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Abstract

A probabilistic evaluation procedure is established to assess a bridge safety against floods and earthquakes, which are the two
major threats of a bridge in Taiwan. Scour depth distribution is used to reflect the flood hazard, in which swarm optimized
multivariate adaptive regression splines (SO-MARS) is utilized to calculate scour depth density followed by Monte Carlo Simulation
(MCS) and a scour risk curve is constructed. Displacement ductility is used to measure the bridge performance under attacks of both
hazards through nonlinear time history analyses followed by a power law regression to build the fragility curve. A code-based
probabilistic seismic hazard curve is constructed and the joint failure probability under seismic and flood attacks is obtained. A
numerical example is provided to illustrate the proposed methodology, in which the nonlinear behaviors in concrete (including core
and cover areas), steel bar and soil are included in a bridge model. A threshold scour depth for a given earthquake (e.g., the return
period or the peak ground acceleration is given) is derived to meet a specified target reliability. The suggested scour depth is a
deterministic number which is immediately applicable in engineering practice.

Keywords: reliability, multi-hazard, flood, seismic, bridge safety, SO-MARS

1. Introduction

Due to frequent earthquakes in Taiwan, the concept of aseismic
design has been treated significantly by engineers, and the
corresponding regulations are also relatively complete. However,
with global climate changes, natural calamities are occurring
frequently around the globe. In addition, the global greenhouse
effect has also caused the gradual increase of the frequency of
natural calamities of abnormal weather, typhoons, floods, etc. as
well as the magnitude of loss associated therewith. Under the
attacks of multiple disasters, the possibility of damage or collapse of
bridges also increases. In this paper, a bridge safety analysis
process with the consideration of earthquakes and flood scouring
is established, in which uncertainties of parameters, such as
scour depth, are incorporated in to the calculations.

The safety of a river-crossing bridge is often affected by the
level of scouring at the pier foundation. Melville and Coleman
(2000) defined that the common river scouring mechanisms can
be divided into three types: general scouring (long-term degradation
scour), contraction scouring and local scouring. Degradation
scour refers to the lowering or scouring of the streambed over
relatively long reaches due to a deficit in sediment supply from
upstream and contributes to total scour (Richardson and Davis,
2001), wherein the latter two types occur due to the existence of

the pier foundation. Specifically, Contraction scour is a lowering
of the streambed across the stream or waterway bed at the bridge
and local scour refers to removal of material from around piers,
abutments, spurs, and embankments (Richardson and Davis,
2001). The local scouring has the most significant impact on the
bridge structure. In the past, many scholars have proposed
prediction equations for local scour depth. For example, equations
proposed by HEC-18 (US Department of Transportation, 2012)
and Meliville & Coleman (2000) are broadly used to consider the
non-uniform pier structures commonly seen in Taiwan. HEC-18
uses the concept of the superposition method to calculate the
maximum scour depth at a non-uniform pier. Taking a pile group
foundation for an example, in the HEC-18 method, the bridge
foundation is divided into three parts of the pier stem, pile cap
and pile group. The scour depth component of each part is
calculated individually, followed by addition to obtain the prediction
value. On the other hand, Melville and Raudkivi (1996) introduced
the concept of an equivalent uniform pier width conversion using
the width of the original pier, river depth, and river bed elevation.
Such method is able to effectively simplify the non-uniform pier
into a uniform pier in order to calculate the local scour depth.
Melville and Coleman (2000) proposed to calculate the uniform
pier local scour depth by multiplying several empiric correction
parameters including the categories of the pier foundation shape
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and dimension, water flow velocity, sediment dimension, angle
of attack of water flow, river channel shape, time factor, etc.

In addition to the previous two approaches, machine learning
is another approach that can be utilized to build the scour
prediction model. For example, a quadratic polynomial of Group
Method of Data Handling (GMDH) network, improved by the
back propagation algorithm, is proposed to predict scour depth
around bridge piers (Najafzadeh and Azamathulla, 2013). With
their promising results, the Multivariate Adaptive Regression
Splines (MARS) originally proposed by Friedman (1991) is
incorpotrated with Firefly Algorithm (FA) to predict the local
scour depth in the current study. 174 experimental data entries,
including different pier sizes, flow depths and soil covering
depths, are collected to build the MARS model. In constructing
the predicting model, MARS divides the high-dimensional
learning space into sub-ranges for influencing variables and
establishes a mapping relationship between the influencing
variables and the target parameter using piecewise linear function
(Friedman, 1991; Parsaie ez al., 2016). MARS is a generalization
of stepwise linear regression or a variant of regression tree with
capability to provide a promising prediction model. Notably, the
approach of MARS is based on a divide-and-conquer strategy
within the historical data separated into distinctive regions; in
which each data is provided with a regression line (Goh et al.,
2017). Therefore, MARS is highly suitable for modeling complex
engineering data. On the other hand, the model establishment of
MARS requires a proper setting of two tuning parameters: the
maximum number of BFs (k) and the penalty coefficient (c).
Previous works have demonstrated that the determination of
tuning parameters necessitates great efforts (Hoang et al., 2017;
Zhang et al., 2015; Koc et al., 2015). Moreover, since the penalty
coefficient is searched in a continuous domain, the results of
conventional method (e.g. grid search) may not be optimal.
Accordingly, an integration of MARS and the Firefly Algorithm
(FA) is adopted in the current study. FA, as a metaheuristic
method, is employed to search for an appropriate set of tuning
parameters (k. and c) that features the highest model accuracy.
Once the MARS-based model is built, Monte Carlo simulation
(MCS) with the hydraulic data is used to generate scour depths
and a scour hazard is constructed.

