, superstructure, substructure, culvert, etc.). 

The BrM system is explicitly bridge-element oriented. Each bridge is divided into elements, such as a 
reinforced concrete (RC) deck, steel girder beam, and elastomeric bearing. Each element’s total 
quantity of the bridge is counted (such as how many RC columns) or quantified (such as how many 
square feet of an RC deck). Upon an inspection, the total quantity of each element of the bridge is 
divided according to the condition state (CS). The quantities at each CS are then recorded as the 
inspection result in the BrM. Currently, four CSs are used for each bridge element: CS1, CS2, CS3, and 
CS4, from best to worst. This approach is based on the so-called Markov Chain framework (e.g., Fu & 
Moses, 1986; Fu, 1987; Jiang et al., 1988), which is intended to be able to forecast future conditions 
of the element based on its past history or evolution of the recorded condition states.   

Note that the quantities at CSs are also used to describe the element’s condition in a probabilistic 
context. For example, if there are 5,000, 2,000, 1,000, and 0 square feet (sqft) at CS1, CS2, CS3, and 
CS4, respectively, for an RC deck of 8,000 sqft, the deck is said to be 62.5% (= 5,000 / 8,000), 25% (= 
2,000 / 8,000), 12.5% (= 1,000 / 8,000), and 0% (= 0 / 8,000) at these CSs, respectively. This concept is 
also extended to RC decks of all bridges on a route, in a region, or in the entire state for network-level 
bridge management. These probabilities are also organized as the condition probability distribution  
q = {0.625, 0.250, 0.125, 0}t, a column vector with the superscript t indicating matrix transpose. 
“Condition” here refers to the physical condition of a bridge element, which is different from 
“conditional” probability referred to in Chapter 3 and thereafter. That condition refers to a 
hypothesis under which a probability is defined or estimated. 

Note that NBI ratings can also be treated in the Markov Chain framework (e.g., Jiang et al., 1988; 
Agrawal et al., 2009), while the NBI rating system was initiated without the Markov Chain model in 
the field of vision. To stress the major differences between the NBI and BrM systems, the basic or the 
smallest unit carrying the condition rating in the NBI is a major bridge component or the entire 
structure system itself, such as a bridge deck, a bridge superstructure, and a culvert. In contrast, the 
basic unit associated with the CS rating in BrM is a quantity of a bridge element, such as a square foot 
of an RC deck or a linear foot of a prestressed concrete girder beam of a bridge. Apparently, BrM 
offers a much higher fidelity for the condition state of a bridge element down to a fraction of the 
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element, while NBI stops at a major bridge structure component. The two rating systems need 
different corresponding analysis approaches to meet their respective requirements for application. 

Theoretically, the Markov Chain is a special case of a more general set of mathematical models 
referred to as Markov Random Processes (e.g., Fu, 1987; Ross, 1996). These models have found wide 
applications in various fields, such biosciences and human population evolution. These random 
processes can have continuous or discrete states modeled as random variables. The former is 
generally defined on the entire real number axis ( , )−∞ ∞ or part of the real number axis (e.g., all 
positive real numbers). The latter, or the discrete states, for example, can be all positive integers with 
spaces between every two integers excluded. Markov processes with discrete states are referred to 
as Markov Chains. As mentioned above, the current BrM system uses a Markov Chain model of four 
discretized states, CS1 to CS4, which is a very small subset of all integers. More information regarding 
state definitions can be found in Fu (1987), which introduced both continuous and discrete Markov 
Random Process frameworks for modeling bridge element condition and load-carrying capacity 
states.  

Markov Random Processes can also be defined on both continuous and discrete temporal or spatial 
scales. When the former is used, theoretically, the time scale is continuous in (0, )∞ . Practically, on 
the other hand, continuous recording of the condition state can be excessively costly. As a result, this 
option is used seldomly in engineering applications. 

Pontis, the predecessor of BrM using the Markov Chain model, started development in the 1990s, 
and state bridge owners later accepted and implemented it. Its adoption and implementation 
gradually extended throughout the United States, and it has become the most popular bridge 
management system in the country. This Markov Chain–based concept has also gained widespread 
acceptance internationally. As a result, element inspection records have been growing among state 
bridge owners—especially in the United States, although the data durations vary depending on when 
the system was implemented in the jurisdiction. 

As stated earlier, NBI ratings are different from BrM ratings. As such, their processing for forecasting 
will need to be designed accordingly. NBI ratings are aggregated to the bridge so that the history of 
rating evolution is indexed with the structure number (SN) or bridge ID. For example, a bridge deck, 
whether concrete or steel, is referenced by the bridge ID. The deck carries the condition rating as the 
smallest bridge component in the record. BrM ratings, rather, refer to a quantity of a bridge element 
identified by element number (EN). For example, the smallest quantity for an RC deck is a square foot 
of the deck indexed to a CS as rating. The history of rating evolution over time for the quantity is of 
interest here for modeling deterioration / improvement. However, each particular quantity is not 
tracked or indexed in the BrM inspection records. Namely, part of a quantity (say 500 sqft) may stay 
in the same CS observed in the earlier inspection (say 200 sqft), another part of that quantity (say the 
remaining 300 sqft) may have evolved to a different CS in a future inspection. These two parts of the 
quantity can respectively split again in a further future inspection, becoming two new quantities 
without being tracked where these quantities physically are or were in the particular bridge. As a 
result, the BrM element CS ratings are more challenging to track and analyze for processing and 
deterioration/improvement model extracting. This is the very focus of the present study. 
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A brief review is presented next in chronological order regarding approaches to analyze Pontis/BrM 
system inspection records to model bridge element deterioration/improvement. These discussions 
will lead to a presentation of the proposed approaches developed in the present study, targeting 
implementable products for IDOT. 

Fu and Devaraj (2008) completed a study for the Michigan Department of Transportation, focusing on 
the development of the transition probability matrix (TPM) in the Markov Chain model. The study 
was triggered by issues observed in computing TPM in Pontis and applying the results in practice. The 
study included detailed analyses for the TPM computation method of Pontis.  

The Pontis method assumes that the TPM is constant over time or age of the element—namely, the 
Markov Chain is homogeneous. With the observed issues analyzed, the research team introduced a 
new concept of non-homogeneous Markov Chain or age-dependent TPM. A regression-based 
approach was introduced for the calculation of age-dependent TPMs, using relatively limited 
inspection records available at the time.  

The observed issues with the Pontis method were identified in the report as follows. 

(1) Negative probabilities were seen in the computed TPM result. This is due to the regression 
procedure used without appropriate constraints on the involved quantities, as probabilities 
are never supposed to be negative. When used in forecasting, the resulting negative 
probabilities can lead to negative quantities for a bridge element, which makes no practical 
sense. Table 1 presents an example TPM for a two-year inspection interval, taken from Fu and 
Devaraj (2008), using the Pontis method applied to Michigan EN=107 (steel girder beam). Skey 
i in Table 1 is the CS from which the element is transitioning, and Skey j is the CS to which the 
element is transitioning. At the time, five CSs were used for EN107. As seen, three transition 
probabilities were calculated as negative values. However, these negative values were not 
shown in the Pontis output because they were set to 0 by Pontis. Apparently, this forceful 
setting may lead to significant errors in forecasting using the artificially set values, especially 
when the calculated results are as significant as −0.28 (for Skey i=5 and j=2 in Table 1), 
contrasted by the [0,1] domain for all probabilities.  

Table 1. Example TPM from Pontis (Table 6.5 of Fu & Devaraj, 2008) 

 
(2) The probabilities for all transitions from one CS do not add to 1. They should add to 1 because 

any quantity at one CS may only transition to one of the CSs including itself. Thus, those 
probabilities not adding to 1 violate this fundamental law of probability. Such results were 
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also due to the regression numerical algorithm used in Pontis without appropriate constraints. 
Practically and physically, these results lead to changes in the total quantity from one 
inspection to another, while the total is supposed to remain unchanged throughout the 
inspection history. An example in Table 1 is the bottom row for Skey i=5, where 0.13 − 0.28 + 
0.12 + 0.01 + 0.99 = 0.97, which is not the required 1 being the total probability. 

(3) For the case of do-nothing deterioration, probabilities of transitioning from a poor CS to a 
better CS existed in the calculated results. For example, Table 1 shows Pji = 13% for i = 5 and  
j = 1 and Pji = 12% for i = 5 and j = 3. These were significant probabilities in [0,1] representing a 
substantially high likelihood for these respective transitions from CS5 to CS1 and from CS5 to 
CS3, contradicting the condition of do-nothing deterioration. Ignoring these numerical results 
and setting them to 0, as done in Pontis, can cause a great deal of error in forecasting. 

(4) Other issues were also present, but it was not clear how they are treated in Pontis, given the 
limited documentation. One example is associated with the approach to the regression 
equation solver. The regression solution is a process of mathematical minimization of the sum 
of squared residuals between the observed values (i.e., recorded quantities at CSs) and the 
predicted values using the thereby determined TPM, as formulated in Equations 10 and 11 
below. In Pontis, this solution was found using an inverse matrix approach. However, matrix-
inversing was not always feasible. When this occurred, no solution could be found. How such 
a situation was treated in Pontis is not well documented (Fu & Devaraj, 2008).  

O’Leary and Walsh (2018) conducted a study for the Washington State Department of Transportation 
to model deterioration of RC columns/piles (EN = 205 and 227) using BrM element inspection 
records. The duration of the utilized inspection records was not explicitly given in the report, except 
for one example bridge of 44 columns/piles with inspection records from 1996 to 2008. These 
columns/piles were either dry or submerged. Their inspections recorded the numbers of 
columns/piles at each CS. It was implicitly assumed that the TPM for the case of do-nothing 
deterioration was constant, not a function of time. Hence, one TPM was pursued and obtained, as 
discussed next. In addition, it was explicitly assumed that transitions from one CS to another do not 
cross another CS in between. Namely, condition transitions were assumed to take place only from 
CS1 to CS2, from CS2 to CS3, or from CS3 to CS4, never CS1 to CS3, CS1 to CS4, or CS2 to CS4.   

As a major result, Table 2, taken from O’Leary and Walsh (2018), presents the found average number 
of years that the RC columns/piles spent between a CS and the next poorer CS. They were identified 
for six regions in the state. These regions are identified in the first column of Table 2. Eastern WA in 
the eighth row includes regions EA, SC, and NC. Western WA in the ninth row refers to the collection 
of the other three regions in the table. 

Some empty cells in Table 2 are marked with “-”, apparently due to a lack of inspection records for 
CS4 and sometimes CS3, representing the worst CS of the four. It is also interesting to note that 
Region NC had an average number of years at CS2 equal to 0. Because this cell is not empty (like 
those marked with “-”), the 0 value appears to indicate that transitions from CS1 to CS3 have 
occurred in a very short period, likely within two years as the typical inspection interval. This 
contradicts the assumption that transitions only occur between two adjacent CSs. 
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Table 2. Average Years in Each CS for Washington Element 205 (Table 3 of O’Leary & Walsh, 2018) 

 
According to O’Leary and Walsh (2018), the number of transitions in Table 2 were counted for the 
entire state of Washington’s population of RC columns/piles from CS1 to CS2, from CS2 to CS3, and 
from CS3 to CS4. Using their sum as the denominator and the number of transitions from CS1 to CS2 
as the numerator, a ratio was arrived at as the probability of transition from CS1 to CS2, namely P21 in 
the TPM. Then, its complement probability was obtained as P11 = 1 − P21 being the probability that 
those quantities in CS1 remain in CS1. This assumes no transition from CS1 to CS3 or to CS4. Similarly, 
P32 was the ratio between the number of transitions from CS2 to CS3 and the total number of 
transitions. Then, P22 = 1 − P32 was arrived at, assuming no transition from CS2 to CS4. P43 was also 
similarly computed as the number of transitions from CS3 to CS4 divided by the total number of 
transitions, and then P33 = 1 − P43. These calculations were shown in Tables 5 to 8 and reorganized in 
the form of TPM in Figure 3–6 of O’Leary and Walsh (2018). 

However, it is not clear how the obtained TPM would be used for forecasting because the time 
interval for the resulting TPM was not explicitly stated in the report. The time period during which 
these observed and counted transitions took place is apparently the duration of the entire data 
history. This duration was not explicitly identified in the report but was at least between 1996 and 
2008, as shown in the only example record in Table 1 of O’Leary and Walsh (2018) for a bridge of 44 
columns. While each transition summarized in Table 2 above took many years to complete, the 
resulting TPM appears to be for the corresponding time periods. However, these time periods are not 
indicated in the report, either. They also must be much longer than the two-year period used in other 
studies reported in the literature. 

Boadi et al. (2022) recently completed a Federal Highway Administration pooled fund study for 12 
Midwestern states on bridge element deterioration using BrM records. The work is directly relevant 
to the present research effort. The study gathered, organized, and scrubbed element inspection 
records from the 12 states. A total of 219,383 bridges and 1.8 million inspections from these states 
were included in the study.  

Three tiers of bridge elements were covered. Tier 1: RC deck, RC slab, National Bridge Inventory 
items; Tier 2: wearing surface, deck joints, defect development and progression, paint system 
effectiveness, steel girder corrosion, and substructure elements in harsh environments; and Tier 3: 
agency-defined elements and determining nondestructive evaluation translation. In addition to 
studying do-nothing deterioration for these tiers, an RC deck was studied for the case of condition 
improvement, namely after major preservation. 
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The results of this study in terms of deterioration curves were mostly given in terms of transition 
times. For the do-nothing case, they were based on (constant) transition probability Pii for all i=1,2,3. 
P44 was set at 1 by default. For computation details, Appendix IV of Boadi et al. (2022) gives the 
transition time Ti from CSi to CSi+1: 

 Ti = Log(0.5)/Log(Pii)          (1) 

Table 3 presents the resulting transition times Ti for RC deck as the most detailed example. Note that 
the value 999.0 years “indicates a result greater than or equal to 999 years, which is unlikely to be 
valid, and/or a population size too small to perform the algebraic computations” (Boadi et al., 2022, 
p. 23). 

