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Confiabilidad estructural del Puente de
Tampico bajo cargas de viento

Resumen. Se analiza un puente carretero
localizado en Tampico, en la costa este de
Meéxico, para determinar su confiabilidad
estructural ante cargas de viento. Las
variabilidades inherentes a las fuerzas aleatorias
de viento y a las propiedades mecanicas del
acero constituyen las incertidumbres aleatorias,
y esto contribuye a la probabilidad de falla

de las vigas de acero. La idealizacién de la
carga y la estructura del puente, asi como

el andlisis de la respuesta estructural ante la
carga de viento, contribuyen a que exista una
incertidumbre adicional, de tipo epistémico,
que deriva en un rango (o distribucion) de
posibles probabilidades de falla. El disefio

con el minimo del costo esperado en el ciclo
de vida se asocia con el disefio éptimo. Sin
embargo, para este diseflo 6ptimo, es posible
seleccionar el percentil 90, por ejemplo, (o

la media més una desviacioén estandar) de la
probabilidad de falla o indice de confiabilidad
correspondiente, para administradores con
aversion al riesgo, lo cual constituye una
decision conservadora. El criterio propuesto
constituye una nueva aproximacion para tomar
decisiones conservadoras e involucrar a la
incertidumbre epistémica en el proceso de
disefio y evaluacion de puentes.

Palabras clave: confiabilidad de puentes, costo
esperado en el ciclo de vida, disefio 6ptimo,

cargas de viento, incertidumbte epistémico

Abstract. A highway bridge located in
Tampico, on the east coast of Mexico, is
analyzed to determine its structural reliability
against wind loading. The inherent variabilities
of the random wind force and of the
mechanical properties of steel constitute

the aleatory uncertainty; this contributes to
the probability of failure of the steel girder.
The idealization of the loading and of the
bridge structure, and the analysis of the
structural response to wind loading, contribute
to additional uncertainty of the epistemic
type, which leads to a range of possible

(or distribution of) failure probabilities. The
design with the minimum expected life-cycle
cost is the optimal design. However, for this
optimal design, the 90% value (or the mean
plus one standard deviation value) of the
corresponding failure probability or safety
index may be selected for a risk-aversive
design. The proposed criteria constitute a new
approach to make conservative decisions and
involve the epistemic uncertainty on the bridge
design and assessment process.

Key words: bridge reliability, expected life-cycle
cost, optimal design, wind loading, epistemic

uncertainty.

1. The Tampico bridge

Bridges are important infrastructure because of its intended
function to provide communication between urban centers
and to allow the flow of products and goods that determine
the progress of economic and industrial growth of a region.

In particular, the Tampico bridge, which was built over the
Panuco river in 1988 serves as a link between the Tamaulipas
and Veracruz states and joins Tampico to the highway to
Mexico City.

The bridge structural system is composed by a cable
stayed steel orthotropic box sustained by concrete piers and
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piles with a total length of 1543m and a central span of 360
m. The total width is 18.10m for four lanes of traffic, two
in each direction. See Fig, 1 for a view of the bridge.

A new risk-based approach is proposed to assess the
failure consequences and incorporate them into the design
or evaluation process in an objective and explicit way.

2. Theoretical background

Modern codes intend to protect important infrastructure
works against strong and unpredictable natural events (AAS-
HTO, 2002 and Agarwal, 2003). In addition to the vehicle
live loads, bridges are exposed to strong winds whenever
they are located on coastal zones under strong wind hazard.
Besides, because of its height and the openness of the
area the exposure may be especially critical. Therefore, in
these cases the bridge reliability assessment requires a careful
consideration of the failure probability associated with the
aleatory uncertainty, and the range (or error bound) in the
calculated probability as a result of the epistemic uncertainty
(Ang and De Leén, 1997; 2005 and Ang et al,, 1984).

The effects of the uncertainties on the bridge design
and maintenance are discussed from the standpoint of the
expected life-cycle costs and its expected failure proba-
bility (De Leén er al, 2004; Frangopol et al., 2007 a and
2007b). As a consequence of the epistemic uncertainty
the mean damage index becomes a random variable and,
given that the failure probability and the expected life-cycle
cost depend on the damage index, they also are random
variables.