A probabilistic seismic hazard curve, built by Probabilistic
Seismic Hazard Analysis (PSHA), is used to evaluate the seismic
hazard for the investigated river bridge. The PSHA is to evaluate
the hazard of seismic ground motion at a site by considering all
possible earthquakes in the area, estimating the associated
shaking at the site, and calculating the probabilities of these
occurrences (McGuire, 2004). Cornell (1968) assumed that an
earthquake was a point earthquake source, the occurrence of an
earthquake event followed the Poisson Process and the earthquake
scale distribution followed the Gutenberg—Richter recurrence
law. The PSHA used in the engineering fields nowadays is mostly
derived from the analysis procedure proposed by Cornell (1968).
Kiureghian and Ang (1977) proposed the fault-rupture model by
correcting the drawback of underestimation of analysis result due
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to the use of a point earthquake source in the Cornell method.
Schwartz and Coppersmith (Schwartz, 1984; Youngs, 1985)
proposed the “Characteristic Earthquake Model” by using the
fault slip velocity to establish the relationship between the
recurrence rate and the earthquake scale. Although the seismic
hazard is important, developing a new seismic hazard model is
beyond the scope of the current study. Instead, the model built
from National Center for Research on Earthquake Engineering
(NCREE) is commonly accepted in Taiwan and therefore, is
adopted here. For details, please refer to Jean (2017). Based on
their model, a seismic hazard curve at a location at the
investigated bridge is built.

To illustrate the proposed methodology, a numerical example
is provided. SAP2000 is used to model the investigated bridge.
To consider the nonlinear behavior of the substructure, a
nonlinear link element is used to simulate the behavior of a
predefined plastic hinge calculated using Xtract, in which the
constitutive laws of core concrete, cover concrete and steel bar
are included. The soil behavior is simulated by a series of depth-
dependent soil springs around the caisson. The stiffness/coefficient
of soil spring varies significantly for different empirical equations. A
code-based formula based on the standard penetration test is
used to calculate the soil property. Details of the proposed
methodology is provided below

2. The Proposed Method

Using fragility curve to measure bridge performance under
multi-hazard threats has gained increasing attention in recent
years (Wang et al., 2012; Ganesh Prasad and Banerjee, 2013;
Dong et al.,2013; Kim et al., 2017). Wang et al. (2012) indicated
that the occurrence of scour depth increases potential risk of
plastic hinge formulation on the pile head due to the dynamic
effect of the pile cap. To consider the scour hazard, Ganesh
Prasad and Banerjee (2013) used the HEC-18 to calculate the
local scour depth. In addition, to reduce the cost of structural
analysis, their bridge foundation is simulated using an equivalent
single pile. Dong et al. (2013) considered structural deterioration
in their flood-induced seismic evaluation and bridge performance is
described in terms of sustainability. Kim ez al. (2017) focused on
establishing the flood fragility of bridges, in which reliability
analysis is performed in conjunction with finite element analysis.
Compared to previous studies, this study establishes a frame to
evaluate a bridge performance using fragility curve, in which
several aspects are innovative and are different from those of
previous studies. For example, a machine learning algorithm,
swarm optimized multivariate adaptive regression splines (SO-
MARS), is developed to calculate the local scour depth. In
addition, the bridge foundation is not simplified and the effect of
the pile group on scour depth can be included. The details are
described below.

To establish the fragility curve and the joint probability distribution
function under multiple disasters, the proposed process is
displayed in Fig. 1. First, the relevant information, including the
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situated location, soil characteristics and hydraulic condition, etc.
of the bridge site is obtained. In addition, the structural configuration
information of the example bridge is obtained, including the
detailed content of the structure construction drawings, cross
sectional dimensions, material characteristics, detailed designs,
etc. Next, the aforementioned information is used to calculate the
structural cross sectional property of the bridge substructures
(pier and caisson) in order to obtain the structural nonlinear
property. The substructure plastic hinge property is calculated
according to the failure mode (flexural, shear or combined
model). The soil nonlinear elastic model is established according
to the soil information. Seven earthquake records are collected
and their response spectrums are scaled to fit the design response
spectrum. To be specific, for a damping ratio of 5%, the response
spectrum of the selected earthquakes falling in between 0.2 T
and 1.5 T as the fundamental period) may not be lower than 90%
of the corresponding design spectral acceleration. In addition, the
mean value of the response spectrum within the designated
period range may not be lower than the average value of the
corresponding design spectral accelerations. Nonlinear time
history analysis is performed with the scaled ground motions.
Based on the analysis results, a fragility curve is established by
using the displacement ductility as an index. Together with the
occurrence probabilities of the seismic hazard level and scouring
hazard, the joint probability distribution function is calculated.
Please note that the probability of the simultaneous occurrence of
two extreme events (i.e., scour and earthquake) is generally
small. Three models for considering the combination effects of
extreme loads using reliability approaches are often adopted in
practical applications. They are: (1) Turkstra’s rule, (2) the Ferry

Response-Spectrum-
Compatible Earthquakes

Collecting 174
Test Data l
A Predefined
Non-linear Time Scour Depth
History Analysis
4
Building l
SO-MARS Model

Seismic Response in terms of
Displacement Ductility

Probabilistic
Seismic Hazard
Analysis

Constructing
Fragility Curve

Conditional Bridge
Failure Probability

¥

»  Joint Probability of Failure [«

Fig. 1. The Flowchart of This Research

i

Y
Seismic Hazard

Vol. 22, No. 3 /March 2018

Borges—Castanheta model, and (3) Wen’s load coincidence method
(Ghosn et al., 2003). Many researchers have made great efforts
on investigating the load combination effect. It is very unusual to
find scour occurs that follow earthquakes in Taiwan. This study
investigated the safety performance of a scoured bridge under
seismic excitations. Thus, this study considers the occurrence
probabilities of scour and earthquake events to be statistically
independent in calculating their combination effects using
simulation approach. In view of the above, nonlinear plastic
hinge property, flood scouring hazard level and fragility analysis
are the main focuses of this research, which are described in
details as follows.

