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Introduction

1.1 History

The Michigan Department of Transportation (MDOT) has been designing and
constructing bridges dating back to the early 1900s. Original bridge designs during these
times included the use of uncoated steel rebar (commonly referred to as “black rebar)
within concrete bridge decks. Around 1975 the first use of epoxy coated rebar (ECR)
was implemented into concrete deck design. Adding an epoxy coat to the rebar helps
establish a barrier that attempts to block the penetration of water, oxygen, and other
elements that promote corrosion of the rebar. In late 1980 the Engineering Operations
committee approved the use of epoxy coated rebar for all bridge decks. The committee
noted in the memorandum that all jobs starting in December of 1980 will conform to this
directive (Appendix Fig 5-1).

1.2 Objective
The objectives of this study are as follows:

e Estimate service life of black rebar bridge decks.

e Estimate service life of ECR bridge decks.

e Review accuracy of Markov’s transition probabilities.

o ldentify different variables influencing deterioration of the deck surface.

The ultimate objective of this study is to accurately predict the service life of ECR bridge
deck top surfaces. Currently it is unknown how long these deck surfaces will last before
reaching poor condition. “Poor condition” of a deck surface is defined as a rating of 4 or
below on the Bridge Safety Inspection Report (BSIR), and indicates the need for
rehabilitation. 1f a known approximate service life was available for these decks then
future overlays and preventive maintenance can be planned and budgeted accordingly.

1.3 Markov Model

Markov models use transition matrices that describe the probability that a bridge element
in a known condition state at a known time will change to some other condition state in
the next time period. This process assumes that the probability of changing from one
state to another is a function only of the condition state and time period in which the deck
is currently located. Therefore, the past performance of a bridge deck has no impact on
the predicted rate of change in future performance [3]. This report reviews Markov
transition probabilities for deck surface condition ratings for concrete bridge decks
having “black” rebar and epoxy coated rebar (ECR). The transition probabilities are then
converted to a deterioration rate using the following equation:



. _log(05) ”
log(T)

where; T = Transition Probability
n = average # of years to reach next condition state.

Deterioration rates can help predict the time for a bridge deck to reach a specific
condition state. With multiple year transition probabilities and deterioration rates
calculated, averages from each one step transition can be averaged resulting in the most
accurate results as possible.



Results

2.1 Data Set

A data set of 1,790 bridge decks was selected for use within this study. Out of this
sample, 766 were ECR bridge decks, and 1,024 were black bar bridge decks. The data
set was filtered down from 4,350 total bridge decks prior to analysis eliminating as many
different variables as possible. The data set for both epoxy and black rebar contained
only bridge decks that were labeled as monolithic concrete for the deck wearing surface
(108A = 1) and contained no membrane (108B = 0). Black rebar data was filtered down
to include decks that contained no deck protection (108C = 0). ECR bridge decks were
filtered to only contain decks that have epoxy coated reinforcing (108C =1). Any bridge
decks that underwent reconstruction after 2003 were removed from this data set. This
was done to ensure that the surface ratings were not altered due to a reconstruction or
rehabilitation project. Bridges that “contained” epoxy coated rebar but built before 1980
were excluded; likewise any bridges that “contained” black rebar and built after 1980
also were excluded. There were several instances of ECR decks “built” in the late 2000’s
but containing deck surface ratings prior to their built date. This is more than likely a
coding issue relating to bridges that have underwent rehabilitation, it appears that the year
the rehabilitation occurred was labeled incorrectly as the built date. These bridges were
either removed from the data set entirely or their surface ratings prior to the
corresponding build date were discarded in calculating the probabilities. Figure 2-1
illustrates the filtered data population used within this study.
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Figure 2-1: Bridge Data Population



2.2 Transition Probabilities and Deterioration Curves

Transition probabilities were calculated using bridge deck surface ratings from 2004 to
2010. These ratings were analyzed from year to year intervals, resulting in a transition
probability for each year. For instance; in 2004 234 ECR bridge decks held a rating of a
7, in 2005 227 remained a rating of a 7 while the other 7 decks worsened to a rating of a
6. The transition probability is 97% that the deck will remain at a 7 and a 3% chance that
the deck will lower to a 6. This was done for each deck surface rating, creating a
transition probability matrix. This process was then repeated for 2005-2006, 07-08, 08-
09, and 09-10 resulting in six different probability matrices (Appendix Tables 5-1 thru 5-
12). The probabilities were then averaged based on the six different matrices, resulting in
an average transition probability matrix. Deterioration rates were calculated using the
equation previously mentioned (Section 1.3), the deterioration rates were then plotted
along the x-axis with deck surface ratings assigned to the y-axis (Appendix Fig 5-2 thru
5-13).

2.2.1 Black Rebar

Table 2-1 displays the average transition probability from 2004-2010 for black rebar
bridge decks. The numbers located along the left side and highlighted in bright green
represent the previous year deck surface rating. The numbers located along the top and
highlighted in bright green represent the following year deck surface ratings and
highlighted in blue are the average transition probabilities. For instance; there is a 41%
chance that a 9 will remain a 9 the following year. Deterioration rates are highlighted
light green.