It should be stressed that Equation 1 includes a significant assumption that the transition from one CS 
to the next worse CS is defined as when the element quantity reduces to half (from 1.0 to 0.5). The 
value 0.5 or 50% in Equation 1 defines the end of transition. Nevertheless, Boadi et al. (2022) did not 
mention whether any state bridge owners use this criterion or definition for CS transition. The 
present study did not find information in this regard in the literature, either.  

For Table 3, it is interesting to note that neighboring states exhibit sometimes very different 
transition times or lives between two CSs. For example, Illinois and Indiana—neighboring states—are 
in very similar latitude ranges, meaning that they have very similar climates and temperature ranges. 
They use similar construction materials and technologies as well. These factors are considered 
generally to be influential for RC structural components. However, in Table 3, RC decks of Indiana 
show more than five times (500%) longer transition times or lives than Illinois (i.e., 187.7 vs 20.8 years 
for transitions from CS1 to CS2 and 101.0 vs 20.9 years for CS2 to CS3). One may argue that the 
definitions for CSs may vary between the two states. A comparison of the total time or life of these 
RC decks does not support this argument though. The sum of all three transition times, 1->2, 2->3, 
and 3->4, for Indiana is 1,287+ years, but only 44 years for Illinois. This contrast is apparently not 
evidenced. 

Table 3. Transition Times for RC Deck (Table 9 of Boadi et al., 2022).  

 

While constant TPM was assumed in the study leading to the results in Table 3 as part of the study 
recommendations, the report acknowledges the time-dependent or age-dependent nature of TPM: 
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“Bridge engineers have long believed that transition probabilities are time-dependent—that the 
probability of transition is low for a new element and increases with age” (Boadi et al., 2022, p. 134). 

Table 4, from Boadi et al. (2022), presents the results for the case of condition improvement for RC 
deck, also in terms of transition times as a result of major preservation work. Such work includes 
overlay with removal of a certain depth of old concrete. The results in Table 4 were meant to 
demonstrate the effect of major preservation by comparison. The first row includes the transition 
times resulting from recent major preservation. It is compared with the second row of the same 
transition times but for the entire population, mixing decks with and without major preservation. 

However, this contrast in Table 4 does not seem to indicate much improvement due to major 
preservation, if any. The case of improvement showed 0.6 years of increase for the transition from 
CS1 to CS2 out of 38.3 years, or a 1.6% increase. The transition from CS2 to CS3 experienced a much 
more meaningful improvement: from 24.5 years to 36.5 years, or a 49% increase. However, the 
transition from CS3 to CS4 showed that major preservation instead decreased the transition time or 
life from 13.8 years to 12.1 years, a 12.3% decrease.  

Table 4. Effect of Major Preservation for RC Deck (Table 13 of Boadi et al., 2022) via Transition Time 
in Years 

 
This condition improvement due to major preservation was also expressed in terms of TPM, as seen 
in Table 5. Accordingly, Boadi et al. (2022, p. 36) conclude: “These results did not show as much 
improvement as expected. It is likely that this was caused by difficulties the agencies encountered in 
gathering activity data and classifying projects as major preservation.” Nevertheless, this work on 
TPM for improvement or preservation was the first reported in the literature. Note that this subject 
of TPM for condition improvement is part of the present study reported herein. 

Table 5. Improvement TPM for RC Deck (Table 14 of Boadi et al., 2022) 

 
The observed issues in processing BrM inspection records for modeling condition deterioration or 
improvement in the above review can be summarized as follows.  

1) Non-homogeneous nature of bridge element deterioration. The traditional Markov Chain 
model in BrM assumes homogenous behavior. Namely, the TPM for bridge element 
deterioration is assumed to be a constant matrix for every typical inspection interval (1 or 
2 years depending on element and/or need), without variation over the entire life span of 
the bridge element. This has been observed to be unrealistic. It may also be the cause for 
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no solution for some cases, because one single TPM is sought to fit different deterioration 
behaviors at various ages in the regression. 

2) Effect of renewal construction work on condition state improvement and TPM, such as 
maintenance, deck overlay, and rehab. These activities represent important factors in 
optimizing preservation strategies, as opposed to the do-nothing option. The 
corresponding TPMs for these activities in BrM are largely, if not all, based on expert 
judgement, not inspection observations. It is also true that much less research, if at all, on 
these activities has been reported in the literature developing corresponding TMPs for 
them. These variables deserve intensive attention in the present study.  

3) The transition time (or sojourn time) between two rating levels. This transition time could 
be a piece of useful information for bridge owners when forecasting and planning. Related 
to the TPMs, the transition time seems intuitive to understand and use in decision-making. 
Interest in it has been growing for different elements in various environments. A 
significant majority of research efforts for bridge element deterioration modeling reported 
in the literature has been spent on modeling and determining transition time. Equation 1 
has been overwhelmingly used for this purpose. 

On the other hand, the transition from one CS to another CS has not been well defined quantitively. 
Unlike the NBI rating, where the transition time is clearly defined referring to a bridge component 
(Fu, 2021), or 100% of its quantity, the transition time of a quantity (i.e., a fraction) of an element in 
the BrM system is recorded but not indexed, let alone 100% of this element’s deterioration. As a 
result, finding the transition time from a CS to another CS for the bridge element appears to be 
baseless, simply because the inspection records do not refer to that element as a unit. 

As noted earlier, Equation 1 includes an important assumption that has not been validated. The 
assumption is that the transition from one CS to the next worse CS is considered completed when the 
entire quantity reduces to half, with the other half having transitioned to the worse CS and likely 
further worse CSs if they are still within the definition of CSs. Yet, there has not been documentation 
that bridge owners do use this half reduction as the criterion to define life exhaustion at a CS. In 
other words, if the bridge owner does not use this criterion, then the computed transition time 
according to Equation 1 may have little value to the bridge owner for forecasting or related decision-
making. 

In addition, if this criterion would be used consistently for transitions from CS1 to CS2, CS2 to CS3, 
and CS3 to CS4, then the sum of these three transition times would reach an estimate of the total life 
of the element. Table 3, from Boadi et al. (2022), shows that such sums can vary significantly among 
states that they do not seem to be valid estimates for practical application. 
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CHAPTER 3: ILLINOIS BRM INSPECTION RECORDS AND 
ANALYSIS APPROACH 

BRM BRIDGE ELEMENT INSPECTION RECORDS 
IDOT provided BrM bridge element inspection records to the research team for the present project. 
The dataset included inspection results spanning from 1994 to 2021 for state bridges. As seen in 
Table 6, the records include the following items: structure number (SN), inspection date, element 
number (EN), total quantity (TOTALQTY), and quantities at condition states 1 (CS1), 2 (CS2), 3 (CS3) 
and 4 (CS4).  

Table 6. Typical Items of IDOT BrM Inspection Records 

SN InspectionDate EN TOTALQTY CS1 CS2 CS3 CS4 
10002 7/19/1996 38 836 819 17 0 0 
10002 7/19/1996 215 69 55 1 13 0 
10002 7/19/1996 234 66 63 2 1 0 
10002 7/19/1996 330 52 0 52 0 0 
10002 7/19/1996 510 836 819 17 0 0 
10002 1/1/1997 38 836 811 25 0 0 
10002 1/1/1997 215 69 59 7 3 0 
10002 1/1/1997 234 66 63 2 1 0 
10002 1/1/1997 330 52 0 52 0 0 
10002 1/1/1997 510 836 811 25 0 0 
10002 2/6/1998 38 836 811 25 0 0 
10002 2/6/1998 215 69 59 7 3 0 
10002 2/6/1998 234 66 63 2 1 0 
10002 2/6/1998 330 52 0 52 0 0 
10002 2/6/1998 510 836 811 25 0 0 
10002 8/25/1998 38 836 585 251 0 0 

 

Condition state evolution was divided into two cases here for analysis: do-nothing deterioration and 
condition improvement. Do-nothing deterioration refers to maintenance without major renewal 
work, such as concrete bridge deck overlay, steel beam re-painting, and superstructure rehabilitation. 
Condition improvement refers to occasional and more significant renewal work that noticeably 
enhances the condition of the bridge element, often immediately, upon completion of the work. 

To develop models for these two different cases, the inspection records need to be separated 
accordingly. Then, corresponding algorithms can be applied respectively to develop reasonable 
models. The separating approach is presented in the following section along with the algorithms for 
their respective modeling.  
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QUANTITY ANALYSIS APPROACH FOR THE CASE OF DO-NOTHING DETERIORATION 

Transition Probability Matrix  
After the inspection record data were separated, the following concept is applied to develop the do-
nothing deterioration model for each bridge element. The target here is the transition probability 
matrix (TPM), defined as follows. 

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

p p p p

p p p p

p p p p

p p p p

 
 
 
 
  = 
 
 
 
  

  P         (2) 

where Pij (i,j = 1, 2, 3, 4) is the transition probability from CSj to CSi. For do-nothing deterioration, Pij = 
0, for j > i. This means that the quantity of a bridge element (say, 5,000 sqft of a bridge’s RC deck or 
620 ft of a bridge’s steel girder beams) in a poorer CS can never transition to a better CS, because no 
meaningful renewal construction work has ever been done to that particular quantity of bridge 
element. Hereafter, bolded capital letters are used to designate matrices, such as TPM P in Equation 
2. A matrix can be a square one, with the same number of rows and columns, as seen in TPM P 
above. A matrix can also be a row vector, with one row and a number of columns (four columns here 
for the current BrM), or a column vector, with one column and a number of rows (four rows here for 
the current BrM). Their operations such as addition, subtraction, multiplication, or division follow the 
rules of matrix operation (e.g., Kreyszig, 2011).  

Note also that some publications, particularly those related to bridge management application, have 
the row index and column index of TPM in Equation 2 switched. This switch is not significant, because 
a transpose of the matrix can be added to return to what is meant in Equation 2. The option in 
Equation 2 is used here to be concise, avoiding too many transpose superscripts in Equation 2 and the 
following mathematical expressions. 

TPM for Forecasting 
Pij is also the conditional probability that the quantity previously at CSj (as the stipulation or 
condition) becomes at CSi (as the result or consequence). Further note that “condition” here means 
hypothesis, not physical condition as used in this report until this point. In the remaining portion of 
this report, these two concepts may be mixed in the text, but the context will be clear as to which 
one is being referred to.  

Based on the total probability theorem, the future quantity distribution column vector  

 Qfuture = {Q1, Q2, Q3, Q4}tfuture         (3) 
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with superscript t for transpose is related to the previous quantity distribution column vector 

 Qprevious = {Q1, Q2, Q3, Q4}tprevious        (4) 

as follows: 

Qfuture = P Qprevious          (5) 

Since the quantity column vector can be expressed as a product of the total quantity (a scalar) times 
the element’s physical condition probability distribution  

q = {q1, q2, q3, q4}t         (6a) 

Equation 5 can be rewritten as 

(Total Quantity) (qfuture) = P (Total Quantity) (qprevious)    (6b) 

or after cancelling Total Quantity at both sides of Equation 6, 

qfuture = P qprevious         (7) 

Note that all terms in TPM P and condition probability distribution vector q are positive and less than 
or equal to 1 in the domain [0,1], according to the definition for probability. In addition, the 
components of each column vector q should add to 1 to qualify as a probability distribution vector  

q1 + q2 + q3 + q4 = 1         (8) 

where 

qk = Qk / Total Quantity  (k=1,2,3,4)      (9a) 

or in the vector form: 

q = Q / Total Quantity          (9b) 

When the requirement for probability in [0,1] is violated as discussed in Chapter 2 for Pontis, the total 
quantity in Equation 6 will change between the two inspections and over time. Then, forecasting will 
be erroneous. 

Further note that the time interval in Equations 2 to 9 between the future and previous inspections is 
not explicitly identified yet. It needs to be specified for practical forecasting. In the literature, this 
interval is overwhelmingly chosen as two years, because of the two-year minimum time interval used 
in US bridge-inspection practice. However, the IDOT BrM inspection records show that the real time 
interval varies quite widely from less than a year to at least 17.1 years. Extreme cases may be even 
longer. To maximize the use of available inspection records, it is proposed here to use a standard one 
year by normalizing the P matrix to the standard one year, as presented below. 

As discussed earlier, TPM P is actually age dependent. It, thus, makes sense to identify P with its age 
explicitly indicated, such as Pm for the age of m years of the focused bridge element. Therefore, 
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forecasting a bridge element’s condition status in the future at an age of M years described by QM 
can be performed based on available current QM’ as follows, where QM’ is the element’s current 
quantity vector at the age of M’ years. 

QM = PM PM-1 … PM’+2  PM’+1 QM’       (10) 

The TPMs in Equation 10, PM, PM-1, … PM’+2, PM’+1, are all age-dependent transition probability 
matrices. The superscripts indicate the corresponding ages, not an exponent. They will be found using 
BrM inspection records, as presented below. This section will focus on formulating these P matrices 
with age. Accordingly, Chapter 4 will present how to calculate them in the deliverable software 
program. Chapter 5 will provide illustrative examples of applying Equation 10 and its equivalence in 
Equation 11 for forecasting using Excel. 

Equation 10 can also be equivalently expressed using q, the condition probability distribution column 
vector defined in Equations 6 and 7: 

qM = PM PM-1 … PM’+2  PM’+1 qM’        (11) 

where qM is the condition probability distribution representing the quantity distribution among CS1 
to CS4 at an age of M years of the bridge element in the future, and qM’ is the same probability 
distribution but at an age of M’ years. qM’ is known and used here to forecast qM in the future. 

Equation 11 can also be used to find when the focused bridge’s element is expected to reach its end 
of expected life or for a network of bridges, such as a district, region, or the entire state. To that end, 
qM’ will be the element’s condition probability distribution (or equivalently the quantity distribution 
QM’) at the starting point for that district, region, or the entire state.  

