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FOREWORD

By David B. Beal

Saff Officer
Transportation Research
Board

NCHRP Report 489: Design of Highway Bridges for Extreme Events contains the
findings of astudy to devel op adesign procedurefor application of extreme event loads
and extreme event loading combinations to highway bridges. The report describes the
research effort leading to the recommended procedure and discusses the application of
reliability analysis to bridge design. The material in this report will be of immediate
interest to bridge engineers and bridge-design specification writers.

The magnitude and consequences of extreme events such asvessel collisions, scour
caused by flooding, winds, and earthquakes often govern the design of highway
bridges. If these events are considered to occur simultaneously, the resulting loading
condition may dominate the design. This superpositioning of extreme load values fre-
guently increases construction costs unnecessarily because a simultaneous occurrence
of two or more extreme events is unlikely. The reduced probability of simultaneous
occurrence for each load combination may be determined using statistical procedures.

The AASHTO LRFD Bridge Design Specifications devel oped under NCHRP Proj-
ect 12-33 cover the basic design combinations with dead load and live load. Extreme
load combinations were not considered in the load resistance factor design (LRFD) cal-
ibration because of the lack of readily available data concerning the correlation of
extreme events. Nevertheless, a probability-based approach to bridge design for
extreme events can be accomplished through incorporation of state-of-the-art reliabil-
ity methodologies.

The objective of NCHRP Project 12-48 was to devel op a design procedure for the
application of extreme event loads and extreme event loading combinations to high-
way bridges. This objective has been achieved with a recommended design procedure
consistent with the uniform reliability methodologies and philosophy included in the
AASHTO LRFD Bridge Design Specifications. Four new extreme event load combina-
tionsareincluded to maintain aconsistent level of safety against failure caused by scour
combined with live load, wind load, vessel collision, and earthquake, respectively.

This research was performed at the City College of the City University of New
Y ork, with the assistance of Dr. Fred Moses. The report fully documents the method-
ology used to develop the extreme load combinations and the associated load factors.
Recommended specification language isincluded in a published appendix. All appen-
dixesto the report are included on CRP-CD-30.
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SUMMARY

DESIGN OF HIGHWAY BRIDGES
FOR EXTREME EVENTS

The current AASHTO load resistance factor design (LRFD) specifications were
developed using areliability-based calibration that covered gravity |oads consisting of
the basic combination of permanent (or dead) load plus live load. The other load com-
binations were obtained from previous generations of specifications and from the expe-
rience of bridge engineers and, thus, may not be consistent with the reliability method-
ology of the LRFD specifications. The objective of this study is to develop a design
procedure for the consideration of extreme events and the combination of their load
effectsinthe AASHTO LRFD Bridge Design Specifications. Extreme events are defined
as man-made or environmental hazards having ahigh potential for producing structural
damage but are associated with arelatively low rate of occurrence. The extreme events
considered in this study include live loads, earthquakes, wind loads, ship collision
forces, and scour.

According to the AASHTO LRFD, bridges should be designed for a 75-year return
period. The probability that a bridge will be subjected in its 75-year design life to an
extreme event of a certain magnitude depends on the rate of occurrence of the event
and the probability distribution of the event’s intensity. Generally speaking, there is
low probability that several extreme events will occur simultaneously at any point in
time within a bridge’ s design life. Even when simultaneous occurrences do occur, the
chancesthat al the events are at their highest intensities are very small. To account for
these low probabilities, engineers have historically used the one-third stress-reduction
rule when combining extreme environmental events, such aswind or earthquake loads,
with gravity loads. This rule, which dates back to the early years of the 20th century,
has been discredited; it is generally accepted that a more appropriate procedure should
use load combination factors derived from the theory of structural reliability.

Theaim of structural reliability theory isto account for the uncertai nties encountered
during the safety evaluation of structural systems or during the calibration of load and
resistancefactorsfor structural design codes. The uncertainties considered include those
associated with predicting the load-carrying capacity of a structure, the intensities of
the extreme events expected to be applied during the structure’s design life, the fre-
quency of these loading events, and the prediction of the effects of these events on
the structure.



To ensure the safety of highway bridges under the combined effects of extreme
events, thisstudy devel opsload factors appropriatefor inclusioninthe AASHTO LRFD
design-check equations. Thereliability analysis of the effects of each threat taken indi-
vidually is performed using methods developed in previous bridge code calibration
efforts (for theliveloads and ship collisions) and during the devel opment of other struc-
tural codes (for wind loads and earthquake |oads). Because the current AASHTO spec-
ifications for scour are not based on reliability methods, a scour reliability model is
devel oped for the purposes of this study. Results of reliability analysis of typical bridge
configurations under the effect of individual threats are used to define target reliability
levelsfor the development of |oad factors applicable for designing bridges that may be
susceptible to combinations of threats.

To achieve the objectives of the study, this project first reviews the basic reliability
methodol ogy used during previous code calibration efforts. Basic bridge configurations
designed to satisfy the current AASHTO specifications are analyzed to find theimplicit
reliability index values for different limit states when the bridges are subjected to live
loads, wind loads, earthquakes, vessel collisions, or scour. The limit states considered
include column bending, shearing failure, axia failure of bridge columns, bearing fail-
ure of column foundations, and overtipping of single-column bents. The reliability
analysisuses appropriate statistical dataonload occurrencesand load intensitiesfor the
pertinent extreme events that are assembled from the reliability literature and United
States Geological Survey (USGS) websites. Statistical dataon member and foundation
capacities and load analysis models commonly used in reliability-based code calibra-
tion efforts are a so used. Reliability indexes are cal culated for the same bridges when
subjected to combinations of extreme events using the Ferry-Borges model. Theresults
are subsequently used to calibrate load combination factors appropriate for implemen-
tation in the LRFD equations.

The Ferry-Borges model assumes that each extreme event type produces a sequence
of independent load effects, each lasting for an equal duration of time. The servicelife
of the structure is then divided into equal intervals of time. The probability that aload
occursin an arbitrary time interval can be calculated from the event’ s occurrence rate.
Simultaneously, the probability distribution of the intensity of the load given that the
event has occurred can be calculated from statistical information on load intensities.
The probability that asecond event would occur in the sametimeinterval when thefirst
load event is on can a so be calculated from the rate of occurrence of the second load
and the time durations of each load. After calculating the probability density for the
second load given that it has occurred, the probability of the intensity of the combined
load effects can be cal culated using a convolution integral. Theload combination prob-
lem consists of predicting the maximum value of the combined load effectsthat islikely
to occur in the lifetime of the bridge. Although the Ferry-Borges model gives a sim-
plified representation of the actual loading phenomenon, this model is more accurate
than other load combination rules such as Turkstra's rule because it takes into consid-
eration therate of occurrence of the loads and their time durations. The probability dis-
tribution of the maximum value of the combined load effect is used along with statis-
tical dataon bridge member and system resistancesto find the probability of failureand
the reliability index, 3.

The load factors proposed in this study are calibrated such that bridges subjected to
a combination of events provide reliability levels similar to those of bridges with the
same configurations but situated in sites where one threat is dominant. Thus, the pro-
posed load factors are based on previous experiences with “ safe bridge structures’” and
provide balanced levels of safety for each load combination. The results of this study
indicate that different threats produce different reliability levels; therefore, the target
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reliability indexes for the combination of events are selected in most cases to provide
the same reliability level associated with the occurrence of the individual threat with
the highest reliability index. Thus, when dealing with the combination of liveload plus
wind load or liveload plus scour, thereliability index associated with live loadsis used
astarget. When studying thereliability of bridges subjected to the combination of wind
loads and scour, thereliability index associated with wind loads aloneis chosen for tar-
get. Similarly, when studying thereliability of vessel collision with scour or vessel col-
lision with wind load, the reliability index associated with vessel collisionsis used for
target. For combinations involving earthquake loads, it is the reliability index associ-
ated with earthquakes alonethat is used for target even if thereliability for earthquakes
alone produces a lower reliability index. Combinations involving earthquakes are
treated differently than other combinations because of the large additional capacity and
resulting construction costs that would be required to increase the reliability levels of
bridges subjected to earthquake risks.

Theanalysisconsidersstructural safety aswell asfoundation safety. For multicolumn
bents, system safety is compared with member safety. The results show that the system
produces areliability index about 0.25 higher than the reliability index of the individ-
ual members for two-column bents formed by unconfined concrete columns. Hence,
the system factors calibrated under NCHRP Project 12-47 are applicable for the cases
in which linear elastic analysis is performed to check bridge member safety (see
NCHRP Report 458: Redundancy in Highway Bridge Substructures[Liu et al., 2001]).
NCHRP Project 12-47 calibrated system factors for application on the left-hand side of
the design equation to complement the member resistance factor. The cases for which
the application of system factors is possible include the analysis of bridges subjected
to combinations exclusively involving live loads, wind loads, and ship collision forces.
The analysis for combinations involving earthquakes is based on the plastic behavior
of bridge bents; thus, system safety is directly considered and no system factors need
to be applied. Scour causesthe completeloss of theload-carrying capacity of acolumn,
and bridge bents subjected to scour depths exceeding the foundation depth will have
little redundancy. Thus, such failures should be associated with system factors on the
order of 0.80 as recommended by NCHRP Project 12-47.

Results of the reliability analyses indicate that there are large discrepancies among
thereliability levelsimplied in current design practicesfor the different extreme events
under consideration. Specifically, the following observations are made:

« The AASHTO LRFD was calibrated to satisfy a target member reliability index
equal to 3.5for gravity loads. The calculations performed in this study confirm that
bridge column bents provide reliability index values close to the target 3.5 for the
different limit states considered. These limit states include column bending and
axia failure for one-column and multicolumn bents, as well as overtipping of one-
column bents. Bearing failure of the soil may produce lower reliability levels
depending on the foundation analysis model used.

« The system reliability index for bridge bents subjected to earthquakesis found to
be on the order of 2.9 for moment capacity or 2.4 for overtipping of single-column
bents founded on pile extensions (drilled shafts) that can be inspected. Lower reli-
ability index values are observed for other subsystems depending on the response
maodification factors used during the design of their components. Unlike the analy-
sisfor other hazards, the earthquake analysis procedure accounts for system capac-
ity rather than for member capacity because the earthquake analysi s process accounts
for plastic redistribution of loads and failureis defined as a function of the ductil-
ity capacity of the members. Although thisis relatively low compared with the



member reliability index for gravity loads, the engineering community is gener-
ally satisfied with the safety levels associated with current earthquake design pro-
cedures, and increases in the currently observed safety levels would entail high
economic costs. For this reason, the target reliability index for load combination
cases involving earthquakes is chosen to be the same reliability index calculated
for designs satisfying the current design criteria when earthquakes alone are
applied. On the other hand, a future review of the response modification factors
used in earthquake design is recommended in order to produce more uniform reli-
ability levelsfor al system types.

+ Therdliability index for designing bridge piersfor scour in small riversvariesfrom
about 0.45 to 1.8, depending on the size of the river and the depth and speed of the
dischargeflow. Thesevauesare much lower than the 3.5 target for gravity loads and
are also lower than the index values observed for earthquakes. In addition, failures
caused by scour may often lead to total collapse as compared with failures of mem-
bers under gravity loads. Therefore, it is recommended to increase the reliability
index for scour by applying a scour safety factor equal to 2.0. The application of
the recommended 2.0 safety factor meansthat if current HEC-18 scour design pro-
ceduresarefollowed, thefinal depth of the foundation should be 2.0 timesthevaue
calculated using the HEC-18 equation. Such a safety factor will increase the relia-
bility index for scour from an average of about 1.0 for small riversto avaluedlightly
higher than 3.0, which will make the scour design safety levels compatible with the
safety levels for other threats. However, areview of the HEC-18 equationsis rec-
ommended in order to provide more uniform safety levelsfor al river categories.

« While bridge design methods for wind |oads provide an average member reliabil-
ity index close to 3.0, there are large differences among the reliability indexes
obtained for different U.S. sites. For this reason, it is recommended that future
research in wind engineering develop new wind design maps that would provide
more uniform safety levels for different regions of the United States.

« The AASHTO vessel collision model producesareliability index of about 3.15 for
shearing failures and on the order of 2.80 for bending failures. The presence of sys-
tem redundancy caused by the additional bending moment resistance by the bents,
abutments, or both that are not impacted would increase the reliability index for
bending failuresto more than 3.00, making the safety levelsmorein linewith those
for shearing failures.

The recommended load combination factors are summarized in Appendix A in afor-
mat that isimplementable in the AASHTO LRFD specifications. The resultsillustrate
the following points:

« The current load factors for the combination of wind pluslive loads lead to lower
reliability indexes than do those of either load taken separately. Hence, this study
has recommended increasing the load factors for wind on structures and wind on
live loads from the current 0.40 to 1.20 in combination with alive load factor of
1.0 (instead of the current live load factor of 1.35).

« The commonly used liveload factor equal to 0.50 in combination with earthquake
effects would lead to conservative results. This report has shown that aload fac-
tor of 0.25 on live load effects when they are combined with earthquake effects
would still provide adequate safety levels for typical bridge configurations sub-
jected to earthquake intensities similar to those observed on either the west or east
coasts. These calculations are based on conservative assumptions on the recurrence
of live loads when earthquakes are actively vibrating the bridge system.
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 For the combination of vessel collision forces and wind loads, a wind load factor
equal to 0.30 isrecommended in combination with avessel collision factor of 1.0.
Thelow wind load factor associated with vessel collisions compared with that rec-
ommended for the combination of wind loads plus live loads partially reflects the
lower rate of collisionsin the 75-year design life of bridges as compared with the
number of live load events.

« A scour factor equal to 1.80 isrecommended for usein combination with aliveload
factor equal to 1.75. The lower scour load factor for the combination of scour and
live loads reflects the lower probability of having the maximum possible 75-year
live load occur when the scour erosion is aso at its maximum 75-year depth.

« A scour factor equal to 0.70 isrecommended in combination with awind load fac-
tor equal to 1.40. Thelower scour factor observed in combination with wind loads
as compared with the combination with live loads reflects the lower number of
wind storms expected in the 75-year design life of the structure.

« A scour factor equal to 0.60 is recommended in combination with vessel collision
forces. The lower scour factor observed in combination with collision forces
reflects the lower number of collisions expected in the 75-year bridge design life.

A scour factor equal to 0.25 is recommended in combination with earthquakes.
The lower scour factor with earthquakes reflects the fact that, as long as a total
washout of the foundation does not occur, bridge columns subjected to scour
exhibit lower flexibilities that will help reduce the inertial forces caused by earth-
guakes. Thisreduction ininertial forces partially offsets the scour-induced reduc-
tion in soil depth and the resulting soil-resisting capacity.

With regard to the extreme loads of interest to this study, the recommended revisions
tothe AASHTO LRFD Bridge Design Specifications (1998) would address the loads by
ensuring that the factored member resistances are greater than the maximum load
effects obtained from the following combinations (see following paragraphs for vari-
able definition):

« Strength | Limit State: 1.25DC+1.75LL
« Strength Il1 Limit State:  1.25DC + 1.40 WS
 Strength V Limit State: 1.25DC+1.00LL +1.20 WS+ 1.20 WL

* ExtremeEvent I: 1.25DC+0.25LL +1.00 EQ

* Extreme Event II: 1.25DC+0.25LL +1.00CV, or
1.25DC +0.30 WS+ 1.00 CV

» Extreme Event IlI: 1.25 DC; 2.00 &C, or
1.25DC+ 1.75LL; 1.80 SC

* ExtremeEvent IV: 1.25DC + 1.40 WS 0.70 SC

+ Extreme Event V: 1.25DC +1.00CV; 0.60 SC

« Extreme Event VI: 1.25DC +1.00 EQ; 0.25 SC

The presence of scour is represented by the variable SC. The semicolon indicates that
theanalysisfor load effects should assume that amaximum scour depth equal to ys SC
exists when the other load events are applied where SC is the scour depth cal cu-
lated from the HEC-18 equations. When scour is possible, the bridge foundation
should always be checked to ensure that the foundation depth exceeds 2.00 SC. For
the cases involving a dynamic analysis such as the analysis for earthquakes, it is crit-
ical that the case of zero scour depth be checked because in many cases, the presence
of scour may reduce the applied inertial forces. The resistance factors depend on the
limit states being considered. When alinear elastic analysis of single and multicolumn
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bents is used, the system factors developed under NCHRP Project 12-47 should also
be applied.

In the equations given above, DC represents the dead load effect, LL isthelive load
effect, WSis the wind load effect on the structure, WL is the wind load acting on the
live load, EQ is the earthquake forces, CV is the vessel collision load, and SC repre-
sents the design scour depth. The dead load factor of 1.25 would be changed to 0.9 if
the dead load counteracts the effects of the other loads.

The recommended changesinthe AASHTO LRFD consist of adding Extreme Event
Cases |11 through V1, which consider scour. In addition, Extreme Event Il is modified
to include a check of either live loads or wind loads with vessel collision forces. A
higher wind load factor than live load factor is used to reflect the fact that the rate of
vessel callisions increases during the occurrence of windstorms.




CHAPTER 1
INTRODUCTION

This study is concerned with the safety of bridges sub-
jected to the combinati on of four types of extremeload events:
(1) earthquakes, (2) winds, (3) scour, and (4) ship collisions.
In addition, these loadswill combinewith the effects of truck
live loads and the effects of dead loads. To ensure the safety
of highway bridges under the combined effects of extreme
events, this study developsload factors appropriate for inclu-
sioninthe AASHTO LRFD design-check equations. Struc-
tural reliability methods are used during the load factor cal-
ibration process in order to be consistent with the LRFD
philosophy and to account for the large uncertainties asso-
ciated with the occurrence of such extreme events, estimat-
ing their intensities, and analyzing their effects on bridge
structures.

Analytical modelsto study the probability of single events
and multiple load occurrences are available in the reliability
literature and have been used to calibrate a variety of struc-
tural design codes ranging from buildings, to offshore plat-
forms, to nuclear power plants, to transmission towers, to
ships. This chapter describes the research approach followed
during the course of this study, provides an overview of how
current codes consider load combinations of extreme events,
and describes how reliability analysis methods can be used to
calibrate |oad factors.

1.1 LOAD COMBINATIONS
IN CURRENT CODES

Historically, engineers used the one-third stress-reduction
rule when combining extreme environmental events, such
aswind or earthquake loads, with gravity loads. Thisrule,
which dates to the early 20th century, has been discredited
and replaced by load combination factors derived from reli-
ability analyses. The reliability-based effort on load combi-
nations has eventually lead to the devel opment of the Amer-
ican National Standards Institute (ANSI) A58 Standard
(ANSI A58 by Ellingwood et. a., 1980). The ANSI docu-
ment set the stage for the adoption of similar load combina-
tion factors in current generation of structural design codes
such asthe Manual of Seel Construction (American Institute
of Steel Construction [AISC], 1994), aso called the AISC
Manual; ACI 318-95 (American Concrete Institute [ACI],
1995); AASHTO LRFD Bridge Design Specifications
(AASHTO, 1998); and many other codes.

Thetotal number of load combinations coveredin AASHTO
LRFD Bridge Design Specifications includes five combina
tionsto study the safety of bridge membersfor strength limit
states, two load combinations for extreme load events, three
load combinationsfor serviceload conditions, and finally the
fatigue loading. The loads in these combinationsinclude the
effects of the permanent loads (which cover the weights of
the structural components, attachments, and wearing surface)
and earth pressure. The transient loads include those caused
by the motion of vehicles and pedestrians; environmental
effects such astemperature, shrinkage, and creep; water pres-
sure; the effect of settlements and foundations; ice; collision;
wind; and earthquakes.

With regard to the extreme loads of interest to this study,
the current version of the AASHTO LRFD specifications
(AASHTO, 1998) addresses them through the following
combinations:

« Strength | Limit State: 1.25DC+1.75LL

+ Strength Il Limit State:  1.25 DC + 1.40 WS

« Strength V Limit State: 1.25DC + 1.35LL
+04WS+04WL (11)

+ Extreme Event |: 1.25DC + 1.00 EQ

+ Extreme Event I1: 1.25DC +0.50 LL
+1.00CV

DCisthedead load, LL isthelive load, WSis the wind load
on structure, WL isthe wind |load acting on the live load, EQ
is the earthquake load, and CV is the vessel collision load.
The dead load factor of 1.25 would be changed to 0.9 if the
dead load counteracts the effects of the other loads.

The safety check involving EQ isdefined inthe AASHTO
specifications as “Extreme Event |, Limit State.” It covers
earthquakesin combination with the dead load and afraction
of live load to “be determined on a project-specific basis,”
although the commentary recommends aload factor equal to
0.5. “Extreme Event 11" considers 50% of the design live
load in combination with either ice load, vessel collision
load, or truck collision load. Wind loads are considered in
“Strength Limit 111,” in which they do not combine with the
liveload, and in “ Strength Limit V,” in which they do com-
bine with the live load. It should be noted that the design
(nominal) liveload for the strength limit states was based on
the maximum 75-year truck weight combination and as such



8

should al so be considered an extreme event situation. |n most
strength limit states, it is the live load factor that changes
from 1.75 down to possibly 0.5 when the other extremeloads
are associated with aload factor of 1.0. The one exceptionis
thewind load: when used alone with the dead load, it is asso-
ciated with a 1.4 load factor and a 0.4 factor when combined
withtheliveload. The AASHTO LRFD specifications do not
consider the possihility of combining wind, earthquake, and
vessel callision, nor do they account for the effect of scour-
weakened foundations when studying the safety under any
of the transient loads. Also, as mentioned above, the LRFD
commentary suggests that 0.50 LL may be added to the case
when the earthquake load is acting, although the specifica
tions state that “it should be determined on a project-specific
basis.” The nomina values for the loads correspond to dif-
ferent return periods depending on the extreme event. The
return periods vary widely from 50 years for wind, to 75
yearsfor live load, to 2,500 years for earthquakes, while the
ship collision design is decided based upon an annual failure
rate. Although not specifically addressed in the AASHTO
LRFD specifications, the design for scour as currently
applied based on FHWA HEC-18 models uses a 100-year
return period asthe basisfor safety evauation. It is noted that
for most load events, the design nominal values and return
periodsare associated with implicit biasesthat would in effect
produce return periods different than those “specified.” For
example, the HL-93 design live load is found to be smaller
than the 75-year maximum live load calculated from the data
collected by Nowak (1999) (see NCHRP Report 368: Cali-
bration of LRFD Bridge Design Code) by about a factor of
about 1.20. Similarly, thewind maps provided by ASCE 7-95
and adopted by the AASHTO LRFD specifications give a
biased “safe” envelope to the projected 50-year wind speeds.
These issues are further discussed in Chapter 2.

The load factors and load combinations specified in the
current version of the AASHTO LRFD specifications follow
the same trends set by other structural codes that were cali-
brated using reliability-based methods. For example, AISC’'s
Manual of Steel Construction basesitsload combinationson
the provisions of ANSI A58. These provisions account for
the dead load, live load (roof live load istreated separately),
wind load, snow load, earthquake load, ice load, and flood-
ing. The primary load combinations are 1.2 dead load plus
1.6liveload and 0.5 of snow or iceor rain load, another com-
bination considers 1.2 dead load plus 1.6 snow or ice plus 0.5
live or 0.8 wind load. The 1.2 dead load is also added to 1.5
times the nominal earthquake load plus 0.5 live load or 0.2
times the snow load.

ANSI A58 has eventually been replaced by the ASCE 7-95
document (American Society of Civil Engineers [ASCE],
1995). Thelatter givesalong list of |oad combinations, some
of which have been modified from earlier versions. For exam-
ple, the primary combination for seismic load includes 1.2
times the dead load, 1.0 times the earthquake load, and 0.5
times the live load plus 0.2 times the snow load. This com-

bination uses aseismic load factor of 1.0 based on the National
Earthquake Hazards Reduction Program recommendations
(NEHRP, 1997) rather than on the 1.5 initially proposed in
the ANSI code. The magnitudes of the earthquake forces are
based on ground accel erations with 10% probability of being
exceeded in 50 years. Thisisequivalent to a475-year return
period. Recent work by NEHRP has supported increasing the
earthquake return period up to 2,500 years, athough the lat-
est recommendation allows for atwo-thirds reduction in the
earthquake magnitudes for certain cases. The return period
for thewind loads is set at 50 years.

The ACI Building Code' sprimary load combinationis1.4
dead load plus 1.7 live load. When wind is considered, the
codeincludesa 1.7 wind load factor but then reducesthetotal
load by 25%. Earth pressure istreated in the same manner as
theliveload. When fluid pressureisincluded, it is associated
with aload factor of 1.4 and then added to 1.4 dead load and
1.7 live load. Loads due to settlement, creep, temperature,
and shrinkage are associated with a load factor of 1.4 and
when added to dead and live load, a 25% reduction in the
total load is stipul ated.

Other agencies that have implemented specifications for
load combinationsinclude the U.S. Nuclear Regulatory Com-
mission (US-NRC) and the American Petroleum Institute
(API). The US-NRC Standard Review Plan (US-NRC, 1989)
for nuclear power plants uses load combinations similar to
those provided in ASCE 7-95. Extreme event |oads are each
treated separately with aload factor of 1.0. The only differ-
ence between the US-NRC and the ASCE 7-95 provisions
are the higher return periods imposed on the extreme event
loads, particularly the seismic accelerations.

1.1.1 Summary

All of the codes listed above were developed using
reliability-based calibrations of the load factors; yet, it is
observed that the types of loads that are considered smultane-
oudly and the corresponding load factors differ considerably
from code to code. Some of the differencesin the load factors
may be justified because of variations in the relative magni-
tudes of the dead loads and the transient loads for the different
typesof structuresconsidered (e.g., dead load to liveload ratio).
Also, in addition to assigning the load factors, an important
component of the specifications is the stipulation of the
magnhitude of the design loads or the return period for each
load. For example, if the design wind load corresponds to the
50-year storm with aload factor of 1.4, it may produce a
similar safety level as the 75-year storm with aload factor of
1.0. One should also account for the hidden biases and conser-
vativenessbuilt into thewind mapsand other load data. Finaly,
one should note that the safety level isrelated to theratio of the
load factor to the resistance factor. For example, if theload
factor were set at 1.40 with a resistance factor of 1.0, it
would produce a similar safety level as a load factor of
1.25 when associated with a resistance factor of 0.90.



Despite the justifications for the differences mentioned
above, variations in the load factors may till lead to differ-
ences in the respective safety levels implicit in each code.
These differences are mainly due to the nature of the cur-
rently used reliability-based calibration process, which usesa
notional measure of risk rather than an actuarial value. In most
instances, the code writers propose (1) load return periodsand
(2) resistance and load factors based on a “caibration” with
past experience to ensure that new designs provide the same
“safety levels’ asexisting structures judged to be “ acceptably
safe.” Becausethehistorical evolution of the AASHTO, ACI,
AISC, and the other codes may have followed different paths,
itisnot surprising to seethat the calibration process produces
different load combinations and different |oad factors. In addi-
tion, most codes use the reliability of individual members as
the basisfor the calibration process. However, different types
of structures have different levels of reserve strength such
that for highly redundant structures, the failure of one mem-
ber will not necessarily lead to the collapse of the whole struc-
ture. Therefore, in many cases, the actual reliability of the
system is significantly higher than the implied target relia-
bility used during the calibration process. Even within one
system, the reliability levels of subsystems may differ—for
example, for bridges, the superstructure normally formed by
multiple girdersin parallel would have higher system reserve
than would the substructure, particularly when the substruc-
tureisformed by single-column bents.

In particular, the AASHTO LRFD specifications were
developed using a reliability-based calibration that covered
only dead and live loads (Strength | Limit State) using atarget
reliability index equal to 3.5 against first member failure. The
other load combinations were specified based on AASHTO's
Standard Specifications for Highway Bridges (AASHTO,
1996); on common practice in bridge engineering; or on the
results obtained from other codes. Consequently, the current
provisionsinthe AASHTO LRFD for load combinations may
not be consistent with the provisions of the Strength | Limit
State and may not produce consistent safety levels, aswasthe
original intent of the specification writers.

In theory, when looking at the possibility of load combi-
nations, an infinite number of combinations are possible. For
example, the maximum combined live load and earthquake
load effect might occur with the largest earthquake, or the
second largest earthquake, and so forth, depending on the
contribution of the live load in each case to the total effect.
The purpose of the calibration processis to provide a set of
design loads (or return periods) associated with appropriate
load factors to provide an “acceptably safe” envelope to all
these possible combinations. The term “acceptably safe” is
used because absolute safety isimpossible to achieve. Also,
thereisatrade-off between safety and cost. The safer the struc-
ture is designed to be, the more expensive it will be to build.
Hence, code writers must determine how much implicit cost
they are willing to invest to build structures with extremely
high levels of safety.
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The next section will review available methods to study
the reliability of structures subjected to the combination of
load events. This information will be essential to determine
how and when extreme load events will combine and what
load factorswill provide a safe envelopeto therisk of bridge
failure due to individual load events and the combination of
events.

1.2 COMBINATION OF EXTREME EVENTS
FOR HIGHWAY BRIDGES

The extreme events of concern to this project are transient
loads with relatively low rates of occurrences and uncertain
intensity levels. Once an extreme event occurs, itstime dura-
tion is a'so arandom variable with varying length, depend-
ing on the nature of the event. For example, truck loading
events are normally of very short duration (on the order of a
fraction of a second to 2 to 3 seconds) depending on the length
of the bridge, the speed of traffic, and the number of trucks
crossing the bridge simultaneously (platoons). Windstorms
have varying ranges of time duration and may last for a few
hours. Most earthquakes last for 10 to 15 sec while ship colli-
sionsareinstantaneous events. On the other hand, the effects of
scour may last for afew months for live bed scour and for the
remainder of thelife of abridge pier for clear water conditions.
Thetransient nature of theseloads, their low rate of occurrence,
and their varying duration times imply that the probability of
the simultaneous occurrence of two eventsis generally small.
The exceptions are when one of the loads occurs frequently
(e.g., truckloads); when the two loads are correlated (ship col-
lison and windstorm); or when one of the loads lasts for long
time periods (scour or, to alesser extent, wind).

Even when two load types occur simultaneoudly, thereis
little chance that the intensities of both events will be close
to their maximum lifetime values. For example, the chances
are very low that the trucks crossing a bridge are very heav-
ily loaded at the time of the occurrence of a high-velocity
windstorm. On the other hand, because ship collisions are
more likely to occur during a windstorm, the effect of high
wind velocities may well combine with high-impact loads
from ship collisions. Also, once a bridge' s pier foundations
have been weakened because of the occurrence of scour, the
bridge would be exposed to high risks of failure because of
the occurrence of any other extreme event. Of the extreme
events of interest to this study, only ship collision and wind
speeds are correlated events. Although scour occurs because
of floods that may follow heavy windstorms, the time lag
between the occurrence of aflood after the storm would jus-
tify assuming independence between wind and scour events.

For the purposes of this study and following current prac-
tice, it will be conservatively assumed that theintensity of any
extreme event will remain constant at its peak value for the
time duration of the event. The time duration of each event
will be assumed to be a pre-set deterministic constant value.
The occurrence of extreme load events may be represented
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as depicted in Figure 1.1, which shows how the intensities
may be modeled as constant in time once the event occurs
although the actual intensities generally vary with time.

Methodsto study the combinations of the effects of extreme
events on structural systems have been developed based on
the theory of structural reliability. Specifically, three analyt-
ical modelsfor studying thereliability of structuresunder the
effect of combined loads have been used in practical appli-
cations. These are (1) Turkstra's rule; (2) the Ferry-Borges
(or Ferry Borges—Castanheta) model; and (3) Wen' sload coin-
cidence method. In addition, simulation techniques such as
Monte Carlo simulations are applicable for any risk analysis
study. These methods are intended to cal cul ate the probabil -
ity of failure of astructure subjected to several transient loads
and have been used to calibrate a variety of structural codes
ranging from bridges, to buildings, to offshore platforms, to
nuclear power plants, to transmission towers, to ships. The
next section describes the background and the applicability
of these methods.

1.3 RELIABILITY METHODS FOR
COMBINATION OF EXTREME LOAD
EFFECTS

Early structural design specifications represented the load
combination problem in ablanket manner by simply decreas-
ing the combined |oad effect of extreme events by 25% (e.g.,
ACI) or by increasing the allowable stress by 33% (e.g.,
AlSC—allowable stress design [ASD]). These approaches do
not account for the different level s of uncertainties associated
with each of the loads considered, nor do they consider the
respective rates of load occurrence and duration. For exam-
ple, these methods decrease the dead |oad effect by the same
percentage as the transient load effects although the dead

Intensity of
load effect

load isnormally better known (hasalow level of uncertainty),
isalways present, and remains constant with time. The use of
different load factors depending on the probability of simul-
taneous occurrences of the loads is generally accepted asthe
most appropriate approach that must be adopted by codesin
dealing with the combination of loads.

An accurate calibration of the load factors for the combi-
nation of extreme loads requires a thorough analysis of the
fluctuation of loads and load effects during the servicelife of
the structure. The fluctuations of the load effectsin time can
be model ed asrandom processes (asillustrated in Figure 1.1)
and the probability of failure of the structure can be analyzed
by studying the probability that the process exceeds athresh-
old value corresponding to the limit state under considera-
tion. Each loading event can be represented by its rate of
occurrence in time, itstime duration, and the intensity of the
load. In addition, for loads that produce dynamic responses,
the effects of the dynamic oscillations are needed. Severa
methods of various degrees of accuracy and simplicity are
available to solve this problem. Three particular methods
have been used in the past by different code-writing groups.
Theseare (1) Turkstra' srule, (2) the Ferry Borges—Castanheta
model, and (3) Wen's load coincidence method (for exam-
ples, see Thoft-Christensen and Baker, 1982; Turkstra and
Madsen, 1980; or Wen, 1977 and 1981). These load combi-
nation models can be included in traditional first order relia-
bility method (FORM) programs. In addition, Monte Carlo
simulations can be used either to verify the validity of the
models used or to directly perform the reliability analysis.
Results of thereliability analysiswill be used to (1) select the
target reliability levels and (2) verify that the selected load
factors would produce designs that uniformly satisfy the tar-
get reliability levels. Below isabrief description of the three
analytical methods. Chapter 2 will provide a more detailed
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Modeling the effect of transient loads.



description of the method used in this study. Chapter 3 and
the appendixes provide illustrations on the application of the
selected method of analysis and the results obtained.

1.3.1 Turkstra’s Rule

Turkstra's rule (Turkstra and Madsen, 1980) is a deter-
ministic (non-random) procedure to formulate aload combi-
nation format for the design of structures subjected to the
combined effects of several possibleloading events. Therule
is an over-ssmplification derived from the more advanced
Ferry Borges—Castanheta model. Assuming two load types
only (e.g., liveload pluswind load), theintensity of the effect
of Load 1 is labeled as x, and for Load 2, the intensity is
defined as x,. Both x; and x, are random variables that vary
with time. Turkstra' s rule may be summarized as follows:

+ Design for the largest lifetime maximum value of Load
1 plusthevalue of Load 2 that will occur when the max-
imum value of Load 1 ison.

+ Also design for the lifetime maximum of Load 2 plus
the value of Load 1 that will occur when Load 2 is on.

+ Select the larger of these two designs.

In practical situations, the value of the load that is not at its
maximum istaken at its mean (or expected) value. Turkstra's
rule can thus be expressed as follows:

-
o = manf {00 + ]

X1 + max(X,)] (.2

where

Xnaxt = the maximum value for the combined load
effectsin aperiod of time T,
max (x;) = the maximum of all possible x; values,
maxX (x,) = the maximum of all possible x, values,
X; = the mean value of x, and
X, = the mean value of x,.

Therule can be extended for more than two loads following
the same logic. Although simple to use, Turkstra's rule is
generally found to provide inconsistent results and is often
unconservative (Melchers, 1999).

1.3.2 Ferry Borges—Castanheta Model
for Load Combination

The Ferry Borges—Castanheta model is herein described
for two load processes and illustrated in Figure 1.2 (Turkstra
and Madsen, 1980; Thoft-Christensen and Baker, 1982). The
model assumesthat each load effect isformed by a sequence
of independent load events, each with an equal duration. The
service life of the structure is then divided into equal inter-
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valsof time, each interval being equal to the time duration of
Load 1, t;. The probability of Load 1 occurring in an arbitrary
time interval can be calculated from the occurrence rate of
the load. Simultaneously, the probability distribution of the
intensity of Load 1 given that the load has occurred can be
calculated from statistical information on load intensities.
The probability of Load 2 occurring in the same time inter-
val as Load 1 is calculated from the rate of occurrence of
Load 2 and the time duration of Loads 1 and 2. After calcu-
lating the probability density for Load 2 given that it has
occurred, the probability of the intensity of the combined
loads can be easily calculated.

The load combination problem consists of predicting the
maximum value of the combined load effect X, namely X T,
that is likely to occur in the lifetime of the bridge, T. In the
lifetime of the bridge there will be n, independent occurrences
of the combined load, X. The maximum value of the n, pos-
sible outcomesis represent by

Kinax, 7 = Max[ X] (1.3)
m

The maximum value of x, that islikely to occur within atime
periodt, (i.e., when Load 1 ison) isdefined as X max 1. Since
Load 2 occurs a total of n, times within the time period t,
Xomax,t1 1S represented by

Xomax,t1 = rr}gx[xz] (1.4)
Xinax, 7 C8N then be expressed as

Xinax, T = mn?x[xl + X2 max, t1] (1.5
or

X, 7 = max| X, + nl?x(xz) ) (1.6)

The problem reduces then to finding the maximum of n,
occurrences of Load 2, adding the effect of this maximum to
the effect of Load 1, then taking the maximum of n, occur-
rences of the combined effect of x; and the n, maximum of
Load 2. This approach assumes that x; and x, have constant
intensities during the duration of one of their occurrences.
Notice that x; or x, could possibly have magnitudes equal to
zero. If the intensities of x; and x, are random variables with
known probability distribution functions, then the probabil-
ity distribution functions of the maximum of several events
can be calculated using Equation 1.7.

The cumulative distribution of asingle load event, Y, can
be represented as F,(Y*). Fy(Y*) gives the probability that
the variable Y takes a value less than or equal to Y*. Most
load combination studies assume that the load intensities are
independent from one occurrence to the other. In this case,
the cumulative distribution of the maximum of m events that
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Figure1.2. lllustration of combination of two load effects according to
Ferry Borges—Castanheta model.

occur in atime period T can be cal culated from the probabil-
ity distribution of one event by
FYmaxym(Y*) = F\((Y*)m (17)

where misthe number of timestheload Y occursin thetime
period T.

Equation 1.7 is obtained by realizing that the probability
that the maximum value of m occurrences of load Y is less
than or equal to Y* if thefirst occurrenceislessthan or equal
to Y*, and the second occurrence is less than or equal to Y*,
and the third occurrence is less than or equal to Y*, and so
forth. Thisis repeated mtimes, which leads to the exponent,
m, in the right-hand-side term of Equation 1.7.

This approach, which assumes independence between the
different load occurrences, has been widely used in many pre-
vious efforts of calibration of load factors for combined load
effects. Although the Ferry-Borges model is still asimplified
representation of the actual loading phenomenon, this model
ismore accurate than Turkstra srule becauseit takesinto con-
sideration the rate of occurrence of the loads and their time
duration. The Ferry Borges—Castanheta model assumes that

theloads are constant within each timeinterval and areinde-
pendent. However, in many practical cases, even when the
intensities of the extreme load events are independent, the
random effects of these loads on the structure are not inde-
pendent. For example, although the wind velocities from
different windstorms may be considered independent, the
maximum moments produced in the piers of bridges as a
result of these winds will be functions of modeling variables
such as pressure coefficients aswell as other statistical uncer-
tainties that are correlated or not independent from storm to
storm. Inthiscase, Equation 1.7 hasto be modified to account
for the correlation between the intensities of all m possible
occurrences. This can be achieved by using conditional prob-
ability functions; that is, Equation 1.7 can be used with pre-set
values of the modeling factor that are assumed to be constant
and then by performing a convolution over these correlated
variables.

1.3.3 Wen'’s Load Coincidence Method

Wen's load coincidence method (Wen, 1977, 1981) is
another method to calculate the probability of failure of a



structure subjected to combined loads. The load coincidence
method is more complicated than thetwo previously described
approaches, but it can be used for both linear and nonlinear
combinations of processes, including possible dynamic fluc-
tuations. The load coincidence method was found to give
very good estimates of the probability of failure when com-
pared with results of simulations. Unlike the two previously
listed methods, which assume independence between two
different load types, the load coincidence method accounts
for the rate of occurrence of each load event and the rate of
simultaneous occurrences of a combination of two or more
correlated loads.

The Wen load coincidence method can be represented by
the following equation (Wen, 1981):

n-1 n

O 0O
P(E, T) =1- [&X D—%A + NP+
(E,T) K |oD P ZZ 1

j=r+l

alfin
D] (1.8)

where

P(E,T) = the probability of reaching limit state E (e.g.,
probability of failure or the probability of exceed-
ing a response level denoted by E) in atime
period T;

n = the total number of load types each designated
by the subscriptsi and j;

A = therate of occurrence of load typei;

p: = theprobability of failure given the occurrence of
load typei only;

A = therate of occurrence of load typesi and j simul-
taneoudly; and

p; = the probability of failure given the occurrence of
load typesi and j simultaneously.

The process can be extended for three or more loads. For
example, with the combination of two load types such asthe
combination of wind load and live load, n would be 2 and
load type i may represent the live load, and load type j may
represent the wind load. The rate of simultaneous occur-
rences of live load and wind load, A;;, would be calculated
from the rate of occurrence of the wind, the rate of occur-
rence of the live load, and the time duration of each of the
loads. The probability of failure of the bridge given that a
wind and alive load occurred simultaneoudly is p;.

Wen’'s method is valid when the load intensities are pul se-
like functions of time that last for very short duration. Wen's
method is an extension of the one-load approach that assumes
that failure events are independent and occur following a
Poisson process. The loads are assumed to have low rates of
occurrences, and failure events are statistically independent.
Correlation between the arrival of two different load typesis
considered through the A;; term, while correlation between
load intensities is considered through the proper calculation
of the p; term. As with the case of the Ferry-Borges model,
Wen's method does not account for the fact that thereis cor-
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relation among the probability of failure of different events
that may exist because of the presence of common modeling
variables. Adjustmentsto consider this effect are more diffi-
cult to incorporate because of the Poissonian assumptions.

Thisstudy usesthe Ferry-Borges model becauseit provides
a more intuitive approach to the load combination problem
than does the mathematical formulation of Wen'sload coin-
cidence method. The Ferry-Borges model is directly imple-
mentablein Leve |1 reliability programs as demonstrated by
Turkstraand Madsen (1980) and can be modified to account
for the correl ation from the modeling uncertainties using con-
ditional probability distribution functions. Similarly, Monte
Carlo simulations can be easily applied to use the Ferry-
Borges model, including the consideration of correlation of
load effects from different time intervals.

1.4 RELIABILITY-BASED CALIBRATION
OF LOAD FACTORS

The calibration process performed for the Strength | Limit
State of the AASHTO LRFD (see Equation 1.1) followed tra-
ditional methods available in the reliability literature. These
methods are similar to those used during the development of
AlISC's Manual of Seel Construction (1994), ACI’s Build-
ing Code Requirements for Sructural Concrete ACI 318-95
(1995), and many other recently developed structural design
and evaluation codes. The purpose of the theory of structural
reliability isto provide arational method to account for sta-
tistical uncertainties in estimating the capacity of structural
members, the effects of the applied loads on a structural sys-
tem and the random nature of the applied |oads. Since absolute
safety isimpossible to achieve, the objective of areliability-
based calibration is to develop criteria for designing build-
ings and bridges that provide acceptable levels of safety.

The theory of structural reliability is based on a mathe-
matical formulation of the probability of failure. On the other
hand, the absencein the reliability formulation of many poten-
tial risks such as human errors, major defects, deliberate over-
loads, and so forth implies that the calculated values of risk
are only notional measures rather than actuarial values. In
addition, the calibration process often uses incomplete sta-
tistical information on the loads and resistance of structura
systems. Thisis due to the limited samples of data normally
available for structural applications and because each partic-
ular structure will be subjected during its service life to a
unigue and evolving set of environmental and loading condi-
tions, which are difficult to estimate apriori. Asan example,
for bridges subjected to vehicular loads, such unique condi-
tions may include the effect of the environment and mainte-
nance schedules on the degradation of the structural materi-
als affecting the strength and the particular site-dependent
truck weights and traffic conditionsthat affect the maximum
liveload. Thetruck weights and traffic conditions arerelated
to the economic function of the roadway, present and future
weight limits imposed in the jurisdiction, the level of
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enforcement of such limits, the truck traffic pattern, and the
geometric conditions including the grade of the highway at
the bridge site as well as seasonal variations related to eco-
nomic activity and weather patterns. Such parameters are
clearly very difficult to evaluate, indicating that the proba-
bility of failure estimates obtained from traditional reliabil-
ity analyses are only conditional on many of these parame-
tersthat are difficult to quantify even in a statistical sense.

Because the reliability-based calibration gives only a
notional measure of risk, new codesare normally caibrated to
provide overall levels of safety similar to those of “ satisfac-
tory” existing structures. For example, during the devel opment
of bridge codes, the specification writerswould assemble a set
of typical member designs that, according to bridge engineer-
ing experts, provide an acceptablelevel of safety. Then, using
available statistical data on member strengths and loads, a
measure of thereliability of thesetypical bridgesis obtained.
In general, the reliability index, B, is the most commonly
used measure of structural safety. Thereliability index, B, is
related to the probability of failure, Py, as shown in the fol-
lowing equation:
Pr=®(-p) (1.9)
where @ is the cumulative standard normal distribution
function.

During the calibration of a new design code, the average
reliability index fromtypical “safe” designsisused asthetar-
get reliability value for the new code. That is, a set of load
and resistance factors as well as the nominal loads (or return
periodsfor the design loads) are chosen for the new code such
that bridge members designed with these factorswill provide
reliability index values equal to thetarget value asclosely as
possible.

Moses and Ghosn (1985) found that the load and resis-
tance factors obtained following a calibration based on “safe
designs’ are insenditive to errorsin the statistical database as
long asthe same statistical dataand criteriaare used to find the
target reliability index and to calculate the load and resistance
factorsfor the new code. Thus, achangeintheload and resis-
tance statistica properties(e.g., inthecoefficientsof variation)
would affect the computed 3 val ues. However, the change will
also affect the 3 valuesfor al the bridges in the sample popu-
lation of “typical safedesigns’ and, consequently, the average
B (whichisasothetarget 3). Assuming that the performance
history of these bridges is satisfactory, then the target relia
bility index would be changed to the new “average,” and the
final calibrated load and resistance factors would remain rel-
atively the same.

The calibration process described above does not contain
any preassigned numerical values for the target reliability
index. This approach, which has traditionally been used in
the calibration of LRFD criteria(e.g., AISC, AASHTO), has
led code writersto choose different target reliabilitiesfor dif-

ferent types of structural elements or for different types of
loading conditions. For example, in the AISC LRFD, atar-
get 3 equal to 3.5 may have been chosen for the reliability of
beamsin bending under the effect of dead and live loads. On
the other hand, atarget 3 equal to 4.0 may be chosen for the
connections of steel frames under dead and live loads, and a
target B equal to 2.5 may be chosen for beams under earth-
guake loads. Such differences in the target reliability index
clearly reflect the economic costs associated with the selection
of Bsfor different elementsand for different load conditions,
aswell as different interpretations of modeling variables.

Asmentioned earlier, the failure of one structural compo-
nent will not necessarily lead to the collapse of the structural
system. Therefore, in recent years there has been increased
interest in taking into consideration the safety of the system
while designing new bridges or evaluating the safety of exist-
ing ones. The same approach followed during the calibration
of new codesto satisfy reliability criteriafor individual struc-
tural members can al so be used for the devel opment of codes
that take into consideration the system effects. For example,
Ghosn and Moses (1998) and Liu et al. (2001) proposed aset
of system factorsthat account for the system safety and redun-
dancy of typical configurations of bridge superstructures and
bridge substructures. These system factorswere calibrated to
satisfy the same “system” reliability levels as those of exist-
ing “ satisfactory” designs.

However, whether using system reliability or member reli-
ability indexes for criteria, the discrepancies between the
observed Bsfor different load typesraise the following ques-
tion: if thereliability index 3 for liveload is 3.5 and for earth-
guake loads B is 2.5, what should be the target when com-
bining live loads and earthquake loads? On the other hand,
the discrepancies in the target reliabilities can be justified
using a risk-benefit argument. For example, codes should
tolerate ahigher risk for the design of bridges (or structures)
against a particular event if the costs associated with reduc-
ing this risk are prohibitive. This risk-benefit argument can
be formalized using the expected cost of a bridge or any
structure defined as

Cr=C +C: P, (1.10)

where

C; = the expected total cost,

C, =theinitial cost for building the structure,
Cr = the cost of failure, and

P; = the probability of failure.

Theinitial cost of a structure increases as the safety level is
increased. On the other hand, the probability of failure
decreases as the safety level increases. Thus, to provide an
optimum balance between risk and benefit, the target relia-
bility index that should be used isthe one that minimizesthe
expected total cost, Cr.



Although conceptually valid, the use of Equation 1.10inan
explicit form has not been common in practi ce because of the
difficulties associated with estimating the cost of failure, Cr.
Instead, code writers have resorted to using different target
reliabilitiesfor different types of membersand |oads based on
calibration with previous acceptable designs. A risk-benefit
approach is possible if the implicit costs of a structural fail-
ure can be extracted based on current designs. Aktas, M oses,
and Ghosn (2001) have demonstrated the possibility of using
the risk-benefit analysis described in Equation 1.10; how-
ever, morework is still needed in evaluating the relationship
between C, and C: before the actual implementation of this
approach during the development of design codes.

Because moreresearch is needed before the implementation
of Equation 1.10 becomes possible, this report will use atra
ditional method of calibrating the load factorsto provide atar-
get reliability index that will be extracted based on satisfying
the same safety levels of existing “satisfactory designs.” For
example, becausethereliability index obtained for bridgesthat
satisfy current scour design procedures is relatively small
compared with that obtained for bridges designed to satisfy
the wind load requirements, the target reliability level that
will be used for the combination of scour and wind will be
chosen to be equal to the reliability level for bridges sub-
jected towind alone. Thiswill ensurethat bridges subjected to
combinations of wind loads and scour will have safety levels
as high as those that may be subjected to high winds. A simi-
lar approach will be used when combining scour with other
extreme load events. For the load combinations involving
earthquakes, the reliability index obtained from earthquakes
alone will be used for target. Thisis because the engineering
community has determined that current earthquake design pro-
cedures provide sufficient levels of safety in view of the enor-
mous coststhat would beimplied with any increasesinthe cur-
rent design procedures. By using the logic described in this
paragraph, arisk-benefit analysisisimplicitly used in arela-
tively subjective manner.

1.5 RESEARCH APPROACH

The objective of this study is to develop design procedures
for the application of extremeload eventsand the combination
of their load effectsin AASHTO LRFD Bridge Design Speci-
fications. The load events considered in this study will include
live loads, seismic loads, wind loads, ship collision loads, and
scour. The design procedures will consist of a set of load fac-
tors calibrated using reliability-based methods thet are consis-
tent with the reliability methodology of the AASHTO LRFD
specifications. The purpose of the AASHTO specificationsis
to provide procedures to proportion bridge members such
that they will provide sufficient levels of safety in their ser-
vicelivesfor any possibleload type or combination of loads.
Thismeansthat the bridges are expected to satisfy an accept-
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ablelevel of reiability that strikes a balance between safety
and cost.

To achievethe objectives of the study, thisproject will first
review the basic reliability methodology used during previ-
ouscode calibration efforts. Modelsto study thereliability of
bridges subjected to the effects of each load taken individu-
ally will be adopted from previous bridge code calibration
efforts (for the live loads and ship collisions) and from mod-
els developed during the calibration of structural codes for
buildings (for wind loads and earthquake loads). Because
existing specifications for scour are not based on reliability
methods, a scour reliability model will be developed for the
purposes of this study.

Basic bridge configurations designed to satisfy the current
AASHTO specifications will be analyzed to find the implicit
reliability index values for bridge design lives of 75 yearsand
for different limit states when these bridges are subjected to
liveloads, wind loads, earthquakes, vessel collisions, or scour.
The limit states that will be considered include column bend-
ing, shearing failure, and axial failure of bridge columns, bear-
ing failure of column foundations, and overtipping of single-
column bents.

Thereliability calculationswill be based on assumed prob-
ability distributions for the random variables describing the
effects of extreme load events on bridge structures. These
assumed distributions will be based, where possible, on avail-
able statistical data pertaining to these random variables. To
study the probability of load combinations, data on the rate
of occurrence of each load event, the rate of occurrence of
simultaneous load events, the magnitude of each load event,
and the time duration of each load event will be required.
Thisinformation will be assembled from the available relia-
bility literature, aswill be described in the next chapter. Also,
available statistical data.on the capacity of the bridge systems
toresist the applied loads will be needed. Thisinformationis
available from reports describing the calibration efforts of
the AASHTO LRFD specifications and other availableinfor-
mation on the behavior of structures and foundation systems
(e.g., Nowak, 1999; Poulos and Davis, 1980).

In addition to studying the reliability of the typical bridge
configurations under the effects of individual extreme events,
thereliability analysiswill be performed for these same bridge
configurationswhen they are subjected to the combined effects
of the extreme eventsunder consideration. Reliability methods
for combining the effects of several loads have been devel oped
by researchers in the field of reliability, as described in Sec-
tion 1.3. As explained earlier, the Ferry-Borges model for
load combination will be used because it provides a ssimple
and reasonable model that is easy to implement. Modifica
tions on the classical Ferry-Borges model will be made to
account for statistical and modeling uncertainties of time-
dependent and time-independent random variables.

The reliability analysis will be performed for a number
of bridge configurations and for different modes of failure.
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Becausethe extremeload events being considered are mostly
horizontal loads that primarily affect the substructure of
bridges, the analysis will be performed for typical bridge
bents subjected to lateral loading in the transverse direction.
Emphasis will be placed on failure of the columns in bend-
ing and of the foundation system subjected to lateral loads,
although other failure modes such as shearing failures or axia
compression of column or foundation will be considered
depending on the applied load (e.g., shearing failures are
important modes for barge collisions and axial compression
is important for the failure of multicolumn bents). When
applicable, such as in the case of bending of multicolumn
bents, system effects will be taken into consideration.

The results of the reliability analyses will subsequently be
used to calibrate load factors and load combination factors
that will provide bridge designs with adequate levels of
safety when subjected to extreme load events. To minimize
the changes to the current AASHTO specifications, the load
factors will be applicable to the effects of the nominal loads
corresponding to the same return periods as those currently
in use. The load factors will be calibrated such that bridges
subjected to a combination of events provide reliability lev-
els similar to those of bridges with the same configurations
but situated in sites where one threat is dominant. Thus, the
proposed load factors will be based on previous experiences
with “safe bridge structures” and will provide balanced lev-
elsof safety for each load combination. As mentioned above,
the target reliability indexes for the combination of events
will be selected in most cases to provide the same reliability
level associated with the occurrence of the individua threat
with the highest reliability index. Lower reliability index tar-
get values may be justified in the cases (such as earthquake
loads) when increased reliability levelswould result in unac-
ceptable economic costs. The analysis will consider struc-
tural safety as well as foundation safety and system safety
will be compared with member safety. The goal isto recom-
mend arational and consistent set of |oad factors that can be
used during the routine design of highway bridges. These
load factors will be presented in a specifications format that
can beimplemented in future versions of the AASHTO LRFD
specifications.

1.6 REPORT OUTLINE

This report is divided into four chapters and nine appen-
dixes. Chapter 1 gave areview of the problem statement and
an overview of the proposed research approach. Chapter 2
describes the reliability models used in this study for the dif-
ferent load applications and combinations of loads. Chapter 3
provides the results of the reliability analysis of typical bridge
configurations subjected to the extreme events of interest
and combinations of these events. Chapter 3 also providesthe
results of the calibration process and determines the load fac-
tors for the combinations of extreme events. Chapter 4 gives
the conclusion of thisstudy and outlinesfuture research needs.

Appendix A summarizes the results of this study in an
AASHTO specificationsformat that providestheload factors
for the combination of extreme events. Theformat issuitable
for implementation in future versions of AASHTO LRFD
Bridge Design Specifications. Appendix B details the relia-
bility model for the analysis of scour as developed by Profes-
sor Peggy Johnson for the purposes of this study. The relia-
bility modelsused for the other extreme eventswere extracted
from the literature and are similar to those used by other
researchers during the calibration of various structural design
codes. Appendix C provides details of the reliability calcula
tions for athree-span bridge used as the basis for the calibra-
tion. Appendix D describesthe model used for the analysis of
along-span arch bridge subjected to scour and earthquakes.
Appendix E describesthe analysisof along-span bridge over
the Ohio River in Maysville for vessel collisions. Appendix
F describes the earthquake analysis of the Maysville Bridge.
Appendix G describes the wind analysis model for both the
Interstate 40 and the Maysville Bridges. Appendix H describes
the reliability analysismodel used for amultispan bridge sub-
jected to earthquakes. Appendix | performs astatistical analy-
sis of available scour data and proposes an aternative model
for the reliability anaysis of bridge piers under scour. The
examples solved in the appendixes serve to provide details
about the modelsused in the body of thereport and alsotoillus-
trate how big projects can be specifically addressed in detail.

Appendixes A, B, C, H, and | are published herein. All
appendixes (Appendixes A through |) are contained on CRP-
CD-30, which isincluded with this report.
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RELIABILITY MODELS FOR COMBINATIONS OF EXTREME EVENTS

This chapter describesthe model s used to perform thereli-
ability analysis of bridges subjected to extreme load events
and their combinations. The chapter is divided into six sec-
tions. Section 2.1 presents the design nominal loads as spec-
ified in the current AASHTO LRFD and reviews the current
code' smethodsfor combining the effects of the extremeload
eventsof interest to thisstudy. Section 2.2 givesabrief review
of the concepts of structural reliability theory and its appli-
cation for calibration of structural design codes. Section 2.3
describes the resistance model s used for member and system
capacity. Section 2.4 describes the reliability models for the
pertinent individual loads. Section 2.5 describestherisk analy-
sismodel used for the combination of loads. Section 2.6 con-
cludes the chapter.

2.1 LOADS AND RETURN PERIODS IN
AASHTO LRFD

The specification of load combinationsin structural design
codes includes the required nominal (i.e., design) loads or
return periods as well as their corresponding load factors.
Figure 2.1 showsthetable of load factors given in the current
AASHTO LRFD (Table 3.4.1). Nominal loads are usually
associated with some long-term historical event that defines
the loading. For example, the bridge design specifications
requirethe design for the 50-year wind, the 2,500-year earth-
guake, the 75-year maximum liveload, and the 100-year flood
for scour. Theload factorsused arenormally equal to or greater
than 1.0 when each load is analyzed individually. When the
load factor is greater than 1.0, it means that the true return
period for the design event is greater than the specified nom-
inal return period. Thissection reviewsthe current AASHTO
nominal design loads and return periodsfor the loads of inter-
est to this study.

2.1.1 Dead Load

The LRFD code uses a set of dead |oad factors that reflect
the differences in the levels of uncertainties associated with
estimating the weight of cast-in-place elements (particularly
wearing surfaces) to those of pre-cast elements. Following
common practice, the nominal (design) dead load is the best
estimate obtained from design plans for new bridges or from
inspection of existing bridges.

2.1.2 Live Load

Nowak (1999) calibrated the nominal HL-93 design truck
loading model to match a projected expected 75-year maxi-
mum liveload effect for al span ranges. The 75-year |oad pro-
jection was obtained based on truck weight data collected in
the province of Ontario assuming aheavy volume (about 5,000
trucks per day) of truck traffic. The HL-93 load model was
developed to represent the effects of live loads on short- to
medium-span bridges for two-lane traffic. Multipresence fac-
torsare used to account for the differences between the HL-93
truck load effect and the expected maximum 75-year load for
bridges with one lane or three or more lanes. Although the
HL-93 load effectsare dightly lower than the cal culated max-
imum 75-year load effects, it is noted that the Ontario data
used to calibrate the HL-93 load model containsalargelevel
of conservativeness because it is biased toward the heavily
loaded trucks. Similarly, the number of side-by-side events
used to account for multiple-occurrence probabilitiesis also
highly conservative. Moses (2001) gives a more complete
discussion of these factors.

The HL-93 loading consists of atruck with similar con-
figuration and axle weights as the HS-20 truck used in the
AASHTO standard specifications(AASHTO, 1996). Thetruck
has axle weights of 35 kN, 145 kN, and 145 kN (8, 32, and
32 Kips) along with axle spacing of 4.3 m (14 ft) and 4.3 to
9.0 m (14 to 30 ft). In addition, the HL-93 moddl stipulates
that alaneload of 9.3 N/mm (0.64 kip/ft) should be used. For
continuous bridges, two trucks are used (one in each span)
along with the lane load. However, a reduction factor equal
to 0.90 is included for multispan bridges. The dynamic fac-
tor of 1.33 is applied to the truck load alone excluding the
effect of the lane load.

2.1.3 Earthquake Load

The design earthquake intensities specified in the current
AASHTO LRFD are based on a 475-year return period for
essential bridges and 2,500-year return period for critical
bridges. Maps giving the design peak ground accelerations
for different regions of the United States are provided by
AASHTO (Figure 3.10.2; AASHTO, 1998) based on thework
of NEHRP (NEHRP, 1997). The specified load factor is 1.0.
The basis of the design is the inelastic response of bridges
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Figure2.1. AASHTO LRFD load combination and load factor table (see Appendix A for definition

of table symbols).

due to earthquakes. The inelastic behavior and the ductility
capacity of bridge members are reflected through the use of
the response modification factor R. Thus, material nonlin-
earity and system effects are indirectly taken into considera-
tion. Also, the effect of the soil condition on the responseis
accounted for by using different correction factorsfor differ-
ent types of soil. The earthquake design spectrumisgivenin
terms of the natural frequencies of the bridge and isbased on
best estimates of the weight and the bridge elastic stiffness.
NCHRP Project 12-49 has proposed acomprehensive set of
LRFD design specifications for the seismic design of bridges
(see NCHRP Report 472: Comprehensive Specification for
the Seismic Design of Bridges [Applied Technology Council
{ATC} andtheMultidisciplinary Center for Earthquake Engi-
neering Research { MCEER}, 2002]). The proposed specifi-
cations use the NEHRP 2,500-year return period earthquake
hazard maps along with the response spectra proposed by
NEHRP but remove a two-thirds reduction factor that was

associated with the NEHRP spectral accelerations. The two-
thirds factor had been included by NEHRP to essentially
reduce the 2,500-year spectrum to an equivalent 500-year
spectrum for the U.S. west-coast region.

