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Abstract

At the design stage of bridges, all possible actions and their com-
binations are to be considered. In certain cases, the influence of the
environment must be taken into account in addition to design val-
ues of traffic loads. In order to assess the current state of an exist-
ing bridge, actual applied actions must be considered: updated traffic
situation, monitored climatic actions, and their unfavorable combina-
tions. Therefore, monitoring all actions makes it possible to adequately
study a structure. Since only limited data are generally available, the
important question is how the quality and the duration of monitoring
influence the assessment of the structure. In the current study applied
to the Millau viaduct, effects from monitored traffic and wind actions
are evaluated. The statistical analysis of applied actions and caused ef-

fects is done according to the Peaks Over Threshold (POT) approach.
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Results include the comparison between confidence intervals of predic-
tions, for each studied load case and for various periods of monitoring.
In addition, this paper presents study of the influence of the length of
monitoring data on predictions of future extreme load cases, and also
proposes an alternative efficient algorithm for threshold choice in the

POT approach.

Keywords— cable-state bridges, orthotropic deck, Extreme Values Theory, Peaks

Over Threshold, wind actions, traffic actions, combination of actions, BWIM

1 Introduction

The complexity of predicting the residual life of large complex unique bridges such
as the Millau viaduct is an important topic for the modern civil engineering work.
Due to the fact that many European bridges, as well as bridges all over the world,
are coming to the end of the design life, the question of the extension of their oper-
ational life is essential [1]. Moreover, some bridges were not designed to the current
loading and have to be re-assessed. Studying such structures allows for improv-
ing the assessment of existing structures and possibly, gaining some profit from an
economic point of view by avoiding unnecessary over-design or strengthening.
Usually, in bridge engineering and development of standards or norms, such as
background works on the Eurocodes [2], the Extreme Value Theory (EVT) is used
[3] for forecasting of return levels of actions for the period of the interest. One
of the most efficient approaches to be used is the Peaks Over Threshold (POT)
method, that was not used during the mentioned background works, but which has
proven to work well in diverse fields: wind engineering [4], precipitation predictions
with non-stationary data [5], electricity demand estimation with a time-varying
threshold [6], etc. Here, it is used for two types of loading — loading from heavy

vehicles and wind loading, and their combination.



Concerning bridges, EVT has been successfully used to envision the forthcoming
situation of structures [7, 8] based on the long-term monitoring of traffic actions.
For the proper use of EVT, usually, only extreme actions (meaning the highest in
absolute value) are considered. More precisely, heavy (even over-weighted) trucks
are taken into account without paying attention to lighter vehicles.

Usually, bridges are designed against wind according to standards [9], consid-
ering the specific area of the location of the structure. As for effects of the wind on
existing bridges, where applicable, much research have been made, and even more
research are needed. For instance, the study of the aeroelastic behavior of long-span
suspension bridges [10] shows the importance of wind effects, which can endanger
the life of a bridge. Combining wind actions with vehicles as mass points [11] shows
that higher wind speed actions do not necessarily cause a shorter life. However,
the combination with trucks induces large stresses in the structure. In the current
work, only static wind loads [12] are studied that simplifies the calculation process
but makes it possible to observe conclusions based on available weather data. The
considered direction of the wind (perpendicular to the deck) has been chosen after
analyzing wind roses for the area.

The present work is devoted to the Millau viaduct, France, with the main aim in
finding probabilities and effects of the combination of high velocity winds with heavy
traffic for the most unfavorable cases. In order to use available monitoring data and
to avoid additional assumptions, only static loads are considered without accounting
for accelerations of traffic or dynamic wind effects. Based on techniques developed
in the field of finance [13] and risk management [14], an updated algorithm is
proposed for the threshold choice in the POT approach applied to traffic and wind
actions that gives the best level of confidence for results. As well, the observation of
the influence of a monitoring duration on load effects predictions is made to evaluate
the validity of predicting critical load cases using limited monitoring information.

In this current paper, the following monitoring systems have been used: Bridge



Weigh In Motion (BWIM), the principle of which was firstly proposed by Fred Moses

[15, 16], installed underneath the deck slab, and the weather station information

for the wind velocity. Following cases (and their combinations) are presented here:

e Traffic actions based on two months of BWIM data,

e Traffic actions based on six months of BWIM data,

e Wind actions based on the same period of monitoring as traffic,

e Wind actions based on historical data for the period of existence of the bridge.

EVT
POT
BWIM
GPD
LE(s)
MRLP
RL(s)
CI(s)
BM(s)
PE
SHM
BMS
GVW
ULS
SLS
LM

Abbreviations:

Extreme Value Theory

Peaks Over Threshold
Bridge-Weigh-In-Motion
Generalized Pareto Distribution
Load Effect(s)

Mean Residual Life Plot
Return Level(s)

Confidence Interval(s)
Bending Moment(s)
Probability of Exceedance
Structural Health Monitoring
Bridge Management System
Gross Vehicle Weight
Ultimate Limit State
Serviceability Limit State
Load Model



2 Millau Viaduct

2.1 Overview

The Millau viaduct is crossing the valley of the Tarn river in Southern France. It is
one of the highest cable-stayed bridges in the world, with piles of heights between
77 and 245 m, and pylons of almost 90 m of height (Figure 1). Its steel orthotropic
deck is composed of 342 m long spans with the total length 2460 m. Each span is
suspended by 11 cables and provided with extension joints at the abutments [17],
which permit openings up to 80 cm in the longitudinal direction. It is necessary
to mention that span lengths (over 200 m) require specific studies, as their lengths
are beyond those covered by the load models of the Eurocodes [18].

