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A B S T R A C T

Around the world, an increasing amount of bridge infrastructure is ageing. The resources involved in the
reassessment of existing assets often exceed available resources and many bridges lack a minimum structural
assessment. Therefore, there is a need for comprehensive and quantitative approaches to assess all the assets
in the bridge network to reduce the risk of collapsing, damage to infrastructure, and economic losses. This
paper proposes a methodology to quantify the structural criticality of bridges at a network level. To accomplish
this, long-run site-specific simulations are conducted using Bayesian Networks and bivariate copulas, utilizing
recorded traffic data obtained from permanent counting stations. To enhance the dataset, information from
Weigh-in-Motion systems from different regions was integrated through a matching process. Subsequently, the
structural response resulting from the simulated traffic is assessed, and the extreme values of the traffic load
effects are obtained for selected return periods. Site-specific bridge criticality as a performance indicator for
traffic load effects is derived by comparing the extreme load effects with the design load effects. The outcomes
are mapped to facilitate visualization employing an open-source geographic information system application.
To illustrate the application of the methodology, a total of 576 bridges within a national highway network are
investigated, and a comparison with a popular simplified method is shown. The methodology herein presented
can be used to assist in assessing the condition of a bridge network and prioritizing maintenance and repair
activities by identifying potential bridges subjected to major load stress.
. Introduction

The backbone of any country’s transportation system is its national
ighway networks. They are essential to ensure the mobility of people
nd goods, thus driving economic growth. One of their most important
ssets is their bridge structures stock, when bridges are not properly
sed or maintained, perturbations take place in the traffic network.
hese perturbations generate a certain stress level in the network,

eading to an increase in travel costs that can lead to greater eco-
omic losses [1]. Therefore, bridge management systems (BMS) are
mployed to control the bridge stock and provide data on the structural
erformance of bridges. A typical BMS consists of four modules, the
nventory Module, the Inspection Module, the Maintenance, Repair
nd Rehabilitation Module, and the Optimization Module [2]. In many
ountries, their BMSs are limited to the inventory module (single-
odule BMS). As a result, these BMSs are rarely used to make decisions

egarding the risk and reliability of the bridge stock.
Bridge infrastructure is becoming old and outdated across the globe,

or example, in the American continent, bridge inventories have shown
hat most bridges were constructed between 1960 and 1980 [3,4].
n the other hand, the majority of bridges in Europe were built
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between 1970 and 2001 [5]. Deficiencies in past structural design,
structural deterioration, and increasing traffic volume reveal the neces-
sity for a structural reassessment of the existing bridge infrastructure to
cope with ageing infrastructure. Vehicle loads monitoring is essential
for maintaining bridge conditions. The data obtained from Weigh-in-
Motion Systems (WIM) is essential for many applications such as the
calculation of bridge performance indicators [6,7]. To compute these
performance indicators based on traffic load monitoring, the primary
step involves determining the load effects caused by the current traffic
conditions. Much work has been done on modelling bridge loading due
to traffic loads, [8–11] to name a few. However, most of the previous
work is based on the assumption of the full availability of traffic data
obtained with WIM systems and the complete bridge geometric and ma-
terials properties information. Additionally, these studies are focused
only on one particular bridge or a set of few bridges with different span
lengths. Such studies are the basis when the bridge design code needs to
be calibrated, as the estimation of the characteristic values of the load
effects of an entire bridge network is not feasible in most cases [8].

Numerous bridges lack a minimum structural assessment, which
should include processes such as visual inspection, site-specific traffic
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assessment, basic numerical models, examination of structural mate-
rials, and documentation review. This assessment serves to identify
early concerns and maintenance needs, allowing bridge owners to
prioritize further interventions based on the findings. Therefore, for
bridge management the reassessment of the entire network is nec-
essary. Information regarding the deterioration state of bridges and
their structural behaviour over time are critical elements for bridge
management on a network scale [12,13]. For example, recent studies in
bridge maintenance strategies, use deep reinforcement learning (DRL)-
based methods [14–16]. The DRL approach facilitates the selection of
improved bridge maintenance strategies through interactive processes.
It can be adjusted to obtain various performance metrics [17]. The
inclusion of traffic loads can serve as one of the input parameters for
DRL approaches.

Analysing traffic load effects on bridges, particularly the extreme
values of the load effects (ELEs) is essential to assess the influence of
heavy traffic on bridges. ELEs represent the maximum forces, usually
bending moments and shear forces, experienced by a bridge during
its lifetime. This analysis is crucial for ensuring the safety and relia-
bility of infrastructure design and maintenance. Various probabilistic
methods have been developed for this purpose, for example in [18] a
methodology of extrapolating maximum load effects based on the level-
crossing theory was introduced, [19] presents a Bayesian framework for
predicting non-stationary bridge maximum traffic load effects and [20]
proposes a clustering algorithm based on the generalized extreme value
mixture model for data classification and extreme value extrapolation.
However, the most common methods to estimate traffic ELEs include (i)
fitting the Rice formula to the level-crossing rate of traffic load effects
and extrapolating the load effects under the assumption of a station-
ary Gaussian process [21,22]; (ii) the peak-over-threshold method. In
which the data above the threshold is fitted to the Generalized Pareto
distribution [23,24], and (iii) the block maxima method in which the
load effect due to each vehicle is computed and the maximum values
of the selected block of time (usually one day) are selected and fitted to
one of the three extreme value (EV) distributions, i.e., Gumbel, Weibull,
and Frechet. The reader is referred to [25] for a complete overview of
the techniques to estimate extreme load effects on bridges.

On the other hand, one of the most popular simple methods of com-
puting ELEs on two-lane bridges is the (extended) Turkstra’s Rule [26,
27]. According to this rule, the N-year loading event, where 𝑁 could
be any return period in years, is generated when the N-year truck
encounters a more frequent truck, such as the one-month or one-
week truck. Another variation of Turkstra’s rule, as reported by [28],
suggests that for bridges with high lateral distribution, the critical
loading event for bending moment involves a very heavy vehicle, 60%
to 80% of 1000-year Gross Vehicle Weight (GVW), in the slow lane
and a moderately heavy vehicle (50 to 60 tons) in the fast lane. In
the case of shear at the supports, the dominant event type is usually
a single extremely heavy truck in the slow lane, 75% to 95% of the
1000-year GVW. Despite its accuracy in specific scenarios, Turkstra’s
Rule has shown significant inaccuracies in other cases [29,30].

Two main problems exist when studying the effects of traffic loads
on bridges at a network scale. (i) In many locations, WIM systems
are not a viable option due to their elevated costs. Traditional traffic
counters are the option when a large volume of traffic data is needed.
The disadvantage of these devices is that axle loads are typically not
measured. (ii) Bridge inventories usually lack detailed information re-
garding the geometric and material properties of the bridges. Typically,
the information contained in the inventories is the number of spans,
the length of the bridge, and its width. Specific information on cross-
section, material strengths, and steel reinforcement is rarely recorded.
These two problems highlight the need for approaches and method-
ologies that can overcome the limitations imposed by cost constraints
and insufficient inventory information. Furthermore, when large-scale
studies are needed, maps are needed because of their ability to present
2

summarized information that can be required in the decision-making
process. Different engineering fields such as hydraulic, wind, seismic,
and transport engineering [31–34] have used maps as a useful tool
for hazard modelling. However, to the best of the authors’ knowledge,
maps of ELEs or load effects performance indicators of a bridge network
do not exist in the scientific literature.

In this paper, we introduce a valuable methodology that allows
mapping and estimating the extreme load effects due to heavy vehicle
(HV) traffic. Our main objective is to evaluate the structural effect of
actual traffic loads in comparison to its effect under the design live
load model provided by the bridge owner. This comparison serves as
a means to assess the criticality of bridges as performance indicators
for traffic load effects at the network level. We take into consider-
ation the specific traffic configuration at each site and the limited
information available on single-module BMSs. This is of relevance for
bridge maintenance strategies since it can help the development of
strategies to prioritize maintenance, especially in locations or bridge
networks in which WIM systems are not the main source of traffic
data. The development of the methodology had a dual purpose: (a)
to perform a large-scale simulation of site-specific truck traffic and
compute its effects on corresponding bridges and (b) to estimate the
ELEs of an entire bridge network and perform spatial analysis us-
ing geographic information system (GIS) software. The methodology
consists of four tasks: site-specific traffic simulation, numerical mod-
elling and analysis of bridge structures, extreme value analysis for
ELEs, and bridge criticality computation. To achieve these objectives,
this paper proposes a simple method that uses Gaussian copula-based
Bayesian Networks to simulate site-specific synthetic observations of
HVs, copulas to characterize inter-vehicle gaps that will simulate traffic
flow and extreme value theory to estimate ELEs. The methodology
presents various favourable attributes, such as the capability to identify
bridges that require more detailed inspections due to their condition
as assessed by the model, a simple conceptualization that is easy to
apply and requires only basic information regarding traffic and bridge
characteristics, the flexibility to be applied to any bridge network, and
the ability to help create a more robust single-module BMS.