2.1.4 Wind Load

The AASHTO LRFD wind load provisions are based on the
assumption that no live loads will be present on the bridge
when wind velocities exceed 90 km/h (56 mph). According
to the AASHTO LRFD commentaries, this assumption is
based on “ practica experience.” The basic wind speed used is
160 km/h (100 mph) although the option of using other values
is permitted. Wind speeds may be taken from the ASCE
7-95 provisions to reflect regional and geographical effects.
The ASCE 7-95 maps have a return period of 50 years. The
stipulated AASHTO LRFD wind load factor of 1.4 indicates



that the effective return period ishigher than 50 years. A com-
parison between the ASCE 7-95 wind maps and the data
provided by Simiu et a. (1979) and Ellingwood et al. (1980)
reveal that the maps provide a conservative upper limit enve-
lope to the actual measured maximum 50-year winds.

The AASHTO LRFD contains methods to perform the
wind analysisbased on boundary layer theory combined with
empirical observations. For wind on liveloads, the AASHTO
LRFD uses a distributed force of 1.46 N/mm (0.1 kip/ft)
at1800 mm (6 ft) above the roadway applied to the tributary
areas that “produce load effects of the samekind.” The 1.46
N/mm corresponds to the 90 km/h (56 mph) wind speed that
is the limiting speed at which live load would be present on
the structure.

2.1.5 Vessel Collision

The AASHTO LRFD requirements for vessel collision
are based on the probability of bridge collapse using factors
related to the site, the barge size, and the geometry of the
waterway. According to AASHTO LRFD, the acceptable
annual frequency of collapse is 0.0001 for critical bridges
and 0.001 for other bridges. AASHTO LRFD stipulatesthat
the probability of collapse should be calculated based on the
number of vessels, the probability of vessel aberrancy, the
geometric probability of collision given an aberrant vessel,
and the probability of bridge collapse given acollision. The
AASHTO LRFD provides an empirical equation to obtain
the probability of bridge collapse given that a collision has
occurred. Conservative assumptions are implicitly included
in many of the empirical equations used in the safety check
process (e.g., estimation of barge impact force), in effect
further reducing the probability of collapse. The load factor
specified is set at 1.0.

2.1.6 Scour

The AASHTO LRFD specifications require that scour at
bridge foundations be designed for the 100-year flood storm
surge tide or for the overtopping flood of lesser recurrence
interval. The corresponding 100-year design scour depth at
bridge foundations is estimated following the procedure rec-
ommended by FHWA using the manual known as“HEC-18"
(Hydraulic Engineering Circular No. 18: Evaluating Scour
at Bridges [Richardson and Davis, 1995]). The foundation
should then be designed while taking into consideration the
design scour depth. Thisisachieved by, for example, placing
the footings below the scour depth, ensuring that the lengths
of piles and pile shafts extend beyond the scour depth, and
verifying that the remaining soil depth after scour provides
sufficient resistance against sliding failures and overturning.

The HEC-18 manual recognizes that the total scour at a
highway crossing is composed of three components: (1) long-
term aggradation and degradation, (2) contraction scour, and
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(3) local scour. Aggradation and degradation are long-term
elevation changes in the streambed of the river or waterway
caused by erosion and deposition of material. Contraction
scour is due to the removal of material from the bed and the
banks of achannel often caused by the bridge embankments
encroaching onto the main channel. Local scour involvesthe
removal of material from around bridge piers and abutments.
It is caused by an acceleration of flow around the bridge
foundation that accompanies arise in water levels that may
be due to floods and other events. Both local scour and con-
traction scour can be either clear water or live bed. Live-bed
conditions occur when there is atransport of bed material in
the approach reach. Clear-water conditions occur when there
isno bed material transport. Live-bed local scour iscyclicin
nature because it allows the scour hole that develops during
the rising stage of the water flow to refill during the falling
stage. Clear-water scour is permanent because it does not
allow for arefill of the hole. The focus of this report is on
local live-bed scour around bridge piers that, because of its
cyclical nature, isthe most unpredictable type of scour.

Summary

Each loading type considered in the AASHTO LRFD pro-
visionsisrepresented by anominal load intensity (i.e., acode
specified live load or a geographicaly varying load for a
given return period) and a corresponding load factor. It is
noticed that the design return periods differ considerably for
each type of load event (e.g., 2,500-year for earthquakes, 75-
year for live load, 50-year for wind, 100-year for scour, and
1-year for vessdl collisions). The reasons for the differences
in the design return periods are traditional use, providing
consistency with other codes, and providing assurances to
the public about the safety of bridges. One should note that
these return periods are only nominal because by adjusting
the load factors, one could produce a common “effective
return period.” In addition, several of the “event intensity
maps’ provided as part of the specifications are based on
biased envelopes of the actual measured data, and the degree
of conservatism in each |oad analysis model varies from load
type to load type. Therefore, actual failure rates may be sig-
nificantly different than those implied by the nominal return
periods. One major aim of structural reliability methodsisto
quantify these degrees of conservatism by obtaining more
realistic and objective assessments of the safety levelsimplied
in code-specified design procedures for each load type.

The calibration of the AASHTO LRFD specifications for
the Strength | Limit State was undertaken using uniform reli-
ability criteria. The code was calibrated based on the reliabil-
ity of individual girders of multigirder bridges for the combi-
nation of dead and live loads. The specifications for the other
extreme events of interest to this study were based on thework
performed for other structural codes. In particular, AASHTO
LRFD relies on the provisions and guidelines provided by
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NEHRP for earthquakes, ASCE 7-95 for wind, AASHTO’s
Guide Specification and Commentary for Vessel Collision
Design of Highway Bridges for vessel collisions (AASHTO
1991), and HEC-18 by FHWA for scour. In order to perform
thereliability analysisand calibrate the load factors for com-
binations of extreme load events, statistical information on
the rate of occurrence, the time duration, and the intensity of
each extreme loading event is necessary. In addition, the
uncertainties associated with design parameters other than
the load intensities must be included. To remain consistent
with the intent of the AASHTO LRFD specificationsto pro-
vide safe bridge structures over an intended design life of 75
years, the load factors should be calibrated to provide con-
sistent reliability levels for a 75-year return period, regard-
less of the return period that is used to define the design loads.
Section 2.2 givesareview of basic conceptsof reiability the-
ory and describes the information required to perform areli-
ability-based evaluation of design codes. Sections2.3and 2.4
summarize the information available on the resistance and
load models pertinent for this study and describe the meth-
ods used by various code-writing agencies and adapted in
this study to account for the uncertainties associated with
modeling the effect of these loads on the safety of typical
bridge systems.

2.2 BASIC CONCEPTS OF STRUCTURAL
RELIABILITY

The aim of the structura reliability theory is to account
for the uncertainties encountered while eval uating the safety
of structural systems or during the calibration of load and
resistance factors for structural design codes. The uncer-
tainties associated with predicting the load-carrying capac-
ity of a structure, the intensities of the loads expected to be
applied, and the effects of theseloads may be represented by
random variables. The value that arandom variable can take
is described by a probability distribution function. That is, a
random variable may take a specific value with a certain prob-
ability, and the ensemble of these values and their proba-
bilities are described by the distribution function. The most
important characteristics of a random variable are its mean
value or average and the standard deviation that givesamea-
sure of dispersion or ameasure of the uncertainty in estimat-
ing the variable. The standard deviation of arandom variable
R with amean R is defined as oz. A dimensionless measure
of the uncertainty is the coefficient of variation (COV),
which istheratio of standard deviation divided by the mean
value. For example, the COV of the random variable R is
defined as Vy such that

Vk = (2.

0|z

Codes often specify nominal valuesfor the variables used
in design equations. These nominal values are related to the

means through bias values. The biasis defined astheratio of
the mean to the nominal value used in design. For example,
if Risthe member resistance, the mean of R, namely R, can
be related to the nominal or design value R, using abiasfac-
tor such that
R=bR, (2.2)
where b, is the resistance bias and R, is the nominal value
as specified by the design code. For example, A36 steel has
a nominal design yield stress of 36 ksi (248,220 kPa), but
coupon tests show an actual average value close to 40 ksi
(275,800 kPa). Hence, the hias of the yield stress is 40/36
or1.1.

In structural reliability, safety may be described asthe sit-
uation inwhich capacity (strength, resistance, fatiguelife, etc.)
exceeds demand (load, moment, stress ranges, etc.). Proba
bility of failure (i.e., probability that capacity is less than
applied load effects) may be formally calculated; however,
its accuracy depends upon detailed data on the probability
distributions of load and resistance variables. Because such
data are often not available, approximate models are often
used for calculation.

Let the reserve margin of safety of a bridge component be
defined as, Z, such that
Z=R-S (2.3)
where R is the resistance or member capacity and Sis the
total load effect. Probability of failure, P; is the probability
that the resistance Ris less than or equal to the total applied
load effect Sor the probability that Z isless than or equal to
zero. Thisis symbolized by the following equation:
P=Pr[R<s Y (2.9
where Pr is used to symbolize the term probability. If Rand
Sfollow independent normal distributions, then

- ZD 0 R-S
! Do, H /O'R+O'SE (25)

where

@ = the normal probability function that gives the proba-
bility that the normalized random variableisbelow a
given value,

Z = the mean safety margin, and

0, = the standard deviation of the safety margin.

Thus, Equation 2.5 gives the probability that Z is less than
zero. Thereliability index, B, is defined such that

P = ®(-B) (2.6)



which for the normal distribution case gives

Z R-S
B o, Jok+ol (2.7)
Thus, the reliability index, 3, which is often used as a mea-
sure of structural safety, givesin thisinstance the number of
standard deviations that the mean margin of safety falls on
the safe side.

The reiability index, (3, defined in Equations 2.6 and 2.7,
provides an exact evaluation of risk (failure probability) if R
and Sfollow normal distributions. Although 3 wasoriginally
developed for normal distributions, similar calculations can
be madeif Rand Sarelognormally distributed (i.e., when the
logarithms of the basic variablesfollow normal distributions).
Also, “Level II" methods have been devel oped to obtain the
reliability index for the casesin which the basic variables are
not normal. Level 11 methods, often referred to as FORM or
first order second moment (FOSM) involve an iterative cal-
culation to obtain an estimate to the failure probability. This
isaccomplished by approximating the failure equation (i.e.,
when Z = 0) by a tangent multidimensional plane at the
point on the failure surface closest to the mean value. More
advanced techniques including second order reliability meth-
ods (SORMs) have aso been developed. On the other hand,
Monte Carlo simulations can be used to provide estimates of
the probability of failure. Monte Carlo simulations are suit-
able for any random variable distribution type and failure
equation. In essence, aMonte Carlo simulation creates alarge
number of “experiments’ through the random generation of
sets of resistance and load variables. Estimates of the proba-
bility of failure are obtained by comparing the number of
experiments that produce failure with the total number of
generated experiments. Given values of the probability of
failure, P, the reiability index, 3, is calculated from Equa-
tion 2.6 and is used as ameasure of structural safety even for
non-normal distributions. More detailed explanations of the
principles discussed in this section can be found in published
texts on structural reliability (e.g., Thoft-Christensen and
Baker, 1982; Nowak and Collins, 2000; Melchers, 1999).

The reliability index has been used by many code-writing
groups throughout the world to express structural risk.  in
therange of 2 to 4 isusually specified for different structural
applications (e.g., B = 3.5 was used for the calibration of the
Strength | Limit State in AASHTO LRFD specifications).
Thesevauesusualy correspond to thefailure of asingle com-
ponent. If there is adequate redundancy, overall system reli-
ability indexeswill be higher.

2.2.1 Code Calibration

Generally speaking, B is not used in practice for making
decisions regarding the safety of a design or existing struc-
ture; rather, it is used by code-writing groups for recommend-
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ing appropriate load and resistance safety factors for new
structural design or evaluation specifications. One commonly
used calibration approach is based on the principle that each
type of structure should have uniform or consistent reliabil-
ity levels over the full range of applications. For example,
load and resistance factors should be chosen to produce sim-
ilar B values for bridges of different span lengths, of differ-
ing numbers of lanes, of simple or continuous spans, of road-
way categories, and so forth. Thus, asingle target 3 must be
achieved for all applications. On the other hand, some engi-
neers and researchers are suggesting that higher values of 8
should be used for moreimportant structures such as bridges
with longer spans, bridges that carry moretraffic, or bridges
that, according to AASHTO, are classified as critical for
“social/survival or security/defense requirements.” Because
higher 3 levels would require higher construction costs, the
justification should be based on a cost-benefit anaysis
whereby target B values are chosen to provide a balance
between cost and risk (Aktas, Moses, and Ghosn, 2001).
This latter approach is still under development in order to
establish the proper criteria and methods for estimating
appropriate cost functions.

In many code calibration efforts, appropriate target 3 val-
ues are deduced based on the performance of existing designs.
That is, if the safety performance of bridges designed accord-
ing to current standards has generally been found satisfac-
tory, then the reliability index obtained from current designs
isused as the target that any new design should satisfy. The
aim of the calibration procedure is to minimize designs that
deviate from thetarget reliability index. Such calibration with
past performance also helps to minimize any inadequacies
in the database, a minimization that has been previousy
reported by Moses and Ghosn (1985). It was found that the
load and resistance factors obtained following a calibration
based on “safe existing designs” are relatively insensitive to
errorsin the statistical data base as long as the same statisti-
cal data and criteria are used to find the target reliability
index and to calculate the load and resistance factors for the
new code. In fact, a change in the load and resistance statis-
tical properties (e.g., in the coefficients of variation) would
affect the computed 3 valuesfor all the bridgesin the sel ected
sample population of existing bridges and, consequently, their
average 3 value. Assuming that the performance history of
these bridges is satisfactory, then the target reliability index
would be changed to the new “average,” and the calibrated
load and resistance factors that would be used for new designs
would remain approximately the same.

The calibration effort is usually executed by code groups
asfollows:

+ Reliability indexes are calculated for a range of bridge
configurations that satisfy current code design criteria
deemed to produce satisfactory performance. The cal-
culation is based on statistical information about the
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randomness of the strength of members, the statistics of
load intensities, and their effects on the structures.

 Ingeneral, therewill be considerable scatter in such com-
puted reliability indexes. If the existing code is believed
to provide an average satisfactory performance, a target
[3 can then be directly extracted. Thisis done by examin-
ing the performance and experience of selected bridge
examples and averaging the 3 values.

* For the development of new design codes, load andresis-
tance factors and nominal design loads (or return peri-
ods) are selected by trial and error to satisfy the target 3
asclosaly aspossiblefor thewholerange of applications.

To executethe calculation of thereliability index, one needs
to obtain the statistical datafor all the random variables that
affect the safety margin Z of Equation 2.3, including all the
uncertainties in estimating the variables that describe the
member resistances and the load effects. Experimental and
simulation studies have developed statistical estimates of
member resistances for different types of bridge structural
members. These models have accounted for the variability
and uncertainties in estimating the material properties, mod-
eling errors, differences between predicted member capaci-
ties and measured capacities, human error, and construction
control. For example, Nowak (1999) followed the approach
of Ellingwood et a. (1980) and represented a bridge member
resistance capacity by avariable Rthat is the product of sev-
eral variables, such that

R=MFPR, (2.8)

where

M = material factor representing properties such asstrength,
modulus of elasticity, capacity to resist cracking, and
chemica composition;

F = fabrication error including geometry, dimensions, and
section modulus;

P = analysis factor such as approximate models for esti-
mating member capacity, idealized stress and strain
distribution models; and

R, =predicted member capacity using code-specified meth-
ods.

Equation 2.8 can be used to find the mean of R using Equa-
tion 2.2 if the total resistance bias, by, is set to be equal to the
product of the mean values of M, F, and P.

In addition it is possible to add a system factor, Ay, that
represents the capacity of the “system” to continue to carry
loads after the failure of the first member. Thus, the system
capacity, Rys, may be represented as follows:
Rys=Agys MFPR,. (2.9)

The resistance model of Equations 2.8 and 2.9 does not
directly account for member deterioration or other changes

with time. Thus, all the variables are time-independent ran-
dom variables.

For abridge member (or structural system) to be safe, the
resistance should be large enough to withstand the maximum
load effect that could occur within the structure’ sservicelife.
Estimating the effects of the maximum loadsinvolvesanum-
ber of random variables, which may often be associated with
largelevels of modeling uncertainties. In particular, theinten-
sities of the maximum loads are time-dependent random
variables in the sense that longer service lives imply higher
chancesthat the structure will be subjected to agiven extreme
load level. On the other hand, the projection of limited load
intensity data, collected from previous measurements over
short periods of time, to future return periods is associated
with various levels of statistical modeling uncertainties. In
addition, modeling the structure’s response to the applied
loads and estimating the variablesthat control the effectsof the
loads on the structure are associated with high level s of uncer-
tainty that are independent of the return period. These model-
ing uncertainties are often represented by time-independent
random variables. Thus, the effect of a particular load type,
i, on astructural member may be represented by an equation
of theform

S=Nfi(Aa Gi Q) (2.10)

where

S =theload effect for load typei;

Ai = the analysis modeling factor that accounts for dif-
ferences between measured load effects and pre-
dicted load effects;

f,() =the analysis prediction model that converts load
intensitiesinto load effects;

Q; = the projected intensity variable of load typei for the
return period of interest;

Aq =the statistical modeling variable that accounts for
the limitations in predicting the value of Q;; and

C;; = the analysis variables such as bridge material and
geometrical properties required for executing the
analysisfor load typei.

Several such variables, each represented by theindex, j, may
be required to execute the load effect analysis. As mentioned
above, all the variablesin Equation 2.10 may be considered
random where Q; is a time-dependent random variable and
the remaining variables are time-invariant.

The probability density of the load intensity, Q;, for a
given return period, t, can be cal culated by studying the prob-
ability that Q, will exceed a given value within t. Assuming
that the occurrence of load events follows a Poisson model,
the probability that the load intensity will exceed avalue x,
within aperiod, t, isrepresented by (1 — Fq;[X]), which may
be approximated as

Pr(Q>x T<t)=1-Fg(x)=1-e™ (2.11)



where p isthe rate of exceedance per unit time. p isequal to
the probability of exceeding x when t equals 1.0:

p=Pr(Q>x)=1-Fq(X. (212
For extreme values of x when the values of Fq(X) are close
to 1.0, and when p is calcul ated for one unit of timewhilethe
return period, t, consists of munitsof time, Equation 2.11 can
be approximated as

Pr(Q>x T<t)=1-Fg,(¥)=1-e®P= 1-(1-p)"
=1- (Fu())" (2.13)

or

Pr(Q <x T<t)=Fg(X)= Fo(x)" (2.14)

In other words, Equation 2.14 indicates that the cumula-
tive probability function for areturn period of time, t, may be
approximated by raising the cumulative probability function
of the basic time period to the power, m. For example, assum-
ing that Fqi(X) is the probability distribution of Q; for 1 day,
the probability distribution for areturn period of 100 dayscan
be calculated from Equation 2.11 or Equation 2.14 by setting
mequal to 100. On the other hand, if Fqi(X) isthe probability
distribution for one event, then assuming n events per day, the
probability distribution of the load intensity for a 100-day
return period is calculated by setting m equal to 100n.

Equations 2.11 through 2.14 arevaid for studying the effect
of oneindividual load of typei. However, the probability that
two or moreload eventswill occur simultaneously within the
service life of the structure is afunction of the rate of occur-
rence of each event, the time duration of the events, and the
correlation between the events. Even when two load types
can occur simultaneously, thereislittle chance that theinten-
sities of both events will simultaneously be close to their
maximum lifetime values. Therefore, the reliability calcula
tions must account for all the random variables associated
with estimating the maximum values of each load type and
the possibility of load combinations. Available methods for
studying the load combination problem have been discussed
in Chapter 1. In particular, the Ferry-Borges model that is
used in this study is described in detail in Section 2.5.

In order to execute thereliability calculations based on the
Ferry-Borges model, statistical data on structural member
and structural system resistances as well as data on the load
intensities, their rate of occurrence, and their time duration
arerequired. In addition, the uncertainty in modeling the effect
of the loads on the structures should be considered. The next
two sections give summaries of the statistical modelsused in
this study based on the work available in the reliability liter-
ature. The models used are adopted from previous studies
that led to the devel opment of bridge design specifications or
other structural design codes.
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2.3 RESISTANCE MODELS

The object of this project isto study thereliability of high-
way bridges subjected to extreme load events and their com-
binations. In addition to live loads, the extreme events under
consideration consist of wind loads, earthquake loads, ship
collisions, and scour. Except for live loads and scour, al these
events primarily produce horizontal loads on bridges. The
bridge substructure consisting of the columnsin abridge bent
and thefoundation isthe primary system that resiststhe appli-
cations of horizontal loads. The occurrence of scour, which
isthe erosion of the soil material around bridge piers, would
also jeopardize the safety of the foundation system. There-
fore, the focus of this study will be on the capacity of bridge
substructures to resist the effect of lateral forces induced by
the extreme events under consideration.

The intensities of the extreme load events are time-
dependent random variables in the sense that the longer the
bridge structureis operational, the higher the chances are that
an extreme event with a high level of intensity will occur,
causing thefailure of the structure. In addition, as mentioned
above, modeling the effect of theseload eventsand theresis-
tance capacity of the structure is associated with varying
degrees of uncertainties because of the limitation of the analy-
sis models that are commonly used as well as the difficulty
of determining the exact properties of the structure and other
factors that affect its behavior. The approach used in this
study to account for these modeling uncertainties and mate-
rial variability is by assuming that many of the factors that
control the behavior and the response of bridges can be treated
as random variables. The statistical uncertainties and the
bi ases associated with estimating these variablesare normally
obtained from comparisons of analytical models with test
results and by studying the data assembled from various
measurements of material properties and bridge member and
system responses. The object of this current project is not
to collect such statistical data but to use the “most widely
accepted” modelsfor the needs of thisstudy. A model isgen-
eraly judged to be “acceptable” if it has been applied during
recent code calibration efforts. This section providesareview
of the structural and foundation resistance model sthat are used
during recent studies dealing with the calibration of design
codesor that are most commonly used in practice. These mod-
elswill be adapted for usein this project to calibrate the load
factorsfor the design of highway bridges and to study thereli-
ability of such bridges when they are subjected to extreme
events and combinations of extreme events.

2.3.1 Bridge Column Resistance Capacity

The concrete columns of abridge bent are subjected to lat-
eral loads from the extreme events as well as from vertical
gravity loads caused by the permanent weight and live load.
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The safety of a bridge column under combined axial loads
and moment-causing lateral loads is defined by a P-M inter-
action curve (axial load versus moment curve). Figure 2.2
shows atypical P-M curve for a concrete column. In bridge
engineering practice, most columns are designed such that
the applied combined loading remains in the vicinity of the
balanced point, that is, in the region in which the effect of the
axial load does not significantly reduce the moment capacity
of the column. For thisreason, it is herein assumed that when
the substructure is subjected to lateral 1oads, column failures
will primarily be due to bending. Hence, the statistical data
provided by Nowak (1999) for calibrating AASHTO LRFD
resistance factors for bending of concrete members will be
used when checking the safety of bridge columns subjected
tolateral loads. When only vertical loads are applied, the dom-
inant loading isaxial compression. Inthiscase, themodel pro-
posed by Ellingwood et a. (1980) will be used.

During the AASHTO LRFD calibration, Nowak (1999)
used abiasof 1.14 and aCOV of 13% for the moment capac-
ity of reinforced concrete members. A “bias’ isdefined asthe
ratio of the mean value to the nominal or design value. This
means that the average moment capacity of a bridge column
will generally be different than the value calculated using the
procedures outlined by the AASHTO LRFD code. There will
also be ascatter in the moment capacities of columnsdesigned
to the same specifications and constructed following the same
common construction procedures. The average val ue of these
capacitieswill be 1.14 times the specified nominal capacity.
“COV” is defined as the standard deviation divided by the
mean value. Using Equation 2.1, a COV of 13% means that

Po

the standard deviation will be equal to 0.148 (0.13 x 1.14)
times the specified value. The biases and COV's, used during
the AASHTO LRFD calibration, account for uncertainties
in the materia strength, geometric dimensions, and analysis.
During the calibration process, Nowak (1999) used alognor-
mal probability distribution to model the member resistance
and to describe the scatter of the bending moment capacities.

For axial loading of concrete columns, Ellingwood et al.
(1980) used alognormal distribution with a bias of 1.05 and
aCoOV of 16%. When bridge columns are subjected to con-
centrated transverse forces such as when a ship or a barge
collidesinto acolumn, the column may fail in shear. For shear
failures of concrete columns Nowak (1999) uses a bias of
1.40 and aCOV of 17% for columnswith no steel shear rein-
forcement. When the columns are reinforced with steel, a
bias of 1.2 and a COV of 15.5% are used.

The bending failure of one column in amulticolumn bent
does not necessarily lead to the collapse of the substructure.
Infact, Liu et al. (2001) have shown that multicolumn bents
formed by columns confined with lateral reinforcing steel
will, on the average, be ableto withstand 30% additional load
beyond the load that causes the first column to reach its ulti-
mate bending capacity. The COV wasfound to be onthe order
of 12.5%. Substructure systems composed of unconfined mul-
tiple columnswill on the average provide 15% more bending
capacity withaCOV of 8%. Thedistribution of the system’s
modeling factor is assumed to be normal. This issue is fur-
ther discussed in Section 2.3.3. The characteristics of the
random variables describing the capacity of the columns of
bridge substructures are summarized in Table 2.1.

Balanced point

v

M 0 M oment

Figure2.2. Srength interaction diagram for concrete columns.
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TABLE 2.1 Input datafor concrete column capacity
Variable Bias cov | Distribution Reference
Type
Moment capacity, Mcy 1.14 13% Lognormal Nowak (1999)
Axial capacity, Pey 1.05 16% Lognormal Ellingwood et al. (1980)
Shear capacity no steel, Vog; | 1.40 17% Lognormal Nowak (1999)
\S/h ear capacity with stel, 1.20 15.5% Lognormal Nowak (1999)
col2
System capacity for bending )
of unconfined multicolumn | 1.15 8% Normal Liuet al. (2001)
bents, Agsu
System capacity for bending ]
of confined multicolumn 1.30 12.5% Normal Liuetal. (2001)
bents, Agsc

2.3.2 Foundation/Soil Resistance Capacity

Another important failure mode that may jeopardize the
safety of bridge substructuresis the failure of the foundation
system. This failure could be due to the failure of the foun-
dation structural elements (e.g., piles) or failure in the sail.
The capacity of the soil to resist failure is controlled by the
specific weight of the soil; the type of soil materia (e.g., clay
or sand) and the depth; and the size and type of the founda-
tion (e.g., footings on piles or pile shaft).

For most of the examples treated in this study, the foun-
dation systemisconsidered to be adrilled shaft pilein sands.
This assumption is madein order to keep the analysis of the
foundation reasonably simple and consistent with the over-
all objective of thisstudy. Theresponse of the columntolat-
eral loads can then be modeled as shown in Figure 2.3. The
simplified model used assumes an ultimate soil resistance
capacity related to Rankine's passive pressure as described
by Poulos and Davis (1980).

In Figure 2.3, F is the applied lateral force, e gives the
height of the column above ground level, L isthe foundation
depth, and P, isthe passive resultant resisting force of the soil
(produced by thetriangular soil pressure resisting the motion).
For long piles, the maximum bending moment in the pile
shaft occurs at a distance f below the soil surface where the
force from the soil pressure, up to depth f, is equal to the
applied lateral forceF. If fislarger than the foundation depth,
L, the pile acts as a short pile, the controlling mode of failure
isrigid overtipping about the base of the pile, and the moment
armisH =L +e ThisisshowninFigure2.3(a). If fissmaller
than L, then the maximum moment will occur at a depth f,
and the controlling mode of failureis bending of the pile. In
this case, the moment aram isH = f + e and the pile acts as if

it isfixed at a distance f below the soil level. Thisis shown
in Figure 2.3(b).

According to Poulos and Davis (1980), the nominal active
force P, for sandy soilsis given as

_3yDK,L?

P, 5

(2.15)

where

y = the specific weight of sand,
L = the depth of the pile,
D = the diameter of the pile, and
K, = the Rankine coefficient, which is given by

1+sin(g
p= 1i :28; (2.16)

where @ isthe angle of friction for sand.

When the depth of the soil issuch that f <L, the pile system
is simply an extension of the bridge column and can be
treated in the same manner as the column, using the same
bias and COV given by Nowak (1999) for bridge members
in bending.

The dominant factorsthat control the safety of the soil are
the specific weight of the soil, the angle of friction, and the
modeling uncertainties associated with using the Rankine
model. Poulos and Davis (1980) and Becker (1996) mention
that for the lateral soil pressure on pile shafts, the Rankine
model is conservative, providing a bias of about 1.5 when
compared with measured data with a COV on the order of
20%. Becker (1996) also mentions that the specific weights
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Figure2.3. Free body diagram of bridge foundation system: (a) free body diagram for a short
pile, dominant failure mode is tipping at base; (b) diagram for long pile, dominant failure mode

is bending at distance f below soil level.

of soils will have variability with a COV equal to 7% com-
pared with the measured value while estimates of angle of
friction are associated with a COV of 13%. For the vertica
bearing capacity, Poulos and Davis (1980) indicate that the
applicable pile design formulas provide a bias of 1.0 when
compared with pile tests with a COV on the order of 25%.
Because most of the loads under consideration are dynamic
in nature, it is proposed to follow the approach of Bea (1983)
and apply acyclic bias of 1.0 withaCOV of 15% when ana-
lyzing the resistance of soils for foundations subjected to
repeated cyclic forces. The primary random variables that
control the estimation of the lateral soil resistance of the pile-

shaft system under lateral loads are summarized in Table 2.2.
A normal distributionisassumed for all therandom variables.

2.3.3 System Capacity

The analysis of multiple-column bents produces different
moments in each column because of the effect of the dead
load and the presence of axial forces. An extensive analysis
of different bent configurations founded on different soil
types was performed for NCHRP Project 12-47 (Liu et a.,
2001). The results showed that, because of the load redistri-

TABLE 2.2 Input datafor soil-related random variables
Variable Bias cov Distribution Reference
Type
Unit weight of soil, y 1.0 % Normal Becker (1996)
Angle of friction, g 1.0 13% Normal Becker (1996)
Rankine earth pressure )
model for lateral force on 15 20% Normal Poulos and Davis (1980)
piles, K, Becker (1996)
Soil bearing capacity, Py 1.0 25% Normal Poulos and Davis (1980)
Cyclic effects, A gyc 1.0 15% Normal Bea (1983)




bution and the presence of ductility, multiple-column bents
with confined concrete would on the average fail at loads up
to 30% higher than the loads that make the first column reach
its ultimate member capacity with a COV of about 12.5%.
Systems with unconfined columns give system reserve ratios
of about 1.15 (15% additional system capacity compared
with first member capacity) with a COV of about 8%.

It is noted that system reserve ratio should be included to
study the safety of the system (as compared with member
safety) only for the cases in which alinear elastic analysis
is performed. In the casesin which afull plastic analysisis
performed, the system reserve is automatically taken into
consideration.

2.4 LOAD MODELS

As mentioned earlier, the intensity of the extreme load
events are time-dependent random variablesin the sense that
the longer the bridge structure is operational, the higher the
chances are that an extreme event with ahigh level of inten-
sity will occur causing the failure of the structure. However,
modeling the effects of these loads is also associated with
varying levels of uncertainties because of the limited avail-
able data, the limitations of the commonly used analysis
models, and the difficulty of estimating the exact properties
of the structure and other factorsthat affect itsbehavior. The
approach followed in this project isto account for the analysis
model uncertainties by assuming that many of the parameters
that control the behavior and the response of bridges can be
treated as random variables. The biases and COV s associated
with estimating these variables are normally obtained from
comparisons of analytical modelsto test resultsand by study-
ing the data assembled from various measurements of bridge
member and system responses. The abject of thiscurrent proj-
ect is not to collect such statistical data but to use “widely
accepted” statistical models that have been applied during
recent code calibration efforts for the needs of this study.
This section provides a review of the models used in this
study to calibrate the load factors for the design of highway
bridges subjected to the combination of extreme events.

2.4.1 Gravity Loads
Dead Loads

The dead load biases and COV's used by Nowak (1999)
during the reliability calibration of the AASHTO LRFD are

1. A bias of 1.03 with a COV of 8% for factory-made
members,

2. A bias of 1.05 with a COV of 10% for cast-in-place
members, and

3. For the wearing surface, a 88.9-mm (3.5-in.) average
asphalt thickness along with a COV of 25%.
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Nowak (1999) also assumes that the total load effect (live
load + dead |oad) follows a normal distribution. Ellingwood
et a. (1980) suggest that the dead |oad follows anormal dis-
tribution. In the calculations performed in this study, a com-
mon bias of 1.05 and a COV of 10% are used for the dead
load using anormal distribution.

Live Loads

A major portion of the AASHTO LRFD calibration effort
was spent on studying the effect of live loads. The statistical
database for live loads was primarily obtained from truck
weight histograms collected in Ontario (Nowak and Hong,
1991). Also, alimited set of weigh-in-motion data collected
in Michigan (Nowak and Hong, 1991) and aweigh-in-motion
study supported by FHWA (Goble et al., 1991) were avail-
able. Using the Ontario statistical database, Nowak (1999)
calculated the target reliability index for member capacity,
Brargets t0 be 3.5. This value is the average reliability index
obtained for a representative sample of components of differ-
ent bridge configurations designed to satisfy the AASHTO
standard specifications (1996) with the HS-20 design load.
Load and resistance factors were calibrated for the AASHTO
LRFD using the same statistical database and using the 3.5 tar-
get value. The assumption of the code writers was that HS-20
bridges have performed satisfactorily under current liveload-
ing conditions and, thus, the new code should be calibrated
to provide on the average asimilar level of safety.

Only “heavy” truckswere measured in the Ontario survey.
Nowak (1999) does not provide the actual truck weight his-
togram, but Moses (2001) found that theweights of the“heavy
trucks” used in the AASHTO calibration effort approach a
normal distribution with a mean of 300 kN (68 kips) and a
standard deviation of 80 kN (18 kips) (COV = 26.5%). Nowak
(1999) indicates that atypical sitewill have an average daily
“heavy” truck traffic of about 1,000 trucks per day. Nowak
(1999) also assumes that about 1 in every 15 “heavy” trucks
will be side-by-side with another “heavy” truck. This pro-
ducesarate of side-by-side“heavy” truck occurrencesonthe
order of 6.67%. On the other hand, data collected by Moses
and Ghosn (1985) have shown that the truck population (for
all trucks) on Interstate highways is on the order of 2,000 to
3,000 trucks per day (it may even reach 5,000 trucks per day
in some cases) but that the percentage of side-by-side events
for all thetruck population is on the order of 1% to 3%. This
percentage, however, may depend on site conditions and truck
traffic volume. This comparison would indicate that Nowak’s
data are highly biased toward the conservative side.

The statistics on truck weights (mean = 300 kN and stan-
dard deviation = 80 kN) and truck daily rates (1,000 trucks
per day) are used to find the expected maximum truck load
effect for different return periods using Equations 2.11 and
2.14. The calculations show that these statistics would pro-
duce results that replicate the results provided by Nowak
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(1999) for the maximum extreme load effects for various
return periods. Nowak (1999) does not providethe COVsfor
the different return periods that he considered, but the calcu-
lations using Equations 2.11 and 2.14 show that the COV for
thetruck load intensity decreasesasthereturn period increases.
Calculationsfor a75-year return period using the mean truck
weight of 300 kN and astandard deviation of 80 kN show that
the 75-year maximum truck weight intensity that abridge will
be subjected to will be 734 kN (165 kips) with a COV less
than 3%.

The 3% COV cdlculated abovereflectsthefact that for very
long projection periods and for large number of truck occur-
rences, the chances that the bridge will be subjected to ahigh
truck load become more certain assuming ahigh level of con-
fidence in the input data base. On the other hand, because of
gtatistical and modeling uncertainties, the final COV for the
maximum combined load effects should be higher than 3%.
For example, assuming two lanes of traffic, Nowak (1999)
used afinal COV for thetruck load effects onthe order of 19%
to 20%. Thefinal COV values used by Nowak (1999) account
for the uncertaintiesin estimating the maximum liveload, the
load distribution to individual members, and the dynamic
amplification factor. It is herein believed that this 19% asso-
ciated with a bias of 1.0 must also account for the site-to-site
variability (see Moses and Ghosn, 1985).

Although the final COV of 19% to 20% used by Nowak
(1999) accounts for the uncertainty in estimating the dynamic
amplification effects of moving vehicles on aflexible bridge
superstructure, Nowak also gives the statistical information
on the dynamic amplification factor separately. According to
Nowak (1999), the measured dynamic effect (dynamic ampli-
fication factor) has a mean value equal to 9% of the static
effect for two lanes of traffic withaCOV of 6%. For onelane
of traffic, the dynamic amplification factor is 13% of the sta-
tic loads with a COV of 10%.

Given a 75-year maximum expected truck intensity COV
of 3%, adynamic amplification COV of 10%, and afina COV
of 19% to 20%, it is concluded that the modeling uncertain-
tiesincluding site-to-site variability are associated withaCOV
on the order of 18%. A lognormal distribution is used to rep-
resent the modeling uncertainties because these involve the
multiplicative effects of several factors including an axle
distribution factor that accounts for different truck configura-
tions, an analysis uncertainty factor, astatistical uncertainty
factor, and asite-to-site variability factor (see also Moses and
Ghosn, 1985).

The HL-93 live load model of the AASHTO LRFD spec-
ifications (1998) isintended for a 75-year designlife. Several
tables provided by Nowak (1999) give the bias between the
projected maximum 75-year effects for one lane of traffic
and the HL-93 truck load effects for simple span and multi-
span bridges. Because this project places emphasis on the
reliability analysis of bridge bents, the focusis on multispan
bridges. Table B-16 of Nowak’s report lists the variation of
the bias as a function of the return period for the negative
moment of two equal continuous spans. For the purposes of

this study, it is assumed that these biases are valid for all
responses. | n particular, the same biases of Table B-16 would
be used for the reaction at the support. Trains of trucksrather
than single occurrences control the loading of continuous
span bridges. To extract the effect of one loading event, con-
sisting of atrain of trucks in one lane of traffic, the same
approach proposed by Moses (2001) is followed. The pur-
pose of the calculations is to find the bias for a single load
event that would reproduce the results of Table B-16 of
Nowak (1999) for one lane of traffic. Using Equations 2.11
and 2.14, it is found that the biases provided in Table B-16
of Nowak (1999) for the different return periods are exactly
matched if the one load event is assumed to follow anormal
distribution and is associated with abias of 0.79 with aCOV
of 10%. The calculationsassumethat therewill be 1,000 load-
ing events each day with each loading event consisting of a
train of trucksin one lane of traffic. The 0.79 biasisrelative
tothe effect of onelaneloading of the HL-93 liveload model.
For two lanes of traffic loaded simultaneoudly, the bias rela
tive to the effect of one lane loading of the HL-93 model is
found to be 1.58 withaCOQV of 7%. The calculations assume
that there will be 67 events of two lanes loaded simultane-
ously. Using Equation 2.11 and 2.14, it isfound that the two-
lane loading will produce a 75-year maximum load effect
equal to 2 x 0.88 (= 1.76) times the load effect of one lane
of traffic. The 2 x 0.88 factor is similar to the factor reported
by Nowak (1999), who has suggested that a factor equal to
2 x 0.85 (= 1.70) gives a reasonable approximation to the
effect of two-lane traffic relative to one-lane traffic.

In summary, to perform the reliability calculations for the
needs of this study, the following assumptions are made:

1. A*“heavy” truck loading event will, on the average, con-
sist of atruck with aweight of 300 kN (68 kips) and a
standard deviation of 180 kN (8 kips) (COV =26.5%). In
atypical day, therewill be 1,000 “ heavy loading events”
(i.e., therate of occurrence is 1,000 events per day).

2. Two side-by-side “heavy” truck events will occur at a
rate of 67 eventsper day (i.e., 1,000/15) and, onthe aver-
age, the weights of the two trucks will be 600 kN (136
kips) with a COV of 19%.

3. Multispan bridges will be subjected to 1,000 one-lane
load events per day with amean load effect value equal
to 0.79 times the effect obtained from the HL-93 |oad-
ing. The COV for one-lane load effectsis 10%.

4. Multilane multispan bridgeswill be subjected to 67 two-
lane load events with a mean value equal to 1.58 times
the effect obtained from one HL-93-lane load. The
COV for two-lane load effects is 7%.

5. The dynamic amplification factor for one lane of traf-
ficis1.13 withaCQOV of 10%. For two lanes of traffic,
the amplification factor is 1.09 with a COV of 6%.

6. A modeling variable is used with a mean value of 1.0
and aCOV of 18%.

7. Thetruck load effects and dynamic factors are assumed
to follow normal distributions as suggested by Nowak



(1999). The modeling variable is assumed to follow a
lognormal distribution.

The live load model proposed in this section provides
results that are consistent with the database used by Nowak
(1999) when calibrating the AASHTO LRFD specifications.
These are summarized in Table 2.3. It is noted that the dead
load, the live load modeling factor, and the dynamic ampli-
fication factors are al time-independent random variables.
Only the intensity of the applied live load will increase with
the bridge' s exposure period.

2.4.2 Earthquakes

The analysis of the response of abridge structure to earth-
guakes involves a number of random variables. These vari-
ables are related to the expected earthquake intensity for the
bridge site; the number of earthquakes at the site; the natural
period of the bridge system; the spectral accelerationsfor the
site, including soil properties; the nonlinear behavior of the
bridge system; and the modeling uncertainties associated
with current methods of analysis. The emphasis of the analy-
ses performed in this project is on the horizontal motion of
bridge bents caused by earthquakes. A discussion on each
variable follows.

Intensity of Earthquake Accelerations

The USGS mapping project devel oped maps providing the
peak ground accelerations (PGAS) at bedrock level for vari-
ous sites throughout the United States in terms of the proba-
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bility of exceedancein 50 years (Frankel et al., 1997). These
maps are availablefor probabilities of exceedance of 2% and
10% in 50 years. The 2% probability of exceedance in 50
years corresponds to an earthquake return period of about
2,500 years. The 10% in 50 years corresponds to a return
period of about 500 years. These return periods are normally
used asthe bases of current bridge design practice. The prob-
abilities of exceedance in 50 years can directly be related to
the maximum yearly earthquake levels using Equations 2.11
or 2.14. In addition, Frankel et al. (1997) provide a number
of curves describing how the probability of exceedancein 1
year varies as a function of PGA for a number of sites. Fig-
ure 2.4 givestheyearly probability of exceedancefor arange
of PGAsand for anumber of representative sites provided by
Frankel et a. (1997) for the areas with the following zip
codes: 10031 in New York City, 38101 in Memphis, 55418
in St. Paul, 98195 in Seattle, and 94117 in San Francisco.

Rate of Earthquake Occurrences

The number of earthquakes varies widdly from site to site.
The USGS mapping project also provides the expected num-
ber of earthquakes at particular sites. For example, the average
number of earthquakesin 1 year for the five earthquake sites
listed above varies from about 8 per year to 0.009 per year.
For example, San Francisco may be subjected to about 8 earth-
quakes per year while Seattle may be subjected to 2 earth-
quakes. The rates for the other sites are usually less than 1.0:
Memphis will witness one every 2 years (yearly rate = 0.50),
New York City one every 2.5 years (yearly rate = 0.40), and
St. Paul onein 111 years (yearly rate =9 x 10°73).

TABLE 2.3 Input datafor dead and liveload random variables
Variable Bias coy | Distribution Reference
Type
Dead load, Fpc 1.05 10% | Normal Nowak (1999)
Live load modeling factor, A, | 1.0 18% | Lognormal Moses and Ghosn (1985)
Live load multispan one event Calculated based on
in one lane (relative to one 0.79 10% Normal Nowak (1999) and
lane of HL-93 load), I, 1 Moses (2001)
Liveload one event in Calculated based on
multilane (relative to one lane | 1.58 7% Normal Nowak (1999) and
of HL-93 load), I, , Moses (2001)
Dynamic amplificationone | 4 3 (=meanvalue) | 10% | Normal Nowak (1999)
lane, w1
II:;::I’TIC amplification two 1.09 (=mean value) 6% Normal Nowak (1999)
IM,2
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Figure 2.4. Annual probability of exceedance curves for PGA (based on USGS website).

Natural Period of Bridges

The natural period of a bridge depends on many parame-
ters, including the type and the characteristics of the bridge
structure and bridge foundation and the stiffness of the soil.
Takada, Ghosn, and Shinozuka (1989) have suggested that
the average value of the period is about 1.08 times the value
calculated using design methods (bias=1.08) withaCOV on
the order of 20%. These values account for the soil-structure
interaction (SSI) and other analysis effects. The values pro-
vided by Takada, Ghosn, and Shinozuka (1989) are primar-
ily for buildings. The Takada, Ghosn, and Shinozuka (1989)
data should be applied on structural models that did not
include the effects of SSIs because the 1.08 bias accounts for
the effects of SSI. Because the analysis model used in this
study includesthe effects of SSI, alower bias should be used
(Stewart, Seed, and Fenves, 1999).

When SSI models are included in the analysis (as is the
case in the models used in this project), the variation
between the measured periods and the predicted periods
appears to be smaller, and the biasisreduced to avalue close
to 1.0 (Stewart, Seed, and Fenves, 1999). This phenomenon
isshown in Figure 2.5, which is adapted from the paper by
Stewart, Seed, and Fenves (1999). The ordinate of the fig-

ure gives the ratio of the difference between the predicted
period, T, and the measured period, T, divided by T, where
the periods account for the flexibility of the foundation
because of SSI. The abscissa is the ratio of the structure
height, h, over the product of the soil shear-wavevelocity, V,
times the measured period of the fixed structure, T. The
abscissaisthustheinverse of theratio of the soil-to-structure
stiffness defined as 0. The figure shows that, on the average,
the predicted periods accounting for SSI are reasonably sim-
ilar to the values measured in the field. The bias is found to
be 0.99 and the COV on the order of 8.5%. It isnoted that the
comparison is made for buildings rather than for bridges and
that most of these sites had stiff soils. Also, the natural period
of the fixed structural system, T, used in the abscissa is
inferred from field measurements.

Chopra and Goel (2000) developed formulas for estimat-
ing the natural periods of buildings based on measured data.
The spread in the data shows a COV on the order of 20% for
concrete buildings and slightly higher (on the order of 23%)
for steel frame buildings. Haviland (1976) suggested that a
bias of 0.90 and a COV of 30% are appropriate for the nat-
ural period of structural systems.

Based on the review of the above references, it is herein
decided to use abias of 0.90 and aCQOV of 20% for the period
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Figure2.5. Variation of predicted natural period of
structural systemsincluding SS compared with measured
values (based on Sewart, Seed, Fenves, 1999).

of the system. The 0.90 bias, similar to that observed by Hav-
iland (1976), isjustified based on the fact that the analysis per-
formed to calculate the period of the bridge system uses the
nominal value for the modulus of elagticity of the concrete, E..
In redlity, the actual modulus of the concrete will be higher
than the nominal value and, thus, the predicted stiffnesslarger
than the actua stiffness, producing alower actual period than
predicted. A correction factor of 1.20 to 1.30 on the concrete
modulus is often used in engineering practice that would jus-
tify the 0.90 bias (0.90 = 1/ v1.25). The COV of 20% used
herein corresponds to the values observed by Chopra and
Goel (2000) for buildings and the value used by Takada,
Ghosn, and Shinozuka (1989). Also, the 20% COV provides
an average value between the COV values from the various
references studied. It may be argued that the prediction of the
period for bridges may be less uncertain than that for build-
ings. However, the data collected by the various researchers
cited in this section did not indicate any appreciable difference
inthelevel of uncertainty because of building heights or sizes.
Thus, it may be reasonable to assume that the COV on the
period for bridges is aso on the order of 20%. The proposed
bias and COV are meant to account for both the uncertainties
inthe structural properties and the SSI parameters.

Mass Applied on the Column

The dead weight effect on bridge members was found by
Nowak (1999) to be on the order of 1.05 times the nominal
(design) weight with a COV of 10%. This COV, however,
reflects the effects of the structural analysis and the uncer-
tainty in estimating the weight. To account for the uncertainty
in the weight alone, a COV of 5% is used. The probability
distribution is assumed to be normal following the models
used by Ellingwood et al. (1980) and Nowak (1999). The
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variability in the mass and the weight considered here are
used for calculating the earthquake inertial forces.

Seismic Response Coefficient

The USGS mapping project (Frankel et a. 1997) provides
spectral accelerations for different sites within the United
States. The spectral accelerations are given for periods of 0.2,
0.3, and 1.0 sec. Table 2.4 liststhese values d ong with the cor-
responding PGAs for different sites. The sites considered are
for the following zip codes: 10031 in New Y ork City, 38101
in Memphis, 55418 in St. Paul, 98195 in Seattle, and 94117
in San Francisco. The spectral accelerations provided in
Table 2.4 are for single-degree-of-freedom (SDOF) systems
founded on bedrock. The values are given for only three nat-
ural periods—namely, 0.2, 0.3, and 1.0 sec—in addition to
the PGA. The values shown in Table 2.4 arein % g where g
is the acceleration caused by gravity. The spectral accelera
tions are given for a probability of exceedance of 2%, 5%,
and 10% in 50 years.

NEHRP (1997) proposed a method to use the information
provided in Table 2.4 to devel op acceleration response spec-
trathat are valid for systems with different natural periods.
The NEHRP response spectracan be described by curveswith
the shape shown in Figure 2.6. In Figure 2.6, the ordinate
gives the fina normalized spectra acceleration, S, (normal-
ized with respect to g), and the abscissais the natural period
of the system, T. Sysisthe maximum spectral acceleration that
is the spectral acceleration for the short period T, = 0.2 sec.
So1 is the spectral acceleration for a period T, = 1 sec. All
spectral accelerations are given in function of the accelera-
tion due to gravity, g. T, gives the period at which the maxi-
mum spectral acceleration is reached. T gives the period at
which the spectral acceleration begins to decrease below
the maximum value. When the period T is less than Ty, the
spectral acceleration increases linearly. When the period T
is greater than T, the spectral acceleration isinversely pro-
portional to T. The values of S,; and S, are obtained from
the spectral accelerations given in Table 2.4 adjusted to
account for the site's soil properties.

The site soil coefficients are obtained from the NEHRP
provisions as F, for short periods and F, for 1 sec from Table
4.1.24.aand 4.1.2.4.b of NEHRP (1997). NCHRP Project
12-49 (ATC and MCEER, 2002) is proposing to use a mod-
ification on the NEHRP spectra such that the maximum earth-
guake spectral response accelerations for short-period (0.2-
sec) Sys and for the 1-sec period S54, adjusted for the proper
soil profile, are obtained from
Ss=RS  and  Su=FRS. (2.17)

Critical periods on the response spectrum (see Figure 2.6)
are obtained from
To = 020331/335 and

Ts= S/ Sos (2.18)
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TABLE 2.4 Probabilistic ground motion values, in %g, for five sites

(USGS website)
10% PEin50Yr | 5% PEin50Yr 2% PEin50Yr
San Francisco
PGA 52.65 65.00 76.52
02sec S 121.61 140.14 181.00
03sec S 120.94 140.44 181.97
10sec S 57.70 71.83 100.14
Seattle
PGA 33.77 48.61 76.49
02sec S 75.20 113.63 161.34
03sec S 62.25 103.36 145.47
10sec S 22.06 32.23 55.97
St. Paul
PGA 0.76 131 2.50
02sec S 1.82 3.17 5.63
03sec S 161 2.72 4.98
10sec S 0.73 138 2.66
New York
PGA 6.32 11.92 24.45
0.2sec S 12.59 22.98 42.55
03sec S 9.42 16.64 3117
10sec S 2.85 511 9.40
Memphis
PGA 13.92 30.17 69.03
0.2sec S 27.46 58.71 130.03
03sec S 20.38 43.36 110.62
10sec S 6.46 15.47 40.74

The equation describing the acceleration response spec-
trum, S,, shown in Figure 2.6 can expressed as

S = o.e%T +040S,s  forT <T,,
0

= forT, <T <T,,
S = Sos 0 (2.19)
and
S = % for T >T;

The design spectra proposed by NCHRP Project 12-49 as
adopted from NEHRP are based on the average response spec-
tradeveloped by Frankel et al. (1997) from alarge earthquake
mapping project. Frankel et al. (1997) found that the level of
confidence in the NEHRP spectrais related to the number of
earthquakes recently observed aswell asthe knowledge of the
type and locations of the faultsin a particular region. For sites
at which a large number of earthquakes were observed, the

COV is low; the COV is high for sites with few observed
tremors. Frankel et al. (1997) provided maps showing uncer-
tainty estimates for selected cities derived from Monte Carlo
simulations. The data provided in this map show that theratio
between the 85th fractile and the 15th fractile for New Y ork

A
S
Sos
Si= /T
/ o
S g
To Ts1.0sec Period T

Figure2.6. NEHRP response spectrum.



City ison the order of 5. Assuming anormal distribution, this
means that the COV would be on the order of 30%. For the
Memphis areg, the ratio of the two fractilesis about 3, result-
ing inaCOV of about 25%. For San Francisco, the projected
COV isabout 15%, and for St. Paul and Sezttle the projections
arethat the COV swould be about 40% and 25%, respectively.
Frankel et al. (1997) also show that the mean value of the spec-
tral accelerations is very close to the uniform hazard spectra
they developed and that resulted in the NEHRP specifications.
It is noted that these observations are within the range of the
values reported by Seed, Ugas, and Lysmer (1976), who
observed that the results of dynamic analyses using a variety
of earthquake records resulted in arange of spectral responses
with aCOV of about 30% from the average spectra.

In summary, this study will assume that the mean spectral
accelerations are equal to the design spectral accelerations
proposed in NCHRP Project 12-49 (i.e., bias = 1.0) with a
COV that depends on the frequency of earthquakes at the site.
Thus, the COV varies between 15% for San Francisco and
40% for St. Paul. The spectral accelerations are al so assumed
to follow normal distributions.

Response Modification Factor

The response modification factor isrelated to the ductility
of the system. The purpose of the response modification fac-
tor isto alow for alinear elastic analysis of structural sys-
tems although the system may exhibit large levels of plastic
deformations. In fact, because earthquakes produce displace-
ments rather than actual forces, traditional design of bridges
for earthquakes allows bridge columns to reach their ulti-
mate member capacity aslong asthe ductility capacity is not
exceeded. To simplify the design and safety evaluation process,
the ductility capacity, P4, Of aconcrete column is modeled
through a response modification factor, R. The response mod-
ification factor is used to allow the designer to performalin-
ear elastic analysis and to check the safety of the column
members for a modified moment capacity equal to R, times
the actual moment capacity of the column. Hence, if the
applied moment assuming linear elastic behavior is lower
than R, timesthe actual moment capacity, the columniscon-
sidered to be safe.

Analytical research studies have concluded that the response
modification factor R, isdirectly related to the ductility capac-
ity Hesp- Thus, the response modification for amember, assum-
ing an SDOF system, may be estimated if the member’ s duc-
tility capacity, ey, is known. Miranda (1997) found that for
typical periods of bridge systems (0.5to 1.5 sec) subjected to
a representative sample of earthquake records, the response
modification, R, isontheaverage equal to the bridge column
ductility capacity (Ry = Hesp) With 2aCOV of about 25%. This
observation confirms the model first proposed by Newmark
and Hall (1973) that was based on limited datafromthe El Cen-
tro Earthquake. The results of Miranda (1997) were cdculated
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for avariety of siteswith arange of soil classifications. Liu et
al. (1998) in areport to the National Center Earthquake Engi-
neering Research (NCEER) and FHWA found that the COV
reducesto about 17% if the earthquake records were chosen to
match those that produce the design spectral accelerations.

In addition to the issue of the relation between Ry, and [y,
another issue concerns the level of uncertainty associated
with estimating the ductility capacity P, Results given by
Priestley and Park (1987) show that the real ductility of
bridge columnsis on the average about 1.5 times higher than
the ductility estimated from the design formulas with a COV
of about 30%. Thus, using the results of Priestley and Park
(1987) and Liu et al. (1998), the actual response modification
factor, Ry, will be onthe average 1.5 times the specified duc-
tility capacity, Hepeditiea (Dias of Ry, = 1.5) withaCOV of 349
(0.90 = 1/+1.25). The probability distribution for R, is
assumed to be normal.

The last issue with the response modification factor con-
cerns the range of values specified for use during the design
process by AASHTO and other earthquake design codes. For
example, it is noted that the response modification factor, R,
specified by AASHTO for use during the analysis of single-
column bentsis set at 2.0, while R,,= 3.5 isused for multiple-
column bents of essential structures. Also, values of 3.0 and
5.0 are used for “ other structures.” On the other hand, NCHRP
Project 12-49 is proposing a single value, R,, = 6.0, for life
safety for single-column and multicolumn bentsand R, = 1.5
to secure proper operation. ATC-6 mentions that an R, = 2.0
isrecommended for awall-type pier “based on the assumption
that awall pier haslow ductility capacity and no redundancy.”

Itisclear that the difference between the 2.0, 3.0, 3.5, 5.0,
and 6.0 values of R, used for the design of columnsis not
intended to account for the differencesin the ductility capac-
ities of the columns. Rather, the use of different valuesof R,
is meant to provide certain types of structures (particularly
nonredundant and essential bridges) with higher levels of
safety. In fact, since in dl cases the design and construction
procedures of columnsin single-column bents or multicolumn
bents are fairly similar, one would expect to find the ductility
capacities of al columnsto be about the same. It is noted that
previous recommendations for the design of bridges under
earthquake loads recommended that a response modification
factor R,, = 8 be used. In addition, tests on bridge columns
performed at the University of Canterbury (Zahn, Park, and
Priestley, 1986) have shown that the ductility of properly con-
fined columns can easily exceed 7.5, although some damage
would be expected to occur.

Based on the information collected from the references
mentioned above, thisstudy will assumethat the ductility level
of confined concrete columns can be modeled by a response
modification factor R that has an average value R,, of 7.5 and
aCOV of 34%. The probability distribution for R;,is assumed
to benormal. It isnoted that the values used herein are some-
what similar to those used by Hwang, Ushiba, and Shinozuka
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(1988), who have recommended the use of a median value
for R, of 7.0 for shear wallswith a COV of 40%. The use of
aresponse modification factor during the analysis and design
of bridge substructuresimpliesthat the design and safety eval-
uation account for the nonlinear capacity of the system. Thus,
the reliability indexes calculated are for the system capacity
rather than for member capacity.

Modeling Factor

The dynamic structural analysis producesalevel of uncer-
tainty in the fina estimate of the equivalent applied forces
and moments on a bridge substructure. These factors are due
to the effects of lateral restraints from the slab, the uncer-
tainty in predicting the tributary area for the calculation of
mass, the point of application of the equivalent static load,
the variability in soil properties and the uncertainty in soil
classification, the effect of using a lumped mass model, the
level of confidence associated with predicting the earthquake
intensity, and so forth. Ellingwood et al. (1980) assumed that
the modeling factor hasamean value equal to 1.0 and aCOV
on the order of 20% for buildings. The samevalueisused in
these calculations.

Using the information provided in this section, the equiv-
alent force applied on a bridge structure may be calculated
using the following expression:

P = AaCSET) A (2.20)

where

F = the equivalent applied force;
A& = the modeling factor for the analysis of earth-
quake loads on bridges,

C' = the response spectrum modeling parameter;

A = the maximum 75-year peak ground accelera
tion at the site (a 75-year design lifeisused in
order to be consistent withthe AASHTO LRFD
specifications);

S, = the calculated spectral acceleration, whichisa
function of the period T, where T isthe bridge
column period and the period modeling fac-
tor, t;

W = the weight of the system;

R, = the response modification factor; and
C' and t' = modeling parametersthat expressthevariation
of the true spectrum from the design spectrum
and the true natural period of the system from
the design period.

The statistical dataused in the reliability analysisfor the ran-
dom variables of Equation 2.20 are summarized in Table 2.5.
The parameters not listed in Table 2.5 are assumed to be
deterministic. It is noted that all the random variables except
for the earthquake intensity are timeindependent in the sense
that they are not affected by the exposure period. The earth-
guake intensity is time dependent because the longer a
bridge's design life is, the higher the expected earthquake
intensity that it will be exposed to. Finaly, it is also noted
that earthquakes last for short periods of time—a few sec-
onds. In this study, for the sake of obtaining conservative
results, it will be assumed that earthquakes will last about 30
sec (Y2 min), during which time the response of the bridge
will continuously be at its maximum value. Table 2.5 shows
the mean and COV for the maximum yearly earthquake
acceleration intensities of the five sites depicted in Figure
2.4. A comparison between the COV of the earthquakeinten-
sities and the COV's of the other variables demonstrates the
dominance of the uncertainties in estimating the maximum
acceleration during the reliability analysis.

TABLE 25 Summary of input valuesfor seismic reliability analysis

Variable Bias cov Distribution Reference
Type
Earthquake modeling, Ao | 1.0 20% Normal Ellingwood et al.
(1980)
Spectral modeling, C’ 10 Varies per site Normal Frankel et al. (1997)
(15% to 40%)
San Francisco | 1.83% g (yearly mean) 333%
Acceler- | Seattle 0.89% g (yearly mean) 415%
ation, Memphis 0.17% g (yearly mean) 1707% from Figure 2.4 USGS website
A New York 0.066% g (yearly mean) 2121%
S. Paul 0.005% g (yearly mean) 3960%
Period, t' 0.90 20% Normal Chopra and Goel
(2000)
Weight, W 1.05 5% Normal Ellingwood et al.
(1980)
Response modification, 7.5 (mean value) 34% Normal Priestley and Park
Rn (2987) and
Liu et al. (1998)




2.4.3 Wind Load

As explained by Ellingwood et al. (1980), the wind load
on bridge structuresisafunction of the expected wind speeds
at the bridge site, pressure coefficients, parametersrelated to
exposure and wind speed profile, and agust factor that incor-
porates the effects of short gusts and the dynamic response
of the structure. In general, the wind load (W) may be repre-
sented by an equation of the form

W= cC,E,G(A V)2 (2.21)

where

¢ = an analysis constant,
C, = the pressure coefficient,
E, = the exposure coefficient,
G = the gust factor,
V = the wind speed at the desired return period, and
Ay = the statistical modeling factor that accounts for the
uncertainty in estimating V.