At the design stage of the viaduct, extreme wind actions were considered with
a respect to site characteristics and the aerodynamic behavior of bridge elements.
The possible effects are taken into account by safety factors obtained by both static
and dynamic calculations [19]. One of the design deformed shapes: tower-lateral
with some torsion in the deck (Figure 2) brings attention to the combination of
traffic and wind loads. Therefore, the case of congestion of heavy trucks and the

static wind coming from unfavorable direction is studied further in the paper.

2.2 Objectives

The main aspect covered in this study is the prediction of extreme load effects based
on monitored actions caused by the wind and traffic, both separately and combined
together. These two loads are assumed to be statistically independent due to the
absence of any recorded data on their dependency.

It should be noted that due to the safety regulations on traffic, the Millau
viaduct is closed if the wind speed crosses 39 m/s (140 km/h), and lorry caravans are
prohibited for wind velocities over 30.5 m/s (110 km/h). Therefore, the combination

of traffic and wind is studied up to these values.



One of the objectives of this paper is the comparison between the probabilities
of occurrence of extreme load effects for given return periods, based on various
monitoring periods.

Let L1 and Ly be the statistically independent random variables of load effects,
caused by two types of independent actions, which occur simultaneously. For k& =
1,2,.. let I = I},...,I? be the set of n independent realizations of Lj and let be
Jmas

= ma:cj:L___,nli. Since Ly and Lo are two independent random variables, if

By is any part of I; and Bs is any part of Iy, then:

PT((Ll S Bl) N (LQ S Bg)) = PT(Ll S Bl) X PT(LQ S BQ) (].)

In this work, random variables L; and Ly are chosen to be the bending moment
(BM) of the pylon P2 at the level of the deck caused by wind and traffic actions,
respectively. The load effect Lo is given by a single heavy lorry or a group of several
vehicles in order to find the most critical and the most probable cases.

Different traffic scenarios can be simulated to use measured traffic data and
take into account various traffic situations, as it was done before by Monte-Carlo
simulations [20] and traffic microsimulation [21]. Nevertheless, only lines of lorries
are considered here as the comparison made in the current study covers static
loading for both traffic and wind actions.

The static wind was chosen for the probabilistic model in order to observe the
possibility of making such analysis if only simple data from a weather station is
available: hourly wind speeds and directions. Therefore, results should not affect
the Millau viaduct but allow to use it as a case study. The idea is to show, even if
the information on the wind is not precise or not complete, that the probability for
the combination of extreme cases of traffic and static wind actions is low compared

to probabilities of extreme cases for each load separately.



2.3 Monitoring of traffic

The deck of the Millau viaduct was equipped with a BWIM system for two short
periods during years 2016 and 2017, in the same way as it has been done before
[22]. Recorded data include information about every truck passing the bridge: type
of vehicle, weights of each axle, distances between them, and speed.

The system itself was located in the middle of the first span (Figure 1), inside
the orthotropic deck, underneath the deck plate. The deck of the viaduct has two
lanes in each direction, a slow and a high-speed lane. Monitoring has been done in
the most loaded direction, which permits using recorded data for the mathematical
model and theoretical predictions of traffic actions.

Figure 4 shows gross vehicle weight (GVW) of all recorded heavy trucks on both
lanes. There are several interruptions in recordings, therefore, two sets of data are

used here:
e October - December 2016 (43 days), called BWIM-I hereafter,

e February - July 2017, called BWIM-IT hereafter (26, 67 and 40 days are con-
sidered as one measured period, and short pauses in monitoring during the
year 2017 are not taken into account, assuming that the traffic was continu-

ously being observed).

The advantage of the BWIM system is that it counts, weights and records all
vehicle passing over the instrumented section. The statistical distribution depends
on many factors such as location, country regulations, time of the day, day of the
week, and economical aspects. Changes in the economical situation cause increases
or drops in traffic volume and brings doubts into the assumption of stationarity of
traffic over time [23]. Nevertheless, the traffic growth is neglected here due to the
fact that longer monitored data are not available. Moreover, weekly stationarity
of traffic is assumed based on testing of time series for recorded traffic. It can be

clearly observed from Figure 4 that the distribution of vehicles weights and numbers



repeat itself every week with slight seasonal change.

For the considered period, the most common type of vehicles is a 5-axles truck
"113” (composed of two single axles and a group of three axles), which is common
in France. The second popular type is a two-axles van 711”7 (two single axles),
followed by four-axles 7112” (two single axles followed by a tandem) and a few
more (”1117,712”7,711117,71211”). The proportion of each type is shown in the
pie-chart of Figure 5.

For the extreme value analysis using POT approach, only the highest values
are considered. All data are presented in Table 1. The fourth column shows the
limit for GVW in France for a given number of axles [24], and the sixth and eighth

columns give the proportion of overloaded trucks.

2.4 Data collection for the wind

In order to observe the influence of some climatic conditions (here, the wind), the
global effects on the entire structure are considered. The wind profile is formed
according to the wind data at four different heights of the pile P2 with its pylon
collected by the Bridge Management System (BMS) and a national weather station
located nearby.