Table 2-1: Transition Probability Matrix for Black Rebar

BLACK BARS

107=1 108a=1 108b=0 108c=0

Average from 2004-2010 Item 58A Deck Surface Ratings
Transition Probability Matrix Percent
0 1 2 3 4 5 6 7 8 9
9 0 0 0 0 0 0 0 0.059191 0.529165 0.411644
8 0 0 0 0 0 0.001208 0.014922 0.18262 0.80125 0.780926
7 0 0 0 0 0.001427 0.003758 0.095205 0.899609 3.128175
6 0 0 0 0.0010657 0.009233 0.038784 0.950917 6.551821 3.909101
5 0 0 0 0.0084841 0.051367 0.940149 13.7724 10.46092
4 0 0 0 0.0445106 0.955489 11.23115 24.23332
3 0 0 0 1 15.22343 35.46448
2 0 0 0 50.68791
1 0 0




Figure 2-2 displays the deck surface ratings plotted against deterioration rates calculated
in Table 2-1. According to Figure 2-2; on average a black rebar bridge deck will take 35
years to reach a rating of 4, meaning poor condition.
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Figure 2-2: Black Rebar Bridge Deck Deterioration Curve

2.2.2 Epoxy Coated Rebar

Table 2-2: Transition Probability Matrix for ECR

EPOXY COATED BARS
107=1 108a=1 108b=0 108c=1

[/Average from 2004-2010" item 534 Deck Surface Ratings

Transition Probability Matrix Percent

0 0 0 0 0 0 0.001792 0.071201 0.481616 0.445391
0 0 0 0 0 0 0.006989 0.165386 0.827625 0.857004
0 0 0 0 0 0.000435 0.031281 0.968284 3.663665

0 0 0 0 0 0.010675 0.967974 21.50633 4.520669

0 0 0 0 0 1 21.29493 26.027

0 0 0 0 0 0 47.32193

0 0 0 0 0

0 0 0 0

0 0




Table 2-2 displays the average transition probability from 2004-2010 for ECR bridge
decks. Again, transition probabilities are highlighted in blue and the deterioration rates
are highlighted light green. Notice the emptiness of this matrix as compared to that of
Table 2-1. Please also note that the average transition probability from a deck surface
rating of a 6 to a 5 was based on two yearly transitions rather than six, due to insufficient
data.

Figure 2-3 is the deterioration curve from the deterioration rates found within Table 2-2.
This graph shows that an ECR deck should take 26 years to attain a deck surface rating of
6 and likewise 47 years to attain a rating of 5. Notice that deterioration rates cannot be
calculated past a rating of 5. This is due to the lack of data containing deck surface
ratings below a 5. To estimate the time to poor for ECR bridge deck surfaces, a straight
line connecting condition state 6 and 5 was extended to condition state 4.
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Figure 2-3: ECR Bridge Deck Deterioration Curve

2.3 Black Rebar Deck — Age Before Rehabilitation or Reconstruction

A separate data set was analyzed containing 409 bridges that contained black rebar. Each
of these bridges was rehabilitated or reconstructed at some point in time. With the data
set containing both a year built and a year of rehabilitation or reconstruction, an age of
deck can be found at the time the work was done. These results are presented within
Figure 2-4. Notice how this data represents a bell shaped probability curve. The figure
displays an average age of approximately 36-40 years before an overlay is applied,
meaning that the deck likely had reached poor condition during this time. The average
age of overlay for the data set was found to be 38 years, which correlates very well with
the time to poor calculated by using the transition probability matrix.
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Discussion

3.1 Expected Service Life of Bridge Decks

3.1.1 Black Rebar

The current bridge deck preservation matrix is based upon black rebar decks. This matrix
anticipates bridge decks to last “40+” years before a poor surface rating has been
achieved (Appendix Fig 5-14). This seems to be fairly accurate for decks with black
rebar as compared to the results from this study. Based on the deterioration curve for
black rebar decks (Figure 2-2) it should take approximately 35 years for the deck to reach
a poor surface rating. Likewise in Figure 2-4 the average deck age before overlay was
found to be around 36-40 years based on the bell shaped curve. Over 1,000 bridge decks
were evaluated containing deck surface ratings from 3 to 9. This resulted in the creation
of a complete transition probability matrix (Table 2-1) along with a high correlation
deterioration curve (Figure 2-2).

3.1.2 Epoxy Coated Rebar

A sample size of 766 was used in calculating the transition probabilities for ECR bridge
decks. ECR bridge deck surface ratings only ranged from 5 to 9 as compared to black
rebar decks ranging from 3 to 9, resulting is an incomplete transition probability matrix
(Table 2-2). Notice how there is zero probability of a 5 becoming a 4. This is because no
ECR bridge deck surfaces were identified that have reached a rating of poor (condition
state 4 or below). Figure 2-3 shows 26 years to achieve a rating of 6 and 47 years to
achieve a rating of 5. To estimate the time to poor for ECR bridge deck surfaces, a
straight line connecting condition state 6 and 5 was extended to condition state 4,
resulting in a time to poor for ECR deck surfaces to be estimated at 70 years.