As proposed for many important structures (Ang et al,
1984; Cornell, 1969 and Stahl, 19806), the bridge expected

General view of Tampico bridge.
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life-cycle cost E[Ct] is expressed in terms of the initial cost
Ci and the expected damage cost E[Cd]

E[C,]1=C + E[C,] 1)
where:

E[Cd] = PVF[Cd ]Pf (2)
in which:

PVF = present value factor, £y = annual failure probability,
and the damage cost Cy is composed by the costs of the
consequences.

C,=C, +C,+C, 3)

in which:

G- = bridge restitution cost,

Cr = cost related to fatalities and injuries,

Ce = economic loss due to the interruption of service.
The assessment considers the failure event as the worst

possible scenatio. Instead of repair, the term C, involves the

cost of the whole bridge restitution.

PVFis expressed as a function of the net annual discount

rate r and the structure life 7¢

PVF =[l1—exp(-rT)]/r )

If the initial cost G is expressed in terms of the failure
probability

C, =C -G In(P)) ®)

the optimal failure probability is obtained (Stahl, 1986) from
OE[C,]/0P, =0:

P, =C,/[PVF(C,)] ©)

From the optimal annual 7, the optimal annual reliability
index fis obtained.

Crand (> are the cost due to just a gravity loading design,
without wind resistance, and the cost of increasing the structural
reliability by “e”, the base of natural Logarithms.

As several designs, with corresponding different costs G,
will be proposed, a reference is made to the actual design,
whose cost is Cp.

The cost of damage consequence, Cy, is expressed (De
Ledn, 20006) as a ratio to the cost of the actual design Co. Given
that the Tampico bridge is located over the Panuco River, the
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only navigation route to the port, its failure would bring very
adverse consequences not just for the land communication
but for the port and maritime commercial operations of the
region. Therefore, Cy has been estimated to be thousands
of time the actual design cost Co (Manjarrez, 2008) (see
figure. 2).

The curve represents that expensive structures, with se-
rious damage consequences, demand a larger reliability as
a design requirement. In particular, bridges are important
infrastructure whose damage consequences justify a reliability
specification on the order of 4 or 5.

3. Proposed formulation

3.1. Uncertainty on failure probability and
Iife-cycle cost
According to previous studies (De Leén eral, 2004), and given
that the epistemic uncertainty on the mean value of maximum
wind velocity, £ [v], makes the failure probability become a
random variable, the expected value and variance of the failure
probability are:
E[P,1= [P, | E[v]1f s, (EDVDAELY] ™
0

The above convolution involves the product of the con-
ditional failure probability for given values of the expected
maximum wind velocity v and fg,1(£[v]), the annual pdf
of the mean value of maximum wind velocity.

o’ = [{P, —ELP, 1} f, (v ®)

It is assumed that £fv/is normal and its COV has been
found to be 0.2 from previous studies (De Leon, 2006b).

CienciAs ExAcTAs Y APLICADAS

consequences: repair, fatalities and business interruption
which are also assumed to be normally distributed. These
assumptions are typical from previous studies (De Leon,
20062 and Manjarrez, 2008).

The reliability index is calculated as

B =E{G}/og, an
where G'is the limit state for the critical cross section:
G=1-{P,/P+M,/M,k} (12)

And P, P, My and M, are the applied axial force, axial
force capacity, applied moment and moment capacity, respec-
tively in the most critical column. Failure is conservatively
defined as the event when the interaction ratio in the most
critical column exceeds one. Shear forces are not included
because the preliminary model analyses revealed they are
not critical for the studied bridge. The preliminary analyses
enlighten that the critical structural member is one of the
central piles remarking the low redundancy of the bridge
structural system and, therefore, the need of more detailed
assessment and design procedures.

Finally, the histograms of the failure probability and the
expected life-cycle cost are estimated. Also, the 90 and 75
percentiles of these variables are calculated as examples of
conservative confidence levels, as opposite to the traditional
use of the mean value.

In equation (3), the damage cost Cqis composed of the cost
components Cr, Cf and Ce each of which also has epistemic

Cost p 1ts and epi ic uncertainties.
Cost component CoVv
Cy (restitution) 0.2
Ce (Economic loss) 0.4
Cr (Life loss) 0.8

Optimal reliability of a bridge for several ratios of consequences costs Cd/Co.

