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Abstract

The Indonesian government has collected bridge inspection data since 2019. This data
reveals the deterioration trend of existing bridges. These findings help to evaluate the
current deterioration curve and can inform more efficient inspection and maintenance
methods, which have not been updated since 1993. The first purpose is to evaluate the
current deterioration of the Bridge Management System (BMS) model by comparing it
with a trend developed from existing conditions. A secondary objective is to compare
deterioration trends derived from Indonesian inspection data using the BMS with those
from Florida using NBIS. The deterioration trend is found by correlating soundness and
bridge age. This study shows that none of the inspection-based trends align with the typical
BMS deterioration curve. The real deterioration trends are faster. Many factors influence
the trendline, such as bridge type, construction material, and length. There is a clear
disparity in the deterioration trends of the superstructure, deck, waterway/embankment,
and substructure based on inspection data from Indonesian bridges. The superstructure
deteriorates faster and more quickly than the deck, even though both are in the same section.
The waterway/embankment deteriorates faster than the deck. The bridges deteriorate
faster in the first 10 years. In contrast, consistent deterioration trends across all components
are found in Florida bridges. In Florida, bridge components deteriorate at a rate of 0.0447 to
0.056 per year in condition score during the first 20 years. After this period, the deterioration
rate declines, as indicated by a reduced slope in the trend line. Ultimately, this study directly
compares trends in bridge deterioration between Indonesia and Florida using large-scale
inspection data. The results evaluate Indonesia’s Bridge Management System empirically
and reveal how different inspection and maintenance practices affect bridge deterioration.

Keywords: aging bridges; deterioration trend; bridge inspection; data analysis;
Pearson Correlation
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1. Introduction
Bridge deterioration is caused by several factors, including traffic loading, material

deterioration, environmental factors, and variations in climate, temperature, and moisture,
which cause a gradual, continuous, and slow process of bridge failure [1,2]. Nevertheless,
bridge collapse could be prevented by performing periodic inspections and maintenance,
thereby increasing the bridge’s service life. Periodic inspection and maintenance are
cheaper and more effective than reconstruction or replacement. Consequently, regular
inspection and maintenance are now essential [3,4]. In Indonesia, approximately 14% of
bridges were considered to be in an unhealthy condition [5]. There is growing public
awareness of the need for bridge maintenance. Yet inspections must be scheduled to assess
the bridges’ condition and develop effective maintenance plans. However, the increasing
number of deteriorated structures, complex locations, limited budgets, and other factors
make maintenance more challenging [6,7]. To address these problems, it is important to
consider recent developments in structural health monitoring. This approach provides
a real-time assessment of bridge condition [8]. Advanced methods [9–11] help identify
localized damage that may not be visible during routine manual inspection. Mao et al. [9]
performed a damage-sensitivity analysis and optimized sensor placement for damage iden-
tification in a steel truss bridge. They concluded that positioning strain gauges at the most
sensitive measurement locations enables accurate damage detection. Additionally, Xiao
et al. [10] introduced a partial-model-based damage identification method for long-span
steel truss bridges utilizing a stiffness preparation model. This approach effectively avoids
the limitations of an overall structural model and reduces the complexity of damage iden-
tification in large-scale structures. However, the current Indonesian Bridge Management
System (BMS) still relies on manual visual inspections.

The number of aging bridges in Indonesia is increasing rapidly. Of the country’s
approximately 18,000 national bridges, most were built before 1990. In 1993, the Indonesian
and Australian Governments introduced a Bridge Management System (BMS) manual for
bridge inspection and maintenance. The manual details inspection and assessment proce-
dures and includes a deterioration curve for predicting bridge condition by construction
year, as shown in Figure 1. This curve assumes a bridge will no longer function near its
design lifespan due to normal use. However, the manual has not been updated, though it
was referenced in inspection manuals from 2011 and 2022 [12–14]. Since 2019, the Indone-
sian government has inspected national bridges, assigned condition scores, and developed
a bridge management system through the mobile application INVI-J [15]. These data could
help evaluate the existing deterioration curve and inform more efficient inspection and
maintenance methods. In the United States, the National Bridge Inspection Standard (NBIS)
is used for bridge inspection standards. It was established in 1968 and published in 1971,
becoming the first nationally coordinated bridge inspection program [16]. Unfortunately,
this manual has become incapable of detailed inspection, especially element-level inspec-
tion. To accommodate element-level inspection, the Federal Highway Administration
(FHWA) and Caltrans developed the “Pontis Bridge Management System” in 1991, which
was later updated in 1993 and renamed “Commonly Recognized (CoRe) Element”. In
1995, the American Association of State Highway and Transportation Officials (AASHTO)
adopted the manual and published the “CoRe Element Manual” [17,18]. In 2010, AASHTO
published the “Guide Manual for Bridge Element Inspection, First Edition” (MBEI) to
renew the previous manual. The second edition was published in 2019 using the same title.
The manual is used as the reference for the NBIS, especially for bridge element inspection.
The history of the bridge inspection manual in the US indicates the US Government’s efforts
to update it. Each update is driven by many factors, including incidents, research, and
additional improvements.
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Figure 1. The Deterioration Model of the Bridge Management System (BMS) in Indonesia.

