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ABSTRACT
Floods, bridge scour, and flood-associated loads have caused over sixty percent of
bridge failures in the U.S. Current practices for the vulnerability assessment of
instream bridges under the effect of such flood largely rely on qualitative meth-
ods, such as visual inspection, without considering uncertainties associated with
structural behaviors and flood loads. Recently, numerical methods have been in-
vestigated to quantitatively consider such uncertainty effects by adapting fragility
analysis concept that has been well established in the earthquake engineering area.
However, river hydraulics, geotechnical uncertainties of foundation, variable scour-
depth effects, and their significance in structural fragility of bridges have rarely been
systematically investigated. This study proposes a comprehensive fragility analysis
framework that can effectively incorporate both flow hydraulics and geotechnical un-
certainties, in addition to commonly considered components in flood-fragility analy-
sis of bridges. The significance of flow hydraulics and geotechnical uncertainties has
been demonstrated through a real-bridge case study. Conventional fragility curves
with maximum scour depth may not represent actual vulnerability during floods, as
the scour may not reach to the maximum in many cases. Therefore, fragility surface
with two intensity measures, i.e. flow discharges and scour depths, is introduced for
real-time vulnerability assessment during floods in this study.

KEYWORDS
Fragility analysis; flood vulnerability; river hydraulics; geotechnical uncertainties;
fragility surface; first-order reliability method; bridge scour

1. Introduction

According to the American Association for Civil Engineers’ (ASCE) Infrastructure
Report Card 2017, almost forty percent of all bridges in the United States (U.S.)
are fifty years old or older, and over 50,000 bridges are structurally deficient, need-
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ing significant maintenance, rehabilitation, or replacement. Funds for rectifying those
bridges are lacking, there is already a backlog of $123B in repair investment. The U.S.
is amidst in a Bridge Crisis (Hearn et al., 2002), where resource allocation decisions,
for bridge maintenance, repair, and replacements, become a major challenge to the
bridge owners. Thus, there is a dire need for a rational decision-making tool for bridge
owners to maximize the utility of limited resources and ensure public safety.

Common rational decision-making tools are performance-based. Probability of fail-
ure, for given loadings, is often used as the measure of performance for bridges (Stew-
art, 2001). Thus fragility analysis, which computes the conditional probability of ex-
ceedance of a performance criterion, can be an objective measure of bridge vulnera-
bility, thus can be utilized as a rational decision-making tool for a variety of bridge
management purposes, e.g. setting priority for bridge-maintenance fund allocation,
choosing between rehabilitation and replacement, deciding on the reduced load limit
for bridges or determining bridge closures during natural hazards. Moreover, fragility
analysis best suits with situations with uncertainties, where not all the information
is known completely. This makes fragility analysis, in contrast to the deterministic
approach, exceptionally appropriate for vulnerability assessment of bridges, especially
for old ones with limited information.

Around sixty percent of all bridge failures in the U.S. are due to floods and/or flood
associated loading (Hunt, 2009). Despite this fact, the fragility analysis of bridges sub-
jected to flooding received little attention until recent years. Previous fragility analysis
works of bridges are mainly focused on the earthquake fragility (Hwang, Jernigan, &
Lin, 2000; Kwon & Elnashai, 2010; Pan, Agrawal, & Ghosn, 2007), fragility of scoured
bridges due to earthquakes (Alipour, Shafei, & Shinozuka, 2013; Guo, Badroddin, &
Chen, 2018; Guo, Wu, & Guo, 2016; Wang, Dueñas-Osorio, & Padgett, 2014; Wang,
Song, & Li, 2012; Yilmaz, Banerjee, & Johnson, 2018), and fragility of scoured bridges
due to vehicular loading (Kameshwar & Padgett, 2018). Liang and Lee (2013) derived
a procedure to compute combined and individual failure probabilities of bridges due
to earthquake, scour, and truck loading, where the score was treated as an equiv-
alent loading to bridge. The attention deficiency to flood-related fragility analysis
may be due to a lack of clear understanding of the interaction between bridge and
river, unavailability of definitive performance criteria within codes (Angelino et al.,
2018). Fortunately, works related to fragility analysis of bridges subjected to floods
has started to come out in recent years, though it is still in the development stage.