To illustrate the use of the methodology, the national bridge net-
work of Mexico is selected. Mexico’s national bridge network is a
clear example in which there is no WIM information available and is
bounded to a single-module BMS. Therefore, the results of the applied
methodology will allow for easily identifying bridges in need of inspec-
tion given the limited information available. The remaining document
is organized as follows. In Section 2 the methodology together with
the bridge network case study is presented. The application of the
method for one particular bridge is shown in Section 3. The results
regarding all bridges on the example network, and the comparison with
the simplified Turkstra’s Rule method are given in Section 4. Finally,
in Section 5, the conclusions are drawn.

2. Methodology to estimate extreme load effects and bridge criti-
cality

The aim of this research is to determine and map the extreme
load effects and the bridge criticality arising from traffic loads across
a bridge network, where data obtained from WIM systems is not the
principal source. In order to carry out this extensive task, we present
a simple methodology, shown in Fig. 1, that can be summarized into
four main tasks. (i) Site-specific traffic simulation; statistically represen-
tative synthetic traffic is simulated based on real traffic data from the
study sites by modelling correlations between the variables of interest
(axle loads, inter-axle distances, and inter-vehicle gaps). This step lever-
ages previous research (see [35–37]). (ii) Numerical modelling and
analysis of the bridge structures; selected load effects time histories of
the bridges under study are computed by applying the synthetic traffic
to a numerical model of the structures. (iii) Extreme value analysis for
extreme load effects; statistical analysis of load effects time histories by

extreme value theory is carried out to characterize extreme events with
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Fig. 1. Framework estimating extreme load effects and bridge criticality.
selected return periods. (iv) Calculation of the bridge criticality; load
effect performance indicators are derived by comparing the extreme
load effects with the design load effects. In addition, the computed
extreme events and bridge criticality are mapped to visually identified
changes, trends, and hot spots that may require attention and support
in the design and implementation of maintenance strategies.

This study is conducted using open-source tools. The analysis is
done through Python programming language, extensively used nowa-
days. The Python libraries used in this work (in addition to the main
libraries such as NumPy, pandas and SciPy) are PyBanshee [38] and
pyvinecopulib [39] for traffic simulation, PyNite [40] for the
computation of the load effects on bridges and Geopandas [41] to
work with the geospatial data. The outcome maps are implemented
using QGIS v3.10 [42], a free and open-source cross-platform desktop
geographic information system (GIS) application. To enhance clarity
and ease the introduction of the methodology, the four tasks will be
described in the following sections, using the case study as a context.

2.1. Case study: Major highway corridors bridge network of Mexico

The most important elements of the national road network of Mex-
ico are the toll-free fifteen major highway corridors (MHC) which
extend over 20 000 km approximately and account for over 55% of the
country’s highway traffic flow. The toll-free MHC network is managed
by the Ministry of Communications and Transportation (SCT, for its
acronym in Spanish).

2.1.1. Mexican bridge system
Mexico has a system for bridge management, conservation, and

maintenance called the Mexican Bridges System (SIPUMEX, for its
acronym in Spanish). This system logs the structural state of indi-
vidual assets in order to program maintenance work. The SIPUMEX
database [43], provides general information, such as the name of
the bridge, construction date, total bridge length, number of spans,
material, and type of structure. Concerning traffic data, the database
provides design load, annual average daily traffic (AADT), the vehicle
types and the vehicle type distribution that constitutes the traffic flow
per bridge. However, the only reported vehicle types are trucks, buses
and normal passenger cars and no further specification is presented.

For the purpose of this investigation, we applied the filter criteria
shown in Table 1. These criteria have been selected to align with the
objectives of the presented study. Firstly, we included bridges situated
on the fifteen MHCs under examination (filter 1). Secondly, according
to SCT standards [44], a bridge is defined as having a minimum span
length of 6 meters (filter 2). Furthermore, the study focuses on heavy
traffic loads, hence only road bridges are considered (filter 3). This
criterion aligns with SCT standards, which stipulate a minimum car-
riage width of 4 meters for road bridges (filter 4) [44]. It is important
to note that SCT manages only Overpass bridges (filter 5). To sim-
plify the structural analysis, we considered only non-horizontal curved,
non-skewed, and concrete bridges (filters 6, 7, 8). Additionally, the
3

methodology used to estimate bridge criticality requires bridges with
Table 1
Filter criteria to select the bridges under study.

Filter
no.

Criteria Number of
bridges
remained after
the filter

Number of
filtered
bridges

1 Bridges located at the 15 MHC 1776 5828
2 Minimum span length of 6 m 1552 224
3 Road bridges 1416 136
4 Minimum carriageway width of 4 m 1390 26
5 Overpass bridges (PSV for its

acronym in Spanish)
1317 73

6 Non-horizontally curved bridges 1222 95
7 Non-skew bridges 801 421
8 Concrete bridges 695 106
9 Bridges with reported design live

load
675 20

10 The sum of span lengths should be
equal to the total bridge length

576 99

reported design live loads (filter 9). Finally, the inclusion of the span
length criterion was intended to eliminate any erroneous measurements
or inconsistencies within the dataset (filter 10). As a result, 576 bridges
remained, hereafter referred to as the major highway corridors bridge
database (MHCB).

Fig. 2 shows a general statistical characterization of the MHCB
database. Regarding the age of the structures, around 65% of the
bridges (376 bridges) are 50 years old or more, most of them con-
structed in 1960 (older than 60 years, see Fig. 2a). The most frequent
max span length is 6.6 m (Fig. 2b). Similarly, most of the bridges
have a carriage width of 7 m (two lanes, Fig. 2c). Approximately,
50% of the bridge structures are single-span systems, while the other
structures consist of multi-span bridges with up to seventeen spans,
out of which 28 are continuous bridges (Fig. 2d). As can be seen
in Fig. 2e around 67% of the bridges (387 bridges) were originally
designed for load model HS15-44 (three-axle AASHTO standard HS
truck with a gross vehicle weight (𝐺𝑉𝑊 ) of 24.5 t approximately [45])
or HS20-44 (three-axle AASHTO standard HS truck with GVW ≈ 32.6
t [45]). The remaining were designed for the Mexican vehicles T3S3
(three-axle truck plus three-axle semitrailer) and T3S2R4 (three-axle
truck plus two-axle semitrailer plus four-axle trailer). Regarding the
condition of the bridges, 234 structures (41%) have a 2 or 1 rating
which corresponds to bridges with minor problems and bridges in good
condition (see Fig. 2f).

2.1.2. Traffic data
As mentioned in Section 2.1.1, information regarding traffic in the

SIPUMEX database is limited. Additionally, the use of WIM systems
in Mexico is very scarce [46,47]. Nevertheless, in an effort to know
the yearly traffic trends on the Mexican highway network, the SCT
installed a set of automatic vehicle counters and survey stations in key
locations. As a result, the Mexican authorities publish the two most
important traffic data sources in Mexico: the road data (Datos viales
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Fig. 2. General statistical characterization of the bridges under study. (a) Year: Max = 2008, Min = 1940, Mode = 1960. (b) Length[m]: Max = 58.1, Min = 6.0, Mode = 6.6. (c)
Width[m]: Max = 25.5, Min = 5.5, Mode = 7.0. (d) No. spans: Max = 17, Min = 1, Mode = 1. (e) Vehicle type: Mode = HS20. (f) Rating: Max = 4, Min = 0, Mode = 2.
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n Spanish) database [48] and the statistic field study of domestic road
ransportation (EECAN, for its acronym in Spanish) database [49].

The Datos viales database is published by the Department of Infras-
ructure. The last publicly available database (Datos viales 2021) has
nformation on more than 11 000 counting stations. It contains informa-
ion such as the name of the road, the name of the counting station, the
ane direction, the annual average daily traffic (AADT), and the propor-
ion of vehicle types that conform to the traffic flow. The vehicle types
resented in the database are motorcycles (M), automobiles (A), buses
B), single unit vehicles with two or three axles (C2, C3), three-axle
ruck plus two-axle semitrailer (T3S2), three-axle truck plus three-axle
emitrailer (T3S3) and three-axle truck plus two-axle semitrailer plus
our-axle trailer (T3S2R4) and ‘‘others’’ (Otros). However, it does
ot provide information regarding gross vehicle weight, individual axle
oads, or inter axle distances, necessary parameters for the computation
f extreme load effects on bridges [50].

The second major traffic source, the EECAN database, is a compi-
ation of data on vehicles passing through origin–destination survey
tations installed on the road network administered by the federal
overnment [51]. The origin–destination surveys have been conducted
ach year, from 1991 to 2017, by the SCT. In terms of vehicle attributes,
he EECAN database provides the information needed to simulate and
stimate the extreme load effects on bridges, such as vehicle type,
ross vehicle weight and individual axle loads. The ECCAN database
s publicly available on the website of the Mexican Transport Institute.
ata from 233 survey stations (from 2002 until 2017) include informa-

ion from about 1.3 million surveyed vehicles of which, vehicle types
2, C3, T3S2, T3S3 and T3S2R4 are the most common HVs, those
ith 𝐺𝑉𝑊 ≥ 34 kN [52], reported. The vehicle classification is done
ccording to their class, nomenclature (code) and the number of axles
n [52]. The visual representation (silhouette), vehicle code (𝑖th vehicle
ype) and its corresponding number of axles (𝑛𝑖) of the most common
Vs are presented in Table 2. For more details, the reader is referred

o [48,51].

