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Applying weigh-in-motion traffic data to reliability based assessment of

bridge structures

X. Zhou, F. Schmidt, F. Toutlemonde & B. Jacob
French Institute of Sciences and Technologies for Transportation, Development and Networks (IFSTTAR),

France

ABSTRACT: The knowledge of the process of the deterioration of structural resistance is crucial for existing
bridge assessment. However, precisely modeling the process of loading also affects the evaluation. Indeed
traffic loading is one of the main loads that a bridge is subjected to in its service time. This paper investigates
the role of traffic loading on the time-dependent reliability of a given bridge. Emphasis is placed on updating
traffic load effect models with consideration of traffic evolution due to traffic growth, change of traffic com-
position and modification of the weight limit regulation. Moreover, loss of resistance due to chloride induced
corrosion is taken in account. Finally, the annual reliability is evaluated to quantify the influence of traffic
evolution on the reliability of a reinforced concrete bridge.

1 INTRODUCTION

A considerable effort has been recently devoted to
assessment of existing bridges. Short- to medium-
span bridges are the main concern as a majority of
bridges are of this type. For example in France, the
spans of 85% of bridges in the national road network
are less than 50 m (Cremona, 2011). Studies have
shown that this type of bridge may be significantly
governed by traffic loading (Bakht & Jaeger, 1987).
However, the traffic is increasing due to the growth
of economy. In Europe, the road freight transport
has increased by 35% between 1995 and 2010
(European Commission, 2012), and this increasing
trend is projected to keep on with a ratio of about
1.7% per year till 2030 (European Commission,
2008). It is thus important to evaluate the impact of
this increase on existing short- to medium-span
bridge infrastructures.

On the other side, reliability based assessment is a
useful tool to evaluate the condition of a bridge as it
considers the uncertainty in bridge resistance and its
loading (Melchers, 1987). For an existing bridge, the
primary is to evaluate its status as accurately as
possible for constituting intervention strategy to ca-
ter for the increasing demand of traffic. Current ex-
perimental results in Du et al. (2013) have indicated
that the deflections of test beams are bigger when
they are subjected simultaneously to loading and
reinforcement corrosion than when this processes
are applied separately. Therefore, it is important to
update the resistance, R(?), and the load effect model

S(t) with time to consider time-dependent probabili-
ty of failure:

p, (t)=Pr[R(1)<S(7)]

In recent years, a lot of work has been done to
improve the accuracy of site-specific reliability as-
sessment of bridges (Bailey & Bez, 1999, Jacob et
al. 1989, Flint & Jacob, 1996). Weigh-in-motion
(WIM) systems have been more and more frequently
used to collect data for site-specific traffic data in
order to model accurately the traffic load that the
considered bridge experienced. On the other hand,
material deterioration process has been considered to
model the degradation of structural resistance
(Stewart & Rosowsky, 1998).

This paper presents the application of measured
WIM traffic data to reliability based site-specific
safety assessment of bridge structures. For illustra-
tive purpose, the time-dependent analysis is applied
to a typical reinforced concrete bridge. The deteri-
oration of the structural resistance of the bridge due
to the loss of area of reinforcing steel through corro-
sion is taken in account. A set of 6 months traffic da-
ta collected using a French WIM system, which is
representative of high quality modern WIM systems,
has been used. Emphasis is placed on investigating
the influence of traffic evolution on modeling traffic
load effects. To extend the available traffic data, a
Monte Carlo simulation method was used to gener-
ate traffic with mathematical models modeling traf-
fic, developed from WIM measurements. The effects



caused by the passage of the traffic loads can be eas-
ily calculated by combination with influence lines or
surfaces of the load effect of interest. Then the life-
time maximum distribution of the effects can be stu-
died using extreme value analysis.

The paper is organized as follows: Section 2 in-
troduces the resistance loss model for reinforced
concrete beam. A detailed traffic load effect model-
ing method with consideration of traffic evolution is
presented in Section 3. Section 4 illustrates the in-
fluence of traffic evolution on bridges with an ex-
ample. Conclusion is drawn in Section 5.