First of all, data from the Structural Health Monitoring (SHM) system installed
in the structure is used. It includes measurements of wind speeds and directions
at the level of the deck and at the top of the highest tower. The SHM system
is operating only if the wind speed upcrosses the value of 25 m/s [25], which is
not sufficient for the statistical analysis and for making predictions. For research
purposes, during one week (16-20 May 2017) the SHM system was turned on during
working hours to observe the values of the wind near the bridge structure (the
example of recorded signal is shown in Figure 6) and compare these values with
those of the weather station. The following conclusions can be made based on

provided results:



e The values of hourly mean or maximum of wind speeds are used in the
further predictions: according to experience [26], these values are considered

as independent observations of the wind speed.

e One of the most frequent directions is perpendicular to the longitudinal di-
rection of the bridge deck (winds from North-West, Figure 7), that brings
attention to both limit states — ultimate (ULS) and serviceability (SLS), of

the deck of the viaduct (Figure 2) including possible torsion in the deck.

e The wind speed at the top of the tower is about 20% higher than at the level
of the deck (Figure 8), which makes it necessary to take this difference into

account in calculations.

Secondly, weather data for wind velocities in the area are coming from the
climatic station located nearby, in Creissels, and comprise values of wind speeds
and directions for each hour at the height of 80 m above the ground. To obtain
values of the wind speed at the level of the deck (249 m height) and at the top of P2
(339 m height) of the viaduct, a simplified calibration has been done depending on
the mean values of differences between wind velocities at several heights. Monitored
wind velocities for certain hours between 16th and 20th of May, 2017 (Figure 8)
are compared with wind velocities from the Creissels weather station.

Figure 8 shows that the ”peaks” of velocities arrive approximately at the same
time. The random variables represent the differences of wind speeds between several
heights (the Creissels weather station, the deck and the top of the pylon P2 of the
Millau viaduct). From the measurements, the statistical estimation of their prob-
ability distribution functions show that these random variables are approximately
Gaussian. Only velocities of more than 30 km/h are considered.

The period of weather data is chosen to be the same as for the monitoring of
traffic: (11/10/2016 — 21/06/2017). The obtained histograms of wind speeds for

the given period are shown in Figure 9. In the considered direction, the maximum



wind speed recorded during this period is 55 km/h. The 95%-estimate of the
confidence interval of wind speed is 74.6 £+ 10.4 km/h at the top of the pylon and
68.6 8.4 km/h at the deck level. The values of the wind force as a function of the
wind speed are summarized in Table 8 in Appendix D.

In addition, due to the availability of data and for statistical calculations, these
data were updated twice: one with the period of bridge operation (16/12/2004 —
01/03/2018) and one with the entire period of available climatic data at the Creissels
weather station (01/01/1985 — 01/03/2018) in order to observe the influence of

monitored duration on results.

3 Prediction of load effects

3.1 Methodology

3.1.1 Calculation of Load Effects

Two available periods of traffic measurements allow for comparing predictions made
by using short time (43 days) BWIM-I monitoring with results based on a longer
period BWIM-II (176 days). The action of the wind is taken into account as a
separate static load coming from the most unfavorable direction. Three periods
are considered: WS-I - the same period as BWIM-II (2016-2017) and WS-II - the
operating life of the bridge at the moment (2004-2018). In addition, the entire
available statistical data for wind WS-IIT (1985-2008) is used to compare results
obtained for various lengths of monitoring duration. Both types of actions have
been combined, based on the period from October 2016 until June 2017.

These measurements provide sets of values that form vectors of load effects
(LEs), which are used in the EVT, based on the block and the threshold models
[3], where only extreme effects are considered. Data are fitted to the generalized

Pareto distribution (GPD). The confidence intervals (CIs) of return levels (RLs)
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are compared. Figure 10 represents the different steps of the procedure that are
used for each case. The return levels are estimated for the guaranteed lifetime of
the bridge of 120 years [27].

The methodology for the application of POT (Figure 11) to recorded load effects
and for the calculation of the return levels is given in Appendix A. The evaluation of
confidence intervals is detailed in Appendix B. The main drawback of the approach
is the choice of a threshold, therefore, an updated algorithm is provided based on

previous works in other fields [13], [14].

3.1.2 Updated methodology for threshold choice

One of the most used ways to estimate the threshold is the mean residual life plot.
The idea is to choose a sufficiently high limit so that values exceeding it are well
fitted to the GPD with corresponding shape and scale parameters. To reach that,
the threshold is usually taken at the tail of the Mean Residual Life plot (MRLP)
when the function of the mean value excesses begins to be less curvy and has a
tendency to be linear. Basically, the mean residual life plot (MRLP) is given by
the set ¢ of the "locus of points” (2) such that for an element x; of the load effect,
which exceeds a threshold u, with i = 1, ..., N, and N, the total number of excesses,

1 Qe

¢= {(U,FZ(%*U)) fU < Tnag ) (2)

¢ i=1

Another solution used is checking several different thresholds by evaluating of
confidence intervals for return levels.

Let U = U,,...,Ug,...,U, be the sequence of thresholds with U, correspond-
ing to the value of 90%-quantile (as it was concluded to be the most appropriate
choice, for instance, in the recent study for temperatures [28]) and U, correspond-
ing to the value of 99%-quantile (as higher values of threshold would lead to an
insufficient number of excesses N, to fit GPD). By substituting U into Eq. (13)

11



of Appendix A, we obtain a sequence of confidence intervals C'(U) and for each Uy,
the probability of exceedance is written as

Ne,k

u,k = 5 3
Cu k N, (3)

in which Ny, is the total number of load effects.