3. Failure Mode Analysis of Plastic Hinge

The design parameters obtained are used to define the plastic
hinge properties in the bridge numerical model in order to
simulate the non-linear behavior of the bridge structure under
nonlinear time history analysis. The failure mode analysis of
piers proposed by Sung (2005) is adopted and it can be divided
into three types: shear failure, flexural to shear failure and flexural
failure. The moment capacity of the pier or caisson can be
analyzed from the flexure and shear behaviors of the cross section
and the result can be compared in order to determine which of the
two (flexure or shear) dominates. The flexural behavior analysis
uses the cross section analysis software, Xtract, to establish the
relationship (M,— ¢ ) between the moment and curvature in order
to further obtain the relationship between the moment and angle
(M,— 6 Model). The resultant internal couple in a cross-section of
the structural element is referred to the “moment” and the
“curvature” is the quotient of the longitudinal strain for a given
point and its distance to the neutral axis. The shear behavior
analysis uses the recommendation of the Taiwan Seismic Design
Specifications for Highway and Bridges to calculate the shear
strength, and it is converted into the relationship between moment
and angle (M,— 6 Model) in order to perform stacking comparison
with the M,—6 Model, such that the pier moment capacity is
obtained. The plastic hinges are arranged at four areas of the pier
bottom, depth of 4 m, 8 m and 10 m under the river bed.

As mentioned above, the relationship between the moment and
curvature of the cross section is established by using the Xtract
software, such as M, ¢, and M,, ¢, For the corresponding
displacement and angle, assuming that the pier bottom end is a
fixed end, the elastic displacement () at the top end of the pier
can be expressed as

h
6= f(/),-y,-dy (1)
0

where 4 refers to the column height, and y;, refers to the distance
downward from the column top when the cross section curvature
is @, Its corresponding equivalent angle is

1)

o-2 )
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Assuming that when the pier is under an elastic state, the
curvature ¢, and the distance y; away from the column top is of a
linear relationship; therefore, the curvature ¢; under the yield
state is

»

¢f:h

?, (©)

where @, refers to the crack curvature or yield curvature. Yield
displacement &, can be expressed as

h 2

5, = Of% 0, ydy = % @)

Equivalent yield angle 6, is

6 = i Q)
T h

Plastic displacement (J,) is

3= [ (0.0, )vav =00, )0, (-2 ®

h Lp

where L, refers to the equivalent plastic hinge length, and the
definition from Paulay and Priestley (1992) is used here as
follows

L, =0.081+0.022d,0, ™)

where d), refers to the longitudinal steel bar diameter, and o,
refers to the steel bar yield stress. Equivalent ultimate angle 6, is

0, )
0, ="2Ly—L ¥
u h h_&
2

After obtaining 6, and 6, along with the M, and M,, an M,— 6
model can be established.

The pier shear strength calculation method is based on the
Taiwan Seismic Design Specifications for Highway and Bridges,
and the methods proposed by Priestley (1994) and Aschheim
(1992) are adopted as shown in the following.

V. =0.53(k+F) %f; (MPa)x0.014, (mm*)x9.81 (N)

()

where k refers to the rotation ductility factor, which equals 1
before flexural yielding and decreases linearly to zero at the flexural
ultimate condition; F is the axial load effect on the shear strength,
which equals N/(13.84,) (MPa) for a compressive axial load and N/
(3.54,) (MPa) for a tensile axial load, where N is the axial force and
A, is the gross cross-sectional area; 4, is the effective area, which
equals 0.8 4, To consider the concrete contribution in shear
strength, the cover and core areas of the concrete are calculated
separately, followed by adding the values together, the concrete
shear strength equation is calculated by Eq. (10).

V.=V _.+V.

c c,core c,cover

(10)

—-906 -

In addition, the lateral steel bar shear strength of circular cross

section can be expressed as
A, f.da

v, = sh J:; (11)
where A, is the area of the shear reinforcement; d is the effective
sectional depth; s is the vertical spacing; and o = 1 for a rectangular
section and /2 for a circular section.