Numerous methodologies have been employed to model bridge deterioration and
identify the principal factors influencing it. Previous research [19–23] demonstrates that
machine learning techniques can effectively model bridge deck deterioration. For example,
Huang [24] identified 11 factors associated with deck deterioration in Wisconsin using an
Artificial Neural Network. Similarly, Souza et al. [25] found that machine learning models
capture interactions among key variables, such as bridge age, traffic volume, and environ-
mental conditions. Bu et al. [26] introduced the Backward Prediction Model (BPM) and a
Markov-based procedure for predicting bridge deterioration, which provides performance
predictions regardless of inspection data quality or quantity. Collins et al. [27] applied
a stochastic approach, focusing on Markovian models, while Lu et al. [28] showed that
reliability analysis based on the generalized gamma distribution achieves high accuracy in
modeling bridge deck deterioration. Li et al. [29] proposed a Bayesian Updating Model
that incorporates both complete and incomplete inspection data. Ilbeigi and Meimand [30]
conducted an ordinal regression analysis using NBI data from over 28,000 Ohio bridges,
concluding that bridge characteristics, including age, average daily traffic (ADT), deck
area, structural and deck materials, structural system, maximum span length, and current
condition, are statistically significant. Guo et al. [31] reported that entire bridges and deck
systems deteriorate more rapidly than other components. Shan et al. [32] further demon-
strated, through regression analysis, that multiple factors, including age, traffic load, design
load, material type, and maximum span length, influence deterioration. Koike & Nagai [33]
used inspection data from Niigata Prefecture to categorize bridges by material and length,
revealing that bridge deterioration trends are valuable for understanding the tendencies.
The steel bridges exhibit a linear aging trend, whereas the concrete bridges show significant
variation. The present study uses a curve-fitting approach to describe trends in bridge
deterioration. This approach is chosen for its simplicity and its capacity to incorporate all
inspection data, thereby highlighting potential subjectivity in the inspection process.

This research has two purposes. The government has been collecting the bridge in-
spection data since 2019. It could show the deterioration trend of existing bridges and be
used to evaluate the deterioration model of the BMS, as shown in Figure 1. Therefore, the
first purpose is to evaluate the BMS deterioration model by comparing it with a deterio-
ration trend developed from the deterioration of the existing condition. The study also
examines the factors contributing to deterioration in bridge performance using Pearson’s
and Spearman’s correlation coefficients.

The inspection assessment procedures for bridges in Indonesia are based on the
2011 manual. Compared to NBIS, NBIS has periodically updated the inspection manual.
Therefore, the accuracy of the deterioration trend developed from inspection data in Indone-
sia may be debatable. Previous studies have shown that the inspection procedure needs
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improvement due to several factors, including insufficient human resources [5] and the
need for quality assurance and quality control [34]. The Federal Highway Administration
(FHWA) provides online inspection data for each state in the United States, dating back to
the 1990s, which facilitates the generation of deterioration trends. In this study, inspection
data for bridges in Florida, comprising over 12,000 records, are selected. A secondary
objective is to compare deterioration trends derived from Indonesian inspection data using
the Bridge Management System (BMS) with those from Florida using the NBIS. Florida is
selected for its leadership in collecting element-level data and for its use of a large-scale
inspection dataset. Extensive research on bridge deterioration has also been conducted
in Florida [35,36]. The bridge inspection and maintenance procedures in Indonesia have
not been updated since 1993, whereas in Florida, research and updates are ongoing. This
comparison points out the differences between Indonesia and Florida. This study uses
a large-scale dataset to compare trends in bridge deterioration between Indonesia and
Florida and to investigate the BMS model in Indonesia, which has remained unchanged
since 1993, and the effects of differing bridge maintenance strategies.