Then, both C(U) and ¢, (U) are plotted in the one graph in order to choose the
threshold that gives the smallest value of the confident intervals.

In the current section, the methodology according to the EVT is described.
However, the motivation for the choice of a threshold level comes also from the
design and serviceability purposes. For instance, the choice of a threshold for traffic
can be also explained by traffic regulations in France, where the value of the gross

vehicle weight for 5-axles vehicles should not exceed 44 tons [24].

3.2 Return levels for traffic

3.2.1 Case of a critical single vehicle

It is necessary to take into account that 5-axles vehicles are often transporting
goods in groups of two, three or four trucks. Analyzing time-series data available
from the BWIM monitoring and recorded speeds of vehicles, situations with the
presence of several heavy vehicles on one span at the same time were detected.
This allows for assessing probabilities of occurrence (Table 2) of such situation that
can lead to larger values of overall load effects. As 90.5% of time, a passage of a
single vehicle takes place, the results are obtained, first of all, for this case.

The distribution of single vehicles is made for each group (Figure 5), separately
and for all vehicles together. Calculations are made using the algorithm explained

in Section 1 (Figure 12).

1. The first difficulty of the POT approach is finding a correct threshold. It is

12



done here by different procedures:

(a) observing the MRLP [3] according to Eq. (2) in Section 3.1.2 and

Appendix A, an example is given in Figure 13 for axle type 1111’

(b) checking several different thresholds with corresponding model check-
ing and evaluating the confidence intervals for return levels, as it is
explained in Section 3.1.2. The algorithm has been programmed in
MATLAB and the same example (axle type '1111’) is presented in Fig-
ure 14. This figure shows two curves: confidence intervals and probabil-
ity of exceedance as a function of a TH (threshold). The best value of a
TH is where the confidence interval has a minimum value and the prob-
ability of exceedance stays inside an accepted range [90...99%)] yielding
TH=34.

. At the next step, the GPD defined by Eq. (11) in Appendix A, is estimated
as to the distribution of ”extreme” load effects — effects that lay over chosen

TH — with the corresponding (fitted) parameters.

. The analysis of the quality of the estimation is done by probability and
quantile plots (e.g. Figure 15). Empirical points (cross symbols in Figure 15)
are placed in order and they should tend to be linear following the theoretical
curve (dashed line in Figure 15). This is followed by ks-tests [29] based on

differences between empirical and theoretical distributions.

. Return levels are assessed according to Eq. (12) in Appendix A for the return
period equal to the design life of the bridge using estimated GPD shape and

scale parameters.

. The last step is the calculation of 95% confidence intervals for the computed
return level (e.g. Fig. 15, dashed lines) according to Egs. (13) to (17) in

Appendix B.
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For the first part of the study BWIM-I, only 43 days of data were available.
The calculations were done according to the presented algorithm and the results
are summarized in Table 3. For each type of vehicles, allowed weight and maximum
recorded are provided, as well as the number of monitored trucks per day. Table
3 also includes TH chosen by proposed alternative method for each axle type and
the percentage of vehicles weights over this TH. Moreover, the return levels and the
confidence intervals are presented for the return period of 120 years - the guaranteed
lifetime of Millau viaduct - as it was mentioned in Section 2.1. It is more difficult to
fit the distribution when there are not much data available as, for example, ”1211”
with only 6 trucks per day. Therefore, the confidence intervals are too large to
rely on values of the return levels. Comparing the column ”113” with "ALL”, it is
obvious that the heaviest and most frequent type of trucks is contributing the most
into the entire picture, since the value of both the return levels and the confidence
intervals is approximately the same for both cases.

The second part of the work, BWIM-II, includes all data available after the
second installation, in total, 176 days. The same procedure is applied in order
to obtain the return levels and the confidence intervals for GVW of all types of
trucks. Results allow for updating the value of the confidence intervals. Table 4
shows that adding more data (longer period of measurements) permits to decrease
the values of the return levels with the corresponding confidence intervals if the

recorded maximum stays the same.

3.2.2 Case of a queue of lorries

All calculations are shown for a passage of a single truck. As for queues of lorries,
for predictions of return levels, the mean value of the vehicle mass is used in each
case according to Table 2. Table 2 gives numbers of occurrence of single 5-axles
vehicles, groups of two, three, four and five 5-axles vehicles, as well as the mean and

total mass for each case. The expected GVW in 120 years, caused bending moment

14



and the corresponding probability are computed. Bending moments caused in the

structure are shown in Table 9 in D.

3.3 Return levels for wind

The procedure explained in Section 3.2 (see Figure 12), is also applied to the wind
loading. Table 5 represents values of the return levels and the confidence intervals
for the wind. The wind pressure is calculated with the wind speeds. As described
in Section 2.3, wind speeds have been measured in two elevations: one at the level
of the deck and one at the top of the pylon of the highest pile P2. In this work,
the main objective is to analyze the influence of the combination of the wind load
and the traffic load. The probability of occurrence of the wind NW direction,
considering only four possible directions, is given in the second column of Table 5.