Therefore, the normal shear strength ¥, of the column can be
obtained as

V.=V 4V, (12)

Furthermore, the pier normal shear strength can be viewed as
the function V,(6) of the angle, and when yield has not yet
occurred:

v,(0<6,)=V.+V, (13)
Under ultimate limit state:
V,(0=6,)=V, (14)

According to Song’s suggestion (2005), the shear strength
value between the yield state and the ultimate limit state can be
obtained from linear interpolation:

When yield not yet occurs (6< 6,)

M, =7, (6, as)
Under ultimate limit state (6= 6, )

LP
M\’ll :Vl’l(gll)>< h_7 (16)
During non-elastic section (6,< 6< 6, ) is
M\‘ = M\jv + (M\'u - M\jv ) X R — 1 (17)

max

According to the above method, a relationship graph (M,- 6
Model) between shear converted moment and angle can be

2.5E+10

2E+10

1.5E+10

1E+10

Moment(N-mm)

SE+09

0
0 0.005 0.01

Angle

0.015

Fig. 2. Example of Moment and Angle Model at a Pier Bottom of
the Demonstrated Bridge
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established. Three possible failure modes are described in brief
as follows: (1) When the shear converted yield moment is less
than the flexure yield moment (M,,<M,, ), it is considered as the
shear failure mode. (2) When the shear converted yield moment
is higher than the flexure yield moment (M,,>M,, ), and when
the non-elastic section shear converted moment is lower than the
flexure moment (M, <M, ), it is considered as the flexure-shear
failure mode. (3) When the flexure moment capacity is always
smaller than the shear converted moment (M,<M,), it is
considered as the flexure failure mode. Fig. 2 is an example that
shows the relationship between the moment and angle of a pier
in the pier bottom of the investigated bridge.

4. Flood Scouring Hazard Level Analysis

The calculation of scour depth in this study is based on the
proposed SO-MARS which is described in details as shown
below. Please note that the pier-group effect (Akib et al., 2014) is
not considered and only one-dimension hydraulic analysis is
included in the current study. Further validation is needed to
generalize the use of current finding in future applications,
especially, when effects of the pier-group and river cross section
are significant.

5. Description of MARS

MARS (Friedman, 1991) is a novel method for constructing
modeling equations from the collecting data. This method divides
the high-dimensional learning space into several sub-ranges of
the prediction variables to establish a mapping relationship
between the prediction variables and the targeted output variable
(Parsaie et al., 2016). MARS uses a piecewise linear function for
fitting each local model and employs an adaptive approach to
finalize model. Evidences of MARS as a powerful machine
learning tool are observed in plentiful previous studies (Cheng
and Cao, 2016). MARS-based model is expressed through a
series of simple basis functions (BFs) which characterize the
relationship between input and output variables. A BF is shown
as follows:

b, (x) = max(0,C —x) or b,(x)=max(0,x-C)

m

(18)
where b,, denotes a BF’; x is an input variable; C represents a
threshold parameter used to divide the original range of x into
sub-ranges.

The general form of the MARS model is expressed as follows:

f(xX)=a,+ Zk: a,b, (x) 19)

m=1
where «, a, ..., o, are weighting coefficients; f{x) represents
the model output. & denotes the number of weighting coefficients.
The model establishment of MARS is broken down into two
steps: forward and backward steps. In the first step, BF's are
added into the model so that they can help to reduce the training
error; this process is terminated when the maximum number of

Vol. 22, No. 3 /March 2018

BF is reached. The second step is to alleviate overfitting
phenomenon by pruning redundant BFs. Each sub-model of
MARS is evaluated by the generalized cross-validation (GCV)
index (Jekabsons, 2016; Suman et al., 2016) as shown in Eq.
(20).

k+0.5¢(k—1).,

GCV =MSE/(1- ) (20)

n
where MSE stands for mean square error of the model, £ denotes
the number of BFs. n represents the number of observations in
the training data. ¢ is a penalty coefficient; Friedman (1991) and
Jekabsons (2016) recommend that this parameter should be
searched within the range of [2, 4].

6. Firefly Algorithm (FA)

In order to commence the training process of MARS, two
tuning parameters, namely the maximum number of BF's (k)
and the penalty coefficient (c), are required to be determined. A
proper setting of these tuning parameters is necessary to achieve
a desirable performance of the MARS model. Thus, in this study,
FA (Yang, 2008; Yang, 2010) is utilized as a means for tuning the
model free parameters. The description of FA is provided below.

Often, the pattern of firefly flashes is unique for a particular
species. In essence, each firefly is attracted to brighter ones as it
randomly explores while searching for prey. Based on the nature
phenomenon, FA is formulated as a global optimization method
which is an advanced swarm intelligence that can effectively
locate the optimum. Superior performance of FA has been
demonstrated in previous research works (Cheng and Hoang,
2017; Tilahun et al., 2017). The FA method utilizes the following
rules: (1) all fireflies are unisex, so each firefly is attracted to
other fireflies regardless of their sex, (2) the attractiveness of a
firefly is proportional to its brightness and decreases as the
distance increases. A firefly moves randomly if no other firefly is
brighter, and (3) the brightness of a firefly is affected or
determined by the landscape of the objective function. The FA
pseudo code is illustrated in Fig. 3.

The brightness of an individual firefly can be defined similarly

Begin FA

Define the cost function f{x), where x=(x;,...,x;)
Generate an initial population of fireflies
Formulate the light intensity /

Define the absorption coefficient y,

While (r < Max_Generation)

For i = 1 to n (all n fireflies)
For j=1 to # (all n fireflies)
If (/; = I;), move firefly i towards firefly j
End if
Evaluate new solutions and update light intensity;
End for /
End for i
Rank the fireflies and find the current best
t=t+1
End while
End FA

Fig. 3. The FA Pseudo Code
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to the fitness value in the genetic algorithm. The light intensity
I(r) varies according to the following equation:

I(r)=1,exp(=y,r*) (1)

where /, denotes the light intensity of the source. y; is the light
absorption coefficient. » represents the distance from the source.