The exposure coefficient depends on the type of terrain (e.g.,
urban area, open country), and G depends on the turbulence
of the wind and the dynamic interaction between the bridge
structure and the wind. In addition to the time-dependent ran-
domness of thewind speed, uncertaintiesin the estimation of
the other terms contribute to the overall variability in thewind
load. Ellingwood et &l. (1980) assumed that ¢, C,, E,, and G
areall random variablesthat follow normal distributions. Their
mean values are equal to the nominal design values as calcu-
lated from design specifications, that is, the best estimates of
each variable should be used during the design process. The
COVsfor each of the random variables are asfollows: for c,
the COV is 5%; for C,, the COV is 12%; for G, the COV is
11%; and for E,, the COV is 16%. Therandom variablesrep-
resented by ¢, C,, G, and E, are time-independent, meaning
that they do not change with the design life (or the exposure
period of the structure to wind loads). Table 2.6 summarizes
the data for the random variables considered.

For the purposes of this study, the fluctuations of the wind
load applied on the structure with time are model ed as shown
in Figure 2.7. The average time duration of each wind was
found by Belk and Bennett (1991) to vary from 2.2 hto 5.62 h,
depending on the site, with an average duration of 3.76 h and
aCOV closeto 11%. This study assumes that each wind will
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last about 4 h, during which time the wind force remains con-
stant at its maximum value. Belk and Bennett (1991) have
also found that an average site will be subjected to about 200
winds per year, which isthe value that is used in this project
to study the load combination problem. For the sake of sim-
plicity, the model used herein assumes independence between
individual wind events. The statistical modelsfor wind speed
are discussed further below.

Wind Speeds

Data on wind velocities, extreme wind events, and the
effect of winds on structures are available in the engineering
literature (e.g., see Whalen and Simiu, 1998). However, much
of this work is still under development and has not been
appliedin structural design codes. For thisreason, in thisproj-
ect we will focus on the work of Ellingwood et al. (1980),
which led to the development of ANSI 58 and subsequently
the ASCE 7-95 guidelines. The AASHTO LRFD specifica
tions are also based on the model s developed for ASCE 7-95.
According to the AASHTO LRFD, the basic design wind
speed of 160 km/h (100 mph) is associated with an annual
probability of 0.02 of being exceeded (i.e., the nominal recur-
renceinterval isabout 50 years). Thisvalueisfor an openter-
rain with scattered obstructions having heights generally less
than 9.1 m (30 ft) (ASCE 7-95 Exposure C). According to the
ASCE 7-95 basic wind speed map, the 160 km/h wind would
be the expected maximum wind for a 50-year return period
for East Coast regions such as Philadel phia and Washington,
D.C. While interior regions would have a design wind speed
of 145 km/h (90 mph), coastal regions such as Long Island
and Rhode Island would require a design speed of 190 km/h
(120 mph), whereas regions such as New York City and
Boston would require 180 km/h (110 mph) design winds. The
higher design wind speeds for the coastal regions are due to
the occurrence of hurricanes. The design wind speed maps do
not correspond to actual projected 50-year maximum wind
speed but give conservative envel opesto the expected 50-year
wind speeds. In fact, based on data collected by Simiu,
Changery, and Filliben (1979) for annual maximum wind
speeds and assuming that wind speedsfollow aGumbel Type
| extreme value distributions, Ellingwood et al. (1980) devel-
oped theresults shown in Table 2.7 for wind speeds at differ-
ent sitesin the interior region of the United States. Belk and
Bennett (1991) performed astatistical analysisof the datacol-

TABLE 2.6 Summary of input valuesfor wind reliability analysis

Variable Bias cov Distribution Type Reference
Analysisfactor, ¢ 1.0 5% Normal Ellingwood et al. (1980)
Pressure coefficient, C, 1.0 12% Normal Ellingwood et al. (1980)
Exposure coefficient, E, 1.0 16% Normal Ellingwood et a. (1980)
Gust factor, G 1.0 11% Normal Ellingwood et a. (1980)
Wind velocity, V from Table 2.7 from Table 2.7 Gumbel Simiu et al. (1979)
Statistical variable, Ay 1.0 7.5% Normal Simiu et al. (1979)
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Figure2.7. Representation of wind events.

lected by Simiu, Changery, and Filliben (1979) and confirmed
that wind speeds in the interior are best modeled by a Gum-
bel distribution. Figure 2.8 gives a curve adapted from Belk
and Bennett (1991) that showsthe closefit between the Gum-
bel Typel distribution and the data collected by Simiu, Chang-
ery, and Filliben (1979) for yearly maximum wind speeds. In
subsequent work, Simiu, Heckert, and Wha en argued that reg-
ular wind speedsin interior regions are best modeled asreverse
Weibull distributions (Simiu and Heckert, 1995; Whalen and
Simiu, 1998). However, describing the reverse Weibull distri-
bution requiresthree statistical parameters. Thesethree param-
eters are the mean, the standard deviation, and a cut-off thresh-
old value that describes the maximum tail length of the
distribution. Simiu and Heckert (1995) arguethat “it isdifficult
to provide reliable quantitative estimates of the tail length pa-
rameters’ because of the fluctuationsin the available estimates
of the cut-off threshold values. Hence, becauseit is difficult to
use the reverse Weibull and until the data on the threshold
value are made available, in this study a Gumbel distribution
is used to model the wind speeds. The Gumbel assumption is

compatible with the work conducted on the calibration of the
ASCE design load criteria. Table 2.7 provides the statistical
data for the wind speed of typical U.S. sites as assembled by
Ellingwood et a. (1980) based on the work of Simiu, Chang-
ery, and Filliben (1979). This data will be used in this study
to perform thereliability analysis of bridges subjected to wind
loads and the combination of windsand other extreme events.

In addition to the wind speed, Ellingwood et a. (1980), fol-
lowing Simiu, Changery, and Filliben (1979), suggest that the
statistical uncertainties caused by the limitationsin the number
of datapoints used to find the stati tics of thewind speed should
be included during the reliability analysis. Ellingwood et al.
(1980) found that the statistical uncertainties would produce a
COV ontheorder of 7.5% in the projection of the resultsto the
large period of time. The statistical uncertainties are modeled
through the variable A, of Equation 2.21. A, hasamean equal to
1.0andaCOV equd to 7.5% and followsanormal distribution.

The emphasis of this study ison regular windstormsin inte-
rior regions of United States excluding the effect of hurricanes
and tornados because of the lack of sufficient data on the
effects of these strong winds on typical bridge configurations.

2.4.4 Scour

TheHEC-18 design equation for local scour around bridge
piersisafunction of the flow depth, the pier nose shape, the
angle of attack of the flow, the streambed conditions, the soil
material size, the diameter of the pier, and the Froude num-
ber. The equation that isintended to predict the depth of max-
imum scour for design purposesis as follows:

D0 o

Ymax = 2YoKiKoK3K, [%D 0 (2.22)

where

Ymex = the maximum depth of scour;
Yo = the depth of flow just upstream of the
bridge pier excluding local scour;

TABLE 2.7 Wind load data in mph based on Ellingwood et al. (1980)

Annual Maximum 50-Year Maximum
Site Mean Annual cov Mean cov
Velocity Annual 50-Year Wind | 50-Year Wind
(mph) Velocity Velocity (mph) Velocity
Baltimore, MD 55.9 0.12 76.9 0.09
Detroit, MI 48.9 0.14 69.8 0.10
St. Louis, MO 47.4 0.16 70.0 0.11
Austin, TX 45.1 0.12 61.9 0.09
Tucson, AZ 51.4 0.17 77.6 0.11
Rochester, NY 535 0.10 69.3 0.08
Sacramento, CA 46.0 0.22 77.4 0.13
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K, Ks, K, and K, = coefficients that account for the nose
shape of the pier, the angle between
the direction of the flow and the direc-
tion of the pier, the streambed condi-
tions, and the bed material size;

D = the pier diameter; and
F, = Froude number, which is defined as

\Y

Fo= o5 223

T (gyo)® (223)
where V is the mean flow velocity at the pier, and g is the
acceleration due to gravity.

The flow depth, y,, and flow velocity, V, are related to the
flow dischargerate, Q, a agiven point in time and the shape
of the channel represented by the cross sectional area of the
stream, A,. Thisrelationship is given by
Q=AV. (2.24)

For a rectangular cross section with a constant width, b,
and flow depth, y,, the relationship becomes
Q =by,V. (2.25)
The relationship between the flow velocity, V, and the

hydraulic radius that is related to the flow depth, y,, can be
expressed using Manning’ s equation:

v =0 gy (2.26)

where

n = Manning roughness coefficient,
R, = the hydraulic radius,
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S = the dope of the bed stream, and
@, = a unit adjustment parameter equal to 1.486 when
using U.S. units (ft and sec).

For Sl units, d®yequals 1.0. For arectangular channel of width
b, the hydraulic radius, Ry, can be calculated by

RH = byO

b+2y,” (2.27)
Thus, the relationship between the flow rate Q and the flow
depth y is given from the equation

— . Po 0 byo i 9/2
Q=byo - (b + 2y, 0] . (2.28)

Typical values for Manning's roughness coefficient, n,
vary from 0.025to 0.035 for earth (respectively for good con-
dition and for weeds and stones). It is noted that estimating
the appropriate Manning roughness coefficient is associated
with a high level of uncertainty. Researchers at Hydraulic
Engineering Center (1986) determined that the roughness
coefficient, n, follows alognormal distribution with a COV
ranging from 20% to 35% (with an average value of 28%).
Therefore, in thisreport, nistaken asarandom variable with
a bias equal to 1.0 compared with the recommended tabu-
lated values and a COV equal to 28%. It is also assumed that
the slope Sisknown and, thus, the uncertaintiesin V are pri-
marily due to the uncertainties in estimating n.

Different researchers and organizations have used different
probability distribution types to model the discharge rate, Q.
Extreme Type | distributions, lognormal distributions, and
logPearson distributions are most commonly used. By study-
ing several probability plots, the maximum yearly discharge
rates for different rivers were found to follow a lognormal
distribution. An example of the fit on lognormal probability
paper is presented in Figure 2.9 for the Schohaire Creek. Data
from five different rivers are also summarized in Table 2.8.
Theraw datathat generated the statistics shown in Table 2.8
were collected from the USGS website. Knowing the prob-
ability distribution for the yearly discharge rate, the maxi-
mum 75-year flood discharge has a cumulative probability
distribution, Fo5(X), related to the probability distribution of
the 1-year maximum discharge by
Fors() = Fo(¥)™. (2.29)

Equation 2.29 assumes independence between the floods
observed in different years. This assumption is consistent
with current methods for predicting maximum floods.

The estimation of the mean and standard deviation of the
75-year maximum dischargerate (Qs) for eachriver, asshown
inTable2.8, isassociated with somelevel of uncertainty. This
level of uncertainty depends on the number of samples avail-
able to calculate the means and standard deviations. The
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Figure2.9. Representation of discharge rate for Schohaire Creek on lognormal probability

plot.

analysis of the data provided in the USGS websitefor thefive
rivers analyzed in this report show that the mean values pro-
videdin Table 2.8 are within a95% confidencelevel. For this
reason, amodeling variable Aq isusedin thisreport to express
the variability in the prediction of Q. This modeling variable
is thus assumed to follow a normal (Gaussian) distribution
and to have abias of 1.0 and a COV of 5%.

The HEC-18 approach has been extensively used for prac-
tical design considerations although the HEC-18 empirical
model provides conservative estimates of scour depthsandis
known to have the following five limitations:

1. The HEC-18 equation is based on model scale experi-
ments in sand. In arecent evaluation against full-scale
observations from 56 bridge sites, HEC-18 has been
found to vastly over-predict the scour depth (Landers
and Mueller, 1996). A comparison of the HEC-18 equa-
tion and the measured depths are illustrated in Figure
2.10, whichisadapted from Landersand Mueller (1996).

2. Onceaflood begins, it takes a certain period of timefor

TABLE 2.8 Probability modelsfor fiverivers

thefull extent of erosion to take effect. Thus, if theflood
isof ashort duration, the maximum scour depth may not
be reached before the flood recedes. On the other hand,
prior floods may have caused partial erosions accelerat-
ing the attainment of the maximum scour depth. HEC-
18 does not predict the length of time required for the
maximum scour depth to be reached and assumes that
the maximum depth is always reached independent of
the flood duration and the level of scour incurred by
prior floods.

The HEC-18 model does not distinguish between live-
bed scour and clear-water scour in terms of the time
required to reach equilibrium scour depth and the dif-
ferencesin the expected magnitudes of scour depthsfor
these different phenomena(Richardson and Davis, 1995).
HEC-18 was developed based on experimental data
obtained for sand materials. Some work isin progress
to study the applicability of HEC-18 for both sand and

River LogQ Soga D,* Average 75-year COV of Qs
Q, Qss (ft¥sec)
Schohaire 9.925 0.578 | 0.067 85,000 29%
Mohawk 9.832 0.243 | 0.068 34,000 12%
Sandusky 9.631 0.372 | 0.086 38,000 18%
Cuyahoga 9.108 0.328 | 0.065 20,000 16%
Rocky River 9.012 0.378 | 0.049 21,000 19%

*Dp is the K-S maximum difference between the measured cumulative probability and expected probability value.
More than 60 data points were available for each of the five rivers. The Dy values obtained indicate that the

lognormal distribution is acceptable for asignificant level a = 20%.
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Figure 2.10. Comparison of HEC-18 predictions to
observed scour depths (based on Landers and Mueller,
1996, Figure 2).

clay streambed materials because it is well known that
these materials behave differently (Briaud et a. 1999).
5. The usual assumption is that scour is deepest near the
peak of aflood but may be hardly visible after flood-
watersrecede and scour holesrefill with sediment. How-
ever, there are no known methods to model how long it
takes ariver to backfill the scour hole. Refill can occur
only under live-bed conditions and depends on the type
and size of the transported bed material (sand or clay).
Even when refill occurs, it will take a considerable
length of time for the refill material to sufficiently con-
solidate and restore the pier foundation to its initial
strength capacity. Although such informationisnot pre-
cisely available, anumber of bridge engineers have sug-
gested that periods of 2 to 3 months are reasonable for
sandy materials with longer periods required for clays.
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Based on the observations made above, a possible relia-
bility model for thereliability analysis of abridge pier under
the effect of scour is proposed based on the work of Johnson
as presented in Appendix B. This model is based on the
observation that Equation 2.22 gives a safe value for the
depth of scour. The averageratio of the observed scour depth
compared with the HEC-18 predicted depth was found by
Johnson (1995) to be about 0.55 (bias value is 0.55). Also,
the ratio of the true scour value over the predicted value has
a CoOV of 52%. Thisratio is represented by a scour model-
ing variable, A, that is assumed to follow anormal distribu-
tion. Thus, according to Johnson (see Appendix B), the true
scour value can be represented by an equation of the form

molugs

Ymax = 2N YoK1K2K3Ky EVAS R ®. (2.30)

It should be noted that Johnson (1995) aso recommends
that the factor K; representing the effect of streambed condi-
tion be treated as a random variable with a bias equal to 1.0
and a COV equal to 5% to account for the possible variabil-
ity of the streambed between floods. Table 2.9 summarizes
the input data for the random variables appropriate for use
with Equation 2.30. As indicated above, Q is a time-
dependent variable whilethe remaining random variablesare
time-independent. Equation 2.30 assumes that the statistical
properties of the modeling variable, A, are constant for all
floods and rivers. However, a review of the Landers and
Mueller (1996) data plotted in Figure 2.10 has reveaed that
this is not necessarily the case. For this reason, an alternate
model has been developed in Appendix | and isdescribed in
the next paragraph.

Equation 2.30 provides areliability model that is compat-
ible with the models proposed by researchers for the live
load, earthquake, and wind events. However, a careful review
of the data depicted in Figure 2.10 shows that for low scour
depths, A appears higher than the average value of 0.55 and
for high scour depths, A appears to be lower. For this rea
son, an alternate reliability model is proposed based on the
regression analysis of the data published by Landers and

TABLE 2.9 Input datafor reliability analysisfor scour alone
Variable Mean Value cov Distribution Type Reference

Dischargerate, Q from Table 2.8 from Table 2.8 Lognormal Based on USGS
website

Modeling variable for 1.0 5% Normal Based on USGS

Q, o website

Modeling variable, Ay 0.55 52% Normal Johnson (1995)

Manning roughness, n | 0.025 28% Lognormal Hydraulic
Engineering Center
(1986)

Bed condition factor, K3 | 1.1 5% Normal Johnson (1995)

Residual error, € 0.0 Standard Normal Appendix |

deviation = 0.406
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Mueller (1996). Based on the regression fit as described in
Appendix |, the observed scour depths around rounded bridge
piers founded on non-cohesive soils may be modeled by an
equation of the form

IN Ymax = —2.0757 + 0.6285 InD + 0.4822 Iny, (2.31)
+0.6055InV + ¢ '

where

D = the pier diameter,

Yo = the flow depth,

V = the flow velocity, and
€ = theresidual error.

Asexplained above, D isadeterministic variable becausethe
pier diameter can be accurately known even before the actual
construction of the pier. y, and V are random variables that
depend on Manning’s roughness coefficient, n, and the 75-
year maximum discharge rate, which are random variables
having the propertieslisted in Table 2.9. Based on the analy-
sis of the residuals affected in Appendix I, € may be consid-
ered to follow anormal distribution with mean equal to zero
and a standard deviation equal to 0.406.

Finally and as mentioned above, it is noted that under live
bed conditions, the local scour hole is normally assumed to
refill as the scour-causing flood recedes. However, the avail-
able literature does not provide precise information on how
long it normally takesfor the foundation to regain its original
strength. This is believed to depend on the type of material
being deposited by live-bed streams. For example, fine sands
may tend to regain their strengths within a short period of
time (perhaps 2 to 3 months). On the other hand, cohesive
materials such as clays may take much longer to consolidate
and regain their original strengths. Asacompromise, the cal-
culations performed in this study will assume that it takes
about 6 months (%2 year) for afoundation to regain its origi-
nal strength. It is further assumed that the scour depth pro-
duced by the maximum yearly flood will remain at its maxi-
mum value for this half-year period. This assumption will
alsoindirectly account for the effects of smaller floodswithin
that period of time. The proposed model will also assumethat
the scour depth will be reached instantaneously as the flood
occurs and that the flooding period is always|ong enough for
the maximum scour depth to be reached.

2.4.5 Vessel Collision Forces

Considerabl e effort was spent on studying vessel collision
forces during the development of AASHTO’ s Guide Spec-
ifications and Commentary for Vessel Collision Design of
Highway Bridges (1991). The AASHTO guide uses arélia
bility formulation following the recommendations made by
several International Association for Bridge and Structural
Engineers (IABSE) workshops and symposia. An IABSE

Working Group assembl ed a state-of-the-art report summa-
rizing the findings of an international group of researchers
(Larsen, 1993). The latter document gives an overview of the
background information that led to the development of the
AASHTO guide specifications. The guide gives an example
outlining the application of the guide’ sMethod I1, which gives
a probability-based analysis procedure for determining the
design forces caused by ship impacts with bridges. In addi-
tion, Whitney et al. (1996) describe the application of the
AASHTO vessel collision model for barge traffic over the
Ohio River. The model used in this study to perform the reli-
ability analysis of bridge piers subjected to vessel collisions
is based on the guide’s Method Il and follows the example
described by Whitney et al. (1996). The calculations per-
formed for this report are for barge collision forces such as
those that may occur at the piers of bridges spanning rivers
with heavy barge traffic. Bridges spanning waterways with
big ship traffic are normally unique structures that should be
studied on an individual basis.

Based on the AASHTO guide method, the design barge
collision force can be represented by an empirically derived
equation as a function of the barge bow damage depth. The
design force equation takes the form

Pg = 60ag for ag < 0.1m,

and (2.32)
P;=6+16az foraz=0.1m

where Pz isthe nominal design forcein MN (meganewtons),
and ag is the barge bow damage depth.

According to the AASHTO guide specifications, the barge
bow depth is calculated from the kinetic energy of the mov-
ing barge. Because barges in large rivers travel in flotillas,
the kinetic energy that should be used in calculating the col-
lision force should account for the masses of all the bargesin
a column of the flotilla when head-on collisions are consid-
ered. Hence, the kinetic energy KE is calculated as

_ CyW\2

KE_ZXQBl

(2.33)

where

W = the weight of aflotillacolumn,
V = the speed of theflotillaat impact,
9.81 = the acceleration due to gravity in m/s?, and
Cy = a hydrodynamic coefficient that accounts for the
effect of the surrounding water upon the moving
vessel.

As an example, Whitney et a. (1996) suggest that the value
Cy=1.05isappropriatefor the Ohio River because of therel-



atively large underkeel clearance and accelerations in the
direction of the ship length (i.e., there are no large lateral
motions as those associated with barge berthing). The barge
damage depth, ag, isgiven as

[V1.00+0.13KE -1] x3.1
ag = R (2.34)

where R; is the correction factor for barge width given as
Rs = Bg/10.68 where Bg isthe barge width in meters (or R; =
Bg/35 in feet for U.S. units). The correction factor is meant
to account for the difference between the width of the barge
tested to empirically obtain the barge damage depth equation
and the barge width of the impacting vessel.

The kinetic energy of Equation 2.33 must be calculated
based on the speed at impact that must account for the speed
of the flotilla relative to the river and the river flow speed.
When the main piers of a bridge are adjacent to the vessel
transit path, the transit speed is used for the relative speed of
impact. Otherwise, AASHTO gives an empirical equation
that describes how the speed varies from the travel speed to
theriver flow speed as afunction of the distance between the
transit path and the pier location. For example, Whitney et al.
(1996) found that the flotilla speed in the Ohio River may
reach up to 3.13 m/sec (10.3 ft/sec). Given that theriver speed
ison the average 1.86 m/sec (6.1 ft/sec), the speed at impact
will be equal to 4.99 m/sec (16.4 ft/sec).

Modeling Factor

Equation 2.32 for the nominal impact force was devel oped
based on experimental data of individual barge collisions
with lock entrance structures and bridge piers. These studies
included dynamic loading with a pendulum hammer, static
loading on barge models, and numerical computations. How-
ever, thetestswere conducted for single barges at low veloc-
ities and not multibarge flotillas traveling at high velocities.
Whitney et al. (1996) report that the actual crushing depths
as observed from accidents on the Ohio River were much
lower than those calculated from the results of the AASHTO
equations. Thismay be dueto the significant energy loss that
occursamong the barges of theflotillabecause of friction and
crushing. To correct for the differences between the calcu-
lated damage and the observed damage, the AASHTO guide
uses amodeling variable, x. Thus, the actual impact forceis
given as
P =xPg (2.35)
where X is the modeling variable, and Pg is the predicted
value of the impact force that is given by Equation 2.32.

Therandom variable, x, givestheratio of the actual impact
force P to the nominal impact force Pg. A probability density
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and a cumulative distribution function are given to describe
X, as shown in Figure 2.11 (which is adapted from Figure
C4.8.3.4-2 of the AASHTO guide [1991]). For a given
value of barge weightsin aflotilla column, W, Pg is calcu-
lated from Equations 2.32 through 2.34. The probability
that P is greater than a certain fraction of Pgis obtained
from Figure 2.11(b). Figure 2.11 showsthat P givesavery
conservative estimate of the impact force. For example,
Figure 2.11(b) shows that the probability that P is greater
than 0.1Pg (or x = P/Pg = 0.1) is only 0.1 (or 10%). The
probability that P is greater than 0.5P; (or P/Pgz = 0.5) is
0.0556 (or 5.56%). The probability that P is greater than Pg
(P/Pg=1) iszero. The AASHTO guide states that the results
illustrated in Figure 2.11 were obtained from the work of
Cowiconsult (1987) for ship collisions. The same curve was
assumed by Whitney et al. (1996) to be valid for collisions
of barge flotillas.

Area0.9
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Figure2.11. Distribution function for vessel collision
force modeling variable: (a) probability density function
for relative magnitude of the collision force, x; (b)
distribution function for x = P/Pz exceeding a given level.
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Rate of Collisions

Equation 2.35 above gives the force at impact given that
abarge column with aknown weight and speed has collided
with a bridge pier. However, because not all flotillas are
expected to collide, the reliability calculations must account
for the number of collisions expected during the design life
of the bridge structure. Although the AASHTO guide speci-
fications develop the design criteriain terms of annual risk, to
be consistent with the AASHTO LRFD requirements, bridges
should be designed to satisfy a minimum level of reliability
for a75-year design life.

Aspresented in the AASHTO guide specifications and the
| ABSE report, the annual failure rate caused by vessel colli-
sions, AF, can be expressed as

AF = Zi Ni PA| Zk PGi’k PCi’k (236)

where

N; = the number of vessels (or flotillas) of typei that
cross the waterway under the bridgein 1 year;

PA, = the probability of vessel aberrancy (of straying
away from normal navigation channel) for vessels
of typei;

PG, « = the geometric probability of collision of ship type
i with bridge element k (this gives the probability
of having a collision with bridge member k, given
that an aberrancy occurred in ship or aflotilla of
typei); and

PCix = the probability that the bridge will collapse given
that a vessdl of typei has collided with member k
of the bridge.

Equation 2.36 leads to the yearly rate of collisions for each
vessel (or flotilla) of typei into a particular bridge element,
k, as
vi =N, PA PG;. (2.37)
Below is a description on the method proposed by the
AASHTO guideto calculate the probability of aberrancy and
the geometric probability. Using therate of collisionsand the
frequency distribution of vessel (or flotillatypes), the proba-

bility distribution of the force P of Equation 2.32 can be cal-
culated as explained further below.

Probability of Aberrancy, PA;

The probability of aberrancy (sometimesreferred to asthe
causation probability) isameasure of therisk of avessel los-
ing control as a result of pilot error, adverse environmental
conditions, or mechanical failure. The AASHTO guide states
that the eval uation of accident statistics indicates that human
error (causing 60% to 85% of the aberrancy cases) and envi-

ronmental conditionsform the primary reasonsfor accidents.
Theenvironmental causesinclude poor visibility, strong cur-
rents, winds, channel alignment, and so forth. The IABSE
report (Larsen, 1993) states that statistical data in major
waterways show that the probability of vessel aberrancy varies
from about 0.5 to 7 in 10,000 passages. Worldwide, the aver-
age is about 0.5 in 10,000 passages. Because such data are
particularly hard to obtain for new bridge sites, the AASHTO
guide proposes an empirical equation based on historical
accident data. The AASHTO equation (Equation 4.8.3.2-1in
the AASHTO guide [1991]) accounts for the following fac-
tors: (1) the geometry of the navigation channel and the loca-
tion of the bridgein the channel (turnsand bends); (2) the cur-
rent direction and speed; (3) the crosscurrents; and (4) vessel
traffic density. The equationis given as

PA = BRy(Rs)(RC) (Ric) (Ro) (2.39)

where

PA = probability of aberrancy;
BR, = aberrancy base rate = 0.6 x 10™ for ships or
1.2 x 107* for barges;

Rs = correction factor for bridgelocation = 1.0 for straight
paths regions (varies as function of angle 6 for ves-
sel paths with turns and bends);

R. = correction factor for current acting parallel to ves-
sel path;

R. = correction factor for crosscurrents acting perpen-
dicular to vessel transit path; and

Rp = correction factor for vessdl traffic density depend-
ing on the frequency of vessels meeting, passing, or
overtaking each other in the immediate vicinity of
the bridge.

For example, the actual data collected by Whitney et al.
(1996) for barge collisions in the Ohio River shows that the
rate of aberrancy has an average value of 5.29 x 10, which
is higher than the 1.20 x 10* AASHTO value. They also
found that the rate of aberrancy was equal to 13.78 x 10~ for
the Tennessee River, 18.11 x 10™for the Cumberland River,
3.14 x 10 for the Green River, and 1.2 x 10™ for the Ken-
tucky River. The IABSE report (Larsen 1993) indicates that
the probability of collision to bridge piersincreases by afac-
tor of 3 when the wind speeds are in the range of 40 to 50
km/h (25 to 30 mph) as compared with the aberrancy rates
when the wind speed are 20 to 30 km/h (12 to 19 mph).

Geometric Probability, PG,

The geometric probability is defined as the probability of a
vessd hitting the bridge pier given that the vessel haslost con-
trol. Thisprobability isafunction of many parameters, includ-
ing the geometry of the waterway, thelocation of bridge piers,
the characteristics of the vessdl, and so forth. The AASHTO



guide specification devel oped an empirical approach for find-
ing the geometric probability. The AASHTO approach is
based on the following three assumptions:

1. Thelatera position of avessel inthe waterway follows
anormal distribution with amean value centered on the
required path line (centerline of navigation route).

2. The standard deviation of thislateral position distribu-
tion is equal to the overall length of vessel designated
as LOA. In the case of flotillas, Whitney et al. (1996)
recommend using the total length of the flotilla (i.e.,
barge length times number of bargesin a column).

3. The geometric probability is calculated from the nor-
mal distribution depending on the location of the pier
relative to the centerline of the navigation route, the
width and orientation of the pier, and the width of the
vessel. For flotillas, the total width of theflotillashould
be used.

Centerline
Channel

/ Transit Path

Normal Distribution

Centerline Vessel
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The method to calculate the geometric probability, PG, is
illustrated in Figure 2.12, which isadopted fromthe AASHTO
guide and the |ABSE report. The use of a standard deviation
equal to LOA was justified based on accident data to reflect
the influence of the size of the colliding ship.

Probability Distribution of the Predicted Impact
Force, Ps

The force Pg of Equation 2.32 depends on the type of
impacting vessdl (or flotilla), including the weight of the ves-
sdl, itslength, and other geometric features. Given the statis-
tical data on the types of vessels (or flotillas) and their prop-
erties, the probability distribution of the predicted impacting
force Pg can be assembled. The dataon thetype of vesselsand
their weights can be gathered from agenciesthat track thetraf-
ficin U.S. waterways such as the U.S. Army Corps of Engi-
neers (USACE), which has provided data on barge traffic in

/Centerline Pier

N

}‘Bm "‘Bp "‘ Bm"
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Geometric Probability of Vessel Collision with the Main Pier

Figure2.12. Model for geometric probability of vessel collision with main bridge pier
[based on the AASHTO guide (1991) and the IABSE report (Larsen, 1993)].
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the Mississippi River near Memphis, Tennessee. Figure 2.13
shows the yearly probability distribution function for the
impacting force cal culated for the Mississippi River based on
the USACE' sdata. More details explaining how the distribu-
tion function was assembled are provided in Appendix D.

The AASHTO guide specifiesthat when avessel collides
with abridge pier, theimpact force, Pg, obtained from Equa-
tion 2.32, will be applied as a concentrated force at the high
water level. Several possible modes of failure may result
because of the application of the force, Ps. The most likely
failure modes include shear failure of the pier at the point of
impact, moment failure of the pier or the foundation, and soil
failurein the pier foundation.

In summary, the model used in thisreport to study the reli-
ability of abridge pier subjected to vessel collisionsis based
on the model proposed by Whitney et al. (1996), which fol-
lowsthe AASHTO model (1991). The processfollowed con-
sists of the following steps and assumptions:

+ The geometric probability, PG;, of aflotillatypei col-
liding with the bridge pier depends on the flotilla over-
all length, LOA, asdescribed in Figure 2.12. Eachflotilla
of type i may have a different length depending on the
number of bargesin each column and the length of each
barge. To simplify the problem, it is herein assumed
that the number of bargesin acolumn of aflotillaisequal
to the average number of barges as reported by Whitney
et al. (1996).

» The expected number of collisions of flotillas of typei
with the pier isequal to N, PA PG; where N; is the num-
ber of flotillas of typei crossing the site, PA; isthe prob-

ability of aberrancy of flotillatypei, and PG; isthe geo-
metric probability of collision of flotillatypei.

» Thenominal force applied onthepier if aflotillaof type
i collides with the bridge pier is calculated from Equa-
tion 2.31 if the total weight of the flotilla and the width
of the impacting barge are known. Each flotilla of type
i may have a different total weight depending on the
number of barges in the flotilla and the weight of each
barge. Whitney et al. (1996) use the weight of one col-
umn of barges to find the kinetic energy at impact. The
assumption isthat the other columns are loosely tied to
theimpacting column such that at impact, only the barges
in one column will contribute to the impact energy. To
simplify the problem, it is herein assumed that the weight
isequal to the average number of bargesin one column
times the average weight of the barges that form the
flotilla. Average valuesfor number of bargesinacolumn
and bargeweightsare provided by Whitney et a. (1996).

+ By assembling the nominal “average” impact forcefor
each flotilla type and the expected number of collisions
for each flotilla type, a cumulative distribution of the
yearly impact force can be drawn asis shown in Fig-
ure 2.13.

» Equation 2.14 can then be used to find the probability
distribution for the 75-year bridge design life or other
return periods.

Because P is calculated using the average vessel weight
for each vessel type, it isherein proposed to account for the
probability of having vessels heavier than the average
value. Thisisachieved by including aweight-modeling fac-
tor during the reliability calculations. The data provided by
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Figure2.13. Cumulative distribution function for calculated ship collision force, Pg.



USACE show that the weight-modeling variable has a mean
value of 1.0 and a COV of 10%. It is assumed to follow a
normal distribution following the suggestion of Whitney et
al. (1996). This weight-modeling factor is used to supple-
ment the force-modeling factor x such that Equation 2.35 is
modified to become
P = xwPs. (2.35")

The three random variables—x, w, and Ps—used in mod-
eling the final load effects of impact vessels are summarized
in Table 2.10.
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2.5 RISK ASSESSMENT MODELS FOR LOAD
COMBINATIONS

As mentioned in Chapter 1, the Ferry Borges—Castanheta
model isused inthisreport to study thereliability of abridge
system subjected to acombination of load events. In this sec-
tion, the Ferry Borges—Castanheta model is described for
two load processes and isillustrated in Figure 2.14 (Turkstra
and Madsen, 1980; Thoft-Christensen and Baker, 1982). The
model assumesthat each load effect isformed by a sequence
of independent |oad events, each with an equal duration. The
service life of the structure isthen divided into equal intervals

TABLE 210 Summary of random variablesfor flotilla collision with bridge pier

Variable Symbol Mean cov D'StTr;/%‘g'O” Reference
Anpplied nominal Based on AASHTO
foFrJ(F:)e Pg from Figure 2.13 | from Figure 2.13 | from Figure 2.13 | (1991) and

Whitney et al. (1996)
Force-modeling ) ) .
factor X from Figure 2.11 | from Figure2.11 | from Figure 2.11 AASHTO (1991)
Weight-modeling Based on data from
variable w 1.0 10% Normal USACE
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Figure2.14. Description of Ferry Borges—Castanheta load combination

model.
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of time, each interval being equal to the time duration of
Load 1, t;. The probability of Load 1 occurring in an arbitrary
time interval can be calculated from the occurrence rate of
the load. Simultaneously, the probability distribution of the
intensity of Load 1 given that the load has occurred can be
calculated from statistical information on load intensities.
The probability of Load 2 occurring in the sametimeinterval
asLoad 1iscaculated from the rate of occurrence of Load 2
and the time duration of Loads 1 and 2. After calculating the
probability density for Load 2 given that it has occurred, the
probability of the intensity of the combined loads can be eas-
ily calculated. The Ferry Borges—-Castanheta model can be
summarized with reference to Figure 2.14 as follows:

1. Theintensity of the effect of Load 1 is afunction of
timet, defined as x;.
2. Theintensity of the effect of Load 2 is a function of
timet, defined as x,.
3. X, and %, vary randomly in function of time as shown
in Figure 2.14.
4. EverytimelLoad 1 occurs, it lastsfor afixed time dura
tion equal tot;,
5. Every time Load 2 occurs, it lasts for a fixed time
duration equal to't,
6. The life span of a bridge structure, T, is an integer
multiple of t;.
7. tyisaninteger multiple of t, .
8. Load 1 occursatotal of n, timesinthelife of the bridge
(T =ny xty).
9. Load 2 occurs a total of n, timeswhen Load 1 ison
(=N, xty).
10. Each occurrence of Load 1 is independent from the
previous occurrences.
11. Each occurrence of Load 2 is independent from the
previous occurrences.
12. Loads 1 and 2 are a'so independent of each other.
13. The combined load effect is defined as X = x; + X,.

The load combination problem consists of predicting the
maximum value of X, X 1, that islikely to occur inthelife-
time of the bridge, T. In this lifetime there will be n, inde-
pendent occurrences of the combined load effect, X. The
maximum value of the n, possible outcomesis represent by

Xmax,T = mn?X[ X] (239)

The maximum value of x, that is likely to occur within a
time period t; (when Load 1ison) isdefined as Xo g 11 Since
Load 2 occurs n, times within the time period t;, Xo max, 11 1S
represented by

Xomac,u = Max[X,] (2.40)

Ximax, 7 CaN then be expressed as

Xmax,T = mn?X[Xl + X2max, tl] (241)
or
Kinax, T = Max| % + rTJgX[XZ] (2.42)

The problem will then reduce to finding the maximum of
n, occurrences of Load 2, adding the effect of this maximum
to the effect of Load 1, then taking the maximum of n, occur-
rences of the combined effect of x, and the n, maximum of
Load 2. This approach assumes that x; and x, have constant
intensities during the duration of one of their occurrences.
Notice that x; or x, could possibly have magnitudes equal to
zero. If the intensities of x; and x, are random variables with
known probability functions, then X, r can be calculated as
described below.

The cumulative distribution of any load Y can be repre-
sented asFv (Y*). Fy(Y*) givesthe probability that the variable
Y takes a value less than or equa to Y*. Most load combina-
tion studies assume that the load intensities are independent
from one occurrence to the other. In this case, the cumulative
distribution of the maximum of m eventsthat occur in atime
period T can be calculated from the probability distribution
of one event by

Rinaem(Y*) = R (YY) (2.43)
where misthe number of timestheload Y occursin thetime
period T.

Equation 2.43 is obtained by realizing that the probability
that the maximum value of m occurrences of load Y is less
than or equal to Y* if thefirst occurrenceislessthan or equal
to Y*, and the second occurrenceis less than or equal to Y*,
and the third occurrence is less than or equal to Y*, and so
forth. Thisis repeated m times, which leads to the exponent
m in the right-hand-side term of Equation 2.43.

The cumulative probability distribution of Xyma 115 found
by plugging the probability distribution of x; into the right-
hand side of Equation 2.43 with m = n,. Then, knowing the
distribution of x;, combine the distribution of x; and Xoma 11
to find the distribution of their sum. Finally, use this latter
distribution in the right-hand side of Equation 2.43 with Y
representing the combined effect and m = n, to find the prob-
ability distribution of X 1. Given the statistics of the resis-
tance and the probability distribution of X 1, Which is the
maximum load effect in the lifetime of the structure, aLevel
I reliability program or aMonte Carlo simulation can be used
to find the reliability index (3. The reliability index will pro-
videameasure of thelevel of safety of abridge member under
the combined load effect, as was described in Section 2.2.

This approach, which assumes independence between the
different load occurrences, has been widely used in many pre-
vious efforts on the calibration of the load factors for com-



bined load effects. However, in many practical cases, even
when the intensities of the extreme load events are indepen-
dent, the random effects of these loads on the structure are
not independent. For example, athough the wind velocities
from different windstorms may be considered independent,
the maximum moments produced in the piers of bridgesasa
result of these windswill be functions of modeling variables
such as pressure coefficients and other statistical uncertain-
tiesthat are not independent from stormto storm. Inthiscase,
Equations 2.42 and 2.43 have to be modified to account for
the correlation between the intensities of all m possible occur-
rences. For example, let us assume that the load effect x; of
Equation 2.42 is the product of a time-dependent random
load intensity z, and a time-independent analysis variable c;
where ¢, describes how the load intensity is converted to a
load effect. Similarly, the load effect x, is the product of
a time-dependent random load intensity z, and a time-
independent analysis variable ¢, that describes how the load
intensity is converted to aload effect. In this case, Equation
2.42 can be expanded as

Kinax, T = mng[clzl + max[c,z,] (2.44)

where ¢; and ¢, are time-independent random variables that
do not change with n; and n, while the load intensities z, and
Z, are time-dependent variables that increase as the return
periods represented by the number of occurrences n, and n,
increase.

Therandomnessin ¢, and ¢, can be accounted for by using
conditional probability functions; that is, Equation 2.43 can
be used to determine the distribution function of X1 for
pre-set values of theanalysismodeling factors ¢, and ¢,, which
are assumed to be constant. Then, knowing the probability
that ¢, and ¢, are equal to the pre-set values, the final uncon-
ditional probability of X1 isobtained by summing together
the products of the probability associated with each value of
the modeling factor and the outcome of Equation 2.43. This
can be represented by the following equation:

P X 1 € X1 = Fy e r (X¥)
(2.45)
= [ P 1 (X% 16,€,) £(C,) T2 (C,)dc,dc,

where Fy e, 1(X* | €1, C,) is the probability function of Xt
conditional on particular values of ¢, and ¢, and f; and f., are
the probability density functions of the analysis variables c;
and c,.

The model described above based on Figure 2.14
assumes that the return period T can be exactly divided into
n, occurrences of the Load 1 where the time duration of
each occurrenceist,; suchthat T =t;xn,. Modificationson the
classical model can be made to describe situations when no
loads are on. For example, these can be accounted for by
using a cumulative probability distribution function F with
high probahility valuesfor X = 0. Also, if the time duration
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of the loads is short, the Ferry Borges—Castanheta model
can be represented as shown in Figure 2.15, in which the
basic time interval t; represents the recurrence interval of
Load 1. For example, if aload is known to occur on the
average once every year, thent, = 1 year isused, and n, the
number of repetitionsin a 75-year return period will be n,
= 75. Using the same logic, n, becomes the average num-
ber of occurrences of Load 2 in the time period, t;. For
example, if on the average there are 200 wind storms in
1 year, then n, = 200 when t, = 1 year.

2.5.1 Scour as a Special Case

The combination of the effect of scour with the other
extreme events does not follow the assumptions of the mod-
els described above. Thisis because scour does not produce
aload effect on bridge structures but changes the geometry
of the bridge pier so that the effects of the other loads are
amplified. This phenomenon isillustrated in Figure 2.16.

For example, let us assume that a bridge pier has a height
equal to h. When the pier is subjected to a lateral force of
magnitude P, the moment at the base of the pier isoriginally
equal to Ph. Therandom variable P could be the force caused
by wind pressure or may describe the impact force caused by
the collision of avessel with the pier. If the foundation of the
pier has been subjected to a random scour depth equal to
Veour, then, after the occurrence of scour, the moment at the
base of the pier will be equal to
Mscour = P(h + yscour)- (246)
Thus, the combined effect of ship collision (or wind load)
and scour is multiplicative, not additive as described above.
The probability of failure will then be equal to the probabil-
ity that Mg, iS greater than the moment capacity of the pier
or the moment capacity of the foundation. If the foundation
isvery deep, then the moment capacity will remain the same
as it was before scour. In this case, the moment arm of the
load, P, changes as the point of fixity in the foundation is
shifted downward. If the foundation is not deep, the ability
of the foundation to resist overtipping may decrease because
of the occurrence of scour. In this case, the capacity of the
foundation will need to be cal culated based on the remaining
foundation depth and the type of soil. Another mode of fail-
ure is the loss of serviceability caused by the lateral deflec-
tion of the pier-superstructure system. That is, the foundation
may not fail, but the flexibility of the pier-foundation system
after scour may produce large deformations in the structure,
rendering it unfit for use.

A model to obtain the probability distribution of the max-
imum scour depth, Y., for different return periodsis pre-
sented in Section 2.4.4. Section 2.4 also presents models to
obtain the probability distribution of the maximum force effect,
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P, asafunction of thereturn period for the extreme load events
of interest to this study. The maximum moment effect caused
by the combination of scour and the other extreme events can
then be calculated using the expression for Mg, asis shown
in Equation 2.46.

It isnoted that the presence of scour would alter the natural
period of the bridge system, rendering it more flexible. The
additional flexibility induced by the presence of scour may
sometimes reduce the inertial forces produced by dynamic
vibrations, such asthose caused by earthquakes, rendering the
structure less vulnerable to these threats. Hence, the presence
of scour may under certain circumstances be beneficial and
improve the reliability of the structure. Therefore, it is criti-
cal to check the safety of bridges with and without scour to
ensure that the worst conditions are accounted for.
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2.6 CHAPTER CONCLUSIONS

This chapter described the models used in this study to
perform thereliability analysis of highway bridges subjected
to extreme events and the combination of extreme events. As
afirst step, the statistical information necessary to perform
thereliability analysishasbeen assembled from theliterature
and, when possible, as used during previous code devel op-
ment efforts. The modified Ferry Borges—Castanheta model
used in this study to perform the reliability analysis for the
combination of load events has also been described. Exam-
plesillustrating the use of the proposed models are provided
in the appendixes. The results are summarized and used to
propose a set of load factors for the combination of extreme
events, aswill be described in Chapter 3.
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CHAPTER 3

CALIBRATION OF LOAD FACTORS FOR COMBINATIONS OF EXTREME

EVENTS

This chapter describes the procedure followed during the
reliability analysis of bridges subjected to extreme eventsand
combinations of events. The calibration of appropriate load
factors is also described. Following the research approach
described in Chapter 1, the first step of the process requires
the calculation of the reliability index, 3, for a set of typical
bridge configurations designed to satisfy current AASHTO
L RFD specifications. Becausethe AASHTO LRFD specifica-
tions are primarily concerned with medium- to short-span
bridge spans, the basic configuration used in this chapter con-
sists of a three-span bridge with span lengths of 18 m/30
m/18 m (60 ft/100 ft/60 ft). The bridge is assumed to be sup-
ported by either single-column bents in which each bent’s
column is 1.8 m (6 ft) in diameter or two-column bents in
which each bent consists of two 1.1-m (3.5-ft) diameter col-
umns at 8 m (26 ft) center to center. The bridge geometry and
structural properties for these cases are further described in
Section 3.1. The reliability analysis of these two basic bridge
configurations is first performed for each of the pertinent
extreme hazards individualy. The results of these calcula-
tionsareprovided in Section 3.2. Section 3.3 givestheresults
of the rliability calculations for the combination of events
and also describestheload factor calibration process. Section
3.4 gives asummary of the load combination factors. These
are also presented in aan AASHTO specifications format in
Appendix A. Additional details of the calculations described
in this chapter are provided in Appendixes C and D. Some of
the model s and assumptions made during the calculations are
based on the analyses and models presented in Appendixes
B,E F,H,and]I.

3.1 DESCRIPTION OF BASIC BRIDGE
CONFIGURATIONS AND STRUCTURAL
PROPERTIES

The basic bridge configuration used in this study consists
of athree-span 66-m (220-ft) bridge having the profile shown
inFigure 3.1. The bridge is also assumed to span over asmall
river that may producelocal scour around the bridge columns.
The geometric properties of the columnsfor each of the bents
considered are shown in Figure 3.2.

3.1.1 One-Column Bent

The first option for substructure configuration consists of
abridge with two bents, each formed by asingle 1.8-m (6-ft)
diameter concrete column with concrete strength, f¢, of 28
MPa (4,000 psi). The cap beamis 1.5t0 2.1 m (5 ft to 7 ft)
deep carrying 6 Type-6 AASHTO girdersand a 0.25-m (10-
in.) deck slab plus wearing surface. The deck is 12-m (40-ft)
wide with a0.9-m (3-ft) curb on each side. The required col-
umn capacity is calculated to satisfy each of the pertinent
loads using the current AASHTO LRFD specifications. Spe-
cifically, the required moment capacity is calculated for the
one-column bent when subjected to the effects of gravity
loads, wind loads, earthquakes, and vessel collision forces.
The required foundation depth is determined to satisfy the
requirements for each load type and also for scour. In addi-
tion, the column axial capacity and foundation bearing capac-
ity are estimated to satisfy the requirements for applied grav-
ity loads. The applied loads and load factors used in the
calculations performed in this section to estimate the struc-
tural properties of the basic configuration are those specified
by the AASHTO LRFD. A short description of the procedure
is provided below for each load and limit state analyzed.
More details are provided in Appendixes C and D.

Gravity Loads

The weight applied on each bent is calculated as follows:

 Superstructureweight per span length = 156 kN/m (10.7
kip/ft);

* Weight of cap beam = 690 kN (154 kips); and

» Weight of wearing surface and utilities = 36 kN/m (2.5
kip/ft).

The weight of the column above the soil level is 390 kN (88
kips). The analysis of the distributed weights will produce a
dead weight reaction at the top of the column equal to 5.4
MN (1,209 kips) from the superstructure plus 690 kN (154
kips) from the cap and 390 kN (88 kips) from the column,
producing a total weight equal to 6.5 MN (1,450 kips).
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If designed to carry gravity loads alone (live and dead
loads), the column and foundations of the one-column bent
should be designed to support either two lanes of HL-93 live
load that produce an unfactored live load on top of the col-
umn equal to 1.9 MN (423 kips) at an eccentricity of 2 m
(7 ft), or one lane of loading that is 1.1 MN (254 kips)
(including a multiple presence correction factor of 1.20) at
an eccentricity of 3.7 m (12 ft) from the center of the col-
umn. The free body diagram for the one-column bent sub-
jected to gravity loads is shown in Figure 3.3 in which F
isthe force caused by liveload and Fp¢ isthe force from the
dead weight.

The design equation used for axial and bearing capacity is
asfollows:

@R=125DC+ 1.75LL (3.2)
where
DC=6.5 MN (1,450 kips) = the permanent weight of

components,
LL = theliveload = 1.9 MN (423 kips); and
¢ =the resistance factor, which for column strength is
equal to 0.75 and for foundation bearing capacity is
taken as 0.50; and
R = the nominal axia capacity in kips.

The required nominal resistance capacity is obtained from
Equation 3.1 for each case aslisted in Table 3.1.

For bending moment capacity of the column, the follow-
ing equation used is:
QGR=175LL (3.2
where LL is the live load moment = 4.1 kN-m (3,048 kip-ft
= 254 kip x 12 ft) and ¢ is the resistance factor which for
bending is equal to 0.90. In this case, R is the nominal
moment capacity in KN-m.

In the case of foundation overtipping, the permanent
weight of the bridge would help resist overtipping, hence the
design equation used is

@R=0.90DC + 1.75LL (3.3)
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Figure3.3. Free body diagram of one-column bent under
gravity loads.

where

DC = 5.9 kN-m (4,350 kip-ft = 1,450 kip x 3 ft) is the
moment caused by the permanent weight of com-
ponents about the edge of the column shaft;

LL = thelive load moment about the edge of the column
LL = 3.1 kN-m (2,286 kip-ft = 254 kip x 9 ft); and

¢ =the resistance factor, which for foundation lateral
resistance is taken as 0.50.

The 2.7-m (9-ft) moment arm is used as the distance between
the liveload and the edge of the column rather than the cen-
ter, which is used when calculating the column bending
moment. In this case, al'so R is amoment capacity in KN-m.
The required foundation depth (embedded length), L, is
obtained from the R value calculated from Equation 3.3,
assuming a triangular distribution of soil pressure using the
free body diagram shown in Figure 3.3. If B, is calculated
from Equations 2.15 and 2.16 of Chapter 2 using a soil unit
weight, y =960 kg/m? (60 |b/ft3); an angle of friction for sand,

TABLE 3.1 Required design capacities of one-column bent under gravity load

Hazard Member Limit State Current Design Resistance | Required Nominal
Load Factors Factor @ Capacity
Gravity load | Column Axial capacity 125DC+175LL | 0.75 3,404 kips
Moment capacity 1.25DC+1.75LL | 0.90 5,908 kip-ft
Foundation Vertical bearing 125DC+175LL | 0.50 5,106 kips
capacity
Foundation depthto | 0.90DC + 1.75LL | 0.50 6 ft
prevent overtipping




@s = 35; and a column diameter, D = 1.8 m (6 ft); then L is
found by setting R = P, L/3. Knowing R from Equation 3.3,
the foundation depth, L, required to resist overtipping can be
calculated asL = 1.8 m (6 ft).

Table 3.1 summarizes the results of the nominal design
capacitiesfor the column axial force, column bending moment,
foundation bearing resistance, and foundation depth for the
one-column bent.

Wind Loads

The design of the single-column bridge bent for wind load
in interior regions of the United States uses a design wind
speed of 145 km/h (90 mph) as stipulated in the AASHTO
LRFD wind maps. The AASHTO LRFD design equation for
the moment capacity of the column when the system is sub-
jected to wind is given as follows:
eR=1.40WS (3.4)
where R is the required moment capacity of the column and
WSisthe applied moment. For overtipping about the base of
the foundation system, the equation used is of the form
@R=0.90DC + 1.40WS. (3.5
In Equation 3.5, DC is the moment produced by the perma-
nent weight about the bottom edge of the column, and WSis

the moment about the base of the column produced by the
wind load on the structure.
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In Equation 3.4, the maximum bending moment in the col-
umn occurs at a point located at a distance f below the soil
surface. f corresponds to the point in which the lateral force
P, in the soil is equal to the applied lateral force from the
wind. The free body diagram for column bending is illus-
trated in Figure 3.4(b). For Equation 3.5, which checks the
safety of the system against overtipping about the base, the
free body diagram isillustrated in Figure 3.4(a).

Theforces F; applied on the superstructure and F, applied
on the column because of the wind are calculated from the
AASHTO LRFD wind pressure equation, which is given as
follows:

2
VDZ

P =P 55 600

(3.6)

where P is base wind pressure = 0.0024 MPafor beams and
Vb7 is the design wind velocity at design elevation Z, which
is calculated from

Do} 0Z 0

VDZ = 25V0D/B|:| QOD

(3.7)

where

Vo = wind velocity above ground level = 145 km/h (90
mph) in the case studied herein;

V, = friction velocity = 13.2 km/h (8 mph) for open
country;

Vg = base wind velocity = 160 km/h (100 mph); and

Z, = friction length = 70 mm for open country.
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Figure3.4. Free body diagram of bridge foundation system: (a) free body diagram for a short
pile, dominant failure mode is tipping at base; (b) diagram for a long pile, dominant failure
mode is column bending at distance f below soil level.
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Using a superstructure depth of 2.4 m (8 ft), the wind force
transmitted from the superstructure to the column is calcu-
lated to be F; = 140 kN (31.6 kips) applied at aheight e, =8.8
m (29 ft) from the soil surface. The force applied on the sub-
structureisF, =27 kN (6 kips) at aheight &, = 3.6 m (11.8 ft).
For long columns, the point of maximum moment isat f =
1.6 m (5.14 ft) below the soil surface. Thus, the moment from
the wind on the structure WS = 1600 kN (1,180 kip-ft). The
corresponding nomina design bending moment of 2500
kN-m (1,835 kip-ft) is obtained from Equation 3.4 using a
resistance factor ¢ =0.90.

The results of Equation 3.5 show that the column is able
to resist overtipping simply because of the counteracting
effects of the permanent weight. Thus, the foundation depth
is controlled by effects other than the wind load (e.g., the
effect of live load as shown in the previous section). Table
3.2 summarizes the wind load design requirements.

Earthquakes

When performing a dynamic analysis in the transverse
direction and assuming that the point of fixity for lateral
deformation is 5.5 m (18 ft) below soil level, the effective
weight of the column above the point of fixity isequal to 747
kN (168 kips). In this latter case, the center of massis8 m
(27 ft) above soil level (= 45 ft from the point of fixity). Fol-
lowing common practice in earthquake engineering and
assuming a tributary length of 28 m (91.75 ft = 50% of the
distance to other bent and 70% of distance to abutment), the
total weight from the superstructure and wearing surface
applied on one bent adds up to 5360 kN (1,205 kips). Thus,
thetotal weight on one bent isequal to 6800 kN (1,527 kips).
Thisassumesthat thelateral connection of the superstructure
to the abutments will not break because of the earthquake-
induced lateral motions. Notice that thetotal weight isdightly
higher than for the gravity load because of theinclusion of the
weight of the pile up to the point of fixity. The center of mass
is calculated to be at 8.2 m (27 ft) above the soil surface.

Theinertia forces applied on the bent because of the earth-
guake accelerations may be represented as shown in Figure
3.5. The point of fixity at a distance L, below the soil surface
can be calculated as a function of the soil eastic modulus, E,
the foundation depth, L, and the stiffness of the column repre-
sented by E, |, where E, isthe modulus of the concrete pileand
I isthe moment of inertiaof the concrete pile. The foundation
isassumed to consist of adrilled pile shaft (pile extension) that

extends 15 m (50 ft) into the soil. The soil is assumed to have
an elastic modulus E; = 69 MPa (10,000 psi) corresponding
to moderately stiff sand. The point of fixity of the floating
foundation can be cal cul ated using the relationship provided
by Poulos and Davis (1980) given asfollows:

Ol | g se-elf - 3KR(| e ) (39)

Lo *Sraro o+ low

where

L. = the effective depth of the foundation (distance from
ground level to point of fixity);
L =the actual depth;
e = the clear distance of the column above ground level;
Kg = the pile flexibility factor, which gives the relative
stiffness of the pile and soil;
I = the influence coefficient for lateral force; and
I om = the influence coefficient for moment.

The pile flexibility factor is given as follows:

_Elp

Ke = £

(3.9)

If the pileis made of 28 MPa (4,000 psi) concrete, then E, =
25GPa (3,600 ksi = 57,/4,000) and the diameter of the col-
umn being D = 1.8 m (6 ft) result in amoment of inertial, =
0.55 m* (63.62 ft* = r4/4). Thus, for apile length of 15m (50
ft), the pile flexibility becomes K = 0.0037. The charts pro-
vided by Poulos and Davis (1980) show that for K = 0.0037
the influence coefficients 1, and 1,y are respectively on the
order of 5 and 15. The root of Equation 3.8 produces aratio
LJ/L = 0.35, resulting in an effective depth, L., of 18 ft below
ground surface. Thus, the effective total column height until
the point of fixity becomesH = 13.7 m (45 ft = 27 ft + 18 ft).

The natural period of the column bent can be calculated
from

(3.10)

where the column stiffnessis given as K = 3E,1,/H? and the
mass M is the equal to weight 6.8 MN (1,527 kips) divided
by g, the acceleration due to gravity. Given the material and
geometric properties, the natural period of the column is
foundto be T = 1.31 sec.

TABLE 3.2 Required design capacities of one-column bent under wind load

Hazard Member Limit State Current Design Resistance Required Nominal
Load Factors Factor @ Capacity
Wind load Column Moment capacity 140 WS 0.90 1,835 kip-ft
Foundation Overtipping 0.90 DC + 1.40 WS 0.50 0ft
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Figure3.5. Dynamic analysis model.

The natural period of the system is used aong with Equa
tions 2.17 through 2.19 and Table 2.4 of Chapter 2 to find the
spectral accelerations, S,, for different bridge site locations.
The soil isassumed to be of type D. The spectral accelerations
calculated for the 2,500-year return period (2% probability of
exceedance in 50 years) are shown in Table 3.3. The equiva
lent inertial forces, F;, for nonlinear columns are obtained
using Equation 3.11:

R=g (3.11)

where

S, = the spectra acceleration as afunction of the acceler-
ation due to gravity, g;

W = the weight of the structure; and

R, = the response modification factor.

Assuming aresponse modification factor R, = 1.50 as spec-
ified in the proposed AASHTO LRFD earthquake design
specifications in NCHRP Report 472 (ATC and MCEER,
2002), the equivalent inertial forces accounting for column
nonlinearity are calculated as shown in Table 3.3. Using the
free body diagrams of Figure 3.4(b) with F; =F; and F, =0,
the required moment capacitiesfor the bridge column for dif-
ferent earthquake sites are given as shown in Table 3.3.
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Table 3.3 also showstherequired foundation depth, L, cal-
culated using the free body diagram of Figure 3.4(a). In this
case, the R, value used is R,, = 1.0 because rigid body over-
tipping is assumed to occur in short columns where the max-
imum moment capacity has not been reached yet (i.e., when
the column’s bending moment is still in the linear elastic
range). For these cases, the required foundation depth, L, is
given in the last column of Table 3.3.

Notethat following common practice, the stiffnessand the
natural period of the system are calculated using Equations
3.8 and 3.9, which are based on the elastic behavior of the
system. The design uses Equation 3.11 and the free body dia-
gram of Figure 3.4, which are based on ultimate capacity.

Scour

Itisherein assumed that the bridgeis constructed over a67-
m (220-ft) wide rectangular river channel as shown in Figure
3.1. Toobtain realistic resultsfor the effect of scour, different
possible discharge rate data from different small rivers are
used, and design scour depths are calculated for each of these
river discharge rates. The rivers chosen for this analysis con-
sist of the following: (1) Schohaire Creek in upstate New
York, (2) Mohawk River in upstate New Y ork, (3) Cuyahoga
River in northern Ohio, (4) Rocky River in Ohio, and (5) San-
dusky River in Ohio. Data on the peak annual discharge rates
for each of thefive riverswere obtained from the USGS web-
site. Lognormal probability plots and Kolmogorov—Smirnov
(K-S) goodness-of -fit tests showed that the peak annual dis-
chargerate, Q, for al fiverivers can bereasonably well mod-
eled by lognormal probability distributions. The mean of the
log Q and its standard deviation were cal culated using amax-
imum likelihood estimator. These dataare provided in Table
2.8 of Chapter 2. Assuming aslope of § =0.2% and aMan-
ning roughness coefficient of n = 0.025, the flow depth for
the 100-year flood, yma, Can be calculated al ong with the cor-
responding flow velocity, V, for each of thefiverivers, using
Equations 2.22 through 2.28. Assuming a67-m (220-ft) wide
rectangular channel and a pier diameter of D = 1.8 m (6 ft),
the maximum design scour depth for the one-column bent
bridge for each river datais obtained as shown in Table 3.4.

To avoid failure caused by scour, the foundation depth
should be designed for a length, L, greater than or equal to
the design scour depth, Y., Whichisgivenin Table 3.4.