2 CAPACITY LOSS DUE TO CHLORIDE
INDUCED CORROSION

During service time, the resistance of the structure of
the bridge may degrade due to many factors, like
environmental aggression, cracking, fatigue damage
etc. For reinforced concrete bridge structures, the re-
sistance degradations are mainly due to reinforcing
steel corrosion and concrete cracking. Chloride con-
centration and carbonation are two main factors in-
ducing reinforcing steel corrosion. In this article we
deal only with the degradation induced by chloride
aggression as major failure mode of RC bridges for
which steel reinforcement corrosion is due to deicing
salt (Weyers et al. 1994). The degradation of resis-
tance is commonly assessed through the reduction of
the tensile reinforcement area, A, and the area in
age, t, is estimated to be:

%dj t<T,

As(t): T 2
Z[do—zz(t—zj)] (=T

(1)

Where dj is the initial diameter of the reinforcing
bar, 7; is the time of initiation of reinforcing bar cor-
rosion, and A=0.0116R"i.., is the corrosion rate in
mm/yr, where i, is current density, and R is a fac-
tor that includes the effect of highly localized pitting
normally associated with chloride contamination.
The initiation time is then given by:

-2
4D, C,

Where ¢, is the concrete cover depth (cm), Dy is dif-
fusion coefficient, Cy is the equilibrium chloride
concentration at the concrete surface (in percentage
of the cement weight), C,, is the threshold chloride
concentration at which corrosion begins (in percen-
tage of cement weight), where chlorides have passed
through concrete cover, and erf’(*) is the inverse er-
ror function.

3 TRAFFIC LOAD EFFECTS MODELING

3.1 WIM data and traffic load effects calculation

Traffic data, taken from a piezo-ceramic weigh-in-
motion (WIM) system on the A9 motorway near
Saint Jean de Vedas, in South-Eastern France, was
used to establish the traffic load effect model for the
reliability analysis. Weights and dimensions were
collected for trucks travelling in the slow and fast
lanes in one direction of the 6-lane motorway from
January 2010 to May 2010. 581011 trucks in 86
days were drawn from the original data by excluding
obvious false recordings, weekends and system inac-
tivity days. The histogram of gross vehicle weight of
the remaining traffic is presented in Figure 1: Two
modes are present, but the most important one is the
mode of loaded trucks near the French weight limit
(40t, at that time). Then the traffic composition plot
in Figure 2 shows that 5-axle trucks are the most
frequently trucks observed, and the characteristics of
the of trucks affect the load effect on bridges (the
tridem is the most important element to take into ac-
count).
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To model the annual or even lifetime maximum
distribution of the traffic load effects, a large amount
of data is required. Although traffic collections from
WIM system are of ever increasing quality and re-
liability, it is still very expensive to collect data dur-
ing long periods. Although the 86 days validated da-
ta are insufficient to assess the characteristic values
or extreme value distributions of traffic load effects
that are required to evaluate and design bridge struc-
tures, they can be used to establish mathematical



traffic models by using the description of the traffic
(traffic composition, the distance between vehicles),
and the description of the vehicle (gross vehicle
weight, axle weight, spacing between axle, etc).
Long term traffic can then be obtained by using
Monte Carlo simulation method based on these ma-
thematical models. Using Monte Carlo method to
simulate traffic loads or traffic load effects has been
demonstrated as an efficient and accurate approach
by many authors in recent years (Enright & O'Brien,
2012). Integrating the Monte Carlo simulated traffic
load effects and extreme value modeling method, the
maximum distribution of traffic load effect can be
established (Zhou, 2013).

3.2 Methods for modeling the maximum distribution

The estimation of the distribution of the maximum
traffic load effect can be dealt with by extreme value
modeling techniques (Castillo et al. 2004). Extreme
value theory has demonstrated that the distribution
of maxima is asymptotically approximated to the
generalized extreme value (GEV) distribution. In
practice, these maxima, called block maxima, can be
taken out of sample observed in a certain period like
a day, or of a certain number of observations. The
cumulative distribution function of GEV is then:

epong(’“;"Hw}, ££0

) e,

where ¢, o, and u are the shape, local and scale pa-
rameters, respectively.