Even if the measured values are not so high, it is possible to combine strong
winds occurring in the perpendicular direction to the deck with heavy trucks passing
in lane I (slow lane, Figure 3) that is closer to the edge of the deck. Therefore, the

next step is the combination of effects caused by both loads together.

3.4 Combination of the wind and traffic actions

3.4.1 Bending moments

Prediction of traffic weights and wind velocities has been done in previous sections.
In order to pass from actions to their effects, the bending moments (BM) at the level
of the deck are found for both types of actions, as well as for their combination.
Figure 2 displays a schematic view of the deformation (see Section 2.1) for the
highest pile of the bridge. To obtain the response of the part of the bridge (see
Figure 16, left), a static linear 2D beam finite element model of the pile P2 with
its pylon has been developed using Matlab (see Figure 16, middle). Traffic forces

are directly obtained from known weights coming from BWIM data. The wind
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forces are calculated according to the general formula proposed in standards [9],
see Annex C. Both monitored maximum actions and predicted actions at the end
of the lifetime are applied to this part of the structure.

Figure 16 (right) shows how the wind load is transferred from the real 3D model
to the 2D computational model. The result wind forces for all the elements of the
considered part of the bridge (the pylon, pile, deck, and cables) are shown in Table
8. The wind pressure used in calculations is obtained from the measurements for
the known wind velocities at different levels. The reference areas used in calcu-
lations correspond to actual dimensions of the studied Millau viaduct. Table 10
in Appendix D shows the values of the bending moments at the deck level of the
bridge that are caused by wind forces applied to the 2D computational model for

various wind speeds.

3.4.2 Probabilistic model

Let M™% = my(W[™**) and M = m,, (V***) be the random variables that
model the bending moments in the same section at the level of the deck induced
by the extreme values W/"** of the random vehicle weight and the extreme val-
ues V" of the random wind speed. The probability distributions of the extreme
values W/"** and V]*** correspond to the same period of measurements. The de-
terministic function m; is linear that is an increasing function (for positive moment)
and the function m,, is also an increasing function (for positive moment). These

two functions are associated with the 2D computational model. Let ™" be the

event defined by:

Qe = {M"*" € Cy)} N{M** € Cw)}, (4)

in which C; and C,, are any given intervals. Since W;™** and V"%* are assumed

16



to be independent random variables, we have:

PriQmaty = Pr{M™ ¢ Oy} x Pr{M™=® ¢ C,} (5)

For weekly duration, for 120 years return level, and for 13 weeks duration,
Table 6 displays the probabilities of the extreme wind actions, the extreme traffic
actions, and the combination of the simultaneous occurrence of these two extreme
actions. Values of the bending moment provided for traffic (Table 9, Appendix D)
contribute to the resulting bending moment three times less than the wind. As well,
the combination that brings very high values of the bending moment, is probable

extremely rare.

3.4.3 Design load model

Calculations of design traffic actions F} are made according to the load model LM1
of European Norms, [18], that consists of two parts: the concentrated axle load
Frg and the uniformly distributed load Fyypr,. Results are shown in the last row of
Table 9. According to standards [30], the design value of an action can be crossed
in 10% of cases every 100 years in case of traffic on bridges.

The design model for wind actions Fyy is based on the procedure explained in
[9] for the case of wind loads on bridges. Methodology is shortly explained in Annex
C, and results are shown in the last row of Table 10. According to standards [30],
the design value of an action can be crossed in 2% of cases every year for the wind
(as a climatic action).

The design combination of both loads is computed for ultimate limit state (ULS)
and serviceability limit state (SLS) respecting formulations proposed in standards

[30]. Considering G to be the value of self-weight of the structure and the wind to

17



be a leading action, design combinations E4 can be written as following:

ULS : Ed =G + 'Yw(FW)lead + 'Yt(/(/)OFt)accomp7 (6)

SLS:Eq =G+ FW,lead + (wOFt)accompa (7)

where: 1y are factors for combination value of accompanying variable traffic
actions, 19 rs = 0.75 — for the concentrated axle load (LM1, [18]) and ¢o,ypr = 0.4
— for the uniformly distributed load (LM1, [18]). Considering values of partial
factors for the wind (v, = 1.5) and traffic (y; = 1.35), Eq. (6) and Eq. (7) take

the following form:

ULS:E; =G+ 1.5Fy + 1.35(0.75FTS + 0-4FUDL)7 (8)

SLS : Ey = G + Fy + 0.75Frs + 0.4Fypy, (9)

Results for combination of extreme wind and extreme traffic actions and proba-
bility of their simultaneous occurrence are represented in Table 6. The table shows
both, ULS and SLS for each case. In the case of monitored traffic actions, the
combination coefficient is taken vy = 1. It can be observed from the table that de-
sign values of actions, even using reduction coefficients are much higher than values
predicted based on monitoring. This confirms that the structure has extra capacity

even in the worth case that can probably arrive during the design operational life.

4 Conclusions

The relevance of combining traffic loads with the wind load in the case of cable-

stayed bridges is an important question. Even though all unfavorable combinations

18



are considered at the design stage, it is interesting to reanalize the extreme values
combination in a probabilistic framework.

Monitoring of traffic and wind loads at any period of the operational life of
a bridge allows for updating the design expected life of the structure. Due to
economical and practical reasons, measurements of applied actions are often limited,
which require studying the influence of monitoring duration on the quality of results.
In order to assess global extreme load effects, a probabilistic approach is proposed
in this paper on the base of available data and EVT.