Similarly
E{E[C, ]} =C, + E{EIC, ]} )
5

and: o |
625y = (Cl.ACi)2 +0%5c) + s |

GZE(C/)'FUZE(CE) (10) B i
where G is normal and A is the COV 46
(coefficient of variation) of G, which som
may be assumed to be 0.10 and 62 g(c,), 0
G2 E(cp) and 62 ¢, are the variances
of the mean values of the economic

1000 1500 2000 2500 3000 3500 4000

Cd/Co
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uncertainty, as described in table 1, with values obtained from
previous works (De Leén, 2006b and Manjarrez, 2008).

Given that the life loss is a very uncertain parameter, which
depends on the bridge failure and the bridge occupancy at the
time of failure, and there is very scarce data to characterize
it, it is assumed its variability is the double of the one for
the economic loss. Further research should result on a more
accurate estimation of this parameter.

A double loop Monte Carlo simulation is performed to vary
the expected value of maximum wind velocity and, in the inner
loop, the maximum wind velocity. The simulation considers
the extreme type distribution found to be the best fit for the
strong winds of Tampico and the epistemic uncertainty on the
estimation of the mean maximum wind velocity.

4. Application to Tampico bridge

4.1. Estimation of Cost Items

The cost of damage consequence, Cg, is estimated to be 2000
Co (Manjarrez, 2008) and from previous results (Ang and De
Leén, 2005; De Ledn, 2006a and 2006b):

C2 = 0.045Cj, for a typical cable-stayed bridge

r = 0.08, for Mexico

T =200 years

Initial cost of Tampico Bridge.

The optimal failure probability from Eq. (6) does not consider
the epistemic uncertainty. In the following, epistemic uncer-
tainty is included to account for the incomplete knowledge on
the wind velocity model, as well as on the response analysis.
Therefore, the procedure above described is developed for
the Tampico bridge.

The bridge is modeled and its response is obtained for se-
veral basic wind velocities and the original design is modified
by reducing or increasing all cross sections according to the
design requirements. Through this process, a set of alternative
designs is obtained and their corresponding costs are estimated
for typical local costs in the city of Tampico. This set serves
to identify the specific design whose failure probability is
closest to the optimal one. The following material properties
were utilized: f'c = 250Kg/cm?2 and fy = 4200Kg/cm?2. The
resulting curve for the set of alternative designs, whose costs
C; are relative to the cost C, of the actual design is shown in
figure 3.

It is observed that, for the actual design, the reliability
index of 4.72is slightly below the optimal value of 4.8 for
the case of Cy = 2000 Cp. In this case none can say the
bridge is at significant risk, however the risk perception
is important for the manager and users (Renn, 1998) and,
for important infrastructures like the Tampico bridge
is essential to count with a procedure that allows the
managers or operators to tailor their own maintenance
program according to their risk aversion or perception.

1.25
115

GilC
N

0.9

In this way, conservative decisions
may be devised and implemented to
keep the bridge within safe operating
conditions.

4.2. Uncertainty on wind
velocity

Wind velocities on coastal zones

0.85

3.00 3.50 4.00 4.50

5.00

need to be probabilistically modeled
(Sanchez-Sesma er al., 1998). From a

5.50

AN Maximum annual wind velocities at Tampico.

previous statistical analysis (Sanchez,
2003) a Type 11 extreme value distri-

bution was found to be the best fit to

1 <
0.8
0.6
EP
0.4

0.2

0 1

the maximum annual wind velocities
based on past hurricanes recorded in
the east cost of Mexico. The distri-
bution is:

F, (v) = exp[—(21.82/v)"] (13)

20 40

v (m/s)

And the annual exceedance probability,
EP is shown in figure 4.
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4.3 Calculation of optimal failure probability and
life-cycle cost

With the wind velocity distribution shown in Eq. (23), and,
assuming a COV of 0.2 (Manjarrez, 2008 and Sanchez, 2003)
for the epistemic uncertainty in the estimation of the mean
wind velocity, and the assumption that the mean wind has
a lognormal distribution, a number of wind velocities were
simulated. From these simulated velocities, the wind forces,
dead load and live load effects were calculated for the optimal
bridge design and the bridge responses were also obtained.
From these responses, the limit state G was assessed and the
distribution of the optimal reliability index was calculated. A
sample of the calculations is shown in tables 2 and 3. The cross
section of a critical pile is a box of 240 x 640cm dimensions
and 50 mm thickness.

