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SUMMARY

Aging of bridge structural components due to natural degradation events, such as
corrosion and scour, creates safety issues in the structural system and can lead to possible
bridge failures. Collecting and analyzing inspection data provide a way to mandor
assess the safety condition of bridges. This dissertation presents new methods for data
driven risk assessment of bridges subject to corrosion and scour. The research focuses on
utilizing collected inspection data to evaluate the structural condibbriee bridges
throughnovel modeling approaches for structural risk analysis, including bhidggity
assessments.

In light of the contents described above, thesiscovers three main topics
throughout the dissertation: the impact of corrosion lwitige structures' seismic
performance, the impact of foundation scour on the structural performance of
bridges/foundatiorpiles and theability to simulat other degradation mechanisms on
structures. Each main topic consists of two subtopics to furkpore the details of the
research findings, and a total of six subtopienvestigated in the study.

The road map of the dissertation starts with an introduction in Chapter 1. Chapter
1 presergan overview of the entire study, and it also briefgcdisgsthe structure of the
dissertation. Chapter 2 dek/into the research motivation and background of all six
subtopics. As such, thorough literature reviews and potential research topics are presented.
The next three chapters wilescribe the workaomplished withireach topic. Chapter 3
covers details regarding thavestigation of the impacts aforrosion on the seismic

performance of bridges. The two subtopomseredrelate to (1) exploration of failure
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modes of aging structural columns consialg the impacts of measured corrosiand (2)

a new nethodology to update fragility assessment through Bayesian inference to reduce
the computational cost for bridge risk assessmaeptied to the assessment of corroded
bridges Chapter 4 investigatesehinfluence of scour on the structural performance of
bridges and foundation pile$he two subtopicscovered include: (3) ethodologes to
assess structural reliability accounting for physical phenomena after scour events,
including the impacts of soilr&ss history, scour hole dimensions, and layered soils effects
and (4)investigation of the influence of measured +umiform scour on bridge responses
Chapter 5 presents the last topic covered in this dissertation: the study of other degrading
mechanims, including: (5) fragility assessment of bridges utilizing both scour and
corrosion inspection data, and (6) methodology to incréss@umericatobustnessand
accuracyof analyzingframe elemergtwith a softening material constitutiieehaviorsuch

asin analyzingthe impact of short lap splices on the seismic performance of bridge
columns. Lady, Chapter 6 summag all six subtopics' research contributsoand
descriptions ofhe importance of this studl.also gives a brief introduction of thagoing

work related to the dynamic buckling of the foundatioke i the presence of the scour
and recommended topics for future study.

The sixsubtopicareas provide an increased understanding of the performance of
bridges subject to corrosion and scand provide a robust framework to assess the safety
condition of bridges based on collected inspection tatietermining the safety of bridges
across a transportation network, the framework allows accurate identification of the most
vulnerable bridges ral supports decisions to redubedges' vulnerabilityacross the

network.
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CHAPTER 1. INTRODUCTION

Aging of bridge structural components due to natural degradation events, such as
corrosion and scour, creates safetyéssin the structural system and can lead to possible
bridge failures. Collecting and analyzing inspection data provide a way to monitor and
assess the safety condition of bridges. This thesis presents new methods-dioiveata
risk assessment of bridgesbject to corrosion and scour. The research focuses on utilizing
collected inspection data to evaluate the bridges' structural conditions through fragility
assessments. This study adopts the general research prosieolrein Figure 1with
primary focises on Step 2 and Step 3. Data acquisition is the first step of this procedure.
Note that collected data is relevant to informing structural states duedegrading
mechanisrg, for example, mass loss of column reinforcement due to the impact of
corrosionor scour depth indicating level of foundation scddowever, data acquisition is
not the main focus of this study is assumed to be knowand the objective is to create
methodologies to utilize this data to update assessments of bridgPaisiage mappg
indicates the change of mechanical properties due to a specific degrading mecHaisism
change of mechanical properties can then be implementgatiated structural analyses,
for example irtheuse offinite element models. Finally, to capture tteetcular degrading

mechanism's impact, risk assessment is condtictedghupdating fragility curves.



Step 2: Damage Step 3: Risk

Step 1: Data mapping and assessment
acquisition finite element ' and fragility
model updating update

Figure 1. General research procedure

The di s scentribugohsicanmeéssmmarized into three main areas shown in
Figure 2 with six individual subtopics. The three research areas include independent
investigations of the impact of corrosion on highway bridges, the impact of foundation
scour on bridges anfibundation piles, and other degradation mechanisms, such as the

combinedeffect of corrosion on scoured bridges dahe numerical modeling obridges

with short lapsplices.

Summary of Research

Areas
The impact The mmpact of Other degradation
of corrosion foundation scour mechanisms
Subtopic No. 1 Subtopic No. 3 Subtopic No. 5
Subtopic No. 2 Subtopic No. 4 Subtopic No. 6

Figure 2. Flowchart of research contributions



Within each main research area, two individual subtopics are investigated in tha kidy.
following list presents the title of each subtopiks noted, the advancements in each

subtopic focus on work related to the second and third steps shéugure 1.

1. Exploration of failure modes a@fgingstructuralcolumns considering the impact
of measured corrosion
2. Methodology to update fragility ssssment througBayesiarninference to reduce
the computational cost for bridge risk assessment
3. Methodologesto assesshe structural reliability accounting for physical
phenomea after scour eventsncluding the impacts of soil stress history, scour
hole dimensions, and layered soils effects
4. Investigation of the influence of measured fwmform scour on bridge respa@s
5. Fragility assessment of bridges utilizing both scour and corrosion inspection data
6. Methodology to increasthe numericatfobustnesand accuracyf analyzing

frame elemerstwith a softening material constitutiieehavior

Chapter 2 presents detailtérature reviews and an introduction to each of the six
research topics aforementioned. Chapters 3, 4, and 5 provide comprehensive analysis
results and discussion for each of the main resdamhs shown in Figure 2. Finally,

Chapter Bummarizes theesearch findings and future wdik this study.



CHAPTER 2. BACKGROUND AND M OTIVATION

2.1 Introduction

The followingsix sections will present an overview of each subtopic's background
and motivationasshown in Figure 2 (Chapte).Detailed investigations of ela subtopic

can be foundn Chapters3, 4, and 5accordingly.

2.1.1 Subtopic No. 1. Exploration offailure modes of aging structural columns

considering corrosion impasbf measured corrosion

The first research topic explores the impact of corrosionbwdge seismic
performance with lowductility columns, including shearitical columns and columns
with short lap splices.For highway bridges in California built p®70s, transverse
reinforcement of #4 stirrups at-lrZch spacing regardless of its dinsgons or longitudinal
reinforcement is a typical reinforcement detailing for bridge colufRasy@nathan, 20}2
Meanwhile, it is also common for bridge columns to have short lap splices2#f @hes
the longitudinal bar diameter above the footihga(gdathu, 2017; Soleimani, 20).7
These lowductility columns are often associated with brittle and catastrophic failure
modes and pose a difficult problem for structural engineers to predict their responses.
Figure3 shows field observations of shear failared pultout failure of bridge columns in

the 1971 San Fernando earthquake.



(a)
Figure 3. Bridge column with (a) shear failure and (b) pull-out failure in 1971 San Fernando
earthquake (Veletzoset al., 2006)

Meanwhile corrosion poses another critical issue for aging bridges, presenting high
costs for retrofitting (Padgett, 2007) and severe safety issues under seismic loadings
(Ghosh and Padgett, 2010; Choe et, @009. Previous studies have investigated the
influence of pitting corrosion on the mechanical properties of corroded steel bars
(Almusallam, 2001; Du et al., 2005; Apostolopoulos et al., p0DE et al. (2005) have
studied the effect of corrosion damage on residual capacity and corroded bars' ductility to
account for the impact of pitting corrosion on the constitutive behavior of reinforcement in
tension. An investigation of spatial variability in corrosion patterns of corroded bars using
3D optical measurements has been conducted by Kashani et al. (208y8havie found
that the geometrical properties of corroded bars can be modeled using a lognormal
distribution.

However, few previous studies quantify corrosion's impact across different column
failure modes based on the literature. Therefore, one of theeguoals for this research is
to create a methodology to assess and quantify corroded andutdity columns'
performance. The study explores the effect of varying levels of measured corrosion on

bridge performance to facilitate engineering design aatlyais.



2.1.2 Subtopic No. 2: Methodology to update fragility assessment throBglyesian

inference to reduce the computational cost for bridge risk assessment

Fragility functions provide a way to quantify structural risks unvaeying loading
intensities. uation(1) represents the conditional probability of a structure exceeding a
specific damage state "given a realizatiomof intensity measur®©o

Ol QWY FOO © @

Analytical fragility curves can be obtained through runmoglinear time history
analyses Choi et al., 2004; Nielson and DesRoches, 2007; Padgett; Zbarg et al.,
20193 Ramamthan et al., 2012or through incremental dynamic analysis with nonlinear
finite-element modelsL{uco and Cornell, 1998; Vamvastikasad Cornell2002; Mackie
and Stojadinovic, 2005; Zhang and Huo, 2009agility curves obtained from nonlinear
time history analyses have been found to be more reliable (Shinozuka et al., 2000) due to
the ability to account for various sources of uneéetyaHowever, several limitations arise
in running nonlinear time history analyses to obtain analytical fragility curves. These
include the high computational cost of the process, both in building the model and
performing the calculations. In particulgetting stable fragility assessments requires the
performing of a sufficient number of dynamic analyses. The cost further increases to
perform dynamic analyses for high fidelity finidbement models with high nonlinearity.
Besides, building the finitelement model itself for large and complex structural systems
can be timeconsuming. This research presents a methodology to address these limitations
by reducing the computational costs to obtain analytical fragility curves for structural risk

assessment. Bhmethod utilizes Bayesian updatingefficiently and accurately generate



analytical fragility curves by minimizing the number of nonlinear analyses required or
performing componerevel analyses with reduced complexity.

Bayesian techniques have beero@dd to obtain fragility curves in several
previous studiesSinghal and Kiremidjian(1998) utilize building damage data on
reinforced concrete buildings with fragility curves to arrive at more robust fragility
assessments. Li et al. (2013) incorporatdéridy simulation with Bayesian updating
techniques to improve the accuracy of the fragility function. Der Kiureghian (2002) takes
advantage of Bayesian methods to assess the fragility of electrical substation equipment
based on field observations after amtkequake. Koutsourelakis (2010) combines Bayesian
methods with Markov Chain Monte Carlo (MCMC) to evaluate structural vulnerability
using fragility surfaces. Gardoni et al. (2002) develop a methodology to establish
probabilistic capacity models of strucalicomponents and a Bayesian updating approach
based on observational data. Choe et al. (2007) and Zhong et al. (2008) have developed
fragility estimates for reinforced concrete columns and bridges through a Bayesian
methodology following Gardoni et alvgork. Koutsourelakis (2010) combines Bayesian
methods with Markov Chain Monte Carlo (MCMC) techniques to assess structural
vulnerability using fragility surfaced.i et al. (2013)ncorporate hybrid simulatiowith
Bayesian updating techniques to imprdle accuracy othe fragility function. Baker
(2015) proposes a framework for obtaining efficient analytical fragility funstimmough
multiple stripe analysis procedures. Noh et al. (2017) use conjugate Bayesian models to
develop vulnerability functionccombined with mortality rate data for treating the

uncertainties in the earthquake.



However,among these studies, none have been foundéstigate the use of Bayesian
updating techniqueand conjugate Bayesian infererntcereduce the computational cost
required to creatend updatanalytical fragility curvesvith a minimal number of structural
analysesCompared to previous works, this research proposes a method using updating
rules from conjugate Bayesian inference to efficiently and accurately &stiragility
curves based on inspection data. It provides a way to utilize collected bridge inspection

data to update the fragility assessment of bridges efficiently.

2.1.3 SubtopicNo. 3: Methodologes to assesghe structural reliabilityaccounting for
physicd phenomea after scour eventsncluding the impacts of soil stress history,

scour hole dimensions, and layered soils effects

Over time, the material is carried away from the bed and banks for-gvatsing
bridge structure due tdlowing water'serosive actionleadngto scour conditions fahese
bridges' foundation systeanResearchers have shown that 60% of bridge failures in the
U.S. are related to scour at the bridge foundatarfihana and Hadiprion@003
Lagasse et al., 20D7Therefore it is essential to have a way to model sbilicture
interaction that accurately captures bridge performance considering scour phenomenon.
Traditional modeling of soistructure interactionnvolves the simple removal of soll
springs without considerinthe changes of stress states and corresponding properties of
the remaining soil due to scodlipour and shafei, 201Banerjee and Prasad 20¥8ang
et al.,2014.

Previous studies have investigated the influence of soil stress history on the lateral

response of piles in sand and soft clain (et al, 201Q Lin et al, 2014). Others have



studied piles' lateral behavior in layered soil depoBitgsr/isson and Gill, 196%eorgiadis,
1983; Gazetas et.all984. However, there have been no studies oretfeet of soil stress
history on layered soils' properties. Moreover, the seismic performance of bridges subject
to scour, including the impact of soil stress history of layered, ssilsnstudied. This
research develops a methodology to account fomtihgence of layered deposits and soil
stress history in evaluating the seismic performance of bridges susceptible to scour. It
provides an approach that can accurately assess the vulnerability of bridges located in
layered soil deposits based on measucedisdata.

In addition to soil stress history, the effect of sebale dimensions on the vulnerability
of scoured bridges is also commonly neglected in bridge design and arfétysis. 4(a)
shows a scour hole's geometry with scour depth, scour widllslape angle. Lin et al.
(2014, 2016) have investigated the effect of sémie dimensions on the lateral behavior
of a single pile for cohesionless and cohesive materials through the use of an imaginary
equivalent wedge failure modsthown in Figure 4(b To evaluate the effect of sceliole
dimensions on the pile's axial response, Lin (2017) has proposed afdosexblution of
additional vertical stress due to sctwmle geometry through integrating Boussinesq's
analytical solutionZhang et al. (20d8) have proposed a methodology to compute lateral
resistance of soil numerically considering both sdwmle geometry and possible changes
of stress due to scour effect in soft clay with the aid of integration of Mindlin's elastic
solutions. However, thimethodology only applies to cohesive material, and the study does
not investigate how scodnole geometry and stress history impact the vertical resistance
of the soil. This research provides a framework to account for the combined effect of soil

stress hatory and scouhole geometry for both cohesive and cohesionless soils. The



framework is implemented by modifying the parameters for ultimate soil resistance. The
modified parameters can then be used for the nonlinear backbone curves of the

correspondingal springs constituting the sesitructural interaction.

Stw
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Sq+z—12Zy
“ >
74 Sbw

Sa: scour depth Sa

Stw: top width of scour hole
Spw: bottom width of scour hole
0: slope angle

z: distance to point of interest

Zoq: equivalent soil depth considering
failure wedge model

(@) (b)

Figure 4. (a) Geometry of scour hole and (b) a wedge failure model considering sceluole
dimensions and equivalent wedge model without scotrole dimensions

2.1.4 SubtopicNo. 4: Investigation of the influence of measured -ooiform scour on

bridge responses

While uniform floodinduced scour followed by an earthquake has been
investigated in the existing literaturslipour andShafei, 2012Banerjee an®rasad 2013;
Wang et al.2014), the effect of neaniformity in scour depth for multiple columns has
received limited attention. Numerous researchers have shown that pile numbers,
arrangements, and spacing affect scour depth (Chang et al., 2013; CastiRa16).
Moreover, the studies indicate that bridge piers experienceimiéorm scour depth at the
foundations in failure scenarios (Khan and Amanat, 2015; Song et al., 2015; Tubaldi et al.,
2018). In particular, within a multiplpier bent, the upstreapier usually experiences a

greater extent of scour, indicated by increased scour depth, than the downstream pier does
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because the upstream pier reduces the flow velocity. Some of the soils are transported from
the upstream pier and deposited in the dérmgasn pier (Khan and Amanat, 2015).

A recent paper published by Fioklou and Alipour (2019) has discussed the multi
hazard performance of a bridge considering-apifiormity in scour depth. In particular,
Fioklou and Alipour (2019) investigate the dynamobaracteristics and seismic
performance of a selected bridge type under the effect efiniborm soil erosion with the
upstream and downstream pier foundations experiencing notably different scour depths.
However, for bridges consisting of multiple colniments, piers under different bents could
experience a different soil erosion level due to-ooifiorm water velocity and other
factors. No literature has investigated the effect ofmaiformity in scour depths for pier
foundations under separate colubents. Moreover, neaniformity in scour depths could
impact the bridge performance differently depending on the loading types (e.g., earthquake
event versus flooding event). This research investigates the effect -@iniformity in

scour depths on briggperformance.

2.1.5 SubtopicNo.5: Fragility assessment of bridges utilizing both scour and corrosion

inspection data

Multiple forms of aging and deterioration mechanisms take place and impact the bridge
system's functionality during the life cycler@inforced concrete highway bridges (Zhang
et al., 2019b). In particular, deteriorating mechanisms may include the result of
environmental stressors such as corrosion attaul floodinduced erosion of the soil near

the foundation of bridge piles resulg in scour.
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The majority of the literature has focused on the individual effect of these deterioration
mechanisms on highway bridges' seismic performance. For example, Choe et al. (2009)
investigate the reduction of reinforced concrete bridge columpatitg due to corrosion.
Ghosh and Padgett (2012) evaluate corrosion's impact on bridge fragility considering
multiple component deterioration and exposure conditions. On the otherBearatjee
and Prasad (2013)ssessheseismic performance of bridgksated in seismicalhactive
and floa-prone regions in the presence of flaaduced scourWang et al. (2014)
investigate the impact of local scour on seismic fragility of various California bridge types.

However, as corrosion and scour effects areglemt across bridges, the impacts could
act simultaneously on highway bridges' seismic performance, particularly in marine
environments. Previous research has not assessed the combined effects of corrosion and
bridge scour on bridge seismic fragility. Shiesearch investigates bridge risk utilizing
corrosion and scour inspection data, evaluating the potentially increased vulnerability of

these structures, including any combined effects.

2.1.6 SubtopicNo. 6: Methodology to increase the numerical robustnessaudiracy

of analyzing frame elements with a softening material constitutive behavior

For structures built pr&970s, it was common for reinforced concrete columns to
consist of widely spaced transverse reinforcement and short lap splices at the base of th
column with a lap length of 20 to 24 times the longitudinal bar diam@texilet al, 1991;

Sun and Priestley, 199®1elek and Wallace2004. These structures are more likely to
exhibit poor seismic performance (Zhang et al., 2019a). To be able hmatevéhese

structures under varying conditions, it is essential to have a numerical modeling approach
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to simulate the nonlinear behavior of columns with short lap splices that results in accurate
assessments of performance (Zhang and Tien, 2020).

Severaprevious numerical models have been proposed to investigate the nonlinear
response of columns with short lap splid@syes and Pincheira, 1999; Cho and Pincheira,
2006; Tariverdilo et al 2009. Cho and Pincheira (2006) develop an analytical modeling
approach using nonlinear rotational springs at the element end to simulate the degradation
of stiffness and strength with increasing deformation amplitude. This modeling approach
utilizes a concentrated plasticity model, which exhibits low computational S0k, it
requires the analyst to obtain parameters used to define the matatian relationship
through experimental tests. Tariverdilo et al. (2009) develop a model capable of capturing
the degrading response due to bar slip in the lap splice batkd configuration and yield
stress of the longitudinal reinforcement and the spacing and amount of transverse
reinforcement through a distributed plasticity modeling approach. The model exhibits a
good correlation with results from experimental teldtswever, Tariverdilo et al.'s model
uses forcébased bearaolumn elements, consisting of fiber discretization with a softening
stressstrain relation at the material level to model the degrading mechanism due to bar
slip, so the loss of objectivity due $train localization has become a critical issue from a
numerical accuracy standpoint.

Tariverdilo et al.'s model suggests using two Gdudmatto integration points
within the lapspliced element to model short lap splices' response regardless ofdé's spl
length. Numerically, the selection of two integration points is ambiguous because the
appropriate use of the number of integration points in the lapped region could change as

the lapped region's physical length changes from a test specimen ts@afalstructural
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column. As a result, the assumption of using two integration points in the lapped region
can give rise to inaccurate predictions of the nonlinear response of a real structural column
with a short lap splice at the base. Previous stu@ielean and Spacone, 20@ddessi

and Ciampi, 2007Scott and Hamutcuoglu, 2008ave investigated the issue of loss of
objectivity in the forcebased bearmolumn element and found that the number of
integration points used dictates the numerical accushdiie model when it comes to
softening constitutive behavior in the material. Coleman and Spacone (2001) present a
regularization approach to handle strain localization for softening concrete response in

compression.

However, no studies have investigateinforced concrete columns' softening
response with short lap splice if a strefigmin approach is adopted. This reseg@rcposes
a methodology to regularize forbased bearsolumn elements for reinforced concrete
columns with short lap splices at tbelumn base. The process of regularization is based
on the use of a constant energy criterion, which imposes an extra constraint in the material
level to stabilize the element responsesulting in more accurate and robust analysis

results
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CHAPTER 3. CORROSION IMPACT ON SEISMIC

PERFORMANCE OF BRIDGES

3.1 Introduction

This chapter entails the impact of corrosion on bridges' seismic performance, and
the primary focus for this study will be on the corroded bridge column. As shown in Figure
2 and Chapter 2, subtopics 1 and 2 will be presented in this chapter. The firstcsubtop
explores failure modes of aging structural columns considering the srgfatieasured
corrosion based on our publication Zhang et al. (2019a). The second subtopic is the
methodology to update fragility assessment throBglyesianinference to reduce ¢h

computational cost for bridge risk assessment.

3.2 Subtopic No. 1

3.2.1 Shearcritical columns considering corrosion effect

Both experimental research and peatthquake data have shown that columns
with widely spaced transverse reinforcement have a highbabpildy of failing in shear,
leading to collapse of the systeEIWood, 2004. Widely spaced transverse reinforcement
is a characteristic of many bridges built prior to the 1970s before the importance of
transverse reinforcement was understood. Insuson, a numerical model is established
and used to assess bridge behavior. A calibrated shear spring element is adopted to capture
shear degradatioh.¢Borgne 2012 for simulation in OpenSeeM¢Kenna et al.1997).