A flood-fragility curve of a bridge represents the vulnerability, in terms of the con-
ditional probability of exceedance of a performance criterion, of the bridge for a range
of flood intensity, i.e. intensity measure of flood hazard or simply known as intensity
measure, the bridge may be subjected to. Ghosn, Moses, and Wang (2003) recom-
mended load combinations, with appropriate load factors, for highway bridge design
under the combined effect of extreme events, including scour from flood, based on the
reliability method. Liao, Muto, Chen, and Wu (2016) presented a response surface-
based method using Monte Carlo simulation for probabilistic bridge safely evaluation
under a single flood event of a given return period. Few attempts have been made
to drive fragility curves for a range of flood intensity measure. Lamb, Garside, Pant,
and Hall (2019) fit a lognormal distribution to flood-fragility curves of railway bridges
from the historical data of bridge failures in floods in the United Kingdom. These em-
pirical fragility curves represent the overall failure probability of certain bridge type in
a particular area. Works (Federico, Silvagni, & Volpi, 2003; Johnson & Ayyub, 1992;
Roca & Whitehouse, 2012; Tanasić & Hajdin, 2018; Tanasić, Ilić, & Hajdin, 2013) on
the bridge-specific fragility curve due to floods assumed failure of the bridge when the
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scour depth was greater than the foundation depth, without considering the detailed
geotechnical model and the stream pressure on foundations. These methods may only
be suitable for bridges with shallow foundations. They might underestimate the vulner-
ability because of not considering other failure mechanisms, such as destabilization of
foundation due to scour and hydraulic pressure, which is more likely to occur before the
scour reaches the foundation bottom. Decò and Frangopol (2011) generated fragility
curves of highway bridges under multiple hazards including earthquake, scour, traffic
load, and environmental attack. In the work, the lifetime fragility curve for floods
was developed using a one-year failure probability developed by Stein, Young, Trent,
and Pearson (1999), which is based on subjective inspections in the National Bridge
Inventory (NBI). Recently, Lee, Lee, Kim, Sim, and Kim (2016) presented a numeri-
cal framework for flood-related fragility analysis using a numerical reliability analysis
method with a detailed Finite Element (FE) model of bridge piers including the effect
of steel corrosion. The work was extended by Ahamed, Shim, Jo, and Duan (2018);
Kim, Sim, Lee, Lee, and Kim (2017) by including the flood-related factors such as
scour depth, accumulation of debris, etc. Kim et al. (2017); Lee et al. (2016) consid-
ered a detailed FE model but assumed a fixed-free boundary condition: fixed where
piers are supported by soil and free when they are not. This may not closely define the
support provided by soil in the field. Moreover, the geotechnical uncertainties, soil-
related uncertainties, cannot be accounted within the fixed-free boundary condition
setup. The hydraulic model of the river (the relation between flow, flow stage, and
discharge in the river) was also ignored and the flow velocity was used as the intensity
measure for developing fragility curves.

Previous works, to the authors’ knowledge, assume the flow velocity, or in few cases
scour depth, as the intensity measure which does not account the stream characteristic
effectively. Thus, an arbitrary increase of velocity in fragility analysis is not representa-
tive of the field flow velocity. Usually, in field conditions, flow velocity plateaus, or may
even drop after the overflow of the river. One of the critical disadvantages with flow
velocity is that it does not represent the hydraulic parameters in the river uniquely, for
example, the same flow velocity may occur for different hydraulic conditions. More-
over, flow velocity is not easy to measure in the real field or readily available for rivers;
thus interpreting the fragility curve with flow velocity as the intensity measure is in-
convenient. Besides the intensity measure, there are various sources of uncertainties in
a bridge-river system. Soil is well known for its inherent uncertainties. In the previous
works, mainly, material uncertainties of concrete and steel materials are considered.
However, soil (geotechnical) related uncertainties might have a significant influence on
bridge fragility.

In this work, a flood-fragility analysis framework is proposed considering all the
major components of a bridge-river system. In addition to the structural model of the
bridge, the hydraulic model of the river and geotechnical model of bridge foundation
are incorporated.

Hydraulic models relate the flow velocity, flood stage, and scour around the piers
with the river discharge thus river flow characteristics are reflected in the fragility
analysis. Hydraulic models also enable us to use discharge as the intensity measure of
fragility analysis removing the current limitations of velocity as the intensity measure,
as described above. The discharge uniquely characterizes the hydraulics at the river
and is readily available. For example, discharge information of most rivers in the
U.S. is available near real-time to the public through the United States Geological
Survey (USGS) website. Moreover, the river discharge parameter is extensively used by
hydrologists and environmentalists (Chang, Lafrenz, Jung, Figliozzi, & Platman, 2009;
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Lauri et al., 2012; McMillan, Krueger, & Freer, 2012; Montanari, 2012). Therefore,
the proposed fragility assessment method can easily be integrated with results, such
as storm prediction, climate change effect, etc., from these scientific communities.

The geotechnical model of bridge foundation allows us to account for the soil-related
uncertainties. It also represents the weakening of foundation, due to the removal of
bed materials in scouring action, better compared to conventional fixed-free boundary
conditions.

Currently, available bridge-scour models estimate the maximum scour depth around
the pier. Thus flood-induced structural fragilities based on these scour models represent
the risk at the maximum scour depth. However, it may take several hours to several
days to develop such maximum scour depth depending on the hydrodynamics of the
flow (Arneson, Zevenbergen, Lagasse, & Clopper, 2012). Even constantly changing flow
hydrodynamic and sediment transport field may fill up the scour hole or accelerate the
scour process with considerable uncertainty. For this reason, the actual scour depth
around a pier at a specific time may not be equal to the maximum scour depth during
a flood event. Therefore, the structural fragilities based on the maximum scour depth
may not represent the real-time vulnerability for the a given flood intensity. In this
study, fragility surface, having discharge and scour as intensity measures, following
concepts in the works (Seyedi et al., 2010; Wang et al., 2012), is proposed to account
for various levels of flood discharges and scour depths. This fragility surface can be used
to evaluate real-time structural vulnerability based on the actual scour measurements
at the bridge to make crucial real-time bridge management decisions such as bridge
closure during floods.

