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1. INTRODUCTION 
The objective of Task 4 was to apply the statistical analysis method selected in Task 3 to determine 
BrM input parameters using the Montana Department of Transportation’s (MDT) National Bridge 
Inventory (NBI) element inspection data. Deterioration curves generated from the data-derived 
input parameters were then adjusted to reach approximate target values that represent reasonable 
deterioration trends based on MDT’s experience. Environmental factors within the AASHTO’s 
Bridge Management Software (BrM) were applied to further refine the deterioration trends to 
reflect subtle differences observed in the condition states of concrete deck elements in the five 
Montana maintenance districts. Two and three-dimensional plots of the raw inspection data were 
used to provide additional insight to the input parameters and regional environmental adjustments. 
The calculated input parameters and adjusted curves are presented and discussed in the Results 
section of this Task Report. 

2. CALCULATED INPUT PARAMETERS 
The graphical method described in Task Report 3 was selected to calculate BrM input parameters 
from MDT’s NBI element inspection data. This method was chosen because deterioration rates 
were under-estimated for the bridge elements considered in this study when applied to all Montana 
bridges in a single dataset. The deterioration curve calculated using the graphical method may be 
reasonable for low-volume bridges and therefore can be considered an upper-bound deterioration 
rate for higher traffic volumes and more aggressive environments. The deterioration curve can 
easily be accelerated by refining the BrM input parameters and/or by using the environmental 
factors within BrM. A second advantage to the graphical method is its true representation of the 
data because every line of data is considered, without bias. The algebraic method, also described 
in Task Report 3, was not selected due to its sensitivity to the arbitrarily selected three years of 
data and reduced confidence in the results. 

2.1. Adjustments to data-based deterioration parameters from the graphical method 
The methodology to refine the calculated BrM input parameters determined from the data-based 
graphical method was to align deterioration trends with maintenance experience and evidence from 
raw inspection data graphs. Deterioration curves calculated with the refined input parameters were 
compared with curves calculated using the data-based and default input parameters in BrM. The 
default input parameters in BrM are averages of values used by Alabama, Idaho, New York, 
California, and Kentucky and are shown in Table 1. For all bridge elements investigated in this 
research, curves calculated using the default BrM input parameters resulted in an over-estimation 
of bridge element deterioration. The BrM default deterioration curves were therefore used as a 
lower-bound trend when refinements from the statistical results were necessary. 

A second adjustment made to the refined deterioration curves was the application of an 
environmental factor in BrM for reinforced concrete deck elements. The factor provides an 
additional option to adjust bridge data sets and/or elements with exposure to different 
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environmental factors present in Montana. Deterioration curves calculated with refined input 
parameters, along with curves generated from statistical and default parameters for six bridge 
elements are discussed in the following Sections. 

Table 1: BrM default input parameters. 

Parameter Estimates 
Shape 
Factor 

Median Years 
CS-1 CS-2 CS-3 

BrM Default 1.3 14.4 42 14.9 

3. DETERIORATION CURVE RESULTS 
The graphical method was used to calculate a shape factor and median year estimates for CS-1 
using a Weibull distribution for the six bridge elements shown in Table 2. The process for refining 
the shape factor and median years in CS-1 focused on reinforced concrete decks because of the 
more regular and predictable maintenance history relative to other bridge elements. Using 
approximate maintenance targets estimated by MDT (also shown in Table 2), refinements were 
made to the graphical-method input parameters for reinforced concrete decks, prestressed girders, 
and concrete culverts. For elements where refinements to the BrM input parameters were not made, 
the maintenance targets were used to assess the reasonableness of deterioration curves calculated 
using the graphical method input parameters. 