As the attractiveness of a firefly is proportional to the light
intensity seen by adjacent fireflies, the attractiveness S of a
firefly is defined as:

B =B, exp(=y,r")
In a D-dimensional space, the distance between any two fireflies i
atx; and j at x;, is calculated as follows:

)

2

X _xjH = Z(xi,k _xj.k)
=l

Since a specific firefly x; is attracted to the brighter one x;, the
movement of the i” firefly can be expressed as:

(22)

Ty =

(23)

X, =%, + B, exp(=7,7; J(x, = x,) + &~ 0.5) (24)

where y; is the light absorption coefficient, y; varies from 0.1 to
10; S, represents the attractiveness at 7; = 0; o denotes a trade-off
constant to determine the random behavior of movement; @
represents a random number drawn from the Gaussian distribution.

7. The Proposed SO-MARS Model for Evaluating
Scour Depth

The establishment of the proposed SO-MARS model is
accomplished by a fusion of MARS and FA. The model flow

chart is illustrated in Fig. 4. The SO-MARS employs MARS as
the supervised learning algorithm for learning the implicit
functional relationship between the input features and the scour
depth. Furthermore, the FA swarm intelligence method is utilized to
automatically identify the optimal values of the MARS’s tuning
parameters.

Before the model training and prediction phases, a preliminary
analysis on variable relevancy is performed to identify irrelevant
input variables. In this study, the ReliefF method (Robnik-
Sikonja and Kononenko, 2003) is utilized to compute the
independence relationship of each conditioning variable to the
output variable (i.e., scour depth). ReliefF is capable of detecting
conditional dependencies between attributes and provides a
unified view on the attribute relevancy in regression problems
(Robnik-Sikonja and Kononenko, 1997). This method assigns a
weight value for each input variable that expresses its importance;
the higher the weight, the more relevant the input variable.

Before performing FA, initial values of the aforementioned tuning
parameters (denoted as £, and ¢) are randomly generated within
the range of lower and upper bounds in the following manner:

X, o=LB +rand[0,1]x (UB - LB) (25)

where X, , is the tuning parameter i at the first generation. rand
[0,1] denotes a uniformly distributed random number between 0
and 1. LB and UB are two vectors of lower and upper bounds for
parameters which are 5 and 50, respectively; bounds for the
parameter c are 0.1 and 4.

During the searching process, the FA automatically explores
the various combinations of the tuning parameters (%, and c).
At each generation, the fitness of each individual combination is

(Kax. €)
+ -——

—— e o —————————

Fig. 4. The Proposed SO-MARS Model
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evaluated and the optimizer discards inferior combinations, and
allows robust combinations to be passed on the next generations.
Through such process, the optimal solution can be found.
Furthermore, in order to determine the optimal set of tuning
parameters, the training data set is divided into K exclusive folds.
Generally, a larger number of data folds deliver a better set of the
model’s tuning parameters. However, the computational cost can
be very high for adopting SO-MARS as a hybrid machine
learning model. Thus, it is reasonable to select a value of K that
can sufficiently determine the appropriate model parameters
within an acceptable computational expense. Herein, based on
the size of the collected data set and the suggestions of previous
works (Arlot, 2010; Breiman et al., 1984; Cheng and Hoang,
2014), K is selected to be 5. In each run, a data fold is used as a
validating set and the other folds are employed for model
training. The robustness of each parameter set is appraised via
the average performance of the K validating data folds. A
prediction model built based on this strategy is often with a good
generalization capability. Accordingly, the following objective
function is used for cost function evaluation:

i 2
Ei
F::os/ = =

K

In Eq. (26), E;* denotes the validating error of the /" data fold.
The employed validating error is Root Mean Squared Error
(RMSE). FA will not terminate unless the maximum number of
generation is achieved. Once terminates, an optimized set of
tuning parameters can be identified which means the SO-MARS
model is established and is ready to carry out prediction phase.

(26)

8. Experimental Results of SO-MARS Based Scour
Depth Prediction

This study collects 174 data samples of clear-water scour in

Training Phase- Line of best fit (R ? = 0.92)

® Data

w— | ing of Best Fit

. X X X N L
0 0.05 0.1 0.15 0.2 0.25 03
Actual Output

(a)

Table 1. Description of Data for Scour Depth Prediction

Inﬂfuencmg Notation| Unit Min | Average| Std. Max
actor
IF, y m 0.13 0.22 0.12 0.60
IF, b, m 0.01 0.04 0.03 0.15
1F; by m 0.05 0.10 0.06 0.37
IF, L, m 0.01 0.13 0.41 2.78
IF; Y m -0.67 -0.02 0.12 0.21
1F VIV, - 0.53 0.89 0.13 1.18
IF, dsp mm 0.06 0.62 0.22 1.00
1F, Gy - 1.00 1.12 0.12 1.30
Y d, m 0.01 0.09 0.05 0.34
0.04 - - - - -
0.035
£
> 003
2
© 0025
&
£ 002}
(=%
Eois}
4
3
s 001
w
0.005
0
1 2 3 4 5 6 7 8
Feature Rank

Fig. 5. Feature ranking with ReliefF

which 170 of them are from previous experimental works
(Ataie-Ashtiani ef al., 2010; Melville and Raudkivi, 1996) and 4
of them are testing results conducted in the Hydrotech Research
Institute of the National Taiwan University. The 8 influencing
factors, including the flow depth y, the pier width perpendicular
to the flow direction b, the pile-cap width b,,, the longitudinal
extension of pile cap face out from pier face L,, the soil covering

Testing Phase- Line of best fit (R ? = 0.84)
. - : - .