TABLE 3.3 Earthquake design requirementsfor five sites

Site Spectral Equivalent Inertial | Required Moment Required Foundation
Acceleration, S, Force, F; Capacity, Map Depth, L
San Francisco 1.15¢g 1,171 kips 55,950 kip-ft 86 ft
Seattle 0.649g 652 kips 28,320 kip-ft 66 ft
Memphis 0.50 g 510 kips 21,050 kip-ft 59 ft
New York 0.17¢g 173 kips 6,500 kip-ft 37 ft
St. Paul 0.059g 51 kips 1,670 kip-ft 20 ft
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TABLE 3.4 Design scour depth for fiverivers

River Q 100-year |V Y, - flood Ymax — design scour
(ft%sec) (ft/sec) depth (ft) depth (ft), one-
column bent
Schohaire 78,146 17.81 20.56 17.34
M ohawk 32,747 12.87 11.78 13.99
Sandusky 36,103 13.35 12.52 14.33
Cuyahoga 19,299 10.50 8.45 12.26
Rocky 19,693 10.58 8.56 12.32

Vessel Collision

The basic bridge configuration shown in Figure 3.1 does
not alow for the passage of vessels under the bridge span.
Hence, a different bridge configuration is assumed to study
the vessal collision problem. For the purposes of this study,
the bridge configuration selected is similar to that of the Inter-
state 40 (1-40) bridge over the Mississippi River in Memphis,
which is fully described in Appendix D. The bridge pier and
water channel configurations are represented as shown in Fig-
ure 3.6. USACE provided data on the types of barges that
travel the Mississippi River near Memphis along with their
weights. The data are used along with the moddl of the
AASHTO guide specifications (1991) following the recom-
mendations proposed by Whitney et al. (1996) to find the
required design vessel impact force that would produce a
nomina annual failure rate of AF = 0.001.

The calculations use Equation 2.32 through 2.38, which
are given in Chapter 2. According to the analysis summa-
rized in Table 3.5 the design impact force should be H, = 35

Bridge Pier

360°

MN (7,900 kips). This design impact force is assumed to be
applied at 4.9 m (16 ft) above soil level on acolumn that hasa
diameter D = 6.1 m (20 ft). Thefreebody diagram for design-
ing the column and foundation capacities is similar to that
depicted in Figure 3.4, withF; =0.0, F,=Hcy, and e, =4.9m
(16 ft). Given thevery large permanent weight that isapplied
on the bent from the large superstructure needed to span the
river channel, the possihility of overtipping because of ves-
sel collision is negligibly small. Hence, only two limit states
are investigated for this case: (1) failure of the column in
shear, and (2) failure of the column in bending moment.
The design for shear is checked using an equation of the
form
gR=1.00CV (312
where CV is the vessel collision force CV = Hey = 35 MN
(7,900 kips) and is the resistance factor for shear, which
according to the AASHTO LRFD should be equal to 0.90 for
normal density concrete. Thiswould result in arequired shear
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Figure 3.6. Prdfile of river channel for vessel collisions.



TABLE 3.5 Detailsof calculations of annual failurerates for
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vessel collisions by flotilla type

Type? |Frequency Number of Mean Distances (m) Normalized pGY pAd pc? N*PA*PG*PC
Down-bound columns [rows [weight(MN) |LOA(m)° [Bm® d1° d2° d1 d2

AB 91 4 1.9 [22.92 18.74 19.45 ]152.56 |176.62 2.04 [2.36 [0.01 [1.77E-04 |0.00 0.00

BC 126 5.93 [2.05 [138.44 4452 ]16.11 |145.03 |184.15 |0.55 [0.70 [0.05 [1.77E-04 |0.00 0.00

BD 1 5.11 [2.93 [128.28 45.35 ]16.49 ]137.39 |191.80 [0.59 [0.83 [0.07 [1.77E-04 |0.00 0.00

CC 79 5.11  [2.93 [92.63 54.70 [12.24 [143.62 |185.57 |0.51 |0.66 |0.05 |1.77E-04 [0.00 0.00

DC 35610 5.38 [3.21 [116.19 |59.44 ]10.67 |144.41 |184.77 |0.45 [0.58 [0.04 [1.77E-04 |0.00 0.00

EA 6 5 1 119.22 [60.96 [7.62 [157.73 [171.450.52 |0.56 0.02 |1.77E-04 [0.00 0.00

EB 6 5 1 124.82 160.96 [9.30 [156.90 [172.29 [0.51 |0.57 10.02 ]1.77E-04 |0.00 0.00

EC 33026 5.38 [3.3 [129.44 |61.53 ]10.81 |143.71 |185.47 |0.43 |0.56 [0.04 [1.77E-04 |0.00 0.00

FC 1043 4.5 3 209.20 [79.81 [15.96 [137.60 [191.58 [0.38 [0.53 [0.05 |1.77E-04 |0.00 0.00

GC 648 4 2.8 [195.75 |90.01 |16.17 ]138.91 |190.27 |0.39 |0.53 [0.05 [1.77E-04 |0.00 0.00

GD 19 3.23 2.3 [173.97 190.71 ]16.49 ]142.58 |186.60 [0.49 [0.64 [0.05 [1.77E-04 |0.00 0.00

HC 17 3.23 2.3 [166.98 [|96.53 |16.17 ]142.95 |186.24 |0.46 |0.60 [0.05 [1.77E-04 |0.00 0.00
Up-bound

AB 219 4 1.9 |22.60 18.73 9.42 97.73 |121.73 1.30 [1.63 [0.04 [1.77E-04

AC 78 4 1.9 |72.28 30.30 [16.46 [91.04 |128.41 |0.75 |1.06 [0.08 [1.77E-04

BB 4 4 1.9 [9.97 35.05 [8.84 |98.28 |121.17 |0.70 |0.86 [0.05 [1.77E-04

BC 760 5.93 [2.05 [147.40 44.40 |15.99 [90.29 [129.16 [0.34 [0.49 [0.05 [1.77E-04 |1.97E-02 |1.43E-04
BD 151 5.11 [2.93 [138.53 45.35 |16.49 |82.52 [136.93 [0.36 [0.59 [0.08 [1.77E-04 |1.15E-02 |2.57E-05
CC 396 5.11 [2.93 [159.39 |53.79 ]16.07 |83.14 [136.32 0.30 [0.50 [0.07 [1.77E-04 |1.69E-02 |8.45E-05
DC 14698 5.38 [3.21 [119.36 |59.44 ]10.74 |89.43 [130.02 [0.28 [0.41 [0.05 [1.77E-04

EB 1 5 1 116.89 60.96 [9.30 [102.03 [117.42 |0.33 |0.39 |0.02 |1.77E-04

EC 12097 5.38 3.3 [131.09 [61.62 |11.05 |88.45 [131.01 [0.27 [0.40 [0.05 [1.77E-04 |2.90E-03 |3.01E-04
ED 1 4.5 3 68.03 73.46 [17.68 |[80.16 |139.29 |0.24 |0.42 |0.07 [1.77E-04

FC 697 4.5 3 193.33  [81.43 [16.02 [82.66 [136.80 [0.23 |0.37 |0.06 |1.77E-04 |1.96E-02 |1.36E-04
FD 2 4.5 3 125.15 81.38 [17.68 [80.16 [139.29 [0.22 |0.38 |0.06 |1.77E-04 [3.20E-03 |6.97E-08
GC 2028 4 2.8 [197.23 |90.03 ]16.25 |83.93 [135.52 [0.23 [0.38 [0.05 [1.77E-04 [1.58E-02 |3.10E-04
GD 158 3.23 2.3 [145.12 90.71 |16.49 |87.72 [131.74 [0.30 [0.45 [0.06 [1.77E-04

HC 73 3.23 2.3 [145.11 |96.55 |15.67 |88.66 [130.79 [0.28 [0.42 [0.05 [1.77E-04

HD 17 2 1 103.57 |117.98 [21.76 [95.80 [123.65 |0.41 |0.52 10.04 |1.77E-04

Nortes:

(a) The definitions of barge flotilla types are provided in Appendix E (on CRP-CD-30).

(b) LOA = length overall of flotilla.
(c) These terms are defined in Figure 2.12, shown as x; and X.
(d) See Section 2.4.5 for definitions of the probabilities PA, PG, and PC.

column capacity equal to Vi, = 39 MN (8,780 kips). The point
of fixity isfound to be at f = 10.5 m (34.5 ft) below the soil
level. Using the free body diagram of Figure 3.4(b) and a
moment resistance factor, ¢, also equal to 0.90, the required
column moment capacity is found be equal to0 M, = 464
MN-m (342,333 kip-ft). The design requirements for the col-
umn subjected to vessdl collision are summarized in Table 3.6.

3.1.2 Two-Column Bents

The second design option is for the same bridge super-
structure described in Figure 3.1, but where the substructure

consists of two bents, each formed by two 1.1-m (3.5-ft)
diameter columns spaced at 7.9 m (26 ft) center to center as
described in Figure 3.2(a). The clear column heightis 6.3 m
(20.5ft) connected by a 1.4-m (4.5-ft) cap carrying six Type-
6 AASHTO girders and a 10-in. deck slab plus wearing sur-
face. The bent carriesthe same 12.2-m (40-ft) wide deck with
a0.91-m (3-ft) curb on each side as that of the one-column
bent. The required column capacities are cal culated to satisfy
each of the pertinent loads using the current AASHTO LRFD
specifications. Specifically, the required moment capacity is
calculated for the two-column bent when subjected to the
effects of wind loads, earthquakes, and vessel collision forces.
The analysis assumesthat the bent cap isvery stiff compared

TABLE 3.6 Required design capacities of one-column bent under vessel collision forces

Hazard M ember Limit State Current Design Resistance | Required Nominal
Load Factors Factor @ Capacity
Vessd Collision | Column Moment capacity 1.00VvC 0.90 342,333 kip-ft
Column Shearing capacity 1.00VvC 0.90 8,780 kips
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with the columns. Thus, vertical loads will produce negligi-
ble moments in the columns, and only the lateral loads will
produce moments. Because of the presence of the two col-
umns, no overtipping is possible, although foundation depth
is controlled by the scour requirements. In addition, the col-
umn axial capacity and foundation bearing capacity are deter-
mined to satisfy the requirements for applied gravity loads.
The applied loads and load factors used in the calculations
performed in this section are those specified by the AASHTO
LRFD. A short description of the procedureis provided below
for each load and limit state analyzed. More details are pro-
vided in Appendix C.

Gravity Loads

The weight applied on each bent is calculated as follows:

 Superstructure weight = 156 kN/m (10.67 kip/ft),
* Weight of cap beam =480 kN (109 kips), and
+ Weight of wearing surface = 35.9 KN/m (2.46 kip/ft).

The weight of the each column above the soil level is 138 kN

(31 kips). The analysis of the distributed weights will pro-
duce a dead weight reaction at the top of the bent equal to

Fi

5400 kN (1,209 kips) from the superstructure plus 480 kN
(209 kips) from the cap. These will result in 2900 N (659
kips) for each column for atotal of 3000 kN (690 kips) per
column.

If designed to carry vertical loads alone, each column of
the two-column bent should be designed to support two lanes
of HL-93 live load that produce an unfactored live load on
top of the column equal to 188 kN (423 kips) at an eccen-
tricity of 1.8 m (6 ft). For one lane of traffic, thelive load is
1100 kN (254 kips) at an eccentricity of 0.3 m (1 ft). Thefree
body diagram is shown in Figure 3.7 with the lateral forces
F, =F,=0. In Figure 3.7, &; denotes the eccentricity of the
applied live load, F,, relative to the center of a column.
Assuming arigid cap beam compared with the column stiff-
ness, the applied moment on the columns caused by vertical
loadsis small, and the columns need to resist mostly vertical
loads. Using design Equation 3.1 resultsin arequired nomi-
nal column axial capacity and a nominal foundation bearing
capacity, as are shown in Table 3.7.

Wind Loads

The design of the two-column bridge bent for wind load in
interior regions of the United States uses adesign wind speed
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Figure3.7. Basic free body diagram of two-column bent.
TABLE 3.7 Required design capacities of two-column bent under gravity load
Hazard M ember Design Parameter Current Design Resistance | Required Nominal
Load Factors Factor ¢ Capacity
Gravity load Column Axial capacity 125DC+1.75LL | 0.75 1,909 kips
Foundation Vertical bearing 125DC+1.75LL | 0.50 2,864 kips
capacity




of 145 km/h (90 mph) as stipulated in the AASHTO LRFD
wind maps. The free body diagram for the wind analysis
problem isas shown in Figure 3.7 with F, =0, F; =140 kN
(3L.6 kips) at e, = 8.8 m (29 ft), and F, = 18 kN (3.95 kips)
at e, =4 m (13 ft). Thedesign column bending moment capac-
ity to resist the applied lateral caused by wind and allowing
for aresistance factor of 0.90 and awind load factor of 1.40
is egual to 600 kN-m (440 kip-ft) for each column as shown
in Table 3.8. The simplified analysis model assumesfixity at
the top because of the presence of a stiff column cap and at
the base at adistance f = 1.4 m (4.6 ft) below the soil level.

Earthquakes

When performing a dynamic analysis in the transverse
direction and assuming that the point of fixity for lateral defor-
mation is 3 m (10 ft) below soil level, the effective weight of
the column above the point of fixity is equal to 200 kN (45
kips). In this case, the center of massis 8 m (27 ft) above soil
level (= 11.3 mor 37 ft from the point of fixity). Following
common practice in earthquake engineering and assuming a
tributary length of 28 m (91.75 ft = 50% of the distance to
other bent and 70% of distance to abutment), the total weight
of superstructure and wearing surface add up to 5360 kN
(1,205 kips) for one bent. Thiswill result in atotal weight on
one column equal to 2.9 MN (650 kips).

Asalfirst step it is assumed that the foundation consists of
adrilled pile shaft (pile extension) that extends 15 m (50 ft)
into the soil. A sensitivity analysis is performed at a later
stage to check other foundation depths. The soil is assumed
to have an elastic modulus E; = 10,000 psi corresponding to
moderately stiff sand. Asexplained in Appendix C, the point
of fixity of the floating foundation can be calculated using the
relationship provided by Poulos and Davis (1980) to produce
apoint of fixity L, =3 m (10 ft) below soil level. Given aclear
height of the column e= 6.2 m (20.5ft), the effectivetotal col-
umn height until the point of fixity becomes 9.3 m (30.5 ft =
20.5 ft + 10 ft). For transverse seismic motion, the bent is
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taken asfixed at the base of the effective pile depth and also
fixed on the top of the column because of the presence of the
stiff column cap. Thus, the natural period of the bent system,
T, is0.72 sec. The natural period is used to find the inertial
forces and the required moment capacities for different earth-
guake sites using the same method described in Section 3.1.1
for bridgeswith one-column bent as provided in Equation 3.10,
but with K = 12E,1,/L3. Given the natural period, T, the spec-
tral accelerations are calculated from Equation 2.17 through
2.19 of Chapter 2. The inertial forces are calculated using
Equation 3.11 with a response modification factor R,, = 1.5.
The spectral accelerations along with the inertial forces are
listed in Table 3.9 for earthquake datafrom five different sites.
The free body diagram described in Figure 3.7 is used with F;
equal to theinertial forcewhileall other forcesare set equal to
zero. The reguired column moment capacities are caculated
as shown in Table 3.9 using aresistance factor, ¢ =0.90.

Scour

The analysis of the two-column bent for scour follows
the same exact method used for the one-column bent. The
only differenceisthe diameter of thecolumnwhereD =1.1m
(3.5 ft) isused for the two-column bent rather than the value
D =1.8 m (6 ft), which is used for the one-column bent. The
required foundation depths for different river flood data are
shown in Table 3.10. The required foundation depth, L, for
each river should then be equal to or greater than the values
of Y given in Table 3.10.

Vessel Collision

The vessel collision design force of H,, = 35 MN (7,900
kips) for the two-column bent is calculated following the
same exact procedure described above for the single-column
bent. The free body diagram for determining the maximum
moment in the column is as shown in Figure 3.7, with F, =
Hevat €, =4.9m (16 ft) and F, = F,, = 0. In the case of the

TABLE 3.8 Required design capacities of two-column bent for wind load

Hazard M ember Design Parameter Current Design Resistance | Required Nominal
Load Factors Factor @ Capacity
Wind load Column Moment capacity 1.40 WS 0.90 440 kip-ft
TABLE 3.9 Earthquake design requirementsfor two-column bent using
earthquake data from five sites
Site S, Spectral F; Equivalent Map, Required
Acceleration Inertial Force M oment Capacity
San Francisco 1819 784 kips 13,500 kip-ft
Segattle 1.19¢g 516 kips 8,370 kip-ft
Memphis 0.92¢g 399 kips 6,260 kip-ft
New York 0.32¢g 139 kips 1,970 kip-ft
St. Paul 0.099 39 kips 514 kip-ft
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TABLE 3.10 Design scour depth for fiverivers

River Q 100-year \% Y, flood Ymax— design scour
(ft%/sec) (ft/sec) depth (ft) depth (ft), two-
column bent
Schohaire 78146 17.81 20.56 12.31
Mohawk 32747 12.87 11.78 9.93
Sandusky 36103 13.35 12.52 10.17
Cuyahoga 19299 10.50 8.45 8.70
Rocky 19693 10.58 8.56 8.75

vessel collision analysis, the column width istaken as6.1 m
(20 ft) and the clear height of the bent is46 m (150 ft), which
is the same height as the 1-40 bridge over the Mississippi
River described in Appendix D. Because the clear column
height of 46 m (150 ft) is so much higher than the point of
application of the force, which is at 4.9 m (16 ft) above the
soil level, most of the applied load remains in the lower por-
tion of the impacted column. The maximum shearing force
in the lower part of the column is calculated to be 0.95 times
the applied force. Hence, the design shearing capacity should
be 37 MN (8,340 kips) using aresistance factor ¢ =0.90. The
point of maximum moment is approximated to beat 10 m (33
ft) below the soil surface. Hence, using aresistance factor ¢ =
0.90, the required moment capacity at the base will be 430
MN-m (317,000 kip-ft). The required moment and shear
capacitiesarelisted in Table 3.11

3.2 RELIABILITY ANALYSIS FOR EXTREME
EVENTS

The reliability index, B, is calculated in this section for
bridges designed to satisfy the current AASHTO LRFD cri-
teria for the various extreme load events of interest to this
project. The purposeisto study the level of bridge structural
safety provided by the current AASHTO LRFD for each of
the extreme events. Also, the reliability analysis shows how
changesinthe design criteriawould affect the safety of bridge
systems. Thisinformation will also be used to choosethetar-
get reliability indexes that will form the basis for calibrating
the load factors for load combinations. The reliability analy-
sis usesthe methodol ogy and the statistical models described
in Chapter 2. In this section, the reliability analysis is per-
formed for gravity loads consisting of live load and dead
loads, for wind loadsin combination with the permanent loads
when applicable, for earthquakesal one, for scour, and for ves-
sl collisions. The bridges analyzed have the basic geometries
described in Figures 3.1 and 3.2. Modifications on the basic

bridge geometry are assumed in order to allow for barge traf-
fic under the bridge and, thus, al so to study thereliability under
vessal collision.

The reliability calculations are performed using a Monte
Carlo simulation. Therandom numberswere generated using
the method described by Deng and Lin (2000). This method
has proven to be more stable and capabl e of generating large
numbers of independent random variables than are similar
routines provided in commercially available mathematical
packages. An excessively large number of independent ran-
dom variables are needed in this study in which Monte Carlo
simulations have to be performed for arelatively large num-
ber of random variables and to study probabilities of failure
ontheorder of 107°to 107 (reliability index, 3, uptotherange
of 4.0). Monte Carlo simulations are used rather than aFORM
algorithm because some of the cumulative distributionsiden-
tified in Chapter 2 (e.g., for earthquake intensities and vessel
collision forces described in Figures 2.4 and 2.13) are given
in discrete formsthat render them difficult toimplementina
FORM d gorithm because of the discontinuities of their dopes.

3.2.1 Reliability Analysis for Gravity Loads

Inthissection, therdiability index implicitinthe AASHTO
LRFD design criteriais calculated for bridge columns sub-
jected to the effect of live loads in combination with dead
loads. Four different limit states are studied:

1. Failure of the column under axial load,

2. Failure of the foundation caused by exceedance of bear-
ing capacity,

3. Overtipping of a column with a short pile shaft, and

4. Failure of along pile shaft in bending.

For the analysis of the column for overtipping, the soil’s
contributionsin resisting bending are included using the free
body diagramin Figure 3.3. Thefailure functions for each of

TABLE 3.11 Required design capacities of two-column bent under vessel collision forces

Hazard M ember Limit State Current Design Resistance | Required Nominal
Load Factors Factor @ Capacity
Vessdl Collision | Column Moment capacity 1.00VvC 0.90 317,000 kip-ft
Column Shearing capacity 1.00VvC 0.90 8,340 kips




the four limit states considered for one-column bents are
given asfollows:

Zy =P = Foc = FuL, (313

Z, = Pyt = Foc = Fu, (314)
3yDK, L% L D D

Z3 = yDTpg + FDC§ - FLL(% _5), and (315

Z4 = Mcol - I:LLe3- (316)

For each limit state, i, failure occurs when Z; is less than or
equal to zero. Py isthe column’saxia capacity, Fpcisthedead
weight applied on the column, F,, isthelive load, Py, is the
soil’s bearing capacity at the column’s tip, y is the specific
weight of the soil, D is the column diameter, K, gives the
Rankine coefficient, L isthe foundation depth, e; isthe eccen-
tricity of theliveload relative to the center of the column, and
My is the column’s bending moment capacity. All the vari-
ablesused in Equations 3.13 through 3.16 are considered ran-
dom except for the column diameter, D, the eccentricity, s,
and the foundation depth, L. Adjustments to Equations 3.13
and 3.14 are made when analyzing the two-column bents to
find the portion of F,, and Fpc applied on each column. The
statistical models used to describe the random variables are
providedin Tables2.1, 2.2 and 2.3. Specificaly, theliveload
F.. is composed of time-dependent and time-independent
random variables and can be represented as follows:

Fuo = AuluHLgs iy (3.17)

where

A = thelive load modeling factor,
I, = theliveload intensity coefficient,

HLg; = the AASHTO LRFD live load model, and
I,m = the dynamic amplification factor.

All thetermsin Equation 3.17 except for HLg; arerandom with
statistical properties provided in Table 2.3 of Chapter 2. 1, is
atime-dependent random variable that varies as a function of
the return period as described in Equations 2.11 and 2.14.

It is noted that the columns are subjected simultaneously
to axial compression and bending moment. Thus, the col-
umn’ sload-carrying capacity isgoverned by aP-M (axia load
versus moment) interaction curve as shown in Figure 2.2.
However, for the sake of simplicity and because reliability
models for the combined behavior of bridge columns are not
readily available, Equations 3.13 through 3.16 treat each effect
Separately.

For the one-column bent, the column is first assumed to
have the nominal capacities provided in Table 3.1. The col-
umns of the two-column bent are first assumed to have the
nominal capacities listed in Table 3.7. In addition, a sensi-
tivity analysisis performed to study how the reliability index
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for each limit state changes asthe nominal capacitiesarevar-
ied from the required AASHTO LRFD values of Tables 3.1
and 3.7. During the reliability calculations, the resistance
biases, COV's, and probability distribution types listed in
Tables 2.1 and 2.2 of Chapter 2 are used to model the vari-
ablesthat contributeto resisting thefailurein each limit state.

Statistical data for modeling the dead and live loads
effectsare described in Section 2.4.1 of Chapter 2. The biases,
CQOVs, and probability distributions of all the random vari-
ables that describe the effects of gravity loads are provided
in Table 2.3. These values are used as input during the relia-
bility calculations. Following the model used by Nowak
(1999), the bridgeisassumed to carry 1,000 individual heavy
truck load events or 67 occurrences of heavy side-by-side
truck events each day. Thiswould result in 27.4 x 10° single
truck events or 1.825 x 10° side-by-side eventsin a 75-year
design period. The 75-year design period is used in this report
to remain compatiblewith the AASHTO LRFD specifications.
Equation 2.14 with m = 27.4 x 10° or 1.825 x 10° is used to
obtain the probability distribution of the maximum live load
intensity in 75 years given the probability distribution for one
event as listed in Table 2.3. The reliability calculations aso
account for themodeling factor and the dynamic amplification
factors. Only the live load intensity is considered to be time-
dependent. All the other variables are time-independent in the
sense that they are not affected by the 75-year design period.
During each cycle of the Monte Carlo simulation, the worst
of the one-laneloading or the two-lane loading is used asthe
final load applied on the bridge structure.

The results of the reliability analysis for the four limit
states considered are presented in Figures 3.8 through 3.11
for the two- and one-column bents. The figures give the reli-
ability index, B, for each limit state as a function of the nom-
inal capacity of the column. The abscissas are normalized
such that avalue of 1.0 indicates that the column is designed
to exactly satisfy the requirements of the AASHTO LRFD
specifications for the limit state under consideration. The
required nominal design capacitiesfor the columnsunder the
effect of gravity loads are listed in Tables 3.1 and 3.7 for
the one- and two-column bents. Thus, avalue of 1.0 for the
failure of the column under axial load (i.e., the first limit
state) meansthat the column analyzed has anominal capac-
ity P €qual to the AASHTO LRFD required design capac-
ity Or Peap = Priesign = 15 MN (3,404 kips). A value of 1.1 indi-
catesthat the capacity is 10% higher than the required design
capacity such that Py, = 16.6 MN (3,744 kips).

The steepness of the slope of each curve gives an assess-
ment of the cost implied when an increase in the reliability
index is desired. For example, a steep positive slope would
indicate that large increases in the reliability index could be
achieved as aresult of small increases in the member capac-
itieswhile a shallow positive curve would indicate that large
increases in the member capacities would be required to
achieve small increasesin the reliability index.
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Reliability index for axial capacity under DC and LL (column)
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Figure 3.8. Reliability of concrete columns under axial load due to gravity.

The results in Figure 3.8 for the columns under axia load
show that the current AASHTO LRFD produces reliability
indexes of 3.50 for the two-column bent and 3.32 for the one-
column bent. This indicates that the AASHTO LRFD code
producesrdiability index levels closeto the 3.5 target beta set
by the AASHTO LRFD code writersfor columns under axial
compression even though this particular limit state was not
specifically considered during the calibration of the AASHTO
LRFD specifications (Nowak, 1999). The figure also shows

that an increase in column capacity of 10% (Peap/Pyesgn = 1.1)
would result in an average reliability index on the order of
3.90. Thisindicates that improvement in the reliability index
can be achieved with relatively small increases in column
axial capacities.

The results for the failure of the soil bearing capacity are
illustrated in Figure 3.9. These results show that the current
AASHTO LRFD produces reliability indexes of 2.53 for the
two-column bent and 2.47 for the one-column bent, which

Reliability index for vertical bearing capacity under DC and LL (foundation)
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Figure3.9. Reliability of foundation bearing capacity under axial load due to gravity.



indicates that the current code produceslower reliability lev-
elsfor foundation design than for the design of structural ele-
ments despite the higher resistance factor of 0.50 used for the
design of foundations. Thisis due to the high level of uncer-
tainty associated with current methodsfor designing founda-
tions and in estimating soil properties. The data are applica-
ble to the models described by Poulos and Davis (1980). It
should be noted that there are several different methods used
in current practice for the design of foundations. These will
produce different reliability indexes depending on the biases
and implicit safety factors included when the methods are
developed. NCHRP Project 12-55, entitled “ L oad and Resis-
tance Factors for Earth Pressures on Bridge Substructures
and Retaining Walls,” is addressing some of these issues.
Figure 3.9 showsthat an increasein foundation bearing capac-
ity of 50% (Pea/Puesign = 1.5) would result in an average reli-
ability index on the order of 3.0 when Pyeqn is calculated
based on the Poul os and Davis method (1980). A much higher
increase would be required to achieve a reliability index of
3.50. Hence, increases in the reliability indexes for bridge
foundations would require large increases in the foundation
depths and sizes because of the relative shallowness of the
reliability index curve.

Figures 3.8 and 3.9 also show that thereliability indexesfor
the two- and one-column bents are reasonably similar despite
the differences in bent configurations and column sizes.

Figure 3.10 illustrates how the reliability index against
foundation overtipping for one-column bentsvarieswith foun-
dation depth. Thefigure showsthat if the foundationisbuilt to
adepth of L =1.8 m (6 ft) asrequired using current AASHTO
LRFD design standards along with the Broms method for
foundation analysis as described in Poulos and Davis (1980),
thereliability index against overtipping isthen equal to 3.58.
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The reliability analysisis based on the free body diagram of
Figure 3.3 and the random variables associated with soil
resistance listed in Table 2.2.

It is noticed that doubling of the foundation depth from 1.8
mto 3.7 m (6 ft to 12 ft) would result in increasing the relia
bility index to 4.73. The higher reliability index for foundation
overtipping compared with that for foundation bearing capac-
ity isdueto thefact that the Broms method hasanimplicit bias
of about 1.50, as reported by Poulos and Davis (1980). On the
other hand, the model proposed by Poulos and Davis (1980)
for calculating the ultimate pile shaft bearing capacity for
vertical load is not associated with any bias. The differences
emphasize the need to develop more consistent reliability-
based modelsfor bridge foundation design. Asmentioned ear-
lier, NCHRP Project 12-55 is addressing some of theseissues.
The last failure mode considered for gravity loads only is the
failure of the one-column bent because of bending. Although
the live load eccentricity of the one-column bent is relatively
small and the column will mostly behave as a member under
axial loading, the possibility of bending failuresisconsidered
in this section producing the results presented in Figure 3.11.
These results will be used in subsequent sections when study-
ing the combination of live loads and other lateral loads that
will produce high bending moments. If the column isdesigned
to resist the applied moment produced because of the eccen-
tricity of theliveload, thenthe AASHTO LRFD specifications
require a nominal moment capacity My, = 8 MN-m (5,908
kip-ft), asshownin Table3.1. According to Figure 3.11, such
amoment capacity would produce a reliability index of 3 =
3.71. This value is higher than the Bige = 3.5 used to cali-
brate the AASHTO LRFD and is aso higher than the value
observed in Figure 3.8 for column axial capacity. The differ-
ence is partially due to the fact that the dead load does not

Reliability index for overtipping of one column under DC and LL
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Reliability index for moment capacity for one column under live load

/

Beta
w

/

2 —

L

«

0.4 05 0.6 0.7 0.8

0.9 1.0 11 12 13

M cap/M design
(1.0 is 5,908 kip-ft)

Figure3.11. Reliability index for bending moment of one-column bent.

contribute in either resisting or increasing the bending
moment in one-column bents. The slope of the reliability
index curve shows that an increase in moment capacity by
10% would produce a reliability index equal to 4.28 (i.e., an
increase in beta of more than 0.57).

The results presented in Figures 3.8 through 3.11 further
illustrate that, based on the data assembled in Chapter 2, the
AASHTO LRFD specifications have achieved a reasonably
uniform reliability index close to the target value of 3.5 for
structural members subjected to gravity loads. The reliabil-
ity indexes for foundation design, however, greatly depend
on the design methodol ogy followed. Several different foun-
dation design methodologies are used in practice that would
require different safety factors to achieve a uniform reliabil-
ity level. NCHRP Project 12-55 is currently addressing the
issue of the foundation safety and the calibration of resistance
factors for bridge foundation design. The slopes of the relia-
bility index curves demonstrate that by increasing the struc-
tural properties of the bridge columns by 10%, a relatively
large increase in the reliability index on the order of 0.40 to
0.60 isachieved. Onthe other hand, very largeincreasesin the
foundation capacities arerequired to effect small increasesin
the reliability index values associated with column overtip-
ping or foundation bearing failures.

Theresultsshown in Figures 3.8 through 3.11 show thereli-
ability index vaues calculated for member failure. When the
column in asingle-column bent fails, it leads to the failure of
the whole system. On the other hand, when one member of a
multicolumn bent system failsin bending, the presence of duc-
tility and redundancy will help the system redistribute the |oad
to provide additional reserve strength. In this case, system
failure will occur at a higher load. Failuresin shear or com-

pression do not provide much ductility. Because under grav-
ity load the failure of multicolumn bents is primarily due to
axial compression and soil-bearing capacity rather than due
to bending, all types of bents subjected to gravity loads will
have no redundancy.

3.2.2 Reliability Analysis for Wind

Therdliability analysisof the one-column and two-column
bents under wind loads is also executed using the model
described in Chapter 2 and using the free body diagrams of
Figures 3.4 and 3.7 with the live load F, . = 0. Referring to
Figure 3.4(b), the failure function for column bending in the
one-column bent can be represented by an equation of the
following form:

ZS = Iv'ool +7*)\cyc (3 18)

—[Fuma(e + ) + Fyo(e +1)]

where

M = the column bending moment capacity,
Fw.1 = thewind load on the superstructure,
Fw: = thewind load on the column,
y =the specific weight of the soil,
D = the column diameter,
K, = the Rankine coefficient,
e, and e, = thedistance of F, ; and F,.» fromthe soil leve,
f = the distance from the soil level to the point of
maximum moment, and



Aqc = themodel of the effect of applying cyclic loads
on the foundation.

The distance, f, is calculated by setting the sum of Fy,; +
Fw., = to thelateral load pressure, or

3yDK,, 2

5 = Fwa + Fue (3.19)

Referring to Equation 3.18, failure occurs when Z; is less
than or equal to zero. All the variablesused in Equations 3.18
and 3.19 are considered random except for the column diam-
eter, D, and the eccentricities, e, and e,. Adjustments to
Equations 3.18 and 3.19 are made when analyzing the two-
column bentsto find the portion of Fy,; and Fy,., applied on
each column. The statistical models used to describe theran-
dom variablesareprovidedin Tables2.1, 2.2, and 2.7. Specif-
icaly, thewind load F_, for either wind on the structure or
on the column, is composed of time-dependent and time-
independent random variables and can be represented as

Fuw = ¢C, E,G(AWV)? (3.20)

where

¢ = an analysis constant,

C, = the pressure coefficient,

E, = the exposure coefficient,

G = the gust factor,

Ay = the statistical modeling factor for wind speeds, and
V = the wind speed.
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All the terms in Equation 3.20 are random with statistical
properties provided in Table 2.6 of Chapter 2. The wind
speed, V, is atime-dependent random variable that varies as
afunction of the return period as described in Equations 2.11
and 2.14. Mean and COV values of wind speed at different
interior sites throughout the United States are provided in
Table 2.7 for the annual maximum winds and the 50-year
maximum wind.

The reliability analysis is performed in this section to
study the safety of bridge columns in bending caused by the
effect of wind alone. The return period used is 75 years in
order to remain compatible with the AASHTO LRFD crite-
ria. Notice that Equation 3.18 does not include the effect of
dead loads. Only the bending in the column failure mode is
considered because preliminary calculations performed in
this study have indicated that the safety of the one-column
bent against overtipping is very high and thus overtipping of
one-column bents because of wind loadsis not considered in
this report.

The results of the reliability index calculations for the fail-
ure of one columnin bending areillustrated in Figure 3.12 for
the one-column bent and Figure 3.13 for the two-column
bents. The calculations are effected for different wind data
collected by Simiu, Changery, and Filliben (1979) and sum-
marized by Ellingwood et al. (1980) at seven siteswithin the
interior of the United States. The results show that bridge
structures designed to satisfy the current AASHTO LRFD
specifications for wind loads (i.e., for Megp/Mgesgn = 1.0) pro-
duce an average reliability index value from al the sites ana-
lyzed equal to 3.07 for the one-column bent and 3.17 for the
two-column bent. However, the variability of the results for

Reliability index for moment capacity of one-column bent
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Figure3.12. Reliability index for bending moment of one-column bent under wind loads.
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Reliability index for moment capacity of column in two-column bent
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Figure3.13. Reliability index for bending moment in two-column bent under wind loads.

different sitesislarge: therange of thereliability index isfrom
2.41 to 3.92 for one-column bents and from 2.51 to 4.00 for
two-column bents. This large spread in B is due to the fact
that the ASCE-7 design wind speed mapsthat are adopted by
AASHTO use a common design wind of V = 145 km/h
(90 mph) for al interior regions; the actual data collected
(see Table 2.7) show a large range of values for the mean
maximum winds and their COVs. It is herein recommended
that future wind maps account for the different wind speeds
observed in different regions.

The results shown for the 7.6-m (25-ft) high bridge pro-
duce low applied moments from the wind load as compared
with the moments caused by the effect of live load. Thus, a
sensitivity analysisis performed to study the effect of chang-
ing the bridge height on the reliability of the bridge column.
Theresultsfor failure of the one-column bent in bending are
shown in Figure 3.14 for different column bentswith heights
varying between 7.6 m and 23 m (25 ft and 75 ft). Theresults
illustrate that column height does not significantly affect the
reliability index of bridges for the failure mode in bending
although a small drop in the reliability index is observed as
the column height increases. The drop in 3 between the
heights of 7.6 m and 23 m (25 ft and 75 ft) is generally less
than 0.30 such that the average reliability index from the three
sites studied—namely St. Louis, Sacramento, and Austin—
reducesfrom avalue of 3.13to an average value of 2.87. The
Muesgn Values used to normalize the abscissa of the curve
shown in Figure 3.14 are the nominal bending moment capac-
ities required for exactly satisfying the current AASHTO
LRFD criteria. The drop in 3 is primarily due to the uncer-
tainty in identifying the location of the point of maximum

moment, f, calculated from Equation 3.19. The value of fis
highly uncertain because of the uncertainty in the soil prop-
erties and the modeling of the soil capacity to resist lateral
forces. The drop in the reliability index caused by increases
incolumn height isclearly less significant than the difference
observed in the effects of site variations in wind speeds on
thereliability index.

Theresultsillustrated in Figures 3.12 through 3.14 show the
reliability index values calculated for member failure. When
the column in asingle-column bent fails, it leads to the failure
of the whole system. On the other hand, when one member of
a multicolumn bent system fails in bending, the presence of
ductility and redundancy will help the system redistribute the
load to provide additional reserve strength. Inthiscase, system
failure would occur at a higher load. Liu et a. (2001) have
shown that typical two-column bent systems formed by pile
extensions subjected to lateral loads provide an additional
reserve strength equal to 15% higher than the strength of one
column. Using a system capacity ratio of 1.15 with aCOV of
8% (as described in Table 2.1 for unconfined columns) would
lead to higher system reliability index values ascompared with
those of one column. Figure 3.15 illustrates the difference
between the reliability indexes for one column versus for the
two-column bent system. The wind data used as the basis of
the calculations are from the St. Louis site. The results show
an increase from the 3.16 riability index for one columnto a
value of 3.40 for the two-column system, or an increase of
about 0.24. Higher increases in the reliability index would be
expected if the concrete columns are highly confined because
of the effect of the higher ductility levels associated with
confined columns.
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wind loads.

Reliability index for two column under wind load alone (St. Louis)
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3.2.3 Reliability Analysis for Earthquake Alone

The reliability analysis of the one-column and two-col-
umn bents under earthquakes is also executed using the
model described in Chapter 2 and using the free body dia-
grams of Figures 3.4 and 3.7 with the live load of F, = 0.
For the case of earthquakes, two limit states are considered:
(1) the bending of the columns of one- and two-column
bents because of lateral inertial forces and (2) the overtip-
ping of the one-column bent. Referring to Figure 3.4(a) and
(b), the failure functions for column bending in the one-
column bent can be represented by an equation of the fol-
lowing form:

3yDK, f2 f

= +
ZG M col 2 3

Aoye —Feg(ey + 1) (3.22)

where

M = the column bending moment capacity,
Feo = theequivalent earthquakelateral |oad on the column,
y = the specific weight of the soil,
D = the column diameter,
K, = the Rankine coefficient,
e, = the distance of Fgo from the soil level,
f = the distance from the soil level to the point of max-
imum moment, and
Ao = the model of the effect of cyclic loading on the
foundation.

The distance f is calculated by setting the equivalent lateral
earthquake load, Feo, equal to force, B,, of Figure 3.4 pro-
duced from the earth pressure.

Based on Figure 3.4(a), the failure equation for overtip-
ping can be represented as follows:

DK, L? Ly

where L isthe depth of the foundation. Notice that Equation
3.22 does not consider the counter effects of the dead weights.
Thisis because it is herein assumed that vertical accelera-
tions caused by the earthquake may significantly reduce the
contributions of the dead weight in resisting the risk for
overtipping.

Referring to Equations 3.21 and 3.22, failure occurs when
either Zsor Z, areless than or equal to zero. All the variables
used in Equations 3.21 and 3.22 are considered random
except for the column diameter, D; the eccentricity, e;; and
foundation depth, L. The statistical models used to describe
therandom variablesare providedin Tables 2.1, 2.2, and 2.6.
Specifically, the equivalent lateral earthquake load, Fgo, is
composed of time-dependent and time-independent random
variables and can be represented as follows:

Feo = AEQc'g(t'T)%V (3.23)

where

Aeo = an analysis modeling factor;
C' = the spectrum’s modeling factor;
S.() =the spectral acceleration calculated as afunction of
the calculated nominal period, T;
t' = the period’ s modeling factor;
A = the earthquake intensity in terms of the ground
acceleration, g;
W = the weight of the structure; and
R, = the response modification factor.

When studying overtipping, the response modification factor
isR,=1.0, and it isdeterministic. For column bending, R.,is
random. The variables Agq, C', and t' are also random. W is
assumed to be deterministic although the uncertainties in
estimating W are considered in Agg aswell asint’. Theearth-
guake intensity, A, is the only time-dependent random vari-
able that varies as a function of the return period, as is
described in Equations 2.11 and 2.14. The probability distri-
bution of A isdescribed in Figure 2.4 for five different sites.
The probability of exceedance curves of Figure 2.4 are for
the annual maximum earthquake intensity. The calculations
performed in this report are executed for a 75-year design
period in order to remain consistent with the AASHTO LRFD
specifications.

Thereliability analysisof one-column bent and two-column
bent bridges has been performed using datafrom the five dif-
ferent sites listed in Table 2.4 and Figure 2.4. Figures 3.16
and 3.17 show the reliability index for the bending failure
limit state for each of the five sites as a function of the col-
umn moment capacity for the one-column bent and the two-
column bent, respectively. The abscissa of the plot is normal-
ized such that aratio of 1.0 indicatesthat thebridgeisdesigned
to exactly satisfy the proposed NCHRP Project 12-49 require-
ments [ATC and MCEER, 2002] with a nominal response
modification factor R,, = 1.5. The design column moment
capacities and foundation depths required to resist overtip-
ping are provided in Tables 3.3 and 3.9 for five different site
conditions. For the purposes of this study, the bridges are sub-
jected to earthquake input motions similar to those expected
in San Francisco, Seattle, St. Paul, New York, or Memphis.
Thereliability analysisisthen performed for each bridge con-
figuration and for each of thefive site dataassuming a 75-year
design life. The object is to verify whether the proposed
NCHRP Project 12-49 specifications would provide reason-
ably uniform reliability levelsfor any site within the United
States.

Figure 3.16 showsthat the proposed NCHRP Project 12-49
specifications using a nominal response modification factor
of R, = 1.5 will produce a reliability index, B, that varies
between 2.56 and 2.88. The average from thefive sitesisequal
to 2.78. If aresponse modification factor of R,,= 1.0 is used
(such as proposed for columns with hinges that cannot be
inspected), then the reliability indexes will have an average
value of 3.00 with arange of 2.80 to 3.16. These values can
be observed in Figure 3.16 for an Mcs/Maesgn rétio of 1.50
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Reliability index for bending of a one-column bent under EQ load only (depth = 80 ft)
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Figure3.16. Reliability index for one-column bent under earthquakes.

because changing the nominal response modification factor
will result in increasing the moment capacity by the same
ratio. Thesmall increasein thereliability index caused by the
50% change in M, reflects the high costs that would be
required to produce only an incremental changein therelia-
bility of bridges subjected to earthquakes. Thisis due to the
fact that the uncertainties in estimating the earthquake inten-
sities are very high.

Figure 3.17 shows that the range of the reliability indexes
for the two-column bent is slightly higher than that of the
one-column bent. The average reliability index for the five
earthquake datais 2.82 with aminimum 3 equal to 2.70 and
a maximum value equal to 2.91. Since member ductility is
already taken into consideration by using the response mod-
ification factor, the reliability indexes shown in Figures 3.16
and 3.17 are for the complete system.

Reliability index for bending of two-column bent under EQ load only (depth = 80 ft)

4
3.5
3
2.5
—
«©
T 2
m
1.5 -
—&— S.Francisco
—m— Seattle
1 —a&— St. Paul
—>— New York
05 —%— Memphis
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

M cap/M design

Figure 3.17.

Reliability index for two-column bent under earthquakes.
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The results shown in Figures 3.16 and 3.17 are for afoun-
dation depth L = 24 m (80 ft). The effect of the foundation
depth on the bridge safety isillustrated in Figures 3.18 and
3.19. Figure 3.18 shows how the reliability index for the
bending limit state for the one-column bent varieswith foun-
dation depth. It is noticed that the effect is negligibly small.
Thisisdueto thefact that a shallow foundation would reduce
the stiffness of the system, thusincreasing its natural period,
which in turn leadsto lower spectral accelerations and lower
moments in the column. The maximum difference between

the reliability indexes for each site is less than 0.03. Simi-
larly, it is observed that the depth of the foundation does not
significantly affect the reliability index for the bending limit
state of the two-column bent. The reliability indexes shown
in Figure 3.19 range from a low value of 2.69 to a high of
2.95 for al foundation depths and site data.

Unlike what was observed for column bending, the depth
of the foundation affects the safety of the column against
overtipping, asisillustrated in Figure 3.20. In Figure 3.20,
thereliability index iscalculated using the failure function of

Reliability index for bending of one-column bent under EQ load only
(M cap/M design=1.0)
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Figure 3.18. Reliability index for one-column bent under earthquakes for different foundation depths.

Reliability index for bending of two-column bent under EQ load only
(M cap/M design=1.0)
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Figure3.19. Reliability index for two-column bent under earthquakes for different foundation depths.



71

Reliability index for overtipping of one-column bent under EQ load
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Figure 3.20. Reliability index for one-column bent for overtipping caused by earthquakes.

Equation 3.22 for different values of foundation depth, L.
The required design foundation depth Lgeqn iSgivenin Table
3.3 for the different site data. The results show that the effect
of the foundation depth becomes significant because the shal -
lower foundations will not be able to resist the tendency of
columnsto overtip under the effect of theinertial forcesat the
top of the column. If the column depth is designed to satisfy
the requirements of the proposed specifications of NCHRP
Project 12-49 (ATC and MCEER, 2002), then the reliability
index will vary between 2.22 and 2.59 for the sites analyzed
inthisreport. It is noticed that the trends of the curvesfor the
New Y ork and Memphis data differ from those of San Fran-
cisco and Seattle because of the shallowness of the founda-
tions that are required in the first two cases compared with
the second set. Theinertial forces observed for St. Paul are so
small that the probability of overtipping isnegligibly small. It
is also noted that the results shown in Figures 3.16 through
3.19 ignore the possibility of vertical accelerations. These,
according to the NCHRP Project 12-49, can beignored except
for near-field motionsin which thevertical accelerations may
be significant. Thereliability calculationsfor overtipping did
not includethevertical earthquake accelerations, nor did they
account for the counter effect of the dead weight.

The analyses performed above are based on isolating asin-
gle bent from the bridge system that is founded on an exten-
sion pile and on modeling it as an SDOF system after deter-
mining its point of fixity. Thereliability analysisis performed
based on a design that uses a response modification of R, =
1.5. Appendix H performsareliability analysis of the columns
of abridgefounded onamultiple-pilefoundation system when
the bridge is modeled as a multidegree-of-freedom (MDOF)

system. In this case, the bridge columns were designed using
a design response modification factor R,, = 6.0 as recom-
mended by NCHRP Project 12-49. Theresults of the analysis
described in Appendix H demonstrate the following points:

1. The simplified analysis using an SDOF system as per-
formed in this section yields values for the reliability
index, B, that are consistent with those obtained from
the more advanced multimodal structural analysis.

2. The use of aresponse modification factor R,, = 6.0 for
bridge columns associated with the 2,500-year NEHRP
spectrum produces system reliability index values on the
order of 1.75, which is considerably lower than the 2.82
average value observed for multicolumn systems with
membersdesigned using R,,=1.5. The 1.75valuethat is
for system safety is much lower than the member relia-
bility equal to 3.5 that is used asthe basisfor calibrating
the LRFD code for members under gravity loads.

Insummary, large differencesin thereliability indexesare
observed for the different components of bridge subsystems
subjected to seismic events. For example, the foundation sys-
tems produce much higher reliability index values than the
bridge columns do. This difference has been intentionally
built into the bridge seismic design process by seismic design
code writers in order to account for the consequences of the
failure of different members. However, the difference is
rather large, producing a reliability index close to 3 = 3.0
when aresponse modification factor equal to R,,= 1.0 isused
to about B = 1.75 when a response modification factor R, =
6.0 is used during the design process. It is noted that the use
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of aresponse modification R,, = 1.0 implies a design based
on the elastic behavior of memberswhileavaueof R,,= 6.0
accounts for the plastic behavior of bridge columns. These
differences, however, will not affect the results of the cali-
bration of load factors for combinations of extreme events
that include earthquakes as long as the target reliability level
used during the calibration is based on the reliability index
obtained when earthquakes alone are applied on the bridge.
This point will be further elaborated upon in Section 3.3.1.

3.2.4 Reliability Analysis for Scour Alone

The scour model described in Chapter 2 can be used in a
Monte Carlo simulation program to find the probability that
the scour depth in a75-year period will exceed agiven value
Yer- IN this case, the failure function is given as follows:

Zg = yCR - y$ (324)
The scour depth, ys, for rounded piers set in non-cohesive
soilsis calculated from

NV = —2.0757 + 0.6285 In D + 0.4822 Iny, (3.25)
+0.6055InV + ¢ '

where

D = the pier diameter,

Yo = the flow depth,

V = the flow velocity, and
€ = theresidual error.

As explained in Chapter 2, D is a deterministic variable
because the pier diameter can be accurately known even
before the actual construction of the bridge; y, and V areran-
dom variables that depend on Manning’s roughness coeffi-
cient, n, and the 75-year maximum discharge rate, which are
random variables having the properties listed in Table 2.9.
Based on the analysis of the residuals affected in Appendix
I, € may be considered to follow a normal distribution with
mean equal to zero and a standard deviation equal to 0.406.
The flow depth, y,, and velocity, V, are calculated from the
geometry of the channel (which is assumed to be determin-
istic), from the Manning roughness coefficient (n), and from
the hydraulic discharge rate (Q) using the relationships pro-
vided in Section 2.4.4 of Chapter 2. In addition, the estima-
tion of the discharge rate will be associated with statistical
uncertainties represented by a statistical modeling random
variable, Aq. The pertinent random variables and their prop-
ertiesarelisted in Table 2.9 of Chapter 2. Only the discharge
rate, Q, is a time-dependent random variable as it increases
with longer return periods. Given the cumulative distribution
for the maximum 1-year discharge rate, Q, the probability
distribution can be calculated for different return periodsusing
Equation 2.14. In the calculations performed in this report, a
75-year return period is used in order to remain compatible
with the AASHTO LRFD. The calculations are executed for
the discharge data from the five sites listed in Table 2.8.
The probability that ys- will exceed acritical scour depth,
Ycr, IS calculated for different values of ycr as shownin Fig-
ure 3.21 for the one-column pier for hydraulic discharge data
collected from five different rivers. Figure 3.22 gives the
same resultsfor the two-column pier. The differences between

Probability of scour depth exceedance (6-ft-diameter column)
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Figure3.21. Probability that actual scour will exceed critical depths for 6-ft-diameter column.
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Probablity of scour depth exceedance (3.5-ft-diameter column)
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Figure3.22. Probability that actual scour will exceed critical depths for 3.5-ft-diameter column.

the results of the two figures are due to the influence of the
column diameter, D, in Equation 3.25.

Figures 3.23 and 3.24 show the reliability index, 3, ver-
sus the normalized critical foundation depth such that afac-
tor of 1.0 indicatesthat the foundation is designed to exactly
satisfy the foundation depth requirement of HEC-18 for each
of the river data considered. The safety of bridges against

scour is expressed in terms of the reliability index, B, that is
obtained from
P = d(-p) (3.26)

where, in this case, the probability of failure P is the proba-
bility that the scour depth, y<, will exceed the design scour

Reliability index for scour depth exceedance (one-column bent)

5
4
3 —&— Schohaire
—— Mohawk
2 —a— Sandusky [
1 Cuyahoga| |
©
= —*— Rocky
) —A . .
0.5;( 3 35 4
1 /
-2
-3
-4

Ycr/Scour design
(1.0 is the scour depth of design)

Figure3.23. Redliability index for scour at different critical depthsfor D = 6 ft.
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Reliability index for scour depth exceedance (two-column bent)
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Figure 3.24. Reliability index for scour at different critical depthsfor D = 3.5 ft.

depth. @ is the standard Gaussian cumulative distribution
function.

The results shown in Figures 3.23 and 3.24 demonstrate
that the HEC-18 method provides varying degrees of reliabil-
ity for thedifferent river dataanalyzed. Theresultsof thesim-
ulation are also summarized asshownin Tables3.12 and 3.13
for the five rivers. The two tables show the average 75-year
dischargerate and the COV for the 75-year discharge ratefor
the one- and two-column bents. They also show the 75-year
maximum scour depth along with its COV. These are com-

pared with the design scour depths as calculated from Equa-
tion 2.22 and listed in Tables 3.4 and 3.10.

The resultsin Tables 3.12 and 3.13 show that the reliabil-
ity index, 3, impliedin current scour design proceduresvaries
from about 0.47 to 1.66 with an average value of 1.08. These
values are much lower than 3 = 3.5, which is the reliability
index used as the basis for the calibration of the load factors
for the combination of live and dead loads in the AASHTO
LRFD specifications. Also, the target 3 = 3.5 is for member
reliability while a foundation failure caused by scour will
generally lead to the collapse of the complete system. The

TABLE 3.12 Summary of simulation resultsfor one-column pier

River Average Qrsy, COV of Average yos COV of | Design | Reliability
(Qfor 75 years) Qzsyr (max. scour depth Ys7s depth index, B
(ft%/sec) in 75yrs) (ft)
Schohaire 85,000 29% 16.3 25% 17.3 0.48
M ohawk 34,000 12% 12.6 21% 14.0 0.73
Sandusky 38,000 18% 12.0 22% 14.3 0.90
Cuyahoga 20,000 16% 8.88 21% 12.3 1.60
Rocky 21,000 19% 8.68 22% 12.3 1.66
TABLE 3.13 Summary of simulation resultsfor two-column pier
River Average Qzsyr COV of Average Yys COV of Design Reliability
(Qfor 75years) Qrsyr (max. scour depth Ys75 depth index, B
(ft¥/sec) in 75yrs) (ft)
Schohaire 85,000 29% 11.6 25% 12.3 0.47
Mohawk 34,000 12% 8.95 21% 9.93 0.71
Sandusky 38,000 18% 8.57 22% 10.2 0.99
Cuyahoga 20,000 16% 6.33 21% 8.70 1.57
Rocky 21,000 19% 6.18 22% 8.75 1.65




results show that the rivers with lower discharge rates have
higher reliability levels than do those with the higher dis-
charge rates. This confirms the observation made in Appen-
dix | that the “design” scour depths as calculated from the
HEC-18 equations give different levels of safety (or bias)
when compared with observed scour depths with the safety
level decreasing as the observed scour depth increases. In
addition, the low overall reliability level observed for foun-
dations designed to exactly satisfy the HEC-18 equations
imply that although the scour design equation involves a
safety factor equal to 2.0 (thefirst term in Equation 2.30), the
large differences between the observed scour depths and
those predicted (see Figure 2.10) lead to an overall low reli-
ability index for scour as compared with the reliability index
for bridge structural members. Based on this observation, it
is recommended that a revision of current scour design pro-
cedures beinitiated in order to improve our ability to predict
the depth of scour and to increase the safety levels of bridges
that may be subject to foundation erosion caused by scour.
Anincreasein the safety levelsfor scour designisalso justi-
fied based on the observation by Shirole and Holt (1991),
who have reported that a majority of the bridges that have
failed inthe United States and el sewhere have failed because
of scour. In fact, Shirole and Holt state that over a 30 year-
period, more than 1,000 of the 600,000 U.S. bridges have
failed and that 60% of these failures are due to scour. This
would constitute afailure rate of 0.001 in 30 years, or 0.0025
failuresin 75 years. However, since many of the U.S. bridges
are not founded in water channdls, the datareported by Shirole
and Holt indicate avery high probability of failurefor bridges
founded in water channels. If one guessesthat 12,500 bridges
are exposed to scour, then the rate of failure would be about
12%. A reliability index of about 1.10 would mean a proba-
bility of failure of roughly 13.6% in 75 years.

Tables 3.14 and 3.15 give the additional load factor that
should be applied on the scour design equation in order to
produce different values of the reliability index when Equa-
tion 2.22 is used to determine the design scour depth. Accord-
ing to this approach, the results for y,,, obtained from Equa-
tion 2.22 should be further multiplied by an additional load
factor to produce reliability index values compatible with
those observed with the other extreme events studied in this

TABLE 3.14 Design scour depthsrequired for satisfying
different target reliability levelsfor one-column pier

Target B=35 B=30 B=25
index
Required | Depth | Load | Depth | Load | Depth | Load
depth (ft) factor factor factor
River

Schohaire | 46.5 2.69 38.6 2.23 32.0 1.85
Mohawk 30.2 2.16 25.9 1.85 22.3 1.59
Sandusky | 31.9 2.23 26.3 1.84 22.5 157
Cuyahoga | 22.4 1.82 18.8 1.53 16.0 1.30
Rocky 225 1.83 18.6 1.51 15.9 1.29
Average 215 1.79 1.52
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TABLE 3.15 Design scour depthsrequired for satisfying
different target reliability levels for two-column pier

Target B=35 =30 B=25
index
Required Depth | Load | Depth | Load Depth | Load
depth (ft) factor factor factor
River
Schohaire | 33.5 2.72 27.6 2.24 22.8 1.85
Mohawk 214 | 216 185 1.86 159 1.60
Sandusky 22.2 2.18 184 1.80 15.6 1.53
Cuyahoga | 16.0 1.84 134 154 114 131
Rocky 16.0 1.83 13.2 151 11.3 1.29
Average 2.15 1.79 1.52

report. For example, if a target reliability index of Bge =
3.50 is desired, then the design scour depth that should be
used when designing bridge foundations for scour should be
equal to 2.15 times the value calculated from Equation 2.22.
It is noted that two of the rivers selected have relatively low
discharge volumes, two rivers have average discharge vol-
umes and only one river has arelatively high discharge vol-
ume. If a weighted average is used, then a factor of 2.24
should be used rather than the 2.15 calculated above.

On the other hand, if areliability index of Bige = 2.50 is
to be used as the target index for the design of bridge foun-
dations for scour, then the average load factor should be
equal to 1.52 while the weighted average would be 1.57. For
atarget of Bge = 3.00, the average load factor is 1.79 while
the weighted average would be 1.87. It isimportant to note
that significant differences are observed in the load factors
calculated from different sites. On the other hand, no differ-
ence is observed for different column diameters. Sensitivity
analyses performed in Appendixes C and D have a so shown
that variations in the shape and geometry of the water chan-
nel do not seem to influence the reliability index value sig-
nificantly. Some of the other extreme events have shown
lower averagereliability indexesthan 3.5. For example, wind
loads have an average reliability index value on the order of
3.12 for the 25-ft-high columns, and the reliability index for
the failure of columns in bending to ship collisionsis found
to be on the order of 2.78. Hence, for the sake of keeping the
safety levels relatively uniform for the different extreme
events considered, it would be justified to use atarget relia-
bility index of 3.0 for scour. It isnoted that the reliability cal-
culationsfor seismic events produced areliability index even
lower than those of the other events. However, as mentioned
earlier, the costs associated with increasing the safety level
for earthquake effects have prevented the use of the higher
safety levels for earthquakes. Because the AASHTO LRFD
specifications are primarily directed toward short- to medium-
span bridges, which are normally set over small rivers with
relatively low dischargerates, it is herein concluded that the
use of ascour factor on the order of y,. = 2.00 would provide
reliability levelsdightly higher than the 3.0 target that issim-
ilar to the average reliability index observed for the other
extreme events. The 2.00 value proposed hereinis arounded
up value to the 1.87 value calculated above.
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3.2.5 Reliability Analysis For Vessel Collision
Forces

Therdliability analysisof the one-column and two-column
bents is also executed for vessel collision forces following
the model described in Section 2.4.5 of Chapter 2. Using the
free body diagram of Figure 3.4(b) and a force of F, = Fy
where F.y is the vessel collision force, two limit states are
considered: (1) the bending of the columns of one- and two-
column bents because of lateral collision force and (2) the
shear failure of the impacted column. Referring to Figure
3.4(b), the failure function for column bending in the one-
column bent can be represented by an equation of the form

3yDK 2 f
ZQ = Mcol +VD7p*)\cyc _ch(ez +f)

2" 3 (3.27)

where

Mco = the column bending moment capacity,
Fcv = the vessel collision force on the column,
y =the specific weight of the soil,
D =the column diameter,
K, = the Rankine coefficient,
&, = the distance of F., from the soil level,
f = the distance from the soil level to the point of max-
imum moment, and
Ao = the model of the effect of cyclic loading on the
foundation.

The distance f is calculated by setting the equivalent vessel
collision force, Fcy, equal to the force from the soil pressure

on the foundation, P, of Figure 3.4 produced from the earth
pressure. For shearing failure of the column, the failure func-
tionisasfollows:
Z10= Ve — Fey (3.28)
where V, isthe shearing capacity. The vessel collision force
is calculated from
Foy =XxwWPg (3.29)
wherexisthevessel collision modeling factor, and wisafac-
tor that accountsfor the statistical modeling of the calculated
impact force, Pg. All the variables listed in Equations 3.27
through 3.29 are random except for the column diameter, D,
and the distance, e,. The statistical propertiesfor al the ran-
domvariablesarelistedin Tables 2.1, 2.2, and 2.12. P;isthe
only time-dependent variable. The cumulative probability
distribution of the maximum value of Pzin 1 year isprovided
in Figure 2.13 of Chapter 2. The calculations executed in this
report are for a 75-year return period. The probability distri-
bution for a 75-year return period for Py is found by using
Equation 2.14.