.2. Site-specific traffic simulation

In order to generate accurate synthetic traffic data statistically
epresentative of the real observations, statistical correlations between
he variables of interest need to be modelled. Previous studies such
s [23,53,54], have simulated traffic data using empirical factors, linear
4

orrelations, and copulas. These studies focus only on axle loads, some t
rovide fixed inter-axle distances and in most of them, the correla-
ion between axle loads is not taken into account. However, we are
nterested in modelling GVW, individual axle loads, inter-axle distances
nd inter-vehicle gaps. With this aim, we use the Bayesian Network
pproach presented in [37] which is based on previous studies such
s [55–57] and recently used in [58]. This approach is explained in
he following sections.

.2.1. Synthetic heavy vehicles
Bayesian Networks are directed acyclic graphs that represent a set

f random variables in their nodes and (un)conditional dependencies
etween the variables in their arcs [59]. One type of BN that has the
dvantage of managing efficiently hundreds of variables is the Gaussian
opula-based Bayesian network (GCBN) [60]. We use the GCBN model
CBNEECAN developed by [37]. As the name of the model suggests,
CBNEECAN allows the generation of synthetic axle load observations

imilar to those reported in the EECAN database. The model, originally
uantified with over 750 000 HVs, consists of 26 nodes representing
ndividual axle loads of the five HVs presented in Table 2 and 45 arcs
orresponding to the (un)conditional rank correlations between axle
oads. The output of the GCBN model is a database (different every time
hat the model runs) that contains the variables: vehicle type, gross
ehicle weight and individual axle loads. Fig. 3 shows the Gaussian
opula-based Bayesian Network model employed for this work.

One of the limitations of the GBBNEECAN model is that inter-axle
istances and inter-vehicle gaps are not modelled, as information on
hese variables is not recorded in the EECAN database or in other avail-
ble Mexican traffic sources. The most reliable technology that delivers
oads and wheelbases (inter-axle distances) is WIM, unfortunately, as
entioned in Section 2.1.2, the use of WIM systems in Mexico is very

carce, and publicly available WIM data is non-existent. To complement
he missing data we used information from a Dutch WIM database.

IM traffic observations taken on highways A12 (kilometer point, KP,
2) Woerden, A15 (KP 92) Gorinchem and A16 (KP 41) Gravendeel
n April 2013 constitute the database. It includes information on more
han 150 000 HVs grouped into more than 200 vehicle classes according
o their WIM codes. This database has been employed in several studies
uch as [35,56,61,62].

For a complete overview and details regarding the accuracy of
he GCBN model GCBNEECAN, the reader is referred to the original
ource [37]. In this source, EECAN measurements are discussed, in-
luding the application of filtering criteria to ensure data quality and

he utilization of Gaussian Mixture distributions to model individual
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Table 2
Main heavy vehicle types with 𝐺𝑉𝑊 ≥ 34 kN found in ECCAN database.

Silhouette Vehicle (𝑖) Type (code) No. axles (𝑛𝑖)

1 C2 2

2 C3 3

3 T3S2 5

4 T3S3 6

5 T3S2R4 9
Fig. 3. Gaussian copula-based Bayesian Network GCBNEECAN. Each row of nodes represents one of the five vehicle types illustrated in Table 2. 𝐴𝑖,𝑗 denotes a random variable
representing the 𝑗th axle load of the vehicle type 𝑖. 𝐺𝑉𝑊 is the random variable gross vehicle weight regardless of vehicle type. The arcs correspond to the (un)conditional rank
correlations between individual axle loads per vehicle type.
axle loads to deal with the uncertainty of the measurements. Similarly,
for detailed information regarding specific details and the modelling of
dependence and uncertainty in the Dutch WIM database, the reader is
referred to [35].

As the SCT report [63] provides the only reliable source of inter-
axle distances for the five main Mexican heavy vehicles, we matched
the Dutch and Mexican vehicles based on the number of axles, number
of consecutive axles, and body configuration. The consecutive axles are
defined as those with centre distances ranging from 100 cm to 243 cm
apart, as specified in previous literature [52,64]. For example, the Mex-
ican vehicle T3S2 will correspond to the Dutch WIM code T12O2. For
each matched vehicle, we selected inter-axle distance samples from the
WIM data, which exhibited similar mean and coefficient of variation as
reported in [63]. Then, the Pearson correlation between inter-axle dis-
tances of the matched vehicles is calculated and the resulting values are
stored. We created five empirical GCBNs, one for each vehicle type, to
generate synthetic samples of inter-axle distances. As an example, Fig. 4
shows the GCBN for vehicle type T3S2, which consists of five nodes
representing individual inter-axle distances and four arcs corresponding
to the (un)conditional rank correlations between inter-axle distances.
For each group of axle loads of a particular vehicle type generated
with the GCBNEECAN model, the inter-axle distances are generated
using the corresponding inter-axle distance GCBN. Table A.1 presents
a comparison between the general statistics mean and coefficient of
variation between the synthetic inter-axle distances and the reported
in the SCT study. A similar approach used for axle space modelling is
described in [35].

2.2.2. Inter-vehicle gaps using copulas
The distance between vehicles (gaps) has been studied by many

researchers. Some used standard free-flow models by modelling the
5

Fig. 4. T3S2 Inter-axle distances GCBN. 𝐷𝑖,𝑗 denotes a random variable representing
the 𝑗th inter-axle distance of the vehicle type 𝑖 (𝑖 = 3 correspond to vehicle type
T3S2). 𝐷𝑖,1 is the distance between the front of the vehicle and the first axle, 𝐷𝑖,2
is the distance of the first axle to the second, and so on. The arcs correspond to the
(un)conditional rank correlations between individual inter-axle distances.

distance between stationary vehicles with a beta distribution (for ex-
ample see [8,65]). Others have used advanced techniques, such as
traffic microsimulation based on Intelligent Driver Model [66], which
is capable of modelling car following or lane changing [67,68]. These
advanced techniques are needed when conducting detailed and local-
scale bridge analyses, such as the performance of hinged joints [69]. On
the other hand, when a global bridge assessment is conducted, standard
free-flow models can serve to simulate the distance between vehicles
and to indicate the transverse position with the lane where the vehicle
is located [68].

For this work, a free-flow traffic pattern is assumed for all lanes of
all bridges under study. This is because the traffic loading congestion
effect is usually more characteristic of long-span bridges [70] and
urban studies due to the complexity of the traffic network and abun-
dant local detours [71]. In order to capture the dependence between
gaps [28], a copula-based approach is used. The copula-based approach
can characterize the random variable inter-vehicle gap by estimating its
auto-correlation. This approach has been used in [55,57,58]. Copulas
are joint distributions with uniform marginals in [0,1]. Any multivari-
ate joint distribution can be written in terms of a copula that describes
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the dependence between the random variables and their corresponding
uni-variate marginal distribution functions [72]. For specific details
regarding copula modelling the reader is referred to [73] and references
therein.

Let 𝑌 denote a random variable representing the inter-vehicle
gap with distribution 𝐹𝑌 . Since we are interested in the time series
{

𝑌𝑡
}

, 𝑡 ∈ N, the conditional distribution function of a bivariate copula
𝐶𝜃𝑌 {𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} is given by

𝐻
(

𝑦|𝑦𝑡−1
)

= 𝑃 (𝑌𝑡 ≤ 𝑦𝑡|𝑌𝑡−1 = 𝑦𝑡−1) = 𝐶𝜃𝑌

(

𝐹 (𝑦𝑡)|𝐹 (𝑦𝑡−1)
)

(1)

where 𝐶𝜃𝑌

(

𝐹 (𝑦𝑡)|𝐹 (𝑦𝑡−1)
)

is the conditional copula and it would model
the order 1 auto-correlation for the time series of interest. 𝜃𝑌 are the
parameters that summarize the dependence between 𝐹 (𝑦𝑡) and 𝐹 (𝑦𝑡−1).
To model the inter-vehicle gaps the following assumptions are made:
(1) Only HVs are considered, (2) the distance from the HV’s rear to
the front of the subsequent HV is considered, (3) correlations between
lanes are not taken into account, (4) due to the absence of reliable inter-
vehicle gap data for Mexico, the Dutch WIM database from highway
A12 (see Section 2.2.1) is used to model the inter-vehicle gaps and
(5) only weekdays are considered. Hence, the vehicle gaps simulation
algorithm can be summarized as follows:

i Select only the weekdays of the month and group each day
dataset by hours.

ii Select the first weekday and the vehicle gaps observations of the
first hour 𝐹 (𝑦𝑡).

iii Fit the suitable copula 𝐶𝜃𝑌 {𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)}.
iv Repeat steps ii and iii for the remaining hours of the day and

weekdays. Let ℎ𝑟 = {1, 2,… , 24} be a set representing hours of a
day and 𝑑 = {1, 2,… , 20} the set that represent weekdays. Hence,
for the study WIM dataset, 480 copulas 𝐶𝑑,ℎ𝑟

𝜃𝑌
{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} for

one lane are quantified.
v Simulate the desired vehicle gaps for the first hour using the

conditional copula according to the best-fitted copula. Use as
seed for the first value of the next hour and the last value of
the previous hour.