The main contribution of the paper is to investigate a flood-fragility framework con-
sidering the flow hydraulics and geotechnical model of foundation that have not been
considered in former studies for instream bridges. It also presents the significance of
the incorporated hydraulics and geotechnical model on the bridge vulnerability. Also,
a fragility surface is proposed in this study as a tool for real-time bridge vulnerability
assessment, which considers multiple intensity measures (i.e. flow discharge and scour
in this study). In the following sections, the proposed methodology and its implemen-
tation are described in detail. Then the proposed method is applied to a real bridge
to evaluate the fragility of the bridge for different intensities of floods. The results and
discussion section discusses the developed fragility curves and the surface of the real
bridge and the conclusions section summarizes and concludes the paper.

2. Proposed methodology

Fragility curves represent the vulnerability of bridges. For an accurate representative
fragility curve, a Matlab based Fragility Analysis Interface (MFAI) is developed inte-
grating FE analysis, First-order Reliability Method (FORM), and river analysis (hy-
draulic model of the river). The important factors in the fragility analysis such as a re-
alistic geotechnical model of foundation, material models, corrosion of steel, and other
flood-related features are implemented in the Matlab environment. The framework for
the fragility analysis is outlined in Figure 1. In the framework, the MFAI manages the
connection between FORM (reliability analysis algorithm), Abaqus (commercial FE
structural analysis package), HEC-RAS (river analysis), and all other components for
seamless iterations during the fragility analysis.

MFAI provides functionalities to integrate all required programs for developing rep-
resentative fragility curves in an efficient manner. In each iteration, FORM determines
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Figure 1. Schematic of proposed fragility analysis framework.
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a deterministic realization of uncertain parameters. MFAI takes the deterministic in-
puts from FORM then estimates the hydraulic parameters utilizing the HEC-RAS
model of the river. Then along with the deterministic parameters from FORM and
hydraulic parameters from HEC-RAS, MFAI develops corresponding FE script of the
structural model, for Abaqus, accounting factors such as aging, concrete confinement,
etc and implementing the geotechnical model. For example, flow velocity, scour, and
flow depth from the HEC-RAS would be utilized to determine the magnitude of stream
pressure, parameters to represent the support from the soil, and the region for stream
loading; deterministic parameters from the FORM would be used for estimating mate-
rials properties and geotechnical parameters. Then the script is passed to Abaqus for
structural analysis. After the structural analysis, the MFAI reads the output database
of the analysis to compute the limit-state value. The limit-state value is sent back to
FORM for the next iteration. The details of each of the components in the framework
are presented in the following sections.

2.1. Fragility analysis

Fragility analysis of structures evaluates the probability of failure of structures, sub-
jected to different loadings, to meet certain performance criteria. Mathematically, the
probability of failure with respect to an undesirable or unsafe state can be expressed
as

pf =

∫
g(x)≤0

fX(x)dx (1)

where fX is the joint density function of n-dimensional random vector X and g(x) de-
fines the performance criterion or limit state function. The random vector X accounts
for uncertainties associated with structures, i.e. material parameters, boundary condi-
tions, etc. In this work, the integral in Equation (1) is estimated using First-order Re-
liability Method (Der Kiureghian et al., 2005) through the implementation of FERUM
(Bourinet, Mattrand, & Dubourg, 2009). FORM takes parameters of random variable
vector X as inputs and transforms it into a standard normal random vector u through
the Nataf transformation (Liu & Der Kiureghian, 1986). In the standard normal space,
the main task is to find the most probable point P ∗ which is the point on the failure
surface, where G(u) = g(x(u)) = 0, closest to the origin. Then the distance of P ∗

from the origin is known as the reliability index β and the probability of failure is
approximated as

pf = Φ(−β) = 1− Φ(β) (2)

where Φ cumulative distribution function of a standard normal density. The first-
order approximation method is illustrated in Figure 2 with the help of a 2-dimensional
standard normal random vector u, where G̃(u) is the linear approximation of G(u)
and α is a unit vector normal to G(u) at P ∗. Finding the coordinates u∗ is essentially
solving the constraint optimization problem stated by

u∗ = arg min
{
‖u‖ |g(x(u)) = G(u) = 0

}
. (3)

Thus, computation of G(u) and its gradient ∇uG(u) is required to find u∗ in an
iterative numerical method. Problems with implicit limit-state functions require nu-
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Figure 2. First-order reliability approximation.

merical methods for computing G(u), using corresponding value x in the random
variable space. Finite differencing method, perturbation of x, is usually used to nu-
merically approximate the gradient ∇uG(u). The details procedures are elaborated in
the Der Kiureghian et al. (2005) and the FERUM manual (Bourinet et al., 2009).