As a special case, M’ can be at 0 years—namely, a fresh start state of the element. M can go as long 
as needed (if PM is available for all M values) in order to reach a condition status meeting the 
definition for end of expected life. For example, IDOT has been using 15% at CS4 as the end of 
expected life for an RC deck. Namely, one term q4M = 0.15 in qM is used here to signal the end of an 
RC deck’s life. This will be used below in Chapters 4 and 5 for the more comprehensive application 
example of RC deck, starting from  

qM’= q0 = {1,0,0,0}t,0          (12) 

meaning 100% of the quantity is at CS1. Again, the superscripts M’, 0, and t are not exponents but 
indices for the element age (M’ and 0) and matrix transpose operation (t). In this report, superscripts 
are never used as exponents to avoid confusion except for normalization to a one-year interval. Such 
exceptions will be noted when used. 

The TPM calculation for do-nothing deterioration assumes that a quantity of an element at a CS will 
transition to another CS through the shortest path—namely, from CS1 to CS2, from CS2 to CS3, and 
from CS3 to CS4. However, more than one transition in an inspection interval is not eliminated or 
ignored, such as from CS1 to CS2 and then to CS3 over one inspection interval. This is illustrated by 
examples below. 
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Illustrative Numerical Examples 
For an example of EN=12 (RC Deck) and SN=60149 of IDOT, at an age of 21 years, the following 
inspection records are available in the dataset along with the respective inspection dates:  

12/29/2011 Qprevious = {10464, 30, 0, 0}t,21      (13) 

1/9/2013 Qfuture = {10440, 40, 14, 0}t,22      (14) 

For the given interval of 1.033 years between the two inspection dates, the following diagonal terms 
of the TPM for one year and for the do-nothing case at 21 years of age is obtained as follows: 

P11 = (10,440/10,464)(1/1.033years) = 0.99770.96681 = 0.9978     (15) 

P21 = 1 – P11 = 1 - 0.9978 = 0.0022       (16) 

P22 = ((30-14)/30)(1/1.033years) = 0.53330.96681 = 0.5442     (17) 

P32 = 1 – P22 = 1 - 0.5442 = 0.4558       (18) 

P33 = Not available because no transition of a quantity is observed (NA)  (19) 

P43 = Not available because no transition of a quantity is observed (NA)  (20) 

P44 = 1           (21) 

and 

P31 = P41 = P42 = 0 and P12 = P13 = P14 = P23 = P24 = P34 = 0    (22) 

The value 1/1.033 years = 0.96681 in Equations 15 and 17 is an exponent to convert the diagonal 
term of P for 1.033 years to 1 year. This normalization is used to make the averaging consistent over 
all inspection pairs of all bridges with various inspection intervals.  

To be complete, the above terms in Equation 15 to 22 are given in the form of a TPM:  

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

p p p p 0.9978 0 0 0

p p p p 0.0022 0.5442 0 0

p p p p 0 0.4558 NA 0

p p p p 0 0 NA 1

   
   
   
   
   =   
   
   
   
      

= P21      (23) 

As seen, the quantity of 14 at CS3 in the 2013 inspection came from CS2 in 2011, not from CS1, 
according to the shortest path assumption. 

To obtain the TPM for EN=12 at 21 years of age for the entire population of Illinois, all individual 
TPMs obtained as the example above are averaged over all inspection pairs of all bridges included in 
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Illinois’ inspection record dataset, if the age is 21 years. When a term in the matrix is not available like 
P33 and P43 in Equation 3, that term’s value is not used in the averaging process. 

It is also of interest to highlight that the calculations in Equations 13 to 22 produce results in Equation 23 
that all satisfy probabilities within [0,1] and the sequential relations in Equations 10 to 11 between the 
previous and future probability distributions: q22 = P21 q21. This will prevent the issues with Pontis 
identified by Fu and Devaraj (2008) and Fu (2010) for enhanced forecasting and related decision-making. 

For another example, EN=107 (steel girder beam) and SN=530160 of IDOT at an age of 30 years, the 
following record is found for a pair of inspections: 

3/19/2019: Qprevious = {412, 26, 29, 14}t,30      (24) 

3/17/2021:  Qfuture = {412, 26, 27, 16}t,31      (25) 

Accordingly, for the observed inspection interval of 1.997 years, 

P11 = (412/412)(1/1.997years) = 10.501 = 1        (26) 

P21 = 1 – P11 = 1-1 = 0         (27) 

P22 = (26/26)(1/1.997years) = 10.501 = 1       (28) 

P32 = 1 – P22 = 1-1 = 0         (29) 

P33 = (27/29)(1/1.997years) = 0.93100.501 = 0.9648      (30) 

P43 = 1 - P33 = 1 – 0.9648 = 0.0352       (31) 

P44 = 1           (32) 

and 

P31 = P41 = P42 = 0, and         (33) 

P12 = P13 = P14 = P23 = P24 = P34 = 0       (34) 

Again, the value 1/1.997 years = 0.501 in Equations 26, 28, and 30 is an exponent to convert the 
diagonal term of P for 1.997 years to 1 year. This normalization will make the TPMs addable over all 
inspection pairs of all bridges with various inspection intervals to find their average TPM. 

The terms from Equations 26 to 34 are arranged in a TPM: 

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

p p p p 1 0 0 0

p p p p 0 1 0 0

p p p p 0 0 0.9648 0

p p p p 0 0 0.0352 1

   
   
   
   
   =   
   
   
   
      

= P30       (35) 
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TPM with Age 
As illustrated, the concept herein is to identify the TPM for every pair of two inspections and index 
TPM with the bridge’s age m at the first inspection of the pair. Then, average the obtained TPMs at 
the same age m for all inspection pairs of all bridges with the same element as the TPM for that age 
m, Pm. 

QUANTITY ANALYSIS APPROACH FOR THE CASE OF CONDITION IMPROVEMENT 

Upper and Lower Bounds for TPM 
For easier understanding, an example EN=12 for SN=580084 of IDOT is used here. The element’s 
conditions before and after micro-silica overlay are used. The inspection records are as follows along 
with the inspection dates: 

2/15/2011: Qprevious = {1215, 4393, 6940, 2860}t      (36) 

1/15/2013:  Qfuture = {8938, 6450, 20, 0}t       (37) 

The values in the quantity distribution vectors Qprevious and Qfuture all have the unit of sqft for RC deck. 
In this case, 2,860 sqft in CS4 in 2011 can transition to CS3, CS2, and/or CS1 as possible results of the 
overlay. In other words, there can be more than one result for the TPM because different transitions 
are possible. Physically, how these quantities transition depend on how effective the improvement 
work was, which may vary significantly. For example, for an RC deck, sealing, overlay, and 
replacement can have very different results in condition improvement, let alone overlay with 
different materials. Accordingly, a two-bound approach is developed here to treat this situation of 
possible multiple feasible answers/solutions. These bounds are defined as follows: 

MostEffectiveBound: Maximized transitions from poorest CSs (CS4 and/or CS3) to CS1 
is assumed. 

LeastEffectiveBound: Minimized transitions from poorest CSs (CS4 and/or CS3) to CS1 
is assumed. 

The real situation of quantity transition can be within these two bounds. Namely, some quantities 
take the MostEffectiveBound and others the LeastEffectiveBound, or in between. The 
MostEffectiveBound can also be referred to as the longest-path bound, because the quantities at the 
worst CSs go through the longest possible paths to the best CS1. As an example, out of 2,860 sqft in 
CS4, 2,860 transition to CS1. Out of 6,940 sqft in CS3, 4,863 transition to CS1, 2,057 transition to CS2, 
and 20 transition to CS3. The corresponding calculations for TPM are given next.  

Illustrative Numerical Examples 
Note that in the following illustrations, the denominator for calculating Pij is the quantity transitioned 
from, whose CS is identified by the second subscript j of Pij. The numerator for computing Pij is the 
quantity transitioning to, whose CS is designated by the first subscript i of Pij. For example, P14’s 
subscript 4 is to index the quantity previously at CS4. P14’s subscript 1 designates the quantity 
received at CS1 as the result of the transition found at the later inspection. 
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P14 = 2,860/2,860 = 1          (38) 

P24 = 0/2,860 = 0         (39) 

P34 = 0/2,860 = 0         (40) 

P44 = 0/2,860 = 0         (41) 

 

P13 = 4,863/6,940 = 0.7007        (42) 

P23 = 2,057/6,940 = 0.2964        (43) 

P33 = 20/6,940 = 0.0029        (44) 

P43 = 0/6,940 = 0          (45) 

 

P12 = 0/4,393 = 0         (46) 

P22 = 4,393/4,393 = 1         (47) 

P32 = 0/4,393 = 0         (48) 

P42 = 0/4,393 = 0         (49) 

 

P11 = 1,215/1,215 = 1         (50) 

P21 = 0/1,215 = 0         (51) 

P31 = 0/1,215 = 0         (52) 

P41 = 0/1,215 = 0         (53) 

These values in Equations 38 to 53 can be organized in the form of a TPM:  

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

p p p p 1 0 0.7007 1

p p p p 0 1 0.2964 0

p p p p 0 0 0.0029 0

p p p p 0 0 0 0

   
   
   
   
   =   
   
   
   
      

= Pimprovement_MostEffectiveBound  (54) 

Note that this TPM is not indicated as associated with age for the following reasons.  

• Practically, improvement work is not frequent enough to provide adequate raw inspection 
pair data to generate a TPM for every age possible. For example, no data is available to 
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calculate a TPM for replacement or concrete overlay of EN12 for early ages (say younger than 
10 years), since such constructions never happen at those ages. 

• In practice, as recorded in a construction work log, age is often not the only factor considered 
for renewal construction work. While the other factors are not recorded, using age only to 
index the improvement TPM can become misleading. For example, the other factors can be 
the following: (a) another nearby bridge on the same route urgently needs the same type of 
work, (b) this bridge carries more truck traffic and is considered to be deteriorating faster, (c) 
this bridge is in a harsher environment so it needs more frequent renewal work, etc. 

• Bridge engineers involved in decision-making for typical improvement work are reasonably 
knowledgeable as to what particular work may need to be done within which age window and 
along with what considerations to other factors. They likely would not need the age indexed 
TPM associated with the improvement work. Instead, how effective the work is in condition 
improvement is of interest here, as provided by the focused TPM. 

The final TPM for the particular improvement work is obtained by averaging the individual TPMs from 
the above typical computation over all inspection pairs of all bridges that have experienced the same 
work to the focused element. The resulting TPM P can be applied as formulated in Equations 10 and 
11 for forecasting. For the reader’s convenience, they are explicitly rewritten as follows: 

QM = PM PM-1 … PM’+2  PM’+1 Pimprovement QM’      (55) 

qM = PM PM-1 … PM’+2  PM’+1 Pimprovement qM’      (56) 

where Pimprovement is the TPM obtained for the particular improvement work, such as overlay or 
rehabilitation. One of the two bounds above may be used as Pimprovement here, depending on the 
purpose of analysis. Note that in some cases the two bounds are identical or very close to each other, 
as seen in the example applications in Chapter 5. 

The other TPMs in Equations 55 and 56—namely PM, PM-1, … PM’+2, and PM’+1—remain unchanged from 
the do-nothing case. This formulation means that after the construction work for improvement to the 
condition status at age M’, the focused bridge element will resume the mode of do-nothing 
deterioration. The expected life span of the element is therefore extended by the improvement work. 

The LeastEffectiveBound TPM, representing the shortest transition path scenario, is illustrated next. 
Out of the 2,860 quantities in CS4, 20 go to CS3, 2,057 go to CS2, and 783 go to CS1. Then, 6,940 in 
CS3 all go to CS1. The computations for TPM are as follows: 

P44 = 0/2,860 = 0         (57) 

P34 = 20/2,860 = 0.0070         (58) 

P24 = 2,057/2,860 = 0.7192        (59) 

P14 = 783/2,860 = 0.2738         (60) 
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P43 = 0/6,940 = 0          (61) 

P33 = 0/6,940 = 0         (62) 

P23 = 0/6,940 = 0         (63) 

P13 = 6,940/6,940 = 1         (64) 

 
P42 = 0/4,393 = 0         (65) 

P32 = 0/4,393 = 0         (66) 

P22 = 4,393/4,393 = 1         (67) 

P12 = 0/4,393 = 0         (68) 

P41 = 0/1,215 = 0         (69) 

P31 = 0/1,215 = 0         (70) 

P21 = 0/1,215 = 0         (71) 

P11 = 1,215/1,215 = 1         (72) 

They are organized as follows in the form of a TPM:  

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

p p p p 1 0 1 0.2738

p p p p 0 1 0 0.7192

p p p p 0 0 0 0.0070

p p p p 0 0 0 0

   
   
   
   
   =   
   
   
   
      

= Pimprovement_LeastEffectiveBound  (73) 

A comparison of the two bounds in Equations 54 and 73 indicates more quantities being expected to 
transition to CS1 from CS4, described by the MostEffectiveBound TPM in Equation 54, than the 
LeastEffectiveBound TPM in Equation 73. The differences are not alarming for this particular example. 

When comparing two different types of construction work for effectiveness, the TPM with larger 
values closer to 1 in the first row (P11, P12, P13, and P14) is considered more effective because it 
highlights a higher likelihood for quantities at a poor CS to transition to the best CS (CS1). Note also 
that P11 should be equal to 1 as default, although calculations using the inspection records may not 
always give that logical value. In case not, adequate attention is recommended to further examine 
the inspection records and set P11 to 1 by expert elicitation. 

Similarly, as discussed earlier for the MostEffectiveBound, the individual LeastEffectiveBound TPMs 
for all inspection pairs of all bridges are then averaged as the final result of analysis as the 
recommended LeastEffectiveBound TPM for the focused element and the construction work. These 
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bridges can be in a route, district, region, or the entire state. This can be readily performed nationally, 
as long as inspection records are made available.  

HEALTH INDEX AND DAMAGE INDEX 
The health index reported in the literature (Shepard, 1999; Boadi et al., 2022) appears to be a 
convenient indicator for the condition of BrM bridge elements. It converts the quantities or the 
corresponding probabilities at various CSs of four values in a column vector into a single index. One 
single index is often more intuitive and easier to visualize and forecast than four values. This single 
index is defined as follows for the case of four CSs, while there is a more general version for more or 
less CSs that were used in the past and reported in the literature. 