More specifically, the shear springegient can monitor forces and deformation in the
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beamcolumn element. Shear degradation is triggered by reaching either a limiting lateral
force or a limiting plastihinge rotation capacity.€Borgne and Ghannoum, 2013

Figure 5 presents the numericabdel with a doubleurvature bridge column.
Since the bridge column's boundary conditions are fixed at both the top and bottom in this
selected bridge typéhe inflection point approximately occurs at trelge column’'s mid
span. A middle node is added tapture the displacement demand at thespah.Two
force-based bearsolumn elements are in series with a ziergth shear spring element
and a bonslip element used to account for the strain penetration effect. The bond slip
typically occurs along gortion of anchorage length (Zhao and Sritharan, 2007). Each
force-based bearsolumn element possesses four gauss integration points, which allows
the model to capture the spread of plasticity along the column and fiber section consisting
of uniaxial congtutive models for steel and concrete. A shear spring is added at the bottom
end of the column to account for the effect of shear degradation in the case of shear failure
mode. As the shear spring element is designed for a column with a rectangular cross
section, the column's width and depth are taken as@afbpted fromACI provisiors

(2011 and Liu et al(2015), whereO is the column diameter.
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Figure 5. The numerical model for shearcritical column

Forcedisplacement curves from the model are compared to those from
experimental tests of circular sheaitical columns conducted ighee (19850 verify
the numerical model's accuradgxperimental data on corroded sheatical columns are
not availalte, so results are compared with the pristine column. The two specimens for
comparison have a diameter of 400 mand a height of 600 mm. Longitudnal
reinforcement consists of 26teel bars with adiameter of 16 mm, and transverse
reinforcement consists eteel bars with a diameter ohtmat 60 mm and 80 mm spacing
for the two specimengigure 6 shows both experimental and numerical results from static

cyclic tests for each specimen.
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Figure 6. Force-displacementcurves for specimens with (a) 60 mm and (b) 80 mm transverse

reinforcement spacing from experimental tests (Ghee, 1985) and numerical models developed in this

study

Thesolid line and daskdline represent experimental results and numerical results,

respetively. From Figure 6, the numerical model can capture the {disacement

envelope, including the point where the specimen begins to lose Hedogthg resistance

due to shear failure. Table 1 shows the percentage differences in the peak force and

displacement corresponding with a 20% strength drop between the numerical and

experimental results.

Table 1. Comparison between experimental tests and numerical model results for shearitical

column
60 mm Transverse Spacing 80 mm Transverse Spacing
Specimen Specimen
Peak Force (kN'  Displ. at 20% Peak Force Displ. at 20%
Strength Drop (KN) Strength Drop
(mm) (mm)
Experimental 462 15.1 468 10.1
Test ' '
Numerical 469 13.8 450 9.3
Model
% Difference 1.6% 8.6% 3.8% 7.9%
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From Table 1, the percentage differences for both specimens between the experimental and
numerical results are less than 5% and 10% for the peak force and displacement
corresponding with a 20% strength drop, respectively.

Previous studies have investigdtthe effect of pitting corrosion on the mechanical
properties of corroded steel bars (Almusallam, 2001; Du et al., 2005; Apostolopoulos et
al., 2006). The effects of corrosion damage on residual capacity and the ductility of
corroded bars are adoptedtims study as in Du et al. (2005) to account for the effect of
pitting corrosion on the constitutive behavior of reinforcement in tension. Kashani et al.
(2013) have conducted 3D optical measurements of corroded bars to investigate spatial
variability in corrosion patterns and found that corroded bars' geometrical properties can
be modeled using a lognormal distribution. This study uses the lognormal distribution's
mean values to account for pitting corrosion's impact on corroded bars' geometric
properties.In other words, the influence of corrosion is accounted for in terms of the
averaged response of the stregain behavior and the averaged reduced cross section of
steel with uniform mass loss (Kashani et al., 2015; Kashani et al., 2016).

To account focorrosion in the shearitical column, both the strength limit curve
and unloading stiffness are modified in the shear spring element. First, the strength limit
curve is constructed following Equation (2) provided in ASCE 41 (2007). The curve is then
modfied by considering the average reductions in diameter of reinforcement and yield

strength as shown in Equations (3) and (4).
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W is the lateral shear strength of the column@ni an area of transverse reinforcement.
Q  andQ arethe corroded and pristine diametef either longitudinal or transverse

steel bar, respectively, whil®  and™Qare orroded and priste yield strength of steel

bar, respectivelyi. is spacing of transverse reinforcemeht is axial compression force,
— is the largest ratio of a moment to shear times the effective depigthe gross cross

sectional area of the column, aif?lis the compressive strength of concretand Qare
adjustment factors for displacement ductility at shear failure and lightweight concrete,
respectively, and are taken to be unity in thiswtydp 1 g the mass loss ratio, ands

the pitting coefficient that accountsr the influence of corrosiorsubstitutingequations

(3) and (4) intdequation(2) and rearranging terms results in the modified strength limit as

shown inEquation(5)

, . .. 0 QQ .00 0 .
W 00— _Q—— p —— TId0 (5a)
‘ l 2 ¢ "0
wO
& pmnUTNS p 1¢§) (5b)

whered is the reduction factor that accounts for the corrosion effect. The strength limit
curve is one of the thresholds that trigger shear degradation.

Next, the unloading stiffness is modified due to corrosion. Total displacement
(Y ) of the system awsists of contributions from the shear spriYg) (and flexural

element ¥ ). As the shear spring and flexural element are connected in series, the total

unloading stiffnessi( ) is given inEquation(6) (Elwood, 2004.
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0 . . (6)
0 0

0 is unloading stiffness of the shear spring and Is unloading stiffness of the
flexural element. Corrosion of reinforcement affects the shear spring's unloading stiffness,
and therefore, on the total unloading stiffness. Uileading stiffness of the shear spring

is a function of the maximum shear sigéh and the residual deformation ) (LeBorgne

2012) with residual deformation, computed based on the difference in shear deformation
from the shear failure point to the point of zero shear force along the backbsmmnas

in Equation(7a). The residal drift ratio can be determined by clear column spamag in

Equation(7b).
y WS
y oo (79
y o s (7
0 0 0

The relation between the residual drift ratio and the column's multiple geometric and
mechanical parameters is based on a stepwise regression steguaiion(8).

y (8)
)

a 0 "0
e P& TBITE TRE— T Yo TEIC

is transverse reinforcement rati, is development length of longitudinal bass, is
the gross confined area bounded by transverse reinforcement in the column section, and
is the total area of longitudinal reinforcement bars. To account for corr&sjaationg7)

and (8) is modified to
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where 6 ,0 , 6 , and0 are reduction factors for transverse reinforcement ratio,
development ratio-), confinement ratio-), and longitudinal steel distribution in
column section {—), respetively. Each of these corrosion reduction factors can be

expressed in terms of mass lo§3$ &nd pitting corrosion coefficierit § as

¢
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Note thateEquation(11c) is a unit under the assumption that corrosion has a minimal effect
on the confinement ratio. FroEguationg9) and (10), the corroded unloading stiffness of

the shear spring)( ) is expressed as shownBEquation(12).

0 (12)
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Assuming corrosion has a minimal effect on the unloading stiffness of the flexural element,

the updatedotal unloading stiffness for a sheaitical column ¢ -+ )is

p p (13
0 0

The shear spring is triggered by reachaittper thestrength limit or plastic hinge
rotation capacityThe force-displacement relatigrshown inFigure 7, is for the scenario
wherethestrength limit is the governing factor. This scenario represents afpiuee shear
failure in which shear degradation is triggered before vyielding of longitudinal
reinforcementakesplace or sheaiflexure failure in whichthe column fails in shear with
acertain level of flexural deformatio@orrosion also impacts the column's total unloading

stiffness due to the residual drift change in the shear spring backbone curve.

Pristine Strength Limit Rotation Shear Limit
Curve Curve
%4 V a Vs
Kieg Kuntoad Kzgeg
As Af Displacement at Arotal
shear failure
Shear Spring Response BeamColumn Response Total Response

Figure 7. Force-displacement relation and effect of corrosion with shear spring controlled by
strength limit curve

Another scenariois whenshear degradation is triggeradhen the plastic hinge
region's rotabn reachsits limit. Physically, thigypically represents shedlexure failure

This study assumes that corrosion has no impact on the rotational capacity across the plastic
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hinge at shear failure. Rotational cappdi—) is computed based oBquation (14)

obtained from a stepwise regression as in Leborgne (2012).

0 i
— T[81'qxn8to“f Tdrp- T
0-oF Q

(14

i is transverse reinforcement spaciagdQis column depth.

The implementation of corrosion on the risk assessment of a bridge with a shear
critical column is presented in section 1.1.3. This is performed through seismic fragility
assessment of a sample bridge consisting of a corrodedchieal column. Results
guantify the impact of corrosion on this failure mode in terms of increasing the probabilities

of exceeding defined damage states.

3.2.2 Columns with short lap splice considering corrosion effect

Many aging bridges with lapliced columns, including those ti pre1970s
designs, include short starter bars and widely spaced transverse reinforcement in the bottom
of the column. This study combines findings from several previous studies to model the
behavior of lapspliced columns. The mechanism transferringehsile stress in the splice
relies on the concrete tensile stress capacity. The concrete acts as an intermediate material
that transfers forces between two adjacent bBRreegtley et al 1996. This stress
transferring mechanism causes radially outwaressures on the concrete, leading to
splitting cracks along the bars. Cracking the concrete in tension causes softening initiation
due to the degrading behavior ofdgpliced reinforcemen¥ight and MacGregor, 2009
In addition to inadequate legpliced length, light transverse reinforcement in the- lap

spliced region reduces the column's ductility once the cover concrete has spalled.
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To quantify the lagspliced constitutive behavior, thigork adopts the relations
found in Priestley et al. (1996) tdi@in the value of maximum stress and residual stress in
the splice Equationg15) and (16) show maximum force and stress developed in the lap
spliced region, respectively.

Y 0Q "Oja (15

"N (16)

)

0

"Y and™Qare force and stress developed in thedgliced bar, respectively, is the cross
sectional area of the longitudinal b@,s the tensile strength of concrete, is the length
of the lap splice, and is the perimeter of the cylindrical block, which is determined

through Equation (17) with an upper limit for widely spaced spliced bars.
\ l ) gl - v o~
N ¢ ¢ Q w ¢qw Q 17)

{ is the average distance betweendaficed bars, andis the length of carrete cover.
Once degradation has initiated, residual stf@ss computed based on Equation (18) as
proposed byVight and MacGregor (2009).

‘0 "Qa 19)
€0 Y

is a frictional factor, which is taken as 134, is the crossectional area of transverse
reinforcement, and is the number of spliced bars. This study obtains strain at both peak
stress and residual strelsg Tariverdio et al(2009, which assumes that displacement
corresponding to maximum stress 1 mm, and displacement corresponding to slip

occurrence is 10 mm. Equation (19) shows the calculation of strain at peak stress.
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O is the elastic modulus of steel bar, at peak stress is taken as 1 mm, ands
the length in which displacement due to slip occurs. Figure 8(a) shows the material
constitutive behavior of lappliced bar (Tariverdio et al., 2009).

Figure 8(b) shows the numerical beanlumn model usedtcapture lagspliced
failure in this study. Similar to the model for a sheatical column, the numerical model
consists of two bonglip elements located at the top and bottom of the column and a middle
node to account for the inflection point at tlbuenn midspan. However, unlike the shear
critical model with two bearsolumn elements, this model consists of an additional beam
column element at the column's bottom. The length of the bottom element is set to be
equivalent to the length of the lap splicUniaxial fibers used in the bottom element
constitute confined and unconfined concrete fibers and steel fibers with tsplitzg
stressstrain model shown in Figure 8(a), which can account for degradation triggered by

lap-splice failure.

for bar-slip

|_T_| Rotational hinge for
) bar-slip
Stress LJ] ;
fs
Force-based
£ beam-column
element
m| | Column
height
Strain
gy g £p
—1]
Lap-spliced
y £ length
’ Zero-length —'] []—*—| Rotational hinge

section
element

(@) (b)

Figure 8. (a) Constitutive material model of the lapspliced bar (Tariverdio et al., 2009)and (b)
numerical model for lap-spliced column
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Results from the model are compared with outcomes from two experimental
column testdo verify the numerical model of the lgpliced columnExperimental data
on corroded lagspliced columns are not available, so results are compared with pristine
columns. The first test specimen for comparison is from static cyclic tests conducted by
Swn and Priestley (1993The column has a rectangular cross section with a width of 730
mm and a height of 3.66 m. The lap splice length is 381 mm with longitudinal and
transverse reinforcement ratios of 2.55% and 0.184%, respectivellapFé@iced lengt
is 20 timesthediameter othelongitudinal barNumerical static cyclic test results (dashed
line) compared to experimental results (solid line) from this specimen are shown in Figure
9(a). The numerical model can predict degradation in-oacying @pacity and capture
the failure mode of the bond slip of lapped reinforcement.

The second test specimen is from tests condist€dhailet al. (1991). The column
is circular with a diameter of 610 mm and a clear height of 3.66 m. Longitudinal and
transvese reinforcement ratios are 2.53% and 0.174%, respectively. Fapllagd length
is 381 mm, which is 20 times the diameter of the longitudinal hame¥icalcompared to
experimental static cyclic test resultsr this specimen are shown in Figure 9(b)
Comparing the numerical and experimental results, the numerical model can capture the
load-carrying capacity degradation as demand increases.

Table 2 shows the percentage differences between the numerical and experimental
results regarding peak force adigplacement corresponding with a 20% strength drop.
Most of the percentage differences are below 10%, except for the second specimen's
displacement quantity with around a 16% difference. This discrepancy could be caused by

measurement error during the eximental test or modeling error in terms of accuracy of
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the fiber uniaxial behavior and damage parameters accounting for pinching behavior.
However, with the other resultsthe numerical model is able to capture the feorce

displacement envelewf the lapsplice column with sufficient accuracy.

400 400
— Experimental Test

300 | oo Numerical Result

. 300 - |=— Experimental Test
""" Numerical Result

Force (kN)

400 — - S .
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150

Displacement (mm) Displacement (mm)

() (b)

Figure 9. Static cyclic curves comparing experimental test results from (a) Sun and Priestley (1993)
and (b) Chalil et al. (1991) with numerical results from this study

Table 2. Comparison between experimental tests and numerical model results for legpliced column

Specimen 1 Specimen 2
Peak Force Displ. at 20% Peak Force Displ. at 20%
(KN) Strength Drop (KN) Strength Drop
(mm) (mm)
Experimental 300 37.0 218 59.7
Test ' '
Numerical 318 39.0 108 50.1
Model
% Difference 6.0% 5.4% 9.2% 16.2%

3.2.3 Seismic fragility assessment

Before integrating the numerical models into a full bridge to perform fragility

assessment, there are several steps to selamtltiran type for the analysis, starting with
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the column's material and geometric information, influencing the failure mode. Figure 10

shows the flowchart for choosing the column type.

| Material and geometric information of column |

With lap-
splice?
Yes No

Lap-spliced 1. Calculate nominal shear strength based on eqgn. (1)
column model 2. Compute ratio between shear demand (V},) and nominal shear
strength (V,/k)
3. Determine failure mode in accordance with ASCE41 provision*

Flexural
*ASCE41 provision failure?
V, P Yes L 4 No
. ﬁ < 0.6 (Flexure failure mode)
= 06= U_Vf.:_;. = 1 (Flexure-shear failure mode) l I
n
= % = 1 (Pure shear failure mode)
z Flexure-critical Shear-critical
column model column model

Figure 10. Flowchart for selecting an appropiiate numerical model for bridge column

Note that the Iayspliced model presented in thigrk can predict the structural response
of a column with both short lap splice (2@ timesQ ) and long lap splice. In other words,
the lapspliced column model iable to capture both pediut failure and flexural failure.
The sheacritical column modelshown in Figure 10is able to capture both pure shear
and flexureshear failure modes.

A full bridge is studiedo assess the impact of corrosion on fragillige sample muki
continuous concrete single frame box girder bridge is shown in Figure 11. This bridge type
is typically used for longer spans and constitutes, for example, the bulk of the highway
bridge inventory in California (Ramanathan, 2012). Tableummarizes the geometric
parameters’ median and dispersion values describing this bridge class built before 1971.

These values and the corresponding distributions are used for the generation of fragility
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curves in this study. Values used for column diemare 1.2 m, 1.5 m, and 1.8 m, and

transverse spacing is 305 mm on center irrespective of the column size or reinforcement.

Table 3. Median values of geometric parameters used for fragility assessment

Distribution Type Median Standard Deviation

Geometric Parameters
Span length (L) Lognormal 36.6 m 0.27 m
Deck width (Dw) Lognormal 10.5m 0.16 m
Column height (H) Lognormal 6.8 m 0.12m
Total depth of super Lognormal 1.46m 0.27 m

structure (h)

Longitudinal Uniform 1.9 % 0.08 %

reinforcement ratio

A finite-element model of this bridge is built in OpenSees. The column is modeled with
fiber sections for the su$tructure, consisting of the appropriate uniaxial constitutive
models for concrete and steel. This element type enables us to capture #ueadpre
plasticity along the column. Uncertainty in material parameters includes the compressive
strength of concrete and yield strength of Grade 60 reinforcement. The concrete
compressive strength is modeled using a normal distribution with a mean of S$G0®Ip
a standard deviation of 627 psi (Choi, 2002). Yield strength is modeled as lognormally
distributed with a median of 4.21 ksi and coefficient of variation 0.08 (Ellingwood and
Hwang, 1985). The supstructure is modeled using equivalent elastic bealamn
elements under the assumption that elements remain linear elastic during a seismic event.
For the foundation system, translational and rotational springs are used to model pile
supported footings, including a pile cap and piles underneath, witidétion springs
consisting of zerdength elements at the columns' base. Uncertainty in the bridge system's

damping is modeled using a normal distribution with a mean of 0.045 and a standard
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deviation of 0.0125 (Nielson, 2005; Padgett, 2007). Furtherlsleiaithe modeling of
bridge components can be foundRamanathan (20)2

2L

Dw

: /—Tr
H -A-_ _I'A ‘W r h

(@) (b)
Figure 11. (a) Longitudinal view and (b) transverse view of sample bridge
This study utilizes a suite of ground motions selected from the -R@Atabase
(Chiou et al., 2008) for the fragility assessment. The selected ground motion suite consists
of 320 ground motions developed to match California's hazard characteristicststhe fi
160 motions' median response is similar to that of the fullrB@0on set; therefore, the
first 160 ground motions are included in the analysis. The response spectra of the ground

motions in the two horizontal directions are shown in Figure 12.
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= =Median Response |
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Spectral Acceleration, Sa(g)
Spectral Acceleration, Sa(g)
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Figure 12. Response spectra for the selected ground motions in (a) horizontal component one and (b)
horizontal component two
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To assess risk, analytical fragility curves are computed by running a series of
nonlinear timehistory analysesShinozuka et al., 2000 This approach is chosen to
account for the multiple sources of uncertainty present in the problem, including bridge
geometries, material properties, and loading characteristiparticularthe uncertainties
considered in the analysis include the bridge geometry parameters shown in Table 3, as
well as uncertainties in the top flange thickness, longitudinal reinforcement ratio,
transverse reinforcement ratio, height of the abutment backwall, translationalediwhebt
stiffness of foundation, concrete compressive strength, yield strength of reinforcing steel,
thegap between the girder and the shear {eggap between the deck and the abutment
backwall, multiplication factor for deck mass, damping ratio, gdommotions, and
direction.Several previous studies have adopted this methodology for fragility assessment
(Choi et al., 2004; Nielson & DesRoches, 2007a, 2007b; Padgett, 2007; Pan et al., 2010;
Ramanathan et al., 2012jowever, these studies have not &ifly considered corrosion
in sheascritical and lapspliced columns to quantify this deterioration's effect on predicted
bridge performance.

Risk is quantified based on calculated fragilities, where fragility is defined as in
Equation (24), interpreted as the probability of exceeding a particular damage state given
a specific ground motion intensity.

0 0VOWOl W (24)
0 isthe probability of exceedand®,"¥s damage staté&iis intensity measure of ground
motion, anawis a realization of intensity measure. Equation (24) can also be expressed as
a function of parameters of capacity and demand variables assumingllmttidgnormal

distributions as shown in Equation (25).
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Y and Y are the median parameterfor the demandand capacitydistributiors,
respectively, and, arethelognormal standard deviation tife demandand capacity
distributions, respectivelyand 5 O is the standard normal cumulative distribution
function The engineering demand parameter used for the fragility analysis is the
displacement at the bridge column's raEhn.

Damage is discretized into four damage states, as shown in Table 4. A description
of each damage state for shedtical and lapspliced columns is provided in terms of
displacement ductility. As the damage state increases, the column undergoes moee damag
until it reaches a near collapse state-@3-igure 13 and Figure 14 show fragility curves
for the sheacritical and lapspliced column, respectively. Fragility is a function of ground
motion intensity as indicated by peak ground acceleration (PGA3ul® provide
probabilities of exceeding each damage state for columns with varying corrosion levels

measured by percentage mass loss of reinforcement.

Table 4. Description of column damage states

Damage State Description Shearcritical Lap-spliced
DS1 Slight Initial cracking Initial cracking
DS2 Moderate Onset of diagonal cracking Significant cracking
DS3 Extensive Significant diagonal cracking Initial spalling
DS4 Complete Shear failure Comp'?tespa.”'”g"ap

splice failure
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Figure 13. Fragility curves for probabilities of exceeding (a) DSL, (b) DS2, (c) DS3, and (D) DS4
for the shearcritical column with varying levels of corrosion
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Figure 14. Fragility curves for probabilities of exceeding (a) DSL, (b) DS2, (c) DS3, and (D) DS4
for the column with short lap splice and varying levels of corrosion

From Figure 13 and Figure 14, corrosion has a minimal effect on both failure

modes' initial damage state. As damage accumulates, however, the influence of corrosion

increases, with larger increases in the probabilities of exceeding undesired damage states

compared to the necorroded state. This is mainly seen in-BD$near collapse state) for

shearcritical bridges. To better assess corrosion's influence, Figure 15 shows the

difference in probability of exceeding B&for each column type. The comparisan i

between the pristine state and the 10% mass loss and 20% mass loss corroded cases. This

enables quantification of the increase in risk from corroded columns. From Figure 15, 20%

mass loss increases the failure probabilities of a str@aral column andap-spliced



column by up to 49% and 34%, respectively. This indicates the importance of considering
corrosion in assessing structural risk. At higher PGA values, the effect of increasing
corrosion is less pronounced. This is because, undeiittigisityloadings, structures are

more likely to fail regardless of the structure's condition. Instead, there is uncertainty about
the structure's performance in the intermediate loading intensities, and corrosion has a more

significant effect.
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Figure 15. The difference in failure probability for DS -4 between the pristine state and varying
corrosion levels for (a) sheadcritical column and (b) lap-spliced column

Figure 16 shows the fragility curves for BiSor a sheacritical column and lagspliced
column to compare corrosion's effect across failure modes. Besides, the authors have
previously investigated the fragility of flexurgitical columns for the same bridge type.
These results are also provided in Figure 1&émnparison. The readey ieferred to

Zhang et al. (2018 or more details on the flexwaitical analysis. Figure 16 shows that
lap-spliced columns are the most vulnerable at 10% mass loss, followed by stiear
then flexurecritical columns. At 20%nass loss, lagpliced columns remain the most
vulnerable among the three. However, the difference between the three modes is less

pronouncedAt relatively low corrosion level the effect ofcorrosionontheshear
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critical columnis more extensive than for flexueeitical becausehe shearcritical case
experienceadditional damage due to shear degradatironomparison, atigher
corrosion leved, the effect ofurtherdamage due to shear degradabesomes relatively
less sgnificant compagdwith the pure corrosion effect otine geometric and material
properties of reinforcemenieading to changes in column performarnideus flexure-
critical columns' failure probability becomes close to that of sbecal columns at th

higher corrosion level
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Figure 16. Fragility curves for DS-4 considering different failure modes with corrosion levels of (a)

10% mass loss and (b) 20% mass loss

3.2.4 Conclusios

This study presents a methodology to account for corrosion's effect atuldity
columns' predicted performance, such as sbe@cal columns and columns with short lap

splices. Corrosion's effects include reducing the amount of longitudinal arsddraa
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reinforcement and weakening the bond strength between steel and concrete through
corrosioninduced cracking.

