<]
TUDelft

Delft University of Technology

Network-level optimisation approach for bridge interventions scheduling

Mendoza-Lugo, Miguel Angel; Nogal, Maria; Morales-Napoles, Oswaldo

DOI
10.1080/15732479.2024.2403568

Publication date
2024

Document Version
Final published version

Published in
Structure and Infrastructure Engineering

Citation (APA)

Mendoza-Lugo, M. A, Nogal, M., & Morales-Napoles, O. (2024). Network-level optimisation approach for
bridge interventions scheduling. Structure and Infrastructure Engineering.
https://doi.org/10.1080/15732479.2024.2403568

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1080/15732479.2024.2403568
https://doi.org/10.1080/15732479.2024.2403568

Structure and

e 0 Structure and Infrastructure Engineering

Life-ciycia Design and Pariormance.

Maintenance, Management, Life-Cycle Design and Performance

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/nsie20

Taylor & Francis

Taylor & Francis Group

Network-level optimisation approach for bridge
interventions scheduling

Miguel Angel Mendoza-Lugo, Maria Nogal & Oswaldo Morales-Napoles

To cite this article: Miguel Angel Mendoza-Lugo, Maria Nogal & Oswaldo Morales-Napoles (23
Sep 2024): Network-level optimisation approach for bridge interventions scheduling, Structure
and Infrastructure Engineering, DOI: 10.1080/15732479.2024.2403568

To link to this article: https://doi.org/10.1080/15732479.2024.2403568

© 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

A
h View supplementary material &

ﬁ Published online: 23 Sep 2024.

\]
C;/ Submit your article to this journal &

||I| Article views: 119

A
& View related articles &'

(&) view Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=nsie20


https://www.tandfonline.com/action/journalInformation?journalCode=nsie20
https://www.tandfonline.com/journals/nsie20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15732479.2024.2403568
https://doi.org/10.1080/15732479.2024.2403568
https://www.tandfonline.com/doi/suppl/10.1080/15732479.2024.2403568
https://www.tandfonline.com/doi/suppl/10.1080/15732479.2024.2403568
https://www.tandfonline.com/action/authorSubmission?journalCode=nsie20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=nsie20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15732479.2024.2403568?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15732479.2024.2403568?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/15732479.2024.2403568&domain=pdf&date_stamp=23 Sep 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/15732479.2024.2403568&domain=pdf&date_stamp=23 Sep 2024

STRUCTURE AND INFRASTRUCTURE ENGINEERING
https://doi.org/10.1080/15732479.2024.2403568

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ‘ ] Checkforupdates‘

Network-level optimisation approach for bridge interventions scheduling

Miguel Angel Mendoza-Lugo® (®, Maria Nogal®

and Oswaldo Morales-Napoles®

Department of Hydraulic Engineering, Delft University of Technology, Delft, the Netherlands; "Department of Materials, Mechanics,
Management & Design, Delft University of Technology, Delft, the Netherlands

ABSTRACT

This paper introduces a novel extension of the multi-system optimisation method, known as the 3C concept,
tailored for optimising budget allocation for bridge interventions at the network level. This extended meth-
odology accounts for the interdependencies among bridges due to their spatial proximity within the net-
work. It incorporates direct and user costs, bridge performance indicators, and a bridge deterioration model.
A real-world case study involving a portfolio of 555 bridges demonstrates the practicality of the method-
ology, efficiently determining the optimal intervention sequence. Over an 18-year analysis period, the pro-
posed methodology achieved a 23% reduction in total costs by combining repairs for bridges with high to
severe damage and maintenance for the others. This represents a significant improvement compared to the
traditional approach, used by bridge management agencies, which relies exclusively on maintenance. The
optimised procedure outperforms human intuition in managing complex bridge networks, particularly over
extended periods. This methodology can assist transportation agencies in implementing and exploring vari-
ous scenarios by adjusting the time between consecutive interventions and budget constraints, supporting
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1. Introduction

Bridge networks are susceptible to degradation caused by
factors such as ageing, heavy traffic loads, and natural disas-
ters. Such degradation may result in failures that comprom-
ise service quality and create safety hazards (Nili,
Taghaddos, & Zahraie, 2021). Coupled with constrained
funding for bridge management, this underscores the need
for objective assessments to achieve better utilisation of age-
ing bridges (Melhem & Caprani, 2022). To maintain the
functionality of transport infrastructure and related service
parameters, bridge managers recognise that effective plan-
ning of interventions can significantly enhance infrastruc-
ture availability while minimising costs.

For effective intervention programmes, optimal planning
should consider both direct and user costs associated with
transport disruptions, rather than solely budget availability
(Manu Sasidharan & Schooling, 2022). Previous research
indicates that when bridges are fully or partially closed, the
resulting traveller delays can incur indirect costs several
times the actual cost of the bridge (Alipour & Shafei, 2016;
Han & Frangopol, 2022b; N. Zhang & Alipour, 2020). These
higher costs necessitate the allocation of resources towards
optimal strategies for bridge interventions.

A significant number of bridge structures need to be ana-
lysed, making it infeasible to re-assess each bridge annually.
Consequently, systems that continuously monitor bridge

conditions are established to plan interventions based on
structural ratings and prioritisation indexes, justifying the
funding of conservation actions (de Ledén Escobedo &
Torres Acosta, 2010). Integrating performance measures
from all individual bridges into optimal budget allocation
algorithms can enhance the overall performance of bridge
systems (Xia, Lei, Wang, & Sun, 2022).

The literature on optimal bridge management planning can
be divided into three main categories: (i) deterioration model-
ling, (ii) ranking of management alternatives, and (iii) mainten-
ance planning using optimisation techniques (Abarca, Monteiro,
& O'Reilly, 2023; Fiorillo & Ghosn, 2022; Yina, Moscoso, Luis,
& Matos, 2022). The first category focuses on developing mod-
els to predict the deterioration of bridges over time, and the
second compares different options based on their effectiveness
and other factors for bridge prioritisation. However, these
approaches often overlook constraints such as environmental
impact, traffic demand, and budget constraints, which are cru-
cial for a bridge intervention programme at the network level.
The third category uses optimisation techniques to account for
these constraints and find the optimal management scheduling
for bridges.

At the bridge level, six intervention approaches' are com-
monly taken: do-nothing, maintenance, repair, rehabilita-
tion, improvement, and total replacement. Do-nothing
involves minimal intervention but risks long-term

CONTACT Miguel Angel Mendoza-Lugo @ m.a.mendozalugo@tudelft.nl

9 Supplemental data for this article can be accessed online at https://doi.org/10.1080/15732479.2024.2403568.

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted

Manuscript in a repository by the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/15732479.2024.2403568&domain=pdf&date_stamp=2024-09-23
http://orcid.org/0000-0001-8488-1447
http://orcid.org/0000-0001-5405-0626
http://orcid.org/0000-0002-6764-4674
https://doi.org/10.1080/15732479.2024.2403568
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com

2 M. A. MENDOZA-LUGO ET AL.

deterioration. Maintenance implies routine activities to pre-
serve the bridge in good condition. Repair fixes defects that
affect functionality, safety, or performance. Rehabilitation
restores the bridge to a better state to increase its service
life. Improvement enhances the bridge beyond its original
condition to meet new requirements. Total replacement
involves replacing the entire asset with a new one, often
incorporating modern technology (Baron, Galvao, Docevska,
Matos, & Markovski, 2023; Hong & Hastak, 2007; Patidar,
Labi, Sinha, & Thompson, 2007).

Alsharqawi, Dabous, Zayed, and Hamdan (2021) devel-
oped a bi-objective optimisation model that minimises total
rehabilitation costs and maximises performance resulting
from the latest rehabilitation actions applied to bridge decks.
In Ehsan Fereshtehnejad and Hur (2022), an optimal
budget allocation framework is proposed for maintenance,
repair, and total replacement actions for bridge portfolios,
aiming to minimise agency costs to maintain bridges in a
like-new state.

A multi-objective optimisation model using an exponen-
tial chaotic differential evolution algorithm is introduced in
Abdelkader, Moselhi, Marzouk, and Zayed (2022). The
model includes maximising the performance condition of
bridge elements, minimising agency and user costs, mini-
mising traffic disruption duration, and minimising environ-
mental impact. In Han and Frangopol (2022a), optimisation
is performed to obtain optimal maintenance strategies with
objectives related to connectivity and maintenance cost, con-
sidering the conditional failure of network connectivity
given the failure of a specific bridge.

Z. Zhang, Labi, Fricker, and Sinha (2017) presented a
methodology to establish the optimal timing conditions for
each standard maintenance and rehabilitation intervention
used by the Indiana Department of Transportation for each
highway bridge, thereby developing long-term, condition-
based schedules. The effects on the bridge performance
trend resulting from differences between post-treatment and
pretreatment interventions were also explored. However, no
budget constraints were considered in the optimal schedul-
ing process.