1 2 3 4
2 1Health Index (1)q ( )q ( )q (0)q x100
3 3

 = + + +         (74) 

where q1, q2, q3, and q4 are the four components of the condition probability distribution vector q as 
defined in Equation 9. As seen in Equation 74, the four probabilities are summed with different 
weights. The weights are higher for better CSs, with a 0 weight for the worst CS4.  

These weights appear to be reasonable when the focus is on how healthy the bridge element is, but it 
may not be that straightforward when one would like to highlight how poor the element’s condition 
has become. For example, IDOT uses 15% at CS4 as the end of expected service life for EN=12 (RC 
deck). It would be challenging to express this criterion using the health index as defined in Equation 
74. Therefore, another index is developed herein as follows to cover the other poor end of the 
spectrum for element condition in the BrM system, referred to as the damage index 

1 2 3 4
1 2Damage Index (0)q ( )q ( )q (1)q x100
3 3

 = + + +        (75) 

The damage index is still consistent with the health index as a weighted sum of the condition 
probability distribution vector q. The weights are reversed, with higher weights for poorer CSs. It can 
be proven that this new index is actually related to the health index as follows 

Damage Index = 100 – Health Index       (76) 

The two indices are complementary to each other in describing the condition of an element, whether 
for a single bridge for project-level planning or for bridges on a route or in a region’s network for a 
program-level decision. With the two indices, the element condition can be fully depicted for intuitive 
treatment and decision-making. Application examples are presented later in Chapter 5.  
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CHAPTER 4: COMPUTER SOFTWARE TOOLS ON MS EXCEL 

COMPUTER SOFTWARE PROGRAMS FOR BRIDGE ELEMENT DETERIORATION/ 
IMPROVEMENT MODELING  
As part of the deliverables for this research project, two computer software programs were 
developed using Microsoft Excel. One program is for the case of do-nothing deterioration and the 
other for condition improvement. They were completed to achieve the following goals. 

i. The software tools should not be a black box to the user. Rather, it should be transparent 
and allow user interaction or expert elicitation. 

ii. The software tools need to be user-friendly, requiring almost no special training besides 
general knowledge about BrM, NBI, and agency construction history as well as bridge 
element inspection. 

iii. The required input datasets should be currently available with IDOT and/or state bridge 
owners. 

iv. The output needs to be simple to understand and can be readily moved to other platforms 
for further analysis or presentation if desired. 

These goals contributed to the decision to use Excel as the platform, which was approved by the 
project’s Technical Review Panel. The two modules are detailed below, followed by two application 
examples in Chapter 5. One is for EN=12 (RC deck) and the other EN=107 (steel girder beam).  

MANSUS FOR DO-NOTHING DETERIORATION 
Figure 1 displays the front sheet of this module for the case of do-nothing deterioration. The 
program’s name is Mansus, a Latin synonym for do nothing. 

 
Figure 1. Screenshot. Front “Intro” sheet of Mansus for the case of do-nothing deterioration. 
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Figure 2 shows simple instructions for running this program. The first two steps involve setting up the 
input data files: the BrM element inspection records and the state’s NBI bridge inventory named 
ILNBI.txt, in the coding format of the Federal Highway Administration (1995). ILNBI.txt needs to be in 
the same folder as Mansus for it to run. The Illinois BrM element inspection records are already in the 
“InputData” sheet of Mansus next to “Intro.” Therefore, if no update is to be used, these two steps 
will be skipped. The third step is to run the program by clicking the “Run Task” button in the front 
“Intro” sheet. The only input needed from the user is the element number (EN) when prompted and a 
Yes or No answer as to whether Year Reconstructed or Year Built in the NBI should be used for age 
calculation, which is prompted after the EN input is accepted. The last instruction in Step 4 is about 
the other sheets produced by Mansus, which also refers to this report as an additional source of 
information. If the user is only interested in the TPM, Step 4 can be skipped. As a result of this setup, 
the program can be run without any training, because the introduction/instruction has been included 
in the program. If the Mansus user is familiar with the BrM element inspection records (Table 6) and 
the NBI data setting, s/he may not need to read this report to run the program and understand the 
TPM results. 

When Step 3 is completed, the program starts to run using the provided input information. Right next 
to the second sheet containing the BrM inspection records, the third sheet provides the final 
calculation results of TPM with age. This sheet is named “Do-NothingTPMforAllBridges,” as seen in 
Figure 3. 

 
Figure 2. Screenshot. Instructions for running the Mansus program. 
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Figure 3. Screenshot. Mansus final result sheet “Do-NothingTPMforAllBridges.” 

The TPMs PM’ for age M’ (M’=0,1,2,3,…) in Figure 3 are presented in the matrix form as defined in 
Equations 10 and 11. Each TPM is listed with the age identified in Column A and right above each 
matrix. The standard deviations (STDEV) of the Pij values (i,j=1,2,3,4) in the TPM are also given in the 
matrix form (Columns G to J) right next to the TPM in Columns B to E. They are there to inform the 
user how scattered the individual TPM values are. The Pij values are averages over all inspection pairs 
of all bridges in the BrM inspection records.  

The BrM inspection records in the programs cover all state bridges in Illinois up to 2021, when the 
two programs were delivered to IDOT. The inspection records can be reduced to a route, district, or 
region. However, when such a reduction is performed, the particular case of EN may provide limited 
data so that the results become less statistically reliable. Furthermore, it is also possible that an error 
message pops up and the software program stops, because the averaging process mentioned above 
needs to be divided by the number of entries. When this number becomes 0 (or 1), an overflow in 
averaging (or in the STDEV calculation) will occur and some other parts of the program will not be 
able to function as intended. Note that this can happen even when using the current inspection 
records in the program for some ENs due to inadequate data. 
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Also note that the gray-shaded cells in Figure 3 contain TPM values that are not possible to calculate 
due to lack of data in the provided datasets. Such a situation was seen earlier in Equations 19 and 20 
for the illustrative examples in Chapter 3. These cells are then filled with values borrowed from the 
nearest TPMs (i.e., the TPMs with the nearest ages). Therefore, the corresponding STDEV values are 
left empty, indicating no STDEV value can be calculated. The cells of these borrowed TPM values are 
not left empty, because forecasting as formulated in Equations 10 to 11 needs these values to 
complete computation. As seen there, all terms in the TPMs for different ages from M’ to M need to 
be available.  

These borrowed values do not affect the reliability of forecasting and relevant decision-making for 
bridge management, although they are needed for the mathematical operations in Equations 10 and 
11. For example, as shown in Figure 3, the borrowed values are for a worse CS (CS3) at earlier ages of 
the element. Practically, bridge elements would not be in such poor condition (CS3) at these early 
ages. As a result, the borrowed values are never required conceptually for forecasting, although they 
are needed for executing the algorithm in the computer software. 

The following discussion will introduce the other worksheets (or sheets for short) generated by 
Mansus and illustrate or describe possible uses of the sheets. However, if the reader is only 
interested in the do-nothing TPM result, they may skip these sheets and the next section of this 
report. 

Mansus computation is divided into two parts. The first part is for data scrubbing and categorizing, 
and the second part for calculations and formation of TPM as the final result from execution of the 
program. Figure 4 shows the general architecture of Mansus. 

Besides the final result sheet “Do-NothingTPMforAllBridges,” a number of other sheets are also 
generated to offer information on the used datasets and intermediate results of the computation. 
These sheets include “Stats,” “OneRecord,” “NotInNBI,” “Unsure,” “NotAddToTotal,” and so on in the 
tabs at the bottom of the screenshot in Figure 5. These sheets may be used for expert elicitation 
and/or monitoring the calculation for optimization, as explained below. 
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Figure 4. Chart. Calculation process of Mansus.  

 
Figure 5. Screenshot. Mansus sheet “Stats” as a summary of inspection records scrubbing.  
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The “Stats” sheet shown in Figure 5 contains an overview of the other seven sheets for the data-
scrubbing results. It lists how many bridges are excluded because one or more of the seven criteria 
have been met. The item in Row 11 of Figure 5 is the number of bridges used in calculations for TPM 
after data scrubbing. The item in Row 3 is the total number of bridges in the used BrM inspection 
records that have the EN identified in Row 1. Row 2 echoes the message box input regarding which 
year value from NBI should be used as the reference in the age calculation: Year Reconstructed if 
available in the NBI or Year Built.  

Next to the “Stats” sheet, the “OneRecord” sheet includes bridges that have only one inspection 
record, which are unable to form a pair of records to allow calculation for TPM. Therefore, these 
ridges are excluded to this sheet. The next sheet, “NotInNBI,” lists bridges not found in the NBI 
database or do not have a Year Built, which is expected to provide information on when the bridge 
was originally constructed and, thus, for computing the age at each inspection. Without such 
information, the TPM with age cannot be found. 

The next sheet, “Unsure,” gathers bridges whose inspection records contain features of enhanced 
condition status contradicting with do-nothing deterioration, which is the focus here in Mansus. This 
unsure situation may be caused by renewal construction work, recording errors, other errors, or a 
combination thereof. Elevatio, the other software module developed in this project and discussed in 
the next section, will use the bridges in “Unsure” to sort and identify cases of construction work–
induced condition improvement. Those cases will be used in Elevatio to calculate TPM for the case of 
condition improvement. 

The “NotAddToTotal” sheet includes bridges that have at least one inspection record with quantities 
at CS1, CS2, CS3, and CS4 that do not add to the total quantity. This situation could cause issues and 
errors in calculating the TPM, and, thus, the bridge is excluded to this sheet along with its inspection 
history records. 

The “Total=0” sheet contains bridges whose inspection records have a total equal to 0, apparently 
with the quantities at CS1, CS2, CS3, and CS4 all equal to 0, because they are the only values that 
could add to a total of 0 since they have passed the check for not adding to the total already.  

The “DifferentTotals” sheet gathers bridges whose inspection records have different total quantities 
at various inspections, although the quantities at CS1 to CS4 do add to the total at each inspection. 
Thus, they cannot be used for computing TPM because they would not satisfy Equation 6, which 
requires the total quantity to be unchanged. The sheet “NegativeCS” shows bridges whose quantities 
at CSi (i=1,2,3,4) have one or more negative values. Such data violate Equation 7 for probability. 
Consistently, such data violate the understanding that a bridge element quantity should never be 
negative. 

It is part of the intention of providing these seven sheets to allow elicitation of the software user 
when desired. When the user finds some of these records in the above seven categories correctable, 
changes to them can be readily made in the “InputData” sheet or the NBI dataset as appropriate. 
Using the identified SN and the inspection dates, the bridge along with its inspection records can be 
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easily located in the data files. The effect of such correction can be effortlessly seen after a rerun of 
the program.  

Note that the complete inspection records are included for each bridge listed in these seven sheets to 
complete recording and identification. Furthermore, this data-scrubbing process excludes a bridge 
whenever any one of the seven criteria is met. For the excluded bridge, no further check for later 
criteria will be performed. As a result, a bridge excluded by an earlier criterion may also contain 
features that qualify for exclusion according to a later criterion(a). However, these later criteria are 
not checked in Mansus. Therefore, the counting in the “Stats” sheet is exclusive, as seen in Figure 5. 
The example in Figure 5 shows that the sum of the bridges belonging to these seven categories of 
improper data plus the remaining ones add to the total: (282 + 35 + 4,014 + 0 + 2 + 0 + 0) + 1,994 = 
6,327. In other words, this counting does not double count any bridge that meets more than one 
scrubbing criterion. An example of meeting multiple criteria is presented in Chapter 5.  

 
Figure 6. Screenshot. Mansus “Unsure” sheet of excluded bridges and their inspection records. 

Figure 6 displays an example of the “Unsure” sheet. An IDOT bridge SN=10011 is highlighted. The SN 
in Column A identifies the bridge. Between the two highlighting colors, there is a meaningful 
enhancement in condition status, where the quantities in CS2 (Column F) and CS4 (Column H) are 
reduced to 0 from the earlier inspection in 1999 to the later one in 2002. These quantities 
transitioned to CS1 between the two inspections, which is why this bridge is excluded to the “Unsure” 
sheet here. 
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Furthermore, the two pieces of history marked using two different colors of EN=12 for this example 
bridge could be analyzed separately, both for the case of do-nothing deterioration. If desired, this 
could be readily accomplished by creating a new and artificial SN in Column A (say 90010012) for one 
of the two pieces of inspection records. This approach could increase the number of inspection 
records to be included in the calculation of the do-nothing TPM.  

There are many such examples where the inspection records could be corrected so that more data 
could become available and be included in the TPM calculation to enhance statistical confidence in 
the result. For some cases of EN with fewer inspection records available, such an action could make a 
significant difference for the TPM, from not possible to compute to much more statistically reliable 
results. It is recommended that IDOT personnel perform such elicitation on these data cases and 
correct some when possible and acceptable to further enhance the quality of the used datasets and, 
in turn, to improve statistical confidence in the resulting TPM.  

The next sheet “BridgesUsedForTPM” lists all bridges with valid inspection records to be analyzed for 
do-nothing deterioration TPM. The total number is given in the very last row of the “Stats” sheet as 
“Bridges included after above scrubbing” in Figure 5. 

The remaining sheets beyond the seven scrubbed bridges sheets provide some intermediate results 
for the user to monitor the calculation process. They also offer opportunities for expert elicitation or 
correction, as discussed next. 

The Mansus sheet “Leapers” lists all bridges with inspection records of the focused EN that have 
experienced transition(s) skipping at least one CS. Namely, these quantity transitions can be from CS1 
to CS3, CS1 to CS4, or CS2 to CS4 over the time interval of two inspections. Such pairs of inspection 
records are referred to as “leapers” herein. These fast transitions can possibly be due to inspection 
errors as well. For example, a deteriorated quantity may have been missed in one or more previous 
inspections but then caught attention in a later inspection and recorded when the quantity became 
worse and more noticeable. Another possibility is that some inspections between the two recorded 
were simply missed, causing the transitions to look more rapid. 