For sheadcritical columns, corrosion decreases the shear capacity with reduced
contribution from the transverse reinforcement. With tlieiced shear strength limit, the
column undergoes early shear degradation, eventually leading to brittle shear failure. For
columns with short lap splice, corrosion causes volumetric expansion of reinforcement,
generating tensile stress on the surroundomcete. Consequently, cracking of concrete
cover leads to bond deterioration and loss of the force transferring mechanism between the
concrete and reinforcement in the lapped region. This reduces the colurtatoadg
capacity, leading to putbut failure.

With these effects accounted for, corrosion's impact on bridges' predicted
performance with shearitical and short lagspliced columns is analyzed. This is done
through conducting analytical fragility assessments. Results quantify the increases in
probabilities of the bridge exceeding given damage states with increasing levels of
corrosion. The results show corrosion having a larger effect for more severe damage states
and atntermediate loading intensitiefwenty percentass losef column reinbrcement
increaseshe probability of exceedinghe complete damage stditg up t049% and 34%
for a sheadcritical and lapspliced column, respectively. Moreover, columns with short lap
splice are more vulnerable to collapse under the same corrosidk lattacthan shear

critical columns.
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3.3 Subtopic No. 2
3.3.1 Introduction to Bayesian updating and fragility function

In this subtopic, aovel methodased on Bayesian updating is proposeyterate
analytical fragility curves efficiently. Ae proposegrocesstakes advantage of updating
rules in conjugate Bayesian inferente estimate fragility curvescombined with
observational dat&guation(26) computetheposterior distribution of parames#® given
new information< obtained fromcollectedexpeimental or numerical dataAfig and
Tang, 197%

QP QEP QP 0]
Qis a normalizing factory) = thelikelihood function,”Q P the prior distribution of
parameter vectoP, and’Q Psk the posterior distribution of parameter vec®mgiven
new information.

In the proposed methodupdating rulesfrom conjugate Bayesian inference
efficiently and accurately estimate fragility curveased orobservational dataith an
analytically tractable posterior distributiohhis is done by directly updating the fragility
parameters with limited observational data rather ttarductingthe full set of analyses
as typically requiredThe method is applied to assess the fragility of bridge structures in
particular. With the ide of facilitating efficient and accurate fragility curve updating based
on structural inspection datdet proposed methad applied to updatéhe fragility of a
bridge column under varying levels of measusrosion Corrosion is a common
inspection peameter of interest, particularly for reinforced concrete bridges (Jacinto,
2011). The idea is to be able to generate and update analytical fragility curves based on

new inspection information without needing terom the full set of analyses. The propbse
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method is evaluated both in terms of computational efficiency and accuracy of the resulting
calculated fragilities. fie current work puts emphasis on utilizing inspection data obtained
from the field (e.g.mass loss due to corrosion) asithplified numeical datafrom a
reduced finiteelemenimodel (e.g.displacement ductilitrom column response analy¥es

to efficiently and accurately updatike fragility assessmenResults show two main
advancements of the proposed method: 1) reduction in the nainbeuctural analyses
required to obtain stable fragility results, and 2) the ability to use reduced comjswatnt
analyses to update estimates of full structural performance.

In Equation(1), the fragility is expressed explicitly as the probabilitgxteeding
some damage stat® ()for a specific intensity measur®(). The fragility function can
also be defined as the probability of the demand, in this case, seismic déMpnd (
exceeding the structural capacity) at a given intensity meare as shown iEquation
(27).

O OQQAWRY D YSOO 0 OG- pOb '

When both the demand and capacity distributions follow lognormal distributions,
the fragility function has a closetbrm solution. In this study, a classical lognormal
fragility function is adopted due to its simple parametric f¢8hinozuka et al., 2000;
Ellingwood, 2001;Nielson, 2005; Ghosh and Jamie, 2010; Li et al., 20¥3hile
simulationbased approaches exist to assess seismic fragilities, the focus here is on
generating analytical fragility curveBhe probability oktructuraffailure 0 indicating the
probability of the demand exceeding the capacity for a structonabonent isepresented
using parameters ttielognormal distributiosof structural demand and capaagshown

in Equation(289. The reader is referred tdwang et al. (2001) and Melchers (200d)
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more details on this solution's derivation. Altdéiwaly, the fragility function can be
expressed fothe ground motion intensity (e.g., peak ground acceleration or spectral

acceleration) shown iBquation(28b) (Koutsourelakis 2010).

| i
~ Y <
VL B —— C YA
. y J 10 -
0 "O'0l0Lh g 2A0£T= C YA
, Vg

5 Ois thecumulative distributiorfunctionof the standard normal distributioi’y and™Y
arethe median parameteof the demandandcapacity distributiog respectively; and
and, arethe lognormal standard deviatioparametersof the demand and capacity

distributions, respectivelyA @ A&n error function, is dispersion which is equal to

, , , and _ is the natural logarithm of the median ground motion intensity
corresponding to unity of-. In the catext of estimating the median demand frtme

probabilistic seismic demand moddRBSDMs) using linear regressiorg.quation (29)
showsthe estimate of the mediaof the demand distribution ahe &  structural
component by a power model (Cornell et 2002).

Yi 00 ¢ @
I TY; I 1 w1 Tod C @
I 1 andw are the coefficients ofhe linear regressiorfor the @  component.
Together withEquation (29), the fragility function, shown in Equation (28), can be

expresseaspresentedn Equation(30) (Nielson, 2005.

N a €00
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is thelognormal mearfior thed componenaind, its dispersion value.

3.3.2 Derivation of updating rules usingpnjugate Bayesian inference

To obtain an updated analytical fragility curviee tgeneral idea is to updates
original curve with new information tbugh Bayesiarnnference, as shown iBquation
(26). Within aBayesiarframework boththeoriginal data ad parameters that describe the
distribution of the original datare treated as random variables. dhginal fragility data
follows alognormal distributiordefinedby its mean( ) and variance, ( ). Itis assumed
that the mean (  of the aiginal fragility function is unknown, while the varian¢e )
is known. This assumption holds within the study context where the original fragility
function is known, and the objective is to update the estimated fragilities based on new
information dficiently.

The following is the derivation of the updating rules. Latepresent the original
lognormal fragility dataw representndependensample pointp 8 € from the original
fragility curve asshownin Equation(31).

o> 00_h hQ p8¢ o M
| Tox 0 _h hQ p8¢ o
FromEquation(26), the mknown paramete is chosen to béhe unknownmean

of thelognormal distributior(_ ). This is assumed to followraormal distribution(Li et
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al., 2013). Notehat other distributions may also be appropriate, but the performance of
various prior distributions is out of the scope of this study.niéanand standard deviation

of the distribution are determined from the normal prior distribution ainder a secified

order of ground intensity measureBhis process is discussed in more detail in the
following section Equation(32) shows the normal prior distribution of the mean)(

x0 ‘ h, o C

‘ is the mean of theormal distribution otheparameter( ) and, itsvariance From
Equation(26), one can show that the posterior distributiothetuinknown parameter given

observationatiata is proportional to the producttbelikelihood andprior distribution, as

shown inEquation(33).

. Tiw 01 lws. "Q_ o0
"Q_ | 1o istheposterior distribution for conditioned orobservationatiata,’Q_ )
is the prior distribution of _ which is assumed to be normally distribytezhd

01 s isthelikelihood functon conditioned o observational data points, which

can be represented by the product of probabilibstg functions (PDFs) of the lognormal
distribution evaluated at each new observational data poidt. is new information (i.e.,
displacement ductility of the column). Observational data (i.e., an observed mean of
displacement ductility) can then be gomted by combining the new informatidn,iw ,

and the regression analysis is showiquation(29) andeEquation(30). Substitutingthe

expressiondr the lognormal PDF intBquation(33) results inEquation(34).

o . B 11w
. 11w eAm)g = AQD§=
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Next, by introducinga new variable& , one can substitute in Equation(34) with the

expressionn Equation(35) to obtainthe result inEquation(36).

- B 1 lw
_ 11w GAQDg = Agp P=

€

oo

¢ representshe effective number of observations in the prior distributibnnn et al.,
2012. Intuitively, ¢ captures information about the standard deviation of the prior
distribution, as the magnitude @f is inversely proportional to the prior standard
deviation.The expression on the rightatnd side oEquation(36) can be further simplified

to Equation(37) by expanding terms and ignoring terms that do not depehdion .
Q_ 11w 8 Agp — _ ——— o X

I 1 isthemean value of 1 . Theresultingupdating rulsfor theposterior distribution

parameterareasshownin Equation(38).

3 - O_ (ﬁ)
i i ) i O_ 5
€ ¢ 0
‘ and, represent the mean and variance of the posterior distribution, respectively.

Finally, the posteriorpredictive distributiordata {1) can be computed bad onEquation

(39), assuming future dat#)(is conditionally independent given .

"l 1o sl 1o Ql Toh sl o Q owA
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With therecognitionof thefirst and second terms on the ridgtdgnd side oEquation(39b)
to bethelikelihood estimator and posterior distribution, respectively, further simplification
of Equation(39) leads to to the sum of the two independent normal distributions as shown

in Equation(40) and parameters tfe predictive posterior distribution ifequation(41).

Ql fosl o N(,, .) TT
- T
In Equation(41),_ and, represent the mean and variance of thegumstpredictive

distribution, respectively. In other words, these also refer to the mean and variance of the

updated fragility function for th& component

3.3.3 Determination of parameters of the prior distribution and observational data for

Bayesiarnupdating

Determining the parameters of the distribution ofrequires a series of sample
points based on the loading intensity measure's specified orders, e.g., peak ground
acceleration (PGA) for ground motion intensitythe assessment of seisnfragility. In
the context of the probabilistic seismic demand model (PSDM), each nesgenerated
according toEquation(28a) andEquation(28b) by adding one numerical data point of
displacement ductility at a time for the linear regression aiglin general, for PSDM,
the ground motion intensity measures are generated randomly. This renders results with

high randomness and influences the accuracy of the results. For example, if PGA values
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are ordered by increasing PGA, it overestimates thydifsg if data points are ordered by
decreasing PGA, it underestimates the fragility. Thereforethis study,the ground
intensity measures are ordered such that the numerical data points start at the mean PGA
value and oscillate around the mean witlker@gasing deviation from the mean. This
decreases the randomness in the outcome and results in a more robust \Wikileaabt

all prior studies of fragility functions use ordered ground motions, for consistency in
comparison in the results in this studye brdered ground motion approach is used in both

the proposed and existing methdeigiure 17 shows the PGA values for a set of 160 ground

motions sequenced, such that it follows the order as mentioned above.
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Figure 17. A sequence of PGA values

The method of obtaining the serigfs_ pointsfor boththe prior distribution andhe
observationatlatafor Bayesiarupdating are te same. Once the prior distribution_of is
specified, the mean and standard deviation of the prior distribution can be determined.
Similarly, once assembly of the observational data is generated from the new information
I 1, the updating rules as derived in the previous section can be afiplidadain the

posterior distribution of .
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The final step is to calculate the total sample variangeof the predictive mean ()
of the fragility function by combining the posterpredictive variance and the standard
deviation of the meaof observational data used for Bayesian updating by the square root
of the sum of the squares (SRSS). The upper and lower bounds of the predictive miean (
are then computed accordingRather than rendering a single value, the lower bound and
uppe bound of the posterigpredictive mean provide a range of possible values and
corresponding confidence in the results. The bounds can be interpreted as capturing the
epistemic uncertainty, with the confidence bounds becoming narrower as the number of
observational data points increases.

The overall method proceeds as follows: The first step is to obtain the original
lognormal distribution with mean and variance and, , respectively. The mean of the
original lognormal distribution is assumedfatiow a normal distribution with the mean
and standard deviation of computed based on the prior distribution as described in the
previous section. Once the prior distribution is found, the updating mhtpsgafions38a
and 38b) for normal conjugapairs are applied to compute the posterior parameters. The
posteriorpredictive distribution parameters are then calculated by summing the two
independent normal distributions as shown fieguation(39) toEquation(41). The final
confidence bounds ondhresult are then computéy SRSS. The flowcharshown in
Figure 18 summarizes the procedures to obtain the updated fragility function's final

parameters.
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Original lognormal distribution 'rm ObJeCtNe _/:' Posterior-predictive distribution of
of component m o wem wem wes wes | component m with confidence bound
LN(A,, Em) LN(A,, §m)
=3 Construct array of observational data B \
+ Perform Bayesian updating based on Eqn. (38)
< +  Compute parameters for posterior-predictive /
— d|str|but|on based on Eqgn. {41} __f___,-f"

Assuming A}, follows normal .
e - v Updated distribution
distribution computed from specified (posterior distribution)
order of PGA (prior distribution) posterior distribution

Figure 18. Flowchart of the procedures to obtain the finalparameters of the updated fragility
function

3.3.4 Corrosion effect and bridge description

To demonstrate and evaluate the proposed method to efficiently update fragility
curves, the proposed framework has been applied to a sample bridge structure where the
objective is to update the component fragility of the bridge column given observational
data considering corrosion's effect.

Multiple studies have shown the significant influence on steel's mechanical properties
due to the effect of pitting corrosion (Almuisan, 2001; Du et al., 2005; Apostolopoulos
et al., 2006). Du et al. (2005) have investigated the effects of pitting corrosion on steel bars'
ductility and residual capacity. Kashani et al. (2013) use 3D optical measurements of
corroded bars to evaluateromsion patterns' spatial variability. They have shown that the
geometrical properties of corroded bars can be treated as a lognormal distribution.
Meanwhile, several studies (Kashani et al., 2015; Kashani et al., 2016; Zhang et al., 2019)

have adopted tHendings mentioned above to account for the influence of pitting corrosion
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on the geometric properties of corroded steel bars with the mean valaésgabrmal
distribution. The corrosion effect on reinforcemienteinforced concrete bridge structures
is represented by applying the average reductions in diameter of the reirdotcaml

yield strength shown iBquations (42) and (43), respectively.

Q 2 pmim ¢ T ¢

. p Tt

0 Qp 1T S
Q  and'Q arethe corroded and pristine diameter of longitudinal bars, respectively;
"Q and™Qare corroded and pristine yield strength of steel bar, respectiyr is
mass loss ratimmeasuring the level of corrosipand] is pitting coefficientMeanwhik,
corrosion onconcrete cracking is modeled basedmaodified compressiorfield theory

(Vecchio and Collins, 198&hown inEquation (44)

. Q
Q —F— TT
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"Q and™Qare reduced concrete strength due to cracking and pristine compessivete
strength, respectively is coefficient related to bar roughness and diameter with the value
of 0.1 (Cape, 1999and- and- are the strain of the peak concrete compressive strength
and smeared tensile strain in the cracked concrete with right angles to the compression
direction.There is a reduction of strength and stiffneskwe€oncrete constitutive behavior

in compressiorue to transverse tensile strairhis theory has been applied to corroded
reinforced concrete beato capture the effect of cracked concrete co@ar¢nelli and
Gambarova, 2004 Besides, a theoretical relation between mass loss of longitudinal
reinforcement and crack width has been adopted insthidy derivation details of which

can be found iMolina et al (1993)and Shang et al. (2011).
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The sample bridge is typical multi-continuous concrete box girddaridge
(Ramanathan, 2012), with longitudinand transverse viewshown in Figire 11.In
addition to ground motion uncertaintiebis study has accounted for the unceriasin
the selected bridge's geometric and material properties (Ramanathan,Zh@hg et al.,
2019). Table summarizes thgeometric parameters' median and dispersion salita
lognormal distributionss indicated in Figurél based on an extensive review of bridge
plans Table 6summarizes the distributions of key mechanaa material properties of
the bridges. The sample bridge consists of two spans amdjlacolumn bent with an
integral type connection. The bridge employs a circular column supported on a pile cap
with a group of piles underneath it. The column consistsl dflongitudinal rebars and #4
stirrups with 75mm spacing on center. The bridge girders arancpkice prestressed
concrete boxes with 0.04 for degthtspan ratios, and the bridge deck is seated on the
elastomeric bearing pad at the abutments, whiasisbof a 1.8m tall backwall and Class
70 piles with a spacing of 2m on center.

Thebridge's 3D numerical modelks built in the finiteelement software OpenSees
(McKenna, 1997)The models are developed by samplingoas the parameters listed in
Tale 1 through L&n Hypercube Sampling (LHS) (McKay et al., 1978pr the sub
structure, the column is modeled using a single foased element with fiber
discretization. The foundation consists of calibrated rotational and translational springs.
For thesuperstructure, the bridge deck is modeled using equivalent elastiecbkamm
elements under the assumption that the bridge deck remains linearly elastic during seismic
events.For the highway bridges' fragility assessment, the study mainly focusdseon t

damage that occurred in the bridge column with displacement ductility as the engineering
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demand parameter. The damage states used to quantifyniageldevels are shown in

Table 7with flexural dominant failure modé\ suite of ground motions seleatd from

the NGA2 database (Chiou et al., 2008), consisting of 160 motions matching California's

hazard characteristiésr which thisbridge type is comn. The ground motions' response

spectran thetwo horizontal directions are shown in Figure 12 ia pinevious section.

Table 5. Median and dispersion values of geometric parameters of the sample bridges

Geometric Disitlfibution Median
Parameters ype
L Lognormal 36.6 m
Dw Lognormal 10.5m
H Lognormal 6.8 m
h Lognormal 1.46m

Standard
Deviation

0.27m
0.16 m
0.12m

0.27 m

Table 6. Details of the distribution of mechanical/material parameters of the sample bridges

Mechanical
Parameters

Concrete compressivi
strength (MPa)

Yield strength of steel
(MPa)

Shear modulus of the
elastomeric bearing
pad (MPa)
Coefficient of friction
of the elastomeric
bearing pad
Longitudinal
reinforced ratio of
column (%)
Transverse reinforcec
ratio of column (%)

Distribution  Distribution
Type Parameter 1
Normal o
(mean)
29.0
Lognormal (median)
_ 551.6
Uniform (lower bound)
Lognormal o
g (median)
_ 1.0
Uniform (lower bound)
Uniform -

(lower bound)
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Distribution
Parametep

4.3
(standard deviation)
2.3
(logarithm standard
deviation)

1723.7
(upper bound)

0.10
(logarithm standard
deviation)

3.5
(upper bound)

1.7
(upper bound)



Table 7. Description of damage states

Flexure Critical Column Description Damage Level
DS1 ' Significant Cracking Slight
DS2 | Initial Spalling Moderate
DS3 | Core Exposure Extensive
DS4 | 20% Strength Degradatio Complete

As the goal of this work is to update the original fragility curve with new
observational or inspection data to obtain the new fragility function with reduced
computational cost, it is assumed that fronor analyses, the original fragility function is
known. The original fragility curve need not be obtained from running nonlinear time
history analyses on a full structural finkéement model, but can also be from the
literature, expertise, or empiriaddta. The updating is done by taking limited observational
data to calculate fragilities using the derived Bayesian updating rules, rather than having
to run the full set of nonlinear time history analyseth a sufficient number of ground
motions to okdin stable fragility function parameters

In this case, new data is taken as observations of the response under corrosion
conditions in the column. Therefore, the original fragility function refers to the fragility
curve with a pristine bridge column, atfe updated fragility function provides the fragility
with a corroded bridge column. To assess the differences in accuracy and computation time
between using different types of data and analyses to perform the updating, the following
section presents rdssifrom using two types of observational data to update the fragility
function. The first type of data refers to the displacement ductility of the bridge column
under seismic loadings from analyzing the full bridge response, i.e., using the full structura
finite-element model; the second type of data refers to the displacement ductility of the

bridge column under seismic loadings considering the single column only. The resulting
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performance of the proposed approach in terms of accuracy and computai&inalec

compared with existing methods for both tyd observational information.

3.3.5 Bayesian updating of fragility curves considering bridge response

The results in this section use observational data computed from the bridge
column's displacement ductility based on nonlinear time history analyses considering the
entire bridge's respoasAs is typical for fragility assessments, the full structuralténi
element model is required. However, the number of dynamic analyses required using the
proposed compared to existing method to obtain stable fragility results differs. To show
the impact of corrosion on structural performaneEgure 149a) shows the prioand
posterior distributions of the unknown parameterwith 25 obsevational data points.
Figure 19b) shows the original and updated fragility curves for the collapse damage state
using these 25 observational data points. The original fragilityectgpresents fragility
for the pristine bridge column; the updated fragility curve represents fragility with a
corroded column with a 20% mass loss of reinforcendass loss of reinforcement is
used as a measure of corrosion as a readily obtainabléustfucspection parameter

(Jacinto, 2011
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Figure 19. (a) Prior distribution compared to posterior distribution for ¥, and (b) original fragility
curve (pristine column) for collapse damage state compared to updated fragility curve (corrosion
with 20% mass loss of reinforcement) using 25 observational data points

To assess the accuracy of the proposed appréaglres ® and 21show the
fragility results across the four damage states from ubmgroposed approach compared
with the exact result. The exact result is taken as the fragility function generated by running
nonlinear time history analyses over the full setl60 ground motions. The updated
fragility curves for each damage state are shown, including 95% confidence lfraummds
the proposed approacilomputed using 25 and 50 observational data points, compared to

the exact fragility curve.
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Figure 20. Bayesian updated fragility curve compared to exact fragility curve considering 25

observational data points (left) and 50 observational data pots (right) for (a) & (b) DS-1 and (c) &
(d) DS2
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Figure 21. Bayesian updated fragility curve compared to exact fragility curve considering 25
observational data points (left) and 50 observational data points (right) for (a) & (b) DS and (c) &
(d) DS 4

In Figures20 and21, the narrowing of the confidence bounds in using 50 compared
to 25 observational data points is observed. As expected, more accurate results using the
Bayesian updating approach are obtained as the number of observational data points
increases.The maximum failure probability differences between the results from the
Bayesian updating approach using 25 and 50 observational data points and the exact result
are 16% and 2% for B$, 9% and 2% for D&, 12% and 8% for DS, and 9% and 4%
for DS-4, repectively. The exact result lies within the 95% confidence bounds in both

cases and for all damage states.
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To further quantify the proposed method's performaacd,assess differences in
achieving convergence between the proposed and existing apptaashparisorof the
performances the number of observations increases is also investigated. FigurarnR(a)
22(c) show the evolution of the lognormal meamd varianceas the number of
observations increases for both approacNese that theexistingapproachemploys the
standardnethod of moment® estimate the fragility parameters, and that the ordered set
of ground motions is used to limit the influence of randomness in loading intensities on the
variability of the results for the existing methdeigures 22(b) and 22(d)show the
lognormal mearand variancerrors from theexactvaluesas the number of observations

increasegor the two approaches.
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Figure 22. Evolution of (a) lognormal meanand (¢) variance & error of (b) lognormal meanand (d)
variance between the exact value and results from Bayesian updating approach aeslisting
approach for DS-4 under 20% mass loss

Figure 22 shows that the lognormal mean converges faster and morélgmoot
using the proposed Bayesian updating method compared wiigtegapproach. In the
existingapproach, the parameters for the fragility function are generated directly based on
PSDMs. The Bayesian updating approach evaluates the lognormal pasametpdating
rules and calculating the mean as in Equation (38a), resulting in smoother estimates of the
parameters. The lognormal mean's maximum error is 50#%dqroposedompared with
260% for theexistingapproach. Th@roposedapproach reduces errsignificantly with
only 25 observational data points, whereas @kisting approach requires 32 or more

observational data points to reach a relatively stable lognormal mean.
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Figure 23 investigates the accuracy of the two approaches, shiheimgrors in
terms of the root mean square error (RMSE) for the fragility curves over the full range of
PGA valuesas well aghe maximum differencan probabilities of exceeding each damage
state for theproposed compared to existaggproacheskError and probability difference
calculations are made compared with the results from the full set of 160 an@hesét
hand side of Figure 23 shows RMSE, and on the-hghtl side, the maximum difference
in failure probability for probabilities oieeeding damage states 2$hrough D$4. The
plots for theexistingapproach begin at seven data points becthesérstsix data points
generatanegative slope ithePSDM (i.e, anegatived value in Equatiori29b)), which

consequentlyeads toanegative lognormal varianéeom Equation(30c).
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Figure 23. RMSE and maximum difference of failure probability for (a) & (b) DS-1, (c) & (d) DS2,
(e) & (f) DS-3, and(g) & (h) DS-4 for the proposed compared to existing appraoches

Figure 23 shows that throposedayesian updating approach leads to a smoother
result with faster convergenead lower errothan theexistingapproachin all cases, the
proposed approadonverges to a lower RMSE and lower maximum probability difference
than existing methods, indicating increased accuracy of the proposed approach. To
facilitate comparison between the two approaches, a threshold of 6% and 10% are chosen
for RMSE and maximunprobability difference, respectively, based on the convergence
values of the results. The proposed approach achieves faster convergence to these accuracy
threshold values and more stable results. For exatopleng at the most extreme damage
state D$4, the proposed approackquires only 25 observational data points to reduce
RMSE and the maximum difference in failure probability delow 6% and 10%,
respectivelyln addition, once a minimal RMSE and maximum probability difference level
is achieved, the outcome remains stable using the proposed appnoesimparison, it
requires more than 50 observational data pointgfwsting methods to reach the minimum
RMSE and probability difference thresholds. The instability of results using the existing
approach is also seen as the RMSE and probability difference values are observed to

increase. Thesetrends in accuracy, convergence, and stabditgobserved for thethe
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damage states as well. Tables@nmarizes the number of analyses required to reduce
RMSE and maximum difference to beldhe 6% and 10%heresholds, respectively, as

well as the minimum RMSE and probability difference achief@deach damage state.