In total, 960 (2 lanes × 20 weekdays × 24 h/day) copulas are
quantified Bayesian information criterion [74] is used to select the best-
fit copula. As an example, Table A.2 shows the copula fits of weekday
𝑑 = 7 (9 of April 2013). The first column corresponds to the hour of
the day. The 2nd column corresponds to the copula notation. Columns
3 and 4 to the name of and parameter of the copula correspondingly.
The 5th column to Spearman’s 𝜌 rank correlation [75]. The last column
corresponds to the percentage of the total HVs in one day per hour.
Notice that for this particular case, stronger correlations can be found at
the latest hours of the day and the traffic volume is mostly concentrated
between 4:00 h and 18:00 h. Additionally, Fig. 5 shows 5 days of HV
inter-vehicle gaps observations. Peaks occur at the end (or beginning)
of each day since fewer HVs circulate in the early hours of the day.
It is important to note that traffic densities, and consequently inter-
vehicle gaps, are site-sensitive and can vary significantly based on the
specific characteristics and conditions of each country’s transportation
network. However, for the purpose of demonstrating the methodology
presented here and acknowledging the unique characteristics of the
study network, it is pointed out that the traffic volume of HVs in the
study network is lower compared to the Dutch highway A12 WIM
location. Consequently, the results obtained from the analysis may be
conservative.

2.2.3. Traffic simulation
In order to simulate site-specific HV traffic flow for each one of

the 576 bridges in the MHCB, SIPUMEX, EECAN and Datos Viales are
merged. First, by using QGIS neighbour analysis is conducted to find the
nearest counting station to each bridge. The resulting output provides
a map of the spatial distribution of the nearest counting stations (298
6

Fig. 5. Inter-vehicle gaps time series of observations measured in the WIM station A12
left lane corresponding to the days 8 to 12 of April 2013.

in total) to each of the bridges under study. The traffic information
provided by the resulting counting stations is used to simulate the
traffic passing by a particular bridge. It should be noted that the
information regarding HV types in the three databases corresponds to
the HV types presented in Table 2.

Let {𝑏} = {1, 2,… , 576} be a set of indices that correspond to the 576
bridges under study and {𝑐} = {1, 2,… , 298} a set of indices correspond-
ing to the 298 counting stations. 𝐾𝑐 = {1, 2,… , 5} a set whose elements
represent the number of total HV types registered in counting station 𝑐.
𝐻 is a set whose elements represent the individual HV types presented
in Table 2. The necessary input data to compute site-specific traffic for a
bridge 𝑏 are: (i) the number of HV types at the closest counting station
f the study bridge 𝑏 (𝐾𝑏

𝑐 ), (ii) the subset 𝐼 ⊆ 𝐻 , with 𝐾𝑐 elements,
registered in 𝑐 (𝐼𝑏𝑐 ), (iii) the proportion of the traffic flow per HV type
𝑖 ∈ 𝐼 (𝑝𝑏𝑐,𝑖) and, (iv) the annual average daily truck traffic (AADTT𝑏

𝑐).
Therefore, a site-specific GCBN𝑏

𝑐 model is quantified using only the
𝐾𝑏

𝑐 vehicle types registered in the counting station 𝑐 travelling over
bridge 𝑏, i.e, GCBN𝑏

𝑐 = GCBNEECAN

(

𝐾𝑏
𝑐 ; 𝐼

𝑏
𝑐 ; 𝑝

𝑏
𝑐,𝑖; AADTT

𝑏
𝑐

)

. We compute

𝑁𝑏
𝑐 =

∑𝐾𝑏
𝑐

1 (AADTT𝑏
𝑐 ⋅ 𝑝

𝑏
𝑐,𝑖) un-conditional samples using the site-specific

GCBN𝑏
𝑐 . The output of the model is the site-specific synthetic axle

load observations for the bridge of interest. Finally, for each vehicle
generated, inter-axle distances and inter-vehicle gaps are assigned as
described in Section 2.2. The output database contains 𝑘 = 1,… , 𝑁𝑏

𝑐
HVs with the attributes: vehicle type, gross vehicle weight, individual
axle loads, individual inter axle distances and the gaps between vehicle
𝑘 and vehicle 𝑘 − 1.

2.3. Numerical modelling and analysis of the bridge structures

In this work, two load effects are considered, i.e., the absolute
bending moment (𝑀 in kN m) and the absolute shear force (𝑉 in
kN). For computational efficiency purposes, the methodology to analyse
the bridge structures and determine the load effects is based on the
method of influence lines. This approach is a conventional engineering
technique that employs influence lines to illustrate how a load effect,
such as moment, shear force, reaction, or deflection, changes at a
specific point or component of a structure as a concentrated loading
action moves across the structure. In essence, an influence line visually
depicts the variation of the load effect as the concentrated loading
action traverses the structure [76,77].

To perform the structural analysis of the 576 bridges, the following
assumptions are made: (1) the bridges are modelled as a series of
interconnected beams, (2) the analysis is based on the principles of
the Euler–Bernoulli beam theory, (3) to address the lateral distribution
of loads, the weights of trucks travelling in the fast lane are adjusted
using lane factors. Regarding bending moments, an equal contribution

is considered from each lane, which is represented by a factor of 1. As
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for shear force, a factor of 0.45 is applied based on the Refs. [28,78], (4)
second-order effects are neglected, (5) dynamic effects due to moving
loads are neglected and (6) independent streams of synthetic traffic are
generated for each lane [78]. It is important to note that the numerical
modelling to perform the structural analysis is based on the linear
assumption. However, the design of a bridge is based on the non-linear
assumption in order to capture more complex behaviour such as fatigue
and buckling.

The procedure for computing the load effects is as follows. First,
a grid is specified in each bridge with a grid size of 0.2 m, resulting
in a total of

⌈

𝐿𝑏∕0.2
⌋

+ 1 individual positions along the structures,
where 𝐿𝑏 is the total length in m of the bridge 𝑏. The number of
individual positions varies since each bridge has different lengths. A
discrete unit load is applied on each position along the bridge to
compute the resulting bending moments and shear forces cases. These
results are gathered in two matrices 𝐔𝑏

𝑀 and 𝐔𝑏
𝑉 that represent the

bending moments and the shear forces caused by the point load in each
point on the grid along bridge 𝑏. By using the superposition principle,
each resulting matrix is multiplied by the axle loads vector 𝐀 of each
convoy of vehicles (or single vehicle). Hence, the axle loads can be
acting in any of the grid points. For each situation, the unit matrices
are multiplied by the value of the moving axle loads. Finally, the sum
of the multiplication leads to the load effect for the particular convoy
or single vehicle driving through bridge 𝑏 (𝐌 = 𝐔𝑏

𝑀 ⋅ 𝐀 for example).
The envelope of all load effects caused by each vehicle provides the
maximum load effects.

2.4. Extreme value analysis for extreme load effects

Previous studies have provided an assessment of statistical ap-
proaches for evaluating load effects using different quantities of data
(see for example [79–81]). One of the most comprehensive studies in
this regard was conducted by [25]. In this study, seven statistical infer-
ence methods, including Peaks-Over-Threshold, Generalized Extreme
Value (GEV), Box–Cox, Normal, Rice formula, Bayesian Inference, and
Predictive Likelihood, were critically reviewed. The results of this study
revealed that, among these seven methods, the approach of fitting
block-maximum data to a GEV distribution is the most widely employed
and accepted technique for analysing bridge traffic loading, typically
using a one-day block size.

The block maxima approach has a drawback because it consid-
ers only one extreme event in each time block, potentially leading
to the omission of significant data. On the other hand, this method
offers numerous advantages for load effects analysis. It stands out as
the default choice, appreciated for its practicality in capturing daily
variations and versatility in handling various scenarios. The main ad-
vantage is the time referencing of the data, a crucial requirement
when computing lifetime probabilities of exceedance, leading to ef-
fectiveness in estimating characteristic values in simple and complex
scenarios. Consequently, extreme value analysis based on the block
maxima method is used in this work to estimate the ELEs on the bridges
under investigation.

Assuming that the block maxima load effects are independent,
the block maxima is fitted to one of the extreme value distributions
described in Eq. (2), which corresponds to the GEV distribution, where
𝜇 is the location parameter, 𝜎 is the scale parameter and 𝜉 is the
shape parameter. There are three types of extreme value distributions
characterized by the parameter 𝜉. When the parameter 𝜉 equals 0, the
distribution is a Gumbel distribution, when 𝜉 is greater than 0, it is a
Fréchet, and when 𝜉 is less than 0, it is a Weibull distribution [82].
As noted by [83], finite or bounded variables cannot have a maximal
domain of attraction of Fréchet type. Given that the load effects cannot
take infinite values, only Gumbel or Weibull distributions are possi-
7

ble [25]. Therefore, these two types of extreme value distributions are
considered.