Theresults of thereliability calculations are shownin Fig-
ures 3.25 and 3.26. As shown in Figure 3.25, the reliability
index for shearing failure of the column is calculated to be
3.15 when the column is designed to exactly meet the require-
ment of the AASHTO LRFD specifications for vessel colli-
sions. A 10% increase in the column shearing capacity will
increase the reliability index by 0.35, leading to areliability
index of 3.5. This demonstrates that it would not be very

Reliability index for shear capacity under flotilla collisions
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Figure3.25. Reliability index for shearing failure caused by vessel collisions.
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Reliability index for moment capacity under ship collision
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Figure 3.26. Reliability index for bending failure caused by vessel collisions.

costly to increase the target reliability level for shearing fail-
ures caused by vessel collisions. For column bending (see
Figure 3.26), the reliability index is found to be equal to
2.78 if the column is exactly designed to satisfy the
AASHTO LRFD specifications. A 10% increase in the col-
umn moment capacity will lead to a0.24 improvement in 3.
The lower reliability index for moment failuresis due to the
inherent biases and conservatism implied in the shear design
equations.

The reliability calculations executed in this section for
each of the extreme events will be used in Section 3.3 to
determine the target reliability levels and, subsequently, the
load factors for the combination of extreme events.

3.3 RELIABILITY ANALYSIS FOR
COMBINATIONS OF EXTREME EVENTS
AND CALIBRATION OF LOAD FACTORS

This section presents the results of the reliability analysis
executed for combinations of extreme events. Theresultsare
also used to perform the calibration of the load factors for
combinations of events. Specifically, the section studies the
following combinations:

1. Combinationsinvolving live loads:
— Earthquakes, EQ, and live loads, LL;
— Wind loads, WS, plusliveloads, LL;
— Scour, SC, and liveloads, LL.

2. Combinations involving scour:
— Earthquakes, EQ, and scour, SC;
— Wind loads, WS, plus scour, SC;

— Collision of vesselsand scour, SC, in addition to the
case of live load plus scour addressed earlier.
3. Combinations involving vessel collision forces:
— Wind loads, WS plus vessel collision forces, CV;,
— Wind loads, WS, plus collision of vessels, CV, and
scour, SC.

Because the results obtained in Section 3.2 have shown
very little difference between the reliability indexes of two-
column bents and one-column bents when these columns
are designed to satisfy the same AASHTO LRFD specifica
tions, this section will concentrate on studying the reliability
of one-column bents.

3.3.1 Combination of Earthquakes and Live
Loads (EQ + LL)

The single-column bent described in Figure 3.1 isanalyzed
to illustrate how the combined effects of earthquake and live
loads will affect the bent’s rdliability. The data from the five
earthquake siteswith probability distribution curves described
inFigure 2.4 areused. Theliveload dataare obtained from the
models developed by Nowak (1999) under NCHRP Project
12-33 asdescribed in Section 2.4.1 (Table 2.3). Therdiability
calculations follow the Ferry-Borges model described in Sec-
tion 2.5. The following conservative assumptions are made:

+ All earthquakes last 30 sec (Y2 min), during which time
the moment at the base of the column remains at its
highest value. The intensity of the earthquake response
is constant as shown in Figure 2.15 for the ¥>-min dura-
tion of the earthquake.



78

The number of earthquakes expected in 1 year are 8 for
the San Francisco site data, 2 for Seattle, 0.50 for Mem-
phis, 0.40 for New York, and 0.01 for St. Paul. This
means that the expected number of earthquakesin a 75-
year return period in San Francisco will be 600, 150
earthquakesfor Seattle, 38in Memphis, 30in New York,
and 1lin St. Paul.

The probability distribution of the maximum yearly
earthquake may be used to find the probability distribu-
tion for asingle event using Equation 2.14.

The live load model for the applied vertical load has the
same biases asthose provided in Table B-16 of Nowak’s
report (1999) for the mean maximum negative moments
of two equal continuous spans. Particularly, the results
provided by Nowak for the 80-ft spans are used as the
basis for the calculations. These results show that for
each one-lane loading event, the load effect is on the
average 0.79 times the load effect obtained from the
HL-93 loading configuration of the AASHTO LRFD
specificationsfor onelane of traffic withaCOV of 10%.
For two lanes, the average load effect is 1.58 times the
effect of one lane of HL-93 with a COV of 7%. These
results assume 1,000 single-lane heavy truck eventsin
1 day and 67 two-lanetruck eventsin 1 day based on the
assumptions of Nowak (1999) and Moses (2001).
Equation 2.11 isused to find the probability distribution
of the live load for different return periods. In particu-
lar, the live load for at = %> min period is calculated for
combination with the earthquake load effects when an
earthquakeis on.

The effects of each earthquake are combined with the
effects of the Y= min live load magnitude and projected to
provide the maximum expected combined load in the 75-
year bridge design life period using the Ferry-Borges
model described in Section 2.5. The calculations account
for the cases in which the earthquake occurs with the
%2 min live load and the cases in which the live load
arriveswhen no earthquakeis on (which constitute most
of the time).

The reliability calculations are executed for a column
bending failure limit state.

Thereliability calculations account for the uncertainties
associated with predicting the EQ intensity, estimating
the bridge response given an EQ intensity, the uncer-
tainty in projecting the live load magnitude, and the
uncertainty in estimating the column capacities.

The failure equation for bending of the column under
the combined effect may be represented as follows:

Z = Mg +T —MegsiL,75 (3.30)

M, = the column’s moment capacity;
y =the specific weight of the soil;

D = the column diameter;
K, = the Rankine coefficient,

f = the distance below the soil level at which
point the maximum bending moment
occurs; and

Meg 175 = the applied moment caused by the com-
bined effects of the live load, LL, and the
earthquakeload, EQ, in areturn period of
T=75years.

The maximum effect of the combined load can be rep-
resented as follows:

_ Emax{CeoA+max[Cy I ]I
Megsir,7s = maxg mn?X[CLLILL] E (331)

where

n, = the number of earthquakes expected in
a 75-year period;

n, = the number of live loads expected in a
%> min period;

n; = the number of liveload events expected
in aperiod equal to 75 years minus the
times when an earthquake is on (i.e,
n; = number of live load eventsin 75
years — n; x %2 min, which is almost
equal to the number of truck eventsin
75 years);

A = the earthquake intensity for one event;

I, = the intensity of the live load for one
event; and

Ceq and ¢, = the analysis coefficients that convert
the earthquakeintensity and theliveload
intensity to moment effects (e.g., Equa
tions 3.16 and 3.17 show how to con-
vert the intensity of the live load into a
moment effect, and Equations 3.22 and
3.23 show how to convert the intensity
of the earthquake acceleration into a
moment effect).

The results of the reliability analysis are provided in Figure
3.27 for the San Francisco earthquake datafor different values
of the column capacity to resist applied bending moment. The
results obtained by considering the reliability of the bridge
structure when only earthquakes are considered—that is, by
totally ignoring the effects of liveloads—areasoillustratedin
Figure 3.27. The plot illustrates how, for this site, the effects
of earthquakes dominatethereliability of the bridge when sub-
jected to the combined effects of live loads and earthquakes.
Theresultsfor the San Francisco site, aswell asresultsfor the
other sites, are summarized in Table 3.16. As an example, if
the bridge column is designed to satisfy the proposed revised
AASHTO LRFD gpecifications (the seismic provisions)
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Figure 3.27. Reliability index for moment capacity under earthquakes plus live loads (San Francisco).

developed under NCHRP Project 12-49 (ATC and MCEER,
2002), then the required moment capacity for the drilled col-
umn shaft using a 2,500-year earthquake return period and a
response modification factor equal to Ry, = 1.5 will be M, =
Meesign = 76 MN-m (55,950 kip-ft). This will produce arelia-
bility index (for a 75-year bridge design life) equal to 3 =2.60
if no live load is considered. If one considers that alive load
may occur within the %> min when an earthquake is actively
vibrating the bridge column, then the reliability index for the
76 MN-m column reducesto 3 = 2.59. Thereduction issmall.
However, if one wishes to increase the reliability index from
2.59 back to the original 2.60, then the moment capacity of the
column should be increased. By interpolation, the moment
capacity that will produce ardliability index equal to 3 =2.60
when both earthquake loads and live loads are considered
should be M, = 77 MN-m (56,840 kip-ft) or an increase of
1207 kN-m (890 = 56,840 — 55,950 kip-ft).

The Mgesgn Value 76 MN-m (55,950 kip-ft) includes the
effect of the resistance factor for bending, ¢ =0.90. The
moment cal culated from the applied earthquake force is equal
to Mgg = 68 MN-m (50,355 kip-ft). Also, the applied live
load from the HL-93 live loading will produce a moment in

the column equal to M, = 4,100 KN-m (3,048 kip-ft). The
live load factor that should be used for the combination of
earthquakes and live load should be determined such that

OMieq = Yeo Meg + VL M (3.32
or
0.90M(eq = Yeq 68 MN-m + y;; 4100 kN-m.

The calibration of the load combination factor involves
the determination of the values of yeq and yi, needed to pro-
duce the required column moment capacity Mg = 77 MN-m
(56,840 kip-ft). If thevaluefor yeq ispreset at 1.0, theny, is
calculated to be equal to 0.26. Many other options are avail-
able to reach the required 77 MN-m (56,840 kip-ft). How-
ever, inthisexample, it isassumed that the load factor for the
moment obtained from the analysis of the earthquake effects
is always equal to Yeq = 1.0. It is noted that in the examples
solved in this section, the dynamic properties of the bridge
system—particularly, the mass of the system—are not altered
because of the presence of live load. The presence of live

TABLE 3.16 Summary of liveload factorsfor combination of EQ plusLL.

Site M ¢ (Kip-ft) Meo ML yifor LL+EQ
San Francisco 56,840 50,351 3,048 0.26
Seattle 28,855 25,488 3,048 0.16
Memphis 21,597 18,945 3,048 0.17
New York 7,285 5,830 3,048 0.24
St. Paul 4,826 1,503 3,048 093
Average 0.21
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loads on the bridge will increase the mass applied on the
structure. However, since the vehicles may slide because of
the effect of the earthquake, not all the masswill actually be
active. Hence, the results shown in Table 3.16 assume that
the mass of the system remains essentially constant despite
the presence of the live load. A sensitivity analysis is per-
formed further below to check the effect of this assumption
on the fina results.

Similar calculations are executed for al the five sites ana-
lyzed in this report—namely, San Francisco, Seattle, Mem-
phis, New Y ork, and St. Paul. The results from the five sites
are summarized in Table 3.16. Notice that for all the sites
considered except for St. Paul, the live load factor remains
below 0.26 with an average value of 0.21. Based on the
results shown in Table 3.16, it would seem appropriate to
recommend that a live load factor of y,, = 0.25 associated
with an earthquake factor of yeq = 1.00 be used to account for
the combination of live loads and earthquake loads for typi-
cal bridge bents supporting medium-span bridges. These pro-
posed load factor values are on the lower side of the range of
V. = 0.25 t0 0.50 proposed by Nowak (1999) for heavy traf-
fic sites (annual daily truck traffic = 5,000 trucks per day or
1,000 heavy trucks per day). Nowak suggests that lower val-
ues should be used for siteswith low traffic volume and longer
span lengths. (It is noted that only a range of values and no
specific valuesare provided in the preliminary work of Nowak
[1999].) Longer spans will produce lower live load factors,
because as the span length increases, the mass of the bridge
becomes dominant compared with the applied live loads and
the contributions of the live loads become less significant.
Assuming that all other parameters remain constant, ahigher
mass will produce higher dynamic forces.

Theresultsfor the St. Paul site, which produces aload fac-
tor v, = 0.93, are removed from consideration because for
this site, the live load dominates the design. In fact, if the
bridgeis designed for live loads alone, the required moment
capacity is 8 MN-m (5,927 kip-ft), which is higher than the
moment capacity required to produce a reliability index of
2.88 for the combined effects of earthquakes and live loads.

The analysis performed above ignored the effect of the
truck’ s mass on the dynamic response of the bridge system.
This assumption is justified because the truck is not rigidly
attached to the structure. However, the existence of friction
between the truck tires and the bridge deck may require that
at least aportion of atruck’ smasswould contributeto chang-
ing the dynamic properties of the system. Because, to the
knowledge of theauthors, no informationisavailableinthelit-
erature about the mass contributions of trucks to the dynamic
response of bridges, a value of 20% of the truck masses is
included in order to study how theload factors might change.
This 20% value has been selected based on a rule of thumb
that some seismic engineers have used in the past. Therelia-
bility analysisand theload calibration processisthen repeated
following the same model described aboveto yield theresults
described in Table 3.17. The results shown in Table 3.17

TABLE 3.17 Summary of liveload factors considering
contributions from truck masses to dynamic properties of
system

Site Mo (Kip-ft) | Mgg ML yu for LL+ EQ
San Francisco 57,137 50,590 |3,048 [0.27
Seattle 29,274 25,616 (3,048 |0.24
Memphis 21,835 19,015 (3,048 [0.21
New Y ork 7,347 5,856 3,048 0.25
Average 0.24

demonstrate that although the required load factor is dlightly
higher than that factor observed in Table 3.16, it remainsclose
to they,. = 0.25 value recommended above.

The calibration executed aboveisfor the foundation system
that was designed using a response modification factor R, =
1.5. To study the effects of the different response modification
factors that may be used for different bridge components, the
calibration processis repeated assuming that a response mod-
ification factor R,,= 6.0isused for thedesign of the bridge col-
umn. In this case, as explained in Appendix H, the reliability
index, 3, for the bridge subjected to earthquakes aloneislower
than that obtained when R, = 1.5 by more than 1.0. Using the
lower reliability index as the target that should be reached
when combining earthquake and live load effectswould yield
the results shown in Table 3.18. The results reported in Table
3.18 clearly show that the live load factor that would be
required to maintain the sasmereliability index asthat obtained
when R, = 6isused with earthquakes a oneremains essentialy
similar to that shown in Table 3.17. In Table 3.18, the results
for the New York City site, however, must aso be removed
because when using R,, = 6, the required moment capacity for
the bridge column will be dominated by the effects of the live
load alone, as explained above for the St. Paul site.

Another sensitivity analysisis performed to study how the
combination of load factors would change if the load factor
for earthquakesis not preset at yeo = 1.0. Thisis achieved by
using an optimization algorithm with an objective function
set to minimize the sum of the squared difference between

TABLE 318 Summary of liveload factors considering
contributions from truck massesto dynamic properties of
system for bridge columnsdesigned using R, = 6.0

Site Mo (Kip-ft) | Mgg ML yu for LL + EQ
San Francisco (12,189 10,275 {3,048 0.23
Seattle 6,889 5412 (3,048 |0.26
Memphis 5,296 4,085 3,048 0.22
IAverage 0.24




the results of Equation 3.32 and those of M, that are given
in the first column of Table 3.16 when Mg, and M, are
plugged into Equation 3.32 with unknown values of ygo and
V.- The results show that the square of the difference would
be minimized when the combination yeq = 1.00 andy; =0.18
isused. Thisisonly dightly different than the results shown
in Table 3.16. Hence, for the sake of conservatism, the com-
bination Yeq = 1.00 with y;, = 0.25 is recommended for use
when designing bridges that are susceptible to threats from
the combined effects of earthquakes and live loads. Please
note that these results are very conservative given the previ-
ous assumptions that the earthquake is assumed to last for 30
sec at its peak value and the live load model followsthe con-
servative assumptions described by Nowak (1999).

3.3.2 Combination of Wind and Live Loads
(WS +LL)

The single-column bent described in Figure 3.1 is ana
lyzed to illustrate how the combined effects of wind and live
loads will affect the bent’s reliability. The wind data from
threesites—St. Louis, Austin, and Sacramento—are sel ected
as representative for low, medium, and high wind intensity
sites. Table 2.7 of Chapter 2 provides the basic wind inten-
sity data for the three sites. The live load data are obtained
from the models developed by Nowak (1999) for NCHRP
Project 12-33 as described in Section 2.4.1 of Chapter 2
(Table 2.3). The reliability calculations follow the Ferry-
Borgesmodel described in Section 2.5. Thefollowing assump-
tions are made:

+ All windslast for 4 h, during which time the moment at
the base of the column remains at its highest value. The
intensity of the wind response is constant, as is shown
in Figure 2.15 for the 4-h duration of the wind.

» Thewinds are independent from each other.

» Each site is on the average exposed to 200 winds in
1 year.

 The probability distribution of the maximum wind speed
follows a Gumbel distribution, which may be used to
find the probability distribution for asingle event using
Equation 2.14.

» Theliveload model assumesthat for each one-laneload-
ing event, theload effect ison the average 0.79 timesthe
load effect obtained from the HL-93 loading configura-
tion for one lane of traffic with a COV of 10%. For two
lanes, the average load effect for one event is 1.58 times
the effect of one lane of HL-93 with aCOV of 7%.

» Each site is exposed to 1,000 single-lane heavy truck
events and 67 two-lane truck eventsin 1 day based on
the assumptions of Nowak (1999) and Moses (2001).

» Equation 2.11 is used to find the probability distribution
of theliveload for different return periods. In particular,
the live load for a4-h period is calculated for combina
tion with the wind load effects when awindstorm is on.
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The effect of each wind is combined with the effect of
the 4-h live load magnitude and is projected to provide
the maximum expected combined load in the 75-year
bridge design life period using the Ferry-Borges model
described in Section 2.5. The calculations account for
the casesin which thewind occurswith the 4-h liveload
and the cases in which the live load arrives when no
wind ison.

The reliability calculations are executed for a column
bending failure and column overtipping limit states.
The reliability calculations account for the uncertain-
ties associated with predicting the wind speed intensity,
determining the bridge response given a wind load, the
uncertainty in projecting the live load magnitude, and
the uncertainty in estimating the column capacities and
soil resistance properties.

The failure equation for bending may be represented as
follows:

Z= Mcol +

3yDK T2
VDTP - MWS+LL,75 (3-33)

where

M, = the column’s moment capacity;

y = the specific weight of the soil;

D = the column diameter;
K, = the Rankine coefficient,

f = the distance below the soil level at which
the maximum bending moment occurs;
and

Muws- L 7s = the applied moment caused by the com-
bined effects of theliveload, LL, and the
wind load, WS, in areturn period of T =
75 years.

The maximum effect of the combined load can be rep-
resented as follows:

Enax CwsV?2 +max[c 1] B
Mg, 75 = Max[] n n2

H mn?X[CLL [ ] H (3.39

where

n, =the number of winds expected in a 75-
year period (n, =200 x 75);

n, =the number of live loads expected in a
4-h period when the wind is on (n, =
167 for one-laneloading and n, = 11 for
two-lane loading);

n; = the number of live load events expected
in aperiod equal to 75 years minus the
timeswhen awindstormison (i.e., n;=
number of liveload eventsin 75 years —
n, x 4 h);
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V =the wind speed for one windstorm;
I, =the intensity of the live load for one
event; and
Cws and ¢, =the analysis coefficients that convert the
wind speed and the live load intensity to
moment effects (e.g., Equations 3.16 and
3.17 show how to convert theintensity of
the live load into a moment effect, and
Equations 3.18 through 3.20 show how
to convert the wind speed into amoment
effect).

Theeffect of wind load on moving trucksistaken into con-
sideration during the simulation. However, following the
suggestion of the AASHTO LRFD specifications, the effect
of the wind loads on live loads, and the effects of live loads
in combination with wind loads are considered only if the
wind speed at 10 m (30.5 ft) is less than 90 km/h (56 mph).
For the cases in which the wind speed exceeds 90 km/h (56
mph), only the wind load on the structure is considered. The
justification is that there is no truck traffic under extreme
windstorms.

The results of the reliability analysis are provided in Fig-
ure 3.28 for the bending limit state of the 7.6-m (25-ft) bridge
bent. Figure 3.29 gives the results for overtipping. The data
are presented for the three representative wind sitesfor com-
bination of wind loads and live loads and for wind loads
alone. The effect of the sail in resisting bending and overtip-
ping are included in the reliability analysis. Similarly, the
contributions of the permanent load in resisting overtipping

are also included. The same calculations are performed for a
23-m (75-ft) high pier in order to study the influence of
bridge height on the results. In this case, only the wind data
from the St. Louis site are used.

The results of the calibration are summarized in Table
3.19. As an example, the calibration process follows this
logic: if the 7.6-m (25-ft) bridge column is designed to sat-
isfy the AASHTO LRFD specifications, then the required
moment capacity for the column will be Mg = Mgesgn = 2.5
MN-m (1,835 kip-ft). Choosing Mgesgn = 2.5 MN-m (1,835
kip-ft) for the Austin wind data will produce a reliability
index (for a75-year bridge design life) equal to f =3.92if no
live load is considered. When the bridge column is designed
for live load, then the required moment capacity is M, =
Muesign = 8 MN-m (5,917 kip-ft), producing areliability index
3 =3.71. If one considersthat liveloads may occur within the
4-h period when awindstorm is acting on the bridge column
aswell aswhen nowind ison, then the reliability index of the
column is reduced as shown in Figure 3.28. To increase the
reliability index back to the original B = 3.71 obtained for
gravity loads alone, the moment capacity of the column should
beincreased. By interpolation, the moment capacity that will
produce ardliability index equal to 3 = 3.71 when both wind
loads and live loads are considered should be Myeqires = 8.2
MN-m (6,038 kip-ft) or an increase of 200 kN-m (121 =
6,038 — 5,917 kip-ft).

For the case in which wind alone is applied, the design
moment capacity (Mgesqn) Value is 2.5 MN-m (1,835 kip-ft),
which includes the effect of the resistance factor for bending
of @ =0.90 and awind load factor of yus = 1.4 (see Equation

Reliability index for one column under wind load and live load (concrete)
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Reliability index for overtipping of one column under wind load and live load
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Figure3.29. Reliability index for combination of wind loads and live load for overtipping.

3.4 and Table 3.2). The moment calculated from the wind
load is equal to Mys = 1.6 MN-m (1,180 kip-ft) for adesign
wind speed of 145 km/h (90 mph). Also, when the live load
ison the structure, the AASHTO LRFD requires the consid-
eration of thewind load on live load. For a90 km/h (56 mph)

wind speed, the AASHTO LRFD recommends applying a
distributed force of 1.46 kN/m (0.1 kip/ft). Thiswould result
in amoment at the base of the column equal to My, =513
kN-m (378 kip-ft). Finaly, the applied live load from the
HL-93 live loading produces a moment in the column equal

TABLE 319 Summary of liveload factorsfor combination of WS + LL for moment

capacity
Site M eq (Kip-ft) Mws Mw ML Yio Vs = Yw
St. Louis (25-ft) 6,086 1,180 378 3,048 1.35 0.87
Austin (25-ft) 6,038 1,180 378 3,048 1.35 0.85
Sacramento (25-ft) 6,074 1,180 378 3,048 135 | 087
St. Louis (75-ft) 13,532 4,927 2,673 3,048 1.35 1.10
Average 0.92
St. Louis (25-ft) 6,086 1,180 378 3,048 150 | 058
Austin (25-ft) 6,038 1,180 378 3,048 1.50 0.55
Sacramento (25-ft) 6,074 1,180 378 3,048 1.50 0.57
St. Louis (75-ft) 13,532 4,927 2,673 3,048 150 | 1.00
Average 0.68
St. Louis (25-ft) 6,086 1,180 378 3,048 1.75 0.09
Austin (25-ft) 6,038 1,180 378 3,048 1.75 0.06
Sacramento (25-ft) 6,074 1,180 378 3,048 1.75 0.09
St. Louis (75-ft) 13,532 4,927 2,673 3,048 1.75 0.90
Average 0.47
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to M. = 4.1 MN-m (3,048 kip-ft). The live load factor that
should be used for the combination of earthquakes and live
load should be determined such that

OMigg = Yus Mus + Y M + Yo My (3.39)

or

0.90 Mg = Yius 1,600 KN-m + yiy. 512 KN-m
+ YL 4132 kKN-m.

The calibration of theload combination factorsinvolvesthe
determination of the values of yus, Y and y.,. needed to pro-
duce the required column moment capacity My, = 8.1 MN-m
(6,038 kip-ft). Following the format of the current AASHTO
LRFD specifications, it issuggested that yis be set equal to vy .
Several options for yus = Y and y,,. are possible to match the
required moment capacity. Table 3.19 presents some of these
options. For example, if theliveload factor ischosen such that
v = 1.75, then the corresponding values for the wind load is
given as Yus = Y = 0.06 for the Austin data. If v, = 1.35is
selected asisthe casein the current AASHTO LRFD, then the
required wind load factor becomes yys = Y. = 0.85 for the
Austinwind data. Similar cal culations are executed for al the
threewind site data selected in this section—St. Louis, Austin,
and Sacramento—and for two bridge column heights—7.6 m
(25 ft) and 23 m (75 ft)—for column failure in bending. The
results are summarized in Table 3.19. Similar calculations
performed for column overtipping are summarized in
Table 3.20.

For overtipping of short piles, the calibration isbased onthe
resultsshown in Figure 3.29. Asan example, thecdibrationis

executed as follows:. the required foundation depth assuming
the St. Louis wind data should be L., = 2.9 m (9.57 ft). This
depth is achieved by balancing the following equation:

3yDK, L D
Posit # * Qoc DC(E) = YusFwe (8.8 + Ligg)
+YusFns2 (3.6 + Lieg) (3.36)
+Yw Fn 121+ L)
+ yLLMLL
where

DC = the dead weight of 6.5 MN (1,450 kips) applied at
the center of the column with a counteracting load
factor of @yc =0.90,

@y = 0.50 = the soil’ sresistance factor,

y = the specific weight of the sail,
D = the column diameter,
K, = the Rankine coefficient,

L,eq = the depth of the foundation,

M., = theapplied unfactored live moment whereM,, =3.1
MN-m (2,286 kip-ft).

A different live load moment is used for overtipping as com-
pared with bending because for overtipping, the moment is
taken about the edge of the column, not the center. The wind
force on the structure is Fys; = 141 kN (31.6 kips) applied at
8.8 m (29 ft) above the soil, the wind force on the column is
Fws =27 kN (6 kips) applied at 3.6 m (11.8 ft), and the wind
forceon theliveload is Fy =42.33 kN (9.5 kips) applied at
12 m (39.7 ft). Equation 3.36 becomes

TABLE 3.20 Summary of liveload factorsfor combination of WS + LL for overtipping

Site Lreq (ft) Fwst Fw (Kip) Mo Yo Yws = Ywi
(kip) (kip) (kip-ft)
St. Louis (25-ft) 9.6 316 6 9.5 2,286 1.35 0.62
Austin (25-ft) 9.4 31.6 95 2,286 1.35 0.61
Sacramento (25-ft) 11.2 31.6 6 9.5 2,286 135 | 0.68
Average 0.64
St. Louis (25-ft) 9.6 316 6 95 2,286 150 | 043
Austin (25-ft) 9.4 31.6 6 95 2,286 1.50 0.42
Sacramento (25-ft) 11.2 31.6 6 9.5 2,286 1.50 0.50
Average 0.45
St. Louis (25-ft) 9.6 316 6 95 2,286 175 | 011
Austin (25-ft) 9.4 31.6 95 2,286 1.75 0.10
Sacramento (25-ft) 11.2 31.6 6 9.5 2,286 1.75 0.20
Average 0.14
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given that L = 2.9 m (9.57 ft) and solving for yws = Y,
given avalue of vy will provide the appropriate load com-
bination factorsto be considered. These are provided in Table
3.20. Differences are observed between the results for over-
tipping and bending moment failures and for different col-
umn heights in Tables 3.19 and 3.20. These differences are
mainly dueto the different influences of the statistical uncer-
tainties associated with modeling the soil resistance and col-
umn bending capacity.

The results of Tables 3.19 and 3.20 show that the lower
live load factors, vy, would provide more uniform ranges of
Yus = Y Values. In particular, if the current AASHTO rec-
ommended value of y,, = 1.35 is used, then the correspond-
ing average wind load factor set obtained from overtipping
and column bending is Vs = Yw. = 0.80. This 0.80 vaueis
higher than the current AASHTO LRFD set of Vs = Y =
0.40, indicating that the current code produces relatively low
safety levels. An optimization algorithmis a so used to deter-
mine the load combination factors that would minimize the
sum of the sgquare of the differences between the required
moment capacities and those that would be obtained from the
right hand side of Equations 3.35 and 3.36. The optimization
algorithm indicates that the differences are minimized when
the combination of yus = Y = 1.17 and y,, = 1.06 is used.
Based on these results, it is herein recommended that the
combination yws = Y. = 1.20 and y,, = 1.00 be used for
bridges subjected to the combined threats of wind loads and
live loads.

3.3.3 Combination of Scour and Live Loads
(SC +LL)

In this section, the single-column bent described in Figure
3.1 is analyzed to illustrate how the combined effects of
scour and live loads will affect the bent’s reliability. Scour
data from three river sites—the Schohaire, Sandusky, and
Rocky—are selected asrepresentative data. Table 2.8 of Chap-
ter 2 provides the basic river discharge data for the selected
sites. The live load data are obtained from the models devel-
oped by Nowak (1999) for NCHRP Project 12-33 asdescribed
in 2.4.1 (Table 2.3). The reliability calculations follow the
Ferry-Borgesmodel described in Section 2.5. During the cal-
culations, the following assumptions are made:

 Scour depths last for 6 months, during which time the
erosion of the soil around the column baseremainsat its
highest value. The scour depth remains constant through-
out the 6-month period.
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* The scour depths are independent from year to year.

» Each siteis on the average exposed to one major scour
in1year.

» Theprobability distribution of the maximum yearly dis-
charge rate follows alognormal distribution. This max-
imum yearly discharge rate is assumed to control the
scour depth for the year.

* Theliveload model assumesthat for each one-lane load-
ing event, the live load effect is on the average 0.79
timesthe effect of the HL-93 |oading configuration with
a COV of 10%. For two lanes, the average event pro-
duces an average load effect equal t01.58 times the
effect of one lane of HL-93 with a COV of 7%.

+ Each site will be exposed to 1,000 single-lane heavy
truck and 67 two-lanetruck eventsin 1 day based on the
assumptions of Nowak (1999) and Moses (2001).

» Equation 2.11 isused to find the probability distribution
of the live load for different return periods. In particu-
lar, the live load for a 6-month period is calculated for
studying thereliability caused by the application of live
loads when scour is on.

» The effect of the scour depth in reducing the soil resis-
tance around the column base is combined with the
effects of the 6-month live load magnitude and pro-
jected to provide the maximum expected combined load
in the 75-year bridge design life period using the Ferry-
Borgesmodel described in Section 2.5. The calculations
account for the casesin which the live load occurs with
the 6-month scour on and the cases in which the live
load occurs with no scour on.

» Thereliability caculations are executed for column over-
tipping because the bending moment in deeply embed-
ded columnsiis not affected by the presence of scour.

» Thereliability calculations account for the uncertainties
associated with predicting the dischargerate, estimating
the scour depth given a discharge rate, projecting the
live load magnitude, estimating the counter effect
because of the dead |oads, and estimating the soil resis-
tance properties.

+ Referring to Figure 3.4(a), the failure equation for over-
tipping may be represented as follows:

0 BYDK,(L-y.) D _. D\
naxaf*":bca_':u ej_E
Z=0-max[] , % (3.37)
0 B3YDK, (L) D _ ( _7)[] 0
max——— + Fy F.
O ~H 6 2 2/8 O
where

Foc = the dead weight applied on the column,
F..* = thelive load that occurs when scour is on,
F. ** = thelive load when there is no scour,
y = the specific weight of the soil,
D = the column diameter,
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K, = the Rankine coefficient,
L = the foundation depth,
e; = the eccentricity of theliveload relativeto the
center of the column, and
Ve = the scour depth.

In this case, F * is the maximum live load effect that may
occur within the 6-month period when scour occurs. n, repre-
sents the number of scours expected in a 75-year period
(ny =75). n, isthe number of live load events expected when
thereis no scour (e.g., n, = 75 06 030 1,000 for one-lane
loading events).

The results of the reliability analysis are provided in Fig-
ure 3.30 for overtipping of the single-column bent. The data
are presented for the three representative river sites for com-
bination of scour and live loads and for live loads alone. The
results are also summarized in Table 3.21. Asan example, if
the 7.6-m (25-ft) bridge column is designed to resist overtip-
ping caused by the application of the HL-93 live |oad of the
AASHTO LRFD specifications, then the column should be
embedded adistance L = 1.8 m (6 ft) into the soil. Choosing
L = 1.8 m (6 ft) with no scour would produce a reliability
index of 3 =3.68. If scour occurs because of ariver having the
discharge rate of the Rocky River, then the reliability index
reducesto 3 = —2.0 because of the possible combination of live
load and scour inthe 75-year bridgedesign life of abridge col -
umn with a foundation depth L = 1.8 m. However, if one
wishes to increase the reliability index from —2.0 back to the
original 3.68, then the depth of the column should be
increased. By interpolation, the required foundation depth
that will produce a reliability index equal to 3 = 3.68 when
both scour and live loads are considered should be Ly, = 7.4 m
(24.4 ft) or an increase by afactor of 4.1. Table 3.4 shows

that the expected scour depth from the Rocky River is
3.7m (12.3 ft). Hence,togofromL =18 mtoL =74 m
(6 ft to 24.4 ft), one needs to include 1.50 times the design
scour depth. Thus, the load factor for scour would be equal
to ysc = 1.50. In other words, for determining the required
design scour for the combination of scour plus live loads,
one should use the scour HEC-18 equation (Equation 2.22)
then multiply the value obtained by a load factor equal to
1.50.

Similar calculations are executed for dl three scour site data
selected in this section: the Schohaire, Sandusky, and Rocky
Rivers. Theresultsfor al these casesare summarizedin Table
3.21. The average scour factor for the three cases analyzed is
V< = 1.79, which indicates that a scour factor of yg = 1.80
associated with a live load factor of y, = 1.75 is reasonable
when studying the combination of scour and live loads.

The recommended scour load factor ys = 1.80 reflectsthe
fact that the current scour model provides a low reliability
level compared with that for the live loads. As seen above,
the scour alone model givesan averagereliability index close
to 1.0 as compared with 3 =3.50 to 3.70 for live loads. If the
goal isto have bridgeswith foundations set in water channels
satisfy the same safety requirements as bridges not subject to
scour, then a live load factor vy, = 1.75 should be used in
combination with a scour factor ys = 1.80. One should note
that even for multicolumn bents, failure caused by scour will
generaly result in the collapse of the system as the bent sys-
tem would provide little redundancy when one column loses
its ability to carry load in a sudden (brittle) failure. Hence,
using asystem factor of 0.80 in addition to the member resis-
tance factor would be appropriate during the design of col-
umn bents for combination of scour and other loads. The
application of system factors during the design and safety

Reliability index for overtipping of one column under live load and scour
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Figure 3.30. Reliability index for combination of scour and live load.
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TABLE 321 Summary of liveload factorsfor combination of SC plusLL

Site L e (f1) Lsc Lo yscfor LL +SC
Schohaire 41.01ft 17.31t 6 ft 2.02
Sandusky 32.3ft 14.3ft 6 ft 184
Rocky 24.4 ft 12.3 ft 6 ft 1.50
Average 1.79

evaluation of bridge bents has been discussed elsewhere by
Liuetd. (2001).

3.3.4 Combination of Scour and Wind Load
(SC +WL)

The single-column bent described in Figure 3.1 isanalyzed
toillustrate how the combined effects of scour and wind loads
will affect the bent’s reliability. Scour data from three river
sites—the Schohaire, Sandusky, and Rocky—are selected
as representative sites. Table 2.8 of Chapter 2 provides the
basic river discharge data for the selected sites. In addition,
wind speed data from Austin, Sacramento, and St. Louis are
selected as representatives of wind speed data. Therdliability
calculationsfollow the Ferry-Borges model described in Sec-
tion 2.5. The following assumptions are made;

+ Scour depths last for 6 months, during which time the
erosion of the soil around the column base remainsat its
highest value. The scour depth remains constant through-
out the 6-month period.

+ Scour depths are independent from year to year.

» Each siteis on the average exposed to one major scour
in1year.

» The probability distribution of the maximum yearly dis-
charge rate follows alognormal distribution. This max-
imum yearly discharge rate is assumed to control the
scour depth for the year.

* The wind speed data are assumed to follow a Gumbel
distribution with mean and COV values as shown in
Table2.7.

+ Each site will be exposed to 200 windsin ayear.

+ Equation 2.14 isused to find the probability distribution
of the wind load for a 6-month period. Thisis used for
studying thereliability caused by the application of wind
loads when scour ison.

» The effect of the scour depth in increasing the moment
arm of the wind load is combined with the effects of the
6-month wind load and projected to provide the max-
imum expected combined load in the 75-year bridge
designlife period using the Ferry-Borgesmodel described
in Section 2.5. The calculations account for the cases
in which the wind load occurs with the 6-month scour
on and the cases in which the wind occurs when no
scour is on.

« The reliability calculations are executed for column

bending because overtipping is mostly balanced by the
weight of the structure and is not significantly affected
by the presence of scour.

The reliability calculations account for the uncertainties
associated with predicting the discharge rate, estimating
the scour depth given a discharge rate, projecting the
wind load magnitude, estimating the counter effect
caused by the soil resistance, and estimating the moment
capacity of the column.

Referring to Figure 3.4, the failure equation for bending
in the column may be represented as follows:

DK, (1)°
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where

M = the bending moment capacity of the column;
Fws® = the resultant wind load on the structure that
occurswhen scour ison (it accountsfor wind
on superstructure and wind on column);
Fuws** =theresultant wind load on the structure when
there is no scour;
y =the specific weight of the soil;
D = the column diameter;
K, = the Rankine coefficient;
f = the distance below the soil level at which
the maximum bending moment occurs,
A = thefactor that accountsfor the effect of cyclic
|oads on foundation strength;
e, = the eccentricity of the resultant wind load rel-
ative to the soil level (before scour);
Vs = the scour depth;
n; = the number of scours expected in a 75-year
period (n, = 75);
n, = the number of wind loads expected when
thereis scour (n, = 100); and
n; = the number of wind loads that occur during
the design life of the bridge when thereisno
scour (n; = 75 [J100).
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The results of the reliability analysis are provided in Figure
3.31 for bending of the single-column bent. The data are pre-
sented for the three representativeriver sitesfor combination
of scour and three different wind loads and for wind loads
alone. Theresults are also summarized in Table 3.22. Asan
example, if the 8-m (25-ft) bridge column is designed to
resist failure in bending caused by the application of the
AASHTO design wind load, then the column should have a
design moment capacity of Mgeggn = 2.5 MN-m (1,835 kip-
ft). If the bridgeis situated in aregion in which the wind data
are similar to that observed in Austin, then without the appli-
cation of any liveload thereliability index would be 3 =3.92.
If scour occurs because of ariver having the discharge rate
of the Schohaire, then thereliability index reducesto 3 =3.63
because of the possible combination of wind load and scour
inthe 75-year bridge design lifewhen the column has abend-
ing capacity Of Mcap = Maesgn = 2.5 MN-m (1,835 kip-ft). How-
ever, if one wishesto increase the reliability index from 3.63
back to the original 3.92, then the column capacity should be
increased. By interpolation, the required moment capacity
that will produce a reliability index equal to 3 = 3.92 when
both scour and wind loads are considered should be M, =
2.9 MN-m (2,139 kip-ft) or an increase by a factor of 1.15.
The scour depth that should be included to achieve this
required M, is calculated from Equation 3.39:

() Mreq = Yws MWS (339)
or

0.90 Mreq = Vins Fwe (8.8 M + Ve Vo)
+ Vs Fuvee (3.6 M + Y Yec)

where

Mus = the moment exerted on the column because of the
applied design wind pressure when the moment arm
of the force has been extended by the required fac-
tored scour depth;

Fws =140 kN (31.6 kips), the wind design force on the
superstructure located at a distance of 8.8 m (29 ft)
above the original soil level;

Fws =27 kN (6 kips), thewind design force on the column
located at a distance of 3.6 m (11.8 ft) above the
original soil level.

Given that the scour equation produces yg. = 5.3 m (17.3 ft)
for the Schohaire River data and using a wind factor Vs =
1.40 as stipulated by the AASHTO LRFD for wind on struc-
tures, the required scour factor is calculated to be ys = 0.60.

Similar calculations are executed for al three wind site data
(St. Louis, Austin, and Sacramento) and for the three scour site
data selected in this section (the Schohaire, Sandusky, and
Rocky Rivers). The resultsfor all these cases are summarized
in Table 3.22. It is noticed that the range of vaues for ys is
between alow of 0.53 and a high of 0.91. The reason for this
spread in the results is due to the large range in the reliability
index associated with thewind loads and the scour depths. This
observation confirms the need to devel op new wind maps that
would better reflect the actua variationsin the wind speeds at
different sites in the United States as well as the devel opment
of new scour design equations that would reduce the observed
differencesfor rivers with different discharge rates.

From the results shown in Table 3.22, it seems appropri-
ate to conclude that aload factor on scour equal to ys = 0.70

Reliability index for one column under wind load and scour (WL: Austin, TX)
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Figure3.31. Reliability index for combination of wind loads plus scour.
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TABLE 3.22 Summary of liveload factorsfor combination of SC plus WS

Wind data | Scour data Mreq Fwst Fws Yo (ft) | yscfor WS+ SC
Austin Schohaire 2,139 (kip-ft) | 31.6 (kips) | 6 (kips) | 17.3 0.60
Austin Sandusky 2,050 316 6 14.3 0.62
Austin Rocky 1,945 316 6 12.3 0.57
Sacramento | Schohaire 2,314 31.6 6 17.3 0.77
Sacramento | Sandusky 2,260 31.6 6 14.3 0.87
Sacramento | Rocky 2,191 31.6 6 12.3 0.91
St. Louis Schohaire 2,072 31.6 6 17.3 0.53
St. Louis Sandusky 2,004 31.6 6 14.3 0.56
St Louis Rocky 1,959 316 6 12.3 0.59
Average 0.67

in combination with awind |oad factor of ys=1.40 isappro-
priate for use when studying the combination of scour and
wind loads. Thisyg: = 0.70 value is lower than that used for
combining scour and live loads because there are fewer wind
storms expected in the 75-year design life of a bridge struc-
ture as compared with the number of truck loading events.
Fewer load occurrencesimply alower chance for combining
high wind load intensity with high scour depth.

3.3.5 Combination of Scour and Vessel
Collision (SC + CV)

The single-column bent described in Figure 3.1 is ana
lyzedtoillustrate how the combined effects of scour and ves-
sal collision forceswill affect the bent’ sreliability. Scour data
from the Mississippi River at the location of the 1-40 bridge
are used in combination with the barge traffic at that location.
Appendix C provides the basic river discharge data for the
selected site. In addition, vessel collision forcesasassembled
in Figure 2.13 are used. The reliability calculations follow
the Ferry-Borges model described in Section 2.5. The fol-
lowing assumptions are made:

+ Scour depths last for 6 months, during which time the
erosion of the soil around the column base remainsat its
highest value. The scour depth remains constant through-
out the 6-month period.

The scour depths are independent from year to year.
Thesiteison the average exposed to one major scour in
1year.

The probability distribution of the maximum yearly dis-
charge rate follows alognormal distribution. This max-
imum yearly discharge rate is assumed to control the
scour depth for the year. It is noted that because Equa-
tion 2.31 was devel oped based on datafrom small rivers,
this model may not be valid for rivers with high dis-
charge rates. For this reason, this analysis is based on
the model developed in Appendix B based on the data
provided by Johnson and Dock (1998) as expressed in

Equation 2.30 with a scour modeling variable, Ay, hav-
ing amean value equal to 0.55 and a COV of 52%.
The collision force data are assumed to follow the prob-
ability distribution curve shown in Figure 2.13.

Each sitewill be exposed to 0.83 bargeflotillacollisions
inlyear.

Equation 2.11 isused to find the probability distribution
of the wind load for a 6-month period for studying the
reliability caused by the application of wind loadswhen
scour is on.

The effect of the scour depth in increasing the moment
arm of the collision force is combined with the effects
of the 6-month collision force and projected to provide
the maximum expected combined load in the 75-year
bridge design life period using the Ferry-Borges model
described in Section 2.5. The calculations account for
the casesin which the collision occurs with the 6-month
scour on and the casesin which the collision occurswhen
No scour is on.

The reliability calculations are executed for column
bending because overtipping is mostly balanced by the
weight of the structure and is not significantly affected
by the presence of scour.

Thereliability calculations account for the uncertainties
associated with predicting the dischargerate, estimating
the scour depth given a discharge rate, projecting the
collision force magnitude, estimating the counter effect
caused by the soil resistance, and estimating the moment
capacity of the column.

Referring to Figure 3.4, thefailure equation for bending
in the column may be represented as follows:

DK, (F)°
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where

M, = the bending moment capacity of the column,
Fo/* = thecollision force on the structure that occurs
when scour ison,
Fo** = thecollisonforceonthe structurewhen there
iS no scour,
y = the specific weight of the sail,
D = the column diameter,
K, = the Rankine coefficient,
f = the distance below the soil level at which
the maximum bending moment occurs,
Ao = thefactor that accountsfor the effect of cyclic
loads on foundation strength,
e, = the eccentricity of the collision force rela-
tive to the soil level (before scour),
Vs = the scour depth,
n, = the number of scours expected in a 75-year
period (n, = 75),
n, = the number of collisions expected within 1
year when there is scour (n, = 0.42), and
n; = the number of collisions that occur when
there is no scour (n; = 0.42 [175).

The results of the reliability analysis are provided in Fig-
ure 3.32 for bending of the single-column bent. The results
show that if the 150-ft bridge column is designed to resist
failure in bending caused by the application of the collision
forces determined using the AASHTO specificationsand fol -
lowing the model of Whitney et a. (1996), the column should

have adesign moment capacity Mgesg, =464 MN-m (342,333
kip-ft). The corresponding reliability index—assuming that
no scour is possible—would be B = 2.78. If the bridge is
exposed to scour because of ariver having the discharge rate
of the Mississippi and the channel profile shown in Figure
3.6, then the reliability index reduces to 3 = 2.05 because of
the possible combination of collision forces and scour in the
75-year bridge design life when the column capacity of M, =
Mesign = 464 MN-m (342,333 kip-ft). However, if wewishto
increase the reliability index from 2.05 back to the original
2.78, then the column capacity should beincreased. By inter-
polation, the required moment capacity that will produce a
reliability index equal to 3 = 2.78 when both scour and ves-
sel collisions are considered should be M, = 715 MN-m
(527,200 kip-ft) or anincrease by afactor of 1.54. To achieve
this M, the following design equation should be satisfied:

OMgq = Yov Moy (3.41)

or

0.90M,¢; = Vo Foy (4.9M + yecYee + )
6
where

Mcy = the moment exerted on the column caused by the
applied design wind pressure when the moment arm

Reliability index for moment capacity under ship collision and scour
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Figure3.32. Reliability index for combination of collision and scour.



of the force has been extended by the required fac-
tored scour depth;
y = the specific weight of the soil;
D = the column diameter;
K, = the Rankine coefficient;

Fcv = 35MN (7,900 kips), thevessel collisiondesignforce
on the column applied at a distance of 16 ft above
the original soil level; and

f=10.5 m (34.5 ft) = the depth to the point of maxi-
mum moment.

Note that in this equation the effect of the soil resistance is
included becausef isreasonably deep. For the cases analyzed
above (e.g., wind loads), f is relatively small and the contri-
butions of the soil resistance does not significantly affect the
design capacity of the column. Given that the scour equation
producesyy = 10.4 m (34.2 ft) for the Mississippi River data
and using a vessel collision factor y.y = 1.0 as stipulated by
the AASHTO LRFD for collision forces, the required scour
factor is calculated to be yg = 0.62.

From the calculations shown above, it seems appropriate
to conclude that a load factor on scour equal to ys = 0.60
associated with yey = 1.0 isreasonable for use when studying
the combination of scour and ship collision forces. Thisvalue
is lower than that used for combining scour and live loads
and for combining wind and scour because there are fewer
collisions expected in the 75-year design life of abridge struc-
ture as compared with the number of truck loading events or
windstorms. Fewer load occurrences imply a lower chance
for combining high vessel collision forces with high scour
depths. Also, the target reliability index selected for the cal-
ibration is lower than that used for live loads and is lower
than that obtained from the average of different wind data.
Thelower target reliability index is selected to match thereli-
ability index observed for the casesin which vessel collisions
occur without risk of scour.

3.3.6 Combination of Vessel Collision and
Wind Loads (CV + WS)

In this section, the single-column bent described in Figure
3.1lisanayzed toillustrate how the combined effects of ves-
sel collision forces and wind loads will affect its reliability.
It is herein assumed that wind load data collected in Knox-
ville, Tennessee, are applicablefor thisbridge site. ThisKnox-
ville wind data are used in combination with the barge traf-
fic at the location of the 1-40 bridge in Memphis. In addition,
vessel collision forces as assembled in Figure 2.13 are used.
The reliability calculations follow the Ferry-Borges model
described in Section 2.5. Thefollowing assumptions are made:

» The wind speed data are assumed to follow a Gumbel
distribution, with ayearly mean value equal to 77.8 km/h
(48.6 mph) and COV of 14%.

* Thesiteisexposed to 200 windsin 1 year.
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Equation 2.14 is used to find the probability distribution
of the wind load for a 6-month period for studying the
reliability caused by the application of wind loadswhen
scour ison.

The collision force data are assumed to follow the prob-
ability distribution curve shown in Figure 2.13.

Each site will be exposed to an average of 0.83 barge
flotillacollisionsin 1 year.

Equation 2.14 is used to find the probability distribution
of the wind load for a 6-month period for studying the
reliability caused by the application of a collision force
when the wind ison.

A correlation between the wind speed and the number
of collisionsis assumed based on the data provided by
Larsen (1993). According to this model, the rate of
collisionsincreases by afactor of 3 (from 0.83to 2.50
collisions/year) when the wind speed increases from 6
m/sec (13 mph) to 14 m/sec (31 mph). Below 6 m/sec
(23 mph), the number of collisions remains at 0.83 col-
lisions/year; beyond 14 m/sec (31 mph), the number of
collisionremainsat arate of 2.50/year. Although barges
and flotillamay not travel when the wind speeds exceed
the 14 m/sec (31 mph) limit, it is herein assumed that
vesselsand barges may break from their mooringswhen
there is a large windstorm such that collisions are still
possible.

The effect of the moment from wind forcesis combined
with the effects of the collision force and projected to
provide the maximum expected combined load in the
75-year bridge design life period using the Ferry-Borges
model described in Section 2.5. The calculations account
for the casesin which the collision occurs during awind-
storm and the cases in which the collision occurs when
no wind ison.

The reliability calculations are executed for column
bending because overtipping is mostly balanced by the
weight of the structure.

The reliability calculations account for the uncertainties
associated with predicting the wind speed, estimating the
wind forces, projecting the collision force magnitude,
estimating the counter effect caused by the soil resistance,
and estimating the moment capacity of the column.
Referring to Figure 3.4, the failure equation for bending
in the column may be represented as follows:

z=M, +MM
6
Hnax| Fis(e, + f) +(max ng)(% + f)]a (342)
—max[] ™ LT U
g max| F, (e, + 1)] g
where

M, = the bending moment capacity of the column,
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Fo* = thecollision force on the structure that occurs
when awind ison,
Fo** = thecollisonforceonthe structurewhen there
isno wind,
y =the specific weight of the soil,
D = the column diameter,
K, = the Rankine coefficient,
f = thedistance below the soil level at which the
maximum bending moment occurs,
Ao = thefactor that accountsfor the effect of cyclic
loads on foundation strength,
e, = the eccentricity of the collision force rela-
tive to the soil level,
e, = the moment arm of the resultant wind force,
n, = the number of winds expected in a 75-year
period (n, = 200 x 75),
n, = the number of collisions expected when there
isawind, and
n; = the number of collisions that occur when
thereisno wind.

In order to study the effects of the winds on the structure and
calculate the wind force, Fys, the results provided in Appen-
dix F are used. The results essentially show that at awind of
70 mph the wind forceis equal to 18.6 MN (4,180 kips) and
that the resultant force will be applied at an eccentricity e, =
68 m (223 ft) from the soil’ s surface. Interpolation as afunc-

tion of V2 (where V = wind velocity) is used to find the wind
forcesfor different wind speeds. Notice that the force eccen-
tricity is larger than the column height because of the effect
of the superstructure.

The results of the reliability analysis are provided in Fig-
ure 3.33 for bending of the single-column bent. For example,
if the 46-m (150-ft) bridge column is designed to resist fail-
ure in bending caused by the application of the collision
forces determined using the AASHT O specifications and fol -
lowing the model of Whitney et a. (1996), then the column
should have a design moment capacity of Mgeggn = 464 MN-m
(342,333 kip-ft). If the bridge was originally designed with-
out taking into consideration the possibility of windstorms,
the reliability index would be B = 2.78. If the bridge is
exposed to windsin addition to collision forces, then the reli-
ability index reducesto 3 =0.82 in the 75-year bridge design
life when the column has a capacity Mep = Mgesgn = 464
MN-m (342,333 kip-ft). However, if one wishes to increase
thereliability index from 0.82 back to the original 2.78, then
the column capacity should be increased. By interpolation,
the required moment capacity that will produce a reliability
index equal to 3 =2.78 when both vessel collision forcesand
wind loads are considered should be Mg, = 896 MN-m
(660,700 kip-ft) or anincrease by afactor of 1.93. To achieve
this M, 10ad combination factors should be used in the
design equations. The determination of the appropriate load
factorsis executed using the following equation:

Reliability index for ship collision under scour and wind load
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Figure 3.33. Reliability index for combination of vessel collision pluswind loads and scour.



(p Mreq = Yws MWS + Yev MCV (3-43)
or

0.90 Mg = Vs 18.6 MN (68 m + 2f/3)
+ Yov 35 MN 0(4.9 m + 2f/3).

By trial and error, it has been determined that a yis = 0.27
associated with ye, = 1.0 would lead to a point of maximum
moment located at a distance of f = 11.3 m (37 ft) below the
soil level. These factors will produce a required moment
capacity M = 896 MN-m (660,700 kip-ft), which will lead
to areliability index of 3 =2.78 for the combination of wind
loads and vessel collisions. The 3 = 2.78 is the same relia-
bility index obtained from vessel collision forces alone.

In addition to showing how the reliability index varies
for the cases in which vessel collision forces are applied
alone on the bridge, Figure 3.33 shows how the combina-
tion of wind forces, collision forces, and scour affect the
reliability index. It isnoted that the probability of having all
three extreme events simultaneously is very small. Hence,
thedrop inthereliability index from the case in which wind
and vessel collision forces are combined to the case in
whichwind, scour, and vessel collision are combinedisless
than 0.1. Therefore, it is not necessary to check this possi-
ble combination. Based on the calculations performed in
this section it is recommended to use a wind load factor of
Vs = 0.30 in combination with ye, = 1.0 when checking the
safety of bridges under the combined effects of winds and
vessel collisions. The 0.30 wind factor proposed is lower
than the 0.80 factor used for combinations involving live
loads. Thisisjustified based on the lower number of vessel
collisions expected when compared with the number of live
load events, meaning thereis alower chance of combination
even though a correlation between the rate of collisionsis
made with the intensity of the wind while a negative corre-
lation is made with the number of live load events with wind
speeds. In addition, the target reliability index selected for
wind plus vessel collision is lower than that used for live
loads with winds.

3.3.7 Combination of Earthquakes and Scour
(EQ + SC)

In this section, the single-column bent described in Fig-
ure 3.1 isanayzedtoillustrate how the combined effects of
earthquakes and scour will affect its reliability. The data
from the five earthquake sites with probability distribution
curves described in Figure 2.4 are used. The scour dataare
obtained from the USGS website for the Schohaire, San-
dusky, and Rocky Rivers, asdescribedin Section 2.4.4 (Table
2.8). The reliability calculations follow the Ferry-Borges
model described in Section 2.5. The following assumptions
are made:
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Scour depths last for 6 months, during which time the
erosion of the soil around the column baseremainsat its
highest value. The scour depth remains constant through-
out the 6-month period.

Scour depths are independent from year to year.

Each site is on the average exposed to one major scour
in1year.

The praobability distribution of the maximum yearly dis-
charge rate follows alognormal distribution. This max-
imum yearly discharge rate is assumed to control the
scour depth for the year.

Theintensity of the earthquake responseis as shownin
Figure 2.15.

The number of earthquakes expectedin 1 year is8for the
San Francisco site data, 2 for Seattle, 0.50 for Memphis,
0.40 for New York, and 0.01 for St. Paul. This means
that there will be 600 earthquakes in a 75-year return
period for San Francisco, 150 earthquakesfor Seattle, 38
in Memphis, 30in New York, and 1in St. Paul.

The probability distribution of the maximum yearly
earthquake may be used to find the probability distribu-
tion for asingle event using Equation 2.14.

Equation 2.14 is used to find the probability distribution
of the earthquake intensitiesfor different return periods.
In particular, the earthquake intensity for t = ¥>-year
period iscalculated for combination with the earthquake
load effects when the foundation is scoured.

The effects of each scour are combined with the effects
of the ¥>-year earthquake intensity and projected to pro-
vide the maximum expected combined load in the 75-
year bridge design life period using the Ferry-Borges
model described in Section 2.5. The cal cul ations account
for the casesin which the earthquake occurs with the ¥2-
year scour period and the cases in which an earthquake
occurs when there is no scour.

Thereliability calculations are executed for the column
overtipping limit state. The column bending limit state
was not considered because the results of Figure 3.18
show that the foundation depth does not significantly
affect the reliability index for column bending. Thus,
when alargelength of the column is exposed because of
scour, thereduced column stiffnessthat ensueswill result
in lower bending moment on the column base, and the
reliability index remains practically unchanged. On the
other hand, for column overtipping, the remaining soil
depth may sometimes not be sufficient to resist overtip-
ping even though the forces are reduced.

Thereliability cal culations account for the uncertainties
associated with predicting the EQ intensity, estimating
the bridge response given an EQ intensity, projecting
the scour depth, and estimating the soil capacity to resist
overtipping.

The failure equation for bending of the column under
the combined effect may be represented as follows:
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y = the specific weight of the soil;
D = the column diameter;
K, = the Rankine coefficient;
L = the foundation depth before scour;
e = the distance from the original soil level to
the point of application of the inertial force;
Feo = theinertial force when the scour is on;
Feo ™ = theinertia force when no scour ison;
n, = the number of scours expected in a 75-year
period (75 scours);
n, = the number of earthquakes expected in a
Y>-year period when scour is on; and
n; = the number of earthquake eventsexpectedina
period equal to 75 years minusthetimeswhen
a scour is on (i.e., ng is the number of earth-
quakesin a period equal to 37.5 years[75/2]).

The results of the reliability analysis are provided in Fig-
ure 3.34 for the San Francisco earthquake data for different
values of foundation depth. Theresultsthat were obtained by
considering the reliability of the bridge structure when only
earthquakes are considered (i.e., by totally ignoring the effects

of scour) are also illustrated in Figure 3.34. The results for
the San Francisco site are summarized as shown in Table
3.23. For example, if the bridge column is designed to satisfy
the proposed revised AASHTO LRFD specifications(thesels-
mic provisions) developed under NCHRP Project 12-49 (ATC
and MCEER, 2002), then the required foundation depth for the
column using a 2,500-year earthquake return period isL =
Lgesign = 26.06 m (85.5 ft). This would produce a reliability
index for overtipping (for a 75-year bridge design life) equal
to B = 2.26 for sites having earthquake intensities similar to
those observed in San Francisco but that are not subject to
scour. If one considers that the foundation may be weakened
by the presence of scour that would occur because of theriver
having the discharge rate of the Schohaire, then the reliability
index for the column with a foundation depth of L = 26.06 m
(85.5 ft) reduces to B = 2.24. If one wishes to increase the
reliability index from 2.24 back to the original 2.26, then the
depth of the foundation should be increased. By interpola-
tion, the required foundation depth that will produce arelia-
bility index egual to B = 2.26, when both earthquake loads
and scour are considered, should be L = 26.33 m (86.4 ft) or
anincrease of 0.27 m (0.9 ft).

The Lgesign VAl ue 26.06 m (85.5 ft) includes the effect of the
resistance factor for alateral soil capacity of ¢ =0.50. The
scour factor that should be used for the combination of earth-
guakes and scour should be determined such that

3yDK L=

0-50Tp = YeqFeo(e+ YaoYse +L7)

(3.45)

Reliability index for overtipping of one column under EQ and scour (San Francisco)
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Figure3.34. Reliability index for earthquakes and scour for overtipping (San Francisco).
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TABLE 3.23 Summary of liveload factorsfor combination of EQ plus SC
Earthquake Scour B Original Required Scour
site data target | foundation foundation depth (ft) Ve
depth (ft) depth (ft)
Schohaire 86.42 17.34 0.36
Sandusky 86.19 14.33 0.36
San Francisco  [Rocky 2.259  85.5 85.99 12.32 0.34
Schohaire 67.04 17.34 0.18
Sandusky 66.80 14.33 0.17
Seattle Rocky 2.635 66 66.46 12.32 0.12
Schohaire 28.64 17.34 0.55
Sandusky 23.97 14.33 0.32
<. Paul Rocky 2.368 |20 22.08 12.32 0.20
Schohaire 41.06 17.34 0.32
Sandusky 39.39 14.33 0.23
New York Rocky 2.491 37 38.55 12.32 0.18
Schohaire 60.00 17.34 0.18
Sandusky 59.59 14.33 0.16
Memphis Rocky 2488  |58.6 59.20 12.32 0.12
IAverage 0.25

where

0.50 = the soil resistance factor;
y =the specific weight of the soil;
D = the column diameter;
K, = the Rankine coefficient;
L' = the foundation depth after scour (L' = Lyequired —
YsoYsc);
e = the distance from the original soil level to the point
of application of theinertia force;
Yeo = the load factor for earthquake forces;
Feo = theinertial force;
Vs = the design scour depth as shown in Table 3.4, which
for the Schohaire River is5.3 m (17.3 ft); and
Ysc = the scour factor that should be used when consid-
ering the combination of earthquakes and scour.

It is noted that the inertial force, Feo, isafunction of L' and
the product ys-Ys:. Hence the scour factor can only be found
from Equation 3.45 by trial and error.

Thecalibration of theload combination factor involvesthe
determination of the values of ys: needed to produce the
required foundation depth L., = 26.3 m (86.4 ft). If the value
for yeo is preset at 1.0, then yg is calculated to be equal to
0.36. Thiswould lead to afoundation L' after scour erosion
equal to 24.2 m (79.3 ft). Notice that the L' = 24.2 m (79.3
ft) islower than the original L =26.1 m (85.5 ft). Thisreduc-
tion in the required effective foundation depth is due to the
additional flexibility of the column caused by the presence of
scour. In fact, when scour occurs, the clear height of the col-
umn increases and the remaining foundation depth decreases;
as long as the foundation is not totally washed out, this phe-
nomenon would reduce the stiffness of the system and would
lead to a higher natural period. When the natural period
increases, theinertial forces decrease. Although the moment

arm of the force increases, the required foundation depth after
scour would belower than originally required if no scour were
considered. It is noted however that adding 24.2 m (79.3 ft)
plus 0.36 times the design scour depth (5.3 m = 17.3 ft)
would still lead to atotal foundation depth = 26.3 m (86.4 ft),
which is higher than the original no scour depth L = 26.1 m
(85.5 ft). It is also noted that in the examples solved in this
section, the mass of the system is not altered because of the
presence of scour or changes in foundation depth.