At the bridge network level, Casas, Alonso-Farrera, and
Nazar (2006) developed a specific bridge stock model to
optimise fund allocation for selecting maintenance or
rehabilitation policies for the Bridge Management System of
Chiapas State in Mexico. This involved utilising joint
optimisation of maintenance and rehabilitation policies
employing a genetic algorithm to find optimal costs for
different policies, considering the deterioration process with
Markovian transition matrices.

Patidar et al. (2007) developed a bridge management sys-
tem to determine the overall optimality of investment deci-
sions based on a desired combination of selected performance
measures. This approach enables making investment choices
based on optimal forecasted performance. The methodology
involves conducting a multi-criteria utility function for the
selection of bridge interventions, which includes optimising
the identification and evaluation of network-level solution
approaches.

These previous examples show how to allocate maintenance
resources for a group of bridges or individual bridges in a trans-
portation network. However, few studies consider the impact of
executing interventions, such as the interconnected effects of
interventions on individual bridges within the network caused
by spatial proximity. Bocchini and Frangopol (2011) presented a
framework for optimising preventive maintenance scheduling in
bridge networks, considering the correlation between bridge
states and utilising a probabilistic model. This model accounts
for the expected damage levels of two bridges subjected to the
same extreme event scenario and their spatial proximity.
However, an important aspect of this methodology is its compu-
tational efficiency and the absence of real-data-based cost evalu-
ations for the interventions. Kammouh, Nogal, Binnekamp, and
Wolfert (2021) presented an integrative multi-system method,
known as the 3C concept, to account for infrastructure connect-
ivity by considering the spatial proximity of objects within infra-
structure networks. This involves formalising a mathematical
method for intervention scheduling at a network level, capable
of obtaining the most efficient intervention programme. These
examples underscore the importance of developing intervention
programmes for spatially close and functionally connected struc-
tures simultaneously.

In this study, we introduce a novel extension of the inte-
grative multi-system optimisation 3C concept. This exten-
sion, named B-3C, focuses on optimising budget allocation
for bridge interventions at the network level, specifically for
maintenance and repair activities. B-3C builds upon the
core principles of the 3C framework but introduces add-
itional elements and modifications tailored to address opti-
mal budget allocation for bridge intervention programmes.
We extend the existing framework by incorporating two
types of interventions while maintaining the mathematical
linearity of the problem. This mathematical property ensures
its applicability to portfolios containing a large number of
bridges. Furthermore, it considers factors such as deterior-
ation, budget constraints, and the time between consecutive
interventions. The B-3C methodology for optimising bridge
intervention scheduling addresses a significant gap by con-
sidering the interconnected effects (additional costs) of
interventions on individual bridges within the network sys-
tem caused by the spatial proximity of the bridges.
Additionally, the methodology provides practical guidance
for estimating both direct and user costs through the ana-
lysis of a real-data-based bridge network. It can be applied
in conjunction with various bridge ranking systems that rely
on performance indicators, including condition state and
traffic load effects criticality, making it a valuable tool for
efficiently planning interventions within extensive bridge
networks.

The remainder of the paper is organised as follows.
In Section 2, we present the theoretical introduction of the
concepts used in this study, including the framework for
optimising intervention activities on bridge networks and
the mathematical formulation of the optimisation problem.
Section 3 presents a numerical example to illustrate the
applicability of the proposed optimisation model. Section 4
discusses the application of the proposed optimisation



model to a bridge portfolio of 555 bridges. Finally, conclu-
sions are drawn in Section 5, along with proposed future
work.

2. Methodology

In the context of this study, the goal of optimal intervention
planning for a bridge network is to schedule interventions
for each bridge in a manner that minimises the overall
intervention cost. While bridge managers often face other
explicit goals, such as minimising vulnerability to damage or
maximising the average condition of the bridge network
(Patidar et al., 2007), our primary interest is solely to min-
imise the total cost of interventions. Figure 1 illustrates a
simplified version of the proposed framework for optimal
intervention planning used in this research.

First, relevant information about the bridges within the
network is gathered, cleaned, and analysed to obtain key
variables for the analysis. These variables include bridge
type, number of spans, construction costs, bridge rating,
and average annual daily traffic (AADT). If construction
costs are not available, they can be estimated using paramet-
ric cost models. Additionally, the direct and user costs asso-
ciated with bridge interventions at the initial time step of
the analysis are calculated.

Next, the rate of bridge deterioration is estimated using a
bridge deterioration model. Subsequently, the associated dir-
ect and user costs are determined. The 3C concept,
extended to bridge portfolios (B-3C concept), is then
applied. Finally, the methodology yields an optimal inter-
vention programme aimed at minimising the overall inter-
vention costs. It should be noted that the framework
depicted in Figure 1 does not cover all aspects of bridge
intervention planning. A practical application of this frame-
work is illustrated in Section 3. The following section intro-
duces the B-3C concept and its mathematical formulation.

2.1. Integrative multi-system optimisation approach: 3C
concept

The integrative 3C concept, introduced by Kammouh et al.
(2021), is an approach for optimal intervention planning
that accounts for the interdependencies between assets
across multiple infrastructure systems. It includes three
stages: (i) centralise, (ii) cluster, and (iil) calculate. In stage
(i), intervention types are classified into central and
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non-central. Central interventions must occur at pre-estab-
lished times, with no allowance for delays or advances.

During stage (ii), non-central interventions are clustered
with the planned central interventions while respecting prede-
fined individual constraints, such as the time interval between
successive interventions of the same type. Each intervention k
is assigned two values, Guin,x and Gmax > representing the
minimum and maximum time intervals, respectively, between
two interventions of the same type. For central interventions,
since they occur at fixed intervals, Gminx and Gmax are
equal.

In the final stage (stage iii), the optimisation of the inter-
vention programme that meets the initial conditions is
calculated. The primary objective of the 3C optimisation
process is to minimise the overall cost of interventions, div-
ided into direct costs (the interventions themselves) and
user costs (service interruptions of affected assets). This
optimisation approach is straightforward and easily scalable.
Differentiating between central and non-central intervention
types enables effective planning in systems with numerous
interconnected objects, considering their interdependencies.
For a complete overview of the 3C concept, refer to
Kammouh et al. (2021).

2.2. Extension of 3C concept to bridge portfolio: B-3C
concept

As mentioned in Section 1, this study aims to optimise
budget allocation for intervention planning within bridge
networks by considering two distinct types of interventions:
maintenance and repair. This represents a methodological
extension, as the original 3C concept only considers one
possible intervention per asset. Maintenance refers to pro-
active actions taken to ensure that a bridge wears and tears
as expected, while repair refers to actions that correct
defects affecting functionality or safety. Maintenance activ-
ities are classified as non-central interventions, whereas
repair activities are classified as central interventions.

Given the consideration of interactions among various assets,
it is important to account for the interdependencies that exist
between bridges within the network. Interdependencies can be
classified into physical and geographical. Physical interdepend-
ency refers to the existence of a physical connection between
two objects, such as two bridges in a series. Geographical inter-
dependency arises when an event, such as an intervention,
affects the functionality of multiple bridges due to spatial
proximity.

Cost estimate
for the initial
time step.
Bridge network C(.)St SEUTRAEERI O B 3-30 Optimal intervention
database time step throughout —» Centralize, Cluster, > s
’ the analysis period. Calculate. ’
Bridge
deterioration
model.

Figure 1. Optimal intervention planning of a bridge network framework.
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2.2.1. Bridge total costs

Developing a comprehensive and universally applicable
methodology for estimating bridge maintenance and repair
costs within the context of bridge service life management is
challenging due to the substantial variability in costs arising
from diverse circumstances. For the purpose of this research,
a global intervention cost function, based on Skokandi¢ and
Ivankovi¢ (2022) and Kammouh et al. (2021), is utilised and
described as follows:

C=Cu + Cym + Cr + Cyr (1)

where C represents the total cost of the bridge, Cys stands
for bridge maintenance cost, Cy)y refers to the bridge user
costs due to maintenance interventions, Cy represents the
bridge repair cost, and Cyg indicates the bridge user costs
resulting from repair interventions.