𝐹 (𝑥;𝜇, 𝜎, 𝜉) =

⎧

⎪

⎨

⎪

⎩

exp

(

−

(

1 + 𝜉
(

𝑥−𝜇
𝜎

)− 1
𝜉

))

, if 𝜉 ≠ 0

exp
(

−exp
(

− 𝑥−𝜇
𝜎

))

, if 𝜉 = 0
(2)

For this work, the load effect data for each bridge are grouped
into blocks of one day and the maximum value in each block is
recorded (daily maxima). Maximum likelihood estimation is the pre-
ferred method for estimating the parameters that better describe the
daily maxima data. In addition, to find the parameters and distribu-
tions, we choose to truncate the likelihood function [84]. This is done
by selecting a truncated load effect value 𝑥0. The choice of 𝑥0 is guided
by two considerations: (i) the larger the truncated value, the better
the found distribution will accurately describe the tail of the frequency
distribution and (ii) the smaller the truncated load, the more data will
be used in the part of the likelihood function that accounts for the tail.
The data in 𝐱 = {𝑥1, 𝑥2,… , 𝑥𝑛} is rearranged so that: {𝑥1,… , 𝑥𝑙} ≤ 𝑥0
and {𝑥𝑙+1,… , 𝑥𝑛} > 𝑥0. The truncated-likelihood function of the sample
𝐱 can be written according to Eq. (3).

𝐿𝑥(𝑥; 𝐚) =
{

𝐹𝑥(𝑥0; 𝐚)
}𝑙

𝑛
∏

ℎ=𝑙+1
𝑓𝑥(𝑥ℎ; 𝐚) (3)

where 𝐚 is the parameter vector of the distribution. The vector of
parameters can be determined as usually by maximizing the loga-
rithm of the likelihood. The first factor in the right-hand term of
Eq. (3) (

{

𝐹𝑥(𝑥0; 𝐚)
}𝑙) means that for values smaller than 𝑥0, we only

consider the probability that they are smaller or equal than 𝑥0. On
the other hand, the second factor (∏𝑛

ℎ=𝑙+1 𝑓𝑥(𝑥, ℎ; 𝐚)) means that for
values greater or equal to 𝑥0, we take the usual approach to likelihood
estimation using the probability density. This method is used, for
example, in [85] and in [86] to advise the Dutch authorities regarding
overloaded vehicles. Notice that it is equivalent to estimation with
censoring. It should be noted that we set a truncation value that
corresponds to the upper nearest integer

⌈

2
√

𝑛
⌋

observation, i.e., 𝑥0 =
⌈

2
√

𝑛
⌋ where 𝑛 is the total number of observations. A similar approach

is used in [87,88].
It is noted that, for the estimation of ELEs, it is assumed that traffic

follows a stationary process. This assumption is based on previous
studies, for example, [19,89,90], which show that the increase in traffic
volume and the proportion of heavy trucks have an insignificant impact
on the predicted ELEs. Specifically, at a 20-year return period, the
increase in predicted ELEs is insignificant. Whereas, at a 75-year return
period, the increase is generally moderate. Additionally, when using the
GEV distribution to model the maximum LE values, the shape and scale
parameters do not vary significantly over time despite traffic growth.
Sampling-based extreme value analysis is the most straightforward
approach for accurate time-variant reliability assessment [91].

To sum up, extreme value analysis is performed to estimate the
ELEs. Six parametric distribution fits are applied to the daily maxima
load effects per bridge. These distributions are Gumbel (Gumbel), two-
parameters Weibull (Weibull2), three-parameters Weibull (Weibull3);
and the corresponding fitted distributions with truncated likelihood
function of 𝑥0, Gumbel𝑥0 , Weibull2;𝑥0 and Weibull3;𝑥0

.5. Bridge criticality

The criticality of the bridge, as defined in this paper in Eq. (4),
efers to the ratio (𝑟) between the extreme traffic load effect observed

(LE𝑂) and the characteristic load effect induced by the design live load
model (LE𝐷). Consequently, 𝑟 can serve as a meaningful load effect
bridge performance indicator. For example, in the case study mentioned
earlier in Section 2.1.1, it was found that the design of 414 bridges took
into account the AASHTO standards for live loads [45], specifically
the HS15-44 and HS20-44 vehicles. These vehicles consist of a

semitrailer truck with a gross vehicle weight of 240.2 kN and 320.2 kN,
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respectively, or an equivalent lane load (see Fig. A.3(a)). To compute
the characteristic values, the type of loading to be used (truckload or
lane load) will be the one that generates the maximum load effect. The
remaining 162 bridge structures were designed using the Mexican six-
axle HVs T3-S3 and nine-axle HV T3-S2-R4 with their corresponding
maximum allowable loads established in [52]. It is worth mentioning
that these live loads are based neither on probabilistic analysis of
traffic loads nor on bridge structural capacity but on road capacity. In
order to identify the most critical bridges in the network, an analytical
comparison is conducted between the actual ELEs and the characteristic
values resulting from the design live loads. Locations where a value of 𝑟
xceeds one indicate that the estimated ELE surpasses the characteristic
alue specified by the corresponding live load model. In such cases, the
ridges are considered critical due to the potential for load exceedance.

=
LE𝑂
LE𝐷

(4)

3. Illustrative example application to a specific bridge

The proposed framework is applied to the entire MHCB network.
For the sake of illustration, specific results for a selected bridge are
presented in this section. Results at a network level are discussed in
Section 4. The bridge El Rosario I is studied in the following illustrative
xample application. The characteristics of the traffic data for the site
re first described. Site-specific traffic simulation is next performed.
ater the load effects are computed and finally, the load effects are
nalysed and ELEs are estimated.

According to the SIPUMEX database, El Rosario I is a two-lane
nine-span continuous bridge with a total length of 264.4 m. It has a
minimum span length of 25.8 m and a maximum span length of 30.8 m.
Built in 1982, the bridge is located in the state of Baja California
Sur on the MHC number 6 Transpeninsular Baja California. The nearest
counting station is Rosario de Arriba located around 4 km west over the
same MHC. The annual average daily truck traffic that circulates by this
station is 444 HVs with the following configuration: 45% C2, 9.7% C3,
43% T3S2, 1.4% T3S3 and 0.9% T3S3R4. This information serves
as input for the GCBN model. According to the notation introduced
in Section 2.2.1, in El Rosario I bridge (𝑏 = 9), with information of
the counting station Rosario de Arriba (𝑐 = 60), the five vehicle types
presented in Table 2 are registered, i.e., 𝐾9

60 = 5. Hence the vehicle
types that conform to the traffic flow are 𝐼960 = {C2, C3, T3S2, T3S3,
T3S2R4}. Their corresponding proportions 𝑝960,𝑖 of the total vehicles
are: 𝑝960,1 = 0.45, 𝑝960,2 = 0.097, 𝑝960,3 = 0.43, 𝑝960,4 = 0.014 and
𝑝960,5 = 0.009. The corresponding site-specific direct acyclic graph that
represents the GCBN9

60 model is shown in Fig. 3.
We compute 𝑁9

60 = AADTT9
60 = 444 un-conditional samples using

the GCBN9
60 model. The inter-vehicle gaps are simulated using the

approach described in Section 2.2.2. The output is a database of the
synthetic site-specific traffic load observations (different every time the
model is run). Table A.3 presents the generated synthetic traffic of one
day and Fig. A.1 shows the corresponding bar plot of the number of
HVs simulated per hour for lane 1 of the bridge El Rosario I.

Once the synthetic traffic is computed, the load effects of interest
for each vehicle are calculated according to the procedure described
in Section 2.3 and the envelope of the results is found. The absolute
maximum values of the bending moments and shear forces envelopes
per day obtained are stored. In total 200 days are simulated. Therefore
200 daily maxima load effects are obtained. The resulting envelopes of
one day of the bending moments are presented in Fig. 6.

As described in Section 2.4, the ELEs are computed with a return
period of 50 years and 1000 years according to the specifications [92,
93] correspondingly. As stated in [94], it is considered that there are
254 working days excluding weekends and holidays in Mexico. The
daily absolute maxima load effects are fitted to the selected parametric
distributions. Fig. 7 shows the comparison of the fitted distributions
presented in Section 2.4 for the absolute bending moment for bridge
El Rosario I. The parametric distributions Weibull2 and Gumbel produce
significantly lower characteristic values for this particular case. A vi-
8

sual inspection suggests that the best fit is provided either by Gumbel𝑥0
or Weibull3;𝑥0 with 𝑥0 = 2838.4 kN m. However, using the Akaike
Information Criterion (AIC) [95] to measure the quality of the fitting,
Weibul3 (black dashed line in Fig. 7) is the selected distribution that
better describes the data. The estimated extreme bending moments are
3614 kN m and 3766 kN m with 50-year (𝑀50) and 1000-year (𝑀1000)
return periods, respectively. When analysing the absolute shear force
for the same bridge, the best fit is provided by Wibull2;𝑥0 with 𝑥0 = 681.7
kN. The estimated extreme shear forces are 928 kN and 1011 kN with
0-year (𝑉50) and 1000-year (𝑉1000) return periods accordingly.