FORM finds the most probable point P ∗ numerically in an iterative process. In this
process, FORM evaluates G(u) and ∇uG(u) to find the next point in the iteration
using FE analysis of the structure. For the purpose, FORM passes the corresponding
value in original coordinate x(u) to MFAI for evaluation of limit-state function and
its gradient. MFAI takes the x as an input and evaluates hydraulic parameters (i.e.
mean flow velocity, flow stage, scour depth, etc.) using hydraulic model, foundation
parameters using the geotechnical model and other parameters, e.g. corrosion level,
accumulation of debris, parameters for materials, etc., based on the x and other deter-
ministic inputs. Using the different evaluated parameters, stated above, and the mesh
of the bridges, MFAI generates an ‘inputfile’ – i.e. the script of the structural model
– for Abaqus for FE analysis. After analysis, MFAI reads the output file of the FE
analysis for relevant information to compute the limit-state value. Then the limit-state
value is returned to FORM for evaluation of G(u) and ∇uG(u) to find the next point
u in the iteration.

2.2. Hydraulic model of river

Hydraulic models are numerical representations of the hydraulics of rivers. HEC-RAS
(River Analysis System) (USACE, 2016), developed by the U.S. Army Corps of En-
gineers, was used to generate the relations between the hydraulic parameters, i.e. dis-
charge, velocity, depth of the flow, etc., of the stream in this study. HEC-RAS takes
river schematics (cross-sectional data including the overbank area and hydraulic struc-
tures along with the steam), Manning’s n values for corresponding sections, types of
flow, boundary conditions, etc. as inputs to simulate the flow in natural rivers. Among
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various functionality, a one-dimensional surface profile for steady gradually varied flow
was used, which can consider subcritical, supercritical, and mixed flow regime water
surface profile. The water surface profile is computed from one section to the next
by solving the energy equation with the standard-step iteration method. The energy
equation is written as

Z2 + Y2 +
a2V

2
2

2g
= Z1 + Y1 +

a1V
2

1

2g
+ he (4)

where Z1 and Z2 are elevations of the main channel, Y1 and Y2 are water depths, V1 and
V2 are average velocities, a1 and a2 are velocity weighting coefficients at section 1 and
section 2, respectively. The gravitational acceleration is g and he is the energy head
loss between two sections. The energy head loss considers the friction and contraction
or expansion losses. The discharge is estimated using Manning’s equation as

Q =

(
1

n

)
AR

2

3

√
S (5)

where n is Manning’s roughness coefficient, A is the area of the flow, R is the hydraulic
radius, S is the slope of energy line. When required, to consider overbank flow or
variable roughness coefficient within the channel, the channel is subdivided into several
regions for accurate discharge computation. Readers are referred to the HEC-RAS
Hydraulic Reference Manual (USACE, 2016) for further details.

In this framework, flow hydraulic properties, including flow velocity, flow depth to
the river discharge at bridge location are generated by HEC-RAS. HEC-RAS also in-
corporates a hydraulic design function that calculates the local and contraction scours
around bridge piers, using the computed flow hydraulic properties, based on the bridge
scour relations in the Hydraulic Engineering Circular No. 18 (HEC-18)(Arneson et al.,
2012).

2.3. Stream pressure on the bridge

Pressure force from flowing water is one of the major components that contributes to
the failure of bridges in floods. Accumulation of debris occurs often, which may lead
to an increase in the stream pressure on bridges. The American Association of State
Highway and Transportation Officials (AASHTO, 2012) recommends the estimation
of stream pressure by

pw0 = 5.14× 10−4CDV
2 (6)

where CD is the drag coefficient for piers, V is the velocity of the water. AASHTO
(2012) provides CD values for different types of piers including the effect of debris
lodging against the piers.

2.4. Geotechnical model of foundations

Foundations are important bridge components that provide supports to the super-
structure. Foundations should be modeled accurately to represent the available sup-
port reactions, especially when the undermining of ground supports, due to the scour,
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need to be accounted for. The American Petroleum Institute (API, 2000) provides
guidelines and recommendations for modeling different types of foundations. Ultimate
bearing capacity of a pile in cohesionless soil can be estimated, using the API, by

Qd = Qf +Qp = fAs + qAp (7)

here Qf is the skin friction resistance, Qp is the total end bearing, f is the unit skin
friction capacity, As is the side surface area of pile available for friction, q is the unit
end bearing capacity, and Ap is the gross end area of the pile. For circular piles, the
shaft friction f in kPa can be computed as

f = Kpo tan(δ) (8)

where K is the coefficient of lateral earth pressure, po is the effective overburden
pressure in kPa at the soil depth in consideration for Equation (8), and δ is the
friction angle between soil and the pile wall. The unit end bearing q in kPa may be
computed by

q = poNq (9)

where po is the effective overburden pressure in kPa at the pile tip for Equation (9),
Nq is a dimensionless bearing capacity factor. API (2000) also provides recommended
values of Nq for different types of soils.

Laterally loaded piles get lateral supports from the ground. The lateral ultimate
unit bearing capacity for a pile in the sand pu is estimated as the smallest of pus and
pud as computed in Equation (10a) and Equation (10b).

pus = (C1H + C2D)γH, (10a)

pud = C3DγH, (10b)

where H is the depth of the point in consideration, γ is the effective soil weight, D is
the average pile diameter, and C1, C2, C3 are coefficients base on the effective angle of
friction of soil φ′.