2.2.2. Bridge maintenance and repair costs
Estimating maintenance work costs often requires adjust-
ments once the work is in progress (Ryall, 2010a). The
Organisation for Economic Co-operation and Development
proposes that maintenance costs should ideally constitute
approximately 3% of the asset value (International Transport
Forum, 2023). In contrast, the investment in bridge mainten-
ance in Mexico is around 1% of the bridge value (Quinto &
Enrique, 2007). Historical data from UK local authorities
indicates that their maintenance budgets have traditionally
ranged between 0.3% and 0.5% of the bridge construction
cost (Palmer & Cogswell, 1990). Similarly, a study on the
maintenance of the Tamar Bridge located in southwest
England observed that the mean annual cost of maintenance
is around 0.35% of the total bridge value (Harding, Gerard,
& Ryall, 1990). Nevertheless, such generalised numbers may
lack the necessary specificity for accurately evaluating the
maintenance expenses of individual bridge interventions.
Regarding bridge repair costs, the expenses are on
average 5% of the initial bridge cost (de Brito, Branco,
Thoft-Christensen, & Serensen, 1997). However, for a more
practical application, Skokandi¢ and Ivankovi¢ (2022) has
developed a more pragmatic approach, building upon the
methods introduced by Community Research and
Development Information Service (2012) and Mandic
Ivankovié, Kuster Mari¢, Skokandié, Njirié, and Siljeg
(2019). This approach offers a straightforward way to esti-
mate repair costs, Cg, by taking into account the bridge reli-
ability levels obtained. It introduces two crucial factors: fr
(see Equation (4)), which represents repair costs as a per-
centage of the total bridge value, Cpy. The total bridge value
is a function of f, which indicates the bridge importance in
the transport network and impacts the construction cost,

Table 1. Values of reliability index given damage level.

Co. Consequently, the following relationships have been
established:

Cr = faCsv (2)
Cgv = f3Co (3)

fr = 0.36138% — 2.8572B + 5.622; max(fz) =2.0  (4)

Notice that the maximum value for fx is 2 (200%), appli-
cable to bridges in critical condition. The reliability indices
for various damage levels are presented in Skokandi¢ and
Ivankovi¢ (2022), Community Research and Development
Information Service (2012), and Mandi¢ Ivankovi¢ et al.
(2019), as shown in Table 1. The bridge importance factor
according to Skokandi¢ and Ivankovi¢ (2022) can be
estimated using:

1
fB =14 E [O.Z.’S(SRC + SAADT + SDD) + O.IZS(SLS + STL)]
€)

where Sgc denotes the road category grade, Ssapr represents
the average annual daily traffic grade, Spp indicates the
detour distance, S;s stands for the largest span grade, and
Str represents the total length of the bridge grade. Each of
these parameters is assigned a grade from 1 to 5 (Mandié
Ivankovi¢, Skokandié¢, Kuster Mari¢, & Srbic, 2021). As
noted, the direct cost of each bridge intervention depends
on two factors: the geometric characteristics of the bridge,
represented by Cgy, and the condition of the bridge at the
time of intervention, denoted by fz. It is important to note
that in the context of the work done by Skokandi¢ and
Ivankovi¢ (2022), this approach assumes full-bridge repair.
However, we adopt this method for its practicality in esti-
mating repair costs.

Grades for assessment of the bridge importance factor fg
at the network level are according to five criteria (Mandi¢
Ivankovi¢ et al., 2021), adjusted to the size of the MHC net-
work under study.

2.2.3. Bridge user costs

In the context of global cost-benefit analyses of bridge inter-
ventions, an increase in bridge user travel time due to con-
gestion resulting from the partial or complete closure of the
bridge will result in indirect costs (Bhattacharjee & Baker,
2023). To estimate these costs in terms of daily monetary
loss due to prolonged commuting time, the approach of
Mandi¢ Ivankovi¢ et al. (2019) based on the fundamental
concepts of Daniels, Ellis, and Stockton (1999) is used.
Hence, the bridge user costs, Cy;, are calculated as follows:

Cy =AADT C,, Ty (6)

Damage level Description Reliability index f
1 Minor damage. No influence on the stability, durability, or traffic safety. 3.8

2 Slight damage. Safety in tolerable range, no impact on traffic. 33

3 Medium damage. Safety in tolerable range, medium impact on traffic, traffic obstruction. 3.0

4 High damage. Safety under minimum requirements, durability and traffic are severely affected. 23

5 Demolition imminent. Component failure. p<23




where AADT is the average annual daily traffic on the
bridge, C,. represents the user costs per vehicle based on
the estimated prolonged travel time, and Ty is the unavail-
ability period caused by the bridge intervention. As men-
tioned in Section 2.2.1, two user costs are considered:
the bridge user costs due to maintenance intervention Cyj,
and the bridge user costs due to repair activities Cyz.

The estimation of C,, requires numerous parameters,
such as intervention urgency, bridge size, and type, to be
taken into consideration. Due to the variability involved, the
approach presented in Skokandi¢ and Ivankovi¢ (2022) to
calculate C,, for the unavailability period of one month is
employed, as described by the following equation:

Coe= (W P wa+0o W Py, wp)t, (7)

where W is the average daily wage earned by a passenger,
P,. represents the average number of passengers per vehicle,
w, and w, represent the number of weekdays and weekend
days considered correspondingly, o is a factor that accounts
for the fraction of costs associated with weekend days, and
t, is the estimated prolonged travel time.

2.2.4. Definition of the relationship matrices

Let us assume a bridge portfolio that represents a bridge
network B= {1, ...,N}. To model the interdependencies
among the bridges in the network, an interaction matrix I
is employed. This square matrix, defined in Equation (8),
utilises interaction coefficients I;; to determine whether
one bridge affects another. Intervention on one bridge may
partially affect other bridges in the network, thus the inter-
dependency between bridges in the network is not neces-
sarily binary (Kammouh et al.,, 2021). This is mainly due
to the existence of alternative routes. In such situations
0 < I;j < 1. In this study, to quantify this partial influence,
the travel time reliability between bridge i and bridge j
according to Equation (9) is employed, where min{tr;;} is
the minimum route travel time of all the routes available
between bridge i and bridge j under normal conditions
and min{triy;;} is the minimum travel time of all the
routes available between bridge i and bridge j under the
intervention at bridge i (Arango et al., 2023). It is noted
that friy,;; is dependent on the estimated prolonged
time, t,, caused by the intervention on bridge i, i..
tin,i,j = tij + tp,i-

I;; = 0 means that bridge i does not influence bridge j,
whereas I; j = 1 signifies the opposite, i.e. bridge i has a full
influence on bridge j (for example, due to the absence of
alternative routes between the bridges). The interaction
matrix can be asymmetric due to non-reciprocal interac-
tions, but its diagonal terms are fixed at I;; = 1 to indicate
that a bridge always interacts with itself. Equation (9)
implies that as ¢, becomes long, the value of I;; approaches
1. Conversely, for short durations of ¢, I; ; tends to 0:

Il,l Il,N
I=)=|: . ®)

I In N
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min{tr;;j} min{tr; ;}

Li=1 )

min{trim, l',j} min{tr,;j + tp,i}

To indicate which intervention type k affects each bridge
i, a relation matrix R is established. The components #;
take binary values, r;x = {0,1}, determining whether bridge
i is affected by intervention k, with k= {1,2,...,2N}. In
the context of bridge interventions, where each bridge can
have either maintenance or repair, the range for k is as
follows: k= {1, ...,N} corresponds to maintenance inter-
ventions, while k = {N + 1, ...,2N} represents repair inter-
ventions. For instance, intervention k=1 is maintenance for
bridge 1, and intervention k =N + 1 corresponds to the
repair of bridge 1. When r;; = 0, it means that bridge i is
not affected by intervention k, while 7, =1 implies the
opposite. The relation matrix is:

1,1 ,N T1,N+1 T1,2N

R = [f’i,k] = (10)

N,N TN,N+1 I'N,2N

2.2.5. Objective function

In this study, the optimal intervention plan can be achieved
by minimising the total intervention cost over the analysis
period. This cost includes both the direct intervention costs
and the user costs caused by the unavailability of the bridge,
such as partial closure due to the intervention as mentioned
in Section 2.2.1. The minimisation process considers both
the condition of the bridges and the budget limitations.
Within the context of bridge networks, the optimisation
problem can be expressed as:

where D = {d;,}, with dimensions of N x 2T, is a decision
matrix. This matrix indicates when each intervention occurs
during the total time of analysis, which is discretised into T
time step components representing a At time interval. Thus,
the total time of analysis is TAt. To clarify, two distinct
ranges have been defined: t+ = {1,...,T} corresponds to
maintenance interventions, and ¢t = {T + 1, ...,2T} repre-
sents repair interventions. For example, t=1 indicates
maintenance interventions occurring during the first time
step, and t = T+ 1 indicates repair interventions occurring
during the first time step of the analysis period.
The total direct cost of bridge maintenance is given by:

N T
Cu = Z;Cm dis

i=1

(12)

where Cy; € R" is the direct cost of performing mainten-
ance on bridge i. d;; € {0,1} are the components of the
decision matrix indicating at which time step ¢t each main-
tenance type is conducted.

The total bridge user costs caused by the maintenance
given by:
T

> Comi 8([1] " rik dii)s for k=1,...N

=1

(13)

M=

Cym =
i=1
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where Cyjy; € R is the user cost of bridge i caused by per-
forming maintenance. The function J(.) represents the
Kronecker delta defined as follows:

a@:{?

The Kronecker delta is applied to every element of the
resulting matrix, which has dimensions of N x T. This use
of the Kronecker delta enables the assessment of clustering
interventions by incorporating the user costs for an affected
bridge only once, even if multiple interventions impacting
its performance are happening simultaneously.