2. Overview of Inspection Data and Analysis Method
2.1. Inspection Procedures in Indonesia

According to the inspection manual [12–14], there are four types of inspection: inven-
tory inspection, detail inspection, routine inspection, and special inspection. Inventory
inspection is conducted to gather administrative data on bridges, including their location,
ownership, type, material, dimensions, and traffic load. A detailed inspection is done at
least once every 5 years, or if the bridge condition warrants it. This inspection records all
existing damage to bridge components and assigns a condition score. The overall bridge’s
condition score is determined by the maximum score across all its components. A routine
inspection is conducted annually to check whether the bridge’s main components function
properly and whether the bridge is in a safe and secure condition. The routine inspection is
carried out between the detailed inspection. A special inspection is a more detailed obser-
vation conducted as a follow-up to visual damage observations. This inspection is carried
out using specialized tools to obtain more accurate data on damage to bridge components.

The condition score for the overall bridge and its components is assigned during the
detailed inspection. The condition score of each bridge component is determined based on
the sum of the scores of “Structure”, “Damage”, “Quantity”, “Function”, and “Influence”
as shown in Table 1. This score produces six levels of soundness as shown in Table 2. A
higher score shows worse bridge condition.

Table 1. Criteria to determine condition score.

Rating System Criteria Score

Structure
(S)

Dangerous
Not Dangerous

1
0

Damage
(R)

Severe
Not Severe

1
0

Quantity
(K)

More than x %
Less than x %
x = 30% for structural components and x = 50%
for non-structural components

1
0
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Table 1. Cont.

Rating System Criteria Score

Function
(F)

The component could not be functioned
The component could be functioned

1
0

Effect
(P)

Affects another component
Does not affect another component

1
0

Condition Score (NK) NK = S + R + K + F + P 0–5

Table 2. Condition rating for the bridge based on BMS.

Condition Score Meaning

0 As new with no defects
1 Very minor defects
2 Defects which require monitoring and maintenance in the future
3 Defects which require attention soon (within 1 year)
4 Critical condition which leads to failure
5 Component broken or no longer functioning

2.2. Overview of Inspection Data in Indonesia

In Indonesia, 18649 bridges built between 1900 and 2019 were inspected in 2019.
Bridge condition data updates were conducted simultaneously in 2019 following a change
from conventional inspection methods to the digital INVI-J inspection system. This data
digitization process was carried out in 2019, resulting in a large-scale update of data for all
national bridges. In 2020–2022, the government focused its budget on handling COVID-19,
which disrupted inspections during these years. Since 2022, the inspections have been
started and conducted gradually, especially on critical bridges with a Condition Score of 3.
Only 15,556 bridges have their construction year. Several data, such as name, location,
length, width, superstructure type, material, construction year, and inspection scores, were
recorded in a database by the national bureau, Bina Teknik Jalan dan Jembatan, under the
Ministry of Public Works. The bridges were inspected and scored according to six levels of
soundness, as shown in Table 1. In this study, bridges are classified by type, material, and
length, as shown in Table 3.

Table 3. Inspection data classification.

Bridge Type Bridge Material Bridge Length

Arch Reinforced Concrete (RC) 6–15 m
Box Prestressed Concrete (PC) 15–30 m

Girder Steel 30–150 m
Truss Timber >150 m

Suspension Other
Slab

Other

2.3. Aging Trend Anaysis

It is well known that the bridges deteriorate as they age. The inspection data could be
used to construct the deterioration trend and evaluate the bridge deterioration model. The
deterioration trend is simply obtained from the correlation between soundness and bridge
age. The bridge age is calculated by subtracting the inspection year from the construction
year. The method proposed by Koike and Nagai [33] is used. In this study, no records are
discarded from the raw dataset to ensure a holistic representation of the bridge deterioration
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in Indonesia. Inconsistent values are retained to allow the model to expose noise, which
may be caused by subjectivity in manual inspection, providing an honest reflection of the
data quality in the bridge management system.

First, the number of bridges with the same elapsed year and condition score is calcu-
lated. Figure 2 illustrates the distribution of the number of bridges based on the elapsed
year and condition score. This distribution is shown in a bubble chart, with the elapsed year
and condition score as shown in Figure 3. The size of the bubble indicates the number of
bridges with the same elapsed year and condition score. However, if the data volume is too
large, it is difficult to show the trend, as illustrated in Figure 3. Therefore, the weighted av-
erage of the condition score is calculated for each elapsed year. In calculating the weighted
average of the condition score for each year, the number of bridges is used as the weighting
factor. The weighted average of the condition score for each year, Cs(t), is calculated based
on Equation (1)

Cs(t) =
∑5

i=0(Ci × ni

)
∑ ni

(1)

where Ci is the specific condition score, and ni is the bridge number exhibiting that specific
condition score at year t.