Table 2: NBI elements and CS-1 maintenance targets. 
NBI 

Element 
Number Element CS-1 Target Years 

12 concrete deck 
97.5% 10 
90% 20 
80% 25 

107 steel girder 70% 40 

109 prestressed concrete girder 50% 50 
95% 40 

215 concrete abutment 90% 50 
240 steel culverts 75% 50 

241 concrete culvert 95% 30 
75% 50 

3.1. Reinforced Concrete Bridge Decks 
For all reinforced concrete bridge decks maintained by MDT (n = 1,549), the graphical method 
resulted in a shape factor, b = 4.74, and median years in CS-1 equal to 75. The BrM-calculated 
deterioration curves using the graphical method parameters and default parameters (Table 1) are 
shown by the dashed and solid lines, respectively, in Figure 1.  

BrM uses a Weibull distribution to model deterioration in CS-1 and a Markov chain for later-age 
condition state deterioration modeling. The graphical analysis selected for this research calculates 
the shape factor and median years in CS-1 using a Weibull distribution. This research did not 
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perform a Markov distribution to characterize the deterioration of reinforced concrete decks 
beyond CS-2 because of the small percentage of bridges deck areas rated in these condition states 
as shown in Figure 2. The maximum percentage of all bridges with concrete deck areas rated in 
CS-2, CS-3, and CS-4 occurs with less than 1% of concrete deck area rated in these categories. A 
second maximum occurs when 6-10% of reinforced concrete deck areas are rated CS-2 and CS-3 
which represents only 10% and 5% of all bridges, respectively. The characteristics of the recorded 
inspection data shown in Figure 2 for CS-2 and CS-3 reveal only subtle changes in condition states 
for a small percentage of the total number of bridges in Montana. Therefore, a comprehensive 
statistical analysis was not performed to estimate the median years in CS-2 and CS-3. Rather, BrM 
default values for median years in CS-2 = 42 and CS-3 = 14.9 were used. In some cases, the median 
years in these condition states were adjusted to achieve desired late-age deterioration that aligned 
with graphical evidence and MDT’s experience. 

 
Figure 1: Comparison of reinforced concrete deck deterioration rates between BrM default values 

(solid line) and the graphical estimates (dashed line). 

 
Figure 2: Distribution of condition state data for reinforced concrete bridge decks. 
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The graphical method derived deterioration curve for CS-1, shown in the top center plot of Figure 
1, suggests reinforced concrete decks will have 95% of their surface area rated as CS-1 at a bridge 
age of approximately 45-years. This is an optimistic estimate for the deterioration rate of concrete 
decks state-wide in Montana and can be considered an upper-bound deterioration that represents 
the deterioration of decks on low-volume roads. This deterioration rate also reflects maintenance 
performed on these bridges because there are many bridges over 60 years old with 90% of deck 
areas rated as CS-1.  

To adjust the data-based input parameters determined using the graphical method, target 
deteriorations shown in Table 3, estimated from MDT’s experience, were used. The targets are 
based on CS-1 to avoid over-emphasizing the deterioration rates of a smaller number of bridges 
with smaller deck areas rated in either CS-2 or CS-3 (Figure 2). By using CS-1 ratings, a combined 
percentage of deck areas rated below CS-1 are indirectly considered. For example, a bridge with 
95% of its deck area in CS-1 indicates that 5% of the bridge deck area is rated in either CS-2, CS-
3, and/or CS-4 and provides a more-reliable indicator of bridge deterioration. 

Table 3: Target deterioration conditions for reinforced concrete decks. 
Target Years 
97.5% CS-1 10 
90% CS-1 20 
80% CS-1 25 
70% CS-1 30 

The target values in Table 3 were approximately represented by a deterioration curve calculated 
using a shape factor, b = 3 and median years in CS-1 equal to 38 and are shown in Table 4. The 
parameters for median years in CS-2 and CS-3 where not changed and the BrM defaults (CS-2 = 
42 years, CS-3 = 14.9 years) were used. A comparison of the three estimates can be seen in Figure 
3. Adjusting the BrM input parameters to the values shown in Table 4 increased the deterioration 
rate to a trend that lies between the default and graphical method curves and represents a 
deterioration that matches target values (Table 3) for reinforced concrete bridge decks. 