Readers should note that Equation (7), and Equation (10) provide the ultimate
capacity, maximum support available, for a pile. In an analysis for a given loading
condition, mobilized skin friction given by t− z, mobilized tip bearing capacity given
by Q− z, and mobilized lateral support given by p− y curves are, as outlined in API
(2000), where z and y are the vertical and lateral displacements at the point in the
consideration, respectively. It should also be noted that different capacity estimated in
Equation (7) through Equation (10) depend on the soil parameters and the depth of
the point under the soil in consideration. Thus t− z,Q− z, p− y curves are functions
of the soil depth of the point, hence the scour depth when present.

2.5. Corrosion of steel

Corrosion of steel reinforcements initiates with the penetration of chloride ions into
concrete to reinforcing steel. The effect of corrosion is the reduction in the reinforce-
ment steel area. Usually, two types of corrosion are observed in reinforced concrete
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members; a) average deterioration, b) maximum penetration, known as the pitting of
reinforcement. In this work, average corrosion is considered, following the works by
Decò and Frangopol (2011); Kim et al. (2017), for which time variant cross-sectional
area of a reinforcement bar is modeled using the work by Thoft-Christensen (1998) as

A(t) =


D2
i
π
4 for t ≤ Ti[

D(t)
]2 π

4 for Ti < t < Ti +Di/rcorr

0 for t > Ti +Di/rcorr

, (11)

where Di is the initial diameter of steel reinforcement, rcorr is the corrosion rate
(length/time) which is a function of water-cement ratio and concrete cover, and D(t)
is the reinforcement diameter at (t− Ti) years, which is expressed as

D(t) = Di − rcorr(t− Ti). (12)

2.6. Concrete confinement

Confinement of concrete can have a considerable effect on its stress-strain relation.
To model the accurate behavior of reinforced concrete structures, it is important to
consider such effect in the material model of concrete. The compressive strength of
confined concrete, f ′cc, using the so-called Mander model (Mander, Priestley, & Park,
1988), is given by

f ′cc = f ′co

−1.254 + 2.254

√
1 +

7.94f ′l
f ′co

− 2
f ′l
f ′c0

 , (13)

where f ′co is the unconfined concrete compressive strength, f ′l is the effective lateral con-
fining stress provided by lateral reinforcements. The constant terms in Equation (13)
were determined to fit the triaxial concrete test data of Schickert and Winkler (1977).
With the compressive strength of confined concrete stress-strain of confined concrete
for slow (quasi-static) strain rate and monotonic loading can be represented by the
relations (Mander et al., 1988)

fc =
f ′ccxr

r − 1 + xr
, (14a)

x =
εc
εcc
, (14b)

εcc = εco

[
1 + 5

(
f ′cc
f ′co
− 1

)]
, (14c)

r =
Ec

Ec − Esec
, (14d)
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Figure 3. Stress-strain relations for monotonic loading of confined and unconfined concrete.

Esec =
f ′cc
εcc

, (14e)

where εc is the longitudinal compressive concrete strain, εcc is the longitudinal com-
pressive strain for confined concrete as suggested by Richart, Brandtzaeg, and Brown
(1928), Ec is the tangent modulus of elasticity of the concrete, f ′co and εco are the
unconfined concrete strength and the corresponding strain, respectively. The qualita-
tive stress-strain relationships for confined and unconfined concrete is illustrated in
Figure 3.

2.7. Failure mechanism and limit-state

A common cause of pier failures, in flood events, is the undermining of piers and
footings due to scour. Lateral stream pressure on the undermined foundations desta-
bilizes the foundation causing the loss of support to bridge deck (Brandimarte, Paron,
& Di Baldassarre, 2012; Deng, Wang, & Yu, 2016). Accumulations of floating debris
around the foundation are reported to facilitate the failure process (Kim et al., 2017;
Lebbe, Lokuge, Setunge, & Zhang, 2014). Movement and rotation of piers are found
(Lebbe et al., 2014) to be the main mechanisms for failure of piers subjected to flooding
in an after flood inspection of a large number of bridges.

To date, there are no well-established performance criteria for bridges subjected to
flood, as opposed to that of the earthquake. This may be due to lack of information,
measurements related to failures due to flood, and/or the fragility analysis of bridge
is still in the early development stage. Early works (Kim et al., 2017; Lee et al., 2016)
are based on performance criteria similar to seismic performance criteria which may
not represent the case with a flood due to the dissimilarity of failure mechanism. A
more reasonable approach based on the force-displacement curve to define the failure
of piers subjected to flood has been used in the work (Hung & Yau, 2014; Wu et al.,
2014). In this work, a force-displacement base approach with intercepts of the slopes,
at the beginning and end of the force-displacement curve, defining the failure has been
adopted. The displacement at the top of the pile/pier cap has been considered in
the force-displacement curve. The method has been illustrated in Figure 4. With the
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Figure 4. Force-displacement curve for failure point determination.

definition ∆lim, the limit state in Equation (3) can be defined as

g(x) = 1− ∆(x)

∆lim
(15)

where ∆(x) is the displacement at the top of the pier for a realization of random vector
X.