This work has been carried out on the data from the Millau viaduct. Traffic
is represented by most frequent types of heavy vehicles and based on BWIM data
of 43 days, updated after 176 days of monitoring. Hourly wind data from the
weather station near the viaduct have been treated for the same time period. As
the combination of both types of loads, their superposition has been carried out.

The analysis that has been made for both wind and traffic actions, proves the
efficiency of the POT approach in cases where the number of events for load effects
is sufficient to have at least one exceedance of the threshold per day. Moreover, the
main drawback of the method — the choice of a threshold — has been addressed.
For instance, choice of a threshold value in the MRLP method introduces an uncer-
tainty. Therefore, an updated algorithm (plotting confidence intervals computed
for all possible values of a threshold against the threshold with following choosing
the best TH with a respect to probabilities of exceedance) is suggested in this study.
It shows to be efficient enough and less time-consuming.

The predictions are made for weights of passing vehicles of each type and for
wind velocities at different levels of height. The results of obtained approach show
that the longer period of monitoring positively influences confidence intervals for
long-term predictions. For example, for vehicle weights of the most frequent type,
four times longer monitoring duration decreases the value of the confidence interval

by 65%.

19



Another conclusion is the importance of the most frequent type of heavy vehicles
as it contributes the most to the entire number of trucks. It means that for long-
term extreme events predictions, there are only most frequent of heavy vehicles
need to be observed, ignoring frequent light cars, which brings a lot of value, for
instance, in the fatigue limit state. This allows for making such type of analysis
based on just statistical data that are often available.

In a case of the wind, although it gives good model fitting, the confidence
intervals for the return levels are quite high due to the assumption of stationarity
of load effects. Predicted wind speeds based on data for the entire life of the Millau
viaduct since its opening, do not upcross the value of 110 km/h that would cause
traffic limitations, which allows for assessing probabilities of the combination of
extreme cases for both loads as statistically independent variables.

In order to assess the combination of both actions, the part of the bridge con-
taining the highest pylon is studied. Both, wind and traffic actions give bending
moments at the level of the deck around its longitudinal axis. The contribution of
each load is significantly high, therefore probabilities of occurrence of extreme cases
are studied separately and combined together. Single over-weighted trucks (with
the weekly mean of around 600 kN) are frequent, however, their contribution to
the overall bending moment is not as significant as a passage of a queue of lorries
that happen rare enough (twice a month for a group of four or 4 times per year for
a queue of five lorries).

The probability calculation that has been carried out, shows that the high
values of the bending moment could cause some torsion in the deck with the fol-
lowing consequences on the behavior of trucks with a large trailer, but this event
is sufficiently rare.

The further work should include extreme value analysis based on longer sta-
tistical data for traffic. The dynamic induced by the wind action should be taken

into account for more precise conclusions. Moreover, fatigue of deck elements and
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cables, which has not been mentioned here, could be considered as it can bring

contribution to the reliability level of the structure.

5
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Appendix

A Peaks Over Threshold approach

This approach has been recently proved to be a good solution for predictions of
extreme traffic actions [8, 31]. As a time-series process, peak values of LEs, that
lay above a certain threshold, are fitted to the GPD (Figure 11).

Let X = (Xy,..., X}, ..., X;) to be the sequence of random variables representing
LEs with the distribution function F'. Let Y = (Y71, ..., Y], ..., Y},) to be the sequence
of random variables representing exceedances of a threshold v and defined by Y =
X —u, for every threshold excess X; € X so that X; > u. A few assumptions have

to be made for the application of the EVT :
e identical distribution of random variables X,
e random variables X; are independent,
e threshold u is sufficiently high.

The cumulative distribution function F,, of Y}, can be expressed as:

F(Y; +u) — F(u)

Fu(Y;) = Py, x, (Yjiu) = P[Y S Yj|X; > u] = = F(u)

(10)

The main principle of the POT approach is described a few decades ago [32]
and it is based on the following expression: F,(Y;) tends to the upper tail of a
GPD, Eq. (11), with shape and scale parameters (o and £). Certain conditions
have to be respected in order to apply this approach: i) ¥; = X, —u > 0, i) X; > u

for ¢ >0and u <Y; <u—o/¢ for £ <0,iii) o > 0.

1= [14+&(2)]7VE, €40
G(Yj; & omu) = d-f+e (11)

l—exp(—%), £E=0
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For a long period, observations can be based on the cumulative distribution
function of extreme values over a shorter period [33]. Provided, for instance, in
[3], for the probability P[X < X;|X; > u] with the probability of exceedance

Cu = P{X; > u}, the solution to the function is the following:

u+ Z[(pCu)~¢ — 1], 0
Ri(p) = ( +§[(pC) J, &+ (12)

u+ olog(pCu), £=0
where Ry (p) is p-observation return level a quantile that exceeds once every
p observations with large enough p to provide Ry, (p) > u. The POT approach has
also its issues, such as selecting of an optimized threshold [34]. On one side, it
should be reasonably high, so, that extreme event types are not mixed, in order
to avoid their convergence. On the other side, the threshold must be low enough
to provide a necessary number of peaks for obtaining reliable results. The correct

choice of parameter estimators o, £ for the GPD is also a drawback of the approach

8]