 
Figure 3: Comparison of the three different parameter estimate methods for concrete bridge 

decks in CS-1. 
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Table 4: Parameter values for reinforced concrete bridge decks. 

Parameter Estimates 
Shape 
Factor 

Median Years 
CS-1 CS-2 CS-3 

BrM Default 1.3 14.4 42.0 14.9 
Graphical 4.8 75 42 14.9 
WTI Refinement 3.0 38 42 14.9 

To evaluate the data-based and refined input parameters, the average percentage of deck areas 
rated as CS-1 for all bridges are plotted with the deterioration shown in Figure 4. While the 
averages do not provide a reliable method to validate the calculated deterioration curves, they do 
confirm the variability in CS-1 ratings as the bridge age increases, which is likely influenced by 
maintenance activities. 

 
Figure 4 Average concrete deck areas rated as CS-1 shown with graphical method and refined 

deterioration curves. 

3.2. Steel Girder 
For all bridges with steel beams maintained by MDT (n = 875), the graphical method resulted in a 
shape factor, b = 2.4 and median years in CS-1 equal to 64. The BrM-calculated deterioration 
curves using the graphical method and default parameters (b = 1.8, CS-1 = 28.5) are shown by the 
dashed and solid lines, respectively, in Figure 5. Input parameters used to generate the curves are 
shown in Table 5. 

Unlike the reinforced concrete deck condition state distribution data (Figure 2), a large percentage 
(25%) of steel girder bridges reach a deterioration level where over 91-100% of the girder area is 
rated as CS-2, as shown in Figure 6. This suggests that deterioration trends could be refined using 
trigger conditions based on CS-2. It also indicates that a Markov chain might be successful to 
estimate the median years in CS-2 and CS-3 more accurately. However, because the CS-1 
maintenance target for steel girders shown in Table 2 (70% CS-1 at 40 years) is reasonably 
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captured by the deterioration curve shown in the top center of Figure 5 calculated using the 
graphical method input parameters, further refinement was not investigated.  

 
Figure 5: Comparison of steel girder deterioration rates between BrM default values (solid line) 
and the graphical estimates (dashed line).  

Table 5: Parameter values for steel girders. 

Parameter Estimates 
Shape 
Factor 

Median Years 
CS-1 CS-2 CS-3 

BrM Default 1.8 28.5 19.5 13.5 
Graphical 2.4 64.0 19.5 13.5 
WTI Refinement - - - - 

 
Figure 6: Distribution of condition state data for steel girder/beam. 

3.3. Prestressed Concrete Girder 

For all bridges with prestressed concrete girders maintained by MDT (n = 2,021), the graphical 
method resulted in a shape factor, b = 61.5 and median years in CS-1 equal to 100. The BrM-
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calculated deterioration curves using the graphical method and default parameters (b = 2, CS-1 = 
55) are shown by the dashed and solid lines, respectively, in Figure 7. 

 
Figure 7: Comparison of prestressed concrete girder deterioration rates between BrM default 
values (solid line) and the graphical estimates (dashed line).  

The graphical-method deterioration curve indicates no deterioration of prestressed girders until 90 
years. This deterioration trend is supported by the lack of distributed condition state inspection 
data shown in Figure 8. All prestressed concrete girder bridges had greater than 80% of their total 
area rated as CS-1 and 98% of bridges had less than 5% of concrete girder area rated as CS-2. The 
inspection data suggests that routine maintenance is not regularly performed on prestressed 
concrete girders. 

 
Figure 8: Distribution of condition state data for prestressed concrete girders. 