3. Numerical demonstration of proposed framework: Case study –
flood-fragility analysis of Broadway Bridge in Tucson, AZ

The implementation of the proposed fragility analysis method is illustrated with the
Broadway Bridge, on Pantano Wash at Broadway in Tucson, AZ. The bridge is a
simple-span prestressed concrete deck bridge with five spans totaling a length of about
90 m. The decks are directly supported on pile caps and each pier consists of one
pile cap supported by six piles. There are two separate parts for carrying east and
westbound traffics of the Broadway road. In this work, the bridge part (eastbound) in
the upstream of the Pantano Wash is considered. The detailed drawings of the bridge
were collected from the Pima County database and used for the FE modeling. The
picture of the bridge and its reinforcement detailing of piles and pile cap are presented
in Figure 5 and Figure 6.

3.1. Modeling of Broadway Bridge

Pier no. 4 of the Broadway Bridge was considered, located closest to the deepest point
in the stream at the bridge, for the fragility analysis hence for FE modeling. A base
FE script of the Broadway Bridge pier was developed which was available for MFAI.
The base script was extended and modified by MFAI to reflect the necessary changes.
For example, change in the scour depth would change the boundary conditions, i.e.
supports from the ground would be provided only to the portion of pile inside the
ground after the scour. The fragility analysis framework is general but for new bridges,
new base scripts need to be made available for MFAI.
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Figure 5. Picture of Broadway Bridge on Pantano Wash.

Figure 6. Dimensions and reinforcement detailing of piles and pile cap of Broadway Bridge.
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Figure 7. FE mesh of pier-4 (piles and pile cap) with details of foundation implementation with spring
elements.

3.1.1. Structure

Three-dimensional (3D) FE model for the Broadway Bridge was modeled using 8-
noded solid elements for concrete and one-dimensional beam elements were used for
reinforcement. The reinforcements were embedded in the concrete using the embed
option of Abaqus and no slippage between the reinforcement and concrete was as-
sumed. The concrete material of piles cores, concrete inside the spiral reinforcement,
was modeled as confined concrete, following procedure discussed in Section 2.6, and
the rest of the concrete was assumed as unconfined concrete (Carreira & Chu, 1986).
A perfectly elastic-plastic material model has been used for the steel reinforcements.

3.1.2. Boundary conditions at the soil

The supports from the soil have been modeled using the API (2000), where t−z,Q−z,
curves characterized the friction per unit area, total bearing respectively and p−x, p−y
represent the lateral supports per unit area from the ground in x and y directions
respectively. The details procedure to obtain these relations, i.e. t−z,Q−z, p−x, and
p−y, from the soil parameters are elaborated in the API (2000). Two layers, i.e. dense
and very dense, of sandy silt were assumed and consequently used to determine those
curves at the bridge. The soil layers and its parameters are base on the geotechnical
report at a nearby location, which are further discussed in the ’Statistical parameters’
section below. The tributary area around a node was used to compute corresponding
T−z,Q−z, P−x, P−y, representing available reaction forces at the nodes, and realized
as force-displacement of spring elements of Abaqus. These curves are functions of soil
parameters and the depth of the spring in the soil. Thus those curves change along
the length of the pile inside soil; springs get stiffer with an increase of soil depth.
The implementation of foundation using spring elements in Abaqus is illustrated in
Figure 7.
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Table 1. Statistical parameters of random variables considered in the fragility analysis.

Parameter Distribution Mean COVa

Compressive strength of concrete, f ′c Normal 20.6 MPa 20%
Yield strength of reinforcing steel, fy Lognormal 275.8 MPa 10%
Saturated weight density of soil, γsat Normal 18.8 kN/m3 2.5%
Effective friction angle of dense soil, φ′d Normal 33o 10%
Effective friction angle of very dense soil, φ′vd Normal 38o 10%

aCOV = coefficient of variance.

3.1.3. Steam loading

The water pressure was estimated based on the mean velocity of the stream and
was applied on the portions of piles submersed in water using the pressure option of
Abaqus. A uniformly varying pressure, zero at the ground level, and 2pw0 at the water
surface level, has been applied following the works (Hung & Yau, 2017; Ko et al.,
2014). For the upstream most pile an increased pressure has applied to account the
accumulation of debris according to AASHTO (2012). In cases, when the bottom chord
of the deck is submersed an equivalent pressure has been applied to the flow-front face
of the pile cap. The deck weight and the service load, when applicable, were estimated
following AASHTO (2012) and were applied on the top of the cap as traction forces.

3.2. Statistical parameters

Along with the material uncertainties, geotechnical parameters’ uncertainties (i.e. soil-
related uncertainties) were considered. To account for material uncertainty, the com-
pressive strength of concrete and the yield strength of steel have been modeled as
random variables. The compressive strength of concrete and the yield strength of steel
were assumed to have normal and lognormal distribution respectively (Guo et al., 2016;
Shinozuka, Feng, Lee, & Naganuma, 2000). Geotechnical uncertainties were considered
through the geotechnical parameters of soil, i.e. saturated weight density and effective
friction angle of soil. Both parameters are modeled as normal random variables (Dun-
can, 2000; Raychowdhury, 2009). Geotechnical reports indicate two layers, i.e. dense
and very dense, of sandy silt near the bridge location. Consequently, a top dense layer
of depth of 3m and a bottom very dense layer have been assumed in the analysis. The
statistical parameters are summarized in Table 1.