Table 8. Comparison of computational costand accuracybetweenthe proposed and existing
approaches

Max. Prob. Diff. Min. RMSE (%) Min. Max. Prob.

Num. of RMSE O (O 10% with 50 Observ. Diff. (%) with 50

Analyses Data Observ. Data

Required Proposed Existing Proposed Existing Proposed Existing Proposed Existing
DS1 26 61 26 80 0.87 3.20 2.12 6.51
DS-2 25 65 25 79 0.50 3.96 1.11 6.71
DS-3 26 65 26 79 4.07 4.02 7.29 6.77
DS4 25 65 23 79 2.78 4.07 3.74 6.85

From Table 8for all damage states, te&istingapproaclksrequire an average of 64
and 79 analyses for the RMSE and maximum probability difference to reduce below 6%
and 10%, respectively. Comparatively, it takes an average of 25 analysespiapibeed
approach to do so. The average computational time savettain updated fragility
functions for each damage state is more than,&@#% a savings of 61% to achieve RMSE
under 6%, and a savings of 68% to achieve maximum probability difference under 10%.
In addition, the proposed approach achieves more accasaliés across all damage states,
measured in terms of both RMSE and maximum probability differe@oehe other hand,
except for DS3, the proposed approach yield better results in terms of the values of the
minimum RMSE and maximum probability differefor other damage states across 50
observational data point§.he results show that the proposegproach can achieve
accurate and stable updated fragility assessments with fewer data points and significantly

reduce computational cosbmpared to existopnmethods.
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3.3.6 Bayesian updating of fragility curves considering column response

Results in the previous section show the reduction in number of analyses possible
using the proposed method. However, a full structural fieléenent model is required.
This sedbn investigates the further reduction of computational cost by usiogmation
from areduced complexityinite-element modellnstead of performing nonlinear time
history analyses at the fufiridge level, this section considers data from nonlineag tim
history analyses performed on the column level ohihe goal is to investigate the ability
to use componedevel analyses to update estimates of full structural performahce.
possible, the time to obtain the updated fragility functions can be fugtieced through
decreasing the degrees of freedom and complexity of the structural model and analyses.
For the case of the bridge structutes column behavior often dictates the bridge behavior.
Therefore, the reduced fintedement model is taken to be one of the column cFihe
following results show the use of the proposed Bayesian updatp@achbased on the
outcomes of nonlinear analyses of the single coltonabtain updated fragilityuwrves
considering theffect of measuredorrosion.

As structural analyses of the column only are significantly less computationally
intensive compared to the full bridge structure,nehlinear time history analyses are
performed on the bridge colummamnsformed to 50 observational data points. The
computational requirements for conducting these analyses are provided at the end of this
section. The procedureshown in Figure 18are then applied to the singtelumn
responses to obtain a corroded beidglumn's updated fragility curves. It is noted that the
prior distribution for this data typs also computed based on singtdumn analyses rather

than the fullbridge responsd.o show how the proposed method performs as the expected
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performance oftte structure varies, e.g., with varying levels of corrodtagure24 shows
the resulting fragility curvesonsideringl0% mass loss of reinforcement (aeind plots)
and 20% mass loss (rightaind plots) for each of the four damage states. The resuiits fr
the proposed methddcluding 95% confidence boundse showrcompared to thexact

valueobtained from running the full set of 160 nonlinear time history analyses on the full

bridge finiteelement model
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Figure 24. Bayesian updated fragility curve compared to exact fragility curve considering 10% mass
loss of reinforcement (left) and 20% mass loss (right) for (a) & (b) D&, (c) & (d) DS2, (e) & (f) DS
3,and (g) & (h) DS4

Figure 24 shows that the Bayesian updating approach can predicaghigy
parameters and accurately update the fragility funstimased on thehe limited data
obtained from the reduced finildement model of thdisplacement ductility between the
pristine and corroded columns. The exact value lies within the 95% confidence bounds in
all cases except for D& at low PGA values. In Figure 23, as expected, there is a certain
level of difference between the Bayesian updated result and the exacduesuit the
simplification of the dataset. The observatiaetia is generated from a singlelumn time
history analysis and does not include constraints from the-stqoeture that may affect

the column's response. However, the error is small comparde time saved to obtain
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the fragility function. This is dueotnot needing to build the fuliridge model and faster
runtimesfor each analysiwith a reduced complexity structural model. Table 8 summarizes
the computational cost of running nonlinéare history analyses for the futbridgemodel
compared to a singleolumnmodel for the exact, existing, and proposed approadses
shown in Figure 23 and Tablet8e number of analyses required to obtain stable fragilities
varies somewhatacross the amage statesiVhere applicable,he average number of
analyses required for the four damage states is shown. All analyses are conducted on a
computer with 16.0 GB RAM and43770 processor.

From Table 9, ansidering only the singleolumn model combineavith the
proposedBayesian updating approackduces the computation cost significanthyjth
more than an order of magnitude savings from existing meth@tsnmparing with each
method,the computation tim@eededo obtain a stableipdatedfragility curve for the
corroded states is reduced by 98.7%, 96.8%, and 91.4% compdhedeixact, existing,
and proposed approachesensidering the fulbridge, respectivelyln addition to the
analysis time the savings in computational effort touild just a singlecolumn model
compared to the full finitelement bridge model is significant. Combining the reduced
observational data type with the proposed Bayesian updating approach achieves updated
fragility assessmentwith sufficient accuracy in failure probability failure probability

from the target fragility function for all damage states across hazard intensities.
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Table 9. Comparison of computational cost between using observational data from the fbridge
and singlecolumn modek

Exact Existing Proposed Proposed
(Full Bridge)  (Full Bridge) = (Full Bridge) (SingleColumn)
Average_ Tlmt_a Per 14 14 14 0.6
Analysis (min.)
NunLofAnaWses 160 79+ o5 50
Required
jloteliCompiiiaueh 2240 948 350 30
Time (min.)
% Reduction
Compared with 98.7% 96.8% 91.4% -

Single Column
* The average number of analysesjuired for four damage states.

3.3.7 Conclusios

Dynamic analysis large and complex finite element eds typically
accompanied by high computational costspeciallyfor high-fidelity structuralfinite
elementmodels. Running pobabilistic analyses witta series of nonlinear dynamic
analysesfor problems considering a range of uncertaintresjuires even more
computationaleffort to obtain stable results, including to constriragility functions
assessing structural riskhis sectionpresents a methodology ebtainupdatel analytical
fragility curves througha Bayesianapproachthatis able to achieve accurate and stable
results with significantlglecreasedomputational cdsThe method is applied to assess the
fragilities of bridgesconsideringthe effect of corrosion. The methodology utilizes two
types of observational data to redtioee andobtainthe desired fragility function.

Usingthe proposedupdating rules in theontextof conjugateBayesian inferenge
the proposed methatkcreasethetimeto obtain stable fragility functiaby reducing the

number of nonlinear timbistory analyss required. The proposed approach shows faster
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convergepe and results ifmore stale estimates of the fragility function parameters
Compared to existing methods, the proposed approach reduces computationabtést by
to achieve RMSE under 6%, and by 68% to achieve maximum probability difference under
10%. It is proposed toeducecomputationtime even furtherby performing nonlinear
analyes at componentlevel rather than forthe full structure Doing so reduces the
computatioml costby as much as 96.8% comparedeiasting approacks The 95%
confidence interval fragility estima$ capture the exact fragility valuasrossalmost all
damage states and loading intensitihile the proposed approach is demonstrated
updaing the fragility function based on numericadtructural response information
consideing the effect of measged corrosionlevels the proposed approach provides a
framework thatenables updating fragility curves lopmbiningdatafrom experimental

tesing, hybrid simulation or other observational type$data
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CHAPTER 4. SCOUR IMPACT ON STRUCTURAL

PERFORMANCE OF BRIDGES AND FOUNDATION PILES

4.1 Introduction

Besides corrosions, the effect of scour on bridge foundation is another core topic
investigated in this thesis. According to a study don#/aydhana and Hadiprio @003,
60% of bridge failures ithe U.S. are related to bridge scour. As such, bridge scour has
become an essential topic investigated by several researchers in the past. This chapter
presents a detailed study regarding the impact of scour on the seismic performance of
highway bridgesThe first sibtopic (Subtopic N. 3) discusses th@ethodologesto assess
the structural reliability by accounting for physic@henomenaafter scour events
including the impacts of soil stress history, scour hole dimensions, and layered soils effects
The first part of subtopitNo.3 emphasizes the impact of layered soil's stress history on
bridge seismic performance under scour conditions, and the main content of this part is
based on our publication Zhang and Tien (2020b). On the othdr thensecond gt of
Subtopic M. 3 presents the combined effect of stress history and-bobdeidimensions in
homogenous soils on the laterally and vertically &whgiles. The second subtopic
(Subtopic No.4) focuses on the influence of measured-noifiorm scour onbridge

responses.
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4.2 Subtopic No. 3 (Part 1)

4.2.1 Background and relatedark

In the past decade, researchers have studied the seismic performance of bridges in
the presence of scour (Alipour and Shafei, 2012; Banerjee and Prasad, 2013; Wang et al.,
2014; Fioklou and Alipour 2019). However, these studies employ traditional scour
modeling with the simple removal of soil springs without considering the stress states’
changes and related properties of the remaining soil due to scour. Meanwhile, other studies
haveinvestigated the influence of soil stress history on laterally loaded single piles in sand
and soft clayl(in et al, 201Q 2014). These studies show that neglecting the stress history
effect can lead to unconservative responses of scoured piles. Howestof the previous
studies regarding the impact of stress history still focus on a homogeneous soil type. At the
same time, it is common for bridges to be located at sites with layered soil deposits
(Yamada and Takemiya, 1981; Soneji and Jangid, 2893un, 2009. Modeling profiles
consisting of layers of multiple soil types as a homogeneous material neglects the layered
soil effects. Researchers have investigated the la@algson and Gill, 196%eorgiadis,

1983; Gazetas et.all984 Zhang et al.2015) and the vertical (Cairo and Conte, 2006;
Huang et al., 2011; Wang et al., 2012) behaviors of piles in layered soil deposits. However,
these studies do not account for the impact of stress history in layered soils, and most do
not focus on addresginvulnerability assessment of fddridge structures. In summary,

there have been no previous studies on the effect of soil stress history on the properties of
layered soils. Besides, evaluating the seismic performance of bridges subject to scour,
including soil stress history of layered soils, is unstudied. This study proposes a

methodology to account for the influence of layered deposits and soil stress history in
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evaluating the performance of bridges susceptible to scour. The method includes the ability
to analyze profiles that consist of both sandy and clayey soils. This study is the first to
account for the stress history effects of layered soils. The main contributions present the
new equivalent stress history and layered effects (ESHaLE) approactsaitd showing

the importance of taking such an approach in the vulnerability assessment of scoured
bridges. Using the proposed methodology enables the vulnerability of bridges located in
layered soil deposits susceptible to scour to be more accuratklgoamprehensively
assessed.

The next section introduces background information regarding the effect of soll
stress history on a single homogeneous soil deposit. Second, the behavior of layered soils
due to multiple heterogeneous deposits. The following section describes the proposed
ESHaLE methodology for combining the effects of soil stress history and layered soils for
the modeling and analysis of bridges susceptible to scour. The next section applies the
methods to an example bridge and soil profile. Using ESHaLE compared to tiechodi
soil models in the vulnerability assessment of a scoured bridge under seismic loading is

shown. Finally, concluding remarks and a summary of findings are provided.

4.2.2 Stress history ofails

The deposition of soils can be viewed as a loading prpoedste scour can be
considered an unloading process as the surrounding soils are removed. Due to the
unloading process, the remaining soil after scour experiences different stress states, leading
to changes in the soil properties. In particular, the shégsige from normally consolidated

to overconsolidated statéBrpwn and Castelli, 20)0represented by an overconsolidation
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ratio (OCR) between the previous maximum stress and present stress. The OCR increases

as scour depth increases, leading to chamgése soil properties. Detailed information

regarding calculating the changes in the soil properties due to the effect of stress history in

sandy (Lin et al., 2010) and clayey (Lin et al., 2014) soils is provided in the appendix.
Soils are traditionallynodeled using springs in three directions. gprings model

lateral soil behavior;z springs model vertical soil behavior, skin friction between the pile

and soil, and g springs model behavior at the pile tip. For cohesionless soils (e.g., sand),

including the effect of soil stress history due to scour reduces the relative density, unit

weight, and modulus of subgrade reaction and increases the friction angle and OCR of the

remaining soil (Lin et al., 2010Reese et al. (1974ropose a {y relationfor sand, with

the ultimate resistance for wedge failure near the ground sutfagerid flow failure well

below the ground surface () computed based on Equation (46) and Equation (47),

respectively.

5 DEOAR 0BT OAT
AT % ATO OAT % : |
(46)
b aOAT OA% OBT OAT 06
6 06 aOAFT  p 0 & a0A% OAT (47)

[ is the effective unit weight of sand,is the distance between mudline and point of
interest] is passive failure angle, is angle defining the shape of the failure wedge,

is the minimum coefficient of active earth pressurejs the coefficient of lateral earth
pressure at resb, is the diameter of the pile, af@ is friction angle This study adopts the

p-y relation shown in Equation (48) for sand from the American Petroleum Institute (API,

2011) in combination with Equation (46) and Equation (47) to compute the ultimate lateral
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resistance of the sandl. ‘ in Equation(48) is computed based on the minimum value
betweend and0 depending on the depth of interest obtained from Equation (46) and
Equation (47), respectively.
0 00 OATSEGbia) (48)
0 is lateral soil resistance at any defhd is a modification factor that accounts for static
or cyclic loading (0.9 in this case), is ultimate bearing capacity at depfhwis lateral
deflection, andQis theinitial modulus of subgrade retan. The effect of the soil stress
history is accounted for by updating the relative density and coefficient of lateral earth
pressure of the remaining sand after scour due to the change from normally consolidated
to overconsolidated soil. The change of relatiensity is caused by the changes of the
void ratio and overburden stress, which leads to the change of additional properties of sand,
including unit weight, modulus of subgrade reaction, and friction angle.
For tz relations, the ultimate unit shaéisistance of sandY ) is computed
as in Equation (49)lfuma and Reese, 1974vhere, os effective vertical stress at a point
of interest
Y O A% , e (49)
The ultimate end bearing resistance ( ) of sand is computed based on Meyerhof
(21976) with Equation (50).
0 0, e (50)
0 is adimensionless bearing capacity factdwe tz relation for sand is adopted based on

Mosher (1984), which uses a hyperbolic representation ot-theurve as shown in

Equation (51).
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(51)

'O is the value of the initial modulud,is the movement of the pile segment, avid total
shear transfer. The-zjcurve's backbone for sand is approximated using \@jayya's

relation (1977) shown in Equation (52).

. a - L
0 — Z%U a a (52a)
q .
0 0 a & (52b)
0 is pile tip resistance an@ is movement required to mobilize . (6.35mm for

sand).
The change of remaining properties of sand due to stress history can also affect the vertical
behavior of sand (i.€1Y ando ~ ) andthese changes are also considered in this
study. More details regardirmgpturing the stress history of sand can be found in Lin et al.
(2010).

For cohesive soils (e.g., soft clay), the ultimate soil resistaﬁcel ()is
computed as in Equation (53)1&tlock, 1970.

[

| ET o +—
§

Ca

. 0. .

U EU 0 6hud O (53)

0 is the undrained shear strength of clay, aisdset as a constant with a value of 0.5. The
p-y relation for soft clay is adopted from Matlock (197D). ‘ of stiff clay without free
water can also be computed based on Equdb3) {Velch and Reese, 1972; Reese and
Welch 1975. Stiff clay without free water indicates a stiff clay layer located above the

water table. As the OCR and scour depth change, including the soil stress history, also

influences the effective unit weighnd undrained shear strength of soft clay. While the
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effective unit weight difference is insignificant, the undrained shear strength is
significantly reduced when soil stress history is considered (Lin et al., 2014). The ultimate
unit shaft resistance afay is computed according to Equation (5B9rfilison 1992).
Yo | O (54)

| is an adhesion factor for piles in clay, computed by Equation (55).

I 1 [ p8r (55a)

| m@r 8 [ P8t (55a)
[ isthe ratio between undrained shear strength of the &giland effective overburden
pressure,( geat the point of interest. Note that the valu¢ athould not exceed 1.The
t-z relation for clay is adopted froReese and O'Neill (1987Thecomputation of point
bearing capacity ~ ) of clay is based on Terzaghi's bearing capacity theory
(Terzaghi, 1948 Due to the characteristics of cohesive soils and piles, the relation can be

simplified to Equation (56), whei@ is the cosssectional area of the pile.

o w 0 (56)
The gz relation for clay is adopted basedReese and O'Neill (1987The change of the
vertical response of clay accounting for soil stress history effects is also considered in this
study, manifested through the decrease in undrained shear stréngtftfe change in
undrained shear strength after scour is quantified and established based on critical state soil

mechanics and expressed as a function of the OCR (Lin et al., 2014).
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4.2.3 The kehavior of layeredails

To account for layered soils' behavior, previous studies have calculated
"equivalent” soil depths, for example, using conservation of strength to obtairythe p
behavior for layered soil deposits (Georgiadis, 1983). As qurves only apply to
homogeneous soil deposits, thg purve for a profile with successive layers of different
soil types is determined using a series of equivalent depth calculations. For example, the
equivalent depth of a second soil layer is found kst tialculating the forcé@®) acting at

the layer interface as shown in Equation (57).

"O 0 QO (57)

0 s the ultimate soil resistance of the first layer @nds the thickness of the first layer.
The equivalent depthiy ) of the first soil layer that includes the characteristics of the

soil deposit from the second layer is then obtained by solving Equation (58).

O v QO (58)

0 isthe ultimate soil resistance of the second layer. The same procedure is applied to
obtain the equivalent depth for the second layer, including the soil deposit of the third layer
and so on through the layers in the soil profile. This approach has beé&adver
experimentally Georgiadis et al199) for a single pile loaded laterally and vertically in
layered soils. The effect of layered soils in the vertical direction is considered for both
sands and clays through evaluating the value of effective aestiess. The theoretical

basis is that the effective vertical stress is a function of effective unit weight, which changes

76



from layer to layer, and composite action is required to maintain the continuity of strength
in the vertical direction. For sand#)e ultimate axial resistances of sarid’ (

and0 ~ ) are a function of effective vertical stress as indicated in Equation (49) and
Equation (50). For clays, the ultimate unit shaft resistaite (), as shown ifcquation

(54), is a function of both undrained shear strength &nd alphal (), where the value of

alpha is a function of effective vertical stressg¢ Meanwhile, the ultimate end bearing
resistance(( ) ofclay is assumed to belgra function of undrained shear strength

(6 ) as shown in Equation (56). In this study, the authors take an equivalent depth approach
to model the behavior of layered soils. However, in addition to conservation of strength,
conservation of mass is uaéd to account for soil stress history in layered soils. The

proposed approach is described in detail in the following section.

4.2.4 Proposed equivalent stresstory and layered effects (ESHaLEgtiodology

The scour process removes soils, unloading anechegl the effective vertical stress
acting on the remaining soil. Figure 25 shows the consolidation curve of clay under scour
conditions considering the soil stress history. The subscEptsddd O Arepresent
parameters before and after scour, respegtiyebss effective vertical stres§)is the void
ratio of soil,0 is compression index, ad is recompression indeXhe soil stress history

leads to a change in effective vertical stress, which leads to a change in void ratio.
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Figure 25. Consolidation curve of clay under scour conditions

Sand will exhibit similar consolidatiobehaviorexcept for changing the valwa
thex-axis from, atothemean effective stress, whereDais used to quantify the change
of effective pressurad)azan also be represented in terms of effective vertical stress as

shown in Equation (59), wheje ats effective horizontal stress.
5 ” CH
O —— (59a)

. p G (59b)

The objectivas to find an equivalent scour depth and equivalent layer depths that
account for soil parameters' changes due to stress history effects. The difference in effective
vertical stress is obtained based on conservation of mass as follows. Consider first a soi
profile with two layers. The stress history effect in the lower layer is accounted for with
the partial or full removal of the upper layer. The mass loss quantifies the change in
effective vertical stress due to removing the soil as if it only condistsilaonaterial from

the lower layer. This holds for general scour conditions, which neglects the effect of scour
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hole dimensions in the case of local scour conditions. An "equivalent” scour depth is then
found, which is computed based on mass conservation

In general, for a layered soil deposit with laj@ndQ p as shown in Figure 26,
let’ O be the depth of layéeand™Y the scour depthi is the distance between the initial
mudline and point of interest, agd the distance between the new mudline after scour
and point of interest. Each point of interest corresponds with a soil spring for which the
parameters must be updated. The objective is to find an equivalent depth &ragems
of the layer'Q p soi material © ), an equivalent scour depthy( ), and equivalent

distancesx anda .