B Confidence Intervals

The means of comparison between several load cases in this paper is the value of the
statistical uncertainty represented by ClIs for RLs. Here, 95% confidence intervals

are used for return levels and they depend on the value of variance:

CI = £1.96v/Var(Ryr) (13)

The variance is assessed here based on the delta method [35] and given by:

Var(Ry) = VRE x V x VR (14)

The value of variance for RL depends on variance of GPD parameters £, o and
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on probability of exceedance (,. All three parameters have maximum likelihood
estimates: é , 6 and (, [3], as the number of exceedances over threshold follow the
Binominal distribution with (N, fu) and its natural estimator can be expressed

as:

~ N,
Cu B Ntot

(15)

If v; j represents values of variance-covariance matrix of GPD parameters £ and

o, the complete variance-covariance matrix for all parameters is found as:

CAu(l - CAu)/Ntot 0 0
V= 0 V1,1 V1,2 (16)

For a p-observations RL Eq. (17) gives the \7RL evaluated with parameters

estimates (é, g, CAu)

ORL/0C, optCst
VRL = |0R. /00 | = EH(pCu)E — 1} (17)
OR,,/0¢ 0 2{(pCu) — 1} + o€ (pCu)Elog(pC.,)

It was recently concluded [36] that the efficiency of the described method is high
enough under the assumption of normal distribution of return levels estimators.

Therefore, it is used further in the current research.

C Design values of wind force
The general expression of a wind force F,, acting on a structure:
F, = O.E)pvgcecfAmf7 (18)
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Where:

p is the air density, p = 1.25 kg m ™3 is the recommended value,

vy is the basic wind velocity, , see Eq. (22),

ce is the exposure factor, that can be found from Eq. (19),

cy is the force coefficient wind actions on bridge decks in the x-direction, rec-
ommended value ¢y = 1.3),

Aprey is the reference area reference area of all the elements of the considered part
of the bridge (the pylon, pile, deck, and cables) correspond to actual dimensions of
the studied Millau viaduct.

(1+71,(2))0.5pV;2(2)

- 19
¢ 0.5pv} (19)

where:
Vin is the mean wind velocity at a height z above the ground, see Eq. (21).
I,(z) is the turbulence intensity at height z:

Oy kl

I(z) = vm(z)  co(2)in(z/z0) -

k1 is the turbulence factor, recommended value is 1.0,
¢o(z) is the oreography factor,
Zp is the roughness length.

The mean wind velocity:

Vin(2) = ¢r(2)co(2) v, (21)

where: ¢.(2) = 0.19(20/20.11)%°" x In(z/z0) is the roughness factor with zq -

the roughness length, zo = 29,77 = 0.05m in the case of Millau, zp,n = 2m,
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The basic wind velocity:

Vb = CprobCdirCseasonUb,0 (22)

Up,0 is the fundamental value of the basic wind velocity, defined as the charac-
teristic 10 minutes mean wind velocity at 10 m above ground level in open country
with low vegetation and few isolated obstacles (distant at least 20 obstacle heights),
in the area of Millau the value vy o = 24m/s as it is stated in National Annex, [9].

Cqir aNd Cgeqson are the directional and seasonal factors, with recommended
values 1.0,

Cprob i & probability factor that should be used as the return period for the
design of the Millau viaduct defers from T = 50 years. Considering a 2-% value
of annual probability p of exceedance, parameters K = 0.2 and n = 0.5, then,

Corob = 1.33.

D Calculations

Supporting information on the computational process for traffic and wind actions

can be found in the following tables:
e Details of recorded vehicles types by BWIM system — Table 7,
e Computation of wind loads from wind speeds at different levels — Table 8,

e BM and probability of its occurrence for traffic and wind actions, respectively

in Tables 9 and 10.
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Table 1: Monitored data for different types of trucks

Axle Tmage % Allowed I- 43 days IT - 176 day
type GVW, Total GVW over Total GVW over
(x10%kg) recorded limit (%)  recorded limit (%)

71137 R 47 44 17611 12.1 76754 7.0

117 LT 35 19 12781 1.1 57442 0.7

71127 R 9 38 3489 1.2 14658 1.0

71117 R 2 26 878 2.9 3827 3.0

127 R 2 26 589 11.4 2908 8.7

711117 R 1 32 518 7.9 2211 8.8

712117 R 1 4 264 3.4 1084 3.3
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Table 2: Occurrence of 5-axles trucks

Number of Total Mean mass Total

5-axles number Per of one % of
trucks in of week vehicle ma553 occurrences
the queue  occurrences (x103kg) (x107%ke)

1 70412 2708 32.6 32.6 90.460%

2 7024 270  33.0 66.0 9.024%

3 389 15 32.7 98.1 0.500%

4 11 0.5 29.2 116.8 0.014%

5 2 0.08 29.9 149.5 0.002%
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Table 3: Return levels with confident intervals based on BWIM of 43 days

Axle Type 1177127 71117 71127 71137 711117 712117 ALL
Allowed GVW

(x10°kg) 19 26 26 38 44 32 44 44
Maxrecorded g) o 419 357 478 867 453 625  86.7
(x10°kg)

Trucks 297 14 20 81 410 12 6 841
per day

Threshold 17 29 26 35 44 34 41 44
Pr(X>TH) 3% 4% 3% 3%  12% 6% 9% 6%
RL, 120 years