The total direct cost of bridge reparation is given by:

N

2T
Cr= Z Z Cri dis

i=1 t=T+1

if x=0

if x # 0 (14)

(15)

where Cr; € R" represents the direct cost of performing
repair on bridge i.
The total bridge user costs caused by the repair are given
by:
N 2T

Cyr = Z Z Crui 6 ([Ii,j]T Tik di,t))

i=1 t=T+1 (16)

for k=N+1,...,2N

where Cyjr; € R™ is the user cost of bridge i caused by per-
forming repair. It is noted that each maintenance or repair
intervention is assumed to be entirely performed within a
time interval.

2.2.6. Constraints

The first constraint set imposes a minimum time interval
between any two successive maintenance interventions of
type k per bridge i, denoted by Guin i, ;- As repair interven-
tions are assumed to be central, these interventions do not
have any minimum time requirements, just the fixed repair
time. This first constraint is defined by:

t+Gmin, k,i—1

0< dis<1 t=1—T—Gunri+1 k=1...N, i=1...N

s=t

(17)

The constraints defined restrict any two successive inter-
ventions of type k per bridge i to have a time interval not
larger than Guax x> as shown by Equation (18) for main-
tenance interventions and by Equation (19) for repair inter-
ventions. Equation (19) indicates that the repair
intervention should not be carried out after Gy ;- It is
assumed that Gpayk; for k={N+1,...,2N} is equal to
Gmax.k,i for k={1,...,N}:

1+ Grmax, kyi—1
dis>1 t=1—>T-Gpaki+1l, k=1...N, i=1...N
s=t
(18)
t+Gmax, k,i—1
dis>1 t=T+4+1—2T - Guaxri+ 1, k
s=t
=N+1...2N, i=1...N (19)

In the context of the analysis, it is important to consider
the scenario where repair interventions are required, and
maintenance interventions are not needed for the remainder
of the time under examination. Let B,, represent a subset of
the bridges under study B, containing m elements, which
represent the bridges requiring repair, ie. B, = {b;} C B.
Consequently, the bridges in B,, do not require any main-
tenance interventions. This constraint set can be defined as
follows:

T
Zdj,tzo forj=1,...,m (20)
t=1
2T
Zdj,tzl forj=1,...,m (21)

t=T+1

The maintenance and repair costs for each bridge vary
significantly from one time step to another, and there is a
limited budget, denoted as E,, for the bridge owner (Lad,
Patel, Chauhan, & Patel, 2022). This budget limitation con-
straint only impacts the direct costs related to maintenance
and repair interventions. The budget limitation constraint is
defined as:

N
Z(CMZ di,t + CR,' di,tJrT) S E[ fOI' t= 1, ey T

i=1

(22)

It is noted that the mathematical problem defined in
Sections 2.2.5 and 2.2.6 is a mixed-integer linear optimisa-
tion problem where the variables (d; ) are binary.

3. lllustrative application
3.1. Case study description: Mexican bridge system

The backbone of the Mexican national road network com-
prises fifteen major highway corridors (MHC), which extend
over approximately 20,000km. These corridors represent
over 55% of the highway traffic volume in the country
(Secretaria de Comunicaciones y Transportes, 2017). To
effectively manage, preserve, and maintain the numerous
bridges within this network, Mexico employs the Mexican
Bridge System, known as SIPUMEX (for its acronym in
Spanish) (Direccion General de Conservacion de Carreteras,
2021). Managed by the Mexican agency Ministry of
Communications and Transport (SCT, for its acronym in
Spanish), SIPUMEX plays a pivotal role by documenting the
structural condition of individual assets and allowing the
scheduling of necessary maintenance activities. As of 2009,
SIPUMEX data indicates that there are a total of 576 bridges
strategically positioned within the MHC network.

SIPUMEX employs a rating index (Bg) system to deter-
mine the condition of bridges and to carry out the necessary
actions for their maintenance or repair. This scale ranges
from 0 for bridges that are in excellent condition to 5 for
bridges with significant damage that requires immediate
attention. The bridge scale, description, and corresponding
time intervals between two consecutive interventions, G,,;,
and G, are presented in Table 2. It is noted that the time
intervals in the description are only established for rating



indices Br = {3,4,5}. However, to offer a comprehensive
illustration in this study, uniform increases of two years for
the remaining rating indices are assumed. For Br = 2, the
time interval ranges from G,,;, = 5 to G,,,, = 7 years, and
for By = 1, the time interval ranges from G,,;, = 7 to G
= 9vyears (as presented in italics in Table 2).

3.2. Intervention cost estimation

To quantify the financial aspects of the intervention plan-
ning, construction costs are estimated. The estimation of
intervention costs related to bridge maintenance and repair
is conducted following the methodology presented in
Sections 2.2.2 and 2.2.3. To illustrate this process, a specific
example is provided. The MHC number 3, known as
Querétaro-Ciudad Juarez, includes a total of twelve bridges,
as shown in Figure 2. The general information related to
these bridges is summarised in Figure 2. This information is
derived from the SIPUMEX database and provides a concise
overview of the key characteristics of these bridges. The
construction costs, C,, are estimated using the parametric
cost approach specified by the SCT for the year 2023
(Secretaria de Comunicaciones y Transportes, 2022) as
shown in Supplementary Appendix A.l.

The specific cost breakdown for each bridge type is pre-
sented in Supplementary Tables A.1 to A.3. These costs are

Table 2. SIPUMEX rating scale.
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direct costs associated with the construction of the bridges,
which depend on geometric characteristics such as the num-
ber of lanes, maximum span length, and maximum bridge
height. An analysis period of 18 years is selected to encapsu-
late the maximal temporal extent of the interventions at
least twice, in accordance with Table 3. The time interval
At is set to oneyear, thus 7= 18. Nevertheless, the method-
ology allows for a wider (or narrower) range of years to be
used for different analyses.

To calculate the total intervention cost Cgy, Equations
(3) and (5) are employed, utilising the relevant data sourced
from the SCT. The bridge repair costs Cr are determined
using Equations (4) and (2). The grades for the computation
of fz adjusted to the size of the MHC network under study
are shown in Supplementary Table A.4. A direct association
with the values of Bz shown in Table 2 and the damage
levels shown in Table 1 is made according to the corre-
sponding descriptions. Hence, the values of the reliability
index f are directly inferred from the rating values. For
example, a bridge with Br = 4 corresponds to B = 2.3. It is
noted that while the inferred f values serve the purpose of
exemplification, they may not precisely correspond with
reality. For the sake of simplicity, it is assumed that the
maintenance costs, Cy;, are equivalent to 15% of the repair
costs, i.e. Cy = 0.15Cy. This is roughly equivalent to 3% of
the bridge construction costs suggested by International
Transport Forum (2023), particularly for bridges with a

Br Description Gmin Gimax
0 Recently built or repaired structures, no problems. - -
1 Bridges in good condition. No attention is required. 7 9
2 Structures with minor problems, indefinite time frame for attention. 5 7
3 Significant or medium damage, repair required within three to five years. 3 5
4 High to severe damage, repair required within one to two years. 1 2
5 Extreme damage or risk of total failure. Repair required immediately or within one year 0 1

>
2
O
&
\\\i
\’\0
) \
M Bridges %
MHC 03 i
I Federal entities
g
0 100 200 km
[

Figure 2. Bridges with a Bz > 0 located at MHC 3. Labels located next to each bridge represent its corresponding ID number.
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Table 3. General information about bridges with a Bz > 0 located at the MHC 3 Bridge construction cost, Cy, in millions of Mexican pesos (MMP, 1MP ~

0.05 EUR.).

Bridge (i) Name Lanes Spans Max span [m] Total length [m] AADT Br Co [MMP] p Gpin [years] Gmax years]
1 San Pedro 4 1 9.8 9.8 6997 1 19.03 3.82 7 9
2 Maravillas 2 2 6 11.9 8009 2 3.28 3.30 5 7
3 San Antonio 2 1 18.7 18.7 5114 2 11.28 3.30 5 7
4 La Sed 2 1 10.5 10.5 4919 2 10.35 3.30 5 7
5 Sombreretillos 2 1 11.6 11.6 4378 2 10.35 3.30 5 7
6 Cerro Gordo 2 1 15.7 15.7 4748 1 11.28 3.82 7 9
7 El Sabino 2 2 73 14.6 9703 3 3.67 3.00 3 5
8 Apaseo el Alto Il 2 2 6.4 12.7 12,619 2 3.40 3.30 5 7
9 Las Nieves 2 2 6.3 11.7 5033 1 3.25 3.82 7 9
10 Los Gemelos | 2 1 6.1 6.1 5033 2 7.25 3.30 5 7
1 Los Gemelos I 2 1 6.1 6.1 5033 1 7.25 3.82 7 9
12 Nuevo Rio Grande 2 3 20.7 61.7 2850 2 11.54 3.30 5 7

rating index of 2, a characteristic shared by the majority of
bridges under study. It is noted that this assumption is
made to illustrate and facilitate the use of the methodology
presented herein. However, it is acknowledged that the
assumption needs to be validated for all bridges, especially
those with rating indices different from 2.