However, this study found these identified leapers to represent a relatively significant population in 
the inspection records compared with other transitions without leaping. For EN=12, for example, 
more than 1,000 pairs of inspection records are found and listed in this sheet. Many bridges 
experienced such leaping deterioration, even more than once, and they were observed over normal 
inspection intervals not too much away from the required two years. The reader may review each 
leaper for the two examples EN=12 and EN=107 in the delivered software programs. This large 
number of leapers appears to show that they do not all result from inspection error, to say the least. 
Previous research efforts reported in the literature uniformly ignore this leaping behavior by explicitly 
or implicitly assuming no leaping. This dataset shows that such an assumption is not true, and, thus, 
that assumption is not used herein. This phenomenon has been covered in the proposed BrM 
quantity-based TPM calculation and included in Mansus as well. 

To offer a visual understanding of the behavior of TPM with age, the Mansus sheet “Graphs” provides 
respective plots of P11, P22, and P33 with age. To a certain extent, these diagonal terms in TPM 
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describe the deterioration behavior of the element. Several off-diagonal terms of TPM are related to 
the diagonal terms, according to the total probability theorem: P34 = 1 − P33, P32 + P42 = 1 − P22 and P21 

+ P31 + P41 = 1 − P11. Other off-diagonal terms are 0 for do-nothing deterioration. Comparing these 
diagonal terms plotted in the Mansus sheet “Graphs” indicates a statistical trend that P11 > P22 > P33. 
Recall that P11 is the probability for a quantity of bridge element to stay in CS1 when previously at 
CS1. Similarly, P22 and P33 are probabilities for a quantity to stay at CS2 and CS3 when previously at 
CS2 and CS3, respectively. This observed statistical trend, that P11 > P22 > P33, is consistent with 
general observation that RC deck deteriorates faster as age increases. These plots also show that the 
scatter of P11 is smaller than that of P22, which is, in turn, smaller than that of P33. This observation 
simply says that those quantities at CS3 are less predictable than those at CS2 in terms of which next 
poorer CS they will become in the future. Analogously, those quantities at CS2 are less predictable 
than those at CS1 regarding the trend of deterioration/transition. 

ELEVATIO FOR CONDITION IMPROVEMENT 
Figure 7 displays the flowchart of the software module Elevatio for condition improvement as a result 
of renewal construction work. Elevatio is a Latin synonym for improvement. Figure 8 shows the first 
“Intro” sheet of this computer software program with brief instructions. Figure 9 displays four simple 
instructions for running the program. 

 
Figure 7. Chart. Calculation process of Elevatio. 
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The first two instructions are related to the utilized datasets, similar to the first two instructions in 
Mansus. They include three sets of input data: IDOT bridge element inspection records, IDOT 
construction work history, and the Illinois NBI. The first two datasets are in sheets “InputData” and 
“ConstructionHistory,” respectively. They are placed right after the first sheet, “Intro.” They can 
continue to be used if updates are not available or not desired. The 2021 Illinois NBI file is named 
ILNBI.txt. Like in Mansus, it needs to be in the same folder as Elevatio for it to run properly. The usage 
of ILNBI.txt and the inspection records in “InputData” remains to be unchanged, as in Mensus for the 
do-nothing case. 

 
Figure 8. Screenshot. Front sheet “Intro” of Elevatio for renewal construction work TPM calculation. 

 
Figure 9. Screenshot. Instructions for running the Elevatio program. 

The last two instructions in Figure 9 explain how additional input data need to be entered for a 
particular EN, in the space right below the instructions in the “Intro” sheet. These input data are for 
Elevatio to know the EN and search/match condition improvement in the inspection records with 
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recorded relevant construction work. Figure 10 includes an example for EN=12 to illustrate these 
instructions for the following discussion. 

Instruction 3 in Figure 9 identifies two sets of additional input information. The first set includes two 
items, identified as (a) and (b) in Instruction 3: the EN and a time window, in Rows 29 and 30 in Figure 
9 as an example. The time window in years here is to limit the interval length between two inspection 
records to be included in calculating the TPM for improvement. While the maximum interval of two 
inspections is generally limited at two years, practically this interval in the inspection records can be 
excessive. A much larger interval than 2 years can result in misleading or even meaningless TPM for 
bridge-element condition improvement.  

For example, for undocumented reasons, the IDOT inspection records show this interval as long as at 
least 17.1 years. Within these 17.1 years, for example, many other things than condition 
improvement may have occurred, been observed, and been recorded as inspection results, such as 
do-nothing deterioration. Consequently, the resulting TPM based on the two inspection records 17.1 
years apart will inevitably mix up and confuse the influence of those things with the effect of renewal 
construction work. The resulting TPM can be misleading or even completely meaningless. Row 30 in 
Figure 9 shows three years as the time window limit for this example, to allow inspection cases 
moderately off the two-year federal maximum interval to be included. The user may enter different 
values as a sensitivity analysis for the effect of this time limit window regarding the particular EN and 
the available inspection records. 

Many historical factors affecting this inspection interval may have been practiced and recorded. 
Special needs of the bridge, changes in funding for inspection, scheduling complexity, other 
construction activities, or record management errors may be among these factors. In addition, in the 
early stage of BrM element inspection implementation, regularly spaced two-year inspections might 
not have been fully practiced so that those experimental inspections were not at normal intervals. As 
a result, this interval changes from several months to 17 or more years, as seen in the IDOT bridge 
element inspection records. Therefore, Elevatio requests this time window limit to be used in the 
subsequent search and match. A limit value close to two years is recommended to reasonably 
minimize the variation in the inspection data and the resulting TPM values. A non-integer for this 
interval limit is permitted in Elevatio, such as 2.74 years. 

Instruction 3 in Figure 9 also addresses the input data table of three more items to enter, identified as 
items (c), (d), and (e) there, right below Items (a) and (b). How many rows of this table to include 
depends on how the user wants Elevatio to search and match the inspection records and construction 
history. The example in Figure 10 includes 13 rows for this table from Row 33 to 45. The search 
criteria for the software program to search/match between the two databases are the inspection 
records and the construction history. 

The match between the construction work and condition improvement of the element identifies the 
causal relation. Because these two IDOT datasets were generated for different purposes, the search 
and match process is needed for calculating the resulting TPM, as explained and illustrated in 
Equations 36 to 73. More specifically, the IDOT inspection records do not document any construction 
work and the IDOT construction history does not include bridges that have never experienced any 
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work. The search and match process attempts to identify those intersections of the two databases: 
condition improvement and construction work for a particular EN. When the condition improvement 
documented by two consecutive inspections of the EN is matched with the construction work for the 
scope and the year of work, then the calculation for the corresponding TPM will complete in Elevatio. 
Figure 10 shows an example table as search requirements for EN=12 (RC deck). The table starting 
from Row 32 gives three columns of input data by the user for the search scope and definition. 

For this particular example of RC deck, a number of relevant construction renewal work are seen in 
the IDOT construction history. Several typical ones are listed in Rows 33 to 45 as an illustrative 
example. Depending on the need and purpose, these rows may be modified, increased, or reduced. 
Each row is for a type of construction renewal work, whose name is identified in Column A as Item (c) 
in Instruction 3, along with a numeral ID in Column B as Item (d). Column C as Item (e) lists search 
strings for this row of specific construction work, such as Microsilica Overlay for RC deck in Row 35.  

 
Figure 10. Screenshot. Elevatio user input to identify construction work as cause for condition 

improvement. 

It should be stressed that the example table in Figure 10 is not the only option for EN=12. The user 
may choose a different set of search requirements. For example, Groups 21 to 29 in Figure 10 may be 
regrouped into one “Overlay” or into two: “ConcreteOverlay” and “BituminousOverlay.” When 
inspection records are limited for certain ENs, such aggregate grouping may become necessary 
because too many construction types can cause each to have very few matches. The TPMs for these 
construction types will then be less reliable.  

Note that the search strings will be used in Elevatio by comma-separated phrases. When one of these 
strings/phrases is exactly matched (case insensitive) along with the year the work was done, the 
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case’s TPM is then calculated for the particular inspection record pair. It should be stressed that the 
string/phrase needs to be exactly the same to match. For example, an extra space between two 
words will lead to unmatching. 

Note that IDOT “ConstructionHistory” is a freely written record, not a coded database. As a result, the 
software user needs to design the search with consideration to how “ConstructionHistory” can be 
used to maximum effect. For example, a word “replacement” can be abbreviated as “REPL” or 
alternatively recorded as “REMOVED & REPLACED.” Further note that the intended string/phrase may 
be misspelled or may include an extra space. Thus, the search strings will need to be carefully 
designed and possibly reiterated to catch all interested cases in the construction history to maximize 
the reliability of the resulting TPM. Figure 10’s example demonstrates the result of such an iteration. 

For instance, micro-sillica is a typo for micro-silica. This typo was observed in the IDOT construction 
history, and, thus, it was included here for the search because it is present in the database. Another 
search design example is the abbreviations MSW (micro-silica wearing) and MSWS (micro-silica 
wearing surface), which were identified by manually scanning the IDOT construction history. Thus, 
they are also included as search strings in Row 34 in Figure 10. 

It is therefore recommended that IDOT change the construction history to a coded record for a more 
precise and exhaustive search/match in the future. Such a change will help exact identification of the 
construction work for optimized resulting TPMs. 

After the search requirement table is entered, Instruction 4 in Figure 9 provides the simple steps to 
run Elevatio. Elevatio does not require much instruction to run, because all steps are prompted after 
clicking the “Run Task” button. Instruction 4 also includes a brief introduction to the final result as the 
two bounds, introduced and illustrated earlier in Chapter 3. It also refers to this report for more 
details. 

The sheet “Unsure(UsedForAnalysis)” contains the inspection records used in the TPM calculations as 
a result of running the program. These bridges are identical to those identified in Mansus’ “Unsure” 
sheet, excluding those also meeting one or more of the other scrubbing criteria. Furthermore, some 
of the bridges in the Mansus’ “Unsure” sheet are also excluded to the sheet “Unsure^2,” meaning 
double unsure. These bridges are categorized as such because their inspection records indicate not 
only condition improvement, but also deterioration. Elevatio is designed exclusively for condition 
improvement. So, the Unsure^2 bridges do not satisfy this requirement and are excluded. Some 
examples, along with possible causes, are discussed in Chapter 5.  

Each individual TPM for the inspection record pair matched with the construction work is calculated 
as illustrated in Chapter 3 in Equations 57 to 73. Then, these TPMs are averaged within the 
construction type group as the TPM for the type. This final result is reported in the 
“ImprovementTPMforAllBridges” sheet (Figure 11) as the output for the EN12 example, whose input 
for search requirement are shown in Figure 10.  
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Figure 11. Screenshot. Elevatio final TPM output for example EN12 using input in Figure 10. 

The individual terms of TPMs are random variables with variation. Thus, their standard deviation 
(STDEV) values are also included next to the average values, in Figure 11 for this example. The STDEVs 
offer information on the final TPM (average) values for each construction type, so that the user is 
aware of the associated variation. Such information can help the user make decisions based on the 
provided TPMs and compare and possibly redesign the search for improved results. Two bounds for 
TPM are seen in Figure 11—MostEffectiveBound and LeastEffectiveBound—as presented in Chapter 
3. Each construction type is identified in Column A along with its numerical ID for easy reference, as 
defined in the “Intro” sheet by the user. In some cases, the two bounds are identical, as seen in this 
example. 

For instance, for RC deck replacement as Construction Type 1 in Rows 5 to 9, the calculated TPMs are 
the same for the two bounds. This is expected because RC deck replacement is expected to transition 
all quantities back to CS1 no matter where they were before the construction work, leading to the 
two bounds identical. An exception in this example is the TPM column for CS2 in Columns C and M, 
where P12 is shown as 0.9778 not 1, while P11, P13, and P14 are all 1 as expected.  

This exception is perhaps due to a number of reasons as follows: 

• Within the time interval between the two inspections and after the construction work, some 
minor deterioration or imperfect work was noticed and recorded as the bridge element’s 
condition.  

• Some errors occurred in the inspection or recording processes. 

• A combination of the above reasons.  
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The sheet “Replacement 1” in Figure 12 for this particular construction type lists all matched cases of 
bridges contributing to the final result TPM and STDEV in Rows 6 to 10 in Figure 11. Each bridge 
occupies six rows in the sheet in Figure 12. In the first row, the SN is identified along with the first 
inspection date and the quantities at CS1 to CS4 then. The same information for the second 
inspection then follows. The second row identifies the two bounds as headings, followed by the two 
TPMs for the two bounds found for this pair of inspection records. They occupy the remaining four 
rows, for the 4 × 4 matrices. 

Inspection of the “Replacement 1” sheet indicates that the only bridge contributing to the final non-1 
value of P12 is SN=820299, as seen in Figure 13-a and highlighted green. Further examination of this 
case is recommended to IDOT to clarify the reason why the recorded quantity at CS2 did not all 
transition to CS1 after deck replacement. The result can be helpful in enhancing not only the 
reliability of the calculated TPMs here, but also possibly the quality of the inspection process, 
construction, and other aspects of the IDOT bridge inspection and preservation operation. 

 
Figure 12. Screenshot. Elevatio “Replacement 1” sheet for bridge details of example EN12 in Figures 

10 and 11. 
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Figure 13-a. Screenshot. A bridge in Elevatio “Replacement 1” sheet contributing to P12 not equal to 

1 (Year Reconstructed from NBI used for age calculation if available otherwise Year Built). 

Note that for each matched bridge in Figures 12 and 13-a, Columns O and P provide the 
element/bridge age at the first inspection date and the matched string, respectively. This information 
is uniformly included in the sheets for all other construction types for each identified match bridge. 
This information can be particularly helpful for the software user when designing and redesigning the 
search and its requirements (search strings). The information may also serve as confirmation or 
denial for a pre-design to see whether the search design could be effective in identifying the intended 
matches. 

It was then noticed that some of the ages in Column O are identified as 0 years or very young ages, 
which were caused by using the Year Reconstructed (instead of Year Built) as inputted by the user for 
this example. Figure 13-b offers a comparison using Year Built for the same example. The two 0-year 
ages in Figure 13-a have been changed to 40-year ages in Figure 13-b, highlighted dark green. The 
other age for SN=820299 did not change, because this SN has no Year Reconstructed in ILNBI.txt. As a 
result, Year Built was defaulted to, although Year Reconstructed was selected by the user resulting in 
Figure 13-a. 
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Figure 13-b. Screenshot. A bridge in Elevatio “Replacement 1” sheet contributing to P12 not equal to 

1 (Year Built from NBI used for the age calculation). 