(x10%kg) 39 47 37 54 160 55 162 169
CI

(x10°%kg) 36 222 56 59 78 65 1119 78
RL+CI

(x10°ks 75 269 93 112 246 120 1281 248
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Table 4: Updated return level with confidence interval based on BWIM-II
of 176 days with same thresholds

Maximum
. Trucks TH RL CI RL+CI
Period Eicfégﬁg) per day (x10%kg) Pr(X>TH) (x10%kg) (x10%kg) (x10%kg)
43 days  86.7 841 44 6% 169 78 248
176 days 86.7 903 44 3% 113 28 141
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Table 5: Results for return levels and confidence interval for the wind data
collected at Creissels

Based on  Probability of Wind speed (x0.278m/s)  Over
data at occurrence of the wind TH
80m NW direction, for 4 (%)
height possible directions Max TH RL CI

1985-2018,

12113 days 0.378 119 55 134 219 1
2004-2018,

4824 days 0.387 103 55 110 203 0.4
2016-2017,

954 days 0.305 69 55 70 119 0.6
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Table 6: Combination of extreme wind and extreme traffic actions and prob-
ability to their simultaneous occurrence

Clase Traffic only Wind only Combination
M;naz, P(thaz M’Z]Lax7 P(M'I'ZL(I$ wg’lgg, wglgg’ P(Qma$
(kNm) > pje®) (kNm) > ue) (kNm) (kNm) > w™a*)
V\{elzkly A% 8661 8.3x 1072 13411 59x 1073 22072 31809 4.8 x 1074
Returnlevel, o o0 950107 167140 9.5 x 107 179500 267518 9.1 x 1013
120 years
5x 7113, - . s
12099 8 x 10 32524 35 x10~% 44624 65120 2.8 x 10
13 weeks
Desi 1 02
esigh, 176490 01 per 976410 D02 PeT s6anse 531587 -
[30] 100 years 1 year
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Table 7: Example of vehicles types

Type Distance between axles (m) Axle  Weight of each axle (kN)
(axles) 1-2 2-3 3-4 4-5 group 1 2 3 4 5
113 (5) 3.64 5.50 1.27 1.23 113 15 22 17 17 17

40 (2) 527 - - - 11 41 119

61 (4) 3.69 6.73 131 - 112 32 139 34 34 -
100 (3) 8.7 3.61 5.1 - 111 46 65 5 - -
56 (3) 6.8 146 - - 12 78 142 142 - -
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Table 8: Wind load as a function of wind speed

Bridge Wind - Wind Height Width Area Wind -~ Wind
clement speed pressure force load Comment

(m/s) (Pa) (m) (m) (m?)  (kN)  (kN/m)
Pler, 28.6  528.8 155 17 2635 1393 9.0
bottom
Pier, two columns
ton 31.7 6478 90 17 1530 991  11.0 of 8.5 height

+ wind

Deck 347 7788 7 342 2394 1865 2664 | " height
Pylon, two columns
Do 34T TT88 36 10 360 280 7.8 of 5 height
Pylon, = ar e 8205 36 8.2 295.2 245 6.8
middle
Pylon, 959 8817 15 2.9 435 38 2.6
top
Cables Distributed
o pylon 35.8 8295 1330 05 665 552  27.6 along 20m height
Cables o/ 2 7185 1330 0.5 665 518 From
to deck ) ) ) ) 11 cables
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Table 9: Bending moments for traffic actions and their occurrence

case GVW Load ieor;g;?l% Occurrence

3

(x10°kg) (kN) (kN x m) every

Maximum
recorded 113" 86.7 850.5 7017 26 weeks
Mean of

59.5 583.7 4815 1 week
weekly max
2x7113” 66.0 647.5 5341 40 min
3x 7113 98.1 962.4 7939 12 hours
4 x 7113”7 116.8 1145.8 9453 2 weeks
5x7113” 149.5 1466.6 12099 13 weeks
RL + CI
single "113” 113427 1383.2 11411 120 years
RL + CI 565456 6092.0 50260 107 years
5 trucks
E‘;lgn load, LM1 176490 1000 years
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Table 10: Wind speed and associated wind force applied to the 2D compu-

tational model and computed bending moments

Weekly max  Max recorded RL, 120 years Design, [9]
case Wind Wind Wind Wind

speed FISII;ICQ speed F}i)li]ce speed FS;ICG speed F}flilce

mjs) SN g BN g BNy (N
Pile, bottom 9.8 161.8 19.2 625.3 52.5 4691 32 9544
Pile, top 12.8 162.1  22.2 488.1 55.6 30561 32 5814
Deck 159  389.1 253 988.2 586 5313 32 9097
Pylon, bottom 159 585 253  148.6 586 799 32 1368
Pylon, middle  17.0 54.9 26.4 132.8 59.7 680 32 1122
Pylon, top 18.1 9.2 27.5 21.3 60.8 104 32 165
Cables 17.0 123.7 264 299.2  59.7 1532 32 2527
Bending
moment, 13411 32524 167140 276410

deck (KN x m)
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Figure 1: Scheme of the Millau Viaduct
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Figure 2: Schematic view of one of the deformation modes of the deck for
the considered part of the bridge, [19]
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Figure 3: Cross section of the deck and traffic lanes
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Figure 6: Recorded wind speeds at the top of P2 of the Millau viaduct
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in Creissels
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Figure 13: Threshold choice (a) by MRLP
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Figure 15: Analysis of the quality of the estimation
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