3.3. Limit-state value as a function of scour depth

Pushover analyses have been conducted with different scour depths. The stream load-
ing was applied to the structure following the way described in section 3.1.3. Dis-
placement in the x−direction at the top of the pier was considered for the limit-state
value. An example FE analysis result, x−displacement contour plot on deformed shape
overlapped on the undeformed shape, of a pushover analysis is presented in Figure 8.

Limit-state values were developed using the force-displacement curve generated by
pushover analyses of the pier at different scour levels. Limiting values ∆lim at the top
of the pier for each of the scour cases were determined following the way discussed in
Section 2.7 and a curve was fitted to the values to determine the limiting values ∆lim

at any other scour depths within the scour depth range. Figure 9 shows the limit-state
curve for the pier four of the Broadway Bridge for different scour depths.
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Figure 8. FE pushover analysis for determining limit-state as a function of scour depth.
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Figure 9. Limit-state values of pier-top displacement with scour depths.
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(a) Pantano Wash model. (b) Cross-section of Pantano Wash at Broadway

Bridge including bridge geometry.

Figure 10. Hydraulic model of Pantano Wash in REC-RAS.
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Figure 11. Relations between discharge, flow velocity, flow height, and computed scour of Pantano Wash.

3.4. Hydraulics model of Pantano Wash and discharge as the intensity
measure of fragility analysis

Flow velocity, flow depth, and total scour depth of Pantano Wash at the bridge were
simulated using HEC-RAS for various levels of discharges. One dimensional steady flow
analysis with measured cross-sections was used in the analysis. The HEC-RAS model
plan of Pantano Wash and the river cross-section at the Broadway Bridge, including
the bridge geometry, is shown in Figure 10. The scour depths at different levels of
discharge are presented in Figure 11, are used in the fragility analysis of the Broadway
Bridge. Flow discharge was chosen as the intensity measure of fragility curves, as it
uniquely quantifies flow hydraulics in the river.

The limitation of stream velocity as the intensity measure, currently in literature,
can easily be illustrated using flow velocity versus discharge plot in Figure 11(a), where
it is apparent that the same flow velocity may exist for different discharge levels.

The water surface reaches the lower deck surface and completely submerses the
bridge at a discharge level of 1558 m3/s and 2125 m3/s, respectively. Pima County
requires the surface elevation of 100-year design flow is three feet below the lower deck
surface.
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Table 2. Analysis options and parameters used in reliability analysis, river analysis, and FE

structural analysis.

Reliability analysis River analysis FE structural analysis

Type: First-order Type: one-dimensional hydraulic Type: static
e1a = 0.001 Contraction scour: Live-bed formula Material nonlinearity: yes
e2b = 0.001 Pier scour: HEC-18 Geometric nonlinearity: yes

Gradient method: FFDc Bed grain D50 : 1.12 mm Max. mesh size: 100 mm
FFD step size: SDd/50 Bed grain D90 : 38.5 mm

ne: 0.02 - 0.08

ae1 = Tolerance on how close design point is to limit-state surface; be2 = Tolerance on how
accurately the gradient points towards the origin. cFFD = Forward Finite Differencing, dSD =
Standard Deviation of random variable, en = Manning’s Roughness Coefficient.

3.5. Analysis options and parameters

Analysis options and parameters used in reliability analysis, river analysis, and FE
structural analysis for flood fragility analysis are summarized in Table 2. Parameters
and options are selected based on one of the following: recommendations of previous
works, parametric study, and field measurements.

4. Results and discussion

Fragility curves, with discharge as intensity measure, of the Broadway Bridge at cur-
rent age for strength limit-state are presented in Figure 12. Fragility curves consider-
ing material uncertainties (Rvs: f ′c, fy), material and geotechnical uncertainties (Rvs:
f ′c, fy, γsat, φ

′
d, φ
′
vd, Rvs: f ′c, fy, γsat), material and geotechnical uncertainties without

concrete confinement (Rvs: f ′c, fy, γsat (w/o conc. conf.)), and material and geotechni-
cal uncertainties without scour (Rvs: f ′c, fy, γsat (w/o scour.)) are presented separately
to assess the significant of different random variables and factors considered in the
framework. Factors, such as aging, concrete confinement, scour, etc are considered in
all fragility curves except where it is explicitly indicated. For example, comparison
between curves for material and geotechnical uncertainties with and without concrete
confinement shows the effect of concrete confinement on the fragility. Small deferences
in the results indicate the effect of concrete confinement is not very pronounced. This
may be due to the stresses in the pile cores do not go much into inelastic range at the
limiting displacement of the pier top. The significance of other random variables and
factors are discussed categorically in the following.

