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Abstract. This article describes a model for predicting the degradation of in-service railway bridges based on a
semi-Markov continuous time process. This model relies on the history of inspections of 588 bridges located on a
heavy-haul railway line in Brazil, between 2016 and 2020. A dedicated computational tool developed in Matlab
allows the automated data processing. A parametric study is performed to understand which factors derived from
the bridge structural characteristics, as well as operational and environmental factors, most influence the
deterioration model. The type of material proves to be a decisive factor and therefore two specific prediction
models are stablished, one for concrete bridges and other to steel bridges. The prediction models have an efficiency
equal to 93.7%, for concrete bridges, and 95.1% for steel bridges.

Keywords: bridge management system; heavy-haul railways; deterioration models; semi-Markov continuous time
process; parametric study; validation; forecast analysis.

1 Introduction

Over the last few decades Bridge Management Systems (BMS) have been increasingly used by infrastructure
managers to support decisions concerning the maintenance or replacement of railway bridges. The decision of
repair or replace is closely related to the extent of the structural deterioration, which in most situations are
irreversible, despite the use of advanced construction methods, dedicated code-design specifications, and high-
performance materials [1].

BMS have been developed using different approaches depending on the countries. Some infrastructure
managers resort to commercial solutions, others use modified commercial solutions according to their own
specificities [2]. A detailed comparison of various BMS is carried out in several works [3-11]. The current
condition evaluation is normally supported by periodic visual or remote inspections using dedicated condition
ratings (CR). Otherwise, the prediction of the future condition involves the use of accurate deterioration models
[3].

Concerning the CR, the normal procedure adopted during the inspections is based on the assignment of a
number to a specific bridge element property, according to a deterioration severity scale, representing the opinion
of the qualified experts. This approach is somehow subjective and does not require calculations. From the practical
point-of-view, the evaluation of the condition of a bridge element is derived from the rating of distinct properties,
not only structural but also non-structural, which are latter aggregated into a single condition rating. This CR is
used to decide the appropriate intervention strategy.

In what concerns the deterioration models, several studies have been carried out to understand the
deterioration behavior of bridges. Bridge deterioration models can be classified as deterministic and stochastic
models [12]. More recent approaches use Artificial-Intelligent (Al) models and hybrid models.
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This study gives relevant contributes for the state-of-art since applies stochastic models to the deterioration
prediction of in-service railway bridges specifically dedicated to freight traffic and based on an extended inspection
archive composed by approximately 600 bridges, with distinct typologies, materials and ages. In relation to
previous works, a relevant contribute is achieved, particularly with the assessment of the reliability of the
prediction model based on the bridge’s CR measured during recent inspections carried out in the year 2021. Thus,
this work constitutes the first dedicated study applied to the Brazilian freight railway network, and therefore, will
provide a relevant contribute for the decision-making process of the infrastructure managers concerning

2 Finite-state Markov chain

The infrastructure managers need to closely follow-up the progression of the CR as well as predict the future
condition. This procedure is often performed based on a Markov chain, which is able to consider the several
processes involved in bridge’s deterioration, and therefore, is traditionally more reliable than a simple deterministic
extrapolation of the CR [3].

Markov processes are stochastic, i.e., random processes that characterize the system behavior over the time.
Since it is possible to vary both the condition rating and the time, these processes can be discrete or continuous in
state and in time. A finite-state Markov process describes the evolution of a finite number of state conditions for

P(Xpp1 = lip1lXe = 16, Xpmq = lmqy o, X1 = i, X0 = p) = P(Xp1 = lpga|Xe = 0p) 1)

which the Markov properties are adjusted. In this specific Markov process, given the current condition rating, the
future condition rating is assumed to be independent from the previous states. This can be expressed by a discrete
stochastic process X (t) with a discrete state-based model as:

where i, is the condition rating at time t and P is the conditional probability of any future event given the
present and past events. In a state-based model, considering a scale with 5 finite CR. i.e., S; (i =1, 2, ..., 5), as
stated in Section 3.2, the Markov P matrix will be:
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where P;; is the probability of the current CR; progress to CR; after the time interval At, and P; is the
probability of the current CR; remain in the same rating for time interval At. Matrix P is subjected to the following
conditions [13-14]:

1. 0 <Pj;<1withiandj=1,2,...,n, where nis the total number of CRs

2. Yip;=1withi=1,2,...,n

3. Pj=0fori<j,

In predicting the future condition by a Markov deterioration model this indicates that a bridge at a certain CR
deteriorates naturally without improving its CR and considering no maintenance operation within the time period
At. Another aspect to be considered in Markov matrices is the fact that CR transitions are always step-by-step.