 
Figure 2. Example of the distribution of the number of bridges based on the elapsed year and
condition score.

Figure 3. Deterioration trend for all bridges.

Figure 4a shows the weighted average of the condition score for each elapsed year. A
two-order polynomial trendline is constructed to depict the deterioration trend as shown
in Figure 4b. A second-order polynomial trendline is selected based on a comparison of
goodness-of-fit metrics, as it yields a higher R2 value than other models. This model also
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accounts for the non-linear acceleration of deterioration, which drops sharply and then
holds steady until a certain point is reached.

  
(a) (b) 

Figure 4. Deterioration trend for all bridges: (a) using weighted average; (b) two-order
polynomial trendline.

2.4. Pearson Correlation

Factors that affect the deterioration of the bridges may differ. In this study, the relation-
ship between factors could be investigated by calculating the Pearson correlation coefficient.
It could be used to determine the relationship between factors. Pearson correlation coeffi-
cient (r) ranges from −1 to +1. The coefficient could be calculated by using Equation (2).

r =
∑(xi − x) (y i − y)√

∑ (x i − x)2 ∑(y i − y)2
(2)

where xi is the independent variable (elapsed year/age, length, width, material, type, etc.),
x is the mean of the independent variable, yi is the dependent variable (condition score),
and y is the average of the dependent variable.

Table 4 is the conventional approach to interpreting the result of the correlation
coefficient. The higher the absolute value of the correlation coefficient, the stronger the
relationship [37]. Previous studies [38–40] have shown that Pearson Correlation could
determine the relationship between factors affecting the bridge deterioration.

Table 4. Interpretation of Pearson correlation.

Absolute Value of Correlation Coefficient Interpretation

0.00–0.10 Negligible correlation
0.10–0.39 Weak correlation
0.40–0.69 Moderate correlation
0.70–0.89 Strong correlation
0.90–1.00 Very strong correlation

3. Status of Managed Bridges in Indonesia
3.1. Number of Bridges by Elapsed Year

Figure 5a presents a bar graph depicting the distribution of bridges based on their
construction year, while Figure 5b presents the number of bridges by age. The bridges are
mostly in the age groups of 21 to 30 years (5125 bridges) and 31 to 40 years (3090 bridges).
On the other hand, many new bridges had been built, with 2996 bridges in the age group
of 0 to 10 years and 2061 bridges in the age group of 11 to 20 years. There are 1563 bridges
in the 41 to 50-year age group, and 721 bridges that are over 50 years old. This indicates
that there are 2284 bridges, or about 14.68% of all inspected bridges, that will require
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significant maintenance in the next 10 years. Based on Figure 1, a 40-year-old bridge will
reach Condition Score 3, as described in Table 2, indicating the need for future monitoring
and maintenance. Based on their construction year, a considerable number of bridges will
require significant improvements or replacement in the coming years, or even face the risk
of collapse [12–14].

(a) (b) 

Figure 5. Number of bridges in Indonesia: (a) by construction year; (b) by age.

3.2. Number of Bridges by Type

Figure 6 displays the distribution of bridges by type, with seven subcategories as
described in Table 3. Based on the graph, the most common type is girder bridges, which
account for roughly 60% of the total bridges in the inspection database, or about 9302 out
of 15,556 bridges. 15% of bridges are categorized as box type, 13% as truss type, 10% as
slab type, and 2.5% as arch type. The proportion of suspension bridges is small, roughly
0.1% of the inspected bridges, or approximately 150 bridges, indicating a relatively small
number compared to the overall inspected bridges. For the purpose of deterioration trend
analysis, only bridge types such as girder, box, truss, slab, and arch will be considered.

 

Figure 6. Bridge percentage by type.

3.3. Number of Bridges by Material

Figure 7 provides the bridge distribution by construction material, including unrein-
forced concrete, reinforced concrete, prestressed concrete, steel, and timber. Some bridges
are constructed using a combination of materials, although their presence is not significant.
Based on the graph, reinforced concrete (RC) is the most commonly used material among
the inspected bridges. Approximately 60% the total 15,556 bridges employ reinforced
concrete. More than a quarter of the inspected bridges, over 25%, are constructed using
steel. Prestressed concrete (PC) is the third-most widely used bridge material, accounting
for about 10% of all bridges. In contrast, bridges made of wood and unreinforced con-
crete constitute only 1.7% and less than 0.1% of the bridges in the database, respectively.
Therefore, further analyses will focus solely on bridges constructed with RC, steel, PC, and
timber materials.
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Figure 7. Bridge percentage by material.