Mudline Initial
after scour mudline Scour Mudline Initial Equivalent
\ / I after scour mudline Scour
‘ \ / ‘ 5. ’E‘-anservatmn 0};\ \ /

B (5.

~_ _mass - -
Zpi Layer i - Layer 1
z. .

Layeri+1 Layeri+1
Boundary 0\ Point of Boundary “\ Point of

layer interest layer

interest

Figure 26. Finding equivalent layer depth and scour depth for layered soils accounting for stress
history effects basd on conservation of mass

The equivalent scour depth and layer depth for a [&¥ee calculated based on
conservation of mass as shown in Equation (60a) and Equation (60b), using the ratio of
effective unit weights between adjacent layers. Next, anda  are computed based
on the geometric relations shown in Figure 26 combined with the relations established in
Equation (60a) and Equation (60b). The expressions for the equivalent distances are
derived in terms of effective unit weightscour depth, and layer depth, as shown in

Equation (60c) and Equation (60d).
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Y Y (60a)

o 0 (60b)

I , .
a a — P o Y (60c)
a. a Y (60d)

[ isthe effective unit weight of layétand’  is the effective unit weight of layé&R p.

Once the equivalent depths and distances are found, the valés ahda  can be

used to compute the updated soil properties, including the effeotl stress history as if

the soil consists of a homogeneous layer with the detailed procedures presented in the
appendix (Figures 70 and 71). Note that Equation (60) is only applicable for the scenario
indicated in Figure 26, where the point of intéredocated within the second layer and
scour occurs within the first layer. To generalize to other scenarios, new expressions for
"Y anda need to be determined. The following sections present a comprehensive set
of these expressions for baiith two and three layers and varying scour depths. With this
proposed methodology, the effect of stress history can be accountecifyrsoil layer of

interest.

4.2.5 An overall approach to account for stress history effects in layeodd s

The goal is to obtain modifiedy t-z, and gz relations given scour depth and the
soil profile considering both the stress history and layered soil effects. The stress history

effect is applied to the soil model first to obtain updated soil propeftessaour. Next,
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the equivalent depths due to the layered effect are calculated based on the soil layer's
updated properties. This sequence is chosen such that the equivalent depth can be
calculated based on the mosttopdate soil properties, includirige stress history effects,
enabling more realistic and accurate results. Finally, thetyz, and gz parameters (i.e.,
ultimate soil resistance) are determined based on the combined updated soil properties and

equivalent depths. Figure 27 shows theralgprocedure of the proposed methodology.

Input soil properties and
scour depth (Sq) at depth z,i

Part 1

Compute depth at the point of
interest (z,;_¢) with equivalent scour
(Sa_e) based on conservation of mass

Apply effect of
stress hisotry

Obtain updated soil
properties

Part 2

/ Apply I@
N\ effect /

Y A

Obtain equivalent depth (zsc s)
based on strength with updated soil

Obtain updated effective vertical

Obtain updated effective vertical stress (Eqn. 4) for sand and updated

stress (Eqn. 5) for sand only

properties adhesion factor (Eqn. 10) for clay
A, Y
Compute Compute Compute
parameters for parameters for parameters for
g-z relation p-y relation t-z relation

Figure 27. A proposed approach to account for soil stress history and layered effects in layered soil
profiles
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4.2.6 Parameterdor soils with multipleadyers

To accurately model the soil springs after scour, including the effect of soil stress
history for layered soils, the soil parameters at varying points of interest below the mudline
must be calculated. Each point of interest, an example of which is shdviguire 26,
corresponds with a specific soil spring location. The derived expressions for the parameters
for different points of interest below the mudline are now provided. The first case
considered is a soil deposit with two layers. Figure 28 showsotiresEenarios for this
case, with varying scour depthé and locations of points of interest below the mudline.

O is the initial soil layer deptlg the distance between the initial mudline and point of

interest, andx the distance betwedghe new mudline after scour and point of interest.

‘ Input S, ‘

!

| s

Zp[' > Dl'

Figure 28. Four scenarios for varying scour depths and points of interest below the mudline for two
layered soil deposits
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Table 10. Equivalent quantities for soil deposits with two layers

Scenario - PV
Y a a -
a 0 Q0
r r a
2 Y — 0 < 3
r P Y 0 5 Qo
ny
M. \ \
3 T Y a a =
r ,
s g g :
ny

For each scenario shown in Figure 28, modified value¥¥ofind @ need to be
computed to account for the combined soil stress history and layered soil effects. The
symbolic expression for each term as derived based on the propedextiology is shown
in Table 10 Two equivalent depths are calculatgd: is the equivalent value calculated
based on conservation of mass, which is used to determine the updated soil properties due
to the effect of soil stress history; aad is the equivalent value calculated based on
conservation of strength, which ised to determine the ultimate soil resistance. In the
calculation ofa , an additional ternd  is neededd is a value of equivalent depth
that accounts for the layered effect in the lateral direction, with the subSreiptesentig
the term for thé®h scenario. The value 6§  is computed by numerical integration of
the equation shown in the rightmost colunfnTable 10 0 ~is the ultimate soil

resistance of laye€in the lateral direction.
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Figure 29. Scoured soil deposit with three layers and point of interest below the mudline

The next case considered is a soil deposit with three layers. Instead of four separate
scenarios as for a twlayered deposit, there are now a tathhine scenarios. Figure 29
shows a point of interest among layé&es p, ‘QandQ p, where the scour occurs only
partially in layerQ p.'O s the depth of layeéf) p. The scour scenario extends into the
second layer and is also addressed in éreveld equivant quantities given in Table 11
Figure 30 shows the nine scenarios corresponding to the varying scour depths and points
of interest for thredayered soil deposits. The equivalent quantities derived for each of the

nine scenarios shown indgare 30 are given in Tablell

Di_y <S4 < Di_q + Dy

Doy =z Dy =z,
<Dy +D; <D_,+D,

Zpi
<Di-y

1 2 3 4 5

Zps
=Dy + D

Figure 30. Nine scenarios for varying scour depths and points of interest below the mudline for three
layered soil deposits
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Table 11. Equivalent quantities for soil deposits with threelayers

-

o
©
'o_ S _
o | -
o)
<
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Q

Scenario : L
Y a a -
, . 0 Q"0
2 rr—“Y a rr_ p O Y o v
i} Q0
& r () % 0 Q0
P P @ o Y
S r Y r o) o)
— p O 0 Q0
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4 —Y a a =
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0 Q0
! r a o Y
5 —y & — (o)
r P 0 4 Q"0
r .
T p O Y a a =
! r -
— — O . 0 Q"0
7 r , r o rl*_ b o o vy @ o &) o Y
—Y i} Q0

|

For soil deposits with more than three layers, the number of scenarios will increase
further, but a similar methodology can be applied to derive the equivalent quantities. The
derivedexpressions presented in Table 10 and Tabkntlithe analysis proced@ushown

in Figure 27 comprise the proposed ESHaLE approach.
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4.2.7 Example soil profile and single pilest

An example soil profile is chosen from the literatubgqun, 2009 to illustrate the
proposed methodology's results. To obtain a realistic soil erfafil bridge foundations,
fifty blueprints of existing South Carolina bridges were analyzed (Aygun, 2009). The
profile chosen for this study is shown in Figure 31 and is typical of low lands stratigraphy.
The soil profile consists of three layewgith each layer's properties specified based on
typical soil conditions (Yang et al., 2008). The concrete pile for the bridge is assumed to

be 18m in length with a 2m circular diameter, shown in Figure 31.

3m Soft Clay

Loose

5.5m
Sand

18m

14.6m Stiff Clay

2m

Figure 31. Representative soil profile and pile geometry

For this soil profile, the results from three models are shown to compare the
outcomes from varying modeling approaches to evaluate the soil's ultimate resistance. The
first model represents the basic approaath the simple removal of soil springs due to
scour without modification. This model is referred to as "UMD" in the rest of this study,
representing amnmodifiedsoil model. The second model includes only the effect of
layered soils, modeled using equast depth calculations. This model is referred to as

"LEQO" in the rest of this study, representing a model that accounts ftaytwed effect
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only. The third model is the propos&BSHalLEmodel that includes both the soil stress
history and layered sadffects. The comparison is conducted first between the UMD and
ESHaLE models and next between the LEO and ESHaLE models.

Figure 32 shows the resulting ultimate lateral resistance of soil, comparing the
UMD and ESHaLE models in 1m intervals along the depttine pile with scour depths
("Y) ranging from 1m to 9m. Although 9m of scour is large relative to the structural
dimensions, it is included for illustrative purposes to account for the extreme condition and
the scenario such th#te first two soil layers have been removed due to sc@ureach
scour depth, the solid line indicates the result from using the ESHaLE model; the dashed
line indicates the result using the UMD model. Figure 32(a) compares the values of the
ultimate lateral resistance of s@l ) along the length of the pile as soil depth increases
from the UMD and ESHaLE models. Figure 32(b) shows the percentage difference

between the two models. The two boundary layers in the profile are also indicated.

Soil depth (m)

Soil depth (m)

A0 [ 1msd (ESHaLE)]. -0 i
— % —1m Sd (UMD} B
3m 5d (ESHaLE) \
12 o o 2 i —*— 1m5d
—&— 5m Sd (ESHaLE) i 3m Sd
— & —5m Sd (UMD} Il —8&—5m5Sd
<14 |—+— 7m Sd (ESHaLE) -14 il —+—7m5sd
— + —7mSd (UMD} i
< om Sd (ESHaLE) il 9m Sd
16 [— 5t —gm sd (UMD} -16 i A R PYPTTPPITN Boundary layer
—8— Boundary layer 1 id = = = Boundary layer
—¥—Boundary layer 2| | | NN | N 18 T —
18 - e - b
0 200 400 600 800 1000 1200 1400 -2000 -1500 -1000 -500 o 500 1000 1500
Ultimate soil resistance per length (kN/m) Percentage difference (%)

@) (b)

Figure 32. (a) Comparison of ultimate lateral resistance H—O ») between proposed ESHalLE and UMD
models at varying scour depths and (b) percentage difference between the two models
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In Figure 32, the UMD resistance curve is the samesacscour depths except for
the first point for each level of scour because, in the unmodified model, an increase in scour
depth does not affect the soil behavior. The varying initial points are because the first
point's resistance is assumed to be hathefnext point. For the initial point, when scour
depth is 1m, the difference between the ESHaLE and UMD models is relatively small.
However, as scour depth increases, the maximum percentage difference increases
significantly, up to 2000% in the sand layer a scour depth of 7m.

Figure 33 shows the comparison of ultimate unit shaft resistavicglfetween the
UMD and proposed ESHaLE models. Similar to the lateral behavior shown in Figure 32,
the ultimate unit shaft resistance using the UMD maoa&s the same line regardless of
the scour level except for the first point. At the first point, the differences between using
the UMD and ESHaLE models can still be significant, with a maximum reduction of up to
700% in ultimate unit shaft resistancecorring in the sand layer with 7m scour depth.
Figure 33 shows that the ESHaLE model results in smaller soil resistance values along the
pile's deptHor all scour levels. This is because accounting for the layered soil effect in the
proposed approach rdss in smaller equivalent depths than the physical depths used in the

UMD model.
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Figure 33. (2) Comparison of ultimate vertical resistanceJ(]<> ») Petween proposed ESHaLE and
UMD models at varying scour depthsand (b) percentage difference between the two models

The unmodified (UMD) model is usually adopted in practice, accounting for the
effect of scour by simply removing the soil springs in the scoured area without considering
any additional effects. Alternae existing models account for the layered effect only
(LEO). A comparison between the LEO model and the proposed ESHaLE imeteh
accounts for stress history in addition to layered soil effet¢tas also been conducted.
Figure 34(a) compares the aalmted ultimate lateral resistance of sail () along the
depth of the pile that is obtained from using the LEO (dashed line) and proposed ESHaLE
(solid line) models as scour depth increases. Figure 34(b) gives the percentage difference
between thewo models.

Several interesting points can be observed from Figure 34. First, theeeliccion
of ultimate resistanctr both LEO and ESHalLE modeds the second interfader 1m
and 3m scour depttthie tothelayered effectfrom the first two layers. Second, when the
scour depth is larger than 5m, the stress history effect dominates. This is observed because
clay's soil stress history reduces its ultimate lateral resistance while sand's stress history

increases its resistamcln comparison, when the scour depth is less than 5m, the layered
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effect is more pronounced, as is observed from the result from the third layer. Third, the
importance of accounting for the stress history effect and not only the layered effect is
observe, with a maximunpercentage difference the soil ultimate lateral resistance

between th& EO and ESHalLEnodek of around50%.
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Figure 34. (a) Comparison of ultimate lateral resistance H‘o ») between proposedESHaLE and LEO
models at varying scour depths and (b) percentage difference between the two models

Figure 35 shows the ultimate unit shaft resistance of s0il)(between the LEO
and ESHaLE models. Figure 35(a) shows that the stress history effect reduces the vertical
resistance of clay because the unloading process associated with scour reduces the value
of the undrained shear strength, which is proportionaYtoof clay. In comparison, the
stress history effect increases the vertical resistance of sand because both friction angle and
unit weight increase in the presence of scour. Moreover, there is a reduction at the first
boundary for both models due tmoke sand yielding a smaller ultimate lateral resistance
even after accounting for the contribution to the first layer's strength. Figure 35(b) shows
the importance of accounting for stress history effects in addition to layered soil effects, as
the maximun percentage difference between the LEO and ESHaLE models is close to

38%, occurring in the clay layer with a scour depth of 9m.
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Figure 35. (a) Comparison of ultimate vertical resistance#jo » between proposedESHaLE and LEO
models at varying scour depths and (b) percentage difference between the two models

Figure 36(a) presents a comparison among all three models in terms of ultimate bearing
capacity 0 ) at varying scour depths. Figure 36(b) shows thequeage difference
between the ESHaLE and LEO models and the baseline UMD model results. For this soll
profile, the bearing resistance is provided by stiff clay only. Figure 36 shows the UMD and
LEO models give a constant bearing resistance regardles®wf level. In comparison,
the ESHaLE model results in a decreased calculated bearing resistance as scour depth
increases. This is because the stress history effect reduces the undrained shear strength of
the clay. The next section presents results reggrd single pile test with lateral and
vertical loadings applied separately at the top of the pile considering the ESHaLE, LEO,

and UMD soil models.
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Figure 36. (a) Comparison of ultimate bearing resistance |§<> ») between proposed ESHaLE, LEO,
and UMD models at varying scour depths and (b) percentage difference between the three models

4.2.8 Verificationand single piledst

Verification of the proposed method with numerical and experimental results is now
provided. Anextensivaeview of thditeraturehas showrhat experimental data regarding
scour effects opiles’ structural performanegscarceAt the same timenumerical models
that capture th@mpact ofstress history in layered seilinderscourconditionsare also
lacking in the literature. Therefore, the authors verify the propeSéthLEframework by
parts as indicated irfFigure 27. Part 1 verifies the effect of stress history in homogeneous
soils under scour using both experimental tests and numericalsn&art 2 verifies the
layered effect using experimental results. Details regarding the verification of each part are
now shown.

Comparingresults from theeSHaLE model withresults fromexperimental tests
and numerical models in homogeneous soils censig scouprovides verification of the

stress history effects captured in ESHaRE only a homogeneous soil is presentéd,=
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Y anda =q ,verifyingthe accuracy aheESHaLE model withinly anindividual

soil layer, butconsideing both stress history and scatfifects Verification is provided for

both sand and soft clay. For the analysis in a sand foundation, for an initial condition,
results from ESHaLE are compared with experimental field pile testswvitoour as a
baselhe. Table 1Zhows the uniformhgraded fine sand's soil properties from Mustang
Island, Texas (Cox et al., 1974). As shown in Figure 37(a), the laterally loaded pile has a
length, outer diameter, and thickness of 21.3m, 0.61m, and 0.0095m, respectieely. T
effect of scour is analyzed by comparing results from the ESHaLE model with those from
a numerical model obtained using LPILE Plus 5.0 from Lin et al. (2@b@sidering a

scour depth of 3m and the effect of stress history. The ESHaLE model is implemented in
the finite element platform OpenSees (McKenna, 1997). Figure 37(b) presents the results
for verification. Compared with the pszoured condition, 3m scodepth increases the
lateral pile deflection at the ground line due to soil removal. The results from the ESHaLE
model and numerical model from Lin et al. (2010) are close, with the discrepancy mainly
due to the different selection ofyprelations betweaethe two models. Lin et al. (2010)
adopt the py relation from Reese et al. (1974), whereas the current study uses/the p
relation from APl shown in Equation (48) available in OpenSees. The resulting difference

between the two models is smalith an awerage difference of 8.0%.

Table 12. Properties of sand (Cox et al., 1974)

Effective unit

Critical weight Relative density Maximum Minimum Specific
friction angle 9 3 (%) void ratio void ratio gravity
I (KN/m?)
70 (dami
28.5 10.4 90 (depH 1.0 0.598 2.65
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Figure 37. (a) Laterally loaded pile in uniform fine sand and (b) deflection at ground line versus
laterally applied load for measured data and numerical models with the effect @ftress history under
scour

Next, a similar verification process is performed for a single pile embedded in a
clay foundation. The solil is soft clay near Lake Austin, Texas, with a pile test conducted
by Matlock (1970) for baseline pseour conditions. Theoil properties are listed in Table
13, and the undrained shear strength along the depth of the soil is shown in Figure 38
(Reese and Van Impe, 2001). Figure 39(a) shows the geometry of the laterally loaded pile
in clay. Figure 39(b) shows the pifead @flection versus laterally applied load for
ESHaLE results compared to experimental and numerical results. The numerical result
from Lin et al. (2014) is obtained using LPILE 5.0 considering the effect of stress history
and scour. The value of scour defthf) used for comparison is &0 whered is the
diameter of the pile. The difference between the results from ESHaLE and the numerical
model from Lin et al. (2014) is small due to the use of the sagneefation (Matlock,

1970) and methodology to account for the effect of stress history, withvarage

difference of 2.3%.
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Table 13. Properties of soft clay

Water Compression  Swelling Strain at half  Effective
Effective unit content (%) index index of maximum friction angel
weight { "E stress @)
i)
10 44.5 0.38 0.076 0.012 20

Depth, m

15 +
15 20 25 30 35 40 45 50 55

Undrain shear strength, kPa

Figure 38. Distribution of undrained shear strength of soft clay measured by Reese and Van Impe
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Figure 39. (a) Laterally loaded pile in soft clay and (b) pileheaddeflection versus laterally applied
load for measured data and numerical models with the effect of stress history under scour
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The first part of the verification verifies the ability of ESHaLE to capture scour and
stress history effectsThe second parof the verification focuses on the proposed
approach's ability to capture layered soil effects. Results front8t¢alLE modelare
comparedwith results fromexperimental test$or a single pile loaded laterally and
vertically in layered soils under no scownditions("Y = 0) as shown in Figure 40(a)
(Georgiadis et al., 1999Note thatthe LEO model is equivalent tthe ESHaLE model
whenconsidering responses in layered soils withscour.Further verification between
the ESHaLE and LEO models is conducfer single pile test results that follow. For the
experimental test, the fudicale pile has a total length of 42.0m with a 3m diameter from
ground level to a depth of 3.0m and 1.5m below this depth. The pile test is subjected to an
axial load and subsagntly to a lateral load using hydraulic jacks. The soil profile is
derived from a geotechnical site investigation. Figure 40 shows the details regarding the
pile geometry, design soil profile, and the ESHaLE model's verification with experimental
resultsin terms of the lateral and vertical displacements versus applied loads. The results
show close agreement between the results from the ESHaLE model and those from the pile
test, especially in the lateral direction, where the displacement differencesframge
0.2mm to 2.2mm, with an average percent difference of 7.1%. For the vertical direction,
the larger difference between the numerical and experimental results, with displacement
differences ranging from 0.2mm to 2.4mm and an average percent diffef&%&%, is
mainly due to the lack of information regarding the modeling of taebghavior of the
bottom soil layer. The bottom layer consists of interbedded dense sand and stiff clay, but
the finite element platform OpenSees only allows modeling -af rglations with

homogenous soil types. The authors have found that the ultimateeandg capacity and
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the choice of € relation used at the base of the pile to simulatessitture interaction
will impact the overall results. Note that the verifioatiresults in this section are
comparable to the verification of previous numerical models with experimental test results,
where, for example, in Georgiadis et al. (1999), displacement differences range from
0.0mm to 3.0mm with an average percent diffeeeraf 6.0% for lateral loads.
Displacement differences range from 0.0mm to 7.5mm, with an average percent difference

of 19.9% for vertical loads.
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Figure 40. (a) Setup of pile test and soil profile (Georgiadist al., 1999), (b) lateral load versus pile
head lateral displacement, and (c) axial load versus pile settlement for ESHaLE model compared
with experimental pile test in layered soll

The proposed ESHaLE model is now implemented and compared to prior models
through investigating the lateral and vertical responses from the ESHaLE, LEO, and UMD
models for a single pile test in the soil profile shown in Figure 31. Note that the proposed
ESHaLE model results would be identical to those from the LEO model vades@our
conditions. The resultshown in this sectignalso explore the structural performance
across scour depths of a lateraind verticallyloaded pile in layered soil considering the
different soil models under static loading. Figure 41(a) presents the geometry, applied

loads, and composition of theykred soil used in this example. The pile has a diameter of
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2m, embedded length of 18m, and pile head length of 1m, and it is modeled as a beam on

a nonlinear Winkler foundation using OpenSees. The pile consists of 19 displacement

based bearsolumn elemerst with discretized length of 1m between nodes, and the

constitutive material is assumed to be linear elastic for simplicity. Figure 41(b) shows the

modeling of the soibtructure interaction. The soil springs, consisting-gf pz, and gz

springs, are wdeled using zerength elements with uniaxial material assigned in lateral

and vertical directions separately. This analysis considers applying a lateral [pad (

1000 kN and a vertical load () of 2000 kN in the positive-girection and negative-

direction, respectively.
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Figure 41. (a) Schematics of single pile and (lthodeling of the soitstructure interaction with lateral
and vertical loadings applied separately in layered soll

Figure 42(a) showsesults for the displacement along the pile under a laterally

applied load§ ) with varying scour depths of Om, 1m, and 3m. The main observations are

as follows. First, the ESHaLE and LEO models' lateral responses converge at Om scour
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depth as no scouvent has occurred. A minimal difference between the ESHaLE and LEO
models is observed at 1m scour depth, which indicates the impact of stress history on piles’
lateral behavior is limited for small scour depths in terms of pile deflection. As scour level
increases, the difference between the ESHaLE and LEO increases, indicating the effect of
stress history on the response. Second, the UMD soil model gives unreliable deflection
results because the UMD model assumes no change has been made to soil pérameters

O ,"Y ,and0 ) inthe presence of scour and neglects the influence of the layered soil
effect. The difference, i.e., error, between the UMD and the other two models increases as
the scour level increases. Figures 42(b) and 42(c) present the corresponding shear and

momaent diagrams along the pile in response to the laterally applied load.
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Figure 42. (a) Lateral displacement, (b) shear, and (c) moment diagrams along a single pile
considering three soil models and varyingcour depths under the laterally applied load
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To examine the pile's vertical performance considering varying scour depths and
different soil models, Figure 43(a) shows the maximum axial displacement of the pile after
applying a vertical load of 2000 kN #te pile head considering varying scour depths.
Consistent with previous soil responses, the pile with the ESHaLE model exhibits the
highest axial displacement with a maximum increase of more than 110% at a scour depth
of 9m compared to theMD model's resonseshown in Figure 43(b). Unlike the response
from the laterallloaded pile, the impact of stress history is significant in terms of the axial
response, with a maximum increase of 30% between the ESHaLE and LEO models at a
scour depth of 9m. The diffence is mainly attributed to the reduction of dxring
capacity with the inclusion of stress history in ESHaLE, as shown in Figure B§uires
39 and 40, as expected, the difference between the ESHaLE and previously verified LEO
model is minimal at immimum scour depthdg-inally, while results are shown here for single
pile foundationsthe ESHaLE modaill also work for pile groupwith the notethatthe
ESHaLE model is only valid under the assumptioa géneral scour scenario. Foases
where locascour effects are of intereshe scouhole geometrwill impact single piles
and pile groups differerty. Future research can incorporate the ESHaLE mamuigthe

influence of scouhole geometry in layered ssior bothsingle piles and pile groups.
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Figure 43. (a) Comparison of maximum axial displacement of the single pile between ESHaLE, LEO,
and UMD models at varying scour depths and (b) percentage difference between the three models

The next sectioshows how the differences in calculated soil properties (i.e., the
varying ultimate soil resistance values shown in this section) from using the ESHaLE
compared to layered effect only and unmodified soil models impact the vulnerability of
full-bridge strutures under scour conditions. The impact is investigated considering the

dynamic response of a bridge analyzed using varying soil models.