The user costs arising from the unavailability of bridges
due to intervention actions are obtained using Equation (6).
When bridge maintenance is executed, assuming that inter-
vention works are conducted separately for each lane, a pro-
longed travel time (¢,) of approximately 1.5min is
considered. Furthermore, the unavailability period, Ty, due
to maintenance is approximated at two months. The repair
work duration spans 11 months, with a corresponding ¢, of
approximately 5 min, taking into account available alternate
routes and considering that repair works are performed
independently for each lane. This means that under neither
of the two interventions under study will the bridge ever be
fully closed. It is noted that, in practice, ¢, could exceed the
assumed values. This could depend on numerous factors
such as the location and area of the bridges. However, for
simplification purposes, the assumed unavailability periods
and prolonged travel times are derived following the recom-
mendations of Community Research and Development
Information Service (2012) and Skokandi¢ and Ivankovié
(2022).

For calculations involving the user costs, Cy and C,, (see
Equation (7)), an average hourly wage (W) of 36.62 MP
(Mexican pesos) and an average of 1.8 passengers per
vehicle (P,,) are considered, both obtained from data gath-
ered by the National Institute of Statistics and Geography
(INEGI, for its acronym in Spanish) (Instituto Nacional de
Estadistica y Geografia, 2023b) and the Mexican Institute of
Transport (IMT, for its acronym in Spanish) (Instituto
Mexicano del Transporte, 2020). Additionally, 20 weekdays
(w,) and 10 weekend days (w}) are considered. To derive an
estimate for weekend days, it is considered a cost equivalent
to 50% (oo = 0.5) of the workday cost. The obtained inter-
vention costs for the bridges located at MHC 3 are shown
in Table 4. In Supplementary Appendix A.2, a numerical
example of the estimation of the intervention cost for one
bridge is presented.

Table 4. Intervention costs in millions of Mexican pesos (MMP, 1MP =
0.05 EUR).

Bridge ()  Coy [MMP] Gy [MMP]  Cyw [MMP]  Cq [MMP]  Cyz [MMP)
1 3140 0.05 029 031 5.77
2 525 0.10 033 067 9.90
3 18.61 036 021 2.38 6.32
4 17.08 033 020 219 405
5 17.08 033 0.18 219 5.41
6 1861 0.03 020 0.19 5.87
7 6.05 027 0.40 1.83 11.99
8 5.60 0.1 052 072 15.60
9 536 0.01 021 0.05 6.22
10 11.96 023 021 153 415
m 11.96 0.02 021 0.12 415
12 1932 037 035 247 431

3.3. Bridge deterioration modelling

Bridge deterioration modelling plays a crucial role in formu-
lating effective bridge maintenance programmes. An accurate
estimation of the rate of deterioration for a bridge enables
bridge owners to plan their budgets efficiently for necessary
interventions. In this context, the use of a deterioration
model based on the Simplified Kaplan-Meier probabilistic
deterioration model, specifically designed for prestressed
concrete superstructures in the United States (Cavalline,
Whelan, Tempest, Goyal, & Ramsey, 2015), is illustrated.
This simplified deterioration model adopts the characteristics
of a stationary Markov-chain model.

In the United States, bridge ratings range from 0 to 9,
with 9 representing excellent condition. On the other hand,
Mexican bridges follow a scale from 5 to 0, where O repre-
sents excellent condition or recently built or repaired
structures. To align these differing rating systems, a straight-
forward correspondence is established based on the inter-
pretation of each rating. For instance, a United States bridge
rated at 7, categorised as being in Good Condition, corre-
sponds to a Mexican bridge with a rating of 1. It is noted
that this example might not represent the actual relationship
between the bridge rating systems of the United States and
Mexico. Bridge rating systems are considerably intricate and
encompass various other influential factors. For comprehen-
sive and bridge-specific models, sophisticated methodologies
such as Time In Condition Rating or Markov Transition
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Probability should be employed (Cavalline et al., 2015).
The transition probability matrix used for making predic-
tions about condition ratings based on the Simplified
Kaplan-Meier probabilistic deterioration model is given by:

(096 004 0 O 0O 0O O 0 0

0 094 006 0 0 0 0 0 0

0 0 097 003 0 0 0 0 0

0 0 0 091 009 0 0 0 0

P=| 0 0 0 0 09 004 0 0 0

0 0 0 0 0 09 00l 0 0

0 0 0 0 0 0 075 025 0

o 0 o0 0 0 0 0 075 025

o o o o o o0 0 0 1 |
(23)

For illustrative purposes, the costs associated with the
bridge El Sabino (bridge i=7, according to Table 3) for
deterioration over the first 11 years are shown in Table 5. It
is noted that the parameters Guinx and Gpmax Mmaintain a
consistent value over the entire duration of the analysis,
regardless of the extent of degradation encountered by the
bridge at each time step. This consistency arises from
the underlying applied degradation model. Specifically, the
bridge rating remains unchanged during intervals between
two successive maintenance interventions that occur within
intervals of less than 15 years, particularly in cases where the
initial rating of the bridge is below 4. As can be seen in
Table 5, the rating of the bridge El Sabino (initial rating of
3) changes to 3.25 after 11 years. However, due to rounding,
the rating value remains classified as 3. In the case of
bridges with an initial rating of 4, progression to level 5
occurs within a mere three-year time frame. As a result,
repairing these bridges within the initial two years presum-
ably would be a more cost-effective strategy than their con-
tinuous maintenance.
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Notice that the costs shown in Table 5 must be adjusted
according to a simple investment principle. A capital,
denoted as CAP, when invested over TAt years at an inter-
est rate of ir, leads to an outcome denoted as C=
CAP(1 + ir)™" (Ryall, 2010b). Employing an interest rate of
4.5%, which corresponds to the average inflation rate of
Mexico during the interval 2012-2022 (Instituto Nacional
de Estadistica y Geografia, 2023b), the total cost of bridge
maintenance interventions Cy + Cyjy per bridge and the
total cost of bridge repair interventions Cg + Cyr for the
first five years are shown in Table 6.

Once the direct costs given the deterioration model and
the user costs are estimated for all the bridges under study,
the following section presents the application of the B-3C
concept optimisation model.

3.4. Relationship matrices

In the MCH 3, there are three clusters of bridges closely
located to each other. A bridge is assumed to belong to a
cluster when the distance to other bridges is less than or
equal to 10 km, as illustrated in Figure 2. These clusters are:
(1) bridges i={5,6}, (2) bridges i={7,8}, and (3)
bridges i = {7,8,9}. Any intervention on one bridge within
a cluster will impact the performance of other bridges in the
same cluster. Performing interventions on bridges i=
{1,2,3,4,12} will not affect any of the other bridges.

For example, Table 7 presents the information necessary
to compute the interaction matrix for cluster 3 (see Figure 3)
assuming a ¢, = 5min for all bridges. The first two columns
display the bridge indices, indicating the direction of travel
flow from bridge i to j. The third column represents the
route travel time between bridge i and bridge j, assuming
free flow and a constant travel speed of 60 km/hr. The fourth

Table 5. Bridge El Sabino intervention costs associated with bridge deterioration rating using the simplified Kaplan-Meier probabilistic deterioration model.

Year 0 1 2 3 4 5 6 7 8 9 10
Bg 3.00 3.01 3.03 3.05 3.07 3.10 3.12 3.15 3.18 3.22 3.25
p 3.00 2.99 2.98 2.97 2.95 293 291 2.89 2.87 2.85 2.83
fa 0.30 0.31 0.32 0.33 0.34 0.35 0.36 0.38 0.40 0.41 0.43
CRIMMP] 1.83 1.87 1.92 1.98 2.05 2.12 221 2.30 2.40 2.51 2.62
Cu[MMP] 0.27 0.28 0.29 0.30 0.31 0.32 0.33 0.35 0.36 0.38 0.39

Table 6. Annual total costs of bridge maintenance, Cy + Cyjy, and repair, Cz + Cyj, interventions.

Cu + Cum [MMP] Ce + Cyn
Year

Bridge (i) 0 1 2 3 4 0 1 2 3 4

1 034 035 038 0.40 0.42 6.08 638 6.70 7.03 7.39
2 043 045 048 051 0.53 10.57 11.08 11.60 12.15 12.73
3 0.57 0.61 0.65 0.70 0.74 8.70 9.19 9.71 10.25 10.82
4 053 0.57 0.61 0.65 0.69 6.24 6.61 7.00 741 7.84
5 051 0.55 058 0.62 0.67 7.60 8.03 8.48 8.96 9.46
6 022 0.24 025 0.26 0.28 6.06 6.34 6.65 6.97 7.30
7 0.67 0.71 075 0.80 0.84 13.82 14.48 15.19 15.94 16.75
8 0.63 0.66 0.69 0.73 0.77 16.31 17.08 17.88 18.71 19.59
9 0.22 023 0.24 0.25 0.26 6.28 6.56 6.86 718 7.51
10 0.44 047 050 053 0.56 5.68 6.00 633 6.68 7.05
1 023 0.24 025 0.26 0.28 4.27 447 4.68 491 5.14
12 0.72 0.77 0.82 0.87 093 6.78 7.19 7.61 8.06 8.54

Note: Costs in [MMP].
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Table 7. Travel times (in minutes), and partial effects caused by intervention in bridges i = {9,10,11}.