Markov's first-order matrices are the result of stochastic processes that have an important property
denominated memoryless. This allows to predict the future CR of bridges with several decades of existence even
if there are no inspections records performed periodically until the current CR [12, 14-18].

Given the probabilities vector p(t;), containing the various CR probabilities at the initial instant t;, and
considering Markov P matrix that reproduces the deterioration of the bridge on the time interval At, it is possible
to predict the future CR for the final instant ¢, by means of the probabilities of CR p(t;) [19].

A difference exists between a discrete-time Markov process and a semi-Markov process. A discrete-time
Markov process performs transitions on discrete equally spaced time steps and the use of this method requires at
least two consecutive CR records (without any maintenance interventions) for several bridge components to
guarantee reliable transition probabilities [16].

CILAMCE-2022
Proceedings of the joint XLIII Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Foz do Iguacu, Brazil, November 21-25, 2022



F. Furtado, A. Bonatto, D. Ribeiro

A semi-Markov process is an extension of a discrete-time Markov process in which a random time is added
between transitions [20]. In a continuous-time process, the optimization of the model involves estimating Q
intensity matrix, which represents a matrix of transition rates (independent of At) and directly related to P Markov
matrix. The relation between P Markov matrix and the @ intensity matrix, both with the same dimensions, is given
by Eq. (3) [20-21]:

Py, = e@x80 ©)

The solution of this first order differential equation, called Chapman — Kolmogorov equation, is given by Eq,

(4) [200;
d
2 Pae = PacQ “)

In case of 5 different CRs, the Q intensity matrix is of dimension 5 and expressed by:
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the Q intensity matrix should satisfy the following conditions [21]:

1. Qi =0fori=j,where Q;; represent the probability rate of transition between consecutive CRs i and j
2. Qi =—2Xj%i Qi i =1,..,k where k is the number of CRs

3. Qjj=0fori<j

4. 0;=Qy

An approach for the calculation of 8; is the following [22-23]:

Nij
0; = Qi = (6)

2 At

where 6; and Q;; represent the probability of transition between consecutives condition ratings i and j, N;; is
the number of bridges that progress from CR; to CR;, and ¥, At; is the sum of the time intervals between the
observations beginning from the initial CR. The values of 8; that form the matrix Q (k X k) are essential to define
the efficiency of the prediction model. This efficiency is measured calculating the likelihood value, which
represents a distance between the real conditions ratings and the ratings estimated by the model. The most efficient
models are the ones that present lower values of the likelihood distance. Thus, the likelihood distance (L) is given
by Eq. (7) and can be rearranged considered as a sum of logarithmic terms[21]:

N D N D 7
1T S50 ”
i i i i

where N is the total number of bridges, D is the total number of time intervals per bridge and P;; the
probability of the structure transition from condition state i to j.

The likelihood distance can be minimized by means of a constrained nonlinear optimization problem, where
the Q matrix that best adapts to the target condition ratings is estimated. The maximum likelihood was obtained
using a Matlab® function called fmincon and considering as restrictions 8; > 0 and |L| being as small as possible.

Finally, sojourn time T; that the bridges remain in a certain CR before progressing to the next CR can be
estimated by Eq. (8) [23]:

Ty =~ (8)

where i = 1, ...,k and k = number of CR — 1.
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3 Case study - Brazilian freight railway network

The case study involves the bridges of the freight railway line connecting Rondondpolis terminal (Mato
Grosso state) to the largest seaport in Latin America, port of Santos (S&o Paulo state), in Brazil. This railway line
is operated by RUMO and includes a total of 594 in-service concrete or steel bridges, however, only 588 bridges
were considered for this study corresponding to the ones with 2 or more inspection reports. The study was based
on an extended database containing the history of inspections carried out on the bridges, which are performed on
an annual basis, according to the Brazilian standard NBR-9452 requirements [24] which considers five discrete
CR, from 1 to 5, being 1 the worst condition and 5 the best condition.