In practice, we usually just have observations of
maxima for short time intervals, but the maximum
distribution for long time intervals is required. For
instance, an annual maximum distribution of traffic
load effects is needed to calculate the annual proba-
bility of failure for a bridge, but only a limited num-
ber of daily maximum observations were available.
To obtain the annual maximum distribution, a GEV
distribution is firstly fitted to the daily maxima to
obtain the asymptotic daily maximum distribution,
G(x; &4 04, 1), then it is raised to a power according
to practical number of days in one year, ng4, to obtain
the annual maximum distribution, Fp.x(x). Accord-
ing to extreme value theory, the limit distribution of
maxima of a GEV distribution belongs to the GEV
maximal domain of attraction, because the Gumbel,
Weibull and Fréchet distributions for maxima be-
longs to themselves maximal domain of attraction
(Castillo et al. 2004). Hence, the following equation
is derived:

F.(x)= [G(x; E,0,, 1, )]”d ~ G(x; y,ay,,uy)

G(x:¢é,0,u)=

The relation between parameters of daily maxi-
mum distribution and annual maximum distribution
can be established straightforwardly. If the daily
maximum follows a Gumbel distribution as &4=0,
then the annual maximum corresponds to Gumbel
distribution with parameters as follows:

o,=0,

H, =M, 10, ln(nd)

If the daily maximum follows a Weibull or
Fréchet distribution as &40, then annual maximum
follows the Weibull or Frechet distribution, respec-
tively, with parameters as follows:

gyzéd
_ %4
O-y - n_sgd
Hy, = H +&( 1 —J
y d gd n*fd

3.3 Updating traffic load effect model with
consideration of traffic evolution

3.3.1 Traffic volume increase

A crucial assumption in modeling lifetime maximum
distribution of traffic load effects for design is the
stationarity of traffic. However, the increase of traf-
fic has been widely reported in the literature. Indeed
the increase of traffic volume may impact bridges.
Gindy & Nassif (2007) have stated that the traffic
volume (or truck volume) has the same significant
effect on the frequency of multiple truck presence as
bridge span length. The increase of probability of
occurrence of multiple-truck-loading event will lead
to larger load effects on bridges, and it will threaten
the safety of bridges. A linear truck traffic growth
model has been widely used to predict future truck
traffic (Lu et al. 2007). Based on known informa-
tion, the annual average daily truck traffic at age ¢
can be predicted by:

AADTT, = AADTT,, + AADTT,,. - GR -(t —t4,, ) 3)

where GR is the traffic growth rate in percentage,
AADTTgy and AADTTggr are the annual average dai-
ly truck traffic during the recorded year (used as the
basis) and the reference year, respectively. Usually,
the base year equals the reference year.

3.3.2 Traffic composition

Not only included by the growth of traffic, the pro-
priety of non-stationarity of traffic can arise from the
variation of traffic composition. Observations from
various countries have demonstrated that the compo-
sition of truck traffic has changed dramatically in re-



cent decades, especially for heavy truck. As shown
in Figure 3, the composition of traffic has hugely
changed between 1986 and 2010, for traffic meas-
ured at two WIM sites in France: the proportion of
5-axle trucks has increased by about 30%, while the
proportion of 4-axle truck has decreased by about
20%. This may be caused by the change in regula-
tions during this period, namely the increase in gross
vehicle weight limit from 36 to 40t in 1992. 4-axle
tandem trucks were replaced by 5-axle tridem
trucks. As a matter of fact, the truck industry always
tries to always reach the weight limit of traffic,
which may significantly change the vehicle propor-
tions travelling on roads.
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Figure 3 Proportion of vehicle types

3.3.3 Truck weight limit change

Due to the limited land resource and traffic safety
considerations, the current road network cannot af-
ford continuous increase of traffic volume. If no
modal shift is achieved, longer and heavier trucks
may be therefore needed to transport freight as it can
reduce the traffic volume and also decrease energy
consumption (de Ceuster et al. 2008). Allowing
these longer and heavier trucks traveling on the road
would require to change the current truck weight
limit. However, this change in truck weight limit
may threaten the safety of existing highway infra-
structures like bridges. For instance, Cohen et al.
(2003) has reported that an increase in truck weight
limit would cause significant life reduction due to
fatigue. The truck weight limit change may cause a
series of changes including GVW, axle weight, traf-
fic composition, and also leads to introduce new
types of trucks.