Similar calculations are executed for five earthquake sites
and three discharge data. Namely, the earthquake data used
correspond to those data from San Francisco, Sesttle, Mem-
phis, New Y ork, and St. Paul. The scour data used correspond
to thosedatafrom the Schohaire, Sandusky, and Rocky Rivers.
The results from all 15 cases considered are summarized in
Table 3.23. Notice that for al the cases considered, the scour
factor remains below 0.55, with an average value of 0.25.
Based on the results shown in Table 3.23, it would seem
appropriate to recommend that a scour factor of ys- = 0.25
associated with an earthquake factor of yeq = 1.00 be used to
account for the combination of scour and earthquakes. The
0.25 scour factor is lower than that observed for the combi-
nation of scour and vessel collisions because the target reli-
ability level used for the combination of scour and earth-
guakesis lower than that used for collisions and scour (e.g.,
for San Francisco, Biage = 2.26 VErsus PBiyge = 2.78 for vessel
collisions). Another reason is because the earthquake analy-
sismodel accountsfor the additional flexibility of the system
when scour occurs and for the reduction in inertial force that
this causes. The flexibility of the column is not directly con-
sidered when analyzing the effect of vessel collision forces.

All the analyses for combinations involving scour assume
that scour lasts for a period of 6 months, during which time
the scour remains at its highest value. Because no modelsare
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currently available to study the duration of live bed scours at
bridge piersand how long it would take for the foundation of
drilled shafts to regain their origina strengths, a sensitivity
analysisis performed to study the effect of scour duration on
the results of the reliability analysis and the proposed load
factor if the duration of scour is changed from 6 months to
either 4 or 8 months. The results are provided in Table 3.24,
which shows a change in the load factor on the order of 0.05
for each 2-month changein the scour duration. It isnoted that
inall cases considered, the scour isassumed to be at its high-
est value, which does provide a conservative envelope to the
scour combination cases.

3.4 SUMMARY AND RECOMMENDATIONS

In this chapter, areliability analysis of bridge bentsis per-
formed when the bridges are subjected to effects of liveloads,
wind loads, scour, earthquakes, vessel collisions, and com-
binations of these extreme events. L oad combination factors
are proposed such that bridges subjected to a combination of
these events would provide reliability levels similar to those
of bridges with the same configurations but situated in sites
inwhich onethreat isdominant. Thus, the proposed |oad fac-
torsarebased on previous experienceswith “ safe bridge struc-
tures’ and provide balanced levels of safety for each load
combination. The results of this study found that different
threats produced different reliability levels. Therefore, the
target reliability indexes for the combination of events are
selected in most cases to provide the same reliability level
associated with the occurrence of the individual threat with
the highest reliability index. Thus, when dealing with the com-
bination of live load plus wind load or live load plus scour,

the reliability index associated with live loadsis used as tar-
get. When studying the reliability of bridges subjected to the
combination of wind loads and scour, the reliability index
associated with wind loads alone is chosen for target. Simi-
larly, when studying thereliability of bridges subjected to ves-
sl collisionswith scour or vessel collision with wind load, the
reliability index associated with vessdl collisions is used for
target. For combinations involving earthquake loads, it is the
reliability index associated with earthquakes alonethat isused
for target. Combinationsinvolving earthquakes are treated dif-
ferently than are other combinations because of the large addi-
tional capacity that would be required to increase the reliabil-
ity levels of bridges subjected to earthquake risks. This
approach is consistent with current earthquake engineering
practice, which has determined that current earthquake design
methods provide sufficient levels of safety given the coststhat
would beinvolved if higher safety levels were to be specified.

Results of the rdiability analyses indicate that there are
large discrepanciesamong therdiability levelsimplied in cur-
rent design practices for the different extreme events under
consideration. For example, the AASHTO LRFD was cali-
brated to satisfy atarget member reliability index equal to 3.5
for gravity loads. Thecal culations performed in this study con-
firm that bridge column bents provide reliability index vaues
closeto the target 3.5 for the different limit states considered.
These limit states include column bending, axial failure, bear-
ing failure of the soil for one-column and multicolumn bents,
and overtipping of one-column bents. The reliability index
values calculated for each of these limit states show that 3
ranges from about 2.50 to 3.70. The lowest valueisfor foun-
dation failures in bearing capacity. This is due to the large
level of uncertainty associated with determining the strengths
of foundation systems. The highest value is for bending

TABLE 3.24 Sensitivity of resultsto scour duration period

Required Required Required
Earthquake Scour foundation foundation foundation Vs Vs Vs
site data depth (ft) depth (ft) depth (ft) |(4 months)|(6 months){(8 months)
(4 months) (6 months) (8 months)
Schohaire  [86.15 86.42 86.43 0.29 0.36 0.36
Sandusky  [86.01 86.19 86.38 0.30 0.36 0.42
San Francisco |Rocky 85.87 85.99 86.07 0.29 0.34 0.38
Schohaire  |66.84 67.04 67.56 0.15 0.18 0.25
Sandusky 66.68 66.80 67.24 0.15 0.17 0.25
Seattle Rocky 66.16 66.46 66.75 0.04 0.12 0.19
Schohaire  |28.58 28.64 28.68 0.55 0.55 0.56
Sandusky  [23.76 23.97 24.28 0.30 0.32 0.34
. Paul Rocky 21.52 22.08 22.40 0.15 0.20 0.23
Schohaire  |40.15 41.06 41.52 0.25 0.32 0.35
Sandusky  [38.67 39.39 39.81 0.17 0.23 0.27
New York Rocky 38.11 38.55 38.98 0.13 0.18 0.23
Schohaire  [59.85 60.00 60.57 0.16 0.18 0.25
Sandusky  [59.49 59.59 60.12 0.15 0.16 0.24
Memphis Rocky 59.12 59.20 59.58 0.11 0.12 0.19
Average 0.21 0.25 0.30




moment capacity. These reliability indexes are for member
failures. If thereis sufficient redundancy, the system reliabil-
ity ishigher asexplained by Ghosn and Moses (1998) and Liu
et a. (2001).

The system reliability index for bridge bents subjected to
earthquakes is found to be on the order of 2.80 to 3.00 for
the moment capacity of drilled shafts supporting single- and
multicolumn bents or 2.20 to 2.60 for overtipping of single-
column bents. These values are for bridges designed fol-
lowing the proposed specifications developed under NCHRP
Project 12-49 (ATC and MCEER, 2002]. These reliability
levels decrease to aslow as 1.75 when studying the safety of
bridge columns under earthquakes. The large difference is
due to the differences in the response modification factors
recommended for use during the design process. In fact,
NCHRP Report 472 recommendsthe use of different response
modification factors for bridge subsystems depending on the
consequences of failure (ATC and MCEER, 2002). Unlike
the analysis for other hazards, the earthquake analysis pro-
cedure accounts for system capacity rather than for member
capacity because failure is defined by accounting for plastic
redistribution of loads and the ductility capacity of the col-
umns. Although relatively low compared with the member
reliability index for gravity loads, the engineering commu-
nity is generally satisfied with the current safety levels asso-
ciated with current earthquake design procedures. For thisrea
son, the target reliability index for load combination cases
involving earthquakes is chosen to be the same reliability
index calculated for the case in which earthquakes alone are
applied. In fact, the results of this study indicate that very
little improvement in the earthquake reliability index can be
achieved even if large increases in the load factor are imple-
mented. Thisis because much of the uncertaintiesin ng
the earthquakerisk for bridge systems are due to the difficulty
in predicting the earthquake intensities over the design life
of the bridge. Improvement in the overall earthquake design
process can only be achieved after magjor improvementsin the
seismologists ability to predict future earthquakes.

The reliability index for designing bridge piers for scour
for small-size riversis on the order of 0.45 to 1.7, which is
much lower than the 3.5 target for gravity loads and even
lower than the range observed for earthquakes. In addition,
failures caused by scour generally result in total collapse as
compared with failures of members under gravity loads.
Thisobservation is consistent with the observation made by
Shirole and Holt (1991) that, by far, most U.S. bridge col-
lapsesare dueto scour. Because of the high risks of major col-
lapses caused by scour, it isrecommended to increasethereli-
ability index for scour by applying a scour safety factor equal
to 2.00. The application of the recommended 2.00 safety fac-
tor meansthat if current HEC-18 scour design procedures are
followed, the final depth of the foundation should be 2.00
times the value cal culated using the HEC-18 approach. Such
a safety factor would increase the réliability index for scour
from an average of about 1.00 to slightly morethan 3.0, which
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will make the scour design methods produce average safety
levelsfor small rivers more compatible with the methods for
other threats. However, the wide range in safety levels will
require areview of current scour evaluation procedures.

Current AASHTO LRFD bridge design methods for wind
loads provide average member reliability index values close
to 3.00. However, there are large differences between the
reliability indexes obtained for different U.S. sites. In fact,
for the sites analyzed in this report, the reliability index ()
ranges between 2.40 and 4.00. The wind design approach is
based on member safety. If sufficient levels of redundancy
exist, the system reliability would be higher. The system reli-
ability could increase by 0.25 to 0.50 over member reliabil-
ity, depending on the number of columns in the bridge bent
and the level of confinement of the columns. However, the
large variations observed in the reliability index indicate that
there should be major research effort placed on improving
the current wind design procedures. This effort should be
directed toward better understanding the behavior of bridges
subjected to wind loads and toward developing new wind
design maps that would provide more uniform safety levels
for different regions of the United States.

The AASHTO vessel collision model produces a reliabil-
ity index of about 3.15 for shearing failures and about 2.80
for bending failures. The higher reliability index for shear is
due to the implicit biases and conservatism associated with
the AASHTO LRFD shear design procedures as reported by
Nowak (1999). The presence of system redundancy caused
by the additional bending moment resistance by the bents,
abutments, or both that are not impacted would increase the
reliability index for bending failures to more than 3.00, mak-
ing the safety levelsmorein line with those for shearing fail-
uresand those of bridge members subjected to the other threats
considered.

The results of the reliability index calculations for indi-
vidual threats are used to calibrate load combination factors
applicable for the design of short- to medium-span bridges.
The recommended load combination factors are summa-
rized in Appendix A in aformat that isimplementablein the
AASHTO LRFD specifications.

The load combination factors proposed in this study illus-
trate that the current load factorsfor the combination of wind
plus gravity loads lead to lower reliability indexes than do
those of either load taken separately. Hence, this study has
recommended increasing the |oad factors for wind on struc-
tures and wind on live loads from the current 0.40t0 1.20 in
combination with a live load factor of 1.00, which replaces
the live load factor of 1.35. If the 1.35 live load factor is
maintained, then the wind factor should be set equal to 0.80.

The commonly used live load factor equal to 0.50 in com-
bination with earthquake effects leads to conservative resullts.
This report has shown that a load factor of 0.25 on live load
effects when they are combined with earthquake effects
would still provide adequate safety levels for typical bridge
configurations subjected to earthquake intensities similar to
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those observed on the West or the East Coast. These calcu-
lations are based on conservative assumptions on the recur-
rence of live loads when earthquakes are actively vibrating
the bridge system.

For the combination of vessel collision forces and wind
loads, a wind load factor equal to 0.30 is recommended in
combination with a vessel collision factor of 1.0. The low
wind load factor associated with vessel collisions compared
with that recommended for the combination of wind loads
plusliveloads partially reflectsthe lower rate of collisionsin
the 75-year design life of bridges as compared with the num-
ber of live load events.

A scour factor equal to 1.80isrecommended for usein com-
bination with alive load factor equal to 1.75. The lower scour
load factor for combination of scour and live loads as com-
pared with theload factor proposed for scour alonereflectsthe
lower probability of having the maximum possible 75-year
liveload occur when the scour erosion isalso at its maximum
75-year depth.

A scour factor equal to 0.70 is recommended in combina
tion with a wind load factor equal to 1.40. The lower scour
factor observed in combination involving wind loads as com-
pared with those involving live loads reflect the lower num-
ber of wind storms expected in the 75-year design life of the
structure.

A scour factor equal to 0.60 is recommended in combi-
nation with vessel collision forces. The lower scour factor
observed in combinations that involve collisions reflects
the lower number of collisions excepted in the 75-year bridge
design life.

A scour factor equal to 0.25 is recommended in combina
tion with earthquakes. The lower scour factor with earth-
quakes reflects the fact that as long as atotal wash out of the
foundation does not occur, bridge columns subjected to scour
exhibit lower flexibilities that will help reduce the inertia
forces caused by earthquakes. Thisreduction in inertial forces
partially offsetsthe scour-induced reduction in soil depth and
the resulting soil resisting capacity.

With regard to the extreme loads of interest to this study,
the recommended revisions to the AASHTO LRFD specifi-
cations (1998) would address the extreme loads by ensuring
that the factored member resistances are greater than the max-
imum load effects obtained from the following combinations:

« Strength | Limit Statee  1.25DC+ 1.75LL

« Strength 111 Limit State:  1.25DC + 1.40 WS

+ Strength V Limit State:  1.25DC + 1.00 LL
+1.20 WS+ 1.20 WL

* ExtremeEvent I: 1.25DC+0.25LL
+1.00 EQ

* ExtremeEventIl: 1.25DC+0.25LL
+1.00CV, or
1.25DC + 0.30 WS
+1.00CV (3.46)

* Extreme Event lI: 1.25DC; 2.00 XC,
or

1.25DC+ 1.75LL;
1.80C

1.25DC + 1.40 WS,
0.70C

1.25DC+ 1.00CV;
0.60 C

1.25DC + 1.00 EQ;
0.25C

e ExtremeEvent |V:
* ExtremeEvent V:

* Extreme Event VI:

In the above equations, DC represents the dead |oad effect,
LL isthe live load effect, WS is the wind load effect on the
structure, WL is the wind load acting on the live load, EQ is
the earthquake forces, CV isthevessd collisionload, and SC
represents the design scour depth. The dead load factor of
1.25would be changed to 0.9 if the dead | oad counteractsthe
effects of the other loads.

Notice that no calculations for the combination of vessel
collisions and live loads are performed in this study because
no liveload models are currently available to cover the long-
span bridges most susceptible to this combination. They,, =
0.25 factor proposed under Extreme Event |1 is projected from
the calibration for the combination of earthquakes and live
loads under Extreme Event I.

Unlike the other extreme events, scour does not produce a
load effect. Scour changes the geometry of the system and
reduces the load-carrying capacity of the foundation in such a
way as to increase the risks from other failures. The presence
of scour is represented in the above set of Equations 3.46
through the variable SC. The semicolon indicates that the
analysisfor load effects should assume that a maximum scour
depth equal to ys- SC exists when the load effects of the other
extreme events are applied where g« is the scour factor by
which scour depths calculated from the current HEC-18
method should be multiplied. When scour is possible, the
bridge foundation should aways be checked to ensure that the
foundation depth exceeds 2.00 SC. For the cases involving a
dynamic analysis, such astheandysisfor earthquakes, itisvery
critical that the case of zero scour depth be checked becausein
many cases, the presence of scour may reduce the applied iner-
tial forces. The resistance factors depend on the limit states
being considered. When alinear elagtic analysis of single and
multicolumn bentsis used, the system factors devel oped under
NCHRP Project 12-47 should also be applied (Liu et a., 2001).

Equation 3.46 does not include any combinations of three
different threats. Thisisbecause several analyses executed as
part of this study have shown that the reductions of the reli-
ability indexesfor the combination of three different extreme
eventsaresmall. Thisisdueto thelow probability of asimul-
taneous occurrence of three extreme eventswith high enough
intensitiesto affect the overall risk. Thisisillustrated in Fig-
ure 3.33 for the combination of ship collisionswith scour and
winds loads and in Figure 3.35 for the combination of live
load, wind, and scour.



Reliability index for overtipping of one column under live load, wind load, and scour
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Figure3.35. Reliability index for combination of live load, wind, and scour.
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CHAPTER 4

CONCLUSIONS AND FUTURE RESEARCH

4.1 CONCLUSIONS

This study has developed a design procedure for the appli-
cation of extremeload eventsand the combination of their load
effects in the AASHTO LRFD Bridge Design Specifications
(1998). Thisisachieved by proposing a set of load factors cal-
ibrated using a reliability-based procedure that is consistent
with the reliability methodol ogy of the AASHTO LRFD spec-
ifications. The load events considered in this study include
live loads, earthquakes, wind loads, ship collision loads, and
scour. The reliability analysis of the effects of each load
taken individually is performed using methods developed in
previous bridge code calibration efforts (for the live loads
and ship collisions) and during the devel opment of other struc-
tural codes (for wind |oads and earthquake |oads). Because the
current specifications for scour were not based on reliability
methods, a scour reliability model has been developed for the
purposes of this study. In addition, the Ferry-Borges model
is used to evauate the reliability of bridges under the com-
bined effects of extreme load events. Results from the relia-
bility of typica bridge configurations under the effects of
individual threats are used to define target reliability levels
for the development of load factors applicable for designing
bridges that may be susceptible to a combination of threats.
The objective is to recommend arational and consistent set
of load combination factors that can be implemented in future
versions of the AASHTO LRFD specifications.

To achieve the objectives of the study, this project first
reviewed the basic reliability methodology used during pre-
vious code calibration efforts. Basic bridge configurations
designed to satisfy the current AASHTO specifications were
analyzed to find the implicit reliability index values for dif-
ferent limit states for bridges subjected to live loads, wind
loads, earthquakes, vessel collisions, or scour. Thelimit states
considered include column bending, shearing failure, and axial
failure of bridge columns, bearing failure of column founda
tions, and overtipping of single-column bents. Thereliability
analysis used appropriate statistical data on load occurrences
and load intensities for the pertinent extreme eventsthat were
assembled from the literature and USGS websites. Statistical
data on member and foundation capacities as well as load
analysis models commonly used in reliability-based code cal-
ibration efforts were also used to find the probability of fail-
ure and the reliability index values for each extreme event.

Reliability indexes were cal cul ated for the same bridgeswhen
subjected to the combination of extreme events using the
Ferry-Borges model. The results were subsequently used to
calibrate load combination factors appropriate for implemen-
tation in the LRFD equations.

The load factors are proposed such that bridges subjected
to a combination of events provide reliability levels similar
to those of bridges with the same configurations but situated
at siteswhere onethreat isdominant. Thus, the proposed |oad
factors are based on previous experiences with “safe bridge
structures’ and provide balanced levels of safety for each load
combination. Because this study found that different threats
produced different reliability levels, the target reliability
indexes for the combination of events are selected in most
casesto provide the samereliability level associated with the
occurrence of the individual threat with the highest reliabil-
ity index. Thus, when dealing with the combination of live
load pluswind load or liveload plus scour, therdliability index
associated with liveloadsis used astarget. When studying the
reliability of bridges subjected to the combination of wind
loads and scour, the reliability index associated with wind
loads aloneischosen for target. Similarly, when studying the
reliability of bridges under vessel collision with scour or ves-
sel collision with wind load, the reliability index associated
with vessel collisions is used for target. For combinations
involving earthquake loads, it is the reliability index associ-
ated with earthquakes alone that is used for target. Combina-
tionsinvolving earthquakes are treated differently than other
combinations because of the large additional capacity that
would be required to increase the reliability levels of bridges
subjected earthquake risks.

The analysis considered structural safety as well as foun-
dation safety. For two-column bents, system safety is com-
pared with member safety. The results show that the system
produces an additional reliability index about 0.25 higher
than thereliability index of theindividual members, whichis
consistent with theresultsof Liu et a. (2001) for drilled shafts
of two-column bentsformed by unconfined concrete columns.
Hence, the system factors calibrated by Liu et al. (2001) are
applicablefor the casesin which linear elastic analysisisper-
formed to check bridge member safety. Liu et a. (2001) cal-
ibrated system factorsfor application on theleft-hand side of
the design equation to complement the member resistance
factor. The cases for which the application of system factors



is possible include the analysis of bridges subjected to com-
binations exclusively involving live loads, wind loads, and
ship collision forces. The analysis for combinations involv-
ing earthquakes is based on the plastic behavior of bridge
bents; thus, system safety is directly considered and no sys-
tem factors need to be applied. Scour causes the complete
loss of the load-carrying capacity of a column, and bridge
bents subjected to scour erosion exposing the full foundation
will have little redundancy. Thus, such failures should be
associated with system factors on the order of 0.80 as rec-
ommended by Liu et al. (2001).

Results of the reliability analyses indicate that there are
large discrepancies among the reliability levels implied in
current design practices for the different extreme events
under consideration. Specificaly, thefollowing observations
are made:

* The AASHTO LRFD was calibrated to satisfy a target
member reliability index equal to 3.5 for gravity loads.
The calculations performed herein confirm that mem-
bers provide reliability index values close to the target
3.5 for the different limit states considered. These limit
states include column bending, axial failure and over-
tipping of one-column bents. Lower reliability index
values are observed for foundation-bearing capacities
for one-column and multicolumn bents.

» The system reliability index for the drilled shaft founda-
tions of bridge bents subjected to earthquakesisfound to
be on the order of 2.9 for moment capacity or 2.4 for
overtipping of single-column bents. Even lower reliabil-
ity values are observed for bridge columns because of
the higher response modifi cation factor recommended for
column design as compared with those recommended for
foundation subsystems. Unlike the analysis for other
hazards, the earthquake analysis procedure accounts for
system capacity rather than for member capacity. This
is because earthquake analysis procedures consider the
plastic redistribution of |oads, and failureis defined based
on the ductility capacity of the members. Although rel-
atively low compared with the member reliability index
for gravity loads, the engineering community is gener-
ally satisfied with the safety levels associated with cur-
rent earthquake design procedures as improvements in
the reliability index would entail high economic costs.

» The reliability index for designing bridge piers set in
small rivers for scour varies from about 0.47 to 1.66,
which is much lower than the 3.5 target for gravity
loads. In addition, failures caused by scour result in total
collapse as compared with failures of members under
gravity loads that cause local damage only. Local dam-
age can be sustained by the systemif sufficient levels of
redundancy and ductility are present, which is not the
case for foundations exposed because of scour. Hence,
it is recommended to increase the reliability index for
scour by applying a scour safety factor equal to 2.00.
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The application of the recommended 2.00 safety factor
meansthat if current HEC-18 scour design proceduresare
followed, thefinal depth of the foundation should be 2.00
times the value calculated using the HEC-18 approach.
Such asafety factor will increasethereliability index for
scour from an average of about 1.0 to higher than 3.0.
Thisincrease will make the scour design methods more
compatible with the methods for other threats.

« Although bridge design methods for wind loads provide
an average member reliability index closeto 3.0, thereare
large differences among the reliability indexes obtained
for different U.S. sites. For thisreason, it isrecommended
that research be undertaken to revise the existing wind
maps so that they provide more consistent designs for
different regions of the United States.

* The AASHTO vessd collision model produces arélia
bility index of about 3.15 for shearing failuresand on the
order of 2.80 for bending failures. The higher reliability
index for shear is due to the higher implicit biases and
conservative design methods. The presence of system
redundancy caused by the reserve resistance provided by
the bents, abutments, or both that are not impacted would
increasetherdiability index for bending failuresto more
than 3.00, making the safety levels more in line with
those for shearing failures, which are brittle failures that
do not benefit from the presence of redundancy.

The recommended load combination factors are summa-
rized in Appendix A in aformat that isimplementablein the
AASHTO LRFD specifications. Theresultsillustrate the fol-
lowing points:

» Thecurrent load factorsfor the combination of wind plus
live loads lead to lower reliability indexes than do those
of either load taken separately. Hence, thisstudy hasrec-
ommended increasing the load factorsfor wind on struc-
turesand wind onliveloadsfrom the current 0.40t0 1.20
in combination with alive load factor of 1.00.

* The commonly used live load factor equal to 0.50 in
combination with earthquake effectswould lead to con-
servative results. Thisreport has shown that aload fac-
tor of 0.25 on live load effects when they are combined
with earthquake effects would still provide adequate
safety levelsfor typical bridge configurations subjected
to earthquake intensities similar to those experienced on
the West and East Coasts. These calculations are based
on conservative assumptions on the recurrence of live
loads when earthquakes are actively vibrating the bridge
system.

+ For the combination of vessel collision forces and wind
loads, awind load factor equal to 0.30 is recommended
in combination with avessel collision factor of 1.0. The
low wind load factor associated with vessel collisions
compared with that recommended for the combination
of wind loads pluslive loads partially reflects the lower
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rate of collisionsinthe 75-year design life of bridges as
compared with the number of live load events.

+ For the combination of vessel collisionsand liveload, it
isrecommended to reduce thelive load factor from 0.50
to 0.25. Thisis proposed to bring this case more in line
with the earthquake plus live load case. A higher wind
load factor than live load factor is used in combinations
involving vessel collisionsto reflect thefact that therate
of vessel collisions increases during windstorms.

A scour factor equal to 1.80 is recommended for usein
combination with alive load factor equal to 1.75. The
lower scour load factor for the combination of scour and
live loads compared with the factor recommended for
scour alone reflects the lower probability of having the
maximum possible 75-year live load occur when the
scour erosion is also at its maximum 75-year depth.

A scour factor equal to 0.70 is recommended in combi-
nation with awind load factor equal to 1.40. The lower
scour factor observed for the combination with wind
|oads as compared with the combination with live loads
reflects the lower number of wind storms expected in
the 75-year design life of the structure.

A scour factor equal to 0.60 is recommended in combi-
nation with vessel collision forces. Thelower scour fac-
tor observed in combinations that involve collisions
reflects the lower number of collisions expected in the
75-year bridge design life.

A scour factor equal to 0.25 is recommended in combi-
nation with earthquakes. The lower scour factor with
earthquakes reflects the fact that aslong as atotal wash
out of the foundation does not occur, bridge columns
subjected to scour exhibit lower flexibilities that will
help reduce the inertial forces caused by earthquakes.
This reduction in inertial forces partially offsets the
scour-induced reduction in soil depth and the resulting
soil resistance capacity.

* When scour is possible, the bridge foundation should
always be checked to ensure that the foundation depth
exceeds 2.0 times the scour depth obtained from the
HEC-18 equations.

+ For the cases involving a dynamic anaysis such as the
analysisfor earthquakes, it isvery critical that the case of
zero scour depth be checked because in many cases, the
presence of scour may reduce the applied inertial forces.

* When a linear elastic analysis of single-column and
multicolumn bentsis used, the system factors devel oped
under NCHRP Project 12-47 should also be applied to
complement the resistance factors (Liu et al., 2001).

4.2 FUTURE RESEARCH

Thework performed as part of thisstudy reveal ed that sev-
eral issuesrelated to thereliability analysis of bridge systems
subjected to extreme load events need further investigation.
These issues include the following areas discussed below.

4.2.1 Evaluation of Proposed Load Factors

This report has recommended several changes in the load
factorsfor extreme eventsand their combinations. Theserec-
ommendations are based on the reliability analysis of sim-
plified models for typical bridge substructures subjected to
individual extreme events and the combination of events.
Extensivefield evaluation and experimentation with the pro-
posed recommendations using detailed structural analysis
model s should be undertaken. Some of these investigations
may include extensive field measurements, data collection,
and comparison of designs with evaluation of implied con-
struction costs.

4.2.2 Determination of Appropriate Target
Reliability Levels

The calibration of the load factors undertaken in this
research follows a commonly used approach whereby the
average reliability index from typical “safe” designsis used
as the target reliability value for the new code. That is, a set
of load factors and the nominal loads (or return periodsfor the
design loads) are chosen for the new code such that bridges
designed with these factors will provide reliability index val-
ues egqual to the target value as closely as possible. This
approach that has traditionally been used in the calibration of
LRFD criteria (e.g., AISC and AASHTO) has led code writ-
ersto choose different target reliabilitiesfor different types of
structural elements or for different types of loading condi-
tions. The choice of the different target Bsraisesthe following
question: If the reliability index () for live loadsis 3.5 and
for earthquake loads is 2.8, what should be the target when
combining live loads and earthquake loads? In this report, it
was decided that the higher reliability index should be used
except for the cases involving earthquakes. The justification
is that increasing the reliability index for earthquake threats
would involve high construction costs, which society may not
be willing to sustain. This subjective justification for using
different target reliabilities can be formulated using a risk-
benefit argument. For example, codes should tolerate a higher
risk for the design of bridges (or structures) against a particu-
lar event if the costs associated with reducing this risk are
prohibitive. Aktas, Moses, and Ghosn (2001) have presented
examplesillustrating an approach that can be used for deter-
mining the appropriatetarget reliability index values based on
risk-benefit analysis. More work is needed in that direction to
implement these conceptsin actual bridge calibration efforts.

4.2.3 Reliability Models for Bridge Foundations

The analysis of bridge bents under the effect of the loads
considered in this study is highly dependent on the accuracy
of the foundation analysis models and the uncertainties asso-
ciated with predicting the strength capacity of bridge foun-
dations. Similarly, the effects of the soil-structure interaction



on the response of bridge bents subjected to impact loading
(i.e., vessel collisions) or cyclic dynamic loads (e.g., earth-
quakes and winds) need to be carefully considered. Currently,
there is little information available to describe the uncer-
tainty inherent in commonly used foundation analysis proce-
dures. These uncertainties are caused by modeling assump-
tions, spatial variations of soil properties, and statistical
uncertaintiesdueto the limitationsin the soil samplesthat are
normally collected as part of the foundation design process.
Some preliminary research work is currently ongoing under
NCHRP Project 12-55. However, NCHRP Project 12-55 will
not address al the aspects of the problem—particularly the
dynamic effects of the loads on soil strength—and more
research work is needed on this highly important subject.
Reliability models should provide consistency between foun-
dation analysis procedures and structural analysis models to
better evaluate the reliability of complete structural systems
and the interaction among bridge superstructures, substruc-
tures, and foundations.

4.2.4 Live Load Models

The statistical database used during the development of
the live load model for the AASHTO LRFD code was col-
lected from truck weight surveys in Ontario, Canada, and
was supplemented by limited samples from Michigan. Some
of the limitations in the data include the following:

1. TheOntario truck weight datawere collectedin 1975in
a Canadian province that had higher truck weight lim-
itsthan the ones currently in effect in the United States.

2. TheOntario datawere biased toward heavy trucks(i.e.,
only trucksthat were believed to be heavily |loaded were
weighed); this would obviously produce a weight his-
togram showing an unusually high percentage of over-
loaded vehicles.

3. TheMichigantruck weight datawerea so biased because
Michigan allows higher truck weight limits for certain
truck configurations than do most other U.S. states.

4. The statistics on multiple-truck occurrences used inthe
calibration were not based on specific observations and
were unusually high compared with those observed on
typical highways.

5. The average daily truck traffic used in the calibration
was low compared with that observed on typical high-
ways.

6. Thesameliveload factor and liveload model were pro-
posed for all bridges, although itiswidely accepted that
bridgesin rura areas with lower traffic counts are less
likely to reach the projected maximum live load than
are bridges in heavily traveled industrial regions.

In general, these assumptions had to be made during the orig-
inal calibration because of lack of sufficient data. It isherein
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emphasized that, despitethe limitationsin the statistical data-
base, the calibration process produces conservative estimates
of the reliability levels and robust sets of load factors. How-
ever, the stated limitations in the database demonstrate the
necessity of collecting more data in order to obtain a better
assessment of the risks involved in current designs for var-
ious types of bridges and aso to provide a mechanism to
include site-specific information. The load combination fac-
tors depend on the number of live load events expected dur-
ing the occurrence of the other loads. Hence, more informa:
tion needs to be gathered on the rate and intensities of live
load events. Future live load models should be sufficiently
flexible to account for variations in these factors depending
on the sites considered, including the legal truck weight lim-
itsin effect at the site and the intensity of the traffic.

4.2.5 Wind Load Models

Considerable concern has been expressed regarding the
consistency of the data presented in the ASCE 7 maps that
are the basis for the AASHTO maps for wind speed intensi-
ties. Some of the most pressing issues raised by researchers
include the following:

1. Determining the proper probability distribution type
that most adequately represents the intensity of wind
speeds for hurricanes and for regular storms;

2. Considering statistical uncertainty and the effect of the
tails of the probability distributions;

3. Examining the relationship between the actually mea
sured wind speeds, including the regional variations of
wind intensities, and the adequacy of the wind speed
envelopes provided in the published maps;

4. Addressing theinconsistencies between the recurrence
intervals used in the maps for hurricane winds and
windstorms;

5. Remedying the lack of adeguate models for represent-
ing special cases such as tornados; and

6. Developing modelsto account for wind gusts on bridges.

It isclear that the effect of winds on civil engineering struc-
turesin general and on bridge structuresin particular did not
receive the same attention given to other loads, and more
work is needed in thisfield in order to develop rational and
consistent design methods.

4.2.6 Scour Models

It iswidely accepted that “amajority of bridges that have
failed in the United States and elsewhere have failed due to
scour” (AASHTO, 1994). Thisis confirmed by Shirole and
Holt (1991), who observed that over a 30-year period, more
than 1,000 of the 600,000 U.S. bridges have failed and that
60% of these failures are because of scour while earthquakes



104

accounted for only 2%. Of course, there are many more
bridges that are posted or otherwise taken out of service due
to their inadequate strengths (because of deterioration, low
rating, fatigue damage, etc.). Nevertheless, scour is consid-
ered to be a critical cause of failure because its occurrence
often leads to total collapse. For these reasons, developing
methods for the design and maintenance of bridge founda
tionsfor scour is currently considered to be atop priority for
agencies concerned with the safety of bridges, and there is
considerable research effort devoted to scour. The currently
accepted model for scour design and evaluation is the HEC-
18 model. HEC-18 stipulates that the scour depth produced
by a given flood is not affected by previous (or existing)
scour at the site. Hence, the maximum scour in agiven return
period is a function of the maximum flood observed in that
period and is not affected by previous smaller floodsthat may
have occurred within that same period. In addition, the HEC-
18 model assumes that the flood duration is always long
enough for the full scour depth corresponding to the flood
velocity to be reached. Although, for live bed conditions, the
scour holeis normally assumed to refill as the scour-causing
flood recedes, the available literature does not provide pre-
cise information on how long it normally takes for the foun-
dation to regain its origina strength. This is believed to
depend on the type of material being deposited by live-bed
streams. It is also noted that HEC-18 was devel oped based
on small-scale experiments involving sandy materials. Scale
effects and the effects of different soil types need to be
addressed in future research work. The importance of the
scaling effect isreflected by thelarge differencesobserved in
the reliability levels of rivers based on their discharge rates
and expected scour depths. The differences between river
scour and tidal scour should also be addressed. Simultane-
oudly statistical data need to be gathered on each of the pa-
rameters that affect scour in order to develop a comprehen-
sive reliability model for scour that is compatible with the
models available for the other extreme events.

4.2.7 Vessel Collision Models

AASHTO' s Guide Specification and Commentary for Ves-
sal Collision Design of Highway Bridges devel oped adetailed,
reliability-based model for studying the safety of bridges sub-
jected to vessdl collision forces (AASHTO, 1991). The model
accounts for the mgjor parameters that affect the rate of colli-
sions and the magnitude of the collision forces. However,
more dataare needed to verify several of the assumptionsused
inthe AASHTO model, including the effect of vessel sizeon
the geometric probability of collision, and to correlate therate
of accidents with site-specific information on the type and
size of the vessdl's, channel size and geometry, and other con-
ditions. It is especialy important to find explanations for the
differences observed between the collision forces generated
in laboratory experiments or computer analyses and actual
damage observed after collisionsin the field. These differ-

ences were lumped into amodeling random variable that was
identified by the AASHTO guide specificationsasthe random
variable X = Pyya /Pacuaes. Efforts should be made to reduce
the discrepancies between the predicted and observed forces
to reasonable levels.

4.2.8 Earthquakes

Considerable effort has been expended over the last 3
decades on developing rational and consistent models for
studying the safety of bridges subjected to earthquakes. To
provide reasonable confidence levels, hazard maps and uni-
form hazard response spectra have been developed for afine
grid covering the whole United States. The issues that till
require more research include the following:

1. Modeling of the ductility capacity and the relationship
between ductility capacity and response modification
factors, particularly for multidegree-of-freedom sys
tems, taking into consideration the effects of the
response modification factors on the overal reliability
of bridge systems;

2. Development of SSI models that would provide con-
sistent results for deep and shallow foundations;

3. Consideration of soil nonlinearity while determining
the natural periods of the system;

4. Classification of soilsfor site amplification parameters
and the consideration of uncertainties in determining
the site factors.

4.2.9 Consideration of Modeling
and Statistical Uncertainties

The research described in this report accounts for statisti-
cal and modeling uncertainties by representing these through
random variables that are directly included in the calcula
tions of thereliability index, 3. For example, during the cal-
ibration of the load factors, different COV values are used to
reflect the level of confidence associated with estimating the
earthquake intensities at different sites. Similarly, different
COV levelsare used to reflect the number of data points used
to estimate the mean and standard deviations of wind speeds
at different sites throughout the United States. However, the
fina load factors proposed are averaged from all the sites
and, thus, do not reflect the differences in the modeling and
statistical uncertainties in a direct manner. Work on includ-
ing uncertainty analysis in structural reliability formulation
has been ongoing for a number of years (e.g., see the work of
Ditlevsen[1982, 1988] and Der Kiureghian [2001]). However,
there has not been a formal procedure that would explicitly
account for the modeling and statistical uncertainties during
the calibration of load factors and the devel opment of struc-
tural design codes.

One possible approach would consist of calibrating two
load factorsfor each load. Oneload factor would bea* generic
load factor” that would be applicable for all sites and that



would reflect the inherent randomness of the physical param-
eters describing the effects of the load under consideration.
The second load factor would reflect the confidence level
associated with the statistical data available to estimate the
intensity of the loads at the particular site. The second load
factor would al so describe the difference between the results
from the structural analysis and those observed in the field.
Such an approach woul d encourage design engineersto collect
more data on the loads and on the load intensities expected at
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the designated (or existing) bridge site and would al so encour-
agetheengineersto utilize more advanced analysisprocedures
or field measurements to reduce the modeling uncertainties
associated with using simplified analysis and design methods.
Moses (2001) has generally followed a similar approach dur-
ing the calibration of theload and resistance factor rating and
load capacity evaluation proceduresfor existing bridges. The
possibility of employing the same format using a more for-
mal analysis of uncertainty should be investigated.
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GLOSSARY OF NOTATIONS
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Earthquake peak ground acceleration.
Cross-sectional area of the stream.

Barge bow damage depth.

Annual failurerate.

River channel width.

Vehicular braking force.

Aberrancy base rate.

Bias of X = X/X,.

Wind analysis constant.

Response spectrum modeling parameter.
Vehicular centrifugal force.

Cost of failure.

Hydrodynamic coefficient that accounts for the effect
of surrounding water on vessel collision forces.
Initial cost for building bridge structure.

Wind pressure coefficient.

Creep.

Expected total cost of building bridge structure.
Vehicular collision force.

Vessel collision force.

Diameter of pile or column.

Dead load of structural components and nonstructural
attachments.

Downdrag.

K—S maximum difference between measured
cumulative probability and expected probability.
Dead load of wearing surfaces and utilities.
Height of column above ground level.

Horizontal earth pressure load earth surcharge load.
Modulus of elasticity for pile.

Earthquake.

Vertical pressure from dead load of earth fill.
Wind exposure coefficient.

Location of maximum bending moment in pile shaft
below the soil surface.

Froude number.

Site soil coefficients for short periods.
Equivalent applied force.

Equivalent inertial force.

Applied force for load type K.

Friction.

Site soil coefficient for system with natural period
T=1sec.

Cumulative probability = the probability that the
variable Y takes avalue less than or equal to Y*.
Wind gust factor.

Acceleration caused by gravity.

Moment arm of applied force.

AASHTO LRFD design live load.

Iceload.

Dynamic amplification for live load.

Liveload intensity in terms of HL-93.

Vehicular dynamic load allowance.

Moment of inertia of pile.

Soil influence coefficient for lateral force.
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Soil influence coefficient for moment.

Scour coefficients that account for the nose
shape of the pier, the angle between the direction
of the flow and the direction of the pier, the
streambed conditions, and the bed material size.
Rankine coefficient.

Pile flexibility factor, which givesthe relative
stiffness of the pile and soil.

Foundation depth.

Effective depth of foundation (distance from
ground level to paint of fixity).

= Vehicular live load.

Overall length of vessel.

Liveload surcharge.

Maximum of all possible xvalues.

Moment capacity.

Moment capacity of column.

Design moment.

Manning roughness coefficient.

Number of vessels (or flotillas) of typei.
Probability of aberrancy.

Nominal design force for ship collisions.
Base wind pressure.

Axial force capacity.

Probability that bridge will collapse given that
avessel of typei has collided with bridge
member k.

Axial capacity of column.

Design axial force.

Probability of failure.

Geometric probability.

Pedestrian live load.

Passive resultant resisting force of the sail.
Soil bearing capacity.

River flow dischargerate.

Resistance or member capacity.

Correction factor for impacting barge width.
Correction factor for bridge location for vessel
aberrancy.

Correction factor for current acting parallel to
vessel path.

Correction factor for vessel traffic density.
Hydraulic radius.

Response modification factor.

Correction factor for crosscurrents acting
perpendicular to vessel path.

Load effect.

Slope of theriver bed stream.

Spectral acceleration.

Scour.

= Spectral acceleration for anatural period T; =1

Sec.
Spectrd acceleration for short period T, = 0.2 sec.
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Settlement.

Shrinkage.

Natural period of the system.

Natural period modeling factor.

Natural period at which the maximum spectral
acceleration is reached.

Temperature gradient.

Natural period at which the spectral acceleration begins
to decrease.

Uniform temperature.

Velocity (for wind speed, vessels at impact, or river
flow).

Wind friction velocity.

Wind velocity above ground level.

Base wind velocity = 160 km/h (100 mph).

Shear capacity of column.

Design wind velocity at design elevation Z.
Coefficient of variation (COV) of x = standard
deviation/mean value.

Weight (for vessal or structure).

Vessel weight modeling variable.

Water load and stream pressure.

Wind on live load.

Wind load on structure.

Vessel collision modeling variable.

Mean value of random variable x.

Maximum value of variable X in aperiod of timeT.
Nominal value of x as specified by design code.
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= Depth of river flow just upstream of bridge pier

excluding local scour.

Maximum depth of scour.

Scour depth.

Safety margin = R-S.

Friction length for wind.

Target reliability index used for calibration.

Reliability index.
Standard error in regression equation.
Resistance factor.

Angle of friction for sand.

Cumulative standard normal distribution function.
Unit adjustment parameter = 1.486 for U.S. units

or =1.0for Sl units.

Specific weight of sand.

Load factor for load type K.

Variable representing cyclic effects.

Modeling factor for the analysis of earthquake loads.
Live load modeling factor.

Scour modeling variable.

System factor that represents the capacity of the
“system” to continue to carry loads after failure of first
member.

Statistical modeling for estimating wind speed V.
Ductility capacity of a concrete column.

Specified ductility capacity.

Y early rate of collisions for each vessel (or flotilla) of
typei.

Standard deviation of arandom variable x.
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APPENDIXES

INTRODUCTION

Appendixes A, B, C, H, and | are published herein and on
CRP-CD-30; Appendixes D through G are published only on
CRP-CD-30. Appendixes D through G have not been edited
by TRB.

Appendix A gives the recommended revisions to the
AASHTO LRFD specifications. Proposed modifications to
text are underlined. Proposed modifications to tables are
shaded.

Appendixes B through G describe and illustrate the relia-
bility and analysis models used during the calibration of the
proposed load combination factors. Appendixes B through G
were written by Michel Ghosn from the City University of
New Y ork; Peggy Johnson from Penn State University; Fred
Moses from the University of Pittsburgh; Jian Wang,
Research Assistant at the City University of New York;
David Liu from Imbsen & Associates, Inc.; Darrel Gagnon
from Buckland & Taylor; and Mark Hunter from Rowan,
Williams, Davies, & Irwin, Inc.

Appendixes H and | describe and illustrate the earthquake
and scour reliability models developed during a scope exten-
sion phase of NCHRP Project 12-48. Appendix | performs a
reliability analysis of abridge that has the same configura-
tion of an example bridge analyzed as part of NCHRP Proj-
ect 12-49, which developed a set of specificationsfor the seis-
mic design of highway bridges and was published asNCHRP
Report 472. The objective of thisappendix isto verify that the
results presented in other appendixes of NCHRP Report 489
that use simplified analysis procedures are consistent with
those obtained with more compl ete analysis methods. A ppen-
dix | develops a method to perform the reliability analysis

of scour based on the data collected by Landersand Mueller
in their report entitled “Channel Scour at Bridges in the
United States” (FHWA-RD-95-184). Appendixes H and |
were written by Michel Ghosn from the City University of
New Y ork; Fred Moses, Engineering Consultant; and Jian
Wang, Research Assistant at the City University of New Y ork.
The contributions of Charles Annisfrom Statistical Engineer-
ing, Inc., whose help and advice were instrumental for com-
pleting the scour model, are gratefully acknowledged.

The appendixes and their authorship are as follows.

» Appendix A: Recommended Modificationsto AASHTO
LRFD Bridge Design Specifications

» Appendix B: Reliability Model for Scour Analysis
(Peggy Johnson)

» Appendix C: Reliability Analysisof Three-Span Bridge
Model (Michel Ghosn, Fred Moses, and Jian Wang)

» Appendix D: Reliability Analysis of 1-40 Bridge Under
the Combined Effect of Scour and Earthquakes (Michel
Ghosn, David Liu, and Peggy Johnson)

» Appendix E: Analysis of Maysville Bridge for Vessel
Callision (Michel Ghosn and Fred Moses)

» Appendix F: Analysis of Maysville Bridge for Earth-
quakes (Darrel Gagnon)

* Appendix G: Analysisof Maysvilleand I-40 Bridgesfor
Wind Loads (Mark Hunter)

« Appendix H: Seismic Risk Analysis of a Multispan
Bridge (Michel Ghosn, Fred Moses, and Jian Wang)

+ Appendix I: Analysis of Scour Data and Modified Reli-
ability Model for Scour (Michel Ghosn, Fred Moses,
and Jian Wang)
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RECOMMENDED MODIFICATIONS TO AASHTO LRFD BRIDGE DESIGN
SPECIFICATIONS
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Section 3 -loads and load Factors(Sl)

SPECIFICATIONS

3.3.2Load and L oad Designation

Thefollowing permanent and transient loads, forces, and effects

of extreme events shall be considered:

¢ Permanent Loads

DD = downdrag

DC= deadload of structural components and nonstructural

attachments

DW = dead load of wearing surfaces and utilities

EH = horizontal earth pressureload
ES=  earth surchargeload

EV=  vertical pressure from dead load of earth fill

¢« Transient Loads

BR=  vehicular braking force

CE=  vehicular centrifugal force
CR= creep
CT = vehicular collision force

CV = vess collision force
EQ= earthquake

FR=  friction
IC= iceload
IM = vehicular dynamic load allowance
LL=  vehicular liveload
LS= liveload surcharge
PL = pedestrian liveload
=  scour
SE=  settlement
= shrinkage
TG= temperature gradient
TU = uniform temperature

WA = water load and stream pressure
WL = windonliveload
WS=  wind load on structure

3.4LOAD FACTORSAND COMBINATIONS
3.4.1 Load Factorsand L oad Combinations
The total factored load shall be taken as:
Q=nZXvq (34.1-1)
where:

n = load modifier specified in Article 1.3.2

g = loads specified herein
i = load factors specified in Tables 1 and 2

COMMENTARY

Scour is not aload but is an extreme event that alters the
geometry of the structure and foundation possibly causing
structural collapse or the amplification of the effects of applied
loads.

C341

The background for the load factors specified herein, and the
resistance factors specified in other sections of these
Specifications are developed in Nowak (1999) and Ghosn,
Moses, and Wang (2003).

An aternative formulation that replaces the load modifier by a
system factor placed on the |eft-hand side of the design equation
has been proposed by Ghosn and Moses (1998) and Liu, Ghosn,
Moses and Neuenhoffer, A. (2001).




Section 3 -Loads and L oad Factors (Sl)

SPECIFICATIONS

Components and connections of a bridge shall satisfy Equation
1.3.2.1-1 for the applicable combinations of factored extreme
force effects as specified at each of the following limit states:

e STRENGTH I-

Basic load relating to vehicular use without wind.

e STRENGTHII -
Load combination relating to the use of the bridge by Owner

specified special design vehicles and/or evaluation permit
vehicles, without wind.

e STRENGTH III -

Load combination relating to the bridge exposed to wind velocity
exceeding 90 knvhr.

e STRENGTH IV -

Load combination relating to very high dead load to live |oad
force effect ratios.
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A reduced value of 0.50, applicable to al strength load
combinations, specified for TU, CR and SH, used when
calculating force effects other than displacements at the strength
limit state, represents an expected reduction of these force effects
in conjunction with the inelastic response of the structure. The
calculation of displacements for these loads utilizes a factor
greater than 1.0 to avoid undersized joints and bearings. The
effect and significance of the temperature gradient remains
unclear at thiswriting. Consult Article C3.12.3 for further
information.

The permit vehicle should not be assumed to be the only vehicle
on the bridge unless so assured by traffic control. Otherwise, the
other lanes should be assumed to be occupied by the vehicular
live load as specified herein. For bridges longer than the permit
vehicle, the presence of the design lane load, preceding and
following the permit load in its lane, should be considered.

Vehicles become unstable at higher wind velocities. Therefore,
high winds prevent the presence of significant live load on the
bridge.

The standard calibration process for the strength limit state
consists of trying out various combinations of load and resistance
factors on a number of bridges and their components.
Combinations which yield a safety index close to the target value
of B=3.5 areretained for potential application. From these are
selected constant load factors yand corresponding resistance
factors Bfor each type of structural component reflecting its use.

This calibration process had been carried out for alarge number
of bridges with spans not exceeding 60 000 mm. For the primary
components of large bridges, the ratio of dead and live load force
effectsisrather high, and could result in a s&t of resistance
factors different from those found acceptable for small- and
medium-span bridges. It is believed to be more practical to
investigate one more load case than to require the use of two sets
of resistance factors with the load factors provided in Strength
Load Combination |, depending on other permanent loads
present. Spot checks had been made on afew bridges with up to
183 000 mm spans, and it appears that Load Combination |V

will govern where the dead load to live load force effect ratio
exceeds about 7.0.
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e STRENGTHYV -

Load combination relating to normal vehicular use of the bridge

with wind of 90 km/hr velocity.

e EXTREMEEVENT I -

Load combination including earthquake.

e EXTREMEEVENTII -
Load combination relating to ice load, collision by vessels and

vehicles, and to certain hydraulic events with reduced live load,
other than that which is part of the vehicular collision load, CT.

« EXTREME EVENT IlI

Load combination relating to live load and scour.

COMMENTARY

Thislimit state includes live loads, LL in combination with water
pressure and earthguakes. The probability of a major earthquake
occurring during the crossing of maximum vehicular live loadsis
small. Hence the use of the 0.25 live load factor is justified.

Thejoint probability of these eventsis extremely low, and,
therefore, they are specified to be applied separately. Under these
extreme conditions, the structure is expected to undergo
considerable inelastic deformation by which locked-in force
effectsdueto TU, TG, CR, SH and SE are expected to be
relieved.

The0.25 live load factor reflects alow probability of the
concurrence of the maximum vehicular live load, and the
extreme events.

Similarly, 20.30 wind load factor reflects alow probability of
the occurrence of maximum wind speeds and the extreme events.

Because of the very low probability of simultaneous occurrence
of large live loads, high winds, and the extreme events, the
designer does not need to account for the simultaneous
combination of all three effects.

A check of the safety of the foundation should first be performed
by multiplying the scour depth calculated from the HEC-18
eguations by a scour safety factor equal to 2.00. This 2.00 factor
ensures that bridges susceptibl e to scour will still have reliability
levels similar to those of other bridges.

Thislimit state includes live loads, LL, water loads, WA, in the
presence of scour, SC. The probability that the maximum scour
depth is present at the same time that maximum live loads are on
the bridge is significant. Therefore, 1.80 times the maximum
calculated scour depth should be used in combination with the
maximum factored live load.
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« EXTREME EVENT IV

Load combination relating to wind loads in the presence of
scour.

« EXTREME EVENT V

L oad combination relating to ice load, collision by vessels or
vehicles in the presence of scour.

« EXTREME EVENT VI

L oad combination relating to earthquakes with scour.
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This limit state includes water loads, WA, and wind loads on
structures, WS, in the presence of scour, SC. To account for the
probability of a major windstorm occurring in the presence of the
maximum scour , 70% of the calculated scour depth should be
used in combination with wind loads.

Thislimit state includes water loads, WA, in the presence of
scour, SC, in combination with either ice loads, collisions by
vessals, or vehicles. The probability of a collision or maximum
ice loads occurring in the presence the maximum scour depth is
small. Therefore, only 60% of the calculated scour depth should
be used in combination with either ice load or acollision.

Thislimit state includes water loads, WA and earthquakes in the
presence of scour, SC. The probability of an earthquake
occurring in the presence of the maximum scour depth is small.
Therefore, consideration of using only 25% of design scour
depth may be warranted. Similarly, consideration of basing
water |oads on mean discharges may be warranted.

The presence of scour may increase the natural period of the
bridge system and lead to lower inertial forces. Hence, the worst
case scenario from Extreme Events | and V1 should be utilized.

The calibration of the scour combination factors for Extreme
Events |11 through VI has been performed by Ghosn, Moses and
Wang (2003) for bridge foundations set in river channels
assuming independence between scour and other extreme events.
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e SERVICEI -

Load combination relating to the normal operational use of the
bridge with 90 km/hr wind, and with all loads taken at their
nominal values. Also related to deflection control in buried metal
structures, tunnel liner plate and thermoplastic pipe and to
control crack width in reinforced concrete structures.

e SERVICEII -

Load combination intended to control yielding of steel structures
and dlip of dlip- critical connections due to vehicular live load.

e SERVICEIII -

Load combination relating only to tension in prestressed concrete
with the objective of crack control.

COMMENTARY

Compression in prestressed concrete components is investigated
using thisload combination. Service Il1 isused to investigate
tensile stresses in prestressed concrete components.

Thisload combination corresponds to the overload provision for
steel structuresin past editions of the AASHTO Specifications,
and it is applicable only to steel structures. From the point of
view of load level, this combination is approximately halfway
between that used for Service | and Strength | Limit States.

The live load specified in these Specifications reflects, among
other things, current exclusion weight limits mandated by
various jurisdictions. Vehicles permitted under these limits have
been in service for many years prior to 1993. Thereisno
nationwide physical evidence that these vehicles have caused
detrimental cracking in existing prestressed concrete
components. The statistical significance of the 0.80 factor on
live load is that the vent is expected to occur about once ayear
for bridges with two traffic lanes, less often for bridges with
more than two traffic lanes, and about once a day for the bridges
with asingle traffic lane.
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« FATIGUE -

Fatigue and fracture load combination relating to repetitive
gravitational vehicular live load and dynamic responses under a
single design truck having the axle spacing specified in Article
36.14.1

The load factors for various |oads comprising a design load
combination shall be taken as specified in Table 1. All relevant
subsets of the load combinations shall be investigated. For each
load combination, every load that isindicated to be taken into
account and which is germane to the component being designed,
including all significant effects due to distortion, shall be
multiplied by the appropriate load factor and multiple presence
factor specified in Article 3.6.1.1.2 if applicable. The products
shall be summed as specified in Equation 1.3.2.1-1 and
multiplied by the load modifiers specified in Article 1.3.2.

The factors shall be selected to produce the total extreme
factored force effect. For each load combination, both positive
and negative extremes shall be investigated.

In load combinations where one force effect decreases the effect
of another, the minimum value shall be applied to the load
reducing the force effect. For permanent force effects, the load
factor which produces the more critical combination shall be
selected from Table 2. Where the permanent load increases the
stability or load-carrying capacity of a component or bridge, the
minimum value of the load factor for that permanent load shall
also be investigated.

The larger of the two values provided for load factors of TU, CR
and SH shall be used for deformations and the smaller val ues for
all other effects.

For the evaluation of overall stability of earth slopes with or
without a foundation unit, only the maximum load factors shall
be used.
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The load factor, applied to a single design truck, reflects aload
level which has been found to be representative of the truck
population with respect to alarge number of return cycles of
stresses, and their cumulative effectsin steel elements,
components and connections.

This article reinforces the traditional method of selecting load
combinations to obtain realistic extreme effects, and is intended
to clarify the issue of the variability of permanent |oads and their
effects. As has always been the case, the Owner or Designer may
determine that not al of the loadsin a given load combination
apply to the situation under investigation.

It is recognized herein that the actual magnitude of permanent
loads may also be less than the nominal value. This becomes
important where the permanent load reduces the effects of the
transient ones.

It has been observed that the probability of permanent loads
exceeding the nominal valueis larger than the probability of
being less.

In the application of permanent loads, force effects for each of
the specified six load types should be computed separately.
Assuming variation of one type of load by span, length or
component within abridge is not necessary. For example, when
investigating uplift at a bearing in a continuous beam, it would
not be appropriate to use the maximum load factor for permanent
loads in spans which produce a negative reaction and the
minimum load factor in the spans which produce a positive
reaction. Consider the investigation of uplift. Uplift was treated
as a separate load case in past editions of the AASHTO Standard
Specifications, but now becomes a strength load combination.
Where a permanent load produces uplift, that load would be
multiplied by the maximum load factor, regardless of the spanin
which it islocated. If another permanent load reduces the uplift,
it would be multiplied by the minimum load factor, regardless of
the span in which it islocated. For example, at Strength | Limit
State where the permanent load reaction is positive and live load
can cause a negative reaction, the load combination would be
0.9DC + 0.65DW + 1.75(LL+IM). If both reactions were
negative, the load combination would be 1.25DC + 1.50DW +
1.75(LL+IM). For each force effect, both extreme combinations
may need to be investigated by applying either the high or the
low load factor as appropriate. The algebraic sums of these
products are the total force effects for which the bridge and its
components should be designed.

Water load and friction are included in all strength load
combinations at their respective nominal values.

For creep and shrinkage, the specified nominal values should be
used. For friction, settlement and water loads, both minimum and
maximum values heed to be investigated to produce extreme
load combinations.
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Table 3.4.1-1 Load Combinations and Load Factors

Load Combination DC LL WA | WS | WL FR TU TG SE EQ IC CT CVv SC
DD IM CR
DW | CE SH
EH BR
EV PL
Limit State ES LS
STRENGTH-| Yo 175 [ 1.00 |- - 1.00 [ 050/ | yre | Ve |- - - - -
1.20
STRENGTH-II Vo 1.35 [ 1.00 |- - 100 [ 050/ | vig |vVe |- - - - -
1.20
STRENGTH-III Yo - 1.00 | 1.40 | - 1.00 | 0.50/ | yrg Ve - - - - -
1.20
STRENGTH-IV Yo - 1.00 |- - 1.00 | 0.50/ | - - - - - - -
EH, EV, ES, DW, 15 1.20
DC ONLY
STRENGTH-V Yo 100 | 100 | 120 | 1.20 | 1.00 | 0.50/ | yrg Yee - - - - -
1.20
EXTREME EVENT -I Ve 025 | 1.00 | - N 1.00 | - - - 1.00 | - - - o
EXTREME EVENT-II Vo 025 | 1.00 | 0.30 | - 1.00 | - - - - 1.00 | 100 | 1.00 |-
EXTREME EVENT-IIl |y, 175 | 100 |- - 1.00 | - TE - - - 1.80
EXTREME EVENT-IV Vo - 1.00 | 140 | - 1.00 | - Vre Vse = = = = 0.70
EXTREME EVENT-V Yo - 1.00 | - - 1.00 | - - - - 1.00 | 1.00 | 1.00 | 0.60
EXTREME EVENT-VI Vo - 1.00 | - = 1.00 | - = = 1.00 | - = = 0.25
SERVICE-I 1.00 | 1.00 | 1.00 | 0.30 | 0.30 | 1.00 | 10U/ | yrg Yee - - - - -
1.20
SERVICE-II 1.00 | 1.30 | 1.00 |- - 1.00 | 1.00/ | - - - - - - -
1.20
SERVICE-III 1.00 | 0.80 | 1.00 | - - 1.00 | 1.00/ | yrg Vse - - - - -
1.20
FATIGUE-LL,IM& | - 0.75 | - - - - - - - - - - - -
CE ONLY
Table 3.4.1-2 -Load Factors for Permanent Loads, yp
Load Factor
Type of Load Maximum Minimum
DC: Component and Attachments 1.25 0.90
DD: Downdrag 1.80 0.45
DW: Wearing Surface and Utilities 1.50 0.65
EH: Horizontal Earth Pressure
e Active 1.50 0.90
e At-rest 1.35 0.90
EV: Vertical Earth Pressure
e Overal Stability 135 N/A
«  Retaining Structure 135 1.00
 Rigid Buried Structure 1.30 0.90
Rigid Frames 1.35 0.90
e Flexible Buried Structures other 195 0.90
than Metal Box Culverts
«  Flexible Metal Box Culverts 1.50 0.90
ES: Earth Surcharge 1.50 0.75
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The |load factor for temperature gradient, y;¢ and settlement, ys=
shall be determined on a project-specific basis.

3.4.2 Load Factorsfor Construction L oads

Load factors for the weight of the structure and appurtenances
shall not be taken less than 1.25.

Unless otherwise specified by the Owner, the load factor for
construction loads, for equipment and for dynamic effects shall
not be lessthan 1.5. The load factor for wind shall not be less
than 1.25. All other load factors shall be taken as 1.0.

3.4.3 Load Factor for Jacking Forces

Unless otherwise specified by the Owner, the design forces for
jacking in service shall not be less than 1.3 times the permanent
load reaction at the bearing, adjacent to the point of jacking.
Where the bridge will not be closed to traffic during the jacking
operation, the jacking load shall also contain alive load reaction
consistent with the maintenance of traffic plans, multiplied by
the load factor for live load.