4.2.9 Bridge geometry and modelingtdis

The bridge studied is of a common singdent concrete begirder type with an
integral pier Mackie and Stojadinovic, 2008 The bridge type is selected for illustrative
purposes, and previous research (Wang et al., 2014) having also used this bridge type for
the study of scour phenomenon. The bridge has a span length of 36.6m and a 2m wide
circular column diameter with a héigof 10m. The deck's crosgction is a <ell box
girder with reinforced concrete construction with a total width of 11m and depth & 2m.

Type | pile shaft foundation is used, and the length of the embedded pile shaft is assumed
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to be 1.75 times theagth of the column above grade. Figure 44 shows the longitudinal
and transverse views of the selected bridge type. The corresponding dimengioas of
bridge are shown in Table l14urther bridge details can be found in Mackiend
Stojadinovic (2003).Thesoil profile for the bridge evaluation & shown in Section 3.3.
The profile consists of three soil layers of soft clay, loose sand, and stiff clay from top to

bottom.
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Figure 44. (a) Longitudinal view of the single-frame box-girder concrete bridge and (b) transverse
view

Table 14. Geometric parameters of the selected bridge

Single-bent
box-girder 36.6 10.0 2.0 11
bridge
A finite-element model of the bridge is built in the software OpenSees. For the
substructure, the bridge column is modeled using a single-fased element with fiber

discretization in the crossection. Four integration points along the column are tsed

capture the flexural response. The "Concrete02" material model is used for the concrete's
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uniaxial constitutive behavior. The column's confinement effect is captured through special
treatment of the concrete fiber's strsigin behaviorNlander et al 1988. The "Steel01"
material model is used for the uniaxial reinforcement material with linear hardening
behavior. The pile foundation is implemented using multiple fbased elements with

two integrations pointsHe et al., 2015 consisting of theame fiber discretization as in

the column section.

For the superstructure, the deck is modeled using linear elastic-dmdamn
elements. The abutment modeling adopts the SDC 2004 abutment miad&ig and
Stojadinovi¢ 2006),and it is assumed to be aastype abutment with an initial gap of
about 150mm Hriestley et al., 1996)The abutment model consists of longitudinal,
transverse, and vertical nonlinear abutment responses. In particular, the longitudinal
system response considers the responsesdél#stomeric bearing, gap, abutment pile,
backfill material, and impact between the deck and abutment backwall. The transverse
response considers system responses of the elastomeric bearing, wing walls, abutment
piles, and backfill material. The abutmanbdel's vertical response is assumed to be
affected only by the bearing pad's vertical stiffness. Two bearing pad springs with 50mm
depth Mackie and Stojadinovi¢ 2003) have also been added to the bridge models. The
elastomeric bearing modeling uses noedir springs with perfectglastic behavior, and
yield displacement of the bearings is assumed to be at 150% of the shear strain.

The modeling of soiktructure interaction (SSI), as shown in Figure 41(b), is
implemented using the dynamieypmethod toexplicitly account for SSI effects while
maintaining an acceptable computing time for probabilistic analy¥asd et al., 2014

The nonlinear gy and gz behaviors are conceptualized as consisting of elastic, plastic, and
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gap components in series; thenhiear tz behavior is conceptualized as consisting of
elastic and plastic components in series. Further details regarding this method can be found
in Boulanger et a(1999. The foundation pile is modeled as a beam on a nonlinear Winkler
foundation. Latral SSI is captured by aypspring, while vertical axial friction and tip
bearing capacity are captured kg and gz springs, respectivelifhis study assumes stiff

clay and soft clay share the samg pelation due to the limited set ofyprelations
implemented in OpenSees, and the fact that-thegtation for stiff clay without free water

does not soften after reaching peak stress (WelcRagde, 1972 Note thathe proposed
ESHaLE framework will be valid regardless ofhe modeledoehavior ofthe soil p-y
relation. Inspecifying the soil spring properties, the three varying soil models (ESHaLE,

LEO, and UMD) are implemented in OpenSees to capture differences in the soil response.

4.2.10 Seismiaesponse of bridge with layeredils

To assess the bridge response in detail, this section presents the bridge's seismic
response under a particular ground motion shown in Figure 45. Fragility assessment of the
bridge under a suite of ground motions is presented in the following sectiogrdtrel
motion is selected from the PEER database (Baker et al., 2011) with two horizontal
components and one vertical component, as shown in Figure 45. The ground motion name
is Loma Prieta, with a magnitude of 6.93 and shear wave velocity in the topf308a o
m/s. The seismic analysis is implemented through a uniform input across the soil depth
(Shang et al., 2018). Five scour levels are considered for this section: scour depths of 1m,
3m, 5m, 7m, and 9m. Nonlinear response history analyses are ruhegretformance of

critical bridge elements is evaluated. The critical responses include the column's vertical
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displacement, the curvature distribution of the bridge column, and the transverse and

longitudinal deck displacements.

0.8

Horizontal 1
— — — Horizontal 2

Acceleration, g

0 5 10 15 20 25 30 35 40
Time, sec.

Figure 45. Three components of the selected ground motion

Excessive vertical displacement of the column could lead to the bridge deck's local
failure due to concrete crushing in the compression region. Figure 45 presents the column's
maximum vertical displacement at each scour depth using the three soil models. Figure 45
shows that when the scour depth is less Branthe LEO model exhibitsslightly larger
vertical displacementamongthe threesoil modelsbecausesand's stress historyfe€t
becomesthe governing factar increasng the vertical resistanceHowever, the trend
changes at higher scour depths. From Figure 45(b), looking over the full time history, there
is an increase of 16% and 10% in calculated vertical displacement beatveeESHalLE
versus UMD and LEO versus UMD models, respectively. These values indicate
underestimating the vertical displacement response if analyses do not properly account for

both the stress history and layered soil effects.

10t



18
=
P wnellonn LEOQ
350 11— @ —ump

w
]
<]

%

o

Difference,
E

.....
______
.......

......
......
.....
....

Maximum displacement, mm
IS
S

Scour depth, m Scour depth, m

(a) (b)
Figure 45 (a) Maximum vertical displacement of the column for varying scour depths considering
soil models andb) percentage differences between ESHaLE versus UMD models and LEO ver
UMD models

Figure 46 presents the maximum curvature distribution alongdiuenn and pile
for the five different scour levels. The curvature distribytstrown in Figure 46ccounts
for both the transverse and longitudinal directions through their geometric mean. Excessive
curvature demand could lead to flexural failure @f¢blumn. The results in Figure 46 lead
to several observations. First, the maximum curvature distribution of the ESHaLE model
and LEO models are close to each other regardless of changes in scour depth, implying that
the stress history effect has a linditerfluence on the lateral behavior of the vertical
element. Second,ué tothe layered effect, the maximuncturvaturedistributions of the
ESHaLE and LEO models begin to deviate from the UMD model from a scour depth of
3m onward. The maximum curvature distition changes by decreasitige relative
curvatureat the top of the column and the portion below the mudline level for the ESHaLE
and LEO models compared with the UMD modéiis is because of the redistribution of
forces along the pile since the chang solil stiffness influences the structural member's
deformation. Third, the largest maximuwurvaturedemandalways occus in the UMD

model due to the stiffer soil model without accounting for the layered soil effexigh,
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the magnitude of the maxum curvature distribution for all three cases decreases as scour
depth increases due to the lengthening of the structural period and reduction of seismic
force attracted. In addition to the maximum curvature distributions, Figure 47 presents
hysteresis lops at the top of the bridge column where maximum curvature occurs
considering the three different models. Figure 47 shows both transverse and longitudinal
momentcurvature responses of the column. The results are consistent with those from

Figure 46, showig inelastic behaviors and the largest curvature value in the UMD model.
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Finally, the horizontal displacement of the deck is also evaluated. Excessive

displacement of the deck at the seat abutments could lead to unseating of the bridge deck.

For brevity, the timehistory responses of the bridge deck for only two levels of saur

5m and 9m are shown in the transverse (Figures 48(a) and 48(b)) and longitudinal (Figures

48(c) and 48(d)) directions, respectively. From Figure 48, one observes that first, there is

only a small difference in terms of maximum displacement exhibiteshgrhe three soil

models, especially in the longitudinal direction. Second, the lower scour level (i.e., 5m)

leads to a higher displacement demdhdn the higher scour level (i.e., 9m) in the

transverse direction. This is due to the increasing strucpaabd with scour depth,

decreasing the attraction of seismic force at higher scour levels. Third, a residual



displacement is observed from fttheck's timehistory responsm the transverse direction,

with the UMD model resulting in a higher residualpiitscement than the other two models.

The authors have found that the difference of residual displacement among the three
models is due to several factors, including characteristics of the ground motion, soil
modeling, and scour level after investigating tbridge deck's residual displacement
considering multiple ground motions. The next section provides an assessment of the three

soil models considering multiple ground motions using fragility analyses.
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4.2.11 Fragility assessment of bridges with layeredss

A total of 59 ground motions with two horizontal cpoments and one vertical
component are considered for fragility assessment. The ground motion suite is chosen from
the PEER databasd3dker et al 2011, and the spectral accelerations for all three
components are shown in Figure 49. Note thattineentstudy only focuses on uncertainty
in ground motions with the assumptidimat the same uncertaiets existbetween the
proposed and existing models because the goal of the study is to present a new soil model
(ESHaLE) that is capable of capturing the intpafcstress history of the layered soil in
both lateral and vertical directions. The uncertainties associatedheisbil profile, e.g,
layer thickness, soil compositipatc, as well asuncertainties in theoil properties will
influencethebridgefragility assessmenHowever, these analyséscluding the effects of
uncertaintiesare outside the scope of the current stadg wouldbe an interesting topic

for future studes on bridge performance
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Figure 49. Spectral accelerations of ground motion suite for (a) horizontal component one, (b)
horizontal component two, and (c) vertical component

Here, aalytical fragility curves are computég running a series of nonlinear time
history analyses on deterministic bridg&everal previous studies have adopted this

methodology for fragility assessmer@hoi et al., 2004Nielson andDesRoches, 2007a,
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2007b; Padgett, 2007; Zhang et al., 2819he uncertainty considered in this fragility
assessment is in a variation of ground motidige column fragility is expressed as the
probability of exceeding some damage state for a specific intensity measure. This
probability of failured can be expresdeas a function of parameters of the capacity and
demand variables assuming both follow a lognormal distributioshas/n in Equation

(61).

(61)

B O is the standard normal cumulative distribution functidhand™Y are the median

parameters for the demand and capacity distributions, respectively, and, are the

lognormal standard deviation of the demand and capacity distributions, respectively.
Following the previous section's findings, the engineergmgahd parameters are

selected to be theolumn's vertical displacement and curvature ductifty the ESHaLE

model results in a reduced curvature demand compared with the UMD model, as shown in

Figure 46, column curvature is expected to yield a decreasgdture demand compared

with the UMD model. The stress history of layered soils has a less significant impact on

the curvature demand due to a large portion of bridge lateral stiffness contributed from the

abutments. In terms of lateral bridge perfornggreccurvature ductility () value of 12 is

selected to be a threshold value to describe the column's flexural failure due to buckling of

the longitudinal reinforcement in pe$®90s bridge design®k&manathan et al., 2012

Note that the bridge colunnshear failure is not considered in this study as it is less likely

to occur for this bridge type where the column and pile shaft share the same cross section.

Increasingthe unbraced length due to scderads to darger shear span to depth ratio,
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which could increase flexural cracking and reduce shear strength (Sedéhoehle,
2004). However, the reduction of seismic demand due to scour for this bridd&goe
et al., 2019b) decreases the probabditghear failure.

In terms of the perforance of the bridge deck, bridge deck deflection limits are
considered. AASHTO (2012) defines a serviceability limit of L/800 for the bridge deck
deflection. Assuming the bridge deflection limit goes beyond the serviceability Insit, t
study uses L0 asthe fragility assessment threshol@his value is selected based on
previous studies of bridge inspectiof®oeder et al., 2002)n that study, the largest
deflection measured among inspected bridges after applyB®2044 standard truck
loadingwas acritical deflection of L/264 in theenterspanas experienced by théS-50
bypassbridge As such a similar valuas usedas a benchmark to evaluate the bridge deck
deflectionunder a larger loadingNote thatother limit states can also lmhosen. For
exanple,the bridge deckan bemodeled with nonlinear elemerits capturethe bridge
deck's nonlinear behaviandan instance of material failure (i.erushing of concrete or
buckling of reinforcement)Such limit states can kiefined, and the propose®&HalLE
method can be applied for analysis without loss of generality.

Fragility curves for column lateral performance are shown in Figure 50 for 1m, 3m,
5m, 7m, and 9m scour depths. Based on the results, the failure probabilities obtained from
all three modls are consistent with the results presented previously. The results show the
following: first, as scour levels increase, the probabilities of exceeding the collapse damage
state for all three models decrease. This is because, for this bridge typmdirel ief soll
springs due to scour lengthens the fundamental period of the bridge, reducing the seismic

demand (e.g., the curvature ductility demaaddl acting as base isolationthe presence
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of a more flexible foundation systerhis phenomenon is alsabservedn Wang et al.
(2014). The decreasen failure probability can alsbe due to theharacteristis of the
selected bridge typén contrast tdnaving arelatively flexible connection (i.eelastomeric
bearing) betweerthe bridge deck and columrnthe integral connection enables the
superstructure and substructure to act as a whole and reitedotumnfrom displacing
excessivelyunderscour conditionsA different soil type could also influence the bridge
response by providing differestiffness in the presence of scadecond, the results show

that the UMD model yields the highest failure probabilities among the three models across
all scour levels. This is because the UMD model produces stiffer soil springs since it is
accompanied by higher value of lateraksistance, as shown in Figure, 4ftracting a
greater seismic demand. Third, by comparing the fragility curves between the ESHaLE and
LEO models, the impact of stress history is more influential at low scour levels (e.g., 1m)
with a slightly higher failure probability from the LEO model because the low scour level
is accompanied by the attraction of a higher seismic force. The impact of the stress history

of layered soils on lateral bridge performance is minimal at higher soaels]
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Figure 50. Probability of exceeding flexural failure of bridge column using the three soil models for
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Figure 51 presents tlteemand distribution of bridge deck deflections as a function

of peak ground acceleration (PGA) for 1m, 3m, 5m, 7m, and 9m sour levels after

performing 59 nonlinear time history analyses for each scour depth. Figure 52 summarizes

the mean values from Figubd and shows that the proposed model exhibits the highest

deflection among the three models. There is a maximum increase of 16% and 8% for the

ESHaLE versus UMD models and the LEO versus UMD models, respectively. The

ESHaLE model results in a larger inase in the mean value of the deck deflection because

as scour depth increases, the contribution of side friction reduces due to the remaval of t

springs, which in turn increases the contribution of the tip resistance. As a result, based on

Figure 36, theeSHaLE model has lower resistance at larger scour depths than the other

models.
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Figure 51. Maximum vertical displacement of bridge deck versus PGA for (a) 1m, (b) 3m, (c) 5m, (d)
7m, and (e) 9mscour depths
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Figure 52. (a) Mean deflections of bridge deck versus scour depth and (b) percent increase between
the ESHaLE and UMD and LEO and UMD models

Fragility curves for vertical displacement of the column are presented in Figure 53
for 1m, 3m, 5m, 7m, and 9m scour depths. The fragility assessment results are consistent
with the componenlevel column vertical displacement responses presented in Efure

When the scour depth is less than 5m, the LEO model results in a higher probability of
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exceedance as the sand layer's stress history effect increases the soil's vertical resistance.
However, when the scour depth is 5m or larger, the ESHaLE modek yaetligher
probability of exceedance. Figure 54 presents the probability differences among the three
soil models based on the results shown in Figure 53. Figure 54(a) gives the probability
difference between the ESHaLE and LEO models, with a maximum plitbdifference

of around 25% at 9m scour depth. Figure 54(b) gives the probability difference between
the ESHaLE and UMD models, with a maximum probability difference of around 46% at

9m scour depth. Both Figures 54(a) and 54(b) show that the impacdwding the stress

history effect in bridge vulnerability assessment is magnified and becomes more critical as

scour depth increases.
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Figure 53. Probability of exceeding L/250 deflection of bridgedeck using the three soil models for (a)
1m, (b) 3m, (c) 5m, (d) 7m, and (e) 9m scour levels
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Figure 54. Probability differences between ESHaLE model and (a) LEO model and (b) UMD model
in terms of probability of exceeding L/250 deflection threshold
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4.2.12 Conclusions

This study proposes a new methodology called the equivalent stress history and layered
effects (ESHaLE) approach to account for stress history in soil profiles with multiple
layers, including sandy and cky soils. The theoretical basis dhe ESHaLE model
consists of two main aspects. First, the impact of stress hst@yils’' behavias captured
based ommass conservatioassumingageneral scour scenario. Second, to accommodate
layered soils’ uniqueharacteristicsthe layered effect is also included in the ESHaLE
model based on conservation of strerfgtithe lateral response and continuity of effective
vertical stress for the vertical respon§he conservation of mass and the conservation of
strength are used to find equivalent layers and corresponding equivalent layer depths, scour
depths, and soil properties for vulnerability assessment of scoured bridges. The
methodology is verified through comparison with both existing models and experimental
tests. ESHaLE is evaluated on an example soil profile and implemented on a laterally and

vertically loaded pile for static analysis and a-fulidge structure for dynamic analysis to



assess seismic vulnerability under scour conditions. Three soil navdetempared: the
proposed ESHaLE model that can capture both the stress history and layered soil effects,
the LEO model that includes the layered effect only, and the UMD model representing the
unmodified soil model and ignores both the layered and dtisgsy effects. The main
findings based on the results from the single pile test and the seismic vulnerability analyses

of the bridge considering the three soil models are as follows:

1 The laterally and vertically loaded pile results show that the ingiattess
history on the pile's lateral response increases as scour level increases. For the
vertically loaded pile, using the proposed ESHaLE model results in the largest
value of axial displacement among the three models with a maxisarof 35%
compaed to the LEO model due to stress history effects on the structural
response.

1 Fromthe results frona selected ground motipan increase of up to 10% and
16%in columnvertical displacemens observedising the proposed ESHalLE
model compared with theEO and UMD models, respectivelymportantly, as
scour depth increasesertical columndisplacemerst obtainedrom using the
ESHaLEmodelareamplifiedcompared tahe values from the LEO &wMD
modesb.

1 From the fragility assessments for the flexurduf& of the bridge column, the
failure probabilities obtained from implementing the proposed ESHaLE model
compared with the LEO model show the impact of stress history is more
significant at low scour levels due to the attraction of higher seismic force in

comparison with results for higher scour levels.
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1 Fromthe fragility curves usingthe ESHaLEsoil modelresults in @25%and46%
higher probabilitythat thedeflectionof the deck willexceedan L/250threshold
in comparison withthe LEO and UMD modelsrespectively. The increase in
estimated exceedance probability increasescour depth increases.

1 Taken together, these findings show the importanamjpiementing a modeling
approach as proposed with ESHaLE ihatudesthe effect of soil stress hisio

to assess the vulnerability of scoured bridigpelsiyered soils

4.3 Subtopic No.3 (Part 2)

4.3.1 Background and relatedark

For studies regarding the impact of soil stress history, Lin et al. (2010, 2014a)
investigate the effect of stress history on latbeddavior of piles under scour conditions in
sand and soft clay, respectively. Liang et al. (2015) perform a buckling analysis of bridge
piles in the presence of scoupnsidering the impact of stress history in soft clay. Zhang
and Tien (2020) present athodology to account for the impact of stress history in layered
soils in the risk assessment of scoured bridges. For studies regarding the impact of scour
hole dimensions, Lin et al. (2014b, 2016) propose a simplified method to account for the
effect of scourhole geometries on laterally loaded piles through an equivalent wedge
failure model in sand and soft clay, respectively. Later, Lin (2017) studies the loss of pile
axial capacities in the presence of scour considering $mlardimensions based on

Boussinesg theory. Zhang et al. (2016) and Liang et al. (2018) investigate the combined



effect of soil stress history and scdwle geometries on the lateral performance of piles
in clay.

Among the literature above, a comprehensive approach to acooth tombined
effect of stress history and sceuwrle dimensions for both clay and sand on the behavior
of foundation piles is lacking. In particular, existing studies focus on the impact of the soil
effect on the lateral performance of piles while igngrthe impact on the axial
performance (i.e., settlement) of the pileshia presence of scour. This styahgsents a
methodology to combine the effects of soil stress history and -bodeirdimensions to
more comprehensively model sesiructure interawn in both sand and clay. The
combined effect is captured through updating the parameters of the nonlinear soil springs
(e.g., py, t-z, and gz springs) in both the lateral and vertical directions. For the first time,
comprehensive verification of thegposed generalized approach for modeling laterally
and axially loaded piles in sand and clay subject to scour is provided.

The rest of the studys structured as follows. The next section introduces
background on the effects of soil stress history andrdeole dimensions for both sand
and clay. The proposed methodology that combines these two soil effects is then presented.
Derivations of the relationships updating the soil parameters in the presence of scour are
provided. The following section provideslidationsyerifications and multiple analyses
of laterally and axially loaded piles with and without considering soil effects in sand and
clay. The proposed method validatedthrough comparing the pile deflection response
using the proposed approachthvimeasured results from field testsd is verified with
existing numerical models considering either individual or combined soil effecksr

scour scenariosAnalyses show the impacts of including soil effects in estimated pile
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responses. The last paftthis section demonstrates the ability of the proposed method to
capture the combined soil effect with lesettlement curves in the presence of scour,
showing the importance of including these soil effects in the estimation of structural
responses undscour.