The “ImprovementTPMForAllBridges” sheet, shown in Figure 11, also displays empty TPM cells for a 
few cases and their STDEVs (e.g., Rows 18 to 21). The empty cells indicate no available data; all are 
for the transition probabilities from CS3. Sometimes, the TPM cells are not empty, but the 
corresponding STDEV cells are, indicating there is only one entry to result in TPM (averaging with one 
entry) but not enough for STDEV, which requires at least two entries. 

The empty cells in Figure 11, for the concrete overlay construction type, highlight no quantity in CS3 
recorded to have transitioned to another CS or even stay in CS3. More details about the identified 
individual bridges in that construction type and their inspection records contributing to these final 
results can be found in sheet (Figure 14). Two bridges are identified there as the contributors to the 
empty cells in Figure 11. The setting of this sheet is identical to all other sheets for various 
construction types. The information there can be utilized by the software user to further track down 
for clarification and/or understanding. Additional datasets with the bridge owner may be needed for 
this purpose. They may include, and are not limited to, information on the inspection 
team/contractor, consistency of other inspection results for the same bridge and/or by the same 
team/contractor, etc. 
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Figure 14. Screenshot. Bridge- and inspection-record details for concrete overlay in Elevatio. 
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CHAPTER 5: TWO APPLICATION EXAMPLES OF SOFTWARE 
TOOLS 
Two examples are included here to illustrate application of the proposed approach to calculate TPM 
for the do-nothing and improvement cases using Mansus and Elevatio, respectively. They also 
demonstrate possible applications of the obtained TPMs for forecasting and other bridge 
management decisions. Potential further applications are also foreseeable, with the future condition 
probability distribution vectors q made available through the TPMs found as described in Equations 
10 and 11. 

EXAMPLE 1: EN = 12 RC DECK 
The RC deck, as the most popular roadway bridge deck, receives significant attention in bridge 
management. It is subject to deterioration due to weather-pertinent factors, such as freeze-thaw 
cycles and salt usage for deicing in winter. Truck wheel loads are also perceived to lead to 
deterioration in RC decks. In addition, the deck serves as the roof of the bridge. Its condition and life 
span may affect many other bridge elements’ conditions and life spans. As such, a great deal of 
maintenance effort and expenditure have been devoted to the deck. Furthermore, the condition 
state data for the deck may be the most extensive and complete part in the available BrM databases 
among all bridge elements. Thus, this element is selected for application illustration. 

Do-Nothing Deterioration TPM for EN12 Using Mansus 
Figure 15 shows the start of this application example in Mansus. The user begins by typing the EN in 
the pop-up window that is prompted by clicking the “Run Task” button on the “Intro” sheet. Figure 16 
displays the answer choices to the question on whether to use Year Reconstructed or Year Built in 
NBI to calculate the age. Select “Yes” to use Year Reconstructed here as the base for age calculation if 
it is available in ILNBI.txt. Year Reconstructed is often recorded in NBI for a major reconstruction, 
which most likely has included significant or major work to the deck, signaling the restart of its life 
span. Therefore, the answer “Yes” is selected here to use Year Reconstructed as the base for age 
calculation if it is available in ILNBI. In case Year Reconstructed is not available in ILNBI, then Year 
Built will be used as the default, even if “Yes” is answered. The answer “No” means to use Year Built 
for age calculation, which will completely ignore Year Reconstructed. For some other elements, “No” 
may be more appropriate for reality, because reconstruction more likely does not include a significant 
renewal for them. Some examples can include abutment, pile, etc. 

It took about 50 seconds on a 4 GHz/128 GB RAM computer to complete this Mansus calculation. 
Figure 18 presents the final results in the sheet “Do-NothingTPMForAllBridges.” Figure 17 shows an 
overview of the IDOT inspection records used for the calculation of TPM for RC deck using Mansus. 
This “Stats” sheet indicates that 6,327 bridges in IDOT inspection records were found to have EN12.  
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Figure 15. Screenshot. Enter EN=12 after clicking the Run Task button in Mansus “Intro” sheet. 

 

 
Figure 16. Screenshot. Select answer about age calculation reference in Mansus. 

However, a large number of these bridges have inspection records that do not qualify for the 
following calculations in Mansus. As seen, 282 of these 6,327 bridges have only one inspection 
recorded. Thus, they are unable to form a pair of before and after inspection records required for the 
TPM calculation, as illustrated in all numerical examples in Chapter 3. Thirty-five of them were not 
found in the Illinois NBI record of 2021. As a result, their age would not be available, so they were 
excluded from further calculation. 
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Through the data-scrubbing process described in Chapter 4, a large number (4,014) of these 6,327 
bridges were found to have records indicating condition improvement or other than deterioration. 
This inspection record category is labeled “unsure” because Mansus is not certain at this point 
whether they can be used in Elevatio calculations for TPMs for renewal construction work. They will 
be accepted or denied in the Elevatio application later. Again, note that some of these bridge 
inspection records may also meet the criteria of exclusion to be checked later than this criterion for 
“unsure” records. These criteria are the following: (a) the quantities at CS1 to CS4 do not add to the 
total, (b) the total quantity is equal to 0, (c) the total quantities vary from one inspection to another, 
and (d) there is(are) negative quantity(ies). The order of these criterion checks for data scrubbing is 
the same as they are listed in Figure 17.  

Two of the 6,327 bridges are listed in Figure 17 as having the total quantity equal to 0. However, as 
mentioned earlier, there may be more bridges having the total quantity equal to 0, which were 
identified to meet the other scrubbing criteria checked earlier, in Rows 4 to 6 in Figure 17. Those that 
are included in the unsure category (Row 6 in Figure 17) will be double checked in Elevatio. Elevatio 
will screen them and only use those that do not meet any of the scrubbing criteria.   

 
Figure 17. Screenshot. Mansus sheet “Stats” for EN12 for do-nothing TPM. 

As mentioned earlier in Chapter 4, the resulting bridges with their inspection records used in TPM 
calculation are listed in the sheet “BridgesUsedForTPM.” The final results of TPM for all these bridges 
as a function of age are output in the sheet “Do-NothingTPMForAllBridges,” as seen in Figure 18.  
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One of the recommended applications of the TPMs is to forecast from the perfect initial condition 
represented by the following condition probability distribution vector: 

q0 = {1,0,0,0}t,0            (77) 

to estimate, on average, how long the element will take to reach a predefined end of expected 
service life. Figure 18 includes this forecasting computation, starting from the perfect initial condition 
in Cells L6 to L9, highlighted in green. Equations 10 and 11 state that this forecasting involves simple 
matrix multiplication. It requires TPMs now available in the Mansus “Do-NothingTPMForAllBridges” 
sheet in Figure 18. As a result, the condition probability distribution q1 as a column vector at the first 
year is computed as  

q1 = P0 q0 = P0 {1,0,0,0}t,0           (78) 

This column vector is shown in Cells L13 to L16 in Figure 18. Cell L13 also has the Excel formula for 
matrix multiplication MMULT() shown in the formula space. The formula indicates the matrix in Cells 
B6 to E9 multiplied by the vector matrix in Cells L6 to L9 highlighted green. This can be readily 
performed by the user. Note that this forecasting calculation is not included in Mansus because it is 
very easy for the user to do and such applications may vary widely. Mansus includes calculations to 
provide the needed TPMs for such forecasting. 

The same is then repeated for 

qj = Pj-1 qj-1  (j=2,3,4, …, N)        (79) 

In Figure 18, all computed condition probability distribution vectors qj are given in Column L with j 
(age) indicated in Column A. The life span N is then found by identifying the value of j when the 
predetermined q4 = 15% threshold is reached. This N value often is not an integer, as seen in Figure 
19 for this example, because it is unlikely an integer would happen to result in the exact target value 
(15% here). Therefore, linear interpolation is recommended to find this N value as a real number for 
the expected life.  

For this example, linear interpolation between 36 and 37 years in Figure 19 finds N in Equation 79 at 
36.8 years. This expected life span for RC deck without renewal construction work is close to that 
found using the NBI rating system for deck (Fu, 2021). However, the RC deck here with EN=12 is a 
subset of deck in the NBI system in Fu (2021). Similar forecasting can be done for EN12 of bridges on 
a route, in a district, or in a region, when the TPMs are found using only those bridges of the 
corresponding route, district, or region. 

  



44 

 
Figure 18. Screenshot. Do-nothing TPM result and its forecast application initiated for example 

EN12 in Mansus. 

It is interesting to see how many years it may take for the 100% quantity at CS1 to become 50%. This 
criterion has been used overwhelmingly in the literature to find the so-called transition time between 
CS1 and CS2. For this example of EN12, the 100% quantity at CS1 at the beginning of service or age of 
0 years will become 50% at about 37 years of age (between Cells L258 and L265). At that age, the 
quantity at CS4 will reach 15.5%, exceeding the IDOT threshold of 15% for expected life. Apparently, 
IDOT does not use this reduction from 100% to 50% as the criterion for transition from CS1 and CS2, 
and this transition time exceeds the expected life according to the IDOT threshold so there is no time 
left to transition from CS2 to CS3 and from CS3 to CS4 to complete the life. 

As discussed earlier, the transition from CS1 to CS2 is not well defined in this context of BrM 
inspection data, because not the entire element (i.e., 100% of deck area here for EN12) is tracked for 
condition deterioration but individual sqft of it. However, the entire element’s transition from CS1 to 
CS2 is almost always perceived when the transition from CS1 to CS2 is mentioned. This contradiction 
is the root of the observed inconsistency or confusion with reality. 
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Figure 19. Screenshot. Life span forecast for Illinois EN12 interpolated between 36 and 37 years. 

The forecasting above can be readily performed for a single bridge as well. It could answer such 
questions as how many more years (i.e., remaining service life) on average the bridge may still have 
before reaching the end of this element’s expected service life. Then, its current CS quantities for the 
interested element along with its age can be readily used to derive the vector condition probability 
distributions to the life end. Figure 20 shows a randomly selected example bridge with an RC deck 
highlighted blue at an age of 15 years for forecasting the element’s expected remaining service life as 
follows.  

qj = Pj-1 qj-1  (j=16,17,18, …, K)       (80) 

Figure 21 shows the forecasting computation starting at 15 years, according to Equation 80. This 
computation of matrix multiplication is repeated for consecutive j values until the targeted q4 = 15% 
is reached, as seen in Figure 22. Linear interpolation between years 45 and 46 finds the K of Equation 
80 at 45.7 years. The expected remaining service life is then 45.7 − 15 = 30.7 years for EN12 of this 
bridge. 

Nevertheless, it should be stressed that such forecasting is based on the performance of the deck 
under historical environmental factors, such as truck loading, freeze-thaw cycling and behavior, etc., 
which are perceived to be important for RC deck performance. In the next 30.7 years, these factors 
will likely change, affecting the real performance of the RC deck element. As such, it is critical to 
update such forecasting when new inspection results become available. When the horizon for 
forecasting becomes closer, the credibility of forecasting will increase accordingly. An analogy exists 
with weather forecasting, which becomes more credible and accurate when getting closer to the 
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forecast horizon. For example, today’s forecast for tomorrow’s weather is certainly more reliable 
than that of a month ago for tomorrow’s weather. 

 
Figure 20. Screenshot. Example bridge with EN12 in service at age of 15 years. 

 
Figure 21. Screenshot. Forecasting remaining life initiated for example bridge in Figure 20 at age of 

15 years. 
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Figure 22. Screenshot. Forecasted end of expected service life identified between 45 and 46 years 

for bridge in Figure 20. 

Another example with a worse starting condition probability distribution q15 at 15 years is selected, as 
seen in Figure 23. Its EN12 15-year condition probability distribution vector q15 is in Cells L103 to 
L106. These qi values for i=1,2,3,4 are calculated using the quantities in Cells E7013 to H7013 of 
Figure 23 according to Equation 9. The resulting column vector is in Cells L111 to L114 in Figure 24, 
highlighted light green. The computation according to Equation 80 for forecasting is displayed in 
Figures 24 and 25 to the ages of 35 and 36 years. Linear interpolation for q4=15% gives the end of 
expected service life at 35.6 years. Thus, the expected remaining service life is 35.6 − 15 = 20.6 years.  

These two examples of individual bridge’s RC decks also highlight the statistical scatter for the end of 
the expected service life. This needs to be accounted for when forecasting and bridge management 
decision-making.  
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Figure 23. Screenshot. Another bridge with EN12 in service at age of 15 years. 

 
Figure 24. Screenshot. Forecasting remaining life initiated for example bridge in Figure 23 at age of 

15 years. 
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Figure 25. Screenshot. Forecasted end of expected service life identified between 35 and 36 years 

for bridge in Figure 23. 

Condition Improvement TPM for EN12 Using Elevatio 
Figure 26 displays Elevatio’s front “Intro” sheet for an example of EN=12. This sheet provides the 
scope of how the search and match between the two major datasets is organized, with regard to how 
the types of construction work are grouped and then matched between the two datasets: the 
inspection records and the construction history. As discussed in Chapter 4, this example of grouping is 
not the only way to perform and find improvement TPM for EN12, but merely one of possibly many 
options for illustration.  

Nevertheless, this particular choice of grouping in Figure 26 is possibly more detailed than many 
other options. For example, Construction Types 21, 22, 23, and 24 in Figure 26 may be combined into 
one type: concrete overlay. Type 29 Overlay may also be used to cover Types 21, 22, 23, 24, 25, and 
even some of Types 26 and 27 (BSMART and Rehab). Other minor work in Types 30, 40, and 50 may 
be combined as well into a new type, Maintenance, depending on the specific purpose of application 
at hand.  

The present grouping for construction type may not be logical enough because different construction 
types appear to overlap. Nevertheless, this selection was made according to the remarks present in 
the IDOT construction history, which was not developed for the purposes here but is the only dataset 
available and useful for the research objective. The following analyses will further illustrate the 
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advantages and disadvantages of this grouping to facilitate the user of Elevatio in designing his or her 
own application of the software program. 