3.4. Number of Bridges by Length

Figure 8 illustrates the distribution of bridges based on their lengths. Approximately
51% of the 15,556 inspected bridges are less than 15 m long. 25% or more are bridges with
lengths ranging from 15 to 30 m, and 21% have lengths between 30 and 150 m. Bridges
exceeding 150 m in length comprise less than 2% of the entire database. Simply, based on
bridge length, there is a breakpoint at 15 m, resulting in two bridge categories: less than
15 m and greater than 15 m.

 
Figure 8. Bridge percentage by length.

4. Results and Discussion
4.1. Deterioration Trend Based on Inspection Data in Indonesia

The national bureau in Indonesia inspected various bridges. It is believed that the rea-
sons for their deterioration differ. Each bridge is expected to show a particular aging trend.

4.1.1. Deterioration Trend by Type

Figure 9 shows the weighted-average condition scores and the regression lines, which
highlight the deterioration trend of the overall bridge by type. The R2 value indicates how
well the regression line fits the data for each bridge type. Higher values indicate a stronger
correlation. Girder-type bridges have the highest R2 value of 0.4922, meaning the trend line
fits their condition scores better, while other bridges have the lowest R2 value of 0.0676,
indicating a much weaker fit. There are two possible reasons for the lower value of R2.
The first reason is the sample size. As shown in Figure 6, the most common bridge type is
girder, and the least common is other types. This suggests that fewer bridges of a particular
type may lead to lower R2 values. The poor performance of the trend line may be due to the
small sample sizes for certain bridge types. The second reason is that the randomness in the
data may be caused by differences in daily traffic, environmental conditions, or subjectivity
during inspection.
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Figure 9. Deterioration trend of the overall bridge by type.

Figure 10 shows the comparison of the deterioration trend lines for the overall bridge
by type. The dashed line shows the slope of the deterioration trend lines. Based on the data,
arch bridges exhibit better initial condition values than other bridge types. Arch bridges
have an initial condition score below 1. Other bridges have a condition score above 1. Over
time, Girder, Box, and Slab bridges show almost the same slope of deterioration trend lines.

Figure 10. Comparison of the deterioration trend line of the overall bridge by type.

In contrast, truss bridges show a worse condition score at the 20-year mark. Notably,
none of the types begins with a condition score close to 0. As shown by the figures, all
type of bridges deteriorates faster in their first 10 years. After 10 years, the deterioration is
slower as indicated by the change in slope of the deterioration lines relative to the dashed
line. None of the bridges has a condition score more than 3. This may be caused by the
immediate maintenance activity. If the bridge’s condition score is 3, it requires attention
within 1 year, as shown in Table 2. It will be repaired immediately.

Figure 11 shows the weighted-average condition scores and deterioration lines for
bridge components by bridge type. As described earlier, the overall bridge condition score
is determined by the maximum score across all its components. Almost all types of bridges
exhibit the same tendency that the superstructure component has the highest value of R2.
In girder, box, and arch bridges, the deck component has the lowest R2 value, whereas in
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truss bridges, the substructure component has the lowest R2 value. It may indicate that the
data contains substantial inherent randomness, or “noise”.

Figure 11. Deterioration trend of the bridge components by the bridge type.

There is a disparity in the deterioration trends of the superstructure, deck, water-
way/embankment, and substructure components, which remains consistent across bridge
types. Among these, the superstructure deteriorates the fastest. Specifically, the superstruc-
ture degrades more quickly than the deck, even though both are part of the same section.
Notably, by the 30-year mark, the condition score of the superstructure surpasses the score
of 1, unlike the deck component. The waterway/embankment component deteriorates
faster than the deck component. The substructure component deteriorates the slowest of all
components. These trends indicate that the superstructure requires special maintenance at-
tention. In most cases, the superstructure’s condition score determines the overall bridge’s
condition score.