A histogram of the optimal expected reliability index is
constructed. Similatly, the histogram for the optimal expected
cost is obtained relative to the actual design cost. See figures
5 and 6. Tables 4 and 5 show the mean values, the 75 and 90
percentile values for both results; i.e., for the optimal reliability
and optimal life-cycle cost.

5. Discussion

Histograms of the optimal failure proba-
bility and expected life-cycle costs allow

CienciAs ExAcTAs Y APLICADAS

JELIW A Sample calculations of the reliability index for the optimal design

(Rn = random number).

Rn  V(km/h) P, (ton) Mact (ton-m) EIG] oG B
0.3156 80.82 25711 30.11 0.007 0.00259 3.52
0.4703 74.24 25710 27.94 0.008  (.00238 3.83
0.6415 66.77 25709 25.66 0.008  (.00214 4.33
0.4198 76.35 25710 28.62 0.007  .00245 3.72
0.2747 82.68 25711 30.76 0.007  0.00265 3.46
0.4156 76.53 25710 28.68 0.007  0.00245 3.71
0.7281 62.43 25709 24.42 0.008  0.00200 4.02
0.3500 79.31 25710 29.60 0.007  .00254 3.58
0.9539 42.64 25707 19.49 0.009  .00137 6.40
0.5679 70.09 25709 26.65 0.008  (.00225 4.08
0.2579 83.47 25711 31.04 0.007 0.00268 3.43
0.4286 75.98 25710 28.50 0.007  0.00244 3.73

BELICEH Critical member resistances for the calculation of the reliability index.

PR (ton)
27000

Mg Transv. (tn-m)
8400

BELICY N Mean and acceptable value, and the 90 and 75 percentile values of optimal

reliability.
Mean 4.17
90% 5.25
5% 4.42
Acceptable 4.80

BELIEEA Mean value and the 90 and 75 percentile values of optimal cost.
1995

3900
2500

Mean
90%
75%

m Histogram of optimal annual gindex for Tampico bridge.

for conservative decisions. That is, instead 0.8

of selecting the mean values, either the 75
or the 90 percentile value may be selected. 06

By doing this, the epistemic uncertainty w os

pd

on the prediction model for the main
design parameter, the wind velocity, is in- 02
corporated and taken into account in the

design selection process. Recent changes 0

N

on the meteorological and hurricane para-
meters and patterns, with stronger effects

75% Acc.

8.25 3 9.75

on urban and industrial developments
on the shoreline, is becoming a concern

m Histogram of optimal life-cycle costs for Tampico bridge.

for safety requirements and mitigation

measures, specially for infrastructure 1R

located on the coast and exposed to very 0.15

intense wind. Under these conditions, a

morte detailed assessment of the impact 0.1

f E[Ctl/Co

of the epistemic uncertainties on the load
i 0.05
prediction and response models, such

as the one formulated and applied here, 0
appears to be justified. Authorities in

900

charge of coastal development planning

and industry managers may use the above

1700 2500 3300 4100

E[C/Co]

4900 5700 6500 7300 8100
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mentioned results for conservative decision making depending

on their risk-averseness.
Conclusions and recommendations

A new structural reliability assessment procedure for bridges
has been proposed including the epistemic uncertainty and
it has been applied to the Tampico bridge. The random fea-
tures of the wind speed in the region and the optimal failure
probability has been incorporated. The actual design (with B
= 4.72) is close to the optimal value of B = 4.8.

AASHTO (2002). Standard Specifications for De Leon, D.

Aleatory and epistemic uncertainties have been included
to describe the variability of the optimal reliability index and
its corresponding expected life-cycle cost.

Fatigue and vibration limit states may also be addressed
through a formulation similar to the one presented here. The
proposed procedure may be further extended to set optimal
retrofit plans and inspection and maintenance schedules. Also,
the treatment may be applied to other important infrastruc-
ture facilities exposed to high speed winds in order to derive
safety policies for coastal regions based on risk assessment

and management.l
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