 
Figure 26. Screenshot. Causal construction types identified for example EN12 condition 

improvement TPM in Elevatio sheet “Intro.” 

 
Figure 27. Screenshot. Overview of data utilization in Elevatio for example EN12 in Figure 26. 
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Figure 27 displays the numbers of bridges identified as matches between the construction history and 
condition improvement in the BrM element inspection records. The sheet named “Stats” in Elevatio 
contains important information for interpreting the TPM results provided in other sheets. It also 
pertains to the reliability of the Elevatio results with respect to how many data points were available 
and used, contributing to the final results as expected TPMs for the respective construction work. 

A total of 1,847 bridges were identified as showing condition improvement (Figure 27) in EN12 and 
were used for the search and match. Of the 1,847 bridges, 381 were matched with construction work 
for relevant features with the focused element EN12 and the year of work was deemed to be related 
to the recorded condition improvement. Calculations were then performed for the TPMs for these 
bridges and inspection records regarding EN12 condition improvement. The TPMs for individual 
bridges were averaged within each construction type defined in Figure 26.  

Figure 27 also identifies the numbers of the matched individual bridges for each construction type. In 
general, a large number of individual bridges in the type is expected to produce a higher reliability in 
the TPM for the construction type. Thus, these numbers can also be used to redesign grouping by 
redefining their scope in terms of search strings. For example, as stated above, Construction Types 
21, 22, 23, and 24 may be combined into one type: ConcreteOverlay. This can mitigate the issue that 
the numbers of bridges in Types 22, 23, and 24 are relatively small compared with Type 21. In Figure 
27, those construction types with relatively larger numbers of bridges found are highlighted green, 
and those in the next tier are highlighted light green. TPMs from those types with a relatively large 
population are considered more reliable.  

A special case of construction type in Figure 27 is “Replacement 1.” Conceptually, the TPM for this 
construction type would not need calculation but expert elicitation, because replacement of the 
element is expected to change all quantities at CS2, CS3, and CS4 to CS1, and the CS1 quantity is 
expected to stay in CS1. With such a certain expectation, this group is used here merely for 
verification of the algorithm and programming. The TPM final results shown in Rows 6 to 10 of Figure 
11 earlier for the Elevatio sheet “ImprovementTPMforAllBridges” states a successful validation, for 
both the algorithm and programming implementation. Figures 11 to 13 in Chapter 4 and their 
discussions presented more details on this subject of replacement as construction work for the same 
numerical example. 
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Figure 28. Screenshot. TPM results of construction types for example EN12 in Elevatio. 

A comparison of TPM results for these different construction options is of interest to bridge 
management practice. The results are in the Elevatio “ImprovementTPMforAllBridges” sheet. Figure 
28 shows TPMs of both bounds for Construction Types 21 to 24, MostEffectiveBound and 
LeastEffectiveBound in Columns B to E and Columns L to O, respectively, for their averaged TPMs. 
Next to these columns are the STDEV for the TPM values. The two bounds are very close to each 
other. Type 21 is highlighted in green in Figure 28, as also in Figure 27 for its large number of 
entries/bridges, compared with the other three construction types. The top row (Row 13) of the 
TPMs in Figure 28 for this construction type exhibits those transition probabilities to CS1 being all 
close to or higher than 90%, with some higher than 95%. These high values being close to 1, their 
possible maximum, highlight the effectiveness of the particular construction work, Micro-Silica 
Overlay, for RC deck. 

The other overlay works in Construction Types 22, 23, and 24 are seen less effective in terms of the 
TPM values in the first row of the matrices. Note that these TPM values are based on relatively 
smaller populations of bridges, as discussed earlier for the “Stats” sheet in Figure 27. They are 
respectively 2, 5, and 15 bridges vs. 110 in Type 21. Among Types 22, 23, and 24, Type 24’s 
(LatexOverlay) TPMs are most close to those for Type 21, suggesting it to be the next effective 
treatment for RC deck. Needless to say, Type 22 ConcOverlay must have overlaps with the other 
three concrete overlay types.  
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Figure 29. Screenshot. Comparison of TPMs for different construction options for EN12. 

Figure 29 continues this comparison using BITOverlay. The TPM results from relatively more bridges 
contributing to them are highlighted, Types 25 BITOverlay (yellow) and 29 Overlay (orange). Type 29 
may have overlaps with other construction types, such as Types 21 to 25, possibly 26 and 27 as well. 
In the IDOT construction history, “Overlay” is noted separately from other more specific overlays, 
such as Micro(-silica)Overlay, ConcOverlay, and PolymOverlay. The grouping here merely follows 
these remarks in ConstructionHistory for illustration purposes and is not claimed to be rational for 
other ENs or other bridge owners. 

The values P12, P13, and P14 in the first row of TPMs in Figures 11 to 13 and 28 to 29 show that these 
construction options have accomplished condition improvement as intended. Besides replacement, 
Type 21’s (Micro-Silica Overlay) TPMs show most effective than the other construction types, for their 
higher values of P12, P13, and P14 (with P11 always at 1 for all construction types and thus no need for 
comparison). While Type 21 includes more bridges (110) than the other types, Types 25 and 29 also 
have statistically significant entries of 43 and 62 bridges, respectively. Type 25 BITOverlay is seen 
noticeably less effective than Type 21 MicroOverlay by comparing the P12, P13, and P14 values of the 
two groups. This is not a surprise to many experienced bridge engineers, but demonstrating this well-
known fact based on BrM quantity analysis developed and presented herein is certainly a plausible 
accomplishment. Therefore, this approach of BrM-data-based TPMs is quite effective and practical 
for forecasting and decision-making in bridge management. 
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Figure 30. Screenshot. Modeling EN12 condition improvement by multiplying MicroOverlay’s TPM. 

 
Figure 31. Screenshot. Forecasting EN12 expected service life resulting from MicroOverlay between 

52 and 53 years. 

Figures 30 and 31 show a forecasting exercise while including the effect of micro-silica overlay for RC 
decks of Illinois, based on the results above using Mansus and Elevatio. Figure 30 shows 
multiplication of the micro-silica overlay TPM (highlighted green and taken from Figure 11) with the 
condition probability distribution vector q25 of Illinois RC decks at the age of 25 years, according to 
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Equation 80 with j = 25. Mathematically, this replaces the TPM for do-nothing deterioration at the 
age of 25 years in forecasting the life span, as seen in Figure 30. This age of 25 years is selected 
because it is close to the average age when micro-silica overlay is applied, as recorded in the IDOT 
construction history and matched with condition improvement. As mentioned earlier, the sheet for 
this construction work “MicroOverlay 21” includes the ages of individual bridges that have 
experienced renewal work in Column O of Figures 11 to 13.  

After the inspection at 25 years, where MicroOverlay TPM was multiplied, multiplication of do-
nothing TPMs resumes, modeling deterioration restarting and continuing without further 
construction work. Figure 31 displays the last few multiplications reaching the targeted q4 = 15% used 
by IDOT as the indication of an RC deck’s end of expected service life. 

Linear interpolation between the found 52 and 53 years from Figure 31 results in 52.3 years as the 
new expected life span if micro-silica overlay is applied at 25 years. An increase of expected life span 
of 52.3 − 36.8 = 15.5 years is then concluded, from the expected life of 36.8 years in Figure 19 without 
renewal construction work. When associated costs are considered, this framework can be used to 
identify optimized strategies considering life cycle cost for maintenance, repair, and rehabilitation 
(MR&R) for all elements covered in the current BrM system.  

When the health index and damage index presented in Chapter 3 are applied to this example, the 
condition improvement of this element can be readily presented and intuitively seen in a 2D graph in 
Figures 32 and 33 for comparison of do-nothing deterioration vs MicroOverlay at age of 25. The 
former exhibits the two indices as functions of age without renewal construction work and the latter 
with micro-silica overlay applied at 25 years, an effort of preservation or interference to do-nothing 
deterioration.  

In Figure 32, the rate of deterioration increases with age at approximately 20 years. The rate of 
deterioration is expressed graphically as the slope of the health and damage indices. This is consistent 
with field observations of many experienced bridge engineers that an RC deck deteriorates faster 
with age under the condition of do-nothing deterioration. This rate change is also recognizable in 
Figure 33, except at the point when micro-silica concrete overlay is applied at an age of 25 years. 
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Figure 32. Chart. Health and damage indices for EN12 without construction work. 

 
Figure 33. Chart. Health and damage indices for EN12 with MicroOverlay at age of 25 years. 

Figure 34 displays the “Unsure^2” listing of excluded bridges due to further unsure features of both 
deterioration and improvement in condition. For this application example of EN12, the purple 
highlighted cells in Figure 34 contain a typical example for discussion. The bridge’s before and after 
quantities at the four CSs resulting from the two inspections are highlighted. As seen, its CS3 quantity 
increased from 0 sqft in 1999 to 16 sqft in 2002, indicating net deterioration in condition. However, 

0

20

40

60

80

100

0 10 20 30 40 50 60 70

Age (yrs)

Health
Index
Damage
Index

0

20

40

60

80

100

0 10 20 30 40 50 60 70

Age (yrs)

Health
Index
Damage
Index



57 

the CS1 quantity also increased from 3,882 sqft in 1999 to 8,866 sqft in 2002, highlighting significant 
improvement in condition as well. This situation may be caused by a number of factors, or a 
combination thereof, as follows: 

• One or both of the two inspection teams made a mistake or mistakes. 

• Different condition state definitions were used in the two inspections by different 
teams/contractors.  

• Inspection recording errors. 

• Both improvement and deterioration took place within the interval of the two inspections. 

Further examination of these records is worth pursuing by IDOT to make an appropriate decision as 
to how these Unsure^2 inspection records can be treated and used in TPM derivations. Such an effort 
could also help the bridge owner enhance the quality of inspection as well as bridge management 
practice. 

 
Figure 34. Screenshot. Elevatio sheet “Unsure^2” for bridges excluded from TPM calculation. 

EXAMPLE 2: EN = 107 STEEL GIRDER BEAM 
Steel girder beam is another popular superstructure element in Illinois and many other US states. As a 
result, more inspection records exist for steel girder beams than many other bridge elements in the 
Illinois BrM system. Hence, this element is used as an example application of the two software 
modules produced from this research project. 
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Do-Nothing Deterioration TPM for EN107 Using Mansus 
Running Mansus for EN107 is the same as for EN12 except the step of input EN. Figure 35 presents 
the Mansus sheet “Stats” for EN107. As seen, a large number of bridges (3,283) are excluded from 
this calculation of do-nothing TPMs. The reasons for exclusion are also listed in Figure 35 
corresponding to the exhibited numbers of bridges excluded. It is worth noting that each bridge 
contributes often much more than just one data point to the TPMs, because each bridge’s IDOT 
inspection records contain often tens of pairs of inspections. Each pair of records contributes an entry 
to the TPM of the age. As such, a bridge with L valid inspection records contributes L-1 pairs of 
inspection and, thus, L-1 data points for TPMs. For IDOT bridges, L is usually between 10 and 20 for 
EN12 and EN107. 

 
Figure 35. Screenshot. Data usage overview of Mansus calculation for EN107. 

The Mansus sheet named “PkkForEachBridge-Age” in Figure 36 lists all bridges contributing valid 
inspection pairs to the values Pkk (k=1,2,3). P44 is not included here because it is always 1 for do-
nothing deterioration, as the absorbing state of the four. The phrase “absorbing state” means a state 
that only receives quantities and never transitions out quantities. This is because there is no driving 
force for transitioning out any quantity to become better for do-nothing deterioration. The list in 
Figure 36 can also serve as a debugging tool to see all valid pairs of inspection records for each 
individual bridge, if the software user encounters any issue with the final results in the sheet “Do-
NothingTPMforAllBridges.” 



59 

For each exclusion criterion in the “Stats” sheet in Figure 35, there is a corresponding sheet listing all 
bridges, with at least one inspection record pair meeting the criterion. This corresponding sheet’s 
count is included in the sheet “Stats” in Figure 35. Note that only one such event of meeting the 
criterion is needed for the bridge to be excluded along with its entire inspection record history, 
because such a case of violation would cause the consequential calculation to stop or to produce 
erroneous results. As a result, some bridges in the earlier categories such as Rows 4 to 6 likely also 
meet the later criteria for exclusion. Figure 37 includes an example for this situation. 

 
Figure 36. Screenshot. Intermediate results contributing to do-nothing TPM for EN107. 

Figures 37 and 38 show examples of Mansus sheets for total quantity equal to 0 and negative CS 
quantity. The identified cases meeting the respective criteria are highlighted purple and orange, 
respectively. It is recommended that IDOT personnel re-examine these excluded records and correct 
them if warranted or delete the erroneous portions of the records. Such action could increase the 
usable data in the TPM calculation and, in turn, enhance the reliability of the results. For some ENs 
with smaller datasets, this can make a critical difference. 

Figure 37 also shows that a bridge may have inspection records meeting more than one scrubbing 
criterion. These cases of SN=370100 are highlighted purple and orange, each color for a different 
criterion. When that happens, the bridge with all of its inspection records are excluded from further 
calculation and are listed in the first checked criterion’s sheet in Figure 37. The counting in the “Stats” 
sheet is also not repeated for the later criterion because exclusion has taken place whenever the first 
criterion was met. Thus, the excluded bridge will not be subject to any further check for the later 
criteria. Figure 37 also shows the other three bridges highlighted purple for only one criterion 
(total=0) met. 
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Figure 37. Screenshot. Four bridges with 0 total quantity and one with negative CS quantities in 

Mansus sheet “Total=0” for EN107. 

 
Figure 38. Screenshot. Bridges with negative quantities in Mansus Sheet “NegativeCS” for EN107. 
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Figure 39. Screenshot. Modeling do-nothing deterioration by matrix multiplication of Equations 10 

and 11 for EN107. 