To conduct nonlinear time history analyses and explicitly account festsodture
interaction within tractable computing times, a dynamic beam on a nonlinear Winkler
foundation or dynamic-y method is adopted (Boulanger et al., 1999; Waray. £2014).

The soitstructure interaction is modeled via three nonlinear springs ({ye.t-p, and gz

springs) to simulate lateral, frictional, and bieg responses shown in Figure 41(b) in the
previous subtopticThe nonlinear interaction betwedretsoil and structure consists of
elastic, plastic, and gap components in series (Boulanger et al., 1999). The nonlinear
backbone curves and corresponding ultimate resistances for sand and clay implemented in

this study are based on the literafae show in Table b.

Table 15. Nonlinear backbone curves for sand and clay

Sand Clay
Soil parameters

p-y curve A.P.l. (2000) Matlock (1970)

Ultimate lateral resistancé ( ) Reese et al. (1974) Matlock (1970)
t-z curve Mosher(1984) Reese and OO6N

Ultimateunit shaftresistance”Y )  Tuma and Reese (197 Tomlison (1992)
g-z curve Vijayvergiya (1977) Reese and OO6N

Ultimate bearing resistancg ( ) Meyerhof (1976) Terzaghi (1943)
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4.3.2 Effectof stress history

The deposition of soils can be considered as a loading process, while the removal
of soil due to scour can be considered as an unloading process. As a result, the remaining
soil experiences a new stress state, quantified by the increaseowktrconsolidation ratio
(OCR) or ratio between the previous maximum stress and present stress. Lin et al. (2010,
2014b) have investigated the effect of soil stress history on the soil properties of
cohesionless soils and cohesive soils. For cohesiostgiss(i.e., sand), soil parameters
such as friction angle, effective unit weight, and modulus of subgrade reaction can be
modified due to the change of stress state after scour events. For cohesive soils (i.e., soft
clay), undrained shear strain and efiiee unit weight are influenced by the effect of stress
history before and after scour events through the OCR and scour depth. Further details on
soil property changes due to stress history effects in cohesionless and cohesive materials
are shown in igures 70 and 7in the appendix, respectively. These studies focus on the
influence of stress history on a single pile in the lateral direction while the influence in the
axial direction is neglected. In comparison, Zhang and Tien (2020) have investigated the
influence of stress history of layered soils on single piles in the axial direction through
accounting for the change of parametersimt shaftand bearing resistance due to the
change of stress state after scour events. Both lateral and axial effextiagidered in this

study.
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4.3.3 Effectof scourhole dimensions

One of the common practices in modeling scour is to neglect the effect of the shape
and geometry of a scour hole. However, the stale dimensions influence the behavior
of piles in botithe lateral and vertical directions. Lin et al. (2014a, 2015) have investigated
the effect of scouhole dimensions on lateral behavior of a single pile for cohesionless and
cohesive materials using an equivalent wedge failure nsjamiin in Figured(b). This
simplified method accounts for the change of lateral soil resistance by considering the
weight of the soil wedge above the failure plane and its interactions with the structure and
soil. On the other hand, for the effect of sehale dimensions on ¢éhaxial response of the
pile, Lin (2017) has proposed a clodedn solution for the additional vertical stress due
to scourhole geometry by integrating Boussinassgnalytical solution. Lin (2017) applies
the approach to sands but not to claythasindrained shear strength of clay is irrelevant
to the stress change. Further details on the effect of-bobeidimensions in cohesionless
and cohesive ntarials are shown in Figures 72 andii3he appendix, respectively. In
this study, the effect of scotmole dimensions on the axial response with clayey soil is
considered by modifying a dimensionless facto), (which is a function of effective
overburden pressure and directly relates to the skin friction capacity of cohesive soils. This
approach is desbed further in the proposed methodology section. The parameters
defining the scouhole dimensions are shown in Figd{a)with scour depth, scour width,
and slope angle. For a typical bridge, scour leW) ¢an range from 0.5m to 15m, but
most obseved scour depths (i.e., up to 41%) range from 0.5m and 5.0m (Lin et al., 2014c);

scour width {Y ) has been approximated as twice the scour depth (Richardson and Davis,
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2001); the value of slope angte}depends on the bed material and is approximatpial
to the angle of repose of the surrounding soils (Richardson and Davis, 2001).

Zhang et al. (2016) have proposed a methodology to compute lateral resistance of soll
numerically considering both scebole geometry and possible changes of stress due to
scour in soft clay with the aid overthisnt egr a
methodology only applies to cohesive material, and the study does not investigate how

scourhole geometry and stress history impact the vertical resistanice swil.

4.3.4 Proposednethodology

This studyproposes a generalized approach to account for the effects of soil stress
history and scodhole geometry for both cohesive and cohesionless soils. In addition, the
framework considers impacts on soil resistance in both lateral and vertical directions. In
the proposed model, for given soil properties and sbole geometry, the effect of sceur
hole geometry is first captured through computing an equivalent depth based on an
equivalent wedge model at a point of interest. Next, the mechanical propettiepaint
of interest after scour events are updated as it undergoes a new stress state. With the
equivalent depth and updated soil property values, the key parameteds (iiadicating
ultimate lateral resistan@nd0  indicatingultimateend bearing resistanctor the py
curve and e curves are obtained. Simultaneously, the total vertical effective stress which
includes soils above as well as the additional stress induced by the overburden pressure
due to scouhole geometry is computdaly integrating Boussinesgpoint load solution.

With the values of total vertical effective stress and soil properties at the point of interest,

the soil ultimateunit shaftresistance’YY ) is obtained for the-z backbone curve. Figure
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3 presents flowchart that summarizes the steps to obtain the key soil parametebs (i.e.,
0 ,and’Y )in modeling the soistructure interaction under scour. Notattthe process
shown in Figure 5appliesto both cohesive and cohesionless mate with corresponding

nonlinear backbone relationships.

Integrate
Boussinesq's
solution

v HObtt.a'” tm?' | Obtain updated Compute
P elieciive vertical ) soil properties »| paramters for t-z
stress
Obtain updated Compute
sail properties » paramters for -z

-

Obtain modified ¥ Obtain updated Compute

+= depth of interest *|  ooil properties [ paramters forpy
spring

A

Scour-hole
geometry and soil
properties

Apply effect of
stress history

Y

Apply
equivalent wedge
model

Figure 55. Flowchart of the process to compute parameters of soil resistance

Specifics for calculating the soil resistance parameters now follow. For
cohesionless soilg.g., sand), calculating ultimate soil lateral resistance)(begins with
considering a wedggype failure near the surfacé () and plane strain failure well below
the ground surfaced( ) as shown in Equatiof62a) and Equatior(62b) (Reeg et al.,
1974). In all equations that follow, the variables with subscriflandi ‘M indicate that
they are affected by the effect of the soil stress history and -boteirdimensions,

respectively.
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& is the distance between the ground surface and point of interest, and it is an equivalent
depth determined based time failure-wedge modelf is effective unit weight} is
passive failure angle; is angle defining the shape of the failure wedgeis theminimum
coefficient of active earth pressui®;is the diameter of the pile) is the coefficient of
lateral earth pressure at re%t; is friction angle. Ultimate skin friction resistanc¥ () is
a function of effective totalertical stress,( g&as shown in Equatidi3) (Tuma and

Reese, 1974)

Y 0 OA¥% , ® (63
where, as computed as in Equation (6d)n, 2017).
N R A L
, fap OALM ?A+ “Y " (64)

The parametery, Y and—are asdefined in Figured(a). Equation(65) presents an

equation for computing the ultimate end bearing resistance (Meyerhof, 1976).

0 o, e (69)
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0 is bearing capacity factor, which is a function%f and0 ; , aas effective
vertical stress, and it is assumed to be invariant of depth andtsmleudtimensions as it is
usually located well below the mudline level.

Calculating the soiparameters for cohesive soils (e.g., clay) follows a similar
approach as for sand but with different nonlinear backbone curves and corresponding
equations for the ultimate resistance parameters. The procedure starts with determining the
equivalent depthd( ) based onthefailure-wedge model, which accounts for the effect of
scourhole geometry. Ultimate lateral resistance is then computed based on the smaller of

the two values shown in Equati¢s6) (Matlock, 1970).

- Co ro, 0, v s w
0 | ETo ——a & 6 o6had O (66)
0 0
0 is theundrained shear strength of soft glagdvis a constant witlavalue set to be

0.5. The ultimate skin friction resistance of clayletermined according tquation(67)
(Tomlison, 1992).

Y | o O (67)
| o s adimensionless factor with the constraint of being not greater than 1, and it is
affected by both soil stress history and sedoole geometry through parametebased on

A.P.l. (20®) as shown in Equatiorié8a) and (68b)

| o ™ 8h (68a)
| o ™ 8h r p (68b)
where
5
L (68c)




Thus, the skin friction resistance of cldy () is influenced by both sadtress history and
scourhole dimensions. Finally, the etearing resistanced( ) of clay is based on
Terzaghi 6s b theony i(Tergaghc a9 3, cwitht thie ation simplified to
Equation (693lue to the characteristics of cohesive soilspiles.0 is the crossectional
area of the pile.
5 b b (69
Tablesl6, 17, and18 summarize the methodologies to compute ultimate resistance for

cohesionless and cohesive soilsfor, Y , and0 , respectively.

Table 16. Methodologies to obtain|k, « <

Soil stress OCR approach OCR approach
hi (Equation 62 and Figure0) (Equation 66 and Figurgél)
istory
Equivalent depth approach Equivalent depth approaetith
Scourhole with failurewedge model failure-wedge model
dimensions (Equations 62 and Figure 72 (Equation 66 and Figure Y3

Table 17. Methodologies to obtair|s « <

Soil stress OCR approach OCR approach
history (Equation 63 and Figurg) (Equation 67 and Figurél)
Analytical solution approach Analytical solution approach with
Scourhole with Boussine:« Boussinesqgbs ¢
dimensions (Equations 63 and 64) (Equations4, 67, and 68)
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Table 18. Methodologies to obtain|Fy « <

Soil stress OCR approach OCR approach
history (Equation 65 and Figure 70) (Equation 69 and Figure 71)

Scourhole -* -*

dimensions

Note-*: Scourhole dimensions do not influence ebéaring capacity due to the depth in this study

The novelty of the proposed approach is to combine all soil effects in the updating
of soil parameters due to scour, for both cohesive and cohesionless soilbathdateral
and vertical directions. Results provided in later sections show the importance of including
these combined effects of soil stress history and doolerdimensions in the assessment
of scoured bridges. The following section presents comperibetween the proposed
model and other soil models and experimental tests for verificatidwvalidatiorin terms

of multiple response parameters for a selected spitgestructure.

4.3.5 Analaysis of thg@roposed rathodology

The proposed framework is implemented in the egmurce finite element platform
OpenSees (Mckenna, 1997), with the-stilicture interaction modeled as shown in Figure
41(b). The validationand verificationfocuses on the response of laterally and axiall
loaded piles in sand and cld@yable 19gives the details in terms of analysis type, soil type,
field tests, and numerical models found from the existing literature. The numerical result
from the proposed model is firgalidatedwith experimental fieldest data for both lateral
and axial responses without considering scour eventsvahiationactsasa benchmark

to ensure the proposed model vyields reliable results before considering the scour
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phenomenon. Next, after an extensive literature revisvexaerimental tests of laterally

and axially loaded piles in the presence of scour are scarce, the authors use existing
numerical results twerify the proposed framework considering scour. The numerical
models for sand are selected from Lin et al. (2@D0.4b), which account for the effects

of stress history and scebole dimensions, respectively, in the presence of scour. Lin et
al. (2014a, 2015) focus on effects of stress history and-$adeidimensions, respectively,

for a laterally loaded pile inlay. The numerical response considering the combined effect

of stress history and scebiole dimensions from Zhang et al. (2016) is also compared with
the proposed model forerification Note that numerical results for axially loaded piles
considering sour do not exist in the literature and are unavailable for compardson

shown with a dasm Table 19

Table 19. Summary of validation of the proposed framework

Soil Type Field Tests Numerical Models
Analysis Type Without Scour With Scour
Laterally Loaded Sand Cox etal., 1974 Lin et al., 2010, 2014b
Piles Clay Reese and Van Impe, 2001 Lin et al., 2014a, 2015
& Zhang et al., 2016
Axially Loaded Sand Briaud et al., 1989 -
Piles Clay O'Neill et al., 1982 -

4.3.6 Laterallyloaded piles underceur conditions

The laterally loaded pile field test in sand is performed in a modified soil profile
from Mustang Island, Texas (Cox et al., 1974), reported to be ungoaded fine sand.
The propertiesfahe sand are listed ifable 20 The geometries of the pile and the applied

load {0 ) areshown in Figure 5@). The moment of inertia and elastic modulus of the pile
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is 8.1x 10% m* and 2.0x 10® kN/m?, respectivelyFigure 5b) shows the ground line

deflection versus laterally applied load at the pile head without considering scour. The

displacement curves fone measured data and values obtained from the proposed model

track closelywith amaximum displacement differencé h58nm. The difference can be

attributed to the estimation of the soil parameters emgirical equationsised in the

numerical modeling such &se py relation.

Table 20. Sand properties in Mustang Island (Cox et al., 1974)

Effective unit

Critical weiaht Relative density Maximum Minimum Specific
friction angle (kN /?n3) (%) void ratio void ratio gravity
)
70 (depth < 3m)
28.5 104 90 (dept 1.0 0.598 2.65
Py
T — ~Mudline level
0.31m 7—%@“ /Hcline feve O e Memures (Coxetal, 1974)
,r \\ 160 Computed (Proposed model) -
140 L .
- 120 ” - ‘ -
g 100 Rt
21m % 50 ’4'
Sand T ’
40 f’
&
20
DD 5 ‘IID ‘1‘5
- Z Lateral displacement, mm
—+0.61m
(a) (b)

Figure 56. (a) Laterally loaded pile in the sand and (b) deflection at the ground line versus laterally

applied load for measured data and computed result without considering scour

For scour scenarios, due to the scarcity of existing experimental data, the authors

choose to venf the proposed model with results from existing numerical models. Figure
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57 presentsa comparison of the proposed approach with the results from Lin et al. (2010)
for 3m scour depth'Y) and 39 slope angle-. As opposed to Lin et al. (2019model,

which only considers the effect of stress history in sand, the proposed model is capable of
capturing the impact from scotiole dimensions. The results for the proposed model
shown in Figure % consist of three different values of bottom scour width)( 0, O

andHb. Ois the diameter of the pile with a value of 0.61m. Scour width of equivalent

to neglecting scoudhole dimensions. From Figur&/ 5ss the scour width increases, the
magnitude of the lateral deflection also increases as the impact from thehskour
dimensions decreases. The case of bottom scour width edtdbtahe proposed model

is closest to the Lin et al. (2010), which neglebts effect of scouhole dimensions and

only accounts for the effect of stress history in sand. The discrepancy between Lin et al.
(2010)s model and the proposed model withinfinite value of scour width is mainly due

to the use of different-g relaions in the lateral soil spring.

For comparison, Figure §8ovides theesults from Lin et al. (2014hyvhich only
considers the effect of scebiole dimensionswith those fromthe proposed model for a
scour depth of 3®, bottom scour width of 0, andogle angle of 39 The proposed
approach includes both scelwle dimension and soil stress history effedise stress
history effect slightly reduces the effective unit weight, relative denaitg modulus of
subgrade reaction of the remaining sand. H@wsethe unloading processith scour
increases the friction angle and censolidation ratipwhich has agreater impact on the
lateral resistance of sand resultingncreagdsoil lateral resistanc@herefore, a reduced

lateral deflection is expedewith the inclusion of stress history effectie results in
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Figure 58 show this witlthe proposedmodel yieldng smaller lateral deflectianat the

ground level due to its ability to include the effect of stress lyistor
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Figure 57. Comparison between numerical models of deflection at the ground line versus laterally
applied load with scour depth of 3m in sand
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Figure 58. Comparison between numerical models of deflection at thground line versus laterally
applied load with scour depth of 3>, scour width of 0 and slope angle of 39n sand

To investigate the impact of including soil effects in the analysis of laterally loaded
piles in sandFigure 59shows a comparison of estted pile deflection versus laterally
applied load, with and without considering the combined soil effect under varying scour

conditions. The combined soil effect is indicated with an abbreviatids.ef. Several
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observations can be made basadthe esults shown in Figure 5%irst, an increase in

scour depth increases the flexibility of the pile in sand with a larger scour depth leading to
larger values of pile lateral deflection. Second, the combined soil effect incredsesrtie

soil resistancereducing the deflection in comparison with not considering soil effects for

a given value of applied load and scour depth. Third, the impact of the combined soil effect
increases as scour depth increases, as observed by the increasing differencethetween
solid line and dashed line as scour depth increases. In summary, not considering soil effects

could lead to an overly conservative design in terms of thalat=mponse of a pile in sand.

- == Measured [Sd=0}
— Proposed [Sd:U)
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20 40 60 80 100 120
Lateral displacement, mm

Figure 59. Comparison of deflection at the ground line versus laterally applied load withand without
considering combined soil effect under varying scour conditionis sand

The field tests for laterally loaded piles in clay are in a soft clay profile near Austin,
Texas. The soil properties are summarized in TAbknd categorized as fat clay based on
the Unified Soil Classification System. The swelling index is estimatqurieadly as 1/5
of the compression index (Kulhawy and Mayne, 1990). The distribution of undrained shear
strength was measured by Reese and Van Impe (2001) with values plotted in3Bigure
The parameters of the pile are obtained from Reese and Van 16419 (@ithalength of

12.8m,anouter diameter of 0.319m,thickness of 0.0127nma moment of inertia of 1.44
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x 10*m? and elastic modulus of 218 GHagure 6@a) shows the geometry of the pile,

and Figure 6(b) gives a comparison between the proposedetresult and experimental
data in terms of pile head deflection versus laterally applied load without considering scour.
The two results follow a close trend, with an average percentage difference of 14%. While
no scour is considered in the experimetgat, the comparison provides a benchmark for

further study of the proposed model under scour conditions.

Table 21. Properties of soft clay near Lake Austin, Texas

Strain at .
. . . Effective
Effective Water Compression Swelling half of friction
unit weight  content (%) index index maximum angel 0)
stress 9
44.5 0.38 0.076 0.012 20
. Ph —fo'osm .J__.—Mudline level 120
100 L -~
- < -
= 80 - -7
i y
12.8m = 60 . %
Soft clay = a0 /
’l
20 S
L4 = = = NMeasured (Reese and Impe, 2001}
l ‘ — Computed (Proposed method)
- .é DD 10 20 30 40 50 60
—+0.319m Lateral displacement, mm

(@) (b)

Figure 60. (a) Laterally loaded pile in soft clay and (b) deflection at the pile head versus laterally
applied load for measured data and computed result without considering scour

Figure 61presents a comparison of the pile head deflection versus laterally applied
load between Lin et al. (2014:)model and results from the proposed model with scour
depthof 10X0O, whereQOis 0.319 m, which is also the diameter of the pile. Results for the

proposed model for a slope angle of 40° and bottom scour width of(,dsw Hs are
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shown.The scour width ofb indicatesthe impact of scodnole dimensions is neglext.
As a result, the result from Lin et al. (2014a) that captures only the effect of stress history
yields the same result as the proposed model for scour widih biote that both the
proposed model and Lin et al. (2014a) adopt the saynewpve (Matlok&, 1970). In
comparison, for the other curves, the proposed model considers both the effects of stress
history and scoudhole dimensions. FrorfRigure 61 the effect of scodhole dimensions
increases the lateral resistance of clay, leading to an increpse head deflection as the
bottom scour width increases from OH®

Figure 62presents a comparison of deflection between three different numerical
models under scour depth of®xscour width of Om, and slope angle of 40°. The numerical
result fromLin et al. (2015) captussonly the impact of scotnole dimensions. In
comparison, both numerical results from Zhang et al. (2016) and the proposed model are
able to account for the combined effect of stress history and-Botridimensions in clay.
As shown in Figure 62the soil stress history reduces the lateral resistance of clay,
increasing the pile head deflection. The Zhang et al. (2016) and proposed models track
closely with the proposed model yielding a slightly more conservative result. Teasacr
in pile head displacement estimated in clay when the combined stress history and scour

hole dimensions effects are considered differs from the effect observed in sand.
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Figure 61. Comparison between numerical models gile head deflection versus laterally applied
load with scour depth of 10 in soft clay
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Figure 62. Comparison between numerical models of deflection at the pile head versus laterally
applied load with scour depth of 6>, scou width of zero and slope angle of 4%in soft clay

Figure 63investigates the soil effect as a function of scour depth, showing the
estimated deflection versus laterally applied load with and without considering the
combined soil effect under varying seaonditions in soft clay. The observations made
from Figure 63are as follows. First, as scour depth increases, the lateral load resistance of

the clay decreases, leading to larger deflection values. Second, accounting for the combined



soil effect leadsa increased estimated pile head deflections. However, unlikesés

shown in Figure 59or sand, the combined soil effect in clay does not appear to be
amplified as scour depth increases. This is because unlike in sand, there are counteracting
effectsin clay. The influence of stress history in clay is counteracted by the influence of
scourhole dimensions as scour depth increases. Third, as including soil effects leads to
larger estimated deflections, the impact of stress history is the dominatiogifeciay in
comparison with the impact of scelole dimensions across varying scour depths. This
phenomenon is observed from the differences in estimated pile head deflection values

between the dasheahd solid lines in Figure 63

1201
100
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a0 - = = Measured [Sd=0}

Proposed [SU:D}
Sd:1m & S_N:FJD (with s.e.)

Lateral load, kN
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e 5 =3M & §_ =50 (with s.e.)
- A _Sd:Bm (wiose)

20

i] 50 100 150 200 250 300 350 400 450
Lateral displacement, mm

Figure 63. Comparison of deflection at the pile head versus laterally applied load with and without
considering combined soil effect under varying scour conditions in soft clay
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4.3.7 Axially loaded piles undercsur conditions

This sectionexamines the pile axial behavior. The goal is to illustrate that the
proposed method is capable of predicting the settlement of axially loaded piles under scour
conditions considering the combined soil effect. The field test of axially loaded piles in
sandis reported by Briaud et al. (1989). The soil is made of a hydraulic fill with clean sand
with a shear modulus of 38.3 MPa, friction angle of 35°, and dry unit weight of 15.2kN/m
As shown in Figure @4), the closeend steel pile with a diameter of 2Wm and a wall
thickness of 9.3mm is driven to a depth of 9.15m below the mudlithe 8and. The steel
pile has a Young modulus of 2.1xFMPa.