Finally, the load effect bridge performance indicator (Section 2.5),
denoted as 𝑟 is computed to evaluate the performance of the bridge un-
der consideration. According to the SIPUMEX database, for the design
of the bridge, the AASHTO standard truck HS20-44 model is used as
the representative design live load model. The maximum bending mo-
ment induced by the design live load model (𝑀𝐷) amounts to 4501.4
kN m. Additionally, the maximum shear force caused by the same
design live load model (𝑉𝐷) corresponds to 928.1 kN. Subsequently, the
load effect performance indicator for the bending moment, considering
a 50-year return period is 𝑀50,𝑟 = 𝑀50∕𝑀𝐷 = 3614∕4501 = 0.80.
Similarly, the load effect performance indicator for the shear force is
𝑉50,𝑟 = 𝑉50∕𝑉𝐷 = 928∕982 = 0.95. When the obtained performance
indicators are contrasted with the load effects corresponding to a 1000-
year return period, the resulting ratios for the bending moment and
shear force are 0.84 and 1.03, respectively. These ratios are denoted as
𝑉1000,𝑟 and 𝑀1000,𝑟.

4. Extreme load effects at a network level

The methodology explained in Section 2 and illustrated in Section 3
is applied to the 576 bridges of the MHCB. Over 159 million HVs
are simulated using 278 site-specific GCBNs. The loading effect on
the respective bridge of each HVs has been calculated. This long-run
traffic load simulation involves a high computational cost of around
13 000 core hours, performed on the DelftBlue supercomputer at TU
Delft [96]. Out of the 576 maximum 254-day load effects computed,
529 are caused by individual HVs and 47 by a convoy of vehicles. For
illustration purposes, Fig. A.2 shows the vehicle types that caused the
maximum 254-day absolute bending moment and the corresponding
𝐺𝑉𝑊 distribution of the first two lanes of all bridges. Notice that
around 96% of the studied bridges have two lanes. A bi-modal-like
distribution can be observed for the 𝐺𝑉𝑊 with two peaks at around
580 kN and 950 kN. These values are likely to be due to the vehicles
meeting the maximum allowable 𝐺𝑉𝑊 and overweight vehicles, cor-
respondingly. The max 𝐺𝑉𝑊 according to Mexican standards [52] is
740.41 kN. The vehicle types C2 and C3 caused the maximum bending
moment in only five bridges.

Extreme value analysis is performed on each one of the bridges
under study to find the characteristic values of the load effects. In
order to select a particular distribution for the maximum at each
bridge AIC together with visual inspection was used. AIC values for
different parametric distributions vary significantly between bridge
structures mainly due to the large variation in moments and shear
forces calculations across bridges (notice that for all bridges 254 daily
maxima are used). In general, mostly the Weibull3 distribution and the
Weibull2;𝑥0 distribution are the ones that better describe the individual
aily maxima load effects.

Once all the distributions that better describe the data are selected,
he ELEs 𝑀50, 𝑀1000, 𝑉50 and 𝑉1000 are estimated for the 576 bridges.

Let 𝐸 denote a random variable representing any of the four estimated
ELEs. The resulting ELEs are categorized into 6 classes according to:
[

𝐸min, 𝐸5
)

,
[

𝐸5, 𝐸25
)

,
[

𝐸25, 𝐸50
)

,
[

𝐸50, 𝐸75
)

,
[

𝐸75, 𝐸95
)

and
[

𝐸95, 𝐸max
]

.
Where 𝐸𝑞 denotes the qth percentile of the distribution of 𝐸. As an
example, the ELE 𝑀50 map is presented in Fig. 8, to increase legibil-
ity, simple geometric square markers are used to represent individual
bridges. The colour code of the geometric markers represents each of
the 6 𝑀50 percentile classes. For this example the 6 classes are (in
kN m): 592, 800 , 800, 1327 , 1327, 2507 , 2507, 4918 , 4918, 9320
[ ) [ ) [ ) [ ) [ )
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Fig. 6. Load effects envelopes for the continuous bridge El Rosario I corresponding to one day of traffic simulation. Envelope of bending moments.
Fig. 7. Exceedance probability plot comparison bridge El Rosario I. In blue circles, the absolute bending moment daily maxima values. The vertical grey solid line represents
the value of the maximum daily maxima recorded observation. The star markers represent the extrapolated value that corresponds to an ELE with a 50-year (𝑀50). The triangle

arkers represent an ELE with a 1000-year (𝑀1000) return period. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

f this article.)

+
nd [9320, 16 124]. The corresponding histogram of frequencies of the
omputed 𝑀50 distribution is presented at the bottom of the figure.
he highest extreme bending moment with a return period of 50 years
1623.8 kN m) corresponds to the 7-span bridge Rio Fuerte located in
he northwest region of Sinaloa state (star shape maker in Fig. 8). This
esult is expected since Rio Fuerte bridge has one of the largest spans of
he database (44.7 m). A similar map for 𝑉50 can be found in Fig. A.6
n the Appendix. Mapping the site-specific extreme traffic load effects
llows the identification of the most critical bridges for which more de-
ailed information or immediate traffic-related actions may be required.

.1. Comparison with a simple popular method

When applying Turkstra’s Rule it is assumed that the trucks meet
t the critical point of the influence line, which represents an extreme
oading event. However, the extreme loading events consist of very
eavy trucks meeting near, but not exactly at, this critical point. There-
ore, as pointed out by [97] a more intuitive model would consider
lacing one of the trucks at a distance 𝛼𝐿 from the other, where 𝛼
epresents a scaling factor (see Fig. A.3). It is important to note that
he situation differs for the two load effects, resulting in 𝛼𝑀 not being
qual to 𝛼𝑉 .

Through the analysis of simulations that generate the maximum
aily load effects for simply supported two-lane bridges (total of 445
ridges), the application of Turkstra’s Rule reveals that the 50-year
oading event consists of the 50-year truck in the slow lane, combined
ith the one-day return period truck for 280 bridges and the one-
eek return period truck for the remaining bridges. The values of 𝛼𝑀50

ange from 0.02 to 0.70, while 𝛼𝑉50 varies between 0.06 and 0.89.
he selection of 𝛼𝑀 and 𝛼𝑣 values was based on achieving the closest
pproximation to the target values, specifically 𝑀50 and 𝑉50 obtained
rom the simulations. Based on this investigation, it can be concluded
hat in 362 out of the 445 two-lane bridges, the (extended) Turkstra’s
ule yields accurate results with discrepancies ranging from −0.3% to
9

3.0% for 𝑀50. Conversely, for 𝑉50, the variations range from −0.3%
to +3.9% for the same set of bridges. On the other hand, discrepancies
of up to 15.8% and 23.0% are obtained when comparing the values
of 𝑀50 and 𝑉50, respectively, in cases where Turkstra’s Rule fails to
produce precise outcomes for bridge analysis.

As can be seen, Turkstra’s Rule simplified model provides accu-
rate estimations of the ELEs in the majority of the studied bridges.
Nevertheless, a trial-and-error approach is needed to derive the value
of alpha. Moreover, the computation of site-specific 50-year trucks
requires extensive simulations. While it is conceivable to construct a
moderately precise model through this method, it is essential to note
that the process is both highly dependent on site-specific factors and
time-intensive. Extending Turkstra’s Rule model to include continuous
bridges and three or more lanes is beyond the scope of this paper.
However, future works will explore the differences between Turkstra’s
Rule model and our approach, specifically incorporating continuous
bridges and three or more lanes.

4.2. Mapping bridge criticality

In this section, as mentioned in Section 2.5 to identify the most crit-
ical bridges on the network, a load effect bridge performance indicator
based on the ratio 𝑟 between the computed extreme load effects and
the design load effects is computed. The obtained ELEs are compared
with the characteristic values calculated using the reported design live
load (HS15-44, HS20-44, T3-S3 or T3-S2-R4) at each bridge site.
According to [45], it is assumed that the standard trucks occupy a width
of 3.00 m. In load factor design, a live load factor of 1.67 is adopted.
Additionally, a reduction of the live load of 90% and 75% may be
used in view of improbable coincident loadings for three lanes and for
four lanes or more, respectively. Because of the absence of a Mexican
bridge design code, the live load factor and live load reductions due to
the improbable coincident loadings in lanes established in the AASTHO
standards are assumed.
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Fig. 8. Extreme load effects map for the maximum absolute bending moment with a 50-year return period. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
Fig. 9. Computed extreme load effects ratios per bridge per year. Maximum absolute bending moment with 50-year return period ratios (𝑀50,𝑟).
Fig. 9, shows the computed 50-year absolute bending moment
ratios, 𝑀50,𝑟, for all bridges under study. These ratios indicate that, in
most cases, the 𝑀50,𝑟 values are significantly higher when compared
to those generated by the AASHTO standard HS truck live loads.
Specifically, they can be up to 1.71 times larger for bending moments
(similarly, up to 1.67 times larger for shear forces). On the other hand,
when considering the ratios computed with the maximum allowable
Mexican HVs, a different trend emerges. In this case, the load effects
computed using the maximum allowable values specified in the Mex-
ican standard exceed those computed using our approach, which is
based on observed data. Therefore, Fig. 9 reveals that the computation
of ELEs ratios on bridges subjected to AASHTO loads results, usually,
in lower load effects than when considering Mexican allowable HVs.
Notice that the ratio decreases as the year of construction progress.
The results of the ratios presented above are in line with the fact
that the AASHTO standard HS trucks, which were commonly used
until the early 2000s for the structural design of bridges in Mexico,
10
underestimate the values of the load effects (shear forces and bending
moments) for design [98,99]. As a result, in 2001 the Mexican Institute
of Transportation proposed a live load model named IMT-66.5 [92]
better aligned with the actual traffic load demands.