B; B; tr bp,i trint,9,j trint, 10,j tring, 11, lo,j ho,j h,j Max [, ;
9 10 1.44 5.00 6.44 1.44 1.44 0.78 0.00 0.00 0.78
9 1" 1.45 5.00 6.45 6.45 1.45 0.78 0.78 0.00 0.78
10 1 0.04 5.00 0.04 5.04 0.04 0.00 0.99 0.00 0.99
10 9 1.44 5.00 1.44 6.44 1.44 0.00 0.78 0.00 0.78
1" 9 1.45 5.00 1.45 6.45 6.45 0.00 0.78 0.78 0.78
1" 10 0.04 5.00 0.04 0.04 5.04 0.00 0.00 0.99 0.99
column denotes the prolonged travel time caused by the
intervention. Columns five to seven display the route travel
time between bridge i and bridge j caused by intervention
on bridge i. Columns eight to ten correspond to the com- .11
puted elements of the interaction matrix, I, resulting from 10 ..9 A
intervention on bridge i using Equation (9). Finally, column AN
eleven shows the selected element for the interaction matrix,
which corresponds to the maximum value obtained from
interventions on individual bridges, i.e. the maximum value
of columns eight to ten.
. . Brid

It is noted that I;o; shows higher values when compared e o3
to Io; and Ij;;. This suggests that intervention in bridge =
i=10 has a more significant influence on other bridges, 0 75 15 km ‘.12

implying a potentially more disruptive scenario compared to
interventions on bridges i=9 and i= 11. However, to capture
the biggest influence, the maximum values of the computed
interactions are selected. The result can be read as follows:
executing an intervention in bridge i=9 will affect 78% par-
tially bridge i =10 and i=11. Performing and intervention in
bridge i = 10 will affect 99% partially bridge i =11.>

Using the same procedure for the other clusters, results
show that an intervention in bridge i=5 will affect 34%
partially bridge i=6 and an intervention in bridge i =7 will
affect 56% partially bridge i=8. Therefore, the interactions
between the bridges in MHC 3 can be mathematically repre-
sented using:

1000 0 O O O 0 0 0 0
0100 0 O O O O 0 0 0
0010 0 0O O 0O 0O 0 0 0
0001 0 0 ©0 O 0 0 0 0
0000 1 03 0 0 0 0 0 0
_|000003 1 0 0 0 0 0 0
0000 O O 1 05 0 0 0 0
0000 O O 05 1 0 0 0 0
0000 O O O 0 1 078 078 0
0000 O O O 0 07 1 09 0
0000 O O O 0 078 09 1 0
o000 0 o0 0O 0O 0 0 0 1]
(24)

Each intervention is associated with a specific bridge. As
a result, a total of K=24 intervention types are established,
since there are 12 bridges and 2 possible interventions (i.e.
maintenance or repair) for each bridge. This breaks down
into 12 maintenance intervention types k = {1, ...,12} and
12 repair intervention types k = {13, ...,24} according to
the notation presented in Section 2.2.4. In Equation (25),
the relation matrix between these intervention types and the

bridges is shown:
R = [|ls] (25)

where I, represents the identity matrix of size 12 x 12.

Figure 3. Bridges i = {9,10,11,12}, according to the notation presented in
Table 3 and shown in Figure 2.

3.5. MHC 3 results

The optimal intervention programme is obtained through the
optimisation problem Equation (11) to Equation (22). In the
given example, the most critical state is defined as those exhib-
iting substantial damage, necessitating interventions within a
timeframe of three to fiveyears for bridge i=7 (see Table 3).
Consequently, no immediate bridge repairs are necessary.
However, to delve into the application of the B-3C method,
two scenarios are presented: (1) a case where no repair is
needed and (2) a case where bridges i = {7,8,9} must be
repaired. For Scenario (1), an annual budget constraint of 0.61
MMP (E; =0.61 for t={1,...,T}) is assumed, roughly
equivalent to 0.6% of the MHC 3 bridge network total value.
Additionally, an interest rate of 4.5% is applied. On the other
hand, for Scenario (2), where repairs are indeed necessary, and
prompt action is preferred within the initial two years due to
cost escalation, an extra annual budget of 1.2 MMP, i.e. E; =
1.2 for t ={1,2} and E; =0.61 for t ={3, ..., T} is allo-
cated. The budget allocated, 1.2 MMP, represents around 1.2%
of the value of the MHC 3 bridges, specifically designated for
facilitating the necessary repairs.

Given the escalating costs resulting from bridge degrad-
ation, an initial inference might be that initiating interven-
tions during the initial years of analysis would lead to cost
benefits. However, adopting this approach would require a
more frequent intervention schedule over the study period.
The advantage of the methodology presented herein is the
ability to determine the optimal sequence that minimises
the total number of interventions while ensuring early
implementation to reduce overall expenses.

The number of decision variables in the demonstrative
example is T x K =18 x 24 =432 (K=16 is the number
of intervention types). The optimisation problem was solved



using the Python scipy (Virtanen et al, 2020) Mixed-
Integer Linear Programming algorithm scipy.optimi-
ze.milp. Tables 8 and 9 show the optimal intervention
programme of the intervention types for a period of 18 time
steps for Scenario (1) described in Section 3.4.

In the figure depicted in Table 8, every row on the graph
represents the intervention programme of one intervention
type, where blue squares represent maintenance interven-
tions and red triangles represent repair interventions (see
Scenario (2) Supplementary Table A.5). As can be seen, the
optimisation algorithm assigns the year of intervention
according to the decision matrix D to minimise the total
cost at the end of the study period, given the minimum and
maximum time between interventions and the annual
budget constraints. The table in Table 8 shows, in net pre-
sent value, both the annual budget constraint and the direct
cost. Additionally, the ratio between direct cost and the
annual budget is presented, which shows that the total dir-
ect cost is always below the available annual budget.

Table 9 shows an overview of the optimal intervention
programme. The first column identifies the bridges in the
provided example. The second column indicates the recom-
mended year for conducting repair interventions. Columns

Table 8. Optimal intervention programme Scenario (1).
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3, 4, and 5 display the years assigned for three maintenance
interventions. The remaining columns, 6 to 10, present the
corresponding total costs for the interventions. Similarly, the
results of Scenario (2) are depicted in Supplementary Table
A.6. The total cost for Scenario (1) corresponds to Cgs =
22.82 MMP, while for Scenario (2), the total cost is Cs, =
76.65 MMP. Cs, amounts to approximately 30% of the
total cost Cs,. However, when considering only the total dir-
ect cost for both scenarios, Cp; and Cp, respectively, the
direct cost in Scenario (1), Cp; = 11.42 MMP, represents
roughly 2% more than the total direct cost in Scenario (2)
(Cp, = 11.15 MMP).

The previous comparison suggests that when looking
solely at the direct cost, Scenario (1) could be a more effect-
ive strategy due to its higher investment compared to
Scenario (2). However, the lower direct cost of Scenario (2)
is attributed to the state of bridges i=8 and i=9 with Bg
= 2 and B = 1, respectively, leading to cheaper interven-
tion costs. In real-life bridge scenarios, these bridges would
not need repair, as shown in Table 1.

In a practical scenario where bridges requiring repair
have Bg > 3, Scenario (2) may be a better strategy. By allo-
cating an additional budget for repair, some bridges will be

Intervention programme

Annual cost (NPV)

Year Et [MMP] CD [MPP] I

0,

ERRLE u =12 === Total direct cost ! 061 0.10 16%

il < e 2 061 0.33 54%

=== Total cost 4 0.61 0.46 75%

1 o [ ] -1 — 5 0.61 0.55 89%

=9 i - r B DMlaintenanoe 6 061 0.55 89%
’ i A Repair 7 061 0.42 68%

: " ," 9 061 0.41 67%

H ol _ 10 0.61 0.56 92%

g 1043w ‘m - 11 061 0.57 94%
2 N L Lo ['m 12 061 0.47 76%
g ”~ o I 13 061 0.52 86%
E » Ry " T ! 14 0.61 052 85%
v m - 15 061 0.44 73%

2 17 g g o mlo 16 061 0.50 82%
=t i 17 061 0.52 85%

18 0.61 0.16 27%

12345678 91011121314151617 18

Time [years)

Notes: Annual cost expressed in net present value (NPV). E;:

Table 9. Overview of Scenario (1) results.

annual budget constrain; Cp: total direct cost (Cy + Cg).