Figure 12 shows the comparative trends in bridge components across different bridge
types. The dashed lines show the trend lines’ slopes. For the superstructure compo-
nent, box bridges, truss bridges, and arch bridges deteriorate faster compared to other
types of bridges, indicated by the steeper slope of the deterioration lines. For the water-
way/embankment component, box bridges and arch bridges deteriorate faster than other
types. There are almost no discrepancies in deterioration rates among deck components
across all bridges, shown by almost the same slope of the deterioration lines. The deterio-
ration trend of substructure components shows that arch bridges are in better condition
than other bridge types. Girder bridges, truss bridges, and slab bridges show almost a
similar deterioration trend. It indicates that the worst deterioration trend in truss bridges is
driven by the superstructure, and the superstructure of truss bridges warrants attention
during maintenance. There is also a tendency for components to deteriorate faster in the
first 10 years, and after 10 years, deterioration slows, as indicated by the change in slope of
the deterioration lines relative to the dashed line.
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Figure 12. Comparative deterioration trends in bridge components across different bridge types.

4.1.2. Deterioration Trend by Material

Figure 13 shows the weighted-average condition scores and the regression lines, which
highlight the deterioration trend of the overall bridge by material. The same deterioration
trend observed in overall bridges by type is also evident, and the poor performance of
the trend line may be due to small sample sizes for certain bridge materials. RC bridges
have the highest R2 value (0.6209), since they have the largest population. Steel bridges,
having the second-highest R2 value, also show the second-largest population. Meanwhile,
because the timber bridges have the fewest, they show the smallest R2 value. Randomness
in the data might also be caused by differences in daily traffic, environmental conditions,
or subjectivity during inspection.

Figure 14 shows the comparison of the deterioration trend lines for the overall bridge
by material. The dashed line shows the slope of the deterioration trend lines. Nearly all
bridges begin with a condition score greater than 0 at the start of their service life, indicating
minor defects. Based on the material used, timber bridges show the worst deterioration,
followed by steel bridges. Bridges constructed with reinforced and prestressed concrete
exhibit slightly better performance than those constructed with steel, indicated by the
steeper slope of the deterioration line in the case of steel bridges. As described before, none
of the bridges has a condition score more than 3. It is because of the immediate maintenance
activity. If the condition score of the bridge is 3, except for timber bridges, the bridge
requires attention within 1 year, as shown in Table 2, and will be repaired immediately.
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Figure 13. Deterioration trend of the overall bridge by material.

Figure 14. Comparison of the deterioration trend line of the overall bridge by material.

Figure 15 shows the weighted-average condition scores and deterioration lines for
bridge components by the bridge material. The same deterioration trend observed in
overall bridges by type is also evident. Firstly, the superstructure component has the
highest R2 value. Lower value of R2 for other components may be caused by the substantial
inherent randomness, or “noise”. Secondly, there is a disparity in the deterioration trends of
the superstructure, deck, waterway/embankment, and substructure components. The su-
perstructure deteriorates the fastest and degrades more quickly than the deck, even though
both are part of the same section. The waterway/embankment component deteriorates
faster than the deck component. The substructure component deteriorates the slowest of all
components. The condition score for the overall bridge is mostly governed by the condition
score of superstructure components.
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Figure 15. Deterioration trend of the bridge components by bridge material.

Figure 16 shows the comparative trends in bridge components across different bridge
materials. Timber bridges show the worst deterioration trend for all components. The
superstructure, deck, and substructure components of steel bridges deteriorate faster than
those of reinforced concrete bridges and prestressed concrete bridges, shown by a steeper
slope of the deterioration line. The superstructure of the prestressed concrete bridge
is slightly better than that of the reinforced concrete bridge, while the waterway, deck,
and substructure components of the reinforced concrete bridge are better than those of
the prestressed concrete bridge. Accelerated deterioration during the initial 10 years of
operation is also observed, indicated by the change in slope of the deterioration lines
relative to the dashed line after 10 years.

Figure 16. Comparative deterioration trends in bridge components across different bridge materials.
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4.1.3. Deterioration Trend by Length

Figure 17 shows the weighted-average condition scores and deterioration lines for
bridge components by bridge length. Based on the bridge length, the difference in R2

values across the length category does not differ significantly compared to the bridge type
and material categories in the previous subsection. However, a smaller sample size yields
a lower R2 value. The shortest bridge shows the highest R2 value. As shown in Figure 8,
shorter bridges have more samples compared to the longest bridge.

Figure 17. Deterioration trend of the overall bridge by length.

Figure 18 shows the comparison of the deterioration trend lines for the overall bridge
by length. The dashed line shows the slope of the deterioration trend lines. It shows that
the longer the bridges, the faster their deterioration, shown by the steeper deterioration
trend line. Shorter bridges begin with a slightly higher condition score at the start of their
service life, indicating minor defects.

Figure 18. Comparison of the deterioration trend line of the overall bridge by length.