The computed ratios are categorized into 6 classes according to
the 5th, 25th, 50th, 75th, and 95th percentiles of the corresponding
distribution, i.e.,

[

𝑟min, 𝑟5
)

,
[

𝑟5, 𝑟25
)

,
[

𝑟25, 𝑟50
)

,
[

𝑟50, 𝑟75
)

,
[

𝑟75, 𝑟95
)

and
[

𝑟95, 𝑟max
]

. For illustration, Fig. 10 present the ratios 𝑀50,𝑟 map. A simi-
lar map of 𝑉50,𝑟 can be found in Fig. A.9. As can be seen, the lowest ratio
values for both extreme traffic load effects (between 0.41 and 0.67)
are mostly concentrated on the bridges located on corridors that cross
the states of Sinaola, Guanajuato, and Guerrero accordingly. The ratio
is approximately 1–1.3 in most parts of the major corridors highway
network. The highest ratios (above 1.42) are primarily concentrated
on the highway that connects the cities of Caborca and Sonoyta in
northern Mexico. In order to exemplify a simple use of maps as a tool,
a characterization of the computed load effect indicators is presented
in the following section.
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Fig. 10. Extreme bending moment with 50-year return period ratios (𝑀50,𝑟). Each pentagon shape marker represents a computed ratio per bridge. The star marker represents the

bridge with the highest 𝑀50,𝑟 corresponding to Arboledas bridge 𝑀50,𝑟 = 1.71.
4.3. Comparison of bridge criticality at major highway corridors

In order to perform a load effect bridge criticality characterization,
the fifteen MHCs, shown in Fig. A.4, were considered. The percentage
of bridges with 𝑟 considering load effects with a 50-year return period
greater than one, i.e. %𝑀50,𝑟 > 1 and %𝑉50,𝑟 > 1 are presented in Fig. 11
for all corridors. It can be observed that both indicators have similar
behaviour with the exception of corridor number 14 in which the
%𝑀50,𝑟 > 1 is more than double the %𝑉50,𝑟 > 1 (89%–39%). The highest
%𝑀50,𝑟 > 1 values are presented in the MHC Peninsula de Yucatán
(corridor number 14, 89%), Circuito Transístmico (corridor number 13,
76%) and México-Nogales, Tijuana (corridor number 1, 71%) Whereas
the highest %𝑉50,𝑟 > 1 can be found in corridors number 1, 7 (Acapulco
-Veracruz) and 13. In addition, corridors México-Tuxpan and Altiplano
presented a value of 0% due to the fact that these corridors have few
bridges, 2 and 3 bridges respectively. Among the MHCs, it is clear that
MHC number 14 is the corridor where attention is needed since the esti-
mated characteristic loading in 16 out of its 18 bridges is greater than
the design values specified by the corresponding live load model re-
ported in SIPUMEX database. With 145 bridges in total, México-Nogales,
Tijuana (MHC number 1) is the corridor with more bridges in the
Mexican Federal highway network. This corridor is another point of at-
tention since 103 of its bridges have a %𝑀50,𝑟 > 1 and 93 bridges (64%)
a %𝑉50,𝑟 > 1. It is likely that perturbations on the bridges of these corri-
dors will generate certain stress levels in their road network generating
at least an increase in user travel costs. Notice that by omitting corri-
dors number 4 and number 10 the average percentage of bridges with
%𝑀50,𝑟 > 1 is 62% and the average %𝑉50,𝑟 > 1 is 46.5%. It is clear that
more than half of the existing bridges in the network need attention.

The previous description was focused on 50-year LEs, but the
trends are also representative of other return periods. In contrast to
the Mexican standards, in the Eurocode EN 1991-Part 2: Traffic load
on bridges [93] the characteristic values are defined with a return
period of 1000 years instead of 50 years due to the requirement of
11
serviceability and sustainability of the structures. For example, when
considering bending moments with a 1000-year return period, the
number of bridges in the most critical group (ratios between 1.55 and
1.72) increases from 31 to 68. As can be seen, the return period is a
crucial factor in risk analysis and design. Events with low probabilities
may result in greater casualties, direct losses, and indirect effects. The
corresponding maps of ELEs with a return period of 1000 years can be
found in the Appendix (Figs. A.5, A.7, A.8 and A.10). Additionally, the
supplementary material presents individual maps for 𝑀50, 𝑉50,𝑀50,𝑟,
and 𝑉50,𝑟 for each MHC. An interactive map has also been produced
using QGIS. The map can be accessed at https://mike-mendoza.github.
io/eles_mexico/.

As illustrated, the methodology and maps presented help to visually
identify changes, trends, and hot spots that may require attention on a
large bridge network. For the Mexican authorities, the maps delivered
herein give the first clear picture of the distribution of extreme load
effects on concrete bridges due to traffic loads at the Mexican high-
way network. They provide relevant information that can support the
development of a comprehensive approach to bridge management to
prioritize structural inspection or maintenance interventions.

5. Conclusions

This paper has presented a 4-step method to estimate and map
the extreme bending moments, extreme shear forces, and load effect
performance indicators due to traffic in a bridge network at a national
scale as realistically and accurately as possible when information is
scarce. This approach permits the visualization and measurement of the
criticality of elements in the network. Hence, to some extent, the degree
to which individual bridges require attention. The criticality of the
bridge, as described in this research, relates to the relationship between
the chosen extreme traffic load effect and the load effect caused by the
design live load model.

The method is low information-intensive per bridge. The necessary
information in most cases is usually available in countries with at

https://mike-mendoza.github.io/eles_mexico/
https://mike-mendoza.github.io/eles_mexico/
https://mike-mendoza.github.io/eles_mexico/
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Fig. 11. Percentage of bridges with a 𝑀50,𝑟 and 𝑉50,𝑟 above 1 per major highway corridor.
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east one-module bridge management system. Regarding the bridge
ata, it requires the number of spans and the corresponding length,
he number of lanes and the corresponding width, and the design live
oad. Regarding traffic information, the method requires the Annual
verage Daily Traffic and the proportion per vehicle type that conforms

he traffic flow.
The method uses Gaussian copula-based Bayesian Networks to gen-

rate site-specific synthetic observations of heavy vehicles. To simulate
raffic flow a copula-based approach is used to characterize the inter-
ehicle gap by estimating its auto-correlation. A long-run traffic load
imulation is used to obtain the traffic load effects on the bridges. Then,
he extreme load effects are estimated using the block maxima extreme
alue analysis approach. The comparison of the obtained values with
he design loads reveals interesting information about the criticality of
he existing infrastructure. To illustrate the method, it has been applied
o a case study involving the bridge network located along the fifteen
ajor toll-free highway corridors in Mexico, which comprises a total of
76 bridges. The results of this study were then used to create four main
aps that provide a comprehensive understanding of the load effects

n the bridges within a national highway network, enabling the iden-
ification of spatial patterns and relationships. It is recommended to
raw attention to bridges with values of bridge criticality greater than
ne. These assets require comprehensive and more reliable inspections.