The deterioration curves shown in Figure 7 likely under-estimate the deterioration rates of 
prestressed concrete girders and can be considered an upper-bound. Adjusting the input parameters 
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to meet the deterioration targets shown in Table 6 resulted in a shape factor, b = 5 and median 
years in CS-1 equal to 75. The median years in CS-2 and CS-3 were reduced from the default 
values from 25.2 to 20 years for both condition states. A comparison of the refined curve with the 
default and graphical method curves can be seen in Figure 9. The input parameters used to calculate 
the three deterioration curves are shown in Table 7. 

Table 6: Deterioration targets for prestressed concrete girders in CS-1. 
Target Years 
95% CS-1 40 
90% CS-1 50 

 
Figure 9: Comparison of the three different parameter estimate methods for prestressed concrete 

girders in CS-1. 

Table 7: Input parameter values for prestressed concrete girders. 

Parameter Estimates 
Shape 
Factor 

Median Years 
CS-1 CS-2 CS-3 

BrM Default 2.0 55 25.2 28.6 
Graphical 61.5 100 25.2 28.6 
WTI Refinement 5.0 75 20 20 

3.4. Concrete Abutments 

For all reinforced concrete bridge decks maintained by MDT (n = 3,116), the graphical method 
resulted in a shape factor, b = 3.9 and median years in CS-1 equal to 85. The BrM-calculated 
deterioration curves using the graphical method and default parameters (b = 2, CS-1 = 65.6) are 
shown by the dashed and solid lines, respectively, in Figure 10. The graphical method input 
parameters produce a deterioration curve that passes through the estimated maintenance target 
shown in Table 2 (90% CS-1 at 50 years).  
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Figure 10: Comparison of reinforced concrete abutment deterioration rates between BrM default 
values (solid line) and the graphical estimates (dashed line).  

The distribution of condition state data for concrete abutments shown in Figure 11 reveals a similar 
trend to reinforced concrete decks (Figure 2). A second peak occurs for the percentage of bridges 
with 6-10% of the abutment area rated CS-2. The relatively small areas and small percentages of 
changing condition states suggest further analyses will not improve the graphical method 
deterioration curves (Figure 10). Therefore, no additional refinements were made to the BrM input 
parameters shown in Table 8. 

 
Figure 11: Distribution of condition state data for concrete abutments. 

Table 8: Input parameter values for concrete abutments. 

Parameter Estimates 
Shape 
Factor 

Median Years 
CS-1 CS-2 CS-3 

BrM Default 2.0 65.6 56.2 45.4 
Graphical 3.9 85 56.2 45.4 
WTI Refinement - - - - 



Deterioration Curves - Task 4 Report - DRAFT  

 10 

3.5. Steel Culverts 
For all steel culvert bridges maintained by MDT (n = 213), the graphical method resulted in a 
shape factor, b = 2.3 and median years in CS-1 equal to 74. The BrM-calculated deterioration 
curves using the graphical method and default parameters (b = 1.8, CS-1 = 51.5) are shown by the 
dashed and solid lines, respectively, in Figure 12.  

 
Figure 12: Comparison of steel culvert deterioration rates between BrM default values (solid line) 
and the graphical estimates (dashed line).  

The distribution of condition state data for steel culverts can be seen in Figure 13 and is not unlike 
the distribution for other bridge elements. The graphical method input parameters produce a 
deterioration curve that passes through the estimated maintenance target shown in Table 2 (75% 
CS-1 at 50 years) and is close to the BrM default curve for steel culverts. For these reasons, 
refinements to the parameters shown in Table 9 were not made. 

 
Figure 13: Distribution of condition state data for steel culverts. 
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Table 9: Input parameter values for steel culverts. 

Parameter Estimates 
Shape 
Factor 

Median Years 
CS-1 CS-2 CS-3 

BrM Default 2.0 65.6 56.2 45.4 
Graphical 3.9 85 56.2 45.4 
WTI Refinement - - - - 

3.6. Concrete Culverts 
For all concrete culvert bridges maintained by MDT (n = 77), the graphical method resulted in a 
shape factor, b = 7.4 and median years in CS-1 equal to 113. The BrM-calculated deterioration 
curves using the graphical method and default parameters (b = 2, CS-1 = 45.6) are shown by the 
dashed and solid lines, respectively, in Figure 14.  