Many different approaches have been developed
to predict such changes in distribution of truck
weights. In this paper, the method which predicts the
distribution through the histogram of measured truck
weights, developed by Cohen et al. (2003) has been
adopted. Their approach considers changes in the
truck weight histogram due to three types of freight
shifting: the truck load shift without change in truck
types, the truck load shift with a change of truck

configuration, and the exogenous shift from e.g.
economy growth. In this study, only the first type of
freight shifting has been considered, because a po-
tential proposal of change in the weight limit is to al-
low a 5-axle truck load 44 tons maximum against
current 40 tons in France(General Council of
Environment and Sustainable Development, 2011).

Percentage of traffic
to be shifted

a a
100%

Ratio of GVW
‘ to truck weight limit

T b, T b, T

Figure 4. Window for truck traffic shifting (following Cohen et
al. (2003))

In modeling the truck load shift, it is assumed that
the shifting occurs only to truck traffic that is poten-
tially sensitive to the weight limit change. This truck
traffic reacting to the change of weight limit is de-
termined using a trapezoid window shown in Figure
4. The abscissa is the ratio, y, of GVW to permitted
maximum gross vehicle weight (PMGVW), the ver-
tical axis the percentage of traffic to be shifted. The
window is defined using four values of ratio y: ay,
a», by, and by, and ¢ for the traffic amount to be
shifted in percentage. In the following, BC refers to
the base case before the implementation of truck
weight limit change, and AS refers to the alternative
scenario after the change. According to the defined
rule, ¢ the percentage of traffic with ratio y will
change their weight to GVW,g as the weight limit is
modified. The percentage of traffic linearly varies
from c to zero in the ranges [I-b;, 1-a;] and [1+ a,,
1+b,]. No traffic changes to the change beyond the
range defined by the window are assumed. The
weight of the modified truck traffic, ATT Gy pc, for
each weight interval in the histogram can therefore
be formulated as:

-1+5

CTT/"BC(}(/])_—Q;)’ 1—b1<]/<1—611
1 2

cTT, pc> l-a, <y<l+a,

ATTGVWH,C = (1+b _ )

CTTk,BCﬁ’ 1+a2<7/<1+b2
2 2

0, otherwise

(4)

Where TTj, sc is the truck traffic in the £” interval in
the truck weight histogram under base case. The



ATTGywrsc Wwill shift to j’h interval with midpoint
value of

PMGVYW
GVW/,AS = GVWk,BC [—ASJ

PMGVW,. )

The total volume of freight is assumed to be the
same before and after executing the weight limit
change. There is thus the need to adjust the weight
of the changed truck traffic to meet this assumption.
Moreover, the increasing of truck weight limit may
lead to change tare weight from TAREpc to TARE s,
as the trucks need to increase their loading capacity
through extending the vehicle length or ameliorating
the engine. This change of traffic is determined
through:

o ATT,yy, . (GVW, 5o ~TARE,.)

GVW; us GVVVJ',AS _ TAREAS (6)

The value of GV'W,;,s may not exactly match
the jth interval in the histogram. The ATTGywjas
truck weights should be distributed to two neighbor-
ing intervals, /" and i+I”, to achieve the desired
value of GV'W;s. The amount of truck weights in
percentages, p; and p;.; that are distributed to these
two intervals are determined by:

pitp., =1
piGVVVi,AS + leGVWH,AS = GVVV/‘,AS

1

(7)
4 APPLICATION
4.1 Structural configuration
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Figure 5. Cross-section of transverse bridge and T-beam

A simply supported reinforced concrete (RC) bridge
has been considered for illustrating application of
the methods presented. The bridge consisting of 5
RC beams is 30 m in span length and carries two
traffic lanes with an 11 m wide deck as shown in

Figure 5. It was designed according to the Eurocode
2 (CEN, 2005) using the Eurocode Load Model 1
(CEN, 2003).

The nominal bending moment, Mg, can be deter-
mined using Eurocode 2. When the compression
flange thickness is equal or greater than the depth of
the equivalent rectangular stress, Mgr should be
computed as:

M, =095f,4[h +h,—a,—04x] ®
Where Ay is area of longitudinal reinforcing steel, f,
is the yield strength of reinforcing steel, /4 is the
height of the flange, 4, is the height of the webs, a;
is the distance between the gravity center of the
reinforcing steel in tension to the bottom fiber, x is
the depth of the equivalent rectangular stress block.