However, this standard presents some limitations since it was designed specifically for concrete structures
and do not consider some specificities related to freight railway bridges, where, for example, the serviceability is
related to the staff safety on sidewalks (and not to passengers’ comfort), and are typically located in regions with
difficult accessibility for maintenance actions, unlike the roadway bridges.

A computational tool was developed in Matlab® software and allows to perform quick analyzes based on
information derived from the bridges’ inspections, as the Markov probabilistic matrix, obtained from the data
collected from all bridges, or specific probabilistic matrices considering restricted sets of bridges according to the
material, bridge typology, age, number of spans, transported weight per year (MGT — Millions of Gross Tons) and
environmental aggressiveness. The tool works from an Excel® database containing the CRs and the corresponding
inspection dates, as well as several structural and operational information. The data can be filtered according to
previously selected parameters, particularly, type of material, age, total length, number of spans, MGT and class
of environmental aggressiveness. Then, several Q intensity matrices are calculated by the maximum likelihood
approach and visualized in a dedicated graphical user interface, which is presented in Fig. 1.
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Fig. 1 — Graphical user interface of the computational tool developed in Matlab®. i) the average deterioration
curves, considering the specific user’s definitions, and considering or not the maintenance, ii) the sojourn time of
the bridges in a specific CR, and iii) the probability of the bridge network remain in a specific CR.

4 Parametric study

The parametric study allows to understand which factors derived from the bridge structural characteristics,
as well as operational and environmental factors, most influence the deterioration prediction model. Seven factors
were analyzed, particularly, the material, age, total length, number of spans, bridge typology, transported cargo
weight (in MGT) and the environmental conditions. The analyzes were performed for three different time
moments, the current time (simply considered 08.01.2021), the time of the end of concession of the railway
operator (01.01.2058) and the time of 100 years (01.01.2121) corresponding to the typical lifespan for railway
bridges. Fig. 2 presents the average deterioration curves, in terms of condition rating, derived from the intensity
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matrices of the 433 concrete bridges (Q.) and 155 steel bridges (Q;). It is possible to observe, that the average
degradation model of the concrete bridges, which condition ratings varies between CR3 and CR1, is distinct from
the average degradation model of the steel bridges, which condition ratings varies between CR3 and CR2.

Additionally, the initial condition state of the steel bridges (2.69) is worst in comparison to the concrete
bridges (3.29), however, over the time, the degradation of the concrete bridges is more pronounced in comparison
to the steel bridges, which presents a horizontal trend over the time. Anyway, as expected, regardless the material
type of the bridge, the CR condition decreases over the years. Another interesting aspect to be highlighted is related
to the achieved long-term CR, which reveals that the steel bridges will keep on CR2, while the concrete bridges
can achieve the CR1. Based on these results, it is quite evident that for further analysis the use of two distinct
deterioration models, one for concrete bridges and another for steel bridges, is required.
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Fig. 2 — Deterioration curves depending on the type of bridge superstructure material (Concrete or Steel)

5 Model validation

The Semi-Markov prediction model based on continuous time was validated based on the comparison
between predicted and real verified deterioration ratings. For this purpose, the history of inspections carried out
between 2016 and 2020 were used to develop the prediction model, while the model performance was evaluated
for the period between January and October 2021. During these 9 months period, the condition ratings values
derived from inspections on 588 bridges (433 in concrete and 155 in steel) were compared with the predictions of
the deterioration model, to verify its efficiency and reliability. Table 1 presents an excerpt of the summary of
inspections performed between January and October 2021.

Table 1 — Excerpt of the summary of inspections performed between January and October 2021.