 
Figure 14: Comparison of concrete culvert deterioration rates between BrM default values (solid 
line) and the graphical estimates (dashed line).  

The distribution of condition state data for concrete culverts shown in Figure 15 is similar to the 
distributions for prestressed concrete girders (Figure 8), where a gap with little or no CS 
percentages exists between 10 and 80%. While the gap for concrete abutments was smaller (20-
50%) and did include small percentages of culverts in these ranges, it resulted in a trend that under-
estimated deterioration when compared with the selected targets shown in Table 10. These target 
values were used to select a shape factor, b = 3.5 and median years in CS-1 equal to 60. The 
parameters for median years were reduced to CS-2 = 40 years and CS-3 = 20 years to further 
accelerate the late-age deterioration. A comparison of the three estimates can be seen in Figure 16 
with input parameters for the three curves shown in Table 11,  
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Figure 15: Distribution of condition state data for concrete culverts. 

Table 10: Deterioration targets for concrete culverts in CS-1. 
Target Years 
95% CS-1 30 
85% CS-1 40 
70% CS-1 50 

 
Figure 16: Comparison of the three different parameter estimate methods for concrete culverts in 

CS-1. 

Table 11: Parameter values for concrete culverts using the three methods. 

Parameter Estimates 
Shape 
Factor 

Median Years 
CS-1 CS-2 CS-3 

BrM Default 2 45.6 56.5 34.8 
Graphical 7.5 113 56.5 34.8 
WTI Refinement 3.5 60 40 20 
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4. ENVIRONMENTAL FACTORS 
Four environmental factors can be applied in BrM to adjust the deterioration trends to reflect a 
more benign or severe environment. These values are a second alternative for adjusting the 
deterioration produced from the recommended input parameters described above. Because of the 
relatively large maintenance inputs and frequency associated with reinforced concrete bridge 
decks, the environmental factors were only investigated for this element. 

The environmental levels within BrM and their associated factors used to adjust the deterioration 
curves are shown Table 12. The default environment is moderate, with a factor of 1.0, and 
represents no environmental adjustment to the deterioration curve. The deterioration curves plotted 
in Section 3 for the six elements considered in this research used a moderate adjustment factor.  

The deterioration curve calculated for reinforced concrete decks using the WTI refined input 
parameters (Table 4) is shown without environmental adjustment (Moderate) by the red 
deterioration curve in Figure 17. Also shown are the changes to the shape of the deterioration 
curves that result from applying the different environmental factors.  

Table 12: BrM environmental factor default values. 
Level Factor 
Benign 2 
Low 1.5 
Moderate 1 
Severe 0.7 

 
Figure 17: Comparison of the four environmental factors influence on CS-1 deterioration rate for 

reinforced concrete bridge decks.  
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To select appropriate environmental factors that could be applied to reinforced concrete decks, 
bridge datasets were created for each of the five MDT maintenance districts and the Weibull 
graphical method was used to calculate a new shape factor, b. The results are shown in Table 13.  

The shape factor, b, calculated using the graphical method for all concrete decks in Montana was 
4.8 (Table 4). Because larger shape factors result in steeper deterioration slopes (Task Report 3, 
Figure 1), it was generally assumed that larger shape factors would indicate faster deterioration 
and more severe environmental conditions. Because the calculated shape factor for concrete decks 
in the Glendive district is approximately the same as the state-wide factor, a moderate environment 
is recommended. Calculated shape factors for concrete decks in the Missoula and Great Falls 
maintenance districts are larger than the state-wide factor and therefore a severe environment may 
be appropriate. Shape factors for concrete decks in both Butte and Billings districts are less than 
the state-wide factor and a low environment may more accurately adjust the deterioration in these 
districts.  