Predicted Output

. ¢ Data
| === Line of Best Fit |

0.05 0.1 015 02 0.25 03
Actual Output

(b)

Fig. 6. Results of the Ten-fold Cross Validation Process: (a) Training Phase: RMSE = 0.016 (0.001) and R? = 0.92 (0.001), (b) Testing

Phase: RMSE = 0.022 (0.006) and R? = 0.84 (0.001)
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Fig. 7. Results of SO-MARS Trained with the Whole Data Set

height ¥, the ratio of the mean velocity to the critical velocity of
sediment movement V/V., the median grain size ds,, and the river
bed material geometric standard deviation o,, are employed to
estimate the scour depth d; of complex pier foundations. The
statistical descriptions of all variables are provided in Table 1.

A preliminary investigation, the ReliefF (Robnik-Sikonja and
Kononenko, 2003), on the relevancy of each conditioning variable
is employed here and the analysis result is shown in Fig. 5. It is
shown that /Fis the most influential factor, followed by IF;, IF,,
and /F,. The variables IF;, IF,, IF,, and IF’; demonstrate moderate
and minor relevancy. Nevertheless, because none of the weight
values are null, indicating that all factors are relevant for
characterizing the scour depth.

The average values of k., and ¢ obtained from the ten-fold
cross validation process are 24.26 and 2.61, respectively (Fig. 6).
Therefore, the parameters of k., =25 and ¢ =2.61 are employed
to retrain the MARS model with the whole historical data set.
The model accuracy is desirable with RMSE = 0.015 and R? =
0.93. The model prediction result is graphically illustrated in Fig. 7.
The MARS-based scour depth prediction model is shown as
follows:
Y = 0.205 — 4.82xBF| + 0.21xBF, — 0.812xBF; + 211xBF, +
12.8xBFs — 10.90xBF; + 4.89xBF; + 2.83xBFy — 0.236xBF, +
14.9xBF, — 83.80xBF}; — 93.80xBF'12 — 3.01xBF; + 2.35xBF,
— 1.79xBF|s— 3.87xBF .
where
Y denotes the output variable of scour depth. /F;represents the ith
influencing factor. The detailed BF'is shown as follows:
BF, =max(0, IF, - 0.10)
BF, =max(0, IF; — 0.05)
BF; =max(0, 0.33 — [F))
BF,=max(0, 0.33 — IF) x max(0, IFs + 0.16) x max(0, IF; — 1.00)
BF;=max(0, 0.33 — IF}) x max(0, IF’s + 0.16) x max(0, 10 — IFy)
BFs=max(0, 0.10 — /F,) x max(0, /F’s + 0.16)
BF;=max(0, 0.10 — IF,) x max(0, -0.16 — [F5)
BF3=max(0, IF’5 + 0.06)
BFy=max(0, - 0.06 — [F5)
BF,=max(0, 0.10 — IF,) x max(0, IFs — 0.03)
BF;;=max(0, 0.1 — IF,) x max(0, 0.03 — IF’;) x max(0, IF’; — 0.08)
BF;=max(0, 0.10 — IF,) x max(0, 0.03 — IF5) x max(0, 0.08 — IF%)
BF;=max(0, IF5 + 0.05)
BF\,= BF; x max(0, IF; — 0.74)
BF 5= BF; x max(0, 0.74 — IF)
BFs= BFg x max(0, IF,; - 0.07)

It is noted that although results of ReliefF indicate that all
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Fig. 9. SO-MARS Based Risk Curve of Scour Depth at the Investi-
gated Bridge

influencing factors should be employed. MARS has cast out the
1F; and IF} from the final prediction model which is reasonable
because /F; and [Fy are used to distinguish the clear water and
live bed scours and all the collected data are generated from the
clear water condition, these two factors do not have significant
impact on the scour depth. To obtain the probability distribution
of scour depth, an MCS with a sample size of 10° is used to
establish the distribution curve of the scour depth and exceedance
probability, as shown in Figs. 8 and 9, in which the water depth
and water velocity are reproduced via LN (1.60, 0.13) and LN
(0.70, 0.34), respectively (Liao et al., 2015).

9. Ground Motions, Seismic Hazard and Fragility
Curve

Based on results of a series of nonlinear time-history analyses,
a fragility curve can be constructed as described below. Based on
recommendation of the Load and Resistance Factor Design
(LRFD) seismic bridge design of the American Association of
State Highway and Transportation Officials (AASTHO) guide
specification (AASTHO, 2007), seven ground motions are
selected from the Pacific Earthquake Engineering Research

KSCE Journal of Civil Engineering



A Probabilistic Safety Evaluation Framework for Multi-Hazard Assessment in a Bridge using SO-MARS Learning Model