For application of the obtained TPMs to forecasting, Figure 39 shows a snapshot of the modeled 
process of do-nothing deterioration according to Equations 10 and 11. This modeled process starts at 
an intact condition q0 = {1,0,0,0}t,0. It can also be viewed as a simulation of do-nothing deterioration, 
using the TPMs obtained based on the inspection records for the EN107 population of Illinois state 
bridges. When this process continues to the point when a threshold is reached for the end of the 
expected service life, the expected life span for the element is then established. If q4=15% continues 
to be used here for this purpose, Figure 40 displays the conclusion of this modeling or simulation 
process between 65 and 66 years. Linear interpolation finds the expected life span at 65.5 years for 
EN107.  
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Figure 40. Screenshot. Identification of expected service life end according to q4=15% for EN107. 

Condition Improvement TPM for EN107 Using Elevatio  
Figure 41 shows the search and match parameter input sheet for the Elevatio application to EN107 
improvement TPM calculation. Four construction types are selected for inclusion, although fewer or 
more may be used depending on the user intention or need. The four types here are replacement, 
painting, repair, and maintenance. Maintenance refers to minor correction work compared with the 
first three types of renewal efforts. As seen in Figure 41, Column C contains the search strings 
developed for the respective types of construction work. As discussed earlier, this parameter input 
went through a few rounds of trial and error to maximize the match results. 



63 

 
Figure 41. Screenshot. Causal construction types identified for EN107 improvement TPM in Elevatio 

sheet “Intro.” 

The research team established the listed search strings in Figure 41 based on experience as well as 
spotty manual checks of the “ConstructionHistory.” Further expanding this list of search strings may 
result in more complete match results and further optimized TPM values for this EN and relevant 
construction work types. 

Figure 42 shows a summary of the search/match for this element, steel girder beam, in the 
population of Illinois state bridges. It took about 30 seconds on a 4 GHz/128 GB RAM computer to 
complete the calculations by Elevatio. A total of 603 bridges are filtered from those in the Mansus 
“Unsure” sheet, and then further scrubbing was applied to eliminate those that also meet another 
scrubbing criterion or criteria, as discussed in Chapter 4. 

All bridges with their inspection record(s) matched with construction work are listed in the sheet 
“Unsure(UsedForTPM).” It is possible that a bridge contributes to the final TPM more than once 
because its inspection records were matched more than once with construction history data. Figure 
43 for the sheet “Painting 2” shows such an example for SN=380005. Its EN107 was painted twice 13+ 
years apart, as recorded and shown in Figure 43. Apparently, less expensive work may be done more 
frequently, such as painting and cleaning. This kind of work then has more opportunities to have 
been recorded if construction / maintenance recording is exhaustive. 
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Figure 42. Screenshot. Match result overview for EN107 in Elevatio sheet “Stats.” 

 
Figure 43. Screenshot. Bridge identified for improved EN107 condition painted twice about 13 years 

apart. 

Figure 42 shows that 153 − 3 (Row 5 minus Row 7) = 150 of the 603 bridges were matched with a 
record of renewal construction work deemed to be the cause of condition improvement. Three of the 
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603 bridges (in Row 7) are still unsure, showing both condition improvement and deterioration, and 
therefore were marked as unsure^2. This result could be due to the following causal factors: 

1. Inspection error 

2. Recording error 

3. Occurrence of condition improvement and deterioration within the time interval between 
two inspections. This is possible when the renewal work is not significant and the 
inspection interval is relatively long. 

4. A combination of the above factors. 

 
Figure 44. Screenshot. Improvement TPMs of four construction options for EN107 in Elevatio. 

Figure 44 displays the final result of TPM as the average of individual TPM values for the considered 
four treatments to steel girder beam EN107. Results for the two bounds are included in the Elevatio 
sheet “ImprovementTPMforAllBridges.” Columns B to E are for the MostEffectiveBound, introduced 
in Chapter 3. Columns L to O are for the LeastEffectiveBound. Columns G to J and Q to T are their 
respective standard deviations to indicate variation from the averages.  

Note that the two bounds are identical for this EN for these treatments, except a few terms in “3 
Repair” in Rows 18 to 22. There are also empty cells for the Maintenance work in the listed TPM and 
STDEV values for transitions from CS3 and CS4, because there is not enough data available to 
compute them. If these values are ever needed for forecasting formulated in Equations 10 and 11, 
expert elicitation will be needed to fill these cells so that the matrix multiplication can proceed. Such 
elicitation has been made easier by some of the results here. For example, the Pij values in TPM for 
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maintenance may be extrapolated by referencing or considering those for repair. Nevertheless, these 
values are not expected to be critically needed for the physical condition prediction, because minor 
maintenance work is not likely to be expected or intended to meaningfully change the current 
condition of the element at CS3 or CS4. This is reflected by the fact that no data are available because 
such activity has not happened often. 

Figure 44 also contrasts the effectiveness of these construction options represented by the resulting 
TPM for condition improvement. Focus on Columns B to E for this discussion, because Columns L to O 
for the LeastEffectiveBound are correspondingly identical or similar. Columns B to E for the TPMs 
appear to indicate the order of effectiveness from the top to bottom (i.e., from replacement to 
maintenance). This is seen by comparing the values in TPM in the first row, P11, P12, P13, and P14—the 
larger, the more effective of the work. The first row of TPM means physically the chance of the 
quantities at CS1 to CS4 to stay in or transition to CS1. The higher value (closer to 1) the better 
chance (i.e., the more effective). 

Figure 44 also demonstrates that the TPMs for replacement do not exhibit the expected 
effectiveness. The perfect or expected result would be 1 for all terms in the first row of the TPM. To 
further examine the causes of these imperfect TPM terms, the sheet “Replacement 1” for this 
particular construction type is available for investigation as follows.  

Examination of the “Replacement 1” sheet indicates that four of the eight bridges contributing to the 
replacement TPM have P12 being an unexpected value. One of the four bridges in Figure 45-a gives 0, 
indicating no chance for the quantity at CS2 to transition to CS1, as highlighted yellow in cells C13 and 
I13 in Figure 45-a. Two other non-1 P12 are also highlighted yellow. It is recommended that IDOT 
personnel continue this investigation using more background information and data to determine the 
cause(s) of these inspection results as recorded. This investigative effort is expected to positively 
contribute to preventing such records in the future. 

This situation has been discussed in detail for Figures 11, 13-a, and 13-b for EN12. The discussion is 
still applicable here. Further data or information than what has been used here will be needed to help 
identify the real causes. Such information may include, but is not limited to: 

• The scope of construction work as possibly documented in the plans and construction logs. 

• Records for how the planned scope was implemented. 

• Qualifications of the inspection team and possibly its record of past performance. 

Figure 45-a also shows some bridges’ EN107 was replaced at very early ages (for example, nine years 
in cell O11, 0 years in cells O23 and O29). They are obtained using Year Reconstructed in the NBI 
dataset, since the user input requested this approach. These values do not make sense, indicating 
that the earlier selection in parameter input was wrong. Elevatio was then rerun with that selection 
reversed to Year Built. Figure 45-b displays the corresponding results for comparison with Figure 45-a. 
Note that Row 3 of both figures echoes for recording the selection decision for how the age is 
computed. 
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Figure 45-a. Screenshot. Elevatio TPMs for bridges needing further investigation for EN107 

replacement (Year Reconstructed from NBI used for age calculation if available otherwise Year Built). 

 
Figure 45-b. Screenshot. Elevatio TPMs for bridges needing further investigation for EN107 

replacement (Year Built from NBI used for age calculation). 
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Figure 46. Chart. Health and damage indices for EN107 without renewal construction work. 

The health and damage indices presented in Chapter 3 are also calculated here as functions of age in 
Figure 46 for the do-nothing case. Furthermore, an example construction work of painting is assumed 
to be performed at the age of 35 years. This is simulated using matrix multiplication formulated in 
Equations 10 and 11, but the do-nothing TPM at the age of 35 years is substituted by the painting 
TPM in Figure 44 (Cells B13 to E16). Then, the process of matrix multiplication resumes using the do-
nothing TPMs. At every age, the health index and damage index are computed and plotted in Figure 
47. The discontinuous behavior of these curves at age 35 is due to the painting work for EN107. 

 
Figure 47. Chart. Health and damage indices for EN107 with painting at age of 35 years. 
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Note that the increase in deterioration rate with age, noted earlier for EN12, is also seen here for 
EN107, but at a much slower rate. Both Figures 46 and 47 show that in the first 20 years of service 
life, EN107 experiences very little deterioration. The health and damage indices in both figures do not 
show much change in this period. Equivalently, the deterioration rate is at about 0 points per 20 
years, as graphically shown by the flap slope of the curves from 0 years to about 20 years. This 0-
point change refers to the change in health index or the damage index.  

Beyond that point of 20 years to about 40 years of age, the deterioration rate was about 10 points 
per 20 years. For the health index, this 10 means −10 points, or a reduction of 10 points per 20 years. 
For the damage index, this 10 indicates +10 points, or an increase of 10 points per 20 years. Between 
the ages of 40 to 60 years, this rate becomes about +20 points per 20 years. This observation also 
highlights the capability of the proposed BrM quantity-based approach for modeling deterioration / 
improvement, carried by the new software tools Mansus and Elevatio.  
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 
The conclusions of this study can be summarized as follows. 

1. The proposed BrM quantity-based analysis approaches have been shown to be able to 
avoid the issues associated with the previous methods reported in the literature. They 
include, but are not limited to, (a) negative transition probabilities; (b) transition 
probabilities from one CS do not add to 1, violating the total probability theorem; (c) no 
solution from the solver algorithm for transition probabilities; (d) among neighboring 
states for do-nothing deterioration, order-of-magnitude different transition times from 
one CS to next poorer CS; (e) inability to capture and model quantity transitions skipping 
one or more CSs; (f) inability to replicate age-dependent deterioration for do-nothing; and 
(g) inability to demonstrate the preservation work’s effect by TPM. These issues are 
presented and discussed in Chapter 2. Two computer software programs based on the 
new analysis approach, Mansus and Elevatio, were developed to carry the proposed 
approaches and were effective and efficient in producing TPMs for do-nothing 
deterioration and condition improvement, respectively. 

2. In particular, the new algorithm for TPM in Mansus is designed to replicate the BrM 
quantity transitions for each individual bridge’s element, recorded in its inspection history. 
The original algorithm is also able to capture the leaping behavior of quantity transitions 
from a CS to another poorer CS, skipping one or more CSs in between. These recorded 
leaping transitions represent one of the driving forces in do-nothing deterioration. The 
proposed algorithm is competent to describe do-nothing deterioration as age dependent, 
evidenced in the field and recorded condition history. 

3. For the EN12 and EN107 examples under the do-nothing condition, the diagonal terms of 
TPM have this statistical trend: P11 > P22 > P33. This trend indicates a higher deterioration 
rate at poorer CSs (i.e., faster deterioration with age increase). The uncertainty in P11 is 
lower than that in P22, which is in turn lower than that in P33. This indicates statistically less 
predictable deterioration behavior at a poorer CS. This trend is consistent with the 
behavior of faster element deterioration with age increase. 

4. The new algorithm implemented in Elevatio for condition improvement is shown for the 
first time in history to be able to model the situation effectively and efficiently using 
inspection records. It avoids a number of assumptions in previous methods reported in the 
literature. It is also able to differentiate different levels of preservation work, such as 
replacement vs. concrete overlay vs. bituminous overlay vs. patching, and vs. sealing for 
RC deck (EN12). For example, micro-silica concrete overlay is more effective in enhancing 
condition for EN12 than bituminous overlay by the obtained TPMs using the IDOT BrM 
inspection history data. This simulated effect is consistent with field observations of bridge 
engineers. 
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5. The obtained TPMs via the proposed approaches are effective in forecasting expected 
element life span, expected remaining life, the effectiveness of preservation construction 
work in life extension, etc. 

Accordingly, this research effort has produced the following recommendations: 

A. Data quality is critical for modeling bridge element deterioration/improvement as well as 
for the proposed BrM quantity-based approaches. IDOT is recommended to further 
examine available datasets (BrM inspection records, construction history, and Illinois NBI) 
and to correct or address found errors or identified issues to enhance the data quality. 
This will maximize the potential of the innovative approaches and the software tools. 
Ultimately, the BrM’s potential will be maximized. 

B. It is recommended to change the IDOT construction history to a coded database for more 
accurate and complete identification of the effect of construction work on bridge element 
condition improvement. More details of the work are desired—for example, affected ENs, 
affected quantities of the ENs, unchanged quantities of the affected ENs (if any), work 
completion date, etc. It is also desirable to include a typical element inspection upon 
completion of the work as part of acceptance (like that for a new construction initiating 
the condition history). 

C. A record check is recommended when a new inspection gets recorded for its consistency 
with the previous records. The check items should cover the seven scrubbing criteria in 
Mansus as well as other criteria possibly identified in the future when the current IDOT 
datasets have been fully used and examined in recommendation D. This new check can be 
automated into a computer software program to trigger a need for human check when 
warranted. 

D. More applications of the developed software programs Mansus and Elevatio are 
recommended to other ENs and more groupings of various construction types, especially 
those ENs with fewer inspection records. This effort will explore not only the potential of 
these software tools, but also possible inadequacies and issues with the datasets. As 
reported herein, some unexpected issues have been identified such as negative quantities, 
total quantity equal to 0, and different total quantities for a bridge. There could be other 
issues with the datasets that have not been exposed. The two application examples for 
EN12 and EN107 used herein represent only a small portion of inspection records and are 
involved with perhaps a small portion of construction history as well. This recommended 
effort for more applications is expected to enhance and demonstrate the programs’ 
capabilities and greatly enhance the IDOT operation of bridge management using BrM. 
The outcomes of these applications will also help recommendation C as to what else may 
need to be included as additional checks in the future for improved data quality. 

E. When data errors or issues are exhaustively identified in more applications and how to 
treat the observed data errors becomes clear, further research/development effort is 
recommended to add more functions into Mansus and Elevatio to automate such 
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treatments. For example, isolated records of negative quantities may be deleted as a 
function in the software, if no other more appropriate solution is identified. Such deletion 
can make use of the remaining portions of the inspection records. It will function as if 
more data are made available for the TPM calculation. The potential gain is quite 
significant, given that a large number of bridges now are excluded due to their small 
segments of invalid data. 

F. Further optimization of Mansus and Elevatio is recommended to make them more 
efficient, especially when more functions are added to them, as recommended above. 
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