Maintenance

Repair

Bridge (i) int; int; inty int3 CR CM CM\U CR\U C

1 - 1 10 - 0.0 0.19 0.58 0.0 0.77
2 - 4 1 18 0.0 0.71 0.99 0.0 1.70
3 - 7 14 - 0.0 1.54 0.42 0.0 1.96
4 - 2 9 16 0.0 1.99 0.61 0.0 2.60
5 - 4 Nl 17 0.0 222 0.73 0.0 295
6 - 1 10 - 0.0 0.1 0.53 0.0 0.64
7 - 5 10 15 0.0 178 1.88 0.0 3.66
8 - 6 12 - 0.0 0.41 1.62 0.0 2.04
9 - 1 10 - 0.0 0.03 1.06 0.0 1.09
10 - 5 12 - 0.0 0.85 1.15 0.0 2.00
1 - 1 10 - 0.0 0.07 1.15 0.0 1.22
12 - 6 13 - 0.0 1.48 0.70 0.0 2.19
Total 0.00 11.38 11.42 0.00 22.82

Note: Total cumulative cost, C = 22.82 MMP, total direct cost, Cp = Cy + Cg = 11.38 MMP. int, : intervention number in year tAt.
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completely repaired, resulting in a healthier infrastructure
network. It is crucial to highlight the importance of consid-
ering the interconnected effects of interventions on individ-
ual bridges within the network system. If these effects are
not taken into account, i.e. I = [I},], the total cost could be
significantly underestimated. For example, without consider-
ing the spatial proximity of the bridges for Scenario (1), the
total cost corresponds to Cg,j;—,,) = 19.12 MMP. However,
this estimation would be erroneous, representing a deviation
of 3.6 MMP from the actual value. This discrepancy trans-
lates to approximately 3.6% of the total value of the bridge
network.

3.6. Agency intervention programme comparison

To evaluate the cost-effectiveness of the solutions, a com-
parison is made between the optimal intervention schedul-
ing and the existing SIPUMEX intervention programme
adopted by the SCT, which operates in two stages. (I)
Preliminary prioritisation: this phase relies on the automated
ranking system based on key factors such as bridge rating,
average annual daily truck traffic (AADTT), and average
annual daily traffic (AADT). (II) Final prioritisation: a man-
ual ranking process prioritises bridges initially identified as
high-ranking (urgent interventions) in the preliminary
phase, while the rest are assessed by performing an individ-
ual review of the bridges and looking for the most damaged
according to the condition of the individual components
and photographic reports until the estimated budget has
been reached (Road Directorate, 1994; Sanchez Jacobo,
2017). Usually, it is assumed that the minimum number of
interventions implies the minimum cost (Adey, Burkhalter,
& Martani, 2020). This implies that the time within two
consecutive interventions is G,,;, = Guax-

In Table 10, the comparison of intervention programmes
for Scenario (1) is shown. The table presents data regarding
the bridges, including their ranking based on the SIPUMEX
preliminary prioritisation, the corresponding maintenance
years, the total cost of these interventions (C*), the total
cost using the B-3C approach (C), and the percentage of
savings obtained. The B-3C programme achieves savings for
most bridges. However, when considering the total cost, the
results reveal that the optimal plan leads to a 14% reduction

in costs compared to the SIPUMEX approach. Notice
that, using the SIPUMEX approach for this particular
example, there are 3'> =531 441 (3 time-steps between
Gmin k> Gmax,k and 12 bridges) possible combinations of
time between intervals.

The minimum total cost is obtained with G =
{5,7,7,7,7,7,7,7,9,9,9,9} resulting in a total C* = 26.54
MMP. Additionally, taking into account the budget constraint
of Scenario (1), it is notable that the allocated budget will be
fully utilised by year 11, i.e. SIPUMEX costs are over the
budget. Consequently, there will be no remaining budget for
years 15 and 16, resulting in seven bridges lacking mainten-
ance intervention. The primary drawback of the SIPUMEX
approach becomes evident in the large number of combina-
tions that need evaluation to obtain the minimum total cost.
For example, if applied to the entire network under study, it
would necessitate assessing 3> possible combinations, which
is impractical.

3.7. Additional travel time sensibility analysis

The additional travel time, tps depends on the type of inter-
vention and the size of the bridge, which varies for each
bridge in the network. Unfortunately, detailed data on the
prolonged time required for each bridge is not available. As
such, the precise quantification of time per bridge falls
beyond the scope of this investigation.

It is expected that if there is greater travel time, the total
intervention cost will increase. Conversely, reducing the
travel time will decrease the total cost. This is directly
reflected in the interaction matrix, I (see Equation (9)).
However, this also affects the scheduling using the current
bridge agency approach. For comparison purposes, Scenario
(1) is selected to model three cases of delay caused by main-
tenance: a 2-min delay, a 30-min delay, and a linear func-
tion that depends on the bridge area (B,), ie.
t, = 0.01B4 + 1.45. The linear relationship is established
such that the minimum prolonged time (the prolonged time
for the smallest bridge) is 2min, and the maximum pro-
longed time is 62 min.

It is noted that these cases are for exemplification pur-
poses only and do not represent the reality of individual
bridges or any bridge network. The results are presented in

Table 10. Comparison of the total cost between the bridge agency (C*) and the B-3C (C) intervention programmes for T= 18 years.

Gpmax Maintenance c* C Saving
Bridge(i) Bg AADTT AADT [Years] int] int*, int; [MMP] [MMP] [%]
7 3 2367 9703 5 6 1 16 3.83 3.66 4
10 2 3133 5033 7 8 15 - 1.73 2.00 -16
8 2 2778 12,619 7 8 15 - 2.17 2.04 6
5 2 2211 4378 7 8 15 - 2.1 295 —40
3 2 2163 5114 7 8 15 - 3.08 1.96 36
4 2 2128 4919 7 8 15 - 297 2.60 12
12 2 1956 2850 7 8 15 - 3.71 2.19 41
2 2 893 8009 7 8 15 - 3.13 1.70 46
9 1 3133 5033 9 10 - - 1.06 1.09 -3
1 1 3133 5033 9 10 - - 1.19 1.22 -3
1 1 2348 6997 9 10 - - 1.19 0.77 35
6 1 2211 4748 9 10 - - 0.38 0.64 —68
Total 26.54 22.82 14

Note: int;, : intervention number in year tAt according agency approach.



Table 11. As observed, the table illustrates the sensitivity of
total costs to the choice of prolonged travel time.
Additionally, the table shows the savings percentage associ-
ated with the comparison between the two approaches.
These percentages indicate the potential cost savings
achieved by opting for the B-3C programme over the agency
programme. For instance, at a prolonged time of 2 min, B-
3C achieves approximately 11.4% savings in terms of total
intervention costs. Overall, the B-3C methodology consist-
ently reduces the total cost compared to the agency
approach under identical assumptions.

4. Application to the entire bridge portfolio

After explaining the proposed methodology and presenting
results for the bridges at MHC 3, the optimal intervention
plans for the entire bridge portfolio are discussed. For this
investigation, bridges with a rating greater than 0 are used
as a case study, i.e. 555 bridges in total. The geographical
distribution of these bridges can be visualised in Figure 4.
According to the information in Table 2, bridges with a
rating of 5 are marked for repair. It is noted that, as
reported in the SIPUMEX database, no bridges fall into this
category. Consequently, there is no immediate need for
bridge repairs based on the available data. Nonetheless, for
cost comparison, similar to the case illustrated in Section
3.4, two scenarios are presented. The first one, Scenario (3),

Table 11. Comparison of the total costs for Scenario (1) between the agency
approach (C*) and B-3C (Q).

tp, [min] C* [MMP] C [MMP] Saving [%]
2 28.51 25.26 11.40
30 297.92 265.51 10.88
Linear 45.99 37.32 18.85

Note: Intervention programmes for T=18years assuming different prolonged
times.
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assumes that no repairs are necessary. The second, Scenario
(4), assumes a case where bridges with a rating above 3
require repair (17 bridges). Furthermore, since one of the
advantages of the proposed methodology is that central
interventions can be chosen based on any bridge perform-
ance indicator, a Scenario (5) is also considered. For this
scenario, the load effect performance indicator, which refers
to the ratio between the extreme traffic load effect selected
and the characteristic load effect induced by the design live
load model (Mendoza-Lugo, Nogal, & Morales-Napoles,
2024), is used. Specifically, the bending moment with a 50-
year return period performance indicator Msp,. Scenario (5)
assumes that bridges with Br > 3 or Msy, > 1.56 require
repair intervention (38 bridges). For complete details
regarding the Ms, bridge performance indicator, the reader
is referred to Mendoza-Lugo et al. (2024).