If the compression stress block extends to the
web, then My should be expressed as:

My =Af,[h +h,—a,-04x]
+0.459f.h, (b, —b,)(0.4x—0.5h, ) 9)

Where by 1s width and thickness of the flange, b,, is
the width of the webs, and f. is the compressive
strength of the concrete at 28 days. The statistical
parameters for these dimensions, material properties
for this RC bridge are given in Table 1 as been used
by de Cassia Silva & Cremona (2005).

Table 1. Probabilistic descriptions of the main stochastic va-

riables for the bridge.

Notation Distribution Mean Std or COV
f,(N/mm®)  Lognormal 1.25 0.08

f., (N/mm?)  Lognormal 1.28 0.11

dy (mm) Normal 1.0 0.04

p. (kg/m’)  Normal 1.07 0.10

4.2 Results of reliability analysis

The safety margin is formulated in terms of bending
moment, and the limit state function of the girder is:

g=M,-M,,-M, (10)

where Mpp is the dead load effect, and My is the
traffic load induced moment on the girder.

Table 2. Statistic characteristics of the variables

Notation Distribution  Mean Cov
Cecr, (kg/m3) Lognormal 3.0 0.19
Cs, (kg/m3) Lognormal 33 0.5
D, (10-12 m2/s) Lognormal 2.0 0.75
R Normal 1 0.75
fcor (MA/cm?) Normal 3 0.33
cp, (mm) Normal 50 0.13

Table 2 presents a summary of the data used in
the reliability analysis in order to consider the de-
gradation of resistance, M. These statistical parame-
ters have been used previously by de Céssia Silva &
Cremona, (2005). Basing on 2000 days simulation



traffic, the traffic load effect, M;;, has been obtained
by the method described in Section 4, and a dynamic
amplification factor following a normal distribution
with mean value 1.12 and variation of 0.71 has been
considered.

4.2.1 Growth of traffic volume

For the purpose of illustrating the influence of traffic
growth, an increase in the annual average daily truck
traffic (AADTT) by 10%, 20%, 30% and 40% was
simulated, but the traffic composition unchanged
was kept. It resulted in the change in the annual
maximum distribution of traffic load effect as illu-
strated in Figure 6: it should be noticed that the
mode of annual maximum distribution for traffic
with unchanged traffic volume is the smallest, but
the mode for traffic with an increase of 30% has
generated the largest mode of this annual maximum
distribution. Hence, it can be stated that the increase
of traffic volume will generate larger traffic but the
increment remains small.
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Figure 6. Comparison of annual maximum distribution of traf-
fic load effect under different assumptions of growth ratio of
traffic volume.

3.8

g
)

@
~

«®
N

Reliability index

28 - -1 -

—— No traffic growth

|

| |

—+— Growth factor ¢,=1.002 per year | | |
T T T T T | |

10 20 30 40 50 60 70 80 90 100

Time [yr]

2.6
0
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According to this statistical analysis on traffic
load effect and the expected 1.7% average annual
growth rate of road freight in Europe, we assume

that the mean value of traffic load effect will have a
0.2% per year growth for the following analysis. It
can lead to a total increment of about 20% in 100
years of design lifetime for bridge designed accord-
ing to Eurocode. The result of time-dependent an-
nual probability of failure is then given in Figure 7.
The reliability index for traffic condition with con-
sideration of traffic growth decreases quicker than
that without traffic growth.

4.2.2 Traffic composition

In this section, the investigations on the effect of
variation of traffic composition are presented. We
assume that the cause of change in traffic composi-
tion is to transport more goods, and therefore the in-
crease of traffic is actually by reducing the volume
of lighter load trucks. In addition, we assume that
the change of traffic composition takes place when
the traffic volume has already increased by 20%.
Two traffic composition change scenarios have been
considered in this study. The first one is to simulate
an increase in the proportion of 5-axle trucks by
10% while the proportions of the 6- and more-axle
trucks keep unchanged. The other one is to assume
an increase of 10% in the proportion of 6-axle trucks
with reducing the proportion of 4- and less axle
trucks but keeping the proportions of 5-, 7- and 8-
axle trucks unchanged. In both cases, the total flow
i1s unchanged, and only the distribution of vehicle
types is changed.