Table 2. Details of the Selected Ground Motions

Ground Motion Year Station Magnitude Distance (km) Mechanism
San Fernando 1971 LA - Hollywood 6.61 22.77 Reverse
Imperial Valley 1979 El Centro 6.53 19.76 Strike Slip
Loma Prieta 1989 Corralitos 6.93 0.16 Reverse Oblique
Northridge 1994 Glendale — Las Palmas 6.69 21.64 Reverse
Kobe 1995 Kakogawa 6.90 22.50 Strike Slip
Chi-Chi (TCUS52) 1999 TCU 052 6.20 58.86 Strike Slip
Chi-Chi (TCU68) 1999 TCU 068 6.20 67.56 Strike Slip
04 r . ) . . .
—yowa] Table 3. Summary of Time-history Analyses Conducted in This
02 [ | l Simulated | Study
g i \ ' }‘ i | :] , ) Earthquake PGA (Return period) | Scour depth | Total No.
E A N A » d Mo rmitaaad
3 ’ h ey Mﬁ\l‘ &M‘f‘"f\’% M\WTV*,MMN‘.’ e San Fernando
3 L AR Imperial Valley 0.091 (30 years)
02y Loma Prieta 0.363 (475 years) 4m
) ‘ ) ) . Northridge 0.453 (2500 years) 8 m 105
04 5 10 15 20 25 30 35 40 45 Kobe 1.007 10m
Time (sec) Chi-Chi (TCUS2) 1.510
3 ! T T T T T o Chi-Chi (TCU68)
ginal
25 Simulated |
Code
2f L
cI| | 1.2
2 15 E
1) . )
e > 3
o5l L 3
0 i 1 T T"_ — o H 1 £
(] 1 2 3 4 5 3 7 8 0.8
Period (sec) 8
©
Fig. 10. Example of Kobe-Kakogawa Earthquake and Scaled Spec- § 0.6
trum Compatible with the Design Spectrum of 475 years 9
(]
s 0.4
=
Ground Motion Database (PEER). The details of the selected g 0.2
ground motions are described in Table 2. g
The selected ground motions are further scaled to “response- 00 0.2 0.4 0.6 0.8
spectrum-compatible” records. To be specific, a response-spectrum- PGA(g)

compatible time history refers to the response spectrum of the
selected earthquakes falling in between 0.2 T and 1.5 T is the
fundamental period); however, it may not be less than 90% of
the corresponding design spectral acceleration for a damping
ratio of 5%. In addition, the average value of the response
spectrum within the designated period range may not be less
than the average value of the corresponding design spectral
accelerations. The ground motions used in this study are
converted into response-spectrum-compatible data for return
periods of 30, 475, and 2500 years, as shown in Fig. 10. In
addition to the ground motions with this three return periods,
ground motions with Peak Ground Acceleration (PGA) of 1.0
and 1.5 g are also included in our time history analysis as
indicated in Table 3.

The bridge safety against two hazards is investigated through a
probabilistic approach in this study. The flood hazard is represented
by the aforementioned probabilistic scour curve (Fig. 9). The
PSHA is used to measure the seismic risk. Based on Jean’s
approach (2017), a seismic hazard curve at the investigated
bridge is built, as shown in Fig. 11. The displacement ductility
(Dy), defined as the ratio of the displacement of the bridge girder
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Fig. 11. Seismic Hazard Curve for Investigated Bridge

to the yield displacement of a pier, is used to measure the
structural performance under seismic excitations. To build a
relationship between PGA and 4, a regression using the power
law equation is performed as indicated in Eq. (27).

D, =a(PG4)’ (27)

where a and b are regression constants. For a given PGA, if both
capacity and demand follow log-normally distribution, the
failure probability is computed as described in Eq. (28) known as
a fragility curve.

Py (pup> u|PGA=x)=1-® (28)

in which g is the mean capacity (Alipour ef al., 2013), D, is the
mean demand converted from PGA, o is the standard deviation
for a given o the limit state, and @ is the cumulative probability
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density function of the standard normal. The capacity of the
displacement ductility for varied limit states are 1< u <2, 2<u<4,
4<pu<7, p>7 for slight, moderate, major, and complete collapse
damages, respectively (Alipour ef al., 2013). For a given PGA, the
standard deviation (o, s, ) is calculated using Eq. (29).

29

_ 2 2
O-;z\\PGA - O-D\PGA +o,

where O pypia is the standard deviation of the demand for a given
PGA, and o, is the standard deviation of the capacity (i.e., 0.5)
(NCREE, 2009). 0, is obtained by performing another
regression analysis as indicated in Eq. (30).

Oprga =€ ( PGA )f (30)

10. Result and Discussion

The pier 14 (P14), pier 15 (P15) and the superstructure between
these two piers of Nanyun Bridge are selected to demonstrate the
proposed methodology, as shown in Fig. 12. The selected bridge
has 23 spans in the road direction and its total length is around

Fig. 12. The Bridge Investigated in This Study

Fig. 13. The Finite Element Model of the Bridge Investigated in
This Study
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920 m with an equal span length of 40 m. The width of this
bridge is 10 m. As shown, a single pier with a caisson foundation
is used. The length of P14 and P15 is 7.6 m. Two concrete
strengths, 28 MPa and 21 MPa, are used for the bridge pier and
caisson, respectively. When diameter of steel bar less than or equal
to 16 mm, the SD280 is used. SD420W is used for diameters
greater than 16 mm. The finite element model is shown in Fig. 13.
Assuming that the bridge deck possesses infinite in-plane stiffness
and a rigid body constraint is used to simulate such behavior. The
fundamental frequency of the built numerical model is 3.28 Hz
which is close to the on-site measurement of 3.04 Hz.

When a bridge is subject to withstanding the ith number of
river scouring event (SC;) and the jth number of earthquake event
(EQ)), the failure probability for the damage state (DS) is

(Pf)ijk = P(SC,NEQ, N DS,) 31)

In general, the failure probability for the damage state (DS;) is
calculated using Eq. (32). Because scouring and earthquakes are
both low-probability high-consequence events, it is reasonable to
assume that the statistics of scouring and earthquake events are
independent from each other; therefore, the above joint probability
can be expressed as

(Pp)y = P(DS, | SCEQ;)x P(EQ;,SC;) (32)

(7,), =P(sc)P(EQ,)P(DS,) (33)

where P(SC;) refers to the probability of occurrence of a given scour
depth (¢), which can be obtained from the scouring hazard analysis;
P(EQ;) refers to the probability of occurrence of certain PGA (j),
which can be obtained from PSHA; P(DS,) refers to the exceedance
probability of the bridge exceeding a certain performance level (),
which can be obtained from time history analyses.