From Castelli and Maugeri (2002), a linearly increasing unit skin shaft capacity
ranging from 0 at the muidle level up to 45 kPa at the pile base should be used for the
numerical model. The analysis of the axially loaded pile is performed in OpenSees, with
the loadsettlement response plotted in Figi4(b). The measured experimental data
along with computediumerical data from Castelli and Maugeri (2002) and the proposed
model without considering scour are shown. The proposed model tracks both the
experimental and previous numerical results closely, with an average percentage difference
of 17.2% and 11.6% copared with the experimental data and numerical data from Castelli
and Maugeri (2002), respectively. The validation shown in Figi#®) serves as a

benchmark for further study of the pile response under scour conditions.
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Figure 64. (a) Axially loaded pile in the sand and (b) settlement at the pile head versus axially applied
load for measured data and computed results without considering scour

Before computing the response of the axially loaded ypilder scour conditions
with the proposed method, several assumptions need to be addressed. The slope angle and
relative density are taken as 35° and 55%, respectively, for medium dense sand, and the
critical friction angle is taken to be 28.5°. The effeetunit weight of sand is back
calculated based on the valuetioé dry unit weight of 15.7 kN/rhand assumed specific
gravity of 2.65, which gives a value of 9.78 kN/rRigure 65gives the loagsettlement
curves for varying scour depths and two differesiues of bottom scour width with and
without considering the combined soil effect. Scour depths vary fr@dt@8xO with the
value ofO equal to 0.273 nFigure 65(a) and Figure @9 give results for a bottom scour
width of 0 and 15®, respectivelyFromFigure 65 as scour depth increases, the ability of
the soil to resist a vertical load decreases, leading to increased pile head settlements.
Comparing Figure 65(a) and Figure(Bph the scour width has a significant impact on the
vertical behaviorof the pile. As the bottom scour width increases, considering the

combined soil effect leads to a significant increase in the settlement expected under an axial
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load. This is because by increasing the scour width, the verticatéreying capacity is
reduced inthesand as the scotmole geometry provides additional vedlistress as shown

in Equation(64), which in turndecreaseshe vertical resistance itne sand.Figure 66
further investigates the impact of scour width, showing-eettiement curvef®r a scour

depth of 4% and varying scour width ranges from OH® Scour width values of O artth
provide an upper and lower bound, respectively, for a given scour depth, which is
consistent with the previous observation regarding the role of-babeidimensionsn the

lateral response shown in Figure. &Lscour width oftb implies the effect of scothole
dimensions is neglected. Comparing it with the results without considering the soil effect
shows that the impact of stress history weakens thecaerasponse of the pile in sand,
differing from the lateral behavior in sand, which is more greatly affected by the friction
angle. This is because the reduction of effective unit weight during the stress history
loading and unloading process plays anantgmt role in determining the vertical resistance

of thesand.Table 22summarizes the impact of stress history, showing that including the
effect of stress history in sand increases estimated pile settlement by up to 34.1% at 4x
scour depth and 311.5\kaxial load. Therefore, neglecting to include the impact of stress
history in the analysis could lead to an unconservative design. While in this case, the load
settlement curve not considering soil effects is close to that considering stress history and
scourhole geometry with scour width of 1®% one cannot rely on these coincidental
outcomes, and varying levels of scour depth, scour width, etc., would result in varying
settlement curves. Therefoliejs critical to be able to quantitatively include the impacts

of stress history and scebole dimensions in the analysis of piles subject to scour as

presented ithis studyto accurately estimate pile behavior under varying conditions.
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Figure 65. Load-settlement curves at the pile head with varying scour depths and the values of (a)
zero and (b) 15 for bottom scour width in sand

=
£
=
@
£
@
(5]
o]
o
k2]
o
p=l
(]
i}
2 .
@ 10 — ——— * g
o +Sd—4D &SW—O[wlthse} :
—f-=5,=4D &S_=10D (with s.e.}
A2y S D &S = (with se) 0
-9 _Sd=4D (wio s.e.)
-14
0 50 100 150 200 250 300 350

Axial load, kN

Figure 66. Load-settlement curves at the pile head wht 4x - scour depth and varying bottom scour
width in sand

Table 22. Summary of settlement values considering 4y scour depth with and without including the
effect of stress history in sand

Axial load (kN) 44.5 89 1335 178 222 245 267 | 3115

Settlement without soll
effect (mm)
Settlement withry,  H
(mm)
Percentage increase due to
the effect of stress history

026 059 097 176 3.09 408 529 947

0.26 060 1.00 193 349 467 6.17 1270

0.0% 13% 27% 93% 12.7% 14.4% 16.8% 34.1%
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The second axially loaded pile testrise port ed by OO6Nei || et

overconsolidated claylhe closeeend steel pile with an external radius of 0.137m and
thickness of 9.3mm is driven in stiff clay with an embedded ken§i3.1m as shown in
Figure 67a). According to the back analysis by Catelli and Maugeri (2002), a linearly
increasing undrained shear strength profile is adopted. The value of the reduction factor
( ) shown in Equationg(?) is taken as 0.40, which resulbsa unit shaft capacity that varies
linearly from 19 kN/m at the surface to 93 kNArat the base. The soil deformation
modulus can be baealculated with a value of 195x1RPa, and the elastic modulus of

the steel pile is taken as 210P& Under the assnption of a constant value pf, the
undrained shear strength can be beagkulatecbased on Equation T and effective unit
weight can be computed based on Equat@ ¢nce the value of undrained shear strength

is known. A comparison of loaskttlanent curves between the experimental data and
numerical results from Catelli and Maugeri (2002) and the proposed model without scour
is shown in Figure §b). The curves track closely with an average percentage difference
of 10% between experimental datadghe proposed method. This comparison serves as a
benchmark for further loadettlement analysis considering soil effects in the presence of

scour events.
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Figure 67. (a) Axially loaded pile in clay and (b)settlement at the pile head versus axially applied
load for measured data and computed results without considering scour

The following investigates the impact of including soil effects in the assessment of
pile displacement under mang scour scenariosigure 68gives loadsettlement curves of
an axially loaded pile with two values of bottom scour width (0 andd)%nd varying
scour depths. The slope angle is taken as 40°. The observatiorthéroasults shown in
Figure 68are as follows. First, as @ar depth increases, the estimated pile settlement in
clay increases. The impact of scour dep#igsificant as seen in the increase in pile head
displacement as scour depth increases from 1m to 3m. Second, the scour width has a
significant impact onhte axial behavior of the pile in clay. Changing the scour width from
0 to 15%0, the loadsettlement curves with soil effect significantly increase, especially for
the curve for 3m scour depth, due to the reduced impact from-Botaudimensions. As
discussed previously, scodmole dimensions provide additional vertical stress, which gives
rise to the change in the valuerofas shown in Equation (68 As a result, the scotnole
dimensions affect the value of the reduction factor due to the diffenat stress state

shown in Equation (68a) and (B8 The thirdobservation from Figure 68 that the impact
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of including the soil effect in estimating the vertical response of the pile increases in
significance as scour depth increases. As scour depthagsesethere is an increasing
difference between the solid lines (i.e., with soil effect) and dashed lines (i.e., without soil
effect), indicating the importance of include soil effects in the analysis, particularly for
more severe scour scenarios.

To further investigate theffect of scour width, Figure g&ovides loaesettlement
curves for varying scour widths ranging from OHounder 2m scour depth. Note that an
infinite scour width indicates the exclusion of the effect of s¢mle dimensions. Scour
widths of 0 andbprovide upper and lower bounds for the la&mttlement responséable
23 summarizes the settlement values, indicating the percentage increase in estimated
settlement with and without considering the stress history effect in clay. Cowpplae
curve withY  Hband the curve without soil effect shows that the effect of stress history
in clay increases settlement by as much as 61.1% for 2m scour depth and 600 kN axial load
due to the reduction in undrained shear strefigte’Y  Hbcases particularly applicable
to thegeneral scouscenario where thentire mudlinas lowered, orocal scour cases if
the bottom width ofthe scour hole is largeln these cases, the stress history effect
dominates, leading to the most vulnerable condition for scoured briNggtecting to
include the impact of stress history in clay leadsindeestimated values of settlement
under a given axial load, leading potentially unconservative designs of axially loaded

piles in clay.
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Figure 68. Load-settlement curves at the pile head with varying scour depths and values of (a) zero
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Figure 69. Load-settlement curves at the pile head with 2 m scour depth and varying bottom scour

width in clay

Table 23. Summary of settlement values considering 2 m scour depth with and without including the

effect of stress history in clay

Axial load (kN) 118 | 250 | 331
Settlement without soil effect (mm) 0.47 1.05 1.47
Settlement withrj; ~ H (mm) 0.50 1.12 1.59
Percentage increase due to the 6.1% 6.7% 7 7%

effect of stress history
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2.46

11.4%
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31.5%
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6.37
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61.1%



4.3.8 Conclusions

The studypresents a framework that is able to capture the impacts from both soil stress
history and scouhole dimensions on the structural response of the pile for both cohesive
and cohesionless soils in the presence of scour. Besides focusing on the laterat bEha
the pile as has been investigated in the past, the proposed framework also accounts for the
combined soil effects on the vertical pile behavior. The proposed framework is validated
with experimentatlata for no scour scenariaadverified with numerical datdor scour
scenarioswhere available for lateral and axial loadings in sand and clay. The results from
this study show that it is essential to include both stress history andrsxdeudimension
effects in the modeling of seditructure inéraction in the presence of scour events. The

following two bullet points summarize the main findings from the study.

1 For a sand foundation, including either the effect of stress history orlsotzur
dimensions could lead to a conservative design itatkeal direction. In
comparison, in the vertical direction, including the effect of stress history results
in an increase in estimated pile head deflection. FoiGaséeur depth and 311.5
kN axial load, including soil effects lead to an increase imed¢éd settlement of
34.1%. The percentage could further increase with increasing applied axial load
or increasing scour depth. These findings indicate that failing to consider soil
effects under scour conditions could lead to an unconservative desigrylpgyt
in the axial direction.

1 For a clay foundation, neglecting to include the effect of stress history could lead
to an unconservative design in both lateral and vertical directions under scour

conditions.In the lateral response of the pile in cldg influence of stress history
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is the dominating factor compared with the impact of stmle dimensions, with
an increase of 13.5% estimatedateral deflection unde3m scour depth, 9
scour width, and 105 khterallyapplied loadThe solil effects greater in the
axial direction. lhder 2m scour depth and 600 kN axial load,itmgactof
includingstress historgffectsin clay increases the estimated pile settlement by
as much as 61.1% the vertical direction icomparison with the outcome
estimded without considering soil effectAn even larger percentage increase is

expected if one considers higher axial load and scour depth scenarios.

This studyprovides a methodology to include soil stress history and gwardimensions
effects in the analysis of piles subject to scdure potential underestimation of pile
displacements under lateral and particularly axial loads if soil effects are naderexsi
underscores the need to be able to quantitatively include soil effects in the estimation of

pile responses arabnsider tkeseeffects for future design

4.3.9 Appendix: Calculating changes due to the effect of stress history and the effect of

scourhole dmensions

Figures 70 and 7&how the equations and overall procedures used to obtain the
updated properties of sandy and clayey soils, respectively, considering the effect of stress
history. Figures 72 and 78how the equations used to compute the equivalent depth of
interest ¢t ) considering scodnole dimensions for sandy and clayey soils, respectively.
Note that in Figure A.3 and A.LD) = intermediate parametei® QO = soil depth

defining the locaobns of slope failure plan€éQ = ultimate soil resistance of the equivalent
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wedge,;O Q'O Q "O = ultimate soil resistance based on whether the slope failure plane
intersects the slope of the scour hole. These procedures and equatiossraaated in

the framework of the proposed dwl presented throughout this subtopic

¢’ = peak effective friction angle: ¢/, = critical

, , I effective friction angle: P, = initial mean effective
¢' = thes + 30,110 =1n (W)] (a) stress: D, = relative density; 4D, = change of relative
3 —sin(¢’) density; y" = effective unit weight; G, = specific
gravity of soil: y,,, = unit weight of water; €4, =
3 — 2sin(¢") maximum void ratio; e,,,, = minimum void ratio; k =
Before scour: Py = Piny = ¥ineZine — 3 (®) unloading index; K,,,, = modulus of subgrade reaction;
Zine = depth of point interest before scour; z,.= depth
After scour: Bf = Pl = ¥l 7sc 3 - 2sin(¢") () of point interest after scour. Note that subscripts int
3 indicates parameters for before and after the scour
OCR = ¥ineZine/ (VocZse) ) event, respectively.
4D, = KkIn G-2dnig) /(emax — emin)  (€) Determine D, and AD,. iteratively based
1+2(1— sin(d&’))OCR""(‘i’” max min se all - lteratively based on
Eqns. (d), (e), (), (2), and (h)
D, ;¢ = Dy jne — 4D, ® l
. (Gs — Dy

Y ETE emax — Dy (Emax — Emin) ) Determine . from Eqn.(g);
¢! from Eqn. (a):
OCR from Eqn. (d);

1+ 2(1 — sin(¢"))0CR="(#')] ® from A.P1. (2000) based on ¢!,

(3-2sin(§NOCR | Kpy sc

Ae = —K]n[

Figure 70. Procedures of computing soil properties considering the effect of stress history for sandy
soil



i = s Yine (@ , L o N
1+es y' = effective unit weight; e = void ratio; y,, = unit weight of
, water; W = soil moisture content; C,,,. = swelling index: C, =
Cine = Lry"“ (t)  compression index; C, = soil undrained shear strength: g, =
Yw = YineWint vertical effective stress: z,, = depth of point interest after scour;
& e Aand h = f;ompression and swel]ingl inde.xes from is.,otrlopic
Esc = € + Cu,lug(a] (© consolidation tests. Note that subscripts int and sc indicate

- parameters for before and after the scour event, respectively.
O';_mt = Yine(2sc + 5a) (d)
O—I;_SC = (Vec)Zsc (e)

Determine y,, through solving Eqn. (f) |
. 1+ eine ' 63
7
e 1+ epne + Curlog }"{'nréib;; Sa) Vint
e Determine @, ;.. & 0y, . from Eqns. (d) and (g);
Cusc/ohsc _ ocrA (2) ;¢ from Eqn. (c);
Cuint/ oy int OCR from Equ. (i):
C, sc from Eqns. (g) and (h)
_ A—K o & ® =
2 C.
OCR = Y{nt(zfsc +Sa) @
¥scZsce

Figure 71. Procedures of computing soil properties considering the effect of stress history for

clayey soil
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If 8 < 90° — §, then For Fuyr Fu-and F,, are given by,

0<z=H,, F.=Fu
H <z=H, Fue = Fuy
_ 1 - 2
z>H,, Fue = Fya Fup= Ev'Dz‘ +2C, Dz + Vrilfu:'

If8 = 90° — g, then 1 . - - -
Fu = EV'D[{: =51+ 26,0z + (2 — 5, )Dy] + V2Cy[z* + Dy(z — 5]

0<z=H,, F,.=Fy
z>H, Fue = Fuz

1 - = 1 -
Fu! = _V'D[{: +5dJ‘ - {25“' +5dj] + 2CHD[Z + [z - SLL')DL] + \.'ZCH[:' + DL(Z - S\\.‘]‘]
where 2

H, =5, 1 - =
LTow Fie = 37'Dzs" + 26,0z +V2C,z,°
S4
H,=5,+=
w Dl
D tan@
7 1—tand

Figure 73. Equations used to compute the equivalent depth of interest considering the effect of scour
hole dimensions for clayey soll

4.4 Subtopic No. 4

4.4.1 Background and introductioof norruniform scour

Scoured bridges are subject to multiple hazards, which could be either correlated,
such as flood and scour, or uncorrelated, such as earthquake and scour (Ghosn et al., 2003;
Alampalli and Ettouney, 2008). Current design practice often neglects the ingsoofza
multi-hazard design approach with only considering independent or single events. Thereby,
the occurrence of muthiazard events could lead to severe damage or even collapse of a
bridge due to insufficient design. In prior studies of correlatedipieihazards (e.g., scour
and flood), Hager and Unger (2010) investigate the effect of a gneglked flood wave

on pier scour through both theoretical and experimental approaches; Lin et al. (2010) study
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the effect of including the stressstory of sad after scour events on the lateral response
of bridges considering flood conditions; Klinga and Alipour (2014) provide a
comprehensive procedure to account for the@telstructure interaction to measure the
susceptibility of the bridges under desigmofi and scour conditions. For the studies of
uncorrelated mukhazard events (e.g., earthquake and scour), Alipour and Shafei (2012)
investigate the seismic response of msiitan continuous concrete bridges with varying
number of spans considering scagnditions; Banerjee and Prasad (2013) focus on
bridges in seismically active and flogdone regions and assdks seismic performance
of scoured bridges in those regions; Wang et al. (2014) evaluate seismic performance with
emphasis on the failure mefisms of bridge structural components in the presence of
local scour across multiple RC bridge typefhang et al. (2019a) study seismic
performance and risk assessment of corroded bridges with the emphasis on brittle failure
modes (e.g., shear failuredapull-out failure) of bridge columnsZhang et al. (2018
investigatethe seismic performance of bridges considering the combined effect of
corrosion and scour, quantifying the combined effect through fragility assessment.
Among the studies describedbove, however, uniformity in scour depth at the
foundation is assumed for simplicity. Yet, studies have shown that bridge failures do not
exhibit uniform scour depth at the foundations (Khan and Amanat, 2015; Song et al., 2015;
Tubaldi et al., 2018). Inatct, multiple factors could lead to the naniformity in scour
depth, including the composition of the soil prafséream velocityobstaclesgeometry,
configuration, position of bridge foundatignand so on. Any of these factors or
combinations of them could result in a bridge experiencing varying levels of scour along

its foundation. Despite its existence in scoured bridges, investigation of the impacts of this
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nortuniformity on bridge performandeas received only limited attention in the literature.

A recent study by Fioklou and Alipour (2019) investigates the effect ouindormity in

scour depth onthe seismic performance of bridges for the upstream column and
downstream column within a sirggtolumn bent. However, namiformity in scour depth

at foundations could also be observed at different foundations due to havingiaifioom

bed profile in the longitudinal direction (i.e., along the direction parallel to the traffic of
the bridge). Klan and Amanat (2014) stutheriverbed scourin@f the Meghna Bridge in
Bangladesh. As an examplegure 74shows the abuilt and existing nomniform bed

profile with severe local scour at piers 7, 8, and 9 of the Meghua Bridge. The study finds
that byvarying the riverbed scour depth, the moments in the piles increase by 137% and
87% under earthquake loading in the transverse and longitudinal directions (i.e.,
perpendicular and parallel to the direction of traffic), respectively, in comparison with the
original no scour condition. However, the study uses response spectrum analysis to
simulate earthquake loading, and all the materials in the study are assumed to remain in the
elastic range. These assumptions cannot capture the structural damage iydoicgd b

seismic demand in the presence of-noiform scour conditions.
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Figure 74. Bed Profile of Meghna Bridge (Khan and Amanat, 2014)
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In addition, investigation of the effect of nomiformity in scour depth on bridge risk
under flood hazard is also lacking. Flood hazard analysis is particularly important as it can
co-occur with scour event3his subtopiadvances our knowledge of the performance of
bridges under nenniform scour conditions by investigating the impact af-naiformity
in scour depth in the longitudinal direction on bridge response under both seismic and flood
hazards. Seismic hazard evaluation is conducted through nonlinear time history analysis;
flood hazard evaluation is conducted through static load/sisalvith equivalent water
pressure. Bridge performance is measured in terms of engineering demand parameters,
including curvature demand of the columns and piles, and displacement of the deck.

The rest of thistudyis organized as follows. Theections 4.2 to 4.4.3 introducthe
case study reinforced concrete (RC) bridge and the finite element modeling details
bridge components. Section 4.4rbvides comprehensive procedures to investigate the
performance of waterrossing RC bridges with namiformity in scour depth in the
longitudinal direction considering seismaads and flood loads. Sections 4.4.4 to 4.4.8
discussthe results quantifying the impact of naniform scour on RC bridges based on

specific demand engineering parameters and fail@&hanisms.

4.4.2 Case study RC bridge and modeling details

The selected RC bridge type is a typical msfian continuous (MSC) concrete
girder bridge. According to the inventory analysis done by Yilmaz and Banerjee (2018),
the MSC concrete girder bridge is omiethe three most common bridge types for water
crossing bridges in Californiaigure 75shows the layout of the bridge with the length of

the center span)() about 1.4 times the length of the approach span Table24 gives
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the median values of the dimensional parameters based on bridges from tH©9971
design era (Ramanathan, 2012).

The superstructure of the bridge consists of a continuous concrete deekl@th
mm thick slab and standarefjirder with a flange and d#p of 480 mm and 915 mm,
respectively, and weight per unit run of 670 kg/m. The concregedérs rest on
elastomeric bearing pads with dimensions of 405 m&5 mm 40 mm at the interior
bents and the seat abutments. There is a gap of 20 mm betwdgidgieedeck and the
abutment backwall. The substructure of the bridge consists of giolgienn bents with a
total of two columns. The bridge columns have a diameter of 1.8m with 72 #11 longitudinal
rebars and #4 stirrups at 75 mm ceitecenter spacingThe bridge foundation consists
of a 5m 5m pile cap with a group of nine 6:b0m diameter piles witl length of 12m
underneath the columns. The foundation soil is selected from Mustang Island, Texas (Cox
et al., 1974), which is uniforrgraded fine sandlhe critical friction angle of the sand is
estimated to be 28.5° with 90% relative density throughout the depth. Tabiee? the

properties of the selected sand profile.
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Figure 75. (a) Longitudinal and (b) transverse views of MSC concrete girder bridge
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Table 24. Dimensions of the MSC concrete girder bridge

Parameters v v O O O © ©
Values (m) 13.4 18.3 6.7 3.0 1.8 8.5 1.7
Table 25. Modified dense sand properties (Cox et al., 1974)
Effective unit Relative Maximum Minimum Specific
Critical friction weight (kN/m3)  density (%) void ratio void ratio gravity
angle(J)
28.5 10.4 90 1.0 0.598 2.65

4.4.3 Finite element modeling details

The finite element model of the selected MSC concrete girder bridge is built in the
OpenSees software (Mazzoni et 2006). Figure 76shows the @ view of the numerical

model built in OpenSees with labels for specifications and bridge components.

Location 4
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Figure 76. Finite element model of the MSC concrete girder bridge in OpenSees
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For the superstructure of the bridge, the bridge deck is modeled using equivalent elastic
beamcolumn elementsassuming that the deck remains elastic during seismic and flood
events.The dfective width of the deck is used and assigned to frame elements to account
for the reduction of crossectional properties due to decreased torsional resistance for open
soffit superstructures withdirders (SDC, 2010). The computation of effective width is

shown in Figure’7.

Figure 77. Effective width of the MSC concrete bridge deck

The column of the bridge has a height of 6.7m and is modeled dstributed
plasticity elements with fiber discretizatioallowing capture of material nonlinearity
compared to prior linear elastic material assumptidtiteal and Amanat2014). Each
column has been discretized into several displacetresdd bearsolumn elements with
about 0.96m spacing between nodes. Fiber discretization of the column consists of
AConcrete0206 and fnASteel 010 for model i ng
unconfined concrete anginforcemenin OpenSees, respectively. Uncaordd concrete
compressive strength is 33.5 Mpa, @inelyield strength of longitudinal rebars is set to be
466 Mpa. For the confined concrete model, the maximum confined concrete stress and its

corresponding strain are calculated based on Mander et a8)(198
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