4.1. Significance of geotechnical uncertainties

Fragility curves with only material uncertainties (Rvs: f ′c, fy), and material and
geotechnical uncertainties (Rvs: f ′c, fy, γsat, φ

′
d, φ
′
vd) reveal that geotechnical uncertain-

ties have significant influence on the bridge fragility. Within the geotechnical parame-
ters, weight density γsat has more pronounce effect than the effective friction angle φ′.

4.2. Significance of scour and need for fragility surface

Fragility curves, in Figure 12, with and without scour, both with material and geotech-
nical uncertainties, reveal the significance of the scour on the fragility. Fragility curves,
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Figure 12. Fragility curves for Broadway Bridge for strength limit-state with respect to the discharge.

Figure 13. Fragility surface respect to discharge and scour depth.

with consideration of scour, assume the maximum total scour depths computed by
HEC-RAS, hence representing the corresponding probability of exceedance for a dis-
charge level. As it is known that a few hours to a few days are required to reach the
maximum scour depth, thus, scour depth at a time instant during a flood may not
be equal to the maximum scour value. Thus, actual scour depth during flood, and
fragility surface, with discharge and scour depth as intensity measures, are essential
for instantaneous vulnerability assessment. Scour rate in cohesive soil (SRICOS) (Bri-
aud et al., 1999) can be used to predict scour depth versus time (flood duration) for
cohesive soil. For cohesionless soil scour develops relatively rapidly thus an instanta-
neous occurrence of scour depth is assumed in the current practice (Arneson et al.,
2012). Consequently, for cohesionless soil, a well-established scour depth versus time
relation does not exist yet. Moreover, there are considerable uncertainties (Lagasse,
2013) with the computed maximum scour depth, which is also an input to SRICOS.
Thus, real-time scour monitoring at the bridge would be valuable. Fragility surface,
with scour depth and discharge are intensity measures, has been proposed to provide
real-time vulnerability during the floods with help of real-time scour measurement.
Figure 13 shows a fragility surface for real-time bridge vulnerability for the Broadway
Bridge, developed using the proposed framework.

It should be noted that the fragility curves are proposed for making overall mainte-
nance and management decision of bridges. For this purpose maximum scour depth is
most appropriate. However, for real-time decision making about a bridge, such as clo-
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Figure 14. Fragility curve of the Broadway Bridge base on flow velocity as the intensity measure.

sure/operation during floods, fragility surface with real-time scour monitoring would
be pertinent.

4.3. Failure probability in floods

Discharge values corresponding to 100-year and 500-year floods are 910 m3/s and 1657
m3/s for the Pantano Wash at the bridge. Fragility curves indicate that the bridge has
a very low probability of failure in design (100-year) flood.

There is a moderate probability of failure in a 500-year flood. The flow velocity, scour
depth, and flow height in front of the bridge are 3.5 m/s, 3.1 m, 2.18 m, respectively,
for 100-year flood; and that are 3.5 m/s, 5.3 m, 2.14 m, respectively, for 500-year flood
(Figure 11). The only significant deference in the hydraulic condition is in the flow
height for the two flood levels. This indicates that the partial submersion of the bridge
due to increased flow height in a 500-year flood, mainly responsible for the increased
probability of failure.

4.4. Significance of incorporating hydraulic model of river

Fragility curves with conventional velocity as the intensity measure, in absence of
the hydraulic model of river, have been also presented in Figure 14, for comparison.
Flow velocities corresponding to 50-year and 100-year floods are calculated as 3.3 m/s
and 3.5 m/s respectively. Flow velocities, corresponding to 50-year and 100-year floods,
indicate a very high probability of failure of the bridge, which is contrary to the results
with hydraulic model consideration. The high failure probability, in the conventional
approach, maybe due to the hypothetical assumption that rivers run full all the time
with varying velocity. This discloses the indispensability of the hydraulic model of the
river in a flood-fragility analysis.

5. Conclusions

A flood-fragility analysis framework for instream bridges has been proposed by in-
tegrating nonlinear FE analysis, reliability analysis, and river analysis. The frame-
work was implemented in the Matlab environment by developing an interface MFAI.
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The proposed framework overcomes the current limitations of flood-fragility analy-
sis approaches that use the flow velocity as the intensity measure. The framework
implements the river hydraulic analysis using the HEC-RAS and the geotechnical un-
certainties associated with the foundation model, which has been known as a major
source of uncertainties but never been investigated in the former flood-fragility anal-
yses. The framework is general and has the functionalities that can incorporate other
important factors, such as corrosion of materials, detailed material models, etc.

A case study with a real bridge in Tucson, AZ has been conducted to demonstrate
the proposed flood-fragility framework. The analysis results confirm the significance of
the hydraulic model of the stream and geotechnical uncertainties in the fragility anal-
ysis. The results also indicate that consideration of the hydraulic model is essential for
developing representative flood-fragility curves. And the consideration of geotechnical
uncertainties is crucial as they have significant bearing on the flood-fragility results.
Flood-fragility curves are useful in making a general repair, maintenance decisions for
bridges, whereas fragility surface with flow discharge and scour depth as the intensity
measures was also proposed and developed for the bridge as a tool for real-time flood
vulnerability assessment.
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