The annual maximum distributions of traffic load
effects induced by the two considered traffic scena-
rios are shown in Figure 8. The distribution from
measured traffic is given also as a reference. The
comparison shows that the traffic load effect is in-
sensitive to the increase of 5-axle trucks proportion.
It may not be surprising as the maxima are mainly
governed by single truck loading events and the in-
crease in the proportion of 5-axle actually do not in-
crease the potential maxima of load effect. In con-
trast, the distribution is significantly shifted to the
left when increasing the proportion of 6-axle trucks.
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Figure 8. Comparison of annual maximum distribution of traf-
fic load effect under different traffic compositions.



A comparison of reliability analysis results is pre-
sented in Figure 9. It is found that a growth of 10%
in the proportion of 5-axle trucks lessens approx-
imately 2% the reliability index, and a growth of
10% in the proportion of 6-axle trucks lessens ap-
proximately 5%. Hence, the growth in the proportion
of heavy trucks in the flow has a small influence for
the safety of bridge under current weight limit regu-
lations.

3.8

3.7

3.6

©w i S}

Reliability index f

w
N

w
-

—— Traffic composition: measured :
—+— Traffic composition: 5-axle increased 10% | _ _ 1
|
|
1

w
T

Traffic composition: 6-axle increased 10%

1 1 1 1 1 1 I
0 10 20 30 40 50 60 70 80 90 100
Time [yr]

Figure 9. Comparison of updated annual reliability indices.

4.2.3 Change in the weight limit

The weight limits in France may increase from cur-
rent 40 tons to 44 tons with further conditions
(Decree No. 2012-1359, 2012). 5-axle trucks and
especially the truck category of T2S3 (Tractor with
2 axles and Semi-trailer with 3 axles) may strongly
react to this change because of the following rea-
sons: (1) The majority of trucks traveling in the
French road network are 5-axle trucks (see Figure
2), and T2S3 trucks take around 95% in this truck-
group. (2) The trucks weighted around the actual
weight limit are of this type. Hence, only the change
in the GVW of 5-axle trucks of T2S3 category is
considered in this section.
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Figure 10. Comparison of 5-axle truck GVW histogram under
current and future weight limit.

The window parameters recommended by Cohen
et al. (2003) have been used: a;=a,=10%,

b;=b,=20%, and ¢=95%. Figure 10 shows the com-
parison of the predicted truck weight histogram and
the refer one. As expected, the peak shifts from
around 40 tons to around 44 tons which is the new
truck weight limit. Consequently, the annual maxi-
mum distribution of traffic shifts also as shown in
Figure 11. Figure 12 illustrates the comparison of
the resulting reliability index for the deteriorating
reinforced concrete bridge assessment. The differ-
ence in reliability is clearly shown by Figure 12, and
it decreases about 10% from 3.92 to 3.53 due to this
increasing truck weight limit. It clearly indicates that
an intervention operation should be taken advance
for deteriorated bridges if a new weight limit regula-
tion is implemented.
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Figure 11. Comparison of annual maximum distribution of traf-
fic load effect for weight limits of 40 t and 44 t.
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5 CONCLUSIONS

This paper has been presented an application of
WIM data to perform a reliability based assessment
of a RC bridge structure. Besides using a commonly
used reinforcement area loss model to consider the
degradation of resistance along the service time due
to chloride induced corrosion, a considerable atten-
tion is paid on establishing the annual maximum dis-



tribution of traffic load effects with consideration of
traffic evolution. Traffic evolution may arise from a
growth of average daily truck traffic, a growth in the
proportion of heavy trucks due to the demand of in-
creased volume of freight transportation, and an in-
troduction of a new regulation on weight limit. From
the results obtained in an application to a reinforced
concrete bridge, the major influence on the reliabili-
ty comes from a possible change in permitted maxi-
mum gross vehicle weight. On the other hand, in-
creases of daily traffic volume or increases the
proportion of heavy vehicle in the flow have a much
less significant influence.
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