The main advantages of this methodology include its simplicity
nd ease of application due to its straightforward conceptualization.
dditionally, the required data can be obtained from basic information
bout the bridges and traffic, as well as publicly available databases,
aking it highly flexible and applicable to nearly any bridge network.
his study encounters certain limitations. Firstly, it relies on a restricted
mount and variety of data from a specific bridge network. Therefore,
t does not take into account factors such as the impact of ageing on
ndividual bridge structures and bridge component ratings. Secondly,
he computational cost of the method increases proportionally with
he number of bridges under consideration, making complex structural
nalyses resource-intensive and demanding extensive material and ge-
metrical data. Lastly, the approach used to estimate characteristic
alues of load effects primarily relies on the block maxima extreme
alue analysis method. The sensitivity of the results to a different choice
Peaks-Over-Threshold method for example) has not been tested. How-
ver, the goal was to develop a universal, simple method to aid local
uthorities in regions where WIM systems are not the primary source
f traffic data. It is important to note that this paper acknowledges the
imitations of existing traffic data sources and emphasizes the crucial
ole of collecting additional data through WIM systems. Therefore,
t does not suggest that WIM traffic data is unnecessary but rather
dvocates for its use to obtain reliable results in traffic loading analysis
y collecting accurate and substantial amounts of traffic data.
12
Future work based on the methodology can investigate its appli-
ability in other networks to test its ability as a general approach.
egions in the United States and Europe in which data from robust BMS
nd WIM systems are available can be used to apply the methodology
n its corresponding networks. It is possible, for instance, to quantify

BN model with WIM datasets and analyse its performance relative
o the Mexican quantification presented in this paper, as well as to
ombine those data. In this manner, several scenarios can be made
ith an increase in traffic volume and different vehicle configura-

ions passing through specific bridges. Further research can explore
he use of different approaches for estimating ELEs. In particular,
he Peaks-Over-Threshold method seems like a natural starting point.
dditionally, consider the integration of WIM data from diverse re-
ions to assess its influence on the bridge criticality results. Finally,
esearchers could explore ways to integrate the methodology into
ecision-making processes by combining bridge performance measure-
ents such as condition rating and bridge criticality presented here

o optimize preventive maintenance schedules of all the bridges of the
etwork.
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See Tables A.1, A.2, A.3(a) and A.3(b) and Figs. A.1.
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Table A.1
Inter-axle distances (D) general statistics, mean and coefficient of variation (cv) comparison. Reported (Rep.) in [63] and simulated (Sim.).

Type Statistic 𝐷1−2 𝐷2−3 𝐷3−4 𝐷4−5 𝐷5−6 𝐷6−7 𝐷7−8 𝐷8−9

Rep. Sim. Rep. Sim. Rep. Sim. Rep. Sim. Rep. Sim. Rep. Sim. Rep. Sim. Rep. Sim.

C2 Mean 528.12 529.54 – – – – – – – – – – – – – –
cv 0.71 0.19 – – – – – – – – – – – – – –

C3 Mean 502.42 502.56 127.22 128.98 – – – – – – – – – – – –
cv 0.10 0.11 0.06 0.07 – – – – – – – – – – – –

T3S2 Mean 452.39 452.80 135.99 134.72 818.04 837.25 115.11 129.19 – – – – – – – –
cv 0.12 0.14 0.07 0.10 0.17 0.11 0.09 0.07 – – – – – – – –

T3S3 Mean 545.81 455.43 136.74 135.31 657.99 661.64 119.01 128.73 117.43 128.84 – – – – – –
cv 0.09 0.14 0.70 0.04 0.16 0.11 0.08 0.07 0.08 0.08 – – – – – –

T3S2R4 Mean 481.79 455.12 141.95 137.82 672.76 653.05 122.27 128.87 238.21 197.12 118.88 129.07 591.94 577.82 110.78 129.05

cv 0.10 0.21 0.07 0.12 0.28 0.08 0.16 0.08 0.08 0.07 0.20 0.07 0.20 0.15 0.10 0.07
Table A.2
Fitted copulas of the auto-correlated time series for weekday number 16a.

Hour Copula Name 𝜃 𝜌 Number of observations

0 𝐶16,0
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Clayton 0.08 0.06 91

1 𝐶16,1
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Frank −1.01 −0.17 82

2 𝐶16,2
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Joe 1.07 0.06 129

3 𝐶16,3
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Joe 270◦ rotated 1.05 −0.05 275

4 𝐶16,4
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Frank −0.41 −0.08 622

5 𝐶16,5
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Frank −0.66 −0.11 559

6 𝐶16,6
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Frank −0.72 −0.13 387

7 𝐶16,7
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Frank 0.18 0.03 439

8 𝐶16,8
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Frank −0.29 −0.05 482

9 𝐶16,9
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Clayton 270◦ rotated 0.03 −0.02 505

10 𝐶16,10
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Frank −0.17 −0.03 443

11 𝐶16,11
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Clayton 180◦ rotated 0.07 0.05 449

12 𝐶16,12
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Frank −0.41 −0.08 492

13 𝐶16,13
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Gumbel 90◦ rotated 1.06 −0.09 400

14 𝐶16,14
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Frank −0.24 −0.05 387

15 𝐶16,15
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Gaussian −0.11 −0.11 334

16 𝐶16,16
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Frank 0.33 0.06 308

17 𝐶16,17
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Clayton 270◦ rotated 0.22 −0.16 190

18 𝐶16,18
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Clayton 180◦ rotated 0.12 0.09 151

19 𝐶16,19
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Clayton 270◦ rotated 0.03 −0.03 100

20 𝐶16,20
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Clayton 0.04 0.03 93

21 𝐶16,21
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Joe 1.10 0.09 83

22 𝐶16,22
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Clayton 90◦ rotated 0.36 −0.23 79

23 𝐶16,23
𝜃𝑌

{𝐹 (𝑦𝑡), 𝐹 (𝑦𝑡−1)} Clayton 90◦ rotated 0.28 −0.19 79

a Notice that low correlations are observed in the majority of the hours throughout the day. This observation suggests relatively independent
behaviour during different hours of the day. This could indicate that the occurrence of events or patterns on this particular weekday is not
strongly influenced by the time of day. However, since the empirical data observations are limited in quantity, the fitted copula models are

used to generate additional synthetic observations.
Table A.3(a)
Example of a random realization (output) of the synthetic traffic for the bridge El Rosario I. The first column in the table represents the ID of
the synthetic observation, the second the vehicle type, the third the gross vehicle weight in kN and columns 4 to 12 the individual axle load
(A) in kN.

ID Type GVW A1 A2 A3 A4 A5 A6 A7 A8 A9
0 T3S2 157.20 30.01 34.33 34.57 30.69 27.61 – – – –
1 T3S2 315.58 34.81 73.55 69.13 71.22 66.87 – – – –
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
208 C3 137.40 34.87 39.18 63.35 – – – – – –

209 T3S2 231.84 47.70 47.29 34.74 52.82 49.30 – – – –
Table A.3(b)
The first column of this table corresponds to the 13th column of Table A.3(a) representing the total length of the HV in meters, columns 14
to 22 represent individual inter-axle distances (D in m), and the last column the inter-vehicle gap (IVG in m.)

Length D1 D2 D3 D4 D5 D6 D7 D8 D9 IVG
16.76 1.78 3.81 5.62 1.31 1.31 – – – – –
15.95 1.91 3.71 4.77 1.79 1.79 – – – – 606.07
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
8.37 0.84 4.33 1.02 – – – – – – 542.97

16.55 1.76 3.73 5.56 1.32 1.32 – – – – 464.49
13
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Fig. A.1. One random simulation of 24 h of traffic flow of bridge El Rosario I Lane 1.
Fig. A.2. Lanes 1 and 2 distributions of vehicle types that caused the maximum 200-day absolute bending moment for the studied bridges. (a)–(b) Bar plot of individual vehicle
ype counts. (c)–(d) Gross vehicle weight histogram.
t
14
Fig. A.3. Traffic scenario that causes the extreme loading event for two-lane simple supported bridges. (a) same direction lanes, (b) opposite direction lanes.
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Fig. A.3. Traffic live load models reported in SIPUMEX database (a) AASHTO standard HS Trucks and lane loadings, (b) Maximum allowable axle loads for the trucks types
T3-S3 and T3-S2-R4.
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Fig. A.4. Major highway corridors of Mexico.
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Fig. A.5. Extreme bending moments with a 1000-year return period (𝑀1000). The star marker represents the bridge with the highest 𝑀1000 corresponding to Rio Fuerte bridge with
𝑀1000 = 16739.7 kN m.
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Fig. A.6. Extreme shear forces with a 50-year return period (𝑉50). The star marker represents the bridge with the highest 𝑉50 corresponding to El Uro bridge with 𝑉50 = 1752.2 kN.
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Fig. A.7. Extreme shear forces with a 1000-year return period (𝑉1000). The star marker represents the bridge with the highest 𝑉1000 corresponding to El Uro bridge with 𝑉1000 = 1790.4
kN m.
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Fig. A.8. Extreme bending moment with 1000-year return period ratios (𝑀1000,𝑟). Each pentagon shape marker represents a computed ratio per bridge. The star marker represents
the bridge with the highest 𝑀1000,𝑟 corresponding to El Cojo bridge with 𝑀1000,𝑟 = 2.
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Fig. A.9. Extreme shear force with 50-year return period ratios (𝑉50,𝑟). Each pentagon shape marker represents a computed ratio per bridge. The star marker represents the bridge
with the highest 𝑉50,𝑟 corresponding to Miraflores bridge 𝑉50,𝑟 = 1.67.
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Fig. A.10. Extreme shear force with 1000-year return period ratios (𝑉1000,𝑟). Each pentagon shape marker represents a computed ratio per bridge. The star marker represents the
bridge with the highest 𝑉1000,𝑟 corresponding to Las Piedras bridge with 𝑉50,𝑟 = 1.81.
Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.engstruct.2023.117172.
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