The design force for post-tensioning anchorage zones shall be
taken as 1.2 times the maximum jacking force.
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The load factor for temperature gradient should be determined
based on:

» thetype of structure, and
e thelimit state being investigated

At thiswriting (1994), there is general agreement that in situ
measurements of temperature gradients have yielded arealistic
distribution of temperatures through the depth of some types of
bridges, most notably concrete box girders. Thereis very little
agreement on the significance of the effect of that distribution. It
is generally acknowledged that cracking, yielding, creep and
other non-linear responses diminish the effects. Therefore, load
factors of lessthan 1.0 should be considered, and there is some
basis for lower |oad factors at the strength and extreme event
limit states than at the service limit state.

Similarly, open girder construction and multiple steel box girders
have traditionally, but perhaps not necessarily correctly, been
designed without consideration of temperature gradient, i.e., yrg
=0.0.

Past editions of the Standard Specificationsusedy;, =0.0in
combination with earthquake effects. The possibility of partial
liveload, i.e., y;, < 1.0, with earthquake should be considered.
Application of the Ferry-Borges Model for combining load
eventsindicatesthat y;, = 0.25 is reasonable for a wide range of
values of ADTT and arepresentative set of earthquake intensity
and occurrence rate data.

C34.2

The load factors presented here should not relieve the contractor
from the responsibility for safety and damage control during
construction.

C343

The load factor of 1.2 applied to the maximum tendon jacking
force resultsin adesign load of about 96% of the nominal
ultimate strength of the tendon. This number compares well with
the maximum attainable jacking force, which islimited by
anchor efficiency.
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3.15 SCOUR: SC

The evaluation of scour depths at bridge piers and abutments
shall follow the procedure outlined in Hydraulic Engineering
Circular No. 18.

COMMENTARY
C38.1.3

Based on practical experience, maximum live loads are not
expected to be present on the bridge when the wind vel ocity
exceeds 90 knvhr. Hence, the load factor corresponding to the
treatment of wind on structures for the strength limit stateis
reduced to 1.20 in combination with a live load factor of 1.00.
A 0.30 wind load factor is used for Service | limit state.
Similarly, 20.30 wind load factor is used for combinations
involving vessel collisions

C.3.15

The HEC-18 manual (Richardson and Davis, 1995) presents the
state of practice for the design, evaluation, and inspection of

bridges for scour.

A scour safety factor equal to 2.00 should be used when
checking foundation depths with the scour calculated from the
HEC-18 model. The 2.00 factor ensures that bridges susceptible
to scour have reliability levels similar to those of other bridges.

The scour safety factor is reduced to 1.80 for the combination of
scour and live loads.

A scour safety factor equal to 0.60 is used for combinations
involving vessel collisions.

A scour safety factor equal to 0.70 is used for combinations
involving scour and wind loads.

A scour safety factor equal t0 0.25 is used for combinations
involving scour and earthquakes. Because the presence of scour
may result in the reduction of bridge stiffness and thus a
reduction in the inertial forces, it is critical that bridge safety be
checked for earthquake effects with and without the presence of
scour.
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2.6.4.4.2 Bridge Scour

As required by Article 3.7.5, scour at bridge
foundations is investigated for two conditions:

e The design flood for scour: The streambed material in
the scour prism above the factored total scour line shall
be assumed to have been removed for design
conditions. The design flood storm surge tide, or mixed
population flood shall be the more severe of the 100-
year event or an overtopping flood of lesser recurrence
interval.  Appropriate load combination and scour
factors are provided in Table 3.4.1-1 under Extreme
Eventslil, IV, V and V1.

e The check flood for scour: The stability of bridge
foundation shall be investigated for scour conditions
resulting from a designated flood storm surge tide, or
mixed population flood egual to or exceeding the design
flood but, not to exceed the 500-year event or an
overtopping flood of lesser recurrence interval. A scour
factor of 2.0 is specified for checking foundation
stability under this condition.

If the site conditions, due to ice or debrisjams, and low tailwater
conditions near stream confluences dictate the use of a more
severe flood event for either the design or check flood for scour,
the Engineer may use such flood event.

Spread footings on soil or erodible rock shall be located so that
the bottom of footing is below the factored scour depths
determined for the check flood for scour. Spread footings on
scour-resistant rock shall be designed and constructed to
maintain the integrity of the supporting rock.

COMMENTARY

C26.44.2

A maority of bridges that have failed in the Unite States and
elsewhere have failed due to scour.

The added cost of making a bridge less vulnerable to damage
from scour is small in comparison to the to the cost of a bridge
failure.

The design flood for scour shall be determined on the basis of
the Engineer's judgment of the hydrologic and hydraulic flow
conditions at the site. The recommended procedure is to eval uate
scour due to the specified flood flows and to design the
foundation for the event expected to cause the deepest factored
total scour.

The recommended procedure for determining the factored total
scour depth at bridge foundations is as follows:

» estimate the long-term channel profile aggradation or
degradation over the service life of the bridge,

» estimate the long-term channel plan form change over
the service life of the bridge,

» asadesign check, adjust the existing channel and flood
plain cross-sections upstream and downstream of bridge
as necessary to reflect anticipated changes in the
channel profile and plan form,

*  determine the combination of existing or likely future
conditions and flood events that might be expected tc
result in the deepest factored scour for design
conditions,

» determine water surface profiles for a stream reach that
extends both upstream and downstream of the
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Deep foundations with footings shall be designed to place the top
of the footing below the estimated factored contraction scour
depth where practical to minimize obstruction to flood flows and
resulting local scour. Even lower elevations should be considered
for pile supported footings where the piles could be damaged by
erosion and corrosion from exposure to stream currents. Where
conditions dictate a need to construct the top of a footing to an
elevation above the streambed, attention shall be given to the
scour potential of the design.

When tendering or other pier protection systems are used, their
effect on pier scour and collection of debris shall be taken into
consideration in the design.

The stability of abutments in areas of turbulent flow shall be
thoroughly investigated and exposed embankment slopes should
be protected with appropriate scour countermeasures.
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bridge site for the various combinations of conditions
and events under consideration,

» determine the magnitude of the factored contraction
scour and local scour at piers and abutments,

* evauate the results of the scour analysis, taking into
account the variables in the methods used, the available
information on the behavior of the watercourse, and the
performance of existing structures during past floods.
Also consider present and anticipated future flow
patterns in the channel and its flood plain. Visualize the
effect of the bridge on these flow patterns and the effect
of the flow on the bridge. Modify the bridge design
where necessary to satisfy concerns raised by the scour
analysis and the evaluation of the channel plan form.

Foundation designs should be based on the factored total
scour depths estimated by the above procedure, taking into
account appropriate geotechnical safety factors and load
combination factors. Where necessary, bridge modifications
may include:

» relocation or redesign of piers or abutments to avoid
areas of deep scour or overlapping scour holes from
adjacent foundation elements,

e addition of guide banks, dikes or other river training
works to provide for smoother flow transitions or to
control lateral movement of the channel,

» enlargement of the waterway area, or

e relocation of the crossing to avoid an undesirable
location.

Foundations should be designed to withstand the conditions of
scour for the design flood and the check flood. In general, this
will result in deep foundations. The design of the foundations of
existing bridges that are being rehabilitated should consider
underpinning if scour indicates the need. Riprap and other scour
countermeasures may be appropriate if underpinning is not cost
effective.

Available technology has not developed sufficiently to provide
reliable scour estimates for some conditions, such as bridge
abutments, located in areas of turbulence due to converging or
diverging flows.
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3.7.5 Changein Foundations Due to Limit State for
Scour

The provisions of Article 2.6.4.4 shall apply.

The consequences of changes in foundation conditions of loaded
structures resulting from the design flood for scour shall be
considered using the factored scour depth and load combination
factors provided in Table 3.4.1-1 for service limit states and
extreme event limit states [11, IV, V and VI.

Foundation instability due to factored scour depths resulting
from the check flood for bridge scour and from hurricanes shall
be considered using a factored scour depth. For the check of
foundation stability a factor of 2.0 is specified.

COMMENTARY

C3.75

Statistically speaking, scour is the most common reason for the
failure of highway bridges in the United States.

Provisions concerning the effects of scour are given in Section 2.
Scour per seis not a force effect, but by changing the conditions
of the substructure it may significantly alter the consequences of
force effects acting on structures.
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RELIABILITY MODEL FOR SCOUR ANALYSIS

Scour istypically assessed using the methodol ogies pre-
sented in FHWA'’ s Hydraulic Engineering Circular No. 18
(HEC-18) (Richardson and Davis, 1995), although many other
methods exist. The equations in HEC-18 are deterministic;
they do not account for uncertaintiesin the models, the model
parameters, or the hydraulic and hydrologic variables. Pier
scour is given in HEC-18 by

~ b- [P.65
% - 2.0K1K2K3K4 DED Fr10'43 (l)
where

Ys = scour depth,
y; = the upstream flow depth,
bN = the effective pier width,
Fr = the Froude number, and
K3, Ky, Ks, and K, = correction factors for the pier shape,
angle of attack, bed forms, and sedi-
ment gradation, respectively.

Adjustments to the pier width are given for the case of piles
and pile caps or footings. Each of the four correction factors
isgiven in tables and equations provided in HEC-18.

Monte Carlo simulation can be used to generate random
samples of the parameters in Equation 1 based on the speci-
fied coefficients of variation and distributions. Equation 1
can be modified by amodel correction factor A to account for
uncertainty in the model form and coefficients (Ang and
Tang, 1984) asfollows:

65
Ys _ D)_EP
75 = 2 OAK K, KK, =—
Y1 rhens 4Dy1|:|

Fr10.43 (2)
The selection of coefficients of variation and distributions
are dependent on each bridge and on difficultiesin assessing
parameters at that specific bridge. To obtain a probabilistic
scour depth, the following steps are followed:

1. Vauesfor each of the random variablesin Equation 2,
including the model correction factor, are generated
from their respective distributions for each of N simu-
lation cycles.

2. Pier scour is calculated from Equation 2 based on the
generated random variables.

3. Thisprocessisrepeated for N simulation cycles.

4. The mean and standard deviation are calculated for the
N values of scour depth.

5. A distribution is determined based on the N values of
scour depth.

The following example, taken from HEC-18, is used to
generate probabilistic scour depths for 5-, 10-, 25-, 50-, and
100-year hydrologic events. The means and coefficients of
variationsfor the variablesin Equation 2 are givenin Table 1
for the range of hydrologic events (in terms of T-year return
periods). The coefficient of variation for flow velocity was
calculated based on Manning's resistance equation and
assuming that n and S were the only significant sources of
uncertainty. Manning’s equation is given by

V = (F? RZ/Ssl/Z (3)

where

n = Manning’s roughness coefficient,
R = hydraulic radius, and
S=4dope

The uncertainty in V based on the uncertainty in n and Sis
given asfollows (Mays and Tung, 1992):

Q% = Q2 +0.250% ()

where Q is the coefficient of variation. Assuming that flow
depth is determined from the standard step method, the
uncertainty in flow depth can be calculated based on the
results of uncertainty analyses conducted by the U.S. Army
Corps of Engineers (Hydraulic Engineering Center, 1986):

Q, = 0.76y°5 11 (5N,)0% (5)

where N, is the rdiability estimate for n, 0 < N, < 1. In this
example, it is assumed that N, = 0.5 (moderate reiability).
Uncertainty in K is assumed. Uncertainty in A is based on
comparisons of observed scour depthsfor 515 sitesaround the
world with calculated valuesfrom Equation 1 (Johnson, 1995).

Using the procedure outlined above, the data in Table 1,
and 1,000 simulation cycles, probabilistic scour depths were
calculated. Table 2 provides the deterministic scour depths
computed for each return period based on the HEC-18 equa-
tion (Equation 1). The 1,000 scour depths for each return
period yield anormal distribution (Johnson and Dock, 1998)
with mean y; and standard deviation S, given in Table 2.
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TABLE 1 Parameter estimates, coefficients of variation, and distributionsfor a hypothetical bridge and a range of
return periods

5-year 10-year 25-year 50-year 100-year
Probability
Variable | Distribution Mean Q Mean Q Mean Q Mean Q Mean Q
b (m) N/A 152 0.000 1.52 0.000 152 0.000 1.52 0.000 1.52 0.000
V (m/s) symmetrical 2.04 0.280 2.29 0.28 2.68 0.28 291 0.28 3.73 0.28
triangular
y (m) symmetrical 114 0.075 137 0.084 173 0.097 1.95 0.10 284 0.13
triangular
A aymmetricdl | 55 | 0520 | 055 0520 | 055 0520 055 | 0520 055 0520
triangular
Ky N/A 1.0 0.000 1.0 0.000 1.0 0.000 1.0 0.000 1.0 0.000
K, N/A 1.0 0.000 1.0 0.000 1.0 0.000 1.0 0.000 1.0 0.000
K3 uniform 11 0.050 11 0.050 11 0.050 11 0.050 11 1.000
Ky N/A 1.0 0.000 1.0 0.000 1.0 0.000 1.0 0.000 1.0 0.000
TABLE 2 Computed scour depthsusing HEC-18 equation
(Equation 1), smulated scour depths (including correction
factor N), and standard deviations
Return Computed Scour | Simulated Mean | Standard
Period Depth (m) from | Scour Depth (m) | Deviation
(years) Equation 1 from Equation 2 (m)
5 2.53 1.39 0.46
10 271 149 0.48
25 3.00 1.65 0.49
50 311 171 047
100 3.58 2,07 0.48

Thus, for each return period the probability of exceeding
scour depths ranging from 0.5 m to 5.5 m can be calculated
asfollows:

_ 0 k-y0O
p(ys = k) = PHE 2 s, H (6)
where
p = probability,

Ys = scour depth,
k = selected scour depth,

z = standard normal variate,
Y. = mean scour depth, and
Ss = standard deviation of scour depth.

Table 3 shows these results. From Tables 2 and 3, the prob-
ability of exceeding the scour depths given by HEC-18 can
be estimated. For example, for the 100-year return period, the
HEC-18 equation (Equation 1) yields a value of 3.6 m. The
probability of exceeding this scour depth is approximately
0.0013. Such alow exceedance probability isto be expected
given that the HEC-18 equation is intended to predict a con-
servative, maximum scour depth.



TABLE 3 Exceedance probabilitiesfor selected scour depths
Selected
Scour 5-year 10-year 25-year 50-year 100-year
Depth, k
(m)
0.5 0.9735 0.9804 0.9905 0.9950 0.9993
1 0.8017 0.8463 0.9077 0.9346 0.9848
1.5 0.4055 0.4917 0.6202 0.6725 0.8705
2 0.0924 0.1440 0.2375 0.2686 0.5364
25 0.0079 0.0177 0.0414 0.0464 0.1721
3 2.327E-04 0.0008 0.0029 0.0030 0.0237
35 2.251E-06 1411E-05 7.986E-05 6.992E-05 0.0013
4 6.998E-09 8.530E-08 8.106E-07 5.521E-07 2.475E-5
4.5 6.897E-12 1.803E-10 3.017E-09 1.463E-09 1.743E-7
5 2.109E-15 1.321E-13 4.075E-12 1.288E-12 4.335E-10
55 0 0 0 0 3.773E-13
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APPENDIX C

RELIABILITY ANALYSIS OF THREE-SPAN BRIDGE MODEL

1. TRADITIONAL SCOUR EVALUATION
APPROACH

The AASHTO LRFD specifications (1994) state that “a
majority of bridges that have failed in the United States and
elsewhere have failed due to scour.” This is confirmed by
Shirole and Holt (1991), who observed that over the last 30
years, more than 1,000 of the 600,000 U.S. bridgeshavefailed
and that 60% of these failures are due to scour while earth-
quakesaccounted for only 2%. Of course, there are many more
bridges that are posted or otherwise taken out of service due
to their inadequate strengths (e.g., due to deterioration, low
rating, fatigue damage, etc.); nevertheless, scour is consid-
ered a critical cause of failure because its occurrence often
leads to total collapse. For these reasons, developing meth-
odsfor the design and maintenance of bridge foundationsfor
scour is currently considered atop priority for agencies con-
cerned with the safety of bridges.

The AASHTO LRFD specifications require that scour at
bridge foundations be designed for the 100-year flood storm
surge tide or for the overtopping flood of lesser recurrence
interval. The corresponding 100-year design scour depth at
bridge foundations is determined following the procedure
recommended by FHWA, using what isknown as“HEC-18"
(Hydraulic Engineering Circular No. 18 [Richardson and
Davis, 1995]). The foundation should then be designed taken
into consideration the design scour depth. This is achieved
by, for example, placing the footings below the scour depth,
ensuring that the lengths of pilesand pile shafts extend beyond
the scour depth, and verifying that the remaining soil depth
after scour provide sufficient resistances against shear fail-
ures and overturning.

HEC-18 recognizesthat thetotal scour at ahighway cross-
ing is comprised of three components:

1. Long-term aggradation and degradation,
2. Contraction scour, and
3. Local scour.

Aggradation and degradation arelong-term el evation changes
in the streambed of the river or waterway caused by erosion
and deposition of material. Contraction scour is due to the
removal of material from the bed and the banks of a channel,
often caused by the bridge embankments encroaching onto
the main channel.

Local scour involvesthe removal of materia from around
bridge piers and abutments. It is caused by an accel eration of
flow around the bridge foundation that accompaniesarisein
water levelsthat may be dueto floodsand other events. Local

scour and contraction scour can be either clear-water or live-
bed. Live-bed conditions occur when there is a transport of
bed material in the approach reach. Clear-water conditions
occur when there isno bed material transport. Live-bed local
scour iscyclicin nature asit allowsthe scour holethat devel-
ops during the rising stage of the water flow to refill during
the falling stage. Clear-water scour is permanent because it
does not allow for arefill of the hole.

In thisresearch effort, attention was focused on local live-
bed scour around bridge piers that, because of its cyclical
nature, is the most unpredictable type of scour. For local
scour around bridge piers, HEC-18 recommends the use of
the following design equation to predict the 100-year design
scour depth:

ooc®
Ymax = 2YoKiKo KK, == [ (1)

By

where

Ymax = the maximum depth of scour;
Y, = the depth of flow just upstream of the
bridge pier excluding local scour;

K., Ks, K; and K, = coefficients that account for the nose
shape of the pier, the angle between
thedirection of the flow and thedirec-
tion of the pier, the streambed condi-
tions, and the bed material size;

D = the pier diameter, and
F, = the Froude number defined asfollows:

Vv
Fo= s 2
" (gyo)" @
where V is the mean flow velocity at the pier, and g isthe
acceleration due to gravity.

The process that is followed to calculate the 100-year
design (or nominal) scour depth for abridgepier isasfollows:

1. Use statistical data on flood events for the bridge site
to obtain the expected maximum 100-year flood dis-
charge rate.

2. Perform a hydraulic analysis to obtain the correspond-
ing expected maximum 100-year flow velocity, V, and
the 100-year stream flow depth, y,.

3. Usetheinformation from Step 2 to cal cul ate the Froude
number.



4. Use information on pier geometry, streambed condi-
tionsand angle of attack, and streambed material to cal-
culate D, K, K,, Kz and K,.

5. Substitute the values obtained into the HEC-18 Equa
tion 1 to calculate the 100-year design scour depth for
the bridge under consideration.

The objective of thisproject, NCHRP Project 12-48, isto cal-
ibrate load factors for the scour extreme event and the com-
bination of scour with other extreme events such as earth-
quakes, winds, and ship collisions. The cdlibration should be
performed using reliability methods to be compatible with
the AASHTO LRFD specifications. The calibration process
requires the evaluation of the reliability inherent in current
design practice. The steps of the calibration processinvolve

1. “Designing” anumber of typical bridgesto satisfy cur-
rent specifications.

2. Finding the inherent reliability in these designs.

3. Finally, calibrating a set of load factors to ensure that
bridges designed with these factors will satisfy atarget
reliability that will be determined based on the experi-
ence gained from previous designs.

This appendix focuses on developing amodel for calibrating
load factorsfor bridges subjected to the combination of scour
and earthquake forces. Current design practice for scour uses
the HEC-18 equations published by FHWA. This section
illustrates the use of HEC-18 for finding the scour depth at a
bridge pier. The methodswill subsequently be used to develop
amodel to study the reliability of bridges subjected to scour
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and amodel to study thereliability of bridges subjected to the
combined effects of scour and earthquake forces.

1.1 Illustrative Example

To illustrate the use of the HEC-18 equation to find the
scour depth at abridge pier, we assume that we are to design
a bridge for the 100-year scour. The bridge is to be located
over a220-ft wide segment of ariver, and the bridge will have
the configuration shown in Figure 1.

Thebridgeisconstructed over a200-ft wideriver. To obtain
realistic resultsfor different possible dischargerates, datafrom
different small sizeriversare used and design scour depthsare
calculated for each of these river discharge rates. The rivers
chosenfor thisanalysis consist of thefollowing: (1) Schohaire
Creek inupstate New Y ork, (2) Mohawk River in upstate New
York, (3) Cuyahoga River in northern Ohio, (4) Rocky River
in Ohio, and (5) Sandusky River in Ohio. Data on the peak
annud discharge rates for each of the five rivers was obtained
fromthe U.S. Geological Survey (USGS) website. Lognormal
probability plotsand Kolmogorov—Smirnov (K-S) goodness-
of -fit tests showed that the peak annual dischargerate, Q, for
all fiverivers can be well modeled by lognormal probability
distributions. The mean of the log Q and its standard devia-
tion were calculated using a maximum likelihood estimator.
This data are provided in Table 1, along with the K-S maxi-
mum difference in cumulative distribution, Dn. D% isthe K-S
maximum difference between the measured cumulative prob-
ability and expected probability value. More than 60 data
pointswereavailablefor each of thefiverivers. Thisindicates
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Figurel. Profile of example bridge.

TABLE 1 Probability modelsfor fiverivers

River Log Q Sieq o D,
Schohaire  [9.925 0.578 0.067
Mohawk 9.832 0.243 0.068
Sandusky  |9.631 0.372 0.086
Cuyahoga [9.108 0.328 0.065
Rocky 9.012 0.378 0.049
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that the lognormal distribution is acceptable for a significant
levels o = 20 percent.

Inthisexample, wewill assumethat the width of the chan-
nel at the bridge siteis permanently set at 220 ft, asshownin
Figure 1. Therateof flow, Q, at agiven pointintimeisrelated
to the cross sectional area of the stream, A,, and the stream
flow velocity, V, by

Q=A\V. ©)

For arectangular cross section with a constant width, b, and
flow depth, Y,, the relationship becomes

Q=by,V. (4)

Theflow velocity, V, depends on the flow depth, y,. Therela-
tionship between the flow velocity, V, and flow depth, y,, can
be expressed using Manning’ s equation:

V = % R2/3gl2 (5)
where

n = the Manning roughness coefficient, which would vary
between 0.025 to 0.035 for earth (respectively for
good condition and for weeds and stones);

R = the hydraulic radius;

S= the dope of the bed stream; and

@ = an empirical factor equal to 1.486 when using U.S.
units (ft and sec).

For Sl units, F = 1.0. For the problem described in Figure 1,
the hydraulic radius, R, can be calculated by

_ by
C2+yo ©)

Inthisillustration, wewill assumeasiope of S=0.2%. Using
the equations given above, the rel ationship between the flow
rate Q and the flow depth y is given from the equation

0 by, " QU2 (7

Q=BYo 1y v 23,0

where the following is input data:

b = 220 ft,
@ =1.486,
n = 0.025, and
S=0.2%.

For the discharge rate data for each river shown in Table 1,
the flow depth for the 100-year flood can be calculated as y,
along with the corresponding velocity v. Given thisinforma-
tion and the geometric data of the river and the bridge pier,
the maximum design scour depth can be calculated from
Equation 1. Inthisexample, it isassumed that the round nose
pier isaigned with the flow and that the bed material is sand.
HEC-18 then recommends that the factors K,, K,, and K, all
be set equal to 1.0. For plane bed condition, Ksisequal to 1.1.
Using Equation 1 with the column diameter of D = 6 ft, the
design scour depth is obtained for each river as shown in
Table 2.

1.2 Discussion

To study the safety of bridges accounting for the combined
effect of scour and other extreme events, we need to know the
extent of scour for different flood intensities, and we al so need
to know how the scour depth varies with time. This includes
thetimeit takes for the flood to produce the maximum scour
and the duration of the foundation exposure after the occur-
rence of scour before refill. Time becomes an important pa-
rameter because it controlsthe probability of having asimul-
taneous occurrence of scour and other events.

The HEC-18 approach has been used extensively for prac-
tical design considerations athough the HEC-18 empirical
model provides conservative estimates of scour depthsandis
known to have the following limitations:

1. The HEC-18 equation is based on model scale experi-
ments in sand. In a recent evaluation against full-scale
observations from 56 bridge sites, it was found to vastly
over-predict the scour depth (Landers and Mueller,
1996). A comparison between the HEC-18 equation
and the measured depths are illustrated in Figure 2,
which is adapted from Landers and Mueller (1996).

TABLE 2 Design scour depth for each river
Q 100-year \Y Yo-flood Ymax-Scour
River (ftglsec) (ft/sec) depth (ft) depth (ft)
Schohaire 78,146 17.81 20.56 17.34
Mohawk 32,747 12.87 11.78 13.99
Sandusky 36,103 13.35 12.52 14.33
Cuyahoga 19,299 10.5 8.45 12.26
Rocky 19,693 10.58 8.56 12.32
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Figure2. Comparison of HEC-18 predictions with
observed scour depths.

2. Onceaflood begins, it takes a certain amount of time for
thefull extent of erosion to take effect. Thus, if theflood
isof ashort duration, the maximum scour depth may not
be reached before the flood recedes. On the other hand,
prior floods may have caused partia erosions accel erat-
ing the attainment of the maximum scour depth. HEC-
18 does not predict the length of time required for the
maximum scour depth to be reached and assumes that
the maximum depth is always reached independent of
the flood duration and the level of scour incurred by
prior floods.

3. The HEC-18 model does not distinguish between live-
bed scour and clear-water scour in terms of the time
required to reach equilibrium scour depth and the dif-
ferences in the expected magnitudes of scour depths
for these different phenomena (Richardson and Davis,
1995).

4. HEC-18 was developed based on experimental data
obtained for sand materials. Somework isin progress
to extend the use of HEC-18 for both sand and clay
streambed materials although it is known that these
materials behave differently (Briaud et a., 1999).

5. The usual assumption is that scour is deepest near the
peak of aflood, but may be hardly visible after flood-
waters recede and scour holes refill with sediment.
However, there are no known methods to model how
longit takesariver to back-fill the scour hole. Refill can
occur only under live-bed conditions and depends on
the type and size of the transported bed materia (i.e.,
sand or clay). Inany case, evenif refill occurs, it will take
a considerable time for the refill material to consoli-
date enough to restore the pier foundation to its initial
strength capacity. Although such information is not pre-
cisely available, anumber of bridge engineers have sug-
gested that periods of 2 to 3 months are reasonable for
clay materials with longer periods required for sands.
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6. Based on the observations made above, it is evident that
using the 100-year flow velocity and flow depth in the
HEC-18 equations does not imply that the annual prob-
ability of failure will be 1/100. Thisis primarily due to
the inherent conservative bias associated with the HEC-
18 equation. In fact, based on observed scour depths at
515 sites, Johnson (1995) has shown that the HEC-18
equation produces scour depth estimates that are on the
average 1.8 times higher than the measured values. This
showsthat the HEC-18 equation has abias equal to 0.55
(1/1.8). The observed differences between predictions
and measurements produced a coefficient of variation
(COV; standard deviation/mean) of 52%. Figure 2 shows
that these estimates are reasonabl e when compared with
the data collected by Landers and Muller (1996).

Based on the observations made herein, an appropriate reli-
ability model for the safety analysisof abridge pier under the
effect of scour isproposed, asillustrated in Section 2 of this
report. Thismodel isbased on the work presented in Appen-
dix B of the interim report for NCHRP Project 12-48.

2. RELIABILITY ANALYSIS FOR SCOUR

The HEC-18 modd stipulates that previous levels of scour
at the site do not affect the scour depth produced by agiven
flood. Hence, the maximum scour in a given return period
isafunction of the maximum flood observed in that period
and is not affected by previous smaller floodsthat may have
occurred within that same period. In addition, the HEC-18
model assumesthat the flood duration isawayslong enough
for the full scour depth corresponding to the flood velocity
to be reached.

Although the scour holeis normally assumed to refill asthe
scour-causing flood recedes, the available literature does not
provide precise information on how long it normally takesfor
the foundation to regain its origina strength. Thisis believed
to depend on thetype of material being deposited by live-bed
streams. For example, cohesive materials such as clays may
tend to regain their strength within a short period of time
(perhaps 2 to 3 months). On the other hand, fine sands may
take much longer to consolidate and regain their origina
strengths. As a compromise, for this illustrative example,
wewill assumethat it will take about 6 months (Y2 year) for
afoundation to regain its original strength. We will assume
that the scour depth produced by the maximum yearly flood
will remain at its maximum value for this half-year period.
This assumption will also indirectly account for the effects
of smaller floodswithin that period of time. In the proposed
model, we will also assume that the scour depth will be
reached instantaneously asthe flood occurs and that the flood-
ing period is aways long enough for the maximum scour
depth to be reached.

Using these assumptions, the proposed model for occur-
rence of scour can be represented as shown in Figure 3. T is
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Figure3. Representation of proposed scour model.

the lifetime of the bridge (e.g., 75 years), t is equa to the
duration of the maximum scour (Y2 year) for each time unit
(1 year). nisthe number of scour occurrenceswithin thetime
period T (or number of scour repetitions). For the 75-year
design life of abridge, n = 75, assuming one flooding season
per year.

Themodel represented in Figure 3 can be used to calculate
the reliability of afoundation subjected to scour alone or to
the combination of scour and other extreme events. Thereli-
ability calculations for scour alone areillustrated in Section
2.1linthisappendix. Thereliability calculationsfor the com-
bination of scour and earthquake loads areillustrated in Sec-
tion 5. In order to illustrate the load combination problem, a
reliability model for earthquake aloneisneeded. Such amodel
is presented in Section 4.

2.1 Reliability Analysis for Scour Alone

The model used herein for the reliability analysis of a
bridge foundation subjected to scour aone is based on the
example provided in Appendix B of the interim report for
NCHRP Project 12-48. The calculations use the following
assumptions:

1. The probability distribution for the maximum 1-year
flood is expressed as Fq(X), which gives the cumulative
probability that the 1-year discharge volume, Q, isless
than x. The cumulative probability distribution of the
maximum 1-year discharge volume Q follows a log-
normal distribution. Thisis based on probability plots
and K-S goodness-of -fit tests.

2. A 75-year design life (return period) is assumed in
order to be consistent with the AASHTO LRFD speci-
fications.

3. The maximum 75-year flood discharge has a cumula-
tive probability distribution Fqs(X) related to the prob-
ability distribution of the 1-year maximum discharge

by

Fars(X) = Fo(¥)™. (8)

Equation 8 assumes independence between the floods
observed in different years. This assumption isconsis-
tent with current methods to predict maximum floods.

. For a specific discharge rate Q, the corresponding val-

uesfor theflow velocity V and flow depth y, can be cal-
culated by solving Equation 7 for y, and then using
Equation 5to find V.

. It is noted that determining the appropriate Manning

roughness coefficient (nin Equations 5 and 7) is asso-
ciated with a high level of uncertainty. Therefore, in
thisexample, wewill assumethat nisarandom variable
with a mean value equal to 0.025 (the recommended
value for smooth earth surfaces) and a coefficient of
variation equal to 28%. The 28% COV was adapted
from the Hydraulic Engineering Center (1986), which
recommendsthat n follow alognormal distribution with
aCOV ranging from 20% to 35% (with an average value
of 28%). It is herein assumed that the dope Sis known
and, thus, the uncertaintiesin V are primarily due to the
uncertaintiesin determining n.

. For any set of valuesfor V and y,, one can calculate the

Froude number from Equation 2 and substitute these
valuesinto Equation 1 to find the 100-year design scour
depth. Equation 1, however, as explained earlier, gives
a safe value for the depth of scour. The average value
wasfound by Johnson (1995) to be about 0.55 timesthe
nominal value (biasvalueis0.55). Also, theratio of the
true scour value over the predicted value hasa COV of
52%. Thisbiasisrepresented by a modeling parameter
A« Thus, the true scour value is given by an equation
of theform

D D0.65

Ymax = 2AYoK KK Ky E%D Fo® (9)

. It should be noted that Johnson (1995) also recom-

mends that the factor K; representing the effect of
streambed condition, be treated as random variable
with abias equal to 1.0 and a COV equal to 5%.

. Data on the type of the probability distributions for Ay

and K; are not available. In the interim report for this
project, Johnson proposed to use triangular distribu-
tions. It is herein assumed that n will follow alognor-
mal distribution as recommended by the Hydraulic
Engineering Center (1986). Thiswill ensurethat n does
not take values less than 0. On the other hand, because
it isunlikely that Ay and K3 will have upper or lower
bounds, we shall herein assume that these two random
variablesfollow normal (Gaussian) distributions. Note
that triangular distributions where assumed in the
interim report for both these variables. A sensitivity
analysis will be performed at a later stage of this proj-
ect to study how these assumptions will affect the final
results.



Theinformation provided above can be used in asimulation
program to find the probability that the scour depth in a 75-
year period will exceed agiven valuey,.. A summary of the
input dataused inaMonte Carlo simulation program that cal-
culatesthe probability that the actual scour depth will exceed
acritical valueis shown in Table 3.

The probability that v, will exceed a critical scour depth,
Ve, iscalculated for different values of y, asshownin Figure 4
for dl five rivers. This data are also summarized in Table 4.
The results of the simulation can be summarized as shownin
Table 4 for thefiverivers. It is observed that the safety index
implied in current scour design procedures is on the order of
1.40 to 1.50, which is much lower than the 3.5 safety index
used asthe basisfor the calibration of the load factorsfor the
combination of live and dead loads.

Table 5 givesthe load factor that should be applied on the
scour design equation in order to produce different values of
reliability indexes. For example, if atarget reliability index
Of Brrgee = 3.50 is desired, then the average load factor that
should be used in designing bridge foundations for scour
should be equal to 1.69. Similarly, if areliability index Brarge =
2.50isto be used asthe target index for the design of bridge
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foundations for scour, then the load factor should be equal to
1.32. Thismeansthat a“load” (safety factor) equal to 1.69 to
satisfy atarget index of 3.5 or equal to 1.32 to satisfy atarget
index of 2.50 should further multiply the scour depth obtained
from Equation 1. Theload factorsfor other target safety index
values ranging from 4.0 to 2.0 are provided in Table 5.

2.2 Final Remarks

Thereliability calculations shown above assumed a deter-
ministic valueof y,. Ingeneral thecritical depth, y,,, that will
produce the failure of the foundation is a random variable
that depends on the foundation type, soil properties, and the
type of loading (lateral or vertical) applied on the structure.
For example, under the effect of lateral loads, pile founda
tions may fail in shear or in bending. Probability of failure
would increase in the presence of scour that extends the
moment arm of the lateral load. In addition, scour would
decrease the depth of the remaining soil availableto resist the
applied moment and shear forces. On the other hand, when a
dynamic analysis is performed, it is observed that the pres-
ence of scour reduces the stiffness of the bridge foundation

TABLE 3 Input data for reliability analysisfor scour alone
Variable Mean value CQoVv Distribution Type
Q—maximum 75-yr discharge rate|As provided in Table 1|As provided in Table 1 |Lognormal
Ao _modeling variable for Q 1 5% Normal
n Manning roughness 0.025 28% Lognormal
Asc modeling variable 0.55 52% Normal
Ks; Bed condition factor 1.1 5% Normal
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Figure4. Probability that actual scour will exceed critical depths.
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TABLE 4 Summary of simulation results

Average Average Ys7s
Qrsyr (Q for (max.scour
75 years) COV of depth in COV of Design Reliability

River (ft3/sec) Q7syr 75 yrs) Ys7s depth (ft) index 3
Schohaire |85,000 29% 9.8 52% 17.3 1.40
Mohawk 34,000 12% 7.8 51% 14.0 1.51
Sandusky |38,000 18% 8.0 51% 14.3 1.41
Cuyahoga (20,000 16% 6.9 51% 12.3 1.42
Rocky 21,000 19% 6.9 51% 12.3 1.40

TABLES5 Design scour depthsrequired to satisfy target reliability levels

Target
index B=4.0 B=35 B=3.0 B=25 B=20
Required Load Load Load Load Load
depth (ft) |Depth |factor | Depth [factor | Depth |[factor [ Depth |[factor|Depth | factor

River

Schohaire 335 [1.90 [30.0 [1.73 [26.0 [1.50 [23.0 |1.33 |20.0 [1.15

Mohawk 26.0 [1.86 [23.0 |1.64 [20.5 |146 185 [1.32 |16.0 |1.14

Sandusky [26.5 [1.85 [24.0 [1.68 |21.0 |1.47 ([19.0 [1.33 |17.0 [1.19

Cuyahoga [22.0 [1.79 |20.5 |1.67 |18.0 [1.46 |16.0 |1.30 |14.0 [1.14

Rocky 230 [1.87 [21.0 |1.71 [18.0 |146 [16.0 [1.30 |140 |1.14

Average 1.85 1.69 1.46 1.32 1.15

thus creating a more flexible system that often leads to a
reduction in dynamic loads. The example solved in the next
section of this report will illustrate how the lateral load will
affect the safety of bridges for different failure modes.

The controlling random variable for the reliability analysis
isthe modeling factor A, which hasahigh COV of 52%. This
COQV ishigher than that of the maximum 75-year flood, which
is about 15%. It should be noted that the analysis performed
for scour alone produces areliability index and probability of
failure values that are totally independent of the time period
during which the scour hole is at its maximum depth. The
effect of the scour duration will be important as we study the
reliability of bridge piers due to the combined effects of scour
and other loads. Section 3 will analyze the bridge described in
Figure 1 for earthquake loads using current analysis meth-
ods. Section 4 will develop amodel for thereliability analy-
sis of bridge piers subjected to earthquake loads alone. Sec-
tion 5 will demonstrate the reliability analysis for the
combination of earthquake loads and scour.

3. ANALYSIS OF BRIDGE
FOR EARTHQUAKE LOADS

In this appendix, we are illustrating the case in which scour
is to be combined with seismic forces. In order to study the
combination problem, we first perform a deterministic analy-
sisof the bridge under the effect of seismic forcesto determine
the nominal design forces and moments. In Section 4, thereli-
ability of the column subjected to seismic forces alone is
executed. In Section 5, the reliability analysisis expanded to
demonstrate how the combination of scour and earthquakes

will affect thereliahility of the column and thefoundation. The
reliability analysiswill be used to develop load factorsthat will
be calibrated to achieve consistent target reliability levels. A
first attempt on the calibration is presented in Section 6.

3.1 Bridge Geometric Properties

The bridge example studied in this section consists of three
spans (60 ft, 100 ft, 60 ft) asillustrated in Figure 1 of Section
1.1. The bridge has two bents, each of which isformed by a
6-ft-diameter column. The weight applied on each bent is
calculated to be 1,527 kips divided asfollows: superstructure
weight = 979 kips, weight of substructure = 322 kips, and
weight of wearing surface = 2.46 kip/ft. Following current
practice, thetributary length for each columnis 91.9 ft where
50 ft is 50% of the distance between the columns and 41.9 ft
is 70% of the distance between the column and the external
support. Thisassumesthat thelateral connection of the super-
structure to the abutmentswill not break because of the earth-
guakelateral motions. The clear distance between the base of
the column and the center of the superstructure is 25 ft. The
foundation consists of apile shaft (pile extension) that extends
50 ft into the soil. The soil isassumed to have an elastic mod-
ulus of Es = 10,000 psi corresponding to moderately stiff
sand. The point of fixity of thefloating foundation can be cal-
culated using the relationship provided by Poulos and Davis
(1980), given asfollows:
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where

L. = the effective depth of the foundation (distance from
ground level to point of fixity);
L = the actual depth;
e = theclear distance of the column above ground level;
Kr = the pile flexibility factor which gives the relative
stiffness of the pile and soil;
Ion = the influence coefficient for lateral force; and
lom = the influence coefficient for moment.

The pileflexibility factor is given as follows:

_Elp

Ke = £

(11)

If the pile is made of 4,000 psi concrete, then E, equaling
3600 ksi (= 57[4000]*?) and the diameter of the column
being D = 6 ft results in a moment of inertia |, = 63.62 ft*
(= Tr#/4). Thus, for a pile length of 50 ft, the pile flexibility
becomes

_ Eplp _ 3,600,000 x 63.64 _
"Bl 1000%50° - 0.037.

Kr (11)

The charts provided by Poulos and Davis (1980) show that
for Kg = 0.0037, the influence coefficients I, and Iy are
respectively on the order of 5 and 15. This will produce an
equation of the following form:

el 41 5250kl = ( ;5)
5ol +1'550E50D 3x0.0037 x 5+5050

(10)
where the value of e = 25 ft, which is the clear height of the
column.

The root of this equation produces aratio of L./L = 0.35,
resulting in an effective depth of 18 ft below ground surface.
Thus the effective total column height until the point of fix-
ity becomes 25 ft + 18 ft = 43 ft.

For transverse seismic motion, the bent is assumed to be
fixed at the base of the effective pile depth and free on the
top. Thus, the bent stiffnessis

_ 3El

Koen =15 (12)

where

H = the effective column height (H = e + L),
E = the column’s modulus of elasticity, and
| = the moment of inertia

For typical concrete columns, E equals 3,600 ksi. For acir-
cular column with a diameter of D = 6 ft, the moment of
inertiais
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| 4 —6364ft", (13)

For a height equal to 45 ft, Equation 13 gives the bent stiff-
ness as follows:

_ 3EI _ 3x3600k/in? x144ft?/in? x 63.64ft*

Kbent - F - (43ft)3 (12,)
= 1244 kip/ft.
The natural period of the bent system, T is
_2m_, M _,_[1527 kip/32.2 ft/sec?
T=0 ‘2“\/K = 2N 1004 kipift (14)
=123 sec
where

w =thecircular frequency of the system;

M = the mass (M = W/g where Wisthe weight and g isthe
acceleration of gravity); and

K = the stiffness.

According the AASHTO LRFD specifications, the elastic
seismic response coefficient C is given by

c=15P<25a (15)

where

A = the acceleration coefficient (the seismic acceleration
asamultiple of the acceleration of gravity),

S= the soil type parameter, and

T = the natural period of the system.

The AASHTO LRFD specifications (Figure 3.10.2-2 of the
manual) provide maps that give seismic acceleration for dif-
ferent regions of the United States. For example, for bridges
tobelocated inthe New Y ork City area, the map of the accel-
eration coefficients shows a value of A on the order of 15%
to 18% of g. Current trends in earthquake design of highway
bridges are favoring the use of the National Earthquake Haz-
ards Reduction Program (NEHRP) spectra, and a new earth-
guake design specification for bridgesis proposing to use the
same NEHRP spectra developed for buildings. For this rea-
son, thisappendix isbased on using the NEHRP spectrarather
than the current AASHT O specifications. The sectionsbelow
illustrate the application of the NEHRP approach for the
design of the bridge illustrated in Figure 1 of Section 1.1.

3.2 Earthquake Intensity

The USGS mapping project gives the peak ground acceler-
ations (PGAS) at bedrock level and the corresponding spectral



136

valuesfor 10%, 5%, and 2% probability of exceedancein 50
years for points throughout the United States. The spectral
accelerations are given for periods of 0.2, 0.3, and 1.0 sec
corresponding to the three different PGAs. Table 6 lists
these valuesfor the areas with the following zip codes: 10031
in New York City, 38101 in Memphis, 55418 in St. Paul,
98195 in Seattle, and 94117 in San Francisco. The spectral
accelerations give the accelerations of the mass of a single-
degree-of-freedom system that is supported by a system that
has a natural period of 0.2, 0.3, or 1.0 sec when the acceler-
ation at the base of the system is equal to the corresponding
PGA. The values shown in Table 6 are in %g where g isthe
acceleration due to gravity. Table 6 shows the accelerations
for three different probabilities of exceedance, namely 10%
in 50 years, 5% in 50 years, and 2% in 50 years. For exam-
ple, the 2% in 50 years corresponds to an earthquake return
period of 2,500 years. The 10% in 50 years correspondsto a
return period of 500 years. These return periods are normally
used as the bases of current bridge design practice.

3.3 NEHRP Earthquake Response Spectrum

The spectral accelerationsprovidedin Table 6 arefor single-
degree-of-freedom (SDOF) systems founded on bedrock.
Thevauesaregiven for only three natural periods—0.2, 0.3,

TABLE 6 Probabilistic ground motion values, in %g, for
five sites (based on USGS website)

10% PE in 5% PE in 2% PE in

Site 50 yr 50 yr 50 yr
S.Francisco
PGA 52.65 65 76.52
0.2 sec SA |121.61 140.14 181
0.3 sec SA |120.94 140.44 181.97
1.0 sec SA [57.7 71.83 100.14
Seattle
PGA 33.77 48.61 76.49
0.2 sec SA [75.2 113.63 161.34
0.3 sec SA [62.25 103.36 145.47
1.0 sec SA [22.06 32.23 55.97
St. Paul
PGA 0.76 1.31 2.5
0.2 sec SA |1.82 3.17 5.63
0.3sec SA |1.61 2.72 4.98
1.0 sec SA [0.73 1.38 2.66
New York
PGA 6.32 11.92 24.45
0.2 sec SA |12.59 22.98 42.55
0.3 sec SA [9.42 16.64 31.17
1.0 sec SA |2.85 5.11 9.4
Memphis
PGA 13.92 30.17 69.03
0.2 sec SA [27.46 58.71 130.03
0.3 sec SA |20.38 43.36 110.62
1.0 sec SA [6.46 15.47 40.74

and 1.0 sec—in addition to the PGA. NEHRP has proposed
a method to use the information provided in Table 6 to
develop acceleration response spectrathat are valid for vari-
ous soil conditions and for systems with different natural
periods. The NEHRP response spectra can be described by a
curve with the shape shownin Figure 5. In Figure 5, S, isthe
spectral acceleration, Tisthenatural period of the system, Sy
is the maximum spectral acceleration, and S, is the spectral
acceleration for a period of T =1 sec. All spectral accelera-
tions are given as function of g, the acceleration due to grav-
ity. To givesthe period at which the maximum spectral accel-
eration is reached. T; gives the period at which the spectral
accel eration decreases bel ow the maximum value. When the
period T is less than T,, the spectral acceleration increases
linearly. When the period T is greater than T, the spectral
acceleration isinversely proportional to T. The values of Sy
and S, aswell as Ty and T, are calculated from the spectral
accelerations given in Table 6 and the soil properties as
described further below.

The first step in the earthquake analysis process is to
develop the spectral response curve of Figure 5. Thisrequires
the identification of the foundation soil type. Having a mod-
ulus of elasticity on the order of 10,000 psi would classify the
site condition as stiff soil (NEHRP Soil Category D). This
information will be used to obtain the site coefficients (or site
amplification factors).

For a 500-year return period (10%PE in 50 years), the
mapped spectral acceleration, S, for the short period of T=0.2
sec is taken from Table 6 for each of the five sites. Similarly,
the spectral acceleration S for aperiod of T =1 secisobtained
from Table 6 for each site. The site coefficients are obtained
from the NEHRP provisions as F, for short periods and F, for
1 sec from Table 4.1.2.4.a and 4.1.2.4.b of NEHRP (1997).
Thus, the maximum earthquake spectral response accelera-
tionsfor short period (0.2 sec) Sysand for the 1-sec period Sy,
adjusted for the proper soil profile are obtained from
S\/IS = FaSS and S\/Il = Fv Sl (16)
NEHRP allowsfor a?/s (= 0.667) correction on the maximum
earthquake accelerations. Thus, the critical amplitudesonthe
response spectrum are

A
S
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SDt / \
>
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Figure5. NEHRP design response spectrum.



Sus=0.667S,s=0.667FaSs  and
1)
Su = 0.667S,, = 0.667F, S..

All spectral values are given in function of the acceleration
due to gravity, g. Critical periods on the response spectrum
(see Figure 5) are

To = 0.208::/Sos and Ts=S1/Sos (18)
The equation describing the accel eration response spectrum,
S, shown in Figure 5 will be

S = o.B%T +040Ss  forT <T,
0

S =S for Ty <T <T, (19)

Sd:% forT>T;

For the 2,500-year return period (2%PE in 50 years), the
mapped maximum earthquake spectral responsefor short peri-
ods, S, are also taken from Table 6, and the determination of
the spectral curveisexecuted following Equations 16 through
19 for each of the five sites. The site coefficients, F, and F,
(steamplification factors), are also obtained from the NEHRP
provisions. The maximum earthquake spectral response accel-
erations adjusted for the proper soil profilearegivenin Table 7
for the five sites studied for a natural period of T = 1.23 sec,
which is the period of the system studied in this example.

3.4 Design Moment Capacity of Column

Using a response modification factor of R= 2.0 for single
columns of essential structures, the applied design forcesand
moments are reduced by R = 2.0 to account for column duc-
tility. The equivalent force on the top of the column is
obtained by multiplying the weight by the spectral accelera-
tion (S,) corresponding to the natural period of T = 1.23 sec.
The moment at the base of the pile shaft is obtained by multi-
plying the equivalent force by the effective column height H.
Thus, the final design moment in the column is obtained as
follows:

TABLE 7 Spectral accelerations, S,, for
10% and 2% PE in 50 yearsfor bridge column
(based on NEHRP specifications)

Site 10%PE in 50yr | 2%PEin 50 yr
San Francisco [0.469 0.814
Seattle 0.234 0.455
St. Paul 0.009 0.035
New York 0.037 0.122
Memphis 0.084 0.352
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H
Mdesjgn = VV% . (20)

The weight applied on the bridge column W is 1,527 kips.
The spectral acceleration values are taken from Table 7. The
effective height of the column, H, includes the clear height
plus the depth to the point of fixity (H=e+L,=25ft + 18 ft
=43 ft). Using Equation 20, the design moments for the col-
umn are calculated as given in Table 8.

3.5 Check of Foundation Safety

The design of the foundation should be such that the soil
must be able to resist either the elastic forces applied on the
bridge system or the forces produced from the plastic hing-
ing of the column. The smaller of the two resulting forcesis
used for designing the depth of the bridge foundation, imply-
ing that if the earthquake forces induce the formation of the
plastic hinge in the column, then only the forces transmitted
by the hinge need to be considered for the soil resistance. It
isonly in the case in which the columns are so overdesigned
that no hinges will form in them that the soil needs to carry
the full elastic forces applied on the bridge system.

For piles in cohesionless soils, the depth of the pile bent
should be such that the soil pressure resiststhe applied latera
forces. Using the Broms model as described by Poulos and
Davis (1980), the lateral load capacity of the soil is given by

_ 05yDL3K,,

at e+L

(21)

where

y =the soil’ s specific weight;

L = the depth of the foundation;

D = the diameter of the foundation;

e = the column eccentricity above ground level; and
K, = Rankine's passive pressure coefficient, given by

_1+sno

P 1-dng (22)

where @isthe angle of internal friction of the soil.

TABLE 8 Design momentsfor 10% and 2% PE in
50 year s (based on NEHRP specifications)

10% PE in 50 yr 2% PE in 50 yr
(kip-ft) (Kip-ft)
San Francisco [15397.5 26724.03
Seattle 7682.34 14937.88
St. Paul 295.47 1149.07
New York 1214.73 4005.32
Memphis 2757.76 11556.34
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For design purposes, the applied lateral force resulting
from the formation of the plastic hingein the bridge column
is obtained from the over strength moment capacity of the
column, which is 1.3 times the plastic moment capacity (i.e.,
1.3 timesthe values shown in Table 8).

If the clear column height ise = 25 ft and the effective depth
to the point of fixity isL,=18 ftwithH =43ft (H=e+L,),
then the equivalent shearing force produced in the hinge
accounting for the column’s over strength will be

1.3M
T (23)

where M, is taken from Table 8. Using this information, the
required foundation depth for each siteis given as shown in
Table 9.

Notice that the calculations of the effective depth and the
applied moment performed above during the determination
of the column design capacity assumed afoundation depth of
50 ft. Theresults of Table 9 show that the 50-ft depth is con-
servative for most bridge sites. It is also noted that the point
of fixity for the bridge/foundation system under lateral loads
isontheorder of 16 to 18 ft for all foundations exceeding 30
ft in actual depth. An iterative process may be used to find
the optimum foundation depth as a function of siteinforma-
tion. In addition to resisting the lateral load, the foundation
depth should be such that the pile be able to carry the applied
vertical loads due to the dead weight of the structure and the
live load expected during its design life. The required foun-
dation depth to resist the vertical loads is calculated in Sec-
tion 3.6. The reliability calculations performed in Section 4
studies the effect of different column depths on the safety of
bridge columns against the failure of the column in bending
and the bearing capacity of the foundation.

3.6 Safety Check of Foundation
for Vertical Loads

In addition to carrying the horizontal load produced by the
earthquake tremors, the foundation should be able to carry
thevertical loads applied on the structuresincluding the dead
weight of the superstructure and substructure as well as the

TABLE 9 Required foundation depth based on
column capacity

Site Required foundation depth (ft)
10% PEin 50 yr | 2% PE in 50 yr
San Francisco [34.7 43.7
Seattle 26.2 34.3
St. Paul 7.6 12.5
New York 12.8 20.2
Memphis 17.5 30.8

vertical liveload. Pilesresist the vertical loads caused by the
combination of friction resistance and bearing resistance.

The friction and bearing resistances are a function of the
pile dimensions and soil properties. In the case studied herein,
the angle of friction for sandy soil is taken as ¢ =35°, the
modulus of elasticity as Es = 10,000 psi, the Poisson ratio as
v = 0.3, the unit weight asy =60 Ib/ft3, and the pile diameter
as D = 6 ft. Poulos and Davis (1980) show that the vertical
stressin the soil will vary linearly up to alevel of z=7times
the pile diameter, z = 7D. This means that the stress will
vary linearly up to 42 ft below ground level, after which
point the stress remains constant. For saturated soils, the
maximum pressure will be due to the combination of water
and soil weights, thus the maximum stress will be 6, = 42 ft x
60 |b/ft® = 2,520 |b/ft?. For bored pileswith ¢ =35°, the bear-
ing capacity factor N, isgiven by Poulosand Davis (1980) as
Ng = 40. Thus, the bearing capacity of the pile, Py, at the
42-ft level and below will be asfollows:

Pbu = Abov Nq (24)

where A isthe pile base diameter. For A, = 28.27 ft2 (= TD%4),
o, = 2,520 |b/ft?, and N, = 40, the bearing capacity of the pile
at the 42-ft depth and below is P,, = 2.85 x 10°lb or 2,850
kips. Thefriction force, Py, for upto zftin depth isgiven by

_ TD( 0, K tan ¢z

Py 5

(25)

Thevalue of K tan @ =0.20is provided by Poulos and Davis
for afriction angle ¢ =35° and for bored piles. Thus, thefric-
tionforce Py, for adepth of z=42 ft will be equal to 200 kips.
After the 42-ft depth, the friction force will be a constant
function of L — 42 ft. This means that the total friction force
will be 200 kips + 9.50 (L — 42).

The combination of Py, and Py, should be able to carry
the applied vertical loads from the superstructure aswell as
the weight of the pile. Thus, the final bearing capacity B, is
given as

P, = 2,850 kips + 200 kips + 9.50 kip/ft (L — 42ft).  (26)

Given a pile of length, L, the weight of the pile will be 150
Ib/ft® x L x mD?4. The applied weight of the structure had
been earlier given as W = 1,527 kips.

According to the AASHTO LRFD specifications (1994),
the live load applied on a continuous bridge is due to 90%
of the AASHTO lane load plus 90% of the effects of two
AASHTO design trucks. The reaction at the interior support
due to these loads are on the order of 350 kips. Using the
LRFD equation with a dead load factor y; = 1.25 and alive
load factor y; = 1.75 results in a required bearing capacity
resistance of

Peq = Ya 1,527+ y; 350 = 2,520 kips. (27)



For the bearing capacity of pilesin sandy soils, the AASHTO
LRFD does not provide a resistance factor ¢, although val-
ueson the order of ¢ =0.50t0 0.65 are recommended for clay
soils depending on the models used for calculating the bear-
ing capacity. A factor of ¢ =0.80 isused when the pile bear-
ing capacity is verified from load tests. By comparing Equa
tions 26 and 27, it is clear that the AASHTO LRFD criteria
can bemet for apilelength L =50 ft only if piletestsare con-
ducted to verify the bearing capacity of the pile shaft or when
a bell at the bottom of the caisson is provided to extend the
area. For this example, we are assuming that the 50-ft pile
length is acceptable to carry the vertical loads. A sensitivity
analysisis performed in the next section to study the effect
of different pile lengths on the reliability of the bridge when
subjected to earthquake loads.

4. RELIABILITY ANALYSIS OF BRIDGE
FOR EARTHQUAKES

The purpose of the analysis performed in this section isto
calculate the probability that the bridge designed in Section 3
for the different moment capacitieswill fail under the effect of
earthquakeforceswithinitsintended 75-year designlife. A 75-
year return period ischosen in order to remain compatiblewith
the AASHTO LRFD specifications. The corresponding réelia-
bility index, 3, will also be calculated. The objectiveisto study
thereliability of bridges designed following current practice
and the NEHRP specifications under the effect of earthquake
loads. In this section, the analysis is performed assuming no
scour. The model is subsequently used in Section 5 to study
thereliability of bridges under the combined effects of scour
and earthquake loads.

Inthissection, wewill assumethat the bridge was designed
as described in the previous section to withstand the earth-
guake loads observed at the five different sites identified
above. In order to perform the reliability analysis, we will
need to account for the uncertainties associated with each of
the random variables that control the safety of the bridge.
Assuming no scour, the random variables are identified as

Strength capacity of bridge column,

Intensity of the earthquake acceleration at the site,
Natural period of the column,

Mass applied on the column,

Seismic response coefficient, and

Response modification factor.

SUuhswWNE

In addition, although not treated as a random variable, the
frequency of earthquakes at the bridge site plays an impor-
tant rolein determining the reliability of the bridge for earth-
guake risk. Other factors such as the height and diameter of
the column and other geometric and material parameters are
associated with very small uncertainties and may be treated
as deterministic values.
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4.1 Column Strength Capacity

A single-column bridge pier subjected to earthquake loads
can fail in avariety of modes. These include (1) failure due
to the applied bending moment exceeding the moment capac-
ity of the column (this mode should consider the interaction
between bending and axial loads); (2) failure in shear; and
(3) failure of the foundations. In this example, the reliability
analysis procedureisillustrated for the failure of the column
due to the applied bending moment.

The bridge columns under combined axial |oad and bending
moment are normally designed such that thedesign point at the
interaction curve remains below the balance point. In this
example, we are ignoring the effects of vertical accelerations
asiscommon in practical casesfor short- to medium-length
bridges. Hence, the uncertainty in evauating the vertical load
is small compared with that associated with determining the
lateral forces (and bending moments). For thisreason, weshall
assumethat the effects of the axial load on the uncertaintiesin
determining the moment capacity are negligible.

According to Nowak (1999), the moment capacity of
concrete members in bending is on the average higher than
the nominal capacity by afactor of 14% (bias 1.14), and the
standard deviation is 13%. The probability distribution of
the moment capacity istaken to belognormal (Nowak, 1999).
Thefinal values used in this exampl e are those recommended
by Nowak.

4.2 Frequency of Earthquakes

We shall assume that the bridge under consideration may
belocated in any of thefivecitieslisted in Table 6. The USGS
Seismic Hazard Mapping Project stipulates an earthquake
occurrence rate for each of the areas. These values are then
used by USGS to determine the maximum annual probabil-
ity curve for earthquake intensities that are discussed in the
next section.

4.3 Intensity of Earthquake Accelerations

Freguencies at which earthquakes exceed certain levels of
PGAs are provided by the USGS in two different formats:
(1) plots showing the probability of exceedance of maximum
yearly earthquakes versus PGAs for a number of representa
tiveU.S. sites, and (2) tables giving the probability of exceed-
ing given acceleration levelsin 50 years. The plots are shown
in Figure 6.

The frequency of exceedancein 50 yearsisrelated to the
maximum yearly earthquake levels, as shown below. For
example, if the frequency of exceeding an earthquake level
of 0.53g is given as 10% in 50 years, this indicates that the
probability that the maximum earthquake level in 50 years
will be below 0.53gis 1.00 — 0.10 = 0.90. This can be repre-
sented as follows:
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Frequency of Exceedance
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Figure6. Annual probability of exceedance curves.

Faso(0.53g) = 1.00 - 0.10 = 0.90 (28)

where A50 is the maximum 50-year acceleration intensity
and Faso(-) is the cumulative probability distribution of the
maximum 50-year earthquake intensity. But, assuming inde-
pendence between earthquake intensities (which isacommon
assumption in earthquake engineering practice), the 50-year
probability of exceedance isrelated to the yearly probability
of exceedance, FA(x), by

Faso(X) = Fa(X)®, (29)
hence,

or the yearly probability of exceeding an acceleration of
0.53g 15 0.2105% (1 — 0.997895 = 0.002105). Figure 6 gives
the yearly probability of exceedance for arange of accelera-
tionsand anumber of representative sites. These curveswere
developed by USGS and available at the USGS website for
use in earthquake engineering practice.

In addition to the curves shown in Figure 6, the USGS
Earthquake Hazard Mapping Project has provided the project
with the datafor the New Y ork City, San Francisco, St. Paul,
and Seattle sites. These dataare entered in the reliability pro-
gram to represent the earthquake intensity variable. The curve
isfitted through a spline function to obtain acumulative prob-
ability distribution that connects the data points. Since bridges
are constructed for a 75-year design life, the probability of
exceeding different acceleration levelsin 75 yearswill be used
inthereliability calculations. These values are obtained using
an equation similar to Equation 29 but using an exponent equal
to 75 in the right-hand side of the equation. Table 10 givesthe
values available for the five sites considered.