3.1.3 Comparison

ECR bridge decks are providing better performance than standard black rebar bridge
decks. Black rebar decks have been lasting approximately 10 years before a rating of 6 is
achieved (Figure 2-2) as compared to ECR decks lasting approximately 26 years (Figure
2-3). Thisis a 16 year increase, taking 2 %2 times longer to achieve a deck surface rating
of a 6. Comparing them at a deck surface rating of 5; black rebar will reach in 24 years,
ECR will reach in 47 years. An ECR bridge deck will take nearly double the time for the
deck to reach a surface rating of 5. Based on these ratios an estimation of when an ECR
bridge deck becomes poor can be developed. According to the deterioration curve black
rebar bridge decks take approximately 35 years to become of poor condition. A ratio of
two times seems appropriate as compared to the previous ratios. This results in a range



of 70 years for an ECR bridge deck to become poor, as also demonstrated by the straight
line extrapolation shown in figure 2-3.

3.2 Accuracy of Markov Transition Probabilities

The accuracy of Markov’s transition probabilities was explored using different methods
of calculating expected service life of black rebar bridge decks. The transition
probabilities in conjunction with the deterioration curve estimates 35 years for a black
rebar deck to reach poor condition. A separate data set was used in evaluating the age of
black rebar decks before rehabilitation or reconstruction. The average age of deck before
overlay was calculated to be 38 years. The deck preservation matrix implies that a deck
should last 40+ years. The value received from the transition probabilities resides within
this data range. Therefore; Markov transition probabilities are determined to be
acceptable and fairly accurate in analyzing bridge deck data.

3.3 Errors and Uncertainties

3.3.1 Data Set

The data set used contained large amounts of faulty information. Most bridges that were
built in 2000s happened to be reconstructed and these reconstructions contained deck
surface ratings before the year they were built. These bridges were labeled as having
ECR although the previous ratings, before the reconstruction, involved black rebar. All
data containing this problem were assigned no values prior to their construction date;
therefore the data prior would not be analyzed. Incorrect coding for deck protection was
also found in the data set, these were eliminated. All of these discrepancies were
mentioned previously in Section 2.1. This data set was filtered numerous times
throughout this study to eliminate as much corrupt data as possible. It is acknowledged
that this data may still contain small amounts of discrepancy but the majority has been
eliminated.

3.3.2 Variables

There are many different variables that can affect the condition of each bridge deck.
Variables may include: location, average daily traffic, concrete mix design, preventative
treatments, and the inspector. Location can be the biggest concern as both temperature
and precipitation have a huge affect on the condition of bridge decks. Average daily
traffic (ADT) may also have an impact on the condition of a bridge deck. Concrete mix
designs differ for each bridge deck and could possibly influence surface ratings.
Preventative treatments are applied accordingly pending on the condition of each bridge
deck. Different treatments deteriorate at different rates and should furthermore be
evaluated individually. Deck surface ratings can be dependent on the inspector’s



discretion. Meaning that one inspector may rate the deck surface a 7, while another
inspector evaluating the same deck may believe that it appears to be a 6. These are all
variables that may affect the condition of a bridge deck surface rating. Within this
analysis a large population of 766 ECR bridge decks was used in order to eliminate as
much variability as possible.
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Conclusion

The study has yielded the following conclusions:

e The service life of a black rebar bridge deck is estimated to be 35 years.
e The service life of an ECR bridge deck is estimated to be approximately 70 years.
e Markov transition probabilities are determined to be acceptable and fairly

accurate in analyzing bridge deck data.

It is important to understand that time is the largest constraint when evaluating these
transition probabilities. ECR bridge decks only date back to around 30 years ago and
currently there are no decks containing ECR that have reached a poor rating, which in
itself is a very positive demonstration of the performance of ECR bridge decks. With a
larger population of bridges containing a fair to poor deck surface rating more analysis
can be done with more accurate results. At this time the service life of ECR bridge decks
can only be estimated until additional data is obtained for lower surface ratings.
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Appendix

5.1 Memorandum

DESICGE DITIETON

THFORMAT [ONAL MERGRANTUM §#273-B (Revised)

Octeber 10, 1530
Eubject: Epoxy LCoaked Bebars for Bridge Decks

" The Engineevlng Uperacions Conzlttes has approved usicg rpoxy—
¢aakcd vebars for the Sotteom mat Fot all bridge decks. Since

only 8 few uncoated Tebars would remain im the superscructure,

wa will call Fcr epoxy—ccating of all supersctructure belnforcezent.

ALl jetis lek staréing dn Duecember 1920 will canfors ro thisz direcelve,

AL oy

Adrianos Van¥empan
Tnglpeer ~Bridge Daelgn-

D-LOC-AVESIE

Figure 5-1: ECR Desigh Memorandum
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5.3 Epoxy Coated Rebar Transition Probabilities & Deterioration Curves
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