Figure 19 shows weighted-average condition scores and deterioration lines for bridge
components by length. The superstructure shows the highest R2 value. The superstructure
deteriorates faster than the deck, even though both belong to the same section. The
waterway/embankment deteriorates faster than the deck. The substructure deteriorates
the slowest overall. Figure 20 shows the comparative trends in bridge components across

https://doi.org/10.3390/buildings16020424

https://doi.org/10.3390/buildings16020424


Buildings 2026, 16, 424 16 of 22

different bridge lengths. The superstructure, decks, and substructure components of longer
bridges deteriorate slightly faster compared to those of shorter bridges. Conversely, the
waterway/embankment components of shorter bridges deteriorate faster than those of
longer bridges.

Figure 19. Deterioration trend of the bridge components by bridge length.

Figure 20. Comparative deterioration trends in bridge components across different bridge lengths.
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4.2. The Condition Score Correlation

Srikanth & Arockiasamy [38] emphasized that the age of the bridge exhibits the
strongest correlation with the deck condition, with a Pearson correlation coefficient of
0.78. This study further presents a heatmap of Pearson correlation coefficients for various
variables, including bridge length, width, age, type, material, and whole-bridge condition
score, which represents the bridge’s overall condition. Figure 21 depicts a heatmap of up
to 50-year bridges, with darker colours indicating lower correlation and lighter colours
indicating higher correlation. Towards the right side of the heatmap, bridge age exhibits the
highest absolute correlation value of 0.1057, followed by material, type, width, and length.
Nevertheless, as indicated in Table 4, the correlation value of 0.1057 is still considered
relatively weak. The weak correlation may be due to several factors. As described in
the previous section, there is randomness or noise in the Indonesian data that might be
caused by the differences in daily traffic, environmental conditions, and subjectivity during
inspection. The second factor is the maintenance reset condition, which states that if the
bridge’s condition is 3, the bridge will be repaired within 1 year.

 
Figure 21. Pearson correlation heatmap of variables and overall bridge condition score.

4.3. Comparison to BMS Deterioration Model

As stated in Section 1, the deterioration model provided by the Indonesia Bridge
Management System (BMS) is used to estimate the bridge’s condition. Subsequently, the
typical deterioration model from the BMS is compared to the inspection condition scores,
as shown in Figure 22. Upon examining the figure, it becomes evident that none of the
trends derived from the inspection data align with the typical deterioration curve in the
BMS. Consequently, the need to update the BMS model is open to discussion. As shown
in Figure 22, the superstructure components deteriorate faster than other components, as
described before.
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Figure 22. Comparison of the deterioration model of the BMS model and the deterioration trend
based on the inspection data.

4.4. Comparison to Bridge Inspection Data in Florida

FHWA offers online inspection data for each state in America dating back to the
1990s, which can be utilized to generate a deterioration model that can be compared to
the Indonesian data. For this study, the Florida bridge inspection data, consisting of
over 12,000 bridge records, including inspection scores, has been chosen. However, it is
important to note that the inspection data employs a 10-level (0 to 9) soundness rating
system to evaluate bridge components, where a condition rating of 9 signifies a very
healthy bridge, while a rating of 0 indicates bridge failure. Therefore, the graph utilized
two separate y-axes, one for the Indonesian data and one for the Florida data.

Figure 23 compares deterioration trends of bridge components in Indonesia and
Florida using the same methodology. The bridge components in Florida show high
R2 values, indicating that the regression line fits the data well. Substructural components
have the highest R2 (0.9168), while waterway/embankment components have the lowest
(0.8587). The small difference in R2 values (0.8587 to 0.9168) indicates that Florida bridge de-
terioration trends demonstrate reliable data collection. The R2 values of Indonesian bridges
are much lower than those of Florida bridges, indicating the presence of randomness or
noise in the Indonesian data. Superstructure components in Indonesian bridges have the
highest R2 value (0.6844), while the slab components in Indonesian bridges have the lowest
R2 value (0.3118). The difference in R2 values between the Indonesian components is
relatively large (from 0.3118 to 0.6844). The randomness might be caused by differences in
daily traffic, environmental conditions, or subjective inspection, which require attention.