Similar to the approach detailed in Section 3.2, the
Simplified Kaplan-Meier probabilistic deterioration model is
used, along with the percentage of interaction, the analysis
period, and the interest rate. Intervention costs were esti-
mated as outlined in Section 2.2.1. In terms of budget limi-
tations, for Scenario (3) an annual budget of 1.35% of the
total bridge network value (98.44 MMP) is assumed. For
Scenarios (4) and (5), approximately 1.5% of the total bridge
network value (around 109.3 MMP) was allocated for the
first two years to cover repairs for the selected bridges. For
subsequent years, the budget constraint was set to about 1%
of the total bridge network value (69.3 MMP). It is noted
that the budget limitations presented represent the min-
imum required funds to apply interventions to all the
bridges under study.

The optimisation problem involved a total of 19,980 vari-
ables, including 1110 intervention types. The optimisation
procedure was executed using the Python algorithm sci-
py.optimize.milp on a laptop running Windows 10,
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Figure 4. Location of the bridges under study.
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equipped with an Intel Core i7-8665U CPU @ 1.90 GHz,
and 32GB of RAM. The entire simulation process took
approximately 28 min. The budget constraints, total direct
costs, and total costs of the optimal intervention plan for
the 555 bridges studied are presented in Table 12. A graph-
ical representation of the optimal intervention plan for
Scenario (4) is shown in Figure 5, while the corresponding
plans for Scenarios (3) and (5) are shown in Supplementary
Figures A.1 and A.2. The estimated intervention costs and
the optimal programme overview can be found in the
supplementary material.

The analysis reveals three distinct cost scenarios for man-
aging the bridge portfolio under study. First, the total cost
for performing maintenance exclusively (Cs,) amounts to
approximately 2828.98 MMP. Second, the alternative strat-
egy involves repairing bridges with a condition index Bp >
3 and maintaining the others (Cs,). This approach leads to a
cost of approximately 2359.95 MMP. Finally, the total cost
obtained for Scenario (5), Cs,, amounts to approximately
2560.29 MMP. Opting for the Cs, approach results in a cost
reduction of 16.5% compared to the Cg, strategy.

The cost ratio between the Scenarios (3) and (4)
approaches shows the economic advantage of the Cs, strat-
egy. Specifically, Cs, corresponds to 83.5% of the cost of
Cs,. This indicates that the Cs, approach is more cost-effect-
ive, saving nearly 17% of the expenses associated with main-
tenance. Additionally, the analysis considers the direct costs
associated with both strategies. For the Cs, approach,
the direct cost (CDSJ) amounts to 2060.49 MMP. In contrast,
the Cs, approach provides lower direct costs, with Cp, of
1523.69 MMP. This difference results in a 26% reduction in
direct costs when opting for the Cs, approach. The direct
costs of Scenarios (4) and (5) are virtually identical, with

Table 12. Overview of optimal intervention results for Scenarios (3), (4)
and (5).

the cost ratio Cs, /Cs, corresponding to 92.1%. The marginal
difference suggests that opting for Strategy (5) might be a
better choice, as it benefits more bridges while guaranteeing
the adaptability of the bridge network to the actual traffic
load demands.

Furthermore, when comparing the total cost of Scenario
(3) with the total cost obtained with the agency approach
(C* =3075.9 MMP, assuming the time between two con-
secutive interventions G,,;, = G,,..) described in Section
3.6, an 8% reduction in total costs is observed when apply-
ing the B-3C approach. It is noted that when the interaction
effects within the bridges are not taken into account, i.e.
I = [Iss5), the total costs for Scenario (3) correspond to
Cs,|1=[1,55] = 2621.93 MMP, representing a deviation of 266.6
MMP from the actual value (2.8% of the bridge network
total value). When compared with the optimal result of
Scenario (4) using the agency approach, a reduction of
around 23% was found. It is pointed out that given the
budget constraints, opting for the agency approach will be
sufficient to fund interventions up to year 15.

5. Conclusions

This paper presents a novel methodology for optimising
bridge intervention planning, named B-3C approach, based
on the multi-system optimisation technique known as the
integrative 3C concept. The proposed methodology takes into
consideration the interactions between various assets within a
bridge network, including different types of interventions. To
model these interactions, the employed approach utilises an
interaction matrix capable of representing diverse interdepen-
dencies caused by the spatial proximity of the bridges.
Additionally, a relation matrix is established to specify which
intervention type affects each asset. In the specific context
under study, the focus is on two intervention types: mainten-
ance and repair. Furthermore, the methodology enables the
distinction between central and non-central intervention
types by considering the time intervals between successive
interventions. This allows the incorporation of various bridge

Scenario Ey [IMMP] Er IMMP] Cp [MMP] C [MMP]
(3) 98.44 - 2060.49 2829.02
(4) 69.30 109.3 1523.69 2360.10
(5) 69.30 109.3 1543.42 2560.29
[ [ I m
2144 ] ] [l
1750
i i
n-/

Cumulative cost (MMP)

=== Total direct cost

F 500 === Total cost

B Maintenance

400
A Repair

|
.’/

i |I|‘

1356 1 ‘ F 300 =
H6 ‘ I o =, 0 E’C
A L L [ 1
962 200
A l u [] [ | I I
i I
568 - 100
-- [ |
/
175 ‘ o [ | l I N I FO
i é ZI% éll é (Ii |7 é £I) 1I0 1|1 1|2 1I3 1|4 1I5 1I6 1I7 1I8

Time (years)

Figure 5. Optimal intervention programme for the 555 bridges under Scenario (4).
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performance metrics into the analysis, facilitating the priori-
tisation of central interventions. The intervention scheduling
approach is formalised by developing an optimisation math-
ematical model that incorporates pre-established constraints.

The main goal of the optimisation process in this study is
to minimise the total cost associated with implementing
interventions. This objective is achieved through the utilisa-
tion of a global intervention cost function that accounts for
the direct costs of the interventions, the user costs resulting
from the interventions, and the bridge deterioration model. It
is acknowledged that bridge managers often encounter add-
itional optimisation goals, or agencies may have varying per-
formance criteria for different bridges or groups of bridges.
However, in most cases, during a given planning exercise,
minimising costs would support the manager in economically
prioritising bridges to address specific optimisation goals.

To demonstrate the practicality of the presented method-
ology, a numerical example involving a network of 555
bridges and four scenarios is provided. This methodology
offers a clear benefit by helping to determine the most effi-
cient sequence for interventions that minimise the overall
number of required interventions while ensuring early imple-
mentation to lower costs. The results of the numerical
example emphasise the clear cost-saving advantages and the
importance of including the interaction matrix. Specifically,
by combining bridge repairs for those with a condition rating
index exceeding 3 and maintenance for the rest, a reduction
of 23% in the total cost is achieved when compared to the
bridge management agency approach based on exclusive
maintenance. Notably, when the interaction matrix is not
considered, deviations in total costs of up to 3.6% of the total
bridge network value have been observed. Furthermore, a
step-by-step description of how to incorporate the bridge
state into the cost estimation is offered. This estimation,
which is a function of the bridge reliability index, is dynamic-
ally considered in the optimisation process.

The principal sources of uncertainty in this study are the
deterioration model, the average annual inflation rate, and
the extent of the impact induced by interventions on other
bridges, as indicated by the interaction matrix. The inter-
action matrix analysis focuses solely on bridges i to j (or vice
versa). In cases where additional interventions on other
bridges are simultaneous with bridges i and j, the interaction
matrix cannot account for this scenario. This limitation arises
from the simplified network analysis used to estimate travel
time calculations, which do not allow for straightforward
addition of various elements in the interaction matrix.
However, the variables have been quantified in a simplified
manner solely for illustrative purposes. Properly quantifying
these variables for each bridge within the network will lead
to a more precise estimation of the optimal intervention
plan. The limitations of this study underscore the necessity
for future research to (1) explore more advanced methodolo-
gies for computing the interaction matrix and (2) investigate
the effects of different intervention activities, such as rehabili-
tation and replacement, and their integration into the frame-
work. This in-depth exploration will refine our approach and
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improve our understanding of how repair strategies impact
optimisation outcomes.

Although the optimal intervention programme derived
from the analysis may seem arbitrary initially, these results
stem from a rigorous optimisation process. They demon-
strate superior performance compared to what human intu-
ition alone could achieve, particularly when dealing with
extended analysis periods and complex bridge networks
with numerous assets. Therefore, the methodology presented
here underscores its practical value as a bridge management
optimisation tool. It can help transportation agencies imple-
ment and explore various scenarios by adjusting the time
between consecutive interventions and budget constraints.
This methodology facilitates the assessment and comparison
of associated costs, supporting a more comprehensive ana-
lysis and informed decision-making.

Notes

1. It is noted that previous literature often categorizes these
actions into two main groups: preventive maintenance
(including maintenance and minor repairs) and corrective
maintenance (including major repairs, rehabilitation,
improvements, and replacements).

2.1t is noted that bridges i=10 and i=11 are in close
proximity. By reviewing the bridge database and satellite
images, these bridges span two adjacent branches of a river.
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