After performing nonlinear time history analysis under varied
scour depths, the corresponding structure displacement ductility
performance for each set of external seismic excitations can be
obtained. Results of the above time-history analyses only
provide failure probabilities at five different PGA values. To
build a fragility curve, a continuous failure-probability function
in terms of PGA is required. For this reason, with the mean
displacement ductility values and standard deviations analyzed
from seven entries of data in each set, regression analysis is
further performed, and the a, b, ¢, and f described in Egs. (27)
and (30) are obtained as shown in Table 4.

A fragility curve can be generated based on Table 4. Fig. 14
shows the fragility curves under slight-, moderate- and major-
damage states for a bridge with scour depths of 4, 8, and 10 m,

Table 4. Regression Results for Mean and Standard Deviation of
Displacement Ductility for Scour Depths of 4, 8, and 10 m

Scour Depth Constant
(m) a b c f
4 3.80 1.04 0.46 1.53
8 4.40 1.05 0.60 1.51
10 5.48 1.01 0.65 1.25
KSCE Journal of Civil Engineering
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Fig. 15. Fragility Curves with Different Damage States Under 4, 8, and 10 meters (left, middle and right)

respectively. Two things are observed: First, the failure probability
increases with the increase in the scour depth. Second, the failure
probability decreases as the limit state changes from slight to
collapse. In addition, it is found that the failure probability is not
proportional to the increase of the scour depth. As shown, the
failure probability increases dramatically as the scour depth
changes from 8 to 10 m for both limit states. Alternatively,
fragility curves with different damage states under each scour
depth (i.e., 4, 8, and 10 meters) are displayed in Fig. 15.

Based on Eq. (33), the joint-failure probabilities are developed
within a scour depth range of 4 m to 10 m. Interpolation is
utilized for scour depth between 4 m and 10 m. Extrapolation is
not conducted when the scour depth is outside the range of 4 m
and 10 m due to it often fails to provide a satisfied fitting. Figs.
16-18 show the joint probability of failure for slight-, moderate-
and major-damage states, respectively.

It is understood that the proposed methodology is too complicated
to be adopted in engineering practice. It is also known that due to
frequent earthquakes in Taiwan, the concept of aseismic design
has been treated significantly by engineers, and the corresponding
regulations are relatively complete. Thus, this study calculates a
threshold value for scour depth based on the obtained joint
failure probability. That is, when a bridge with the threshold
scour depth is confirmed to be safe based on the current seismic
regulations, such bridge will survive against both hazards (floods
and seismic). To illustrate the above concept, taking the investigated
bridge as an example, the design PGA of this Bridge is 0.36 g. If
the target of reliability index (b) is set to be 3, the threshold scour
depth can be derived, which is approximately equal to 5.5 m as
indicated in Fig. 19. That is, engineers can follow their routine
design process and if the safety of a bridge with a scour depth of
5.5 m is confirmed, the reliability of such bridges against floods
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and earthquakes is ensured at a reliability level of 0.99865 for a
moderate-damage state. Note that the probability for scour depth
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less than 5.5 m is around 0.17 as indicated in Fig. 9. When the
seismic hazard is also included, the bridge reliability is 0.99865
which is quite different from 0.17, indicating that the probability
of having both hazards is very low. Another possible reason is
that the investigated bridge possesses sufficient strength against
the considered floods and earthquakes.

11. Conclusions

This study investigates bridge safety against floods and
earthquakes, in which uncertainties in many important influencing
factors are considered. For example, to measure the scour depth
effect, SO-MARS learning algorithm is proposed, in which an
optimization algorithm (i.e., FA) is utilized to find the optimal
parameters in MARS. With a promising learning performance
(e.g., the RMSE and R? of the built model are 0.015 and 0.93,
respectively), the SO-MARS is incorporated with MCS to
describe the scour hazard. In addition, uncertainties in structural
response under seismic excitations are considered through time
history analyses, in which nonlinear behaviors in core concrete,
cover concrete and steel bar are considered to formulate the
plastic hinge property. From above calculations, bridge fragility

-914-

curve and join failure probability are established. It is found that
for the investigated bridge, it is likely to experience a flood scour
with a depth in the range of 4-10 m with mean value and standard
deviation of 6.67 and 1.19, respectively. Scour has a significant
effect on bridge safety. Taking the moderate-damage state for
example, when scour depth increases from 4 m to 10 m, the bridge
failure probability increases from 0.08 to 0.4 accordingly. Further,
the influence of scour on bridge safety is nonlinear. Based on the
calculations, the failure probability does not significantly increase
when the scour depth increases from 4 m to 8 m. However, the
failure probability considerably changes when the scour depth
increases from 8 m to 10 m. To alleviate the design burden in
engineering practice, this study calculates a threshold value for
scour depth based on the obtained joint failure probability. If the
safety of a bridge with the threshold scour depth is confirmed
based on the current seismic regulations, this bridge will survive
against floods and earthquakes for a given damage state. Based on
the obtained threshold value (e.g., 5.5 m), it is know that the
strength of the investigated bridge is adequate and the probability
of having both hazards in the considered area is very low.
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