(a) (b) 

Figure 23. Deterioration trend comparison of the bridge components: (a) Florida; (b) Indonesia.
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Figure 24 shows the comparative trends in bridge components between Florida and
Indonesia. The dashed lines show the slope of the deterioration trend lines. Relatively simi-
lar deterioration trends are observed across all components for bridges in Florida, whereas
there are large discrepancies in slopes for all components in Indonesia. The components
of Florida bridges deteriorate at a rate of 0.0447–0.056/year in terms of condition score
over the first 20 years. The deterioration rate of the deck, substructure, superstructure, and
channel is 0.056, 0.0547, 0.0508, and 0.0447 of condition score/year, respectively. It means
that the condition score decreases by 1 between 17 and 22 years. After 20 years, the slope of
the deterioration trend line has decreased, indicating slower deterioration rates. Different
trends are observed in the components of Indonesian bridges. Superstructure components
have the highest condition score, followed by the embankment/waterway component
and the deck component. The substructure component has the smallest condition score.
Compared to Florida bridges, Indonesian bridges deteriorate more rapidly during their
first 10 years of operation.

(a) (b) 

Figure 24. Comparative deterioration trends in bridge components between Florida and Indonesia:
(a) based on condition score; (b) based on normalized condition score.

Based on these findings, several points need to be considered in Indonesia’s future
inspection and maintenance system. The first point is that Average Daily Traffic (ADT), axle
load statistics, and environmental conditions currently are not recorded for each bridge
in the national database. Including these factors in future maintenance strategies and
database updates would help ensure more precise analysis. The second point is that there
may be subjectivity during the inspection. A more detailed, quantitative measurement of
inspection that reduces subjectivity is needed. A digital twin could be one way to reduce the
subjectivity during the inspection. More efficient, advanced bridge management systems
enabled by digital twin shift from conventional visual scoring to proactive structural
health monitoring [41,42]. This creates a realistic digital representation of a bridge that is
continuously updated with performance data from its physical world. The digital models
are constructed from design specifications, bridge plans, and inspection reports, and are
then integrated with real-time sensor data from the physical site. By analyzing this data
using Artificial Intelligence and advanced simulations, the system can interpret current
conditions and predict future performance.

5. Conclusions
Analysis of inspection data and correlations between bridge condition scores highlight

the need to update the BMS deterioration model. Comparing Indonesia and Florida data
also reveals patterns in bridge performance. The study reaches the following conclusion:
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1. Based on inspection data in Indonesia, the deterioration trendline is influenced by
many factors. These include the type of bridge, the construction material, and the
bridge’s length. Truss bridges deteriorate slightly faster than other types of bridges.
Timber bridges show the worst deterioration, followed by steel bridges. Reinforced
and prestressed concrete bridges perform slightly better than steel. Longer bridges
deteriorate faster over time.

2. There is a disparity in the deterioration trends of the superstructure, deck, water-
way/embankment, and substructure components in Indonesian bridges. The su-
perstructure deteriorates the fastest and degrades more quickly than the deck, even
though both are part of the same section. The waterway/embankment component
deteriorates faster than the deck component. The substructure component deteriorates
the slowest of all components.

3. The analysis of inspection data shows that the bridge deterioration trends are most
reliable in categories with large sample sizes, such as girder bridges and reinforced
concrete bridges. The superstructure consistently shows a higher R2 value than
other components. The lower R2 values might be due to differences in daily traffic,
environmental conditions, or subjectivity during inspection.

4. Bridges in Indonesia deteriorate faster during their first 10 years. After 10 years, the
deterioration is slower. None of the bridges has a condition score more than 3. This
may be caused by the immediate maintenance activity. If the bridge’s condition score
is 3, it requires attention within 1 year.

5. Based on the Pearson Correlation analysis, it is evident that bridge age exhibits the
highest absolute correlation value of 0.1057, followed by material, type, width, and
length. Age affects the most the deterioration of the bridge the most, followed by the
material, type, and dimension of the bridges, respectively.

6. A comparative analysis of bridge inspection data from Indonesia and Florida reveals
consistent deterioration trends across all components in Florida, while significant
discrepancies in deterioration rates are evident among components in Indonesia.
In Florida, bridge components deteriorate at a rate of 0.0447 to 0.056 per year in
condition score during the first 20 years. After this period, the deterioration rate
declines, as indicated by a reduced slope in the trend line. In contrast, Indonesian
bridges exhibit a different pattern, with components deteriorating more rapidly within
the first 10 years of operation.

7. Several considerations are essential for the development of Indonesia’s future bridge
inspection and maintenance system. Currently, Average Daily Traffic (ADT), axle
load statistics, and environmental conditions are not recorded for each bridge in the
national database. Incorporating these factors into future maintenance strategies and
database updates would enable more precise analysis. Additionally, the inspection
process may involve subjectivity. Implementing more detailed and quantitative
inspection measurements is necessary to minimize subjectivity.
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