Bridge Last Material Age Total Nr. of Bridge Type MG Envir Real
Code  Inspection (Bridge Length  spans T .Agg CR (givenby

Date superstructure) year inspector
A3 05/01/2021 Steel 125-50] > 100 >4 A — Box/twin girders <30 v

T — Continuous

A6 02/01/2021  Concrete >50  ]50-100] 3 rder >30 I 4.00
A55  03/01/2021 Concrete > 50 <50 3 T %‘i’r"c}‘e';uous >30 | 4.00
A56  03/01/2021  Concrete >50  ]50-100] 3 R - Arch >30 | 3.00
A225 08/01/2021  Concrete  ]25-50] <S50 1 S_Soliddeck  >30 | 4.00
A234 08/01/2021  Concrete  ]25-50] <S50 2 U—Portal frame ~ >30 I 4.00
A584  05/01/2021 Steel ]25-50] <50 1 A—Boxfwingirders <30 | 3.00

A585  05/01/2021 Steel 125-50] <50 1 A — Box/twin girders <30 1 4.00

From the bridges inspected in 2021 the CR values were 3.69 for concrete bridges and 3.30 for steel bridges.
However, 484 bridges maintained the CR values equal to the previous period while 26 bridges decreased the CR
values. The remaining 78 bridges increased the CR values due to maintenance interventions or due to a
misjudgment of the inspector, and therefore were removed for validation purposes.
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Fig. 3 details a comparison between the predicted and real known CR values for the 372 concrete bridges
(Fig. 3(a)) and 138 steel bridges (Fig. 3(b)) that maintained or decreased the CR values in 2021. This validation
strategy is the most appropriate since one of the conditions for the application of the semi-Markov process is that
only bridges that maintained or deteriorated the condition ratings between consecutive inspections should be
considered. The success of the condition rating assignment, evaluated based on the ratio between the predicted
average CR value and the real average CR value, varied between 93.7% for concrete bridges and 95.1% for steel
bridges. For concrete bridges, the predicted average CR value was equal to 3.29 and the corresponding real average
CR value was equal to 3.51. For steel bridges, the predicted average CR value was equal to 2.69 and the
corresponding real average CR value was equal to 2.83.

# Real CR =3.51 ¢ Real CR =2,83
A Predicted CR =3.29 A Predicted CR =2.69
5 . .0 - 5
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Fig. 3 — Comparison between the real and predicted CR values: (a) Concrete bridges, (b) Steel bridges.

6 Conclusions

The model was developed based on the information derived from the history of inspections of 588 bridges
located on the heavy-haul railway line that connects Rondondpolis to Santos, both in Brazil, in the period between
2016 and 2020. The inspection history was only focused on structural criteria since the condition rating values
presented a higher variability between inspections, and therefore a more reliable estimation of the deterioration
curves is obtained. A parametric study was performed to evaluate the influence of the bridge structural
characteristics, as well as operational and environmental factors, on the deterioration prediction model. This study
analyzed the influence of the type of material, age, total length, number of spans, type of structural system, annual
transported weight (in MGT) and environmental aggressiveness. The main result is that the type of material is the
main factor for this bridge network. Therefore, the analyzes were always carried out considering two degradation
matrices, one for concrete bridges and another for steel bridges.

The model validation involved the comparison between predicted and real verified deterioration ratings based
on the history of inspections carried out between January and October 2021. The results highlighted the success
of the condition rating assignment, evaluated based on the ratio between the predicted and real average condition
rating. For concrete bridges 93.7% of agreement and for steel bridges 95.1% of agreement.

Due to the large number of bridges managed by the concessionaire, it is not financially viable to carry out
maintenance on all of them in a short period of time, so the objective of this work was to analyze the bridge
network over the concession period (next 27 years) until the date of 01.01.2058. It is clear the importance of using
reliable bridge deterioration forecasting models to support the long-term maintenance plans carried out by bridge
managers. Study preventive maintenance scenarios combined with corrective maintenance scenarios is extremely
important in order to support decision-making and strategies in the maintenance of the bridge network. It also
enhances the fact that a hasty decision-making can generate excessive costs in the future.

As future developments of this work, it should be refereed the development of specific methodologies of
inspectors training to reduce the subjectivity in the condition ratings assessments. Another topic of interest, already
initiated, is the development of prediction models based on artificial intelligence and the comparison of their results
with the method proposed in this study. Finally, the authors are also focused on the development of advanced
drive-by inspection methodologies, where a dedicated set of sensors are installed on-board of inspection vehicles
envisaging the damage detection on railway bridges.
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