Table 13: Calculated values for shape factors using the graphical method in relation to the 
adjusted WTI values with recommended environments. 

Region 
Graphical-Method 
Shape Factor (β) 

Recommended 
Environment 

BrM 
Environment 

factor 
State-wide 4.8 Moderate 1.0 

Billings 3.8 Low 1.5 

Butte 3.2 Low 1.5 

Glendive 5.0 Moderate 1.0 

Great Falls 6.5 Severe 0.7 

Missoula 6.5 Severe 0.7 

 

The calculated shape factors for reinforced concrete decks shown in Table 13 for the five 
maintenance districts use only on the NBI element inspection data, which includes the effects of 
maintenance. Therefore, it is important to note, faster or slower deterioration rates in these districts 
may also be related to maintenance practices and frequencies for each district, as much as, or in 
combination with environmental conditions present. 

5. SUMMARY 
A Weibull distribution was applied using the graphical analysis method to six different NBI bridge 
elements (concrete decks, steel girders, prestressed concrete girders, concrete abutments, steel and 
concrete culverts). Deterioration curves were compared with those calculated using default input 
parameters and maintenance targets estimated by MDT. The input parameters calculated using the 
graphical method for concrete decks, prestressed concrete, and concrete culverts were adjusted to 
create a more aggressive deterioration rate that more closely matched the maintenance targets. 
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Adjustments to the data-based input parameters for steel girders, concrete abutments, and steel 
culverts were not made because of estimated maintenance targets were reasonably represented. A 
summary of the default BrM, graphical method, and refined input parameters can be seen in Table 
14. 

Table 14: Input parameter evolution from the default (blue), graphical (red), and adjusted (green) 
values.  

Element 
BrM Defaults 

Graphical 
Method Refined Values (WTI) 

b CS-1 CS-2 CS-3 b CS-1 b CS-1 CS-2 CS-3 
Concrete decks 1.3 14.4 42 14.9 4.8 75 3 38 42 14.9 
Steel Girder 1.8 28.5 19.5 13.5 2.4 64 2.4 64 19.5 13.5 
Concrete Girder 2 55.0 25.2 28.6 61.5 100 5 75 20 20 
Concrete Abutment 2 65.6 56.2 45.4 3.9 85 3.9 85 56.2 45.4 
Steel Culvert 1.8 51.5 33.1 39.1 2.3 74 2.3 74 33.1 39.1 
Concrete Culvert 2 45.6 56.5 34.8 7.5 113 3.5 60 40 20 

 

5.1. BrM Implementation 

The deterioration rates of bridge elements are one factor that influences BrM’s optimization 
analysis. As documented in this Task Report, there are three alternatives for adjusting the 
deterioration rates of the elements considered in this research. The first is the adjustment of 
deterioration curve input parameters shown in Table 14. The second is to apply a recommended 
environmental factor available in BrM shown in Figure 13. The third adjustment within BrM is to 
customize the environmental factors by selecting a new factor for any of the environmental 
conditions. These adjustments can be made individually or in combination to achieve a desired 
deterioration that results in meaningful maintenance optimization analyses.  

In addition to deterioration curves, two other influencing parameters that effect optimization 
results produced by BrM are 1) projected cost of maintenance activity and 2) network policies 
(e.g., maintenance targets). Even if very accurate deterioration curves are created and used in the 
optimization analysis, assumed costs and/or network policies may result in more significant 
variations in results compared with those caused by estimated deterioration rates.  

The maintenance targets used in this research and shown in Table 2 are considered a first attempt 
to identify values that will produce reasonable deterioration curves. These values are intended to 
be implemented with maintenance costs and network policies as a starting point to evaluate 
optimization results. The implementation of this research (Task 5) will investigate the sensitivity 
of optimization analyses with the deterioration curve and maintenance target inputs recommended 
in this report.  

 

 