4.4 Natural Period of the Bridge

Thenatural period of abridge depends on many parameters,
including the type and the characteristics of the bridge foun-
dation and the stiffness of the soil. Takada et a. (1989) have
suggested that the average value of the period is about 1.08
times the value calculated using design methods (bias = 1.08)
with a COV on the order of 20%. These values account for
the soil structure interaction (SSI) and other analysis effects.
The values provided by Takada et al. (1989) are primarily for
buildings. The Takada et a. data should be applied on struc-

TABLE 10 Maximum yearly earthquakeintensity levels
versus probability of exceedance

Frequency of Exceedance per Year
Ground
Motion New York |San Francisco| Seattle St. Paul
@)
0.005 1.74E-02 4.10E-01 2.27E-01 |3.27E-03
0.007 1.37E-02 3.67E-01 2.04E-01 |2.26E-03
0.0098 1.07E-02 3.17E-01 1.77E-01 |1.50E-03
0.0137 8.29E-03 2.63E-01 1.48E-01 |9.59E-04
0.0192 6.31E-03 2.06E-01 1.17E-01 |5.86E-04
0.0269 4.72E-03 1.53E-01 8.69E-02 |3.48E-04
0.0376 3.47E-03 1.09E-01 6.16E-02 |2.03E-04
0.0527 2.49E-03 7.55E-02 4.14E-02 [1.17E-04
0.0738 1.74E-03 5.11E-02 2.66E-02 |6.80E-05
0.103 1.20E-03 3.41E-02 1.63E-02 [3.97E-05
0.145 7.88E-04 2.25E-02 9.35E-03 |2.29E-05
0.203 5.06E-04 1.50E-02 5.12E-03 |1.33E-05
0.284 3.13E-04 9.63E-03 2.64E-03 |7.55E-06
0.397 1.86E-04 5.52E-03 1.26E-03 |4.17E-06
0.556 1.05E-04 2.44E-03 5.58E-04 [2.19E-06
0.778 5.57E-05 7.30E-04 2.39E-04 |1.08E-06
1.09 2.78E-05 1.36E-04 9.95E-05 |4.95E-07
1.52 1.31E-05 1.67E-05 3.68E-05 [2.10E-07
2.13 5.69E-06 1.48E-06 9.85E-06 |8.02E-08




tural modelsthat did not include the effects of SSIsasthe 1.08
bias accounts for the effects of SSI. Since our analysis model
included the effects of SSI, alower bias should be used.

When SSI modelsareincluded intheanaysis (asisthe case
in the models used in this section), the variation between the
measured periods and the predicted periods appears to be
smaller, and the bias is reduced to a vadue close to 1.0. This
phenomenon isillustrated as shown in Figure 7 adapted from
the paper by Stewart et a. (1999). The figure shows that, on
the average, the predicted periods accounting for SS| are rea-
sonably similar to the values measured in thefield. The biasis
found to be 0.99 and the COV on the order of 8.5%. It is noted
that the SSI model shown in the figure is different than the
model used in this section, and that the comparisonismadefor
buildingsrather than bridges. Also, it isnoted that the study by
Stewart et al. concentrated on the effects of SSI while the nat-
ural periods of the structural systemswere inferred from field
measurements. Thus, the uncertaintiesin modeling the struc-
tureswere not included. Furthermore, many of the sites stud-
ied by Stewart et al. had relatively stiff soilswherethe effects
of SSl arerather small.

Hwang et al. (1988) report that Haviland (1976) found that
the median of natural periods for buildings is equal to 0.91
times the computed values with a COV of 34%. Chopra and
Goel (2000) developed formulas for determining the natural
periods of buildings based on measured data. The spread in
the data shows a COV on the order of 20% for concrete
buildings and slightly higher (on the order of 23%) for steel-
frame buildings.
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Figure7. Variation of predicted natural period of the
predicted foundation-soil system compared with measured
values (from Stewart et al., 1999).
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In this appendix, a sensitivity analysis is performed to
study the effect of the variability of the natural T on thefinal
results. The analysis shows that the final results are not sen-
sitiveto the values used for biasand COV on T. Based on the
review of the above references, it is herein decided to use a
bias of 0.90 and a COV of 20% for the period of the system.
The 0.90 bias similar to that observed by Haviland (1976) is
justified based on the fact that the analysis performed to cal-
culate the period of the bridge system used the nominal value
for the modulus of easticity of the concrete, E.. Inredlity, the
actual modulus of the concrete will be higher than the nom-
inal valueand, thus, the predicted stiffnesswill belarger than
the actual stiffness, producing alower actual period than pre-
dicted. A correction factor of 1.20 to 1.30 on the concrete
modulusis often used in engineering practice that would jus-
tify the 0.90 bias (0.90 = 1/ v1.25). The COV of 20% used
herein corresponds to the values observed by Chopra and
Goel (2000) for buildings. It may be argued that the predic-
tion of the period for bridges may be less uncertain than that
for buildings. However, the data collected by Chopra and
Goel (2000) did not indicate any appreciable differenceinthe
level of uncertainty due to building heights or sizes. Thus, it
may be reasonable to assume that the COV on the period for
bridges is also on the order of 20%. The proposed bias and
COQV are meant to account for both the uncertainties in the
structural properties aswell asthe SSI.

4.5 Mass Applied on the Column

The dead weight effect on bridge members was found by
Nowak (1999) to be on the order of 1.05 times the hominal
(design) weight with a COV of 10%. This high COV, how-
ever, reflects the effects of the structural analysis as well as
the uncertainty in estimating the weight. To account for the
uncertainty in the weight alone, a COV of 5% is used. The
probability distribution isassumed to be normal following the
models used by Ellingwood et a. (1980) and Nowak (1999).
It isnoted that the variability in the mass and the weight con-
sidered here are used for calculating the applied forces and
not the period. The uncertainty in predicting the mass during
the calculation of the period is considered under the biases
and COV of T.

4.6 Seismic Response Coefficient

The design spectra proposed for the upcoming AASHTO
LRFD for earthquake design of bridge are similar to those
adopted by NEHRP. These are based on the average response
spectradeveloped by Frankel et al. (1997) from alarge earth-
guake mapping project. Frankel et al. (1997) found that the
level of confidencein NEHRP spectrais related to the num-
ber of earthquakesrecently observed aswell asto knowledge
of the type and locations of the faultsin a particular region.
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For siteswhere alarge number of earthquakeswas observed,
the COV islow; the COV ishigh for siteswith few observed
tremors. Frankel et al. provided maps showing uncertainty
estimates for selected cities derived from Monte Carlo sim-
ulations. The data provided in this map show that the ratio
between the 85th fractile and the 15th fractile for New Y ork
City isontheorder of 5. Assuming anormal distribution, this
means that the COV would be on the order of 30%. For the
Memphisarea, theratio of thetwo fractilesisabout 3, result-
inginaCQV of about 25%. For San Francisco, the projected
COV is about 15%, and for St. Paul and Seattle the projec-
tionsarethat the COV swould be about 40% and 25%, respec-
tively. Frankel et a. al so show that the mean value of the spec-
tral accelerationsis very close to the uniform hazard spectra
they developed and that resulted in the NEHRP specifica-
tions. It is noted that these observations are within the range
of thevaluesreported by Seed et a. (1976), who observed that
the results of dynamic analyses using avariety of earthquake
records resulted in arange of spectral responses with a COV
of about 30% from the average spectra.

4.7 Response Modification Factor

The response modification factor is related to the ductility
of the system. The purpose of the response modification fac-
tor isto alow for alinear elastic analysis of structura sys-
tems although the system may exhibit large levels of plastic
deformations.

The response modification factor, R, isrelated to the ductil-
ity capacity of the bridge members. Thus, if a member’s duc-
tility capacity p is known, the response modification for that
member—assuming an SDOF system—may be evaluated so
that the actua plastic response of the structure can be inferred
from the linear dastic analysis. Miranda (1997) found that for
typical periods of bridge systems (0.5to 1.5 sec) subjectedtoa
representative sampl e of earthquake records, the response mod-
ification, R, is on the average equa to the bridge column duc-
tility capacity (R = p) with a COV of about 25%. This obser-
vation confirmsthe model first proposed by Newmark and Hall
(1973) that wasbased on limited datafrom the El Centro Earth-
quake. Theresultsof Miranda (1997) werecdculated for avari-
ety of siteswith arange of soil classifications. Liu et a. (1998),
in areport to the National Center for Earthquake Engineering
Research (NCEER) and FHWA, found that the COV reduces
to about 17% if the earthquake records were chosen to match
those that produce the design spectral accelerations.

In addition to the issue of the relation between R and |,
another issue concernstheleve of uncertainty associated with
estimating the ductility capacity. Resultsgiven by Priestly and
Park (1987) show that thereal ductility of bridge columnsare
on the average about 1.5 times higher than the ductility esti-
mated from the design formulas with a COV of about 30%.
Thus, the actual response modification factor will be on the

average 1.5 times the specified ductility capacity, Pspeciieds (8
bias of 1.5), with a COV of 34% (34% =+/0.30% + 0.172).
The probability distribution for R is assumed to be normal.

The last issue with the response modification factor con-
cerns the range of values specified for use during the design
process by AASHTO and other earthquake design codes. For
example, it is noted that the response modification factor
specified by AASHTO for use during the analysis of single-
column bentsis set at 2.0, and 3.5 is used for multicolumn
bents of essential structures while values of 3.0 and 5.0 are
used for “other structures.” ATC-6 mentions that an R = 2.0
is recommended for a wall-type pier “based on the assump-
tion that awall pier has low ductility capacity and no redun-
dancy” (Applied Technology Council, 1981). It is clear that
the difference among the 2.0, 3.0, 3.5, and 5.0 values of R
used for the design of columnsis not intended to account for
the differences in the ductility capacities of the columns.
Rather, the use of different values of R is meant to provide
certain types of structures (particularly nonredundant and
essential bridges) with higher levels of safety. Infact, sincein
all casesthe design and construction procedures of columnsin
single-column bents or multicolumn bents are fairly similar,
onewould expect to find the ductility capacities of al columns
to be about the same. It is noted that previous recommenda-
tions for the design of bridges under earthquake loads recom-
mended that a response modification factor of R = 8 be used.
In addition, tests on bridge columns performed at the Univer-
sity of Canterbury (Zahn et al., 1986) have shown that the duc-
tility of properly confined columns can easily exceed 7.5
although some damage would be expected to occur.

On the other hand, the analysis of multicolumn bents pro-
duces different moments in each column due to the effect of
the dead load and the presence of axial forces. An extensive
analysis of different bent configurations founded on different
soil typeswas performed for NCHRP Project 12-47 (Liuetdl.,
2001). Theresults showed that, due to the load redistribution
and the presence of ductility, multicolumn bents on the aver-
age fail at loads up to 30% higher than the loads that make
the first column reach its ultimate member capacity.

Based on the information collected from the references
mentioned above, we will assume that the nominal ductility
level of bridge columnswill be equal to u =R =5.0. The bias
for the ductility level is 1.5 with a COV of 34%. This would
results in a mean ductility value of g = R = 7.5. In addition,
multicolumn bents will be associated with a “system over-
strength factor” of 1.30 based onthework of Liu et a. (2001).
It isnoted that the values used herein are similar to those used
by Hwang et al. (1988), who have recommended the use of a
median value of R=7.0 for shear wallswith a COV of 40%.

4.8 Modeling Factor

The structural analysisproducesalevel of uncertainty inthe
fina estimate of the equival ent applied moment on the base of



the bridge column. These factorsinclude the effects of latera
restraints from the slab, the uncertainty in predicting the trib-
utary areafor the calculation of mass, the point of application
of the equivaent static load, the variahility in soil properties
and the uncertainty in soil classification, the effect of using a
SDOF model, the level of confidence associated with predict-
ing the earthquake intensity, and so forth. Ellingwood et al.
(1980) have assumed that the modeling factor has a mean
value equal to 1.0 and a COV on the order of 20% for build-
ings. The same value is used in these calculations.

4.9 Reliability Equation

Using the information provided above, the applied moment
on the bridge column is calculated using the following
expression:

Ma = AegC'SL(E'T) D%V OH (308)

where

Mz = the applied moment at the base of the column;
A& = the modeling factor for the analysis of earthquake
loads on bridges;
C' = the response spectrum modeling parameter;

A = the maximum 75-year PGA at the site (a 75-year
designlifeisused to be consistent withthe AASHTO
LRFD specifications);

S, = the calculated spectral acceleration as a function of
the actual period;

T = the bridge column period;

t' = the period modeling factor;

W = the weight of the system;
R = the response modification factor; and
H = the column height.

The data used in the reliability analysis for the random vari-
ables of Equation 18 are summarized in Table 11. The vari-
ables not listed in Table 11 are assumed to be deterministic.
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The final safety margin equation for earthquake loads
applied on highway bridges can be represented as follows:
Z=Mgp— Mgy (31)
wherefailure occursif the safety margin Zislessthan 0. My,

is the moment strength capacity of the bridge column. Both
Mep and My, are random variables.

4.10 Reliability Results

Using aMonte Carlo simulation along with the safety mar-
gin of Equation 31 and the statistical dataof Table 11, thereli-
ability index for a 75-year design life of the bridge studied in
this report is calculated for different foundation depths. The
resultsillustrated in Figure 8 show that thereliability index is
relatively insensitive to the depth of the pile foundation. This
is because for the bridge soil type and pile diameter, the point
of fixity remains relatively constant at about 16 ft to 18 ft
below ground level when the foundation depth exceeds 35 ft.
Thus, the gtiffness of the system and the moment arm of the
column are not affected by the depth of the foundation. Fig-
ure 8 also shows that the different sites produced nearly sim-
ilar values of the reliability index (around 2.50) when the
bridge has been designed for the 2% probability of exceedance
in50 years. Thisconfirmsthat reasonably uniform hazards are
achieved for bridge structures designed to satisfy the NEHRP
specifications for various sites within the United States.

Figure 9 showsthe reliability indexes obtained if the bridge
were designed to resist the earthquake with a 10% probability
of exceedance in 50 years. By comparing Figures 8 and 9, it
is observed that the reliability index decreases to an average
of B =1.90 from an average of 2.50. Also, it is noted that the
range of variation in the reliability index is wider for the
lower earthquake level, the range being from about 3 = 1.6
topf =2.1.

To study the effect of the uncertainties associated with
calculating the natural period of the system on the reliabil-
ity index, the reliability calculations are executed for three
different cases with different biases and COVson T. The

TABLE 11 Summary of input valuesfor seismic reliability analysis

Variable Mean Bias Ccov Distribution Type

Mcap From Table 8 1.14 13% Lognormal

Aoy 1.0 1.0 20% Normal

\Varies per site

C’ 1.0 1.0 (15% to 40%) Normal

A From Table 10 From Table 10 From Table 10 From Table 10

T 1.23 sec 0.9 20% Normal

W 1527 kips 1.05 5% Normal

R 5 1.5 34% Normal
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Reliability index 2%PE in 50yr in River Cuyahoga (T bias=0.9,COV=0.2)
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Figure8. Reliability index versus foundation depth for bridges designed for the earthquakes with

2% probability of exceedancein 50 years.

results executed for the San Francisco site are illustrated
in Figure 10. The results show that the final results are rela
tively insensitiveto thevariationsin theinput parametersfor
T. In fact, the calculations show that the uncertainties in
determining the maximum earthquake intensity in a 75-year
design life are dominant with aCQV of 74% for the San Fran-

cisco site and even higher for the other sites (e.g., for New
York City, the COV is about 280%). A previously performed
first order reliability method (FORM) analysis has shown
that the other important factor that affectsthe reliability index
isthe response modification factor, R, that is associated with
aCoV of 34%.

Reliability index in 10%PE in 50yr (no scour,T bias=0.90,Cov=0.2)
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Figure9. Reliability index versus foundation depth for bridges designed for the earthquakes with

10% probability of exceedance in 50 years.
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Reliability index in 10%PE in 50yr in San Francisco (no scour)
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Figure10. Sensitivity analysisfor different biases and COV on the natural period T (San Francisco).

5. COMBINATION OF SCOUR
AND EARTHQUAKES

5.1 Monte Carlo Procedure

The analysis of the safety of a bridge subjected to the com-
bination of scour and earthquake loadsisafunction of theran-
dom variables identified in Sections 2 and 4 of this appendix
and listed in Tables 3 and 11. Some of these variables vary
with time, and others are constant over the design life of the
bridge. Therdiability analysisinvolving time-dependent vari-
ablesin combination with time-independent random variables
may be performed based on the Ferry-Borges model for load
combination. The logic followed in formulating the combina:
tion problem is demonstrated in the following steps.

1. A bridge having the configuration shown in Figure 1
is designed to cross over the 220-ft-wide stream. The
stream’ s characteristics provide a set of variables that
are needed for the scour analysis. These characteris-
ticsare represented by the following random variables
of Equation 9: Manning roughness coefficient, n; the
streambed condition factor, K;; and the modeling fac-
tors As and Aq. These variables are subject to scatter
intheir estimation, hencethey are considered random.
However, these variables remain the same through-
out the design life of the bridge. On the other hand,
the dischargerate Q isarandom variable whose value

changes from one flood to the other. Q is a time-
dependent random variable.

. Similarly, the geometric and other terms affecting the

earthquake response of the bridge such as the weight,
W, thevariation in the estimated period, t', the response
modification factor R, the modeling parameters A,
and the spectral modeling factor C', which are subject
to scatter in their estimation and are herein treated as
random variables. However, these variables remain
the same throughout the design life of the bridge. On
the other hand, the earthquake intensity A changesfor
each earthquake and, thus, like Q, A is also atime-
dependent random variable.

. The Monte Carlo simulation used to calculate the

probability of bridge failure in a 75-year design life
under the effect of the combination of scour and earth-
quake loads begins by randomly selecting values for
each of the time-independent random variables listed
above including the moment capacity (M) that is
treated as a time-independent random variable with a
bias of 1.14 and a COV of 13%.

. For every flooding season (assumed to be once ayear),

floods of random discharge intensitieswill occur inthe
stream crossed by the bridge described in Figure 1.
The maximum annual discharge rate, Q, followsalog-
normal distribution with different parameters depend-
ing on the river crossed by the bridge as described in
Table 1.
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10.

11

12.

13.

14.

Given aredlization of the random variable Q, the cor-
responding flow depth, y,, and velocity, V, are calcu-
lated from Equations 7 and 5.

For realizations of the modeling factors, As and Aq,
the roughness factor, n, the bed condition factor, K;
and the other deterministic parameters, the maximum
expected scour depth for the 1 year, i, iscalculated
using Equation 9.

Since Q is atime-dependent random variable, then y,
and V are al so time-dependent random variables. Con-
sequently, the maximum annual scour depth Y isa
time-dependent random variable.

The scour depth ;. IS assumed to remain constant for
the duration of the flooding season assumed to be Y-
year. During the next flooding season, the value of the
scour depth may change depending on the occurrence
of the random variable Q.

During the > year period when y, exists, thereis a
finite probability that an earthquake will aso occur.
The probability distribution for the maximum earth-
quake intensity for this.-year period can be obtained
from the results of Table 10 by using the relationship
Fa(¥) = Fay (¥)*? (32)
where Aisthe maximum earthquake intensity expected
in the ¥>-year period when scour is present, and A, is
the maximum earthquake intensity in 1 year as given
in Table 10 for each site considered.

Given areadlization of the scour depth, v, obtained
from the scour calculations based on the maximum
discharge rate corresponding to 1 year, the effective
height of the bridge column becomes
H=25ft+ Y + Le (33)
where 25 ft is the original column height, y..» is the
scour depth, and L.is the distance between the ground
level and the point of column fixity. The point of fix-
ity is calculated from Equation 10 when the actual
depth of thefoundation, L, isadjusted by reducing the
original depth by V.

The changein column height will produce achangein
the stiffness K of Equation 12 and, consequently, will
produce a change in the period of the system. (This
change would reduce the natural period of the system
and thus reduce the earthquake force, but a higher H
will also increase the moment arm).

On the other hand, the presence of scour will reduce
the depth of the foundation by Y. Thisin turn will
change the point of fixity of the column L, as shown
in Equation 10.

For the realizations of the time-dependent variables A
and Y. and al the other time-independent variables,
the moment applied on the bridge column is obtained
from Equation 30.

15.

16.

17.

18.

19.

20.

21.

The moment obtained from Step 14 gives the maxi-
mum moment expected to be applied during one flood-
ing season due to the possible combination of earth-
quake forces and scour.

When the flooding season is over, and the scour hole
is refilled, an earthquake might still occur and the
applied moment for the earthquake that might hit dur-
ing the dry season is calculated in the same manner
described above, but without scour (i.e., with Yy =
0.0).

The higher of the two moments obtained from the dry
season and the flooding season becomes the maxi-
mum yearly moment for the bridge.

Since there are 75 years within the design life of the
bridge, the process starting with Step 4 is repeated 75
times. The maximum moment from al the 75 itera-
tionswill provide onerealization of the maximum 75-
year applied moment.

Steps 4 through 18 assumed that all the random vari-
ables, except for vy, and A, are set at valuesthat were
kept fixed over the design life of the bridge. These
variables are Manning’s number, n; the scour model-
ing factors Aq and A.; the stream bed condition factor,
Ks, as well as the earthquake modeling factor A,; the
spectral factor, C'; the period, T; the weight, W; and
the response modification factor, R. The means, COV's
and probability distributions of these variablesthat are
sampled only oncefor the bridge design life are given
in Tables 3 and 11. Failure of the bridge is verified by
comparing the maximum 75-year applied moment to
the moment capacity established in Step 3.

The Monte Carlo simulation is continued by repeat-
ing Steps 3 through 19 by first creating another set of
realizations for the time-independent random vari-
ables, then cal cul ating the maximum 75-year applied
moment, and checking whether failure will occur. In
the calculations presented in this appendix, the calcu-
lations are repeated atotal of 100,000 times. The prob-
ability of failure is estimated as the ratio of the num-
ber of failures that are counted in Step 19 divided by
the total number of iterations (100,000). The reliabil-
ity index, 3, iscalculated frominverting the following
equation:
Pr= ®(-p) (34)
where P; is the probability of failure and @ is the
cumulative normal distribution function.

The reliability calculations use the same safety mar-
gingivenin Equation 31. This safety margin equation
considers only the failure of the bridge column due to
bending moment. Other failure modes such asfailure
in the soil due to the reduction of the soil depth have
also been considered as will be discussed further
below.



5.2 Results for Bending of Bridge Column

The reliability calculations are first executed for the five
earthquake sites with the discharge data of the Cuyahoga
River. The results illustrated in Figure 11 show that scour
doesnot significantly affect thereliability index of the bridge
for the column failure mode because as explained earlier, the
presence of scour reduced the stiffness of the system, but at
the same time increased the moment arm resulting in little
changein the probability of failure of the column under bend-
ing loads. The presence of scour, however, would affect
other failure modes, particularly the failure of the soil. This
phenomenon is explained in Section 5.3.

5.3 Failure of Soil Due to the Combination of
Scour and Earthquake Loads

The bridge could fail in different possible modes. These
include moment failure at the base of the columns, shearing
failures along the length of the columns, failure of the soil
due to lateral loads, and so forth. The analysis performed
above has shown that the presence of scour did not signifi-
cantly affect the safety of the column for failure in bending.
In this section, the failure of the foundation due to latera
forcesisanayzed.

The model used assumes an equivalent static, linear-elastic
behavior of the soil following Rankine’ smethod as described
by Poulos and Davis (1980). For the soil conditions of the
site, theinternal friction angle of the sand, ¢, is equal to 35°.
The buoyant unit weight of sand is 60 Ib/ft®. The free body
diagram for the column-foundation-soil system is shown in
Figure 12.
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In Figure 12, F is the inertial force (equivalent applied
force), H givesthe effective height of the column to the point
of fixity, and P, is the passive resultant resisting force of the
soil (produced by the triangular soil pressure resisting the
motion). According to Poulos and Davis (1980), the active
force B, is given asfollows:

_ 3yDK,L?

P, 5

(343)

where

y = the specific weight of sand,
L = the depth of the pile;
D = the diameter of the pile, and
K, = the Rankine coefficient, which is given by

_1l+sin(g)
P = 1-sin(q) (35)

where @ =35° isthe angle of friction for sand.

5.3.1 Definition of Failure

Failure of the soil dueto lateral load may occur under two
different cases: (1) no hingesform in the column and the soil
isunableto resist the applied lateral force on top of the col-
umn and (2) a hinge forms in the column at the point of fix-
ity and the soil is unable to resist the shearing forces trans-
ferred from the hinge. For Case 1, the applied lateral forceis
obtained from Equation 30a as

Reliability index 2%PE in 50yr in Cuyahoga (T bias=0.9,COV=0.2)
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Figure11. Effect of scour on thereliability index.
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Figure12. Freebody diagram of bridge
system.

Pan = AegC' Su(t' T) DA OW, (36)

Notice that the response modification factor is not used to
calculate the applied lateral force on the system when no
hinges are formed (i.e., when the column remains in the lin-
ear elastic range).

For Case 2, the applied forceis
Fint = 22 (37)
where M, isthe ultimate moment capacity of the column. The
actual ultimate moment capacity is a random variable with
statistics related to the nominal capacity through a bias of
1.14and aCOV of 13%, asexplained earlier. The safety mar-
gin for the failure of the soil isgiven as

Z=R,-Fu (38)

where failure occurs if the safety margin Z isless than 0. B,
isthelateral force capacity of the soil. The presence of scour
will lower the applied force of Equation 36 because it will
reduce the stiffness of the system. Scour would increase the
moment arm H, which would also lower the applied force

calculated from Equation 37. On the other hand, scour will
decrease the length of the foundation L, thus reducing the
capacity of the foundation to resist the applied lateral loads.
Thefact that L israised to the second power in Equation 34a
indicates that the effect of the reduction of L on the founda-
tion’s capacity is significant.

Both P, and F,, of Equation 38 are random variables. Pou-
los and Davis (1980) mention that the bias observed in test
results compared with Equation 34ais on the order of 1.50. In
addition, thefoundation’ s capacity to resist lateral load ascal-
culated in Equation 34ais afunction of the Rankine pressure
coefficient, K, theunit weight of sand, y, and theangle of fric-
tion, ¢@. These are random variables with COV's that may
exceed 20%. In particular, Becker (1996) givesthe following
valuesfor the COV for the soil parameters: for the unit weight
of sail, V, = 7%; V,, = 13% for the angle of friction of sand;
and for the Rankine pressure coefficients, Vi = 20%. In addi-
tion to the uncertainties associated with cal cul ating the Rank-
ine coefficients, the difference between the soil resistance
under static loads and dynamic loads must be considered. To
account for the dynamic effectson soils, Bea (1983) proposed
to useacyclic factor with abias of 1.0 and aCOV of 15%. In
addition to these parameters, which aretime-independent ran-
dom variables, the foundation strength is a function of the
dimension of the foundation. The dimensions are all assumed
to be deterministic. The summary of theinput dataused to cal-
culate the rdliability of the column foundation to resist lateral
load is provided in Table 12.

In addition to the random variablesidentified in Table 12,
therandom variableslisted in Tables3 and 11 areused in the
Monte Carlo simulation that calculates the reliability of the
bridge system subjected to the combination of scour and earth-
guake loads. Theresultsfor the failure of the soil for the San
Francisco site are provided in Figure 13.

The results shown in Figure 13 illustrate the importance of
the foundation depth on the reliability of the bridge system
against soil failure dueto lateral loads when the bridgeis sub-
jected to the combination of the scour and earthquake loads.
The increase in the reiability index is dramatic because a
change in the foundation depth from 50 ft to 60 ft produced a
change in the reliability index from 2.14 to 3.05 for the case

TABLE 12 Input datafor soil-related random variables
Variable Mean Value cov Distribution Type
Unit weight of soil 60 Ib/ft® 7% Normal
Angle of friction 35 13% Normal
Rankine earth pressure 1.5 nominal value 20% Normal
Cyclic effects 1 15% Normal
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Figure 13. Reliability index for soil failure as a function of foundation depth.

when the bridgeis designed such that the column capacity sat-
isfiesthe NEHRP criteriafor 2% probability of exceedancein
50 years. It is also noted that when the bridge columns are
designed with weaker moment capacity, asis the case when
the design is set to satisfy the earthquake level correspond-
ing to 10% probability of exceedance in 50 years, the relia
bility index is higher than for 2% case because the columns
will transmit a smaller force to the foundation as described
by Equation 37. Of course, the lower capacity will mean a
higher probability of column failurein bending.

To study the effect of scour on thereliability index for soil
failure, the same case analyzed in Figure 13 for the San Fran-
cisco earthquake is repeated assuming that no scour could
occur. The results are illustrated in Figure 14, which shows
that the presence of scour would decrease the reliability
index for soil failure by about 1.50 for the case when the
foundation is 40-ft deep. The difference decreases to about
0.0 for very deep foundations of 70 ft. This is because the
effect of scour on the capacity of the soil isminimal when the
foundation is very deep. The results from Figure 14 can be
used to calibrate theload factorsfor the combination of scour
and earthquake loads as will beillustrated in Section 6.

6. CALIBRATION OF LOAD FACTORS
FOR COMBINATION OF SCOUR
AND EARTHQUAKE LOADS

The results obtained in the previous section can be used to
calibrate the appropriate load factor for the combination of
scour and earthquake loads. For example, asseenin Table 9,

current design specifications would reguire that the founda-
tion depth be equal to 43.7 ft (rounded up to 44 ft) if the
bridge shownin Figure 1 of Section 1.1 wereto belocated in
the San Francisco site. The 44-ft foundation depth would
have produced areliability index of 2.1 if scour were not con-
sidered. If the same target reliability index should be attained
when scour is included, then the depth of the foundation
should be 49 ft. Thiswould require extending the foundation
by another 5 ft. Notice that for the Schohaire River (used to
model the occurrence of scour in Figure 14), the expected
100-year scour depthis 17.34 ft, asshown in Table 2. Hence,
for the bridge to achieve the same target reliability index, it
will not be necessary to extend the foundation by the 17.34
ft calculated from the scour alone; an extension of only 5 ft
issufficient. Thissmaller extension reflectsthe lower prob-
ability of having a high level of scour in combination with
a high earthquake load. Also, one should note that the effects
of earthquakes and scour are not linear. Hence, theinteraction
and the correlation between the two effects may require a
reduction in the amount of scour considered when the analy-
sis of the bridge for earthquake loads is performed.

It is also noted that if a target reliability index of 3.5 is
to be achieved, the foundation depth should be extended to
about 63 ft if no scour is to be considered, while the foun-
dation should be about 65-ft deep for the combination of
scour and earthquake loads. To satisfy a target reliability
index of 2.5, the depth of the foundation for no scour should
be 48 ft while 53 ft would be required to account for the
combination of scour and earthquake loads. These results
are summarized in Table 13. Clearly there are an infinite
number of load factor combinations that would allow usto
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TABLE 13 Required foundation depth to satisfy different reliability targets

Target Current EQ
reliability Depth for no Depth for design
index scour scour + EQ requirement
15 37 ft 43 ft 44 ft
2 43 ft 48 ft 44 ft
2.5 48 ft 53 ft 44 ft
3 55 ft 58 ft 44 ft
3.5 63 ft 65 ft 44 ft

design the foundation to achieve the target reliability levels
For example, to achieve the required foundation depth, one
option would be to use a load factor on earthquake loads
equal to 1.0 and to increment the foundation depth by a
factor of 17.34-ft for design scour depth. For example, by
taking the required 44 ft depth for earthquake alone with
0.52 times the design scour depth, atotal foundation depth
of 53 ftisachieved, leading to areliability index of 2.5. The
different load factors that may be used on scour to achieve
different reliability targets are listed in the last column of
Table 13. If atarget reliability index of 2.0 isrequired, then
aload factor on scour of 0.23 will be sufficient.

The results summarized in Table 13 are for illustration
only asthe data from the other sites and rivers are till being
summarized and analyzed. However, it is noted that the dif-
ferences from the different sites and rivers are expected to be
minimal, as demonstrated in the previous sections, in which

it was observed that the reliability indexes calculated using
the models described in this report were similar for the dif-
ferent site locations and rivers considered.
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APPENDIX H

SEISMIC RISK ANALYSIS OF A MULTISPAN BRIDGE

NCHRP Project 12-49 has recently proposed a set of rec-
ommended load resistance factor design (LRFD) guidelines
for the seismic design of highway bridges, published as
NCHRP Report 472: Comprehensive Specifications for the
Seismic Design of Bridges (Applied Technology Council
[ATC] and the Multidisciplinary Center for Earthquake Engi-
neering Research [MCEER], 2002). The proposed LRFD
guidelines have adopted and modified many of the features
outlined by the existing National Earthquake Hazards Reduc-
tion Program specifications (NEHRP, 1997), which wereorig-
inally intended for buildings, to the design and safety evalua
tion of bridge structures. Thus, for thelife safety limit state, the
proposed L RFD seismic guidelines use the NEHRP 2,500-
year return period earthquake hazard maps along with the
response spectra proposed by NEHRP, but remove a %3
reduction factor that is associated with the NEHRP spectral
accelerations. The %5 factor had been included by NEHRP to
essentialy reduce the 2,500-year acceleration spectrum to an
equivalent 500-year spectrum for the U.S. West Coast region.

Another major change proposed by NCHRP Project 12-49
consists of a new set of response modifications factors that
more realistically model the nonlinear behavior of bridge
components. Specifically, NCHRP Project 12-49 has pro-
posed higher response modification factors for multicolumn
bents, which would reduce the implicit levels of safety inthe
design process and may offset the use of the more conserva-
tive accel eration spectrum. In addition, NCHRP Project 12-49
proposed a performance-based design approach whereby
different seismic design and analysis procedures (SDAPs)
are specified, depending on the seismic hazard level and
whether the bridge is expected to perform adequately for a
life safety or operational performance objective (ATC and
MCEER, 2002).

The analyses performed in the previous appendixes were
executed for bridge piers having foundations formed by pile
extensions by modeling the bridge pier as an equivalent sin-
ole degree of freedom (SDOF) system after determining the
effective point of fixity. In this appendix, the analysis of an
example bridge founded on a pile system, which had been
previously prepared by the NCHRP Project 12-49 team, is
reviewed and is used as the basis for the seismic risk analy-
sis. Thisparticular anaysisisbased on amore advanced multi-
degree of freedom (MDOF) structural analysis. The objec-
tives of thisappendix are (1) to compare the results of therisk
analysis obtained using simple SDOF systemswith those that
using an MDOF spectral analysis and (2) to compare the
safety levels of bridge bents founded on multiple piles with
those of bridge bents founded on pile extensions.

1. DESCRIPTION OF EXAMPLE BRIDGE

To achieve the objectives of this appendix, an example
bridge that was used as part of NCHRP Project 12-49to illus-
trate the recommended analysis and design methods is
selected for review. Specifically, the bridge selected for this
analysis is the 500-ft bridge described in the unpublished
Design Example No. 8 developed under NCHRP Project 12-
49. The original site was taken by the NCHRP Project 12-49
team to be in the Puget Sound region of Washington state.
However, in this appendix, the analysis is repeated for the
seismic zone corresponding to Seattle. The change in site
location iseffected to take advantage of the availability of the
Seattle seismic intensity data. The United States Geological
Survey (USGS) earthquake hazard mapsindicate that, for the
Segttle site, the short-period acceleration (0.2 sec) isS = 1.61
g and the 1.0-sec acceleration is S, = 0.560 g for the most
credible earthquake (M CE) corresponding to the earthquake
with a 2,500-year return period.

The 500-ft bridge is formed by five continuous spans of
100 ft each. The four monolithic bentsare formed by two col-
umns, each integrally connected to the cap of the combined
concrete pileswith steel casingsthat form the foundation sys-
tem. The two-column bents are aso monolithically connected
to the box girder superstructure through a crossbeam. Expan-
sion bearings form the connections between the superstruc-
ture and the substructure at the two end stub-type abutments.
Figures1.a, 1.b, and 1.c—which are adopted fromthe NCHRP
Project 12-49 example—provide a description of the bridge.

The NCHRP Project 12-49 team chose to use the com-
mercial structural analysis program SAP2000 to perform a
multimode spectral analysis of the example bridge. The struc-
tural model for each bent is represented by Figure 2, which
isadapted from the unpublished NCHRP Project 12-49 report,
in which the effect of the foundation is modeled by a series
of trandlation and rotational springs. The samemodel usedin
the NCHRP project report is used in this appendix, which
focuses on examining the safety of the bridge columns when
the bridge is subjected to earthquakes having intensities sim-
ilar to those expected in Seattle. A separate analysisis exe-
cuted for each of the transverse and longitudinal directions
because the uncertainties associated with the direction of the
earthquake and the use of different possible combination rules
are beyond the scope of this study.

2. ANALYSIS OF EXAMPLE BRIDGE

The bridge exampl e described in the previous section was
analyzed using the same input data for the structural model
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that was previously used by the NCHRP Project 12-49 team,
but using the earthquake response spectrum corresponding to
the MCE of the Seattle site. The MCE, as explained by
NEHRP (1997) and ATC and MCEER (2002), corresponds
to the earthquakewith a2,500-year return period. Onthe other
hand, the AASHTO LRFD specifications specify that bridges
should be designed for a 75-year design life. Hence, the dif-
ference between the 2,500-year design earthquake return
period and the 75-year design life provides an implicit level
of safety that must be taken into consideration while perform-
ing aseismic risk anaysis or when calculating the reliability
index for the bridge under consideration. Similarly, the use
of response modification factors that are lower than those
observed during experimental investigations of bridge mem-
bers provide additional safety factors. Such implicit safety
factors compensate for the use of aload factor equal to yeq =
1.0, which is stipulated by the AASHTO LRFD seismic
specifications and other seismic design codes.

The SAP2000 structural model is presented in Figures 2.a
and 2.b. The results of the SAP2000 analysis using the MCE
for the Seattle site are summarized in Table 1, which shows
the maximum moments produced in the bridge columns
assuming that the EQ is applied independently in the longi-
tudinal or the transverse directions of the bridge. Using a
response modification factor of R, = 6.0, as is done in the
NCHRP Project 12-49 exampl e, indicates that the bridge col-

umns should be designed to have moment capacities exactly
equal to M,gesgn = 1,606 kip-ft (= 9638.5 kip-ft/6) for bend-
ing about the x axis and Mgeqn = 2,800 kip-ft (= 16,800 kip-
ft/6) for bending about the z axis.

Following traditional practice, the design process outlined
above and described in detail by ATC and MCEER (2002)
treats all the variables that control the seismic safety of the
bridge as deterministic variables. However, it iswell known
that alarge number of uncertainties including modeling and
inherent uncertainties are associated with the seismic analy-
sis, design, and bridge construction processes, as well asthe
estimation of future loads and the identification of material
properties. These uncertainties imply that bridges designed
and constructed following current procedures are associated
with acertain level of risk to failure within their intended 75-
year design life. A model to estimatethislevel of risk asmea
sured by thereliability index, (3, is presented in the main body
of this report (NCHRP Report 489). The model considered
that the dominant uncertainties controlling the seismic risk of
bridge systems may be included into five random variables
that are related to the following:

1. Expected maximum earthquake intensity for the bridge
site within the bridge’ sdesign life;
2. Natural period of the bridge system;
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TABLE 1 Summary of SAP2000 resultsfor forcesand momentsin bridge

columns
Axial Force Moment X | Shear Z | Moment Z | Shear X
(kips) (kip-ft) (kip) (Kip-ft) (kip)

EQ Longitudinal

Bent 1 column 39 Q 0 16,800 1,119
Bent 2 column 56 0 0 7,661 340
Bent 3 column 11 [ [0 6,239 249
Bent 4 column 33 0 0 7,688 342
EQ Transverse

Bent 1 column 723 7,544 499 1,089 73
Bent 2 column 7784 8,028 355 825 37
Bent 3 column 899 9,639 383 295 12
Bent 4 column 790 8,675 383 785 35

3. Spectral accelerations for the site taking into consider-
ation the soil properties;

Nonlinear behavior of the bridge system; and
Modeling uncertainties associated with current meth-
ods of analysis.

o &

Information available in the literature about these random
variablesare discussed in detail in the main body of thisreport
and are summarized in the first six rows of Table 2 of this
appendix. The distribution of the earthquake accelerations
for different sites are also shown in Figure 3, which is based
on data provided by USGS and Frankel et al. (1997).
Asmentioned above, the structural and reliability analyses
used in this report are based on an SDOF model of a bridge

bent. The use of amultimodal analysisfor this bridge exam-
ple implies that the analysis is based on several vibration
modes. Therefore, the consideration of asingle random vari-
able, namely t', to represent the uncertainties associated with
determining the natural period of the bridgeisno longer pos-
sible. An alternative approach consists of recognizing that
the period of the system is a function of the stiffness of the
structural membersand those of the foundation. The stiffness
of each member is controlled by the product of the modulus
of elagticity and the moment of inertia. If one assumes that
the moment of inertiais deterministic, then the stiffness of
the structural member is controlled by one random variable,
namely the modulus of elasticity, E. The nominal modulus of
elagticity used in design practice is the value obtained for

TABLE 2 Summary of input valuesfor seismic reliability analysis

Coefficient of | Distribution
Variable Bias Variation Type Reference
Earthquake modeling, Aoy | 1.0 20% Normal Ellingwood et al.
(1980)
Spectral modeling, C’ 1.0 Variesper site | Normal Frankel et al. (1997)
(15% to 40%)
San 1.83% g (yearly mean) | 333%
Acceleration | Francisco
A Seattle 0.89% g (yearly mean) | 415% from Figure 3 | USGS website
Memphis | 0.17% g (yearly mean) | 1707%
New York | 0.066% g (yearly mean) | 2121%
St. Paul 0.005% g (yearly mean) | 3960%
Period, t’ 0.90 20% Normal Chopra and Goel
(2000)
Weight, W 1.05 5% Normal Ellingwood et al.
(1980)
Response modification, 7.5 (mean value) 34% Normal Priestly and Park
Rn (1987); Liuet. a
(1998)
Modulus of elasticity, 125 40% Normal Deduced from
E Chopraand Goel
(2000)
Foundation spring 1.0 17% Normal Stewart et al. (1999)
stiffness, Kg
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concrete at 28 days. However, some researchers have assumed
that the actual long-term modulusfor concrete membersison
theorder of 1.25timesthat of the nominal value. For thisrea-
son, in the calculations performed in this example, the mean
value of E is assumed to be 1.25 times the nominal value.
This bias will also result in a bias approximately equal to
0.90 for the natural period of an SDOF system, which corre-
sponds to the period bias used in this report. Using similar
logic, it is proposed to use a coefficient of variation (COV)
of Vg = 40% for the modulus of elasticity during the reliabil-
ity analysis of this bridge example. In fact, Ve = 40% would
result in a COV of 20% for the period of an SDOF system,
which is the same value used during the analyses performed
in other appendixes of this report. To account for the uncer-
tainties associated with determining the spring stiffness val-
ues of the foundation system, the data collected by Stewart
et al. (1999) are used. These data indicate that models used
to estimate foundation spring coefficients are associated with
ahbias equal to 1.0 and a COV on the order of 17%.

This report used a closed-form expression to model the
SDOF response of bridge piers to earthquake accelerations.
Such a closed-form solution lent itself to the use of full-
fledged Monte Carlo simulations to study the risk to failure
and calculate thereliability index for avariety of bridge con-
figurations. The fact that the response of this bridge example

isnot based on an explicit formulation but is obtained implic-
itly through the use of a commercial analysis program—
which requires the interference of the analyst to prepare the
input data and interpret the results—precludes the use of the
Monte Carlo simulation that requires an extremely large num-
ber of analyses and requiresthe use of more approximate tech-
niques. In particular, the Response Surface Method (RSM) has
been used by several researchers to incorporate structural

analysisresultsinto structural reliability computations. RSM is
based on artificially constructing an egquation to model the
response of the structure using a polynomia fit to the results
obtained from alimited number of discrete numerical analyses.
Meélchers (1999) observesthat when the approximating surface
fits the point responses reasonably well in the area around the
most likely failure point, RSM providesagood estimate of the
reliability index, (3. Based on these observations and the diffi-
culties associated with using a Monte Carlo simulation, RSM

isused in thisreport to obtain estimates of the reliability index
for the bridge example described above.

Thefirst step in RSM consists of using the structural analy-
sis program SAP2000 at various values of the random vari-
ablesand of studying the response of the bridge for these input
parameters. Melchers (1999) and others (e.g., Ghosn et al.,
1994) have indicated that the best points to use during these
analyses should be selected such that the points lie close to
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themost likely failure point. However, sincethefailure point
is not known a priori, an iterative process must be used. In
this case, the analysisisfirst performed at points lying close
to the mean values (mean +/— 1 standard deviation) and addi-
tional refinements are introduced following the estimation of
thelocation of the most likely failure point. Because the earth-
guake intensity is associated with an extremely high stan-
dard deviation, the SAP2000 analysis is performed at the
mean 75-year earthquake acceleration and at points located
at +/-0.1 times the standard deviation. The results of the
SAP2000 analyses are presented in Table 3. Note that the
response of interest to this example is the maximum bending
moment in abridge column. Two cases are considered: (1) the
earthquakeisappliedinthelongitudinal direction of thebridge
and (2) the earthquake is applied in the transverse direction of
thebridge. Asmentioned earlier, the two cases are treated sep-
arately because the consideration of the earthquake orientation
and the directional combination rules are beyond the scope of
this study.

The results shown in Table 3 demonstrate that the founda-
tion stiffness has negligible effect on the maximum moment
response in the bridge columns. When the earthquake is
applied in the transverse direction, no change is observed in
the maximum bending moment of the columns. If the earth-
quake is applied in the longitudinal direction, a change of
only 1.7% is observed when the change in the foundation
stiffness is equal to 34% (2 times the standard deviations
around the mean value). Changes of +/-1 standard deviation
in the weight of the structure result in a change of less than
5% in the maximum bending moment. On the other hand,
changes between 40% and 50% in the bending moments are
observed when the spectral accelerations and the modulus of
elasticity are changed by +/-1 standard deviation each. A
changein the expected 75-year earthquake peak ground accel-
eration (PGA) by +/-0.10 standard deviation results in a
change of about 13% in the columns maximum bending
moment. When theinformation summarizedin Table 3isused

in afirst order Taylor series expansion, the response surface
may be represented by an equation of the following form:

Mmalysjstransverse = _61409 + 121523 EQ +0.002879 E (1)
+ 3,790 C'+ 9,735 by + 0 bys

and

Manayssiong = ~11,765 + 23,322 EQ + 0.00568 E )
+6,900C' + 17,090 by, + 0 by

where

Manalysis transverse 8N Manaiysisiong = the maximum moment
response dueto earthquakesin the transverse
and longitudinal directions, respectively;

EQ = the earthquake PGA;
E = the modulus of elasticity;
C'= the modeling variable of the spectral acceler-
ation; and
by and bys = factors that multiply the weights, W, and the
foundation stiffness, K, respectively.

The normalized factors, by, and by, are used because each
bridge element may have a different weight, and each foun-
dation stiffness my be different. The normalized factors by,
and by in Equations 1 and 1’ express how the final moment
changes when al the individual weights and stiffnesses are
varied by the same factor. When the mean values of the
weightsareused, b, isset at 1.0. Similarly, whenthemean val-
ues of K, are used, by isset at 1.0. The model assumes that al
the element weights are correlated such that a change of the
weight of one element by a certain factor leads to the multi-
plication of all the other elements’ weights by the samefactor.
A similar assumption is made for the foundation stiffnesses.
Theresults shown in Table 1 indicate that the design proce-
dure proposed in NCHRP Project 12-49 [ATC and MCEER,

TABLE 3 Resultsof parametric analysis close to mean values

EQ Transverse EQ Longitudinal
Moment about x Moment about z
(kip-ft) (kip-ft)
Base case = analysis at
mean values 3,879 6,900
75-yr EQ + 0.1 0gg 4,054 7,251
75-yr EQ —0.1 0o 3,560 6,331
C+oc 4,849 8,626
C-0oc 2,954 5,176
W +0ow 3,970 7,057
W—0ow 3,786 6,734
E +0e 4,595 8,289
E —o: 3,006 5,153
Ks+0ys 3,879 6,841
Ks—Os 3,879 6,960




2002) would dictate that the columns be designed to have
maximum capacities M ep ransverse = Maesign transverse = 1,606 Kip-ft
(9,638.5 kip-ft/R,) where the 9,638.5 kip-ft is the moment
obtained by analyzing the structure under the effect of the
2,500-year earthquake and the nominal values of the materia
properties and spectral accelerations, and R, nomina = 6.0 isthe
nomina response modification factor specified by NCHRP
Project 12-49 for multicolumn bents. For thelongitudinal direc-
tion, the required moment capacity iS Mcap iong = Maesigniong =
2,800 kip-ft.

Failure occurs when the applied moment is higher than or
equal to the design moment. The applied moment obtained
from the SAP2000 analysis does not account for the nonlin-
ear response that is normally represented using a response
modification factor, R,. In addition, to account for the mod-
eling uncertainties, Ellingwood et al. (1980) have suggested
that amodeling factor Aeq must also be included in the relia-
bility analysis. This would lead to a failure function, Z, that
can be represented by the equation

Z = Mcap_)\EQ Manalysis/Rm (2)

where M, is a random variable that, according to Nowak
(1999), follows alognormal distribution with a bias equal to
1.14 and a COV of 13%. The modeling factors Agq and Ry,
are also random variables having the properties described in
Table 2 above, and Mayss is a function of the random vari-
ablesEQ, C', E, W, and K; (or, more precisely, by, and bgs).
Inthefirstiteration, the function that gives Maayss iS described
in Equation 1 when the bridge is subjected to earthquakesin
the transverse direction and in Equation 1' when the bridge
issubjected to earthquakesin thelongitudinal direction. Monte
Carlo simulations using Equations 1 or 1' with Equation 2
produced reliability index values of 3 = 1.76 for the trans-
verse direction and 3 = 1.73 for the longitudinal direction.
Through the review of the various cases that fall within the
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TABLE 4 Resultsof parametric analysis close to most likely
failure point

EQ Longitudinal EQ Transverse
Moment about z Moment about x
Ru=6 (kip-ft) (Kip-ft)
Base case = most likely
[fail ure point 18,851 10,722
EQ* +0.10go 19,352 10,986
EQ* —0.10gg 18,351 10,444
C'* +0.20¢ 19,714 11,216
C'*—-0.20¢ 17,987 10,228
W +0.20w 18,948 10,772
W —0.20y 18,752 10,658
E* +0.20¢ 19,566 11,097
E* —0.20¢ 18,116 10,311
Ks* +0.20}s 18,814 10,722
Ks* —0.20)s 18,887 10,722

failureregion, the Monte Carlo simulation a so indicates that
the most likely failure point occurs when EQ* = 0.56g, E* =
1.36E, (bjy = 1.05) or W* =W, b& = 1.07 and when by, =
1.0 or K¥ = K4, for the earthquake in the transverse direc-
tion. The maximum likely failure point occurs when EQ* =
0.60g, E* = 1.39E,, W* = 1.06W,, C'* = 1.08, and K5 = K,
when the earthquake is applied in the longitudinal direction.
These most likely failure points are then used to perform a sec-
ond iteration of the parametric analysis with results described
inTable4. Thesewill inturnlead to new setsof responsefunc-
tions similar but with dightly different coefficients than those
in Equationsland 1'.

The use of the results presented in Table 4 along with
Equation 2 within asecond and third reliability analysisleads
to an updated reliability index of 3 = 1.76 for the transverse
direction and 1.74 for the longitudinal direction. The analy-
sisisthen repested for various values of M, andisillustrated
in Figure 4.

Reliability Index versus Moment Capacity
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Figure4. Variation of reliability index versus moment capacity.
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Theresults of Figure 4 show that thereliability index val-
ues for the longitudinal and transverse directions produce a
reliability index on the order of 1.75 if the proposed design
guidelines of NCHRP Project 12-49 were to be adopted
(Mcap/Mgesign = 1.0) (ATC and MCEER, 2002). The reliabil-
ity index would increase to close to 2.35 when the moment
capacity of the columnsis selected to have capacities equal
to twice the recommended design capacities (Mcyp/Maesgn =
2.0). This increase in the reliability index could then be
achieved by, for example, requiring the use of a response
modification factor during the design processof R,,= 3.0 rather
than the R,, = 6.0 that has been recommended by NCHRP
Project 12-49. It is to be noted that because the analysis
accounted for the nonlinear behavior of the members, the cal-
culations executed herein correspond to the reliability of the
bridge system. The reader is reminded that reliability index
on the order of B = 3.5 has been used as the basis for the
design of bridge members under gravity loads. The presence
of system redundancy would increase the system reliability
index under gravity to B > 4.0. The lower reliability index
values for earthquake loads is justified in the engineering
community on the basis of aninformal cost-benefit analysis
whereby expert chief bridge engineers contend that thereis
general satisfaction with current design procedures given
the excessive economic costs that would be associated with
increasing the current reliability levels.

The resultsin Figure 4 show that the reliability index val-
ues are lower than those calculated in the main body of this
report (NCHRP Report 489). Thisobserved differenceisdue
to the fact that the analysis performed hereinisfor the bridge
columnswhilethe analysisin the main body of the report was
for the extension pile in the bridge foundation. The differ-
enceis primarily caused by the use of alower response mod-
ification factor of R,, = 1.5 for the extension pile as opposed
to the R,, = 6.0 used herein for bridge columns supported on
multi-pile foundations.

To study the effect of the nominal value of the response
modification factor R, used for design on the reliability index,
thereliability analysis of thisfive-span bridgeis repeated for
different values of the response modification factor and com-
pared with the three-span bridge example analyzed in the
main body of the report. The resultsfor the casein which the
earthquake is applied in the transverse direction are com-
pared in Figure 5.

The results shown in Figure 5 demonstrate how the relia
bility index increases with the use of higher response modi-
fication factors and how the results obtained from this exam-
ple based on an MDOF SAP2000 analysis of a multispan
bridge founded on multi-pile foundation systems approach the
results obtained in the body of the report for bridges on exten-
sion piles analyzed as SDOF systems. It is clear from the
results that the major difference is due to the use of different
response modification factors for different bridge members.

3. CONCLUSIONS

This appendix executed a reliability analysis for the seis-
mic response of afive-span bridge with columns supported on
multi-pile foundations and compared the results with those
obtained in other parts of this report for bridges analyzed as
SDOF systems. The resultsillustrate the following points:

1. The simplified analysis using an SDOF system yields
results consistent with those obtained from the more
advanced multimodal structural analysis.

2. RSM yields reasonable approximations to the reliabil -
ity index for the seismic risk analysis of simple bridge
configurations.

3. Theuse of aresponse modification factor of R,,= 6.0 for
bridge columns associated with the 2,500-year NEHRP
spectrum produces system reliability index values on
the order of 1.75. Thisis much lower than the member

Effect of response modification factor
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Figure5. Effect of response modification factor on reliability index.



reliability equal to 3.5 used as the basis for calibrating
the LRFD code for members under gravity |oad.

4. Largedifferencesinthereliability indexesare observed
for the different components of bridge subsystems sub-
jected to seismic events. For example, the foundation
systems produce much higher reliability index values
than do the bridge columns. This difference has been
intentionally built into the bridge seismic design process
by the code writers (i.e., the NCHRP Project 12-49
research team) in order to account for the consequences
of the failure of different members. However, the dif-
ferenceisrather large, producing abetathat variesfrom
avalue of about 3 = 3.0 when aresponse modification
factor equal to R,,= 1.0 isused to about 3 = 1.75 when
a response modification factor of R,, = 6.0 is used dur-
ing the design process. It is noted that the use of a
response modification factor of R,,= 1.0impliesadesign
based on the elastic behavior of memberswhilean R, =
6.0 accounts for the plastic behavior of bridge columns.

5. Although not common in the realm of seismic bridge
engineering, the use of the reliability index as a mea-
sureof bridge safety for al types of extreme eventswill
provide a consistent measure that will help in calibrat-
ing load combination factors as executed during the
course of this study (see Chapter 3 of this report).
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APPENDIX |

ANALYSIS OF SCOUR DATA AND MODIFIED RELIABILITY MODEL FOR SCOUR

1. INTRODUCTION

The AASHTO LRFD specifications (1998) state that “a
majority of bridges that have failed in the United States and
elsewhere have failed due to scour.” This is confirmed by
Shirole and Holt (1991), who observed that over the last 30
years, more than 1,000 of the 600,000 U.S. bridges have
failed and that 60% of these failures are due to scour while
earthquakes accounted for only 2%. Of course, there are many
more bridgesthat are posted or otherwise taken out of service
due to their inadequate strengths (e.g., due to deterioration,
low rating, fatigue damage, etc.); nevertheless, scour is con-
sidered acritical cause of failure becauseits occurrence often
leads to catastrophic collapses. For this reason, developing
methods for the design and maintenance of bridge founda
tions subjected to risk from scour aswell as devel oping tools
to detect the presence of scour are currently considered top
priorities for agencies concerned with the safety of bridges.

Scour is typically assessed using the methodologies pre-
sented in FHWA's Hydraulic Engineering Circular No. 18
(Richardson and Davis, 1995), known as“HEC-18." Although
the HEC-18 model requires designing bridges to sustain
foundation scour associated with the water flow depth and
velocity corresponding to the 100-year or overtopping flood
event, the remaining variables in the HEC-18 equations are
considered to be deterministic. In other words, once the 100-
year water depth and flow velocity have been estimated, the
HEC-18 methodology, like most typical design procedures,
uses a deterministic design approach with safety factors that
implicitly account for uncertainties in the models, the pa-
rameters, or the hydraulic and hydrologic variables. The
HEC-18 design equation for scour depth around bridge piers
isgiven asfollows:

.65
ysdesign _ EDDO 0.43
== = 2.0K;K,K5K, =— F 1
yj_ 1N21N3 4|:y1|] 0 ()
where

Ys design = the nominal or design scour depth;
y; = the upstream flow depth;
D = the effective pier width;
F, = Froude number; and
Ky, Ky, Kz and K, are correction factors for the pier shape,
angle of attack, bed forms, and sediment grada-
tion, respectively.

Theflow depth, y,, and the flow vel ocity used to calculate the
Froude number are those corresponding to the 100-year or
overtopping flood. The safety factors may beincluded in the

biasfactor of 2.0, the correction factors, K;, and/or the usage
of 100-year return period for y,;, which islonger than the 75-
year design period stipulated for the design of bridges under
the LRFD specifications.

If Equation 1 is developed to provide a safe (or nominal)
value for scour depth, the actual depth of scour, Vs, Mmay
be obtained from the following:

ysactual EDDOGS 0.43
= = 2.0AK|K;K3K, =—= R 2

yl 11N21N3 4|:y1|] 0 ( )
where A is a modeling factor which has an average value
equal to 0.55 as reported by Johnson in Appendix B of this
report.

If abridge foundation is designed to satisfy Equation 1 and
the actual depth of scour is obtained from Equation 2, the
margin of safety, Z, can be defined as follows:

Z= Ysdesign ~ Ysactual- (3)

Failurewould occur When Ys q iS greater or equal to Ysdesgn
or when the margin of safety, Z, isless than or equal to zero.
Once the designer chooses the parameters of Equation 1 fol-
lowing the HEC-18 guidelines, Ysqesgn Will be exactly known.
On the other hand, because of the randomness in the scour
process, the determination of the actual scour depth Vs qa IS
associated with large uncertainties, and Ys o.a Must be con-
sidered to be arandom variable. The sources of randomness
are primarily due to the following.

« Themodeling uncertainties associated with the HEC-18
equation, which does not provide very accurate estimates
of scour depths even if al the input data are precisely
known.

» The uncertainties associated with predicting the input
data. These, asidentified by Johnson (see Appendix B),
are primarily due to the following:

— Thedetermination of the maximum 75-year discharge
rate.

— The determination of the flow depth and flow vel ocity
corresponding to the 75-year discharge rate. Because
for known channel profilesthe flow and flow veloc-
ity are obtained from the discharge data based on
Manning' s roughness coefficient, the uncertainties are
assumed to be primarily due to the determination of
the appropriate Manning coefficient to use.

— The random variation in river bed conditions and its
influence on scour depth as represented by the factor
K3 in the above equations.



The prediction of the 75-year probability of failure, P, is
defined as the probability that Z < 0 and can be estimated
based on the statistical data describing the randomness of each
of the variablesthat affect Equation 3, as described above and
aslistedin Table 1.

Although safety factors (or biases) may have been intro-
duced into the empirically derived HEC-18 models, thereis
always a finite chance that the actual scour depth is larger
than the design scour depth. This is due to the uncertainties
associ ated with predicting the maximum flow depth and veloc-
ity that theriver will be exposed to within the bridge’ sdesign
period and the uncertainties associated with determining the
correction factors, K;, as well as the modeling errors that are
introduced by the HEC-18 equations. The object of thisappen-
dix is to provide an explicit accounting for the uncertainties
and the implied risks of the current scour design methodol-
ogy in order to verify the compatibility between the saf ety
of bridges subjected to scour and other loads and extreme
events. To address issues related to structural risk, recent
developments in bridge design procedures have used a
reliability-based methodology to calibrate load and resis-
tance safety factors. The goal of the calibration isto provide
a consistent level of risk for the range of pertinent bridge
geometries and loading conditions. The nominal measure of
risk that is used during the calibration processis the reliabil-
ity index, 3, that is mathematically related to the probability
of failure, P;, by

B=a"(PR) 4

where ®1 is the inverse function of the cumulative normal
distribution.

The reliability index, 3, would give an exact measure of
risk if al the random variables that affect the safety of the
bridge component under consideration are properly identified
along with their probability distribution types and pertinent
statistics. Because of the difficulty of calculating P exactly,
in most practical situations, thereliability index is cal culated
using approximate methods such asfirst or second order reli-
ability method (FORM or SORM) algorithms or Monte Carlo
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simulations. Also, because many of the random variablesthat
control the probability of failure are difficult to identify, cat-
egorize, and estimate and also because the statistical database
for civil engineering applicationsis usually very limited, the
reliability cal culationswould provide only anominal measure
of risk rather than an actuarial value. These limitations pro-
duce what is generally known as “modeling uncertainties.”

To reduce the effects of the above-mentioned modeling
uncertainties, the calibration of new design codesis often exe-
cuted to match the reliability index obtained from existing
“satisfactory” designs rather than satisfying a predetermined
specific valuefor the probability of failure. Thisapproach has
worked reasonably well when calibrating |oad and resistance
factors for bridges having typical geometries and materials
having along history of satisfactory performance under rea-
sonably predictable loading conditions and when the reliabil-
ity index, [3, has been used as the primary criterion for devel-
oping new design codes. Analyses performed during the
course of this study have demonstrated that the reliability
index is highly controlled by the statistical properties of the
modeling variable A. For thisreason, thisappendix will focus
on studying the modeling uncertainties associated with the
scour design procedures and the influence of these uncer-
tainties on the estimates of the reliability index. This analy-
sis is based on the data provided by Landers and Mueller
(1996) in their study supported by the FHWA.

2. SCOUR MODELING UNCERTAINTIES

For the reliability analysis of bridge piers subjected to
scour, aMonte Carlo simulation can be used to generate ran-
dom samplesfor each of the random variablesthat control the
safety margin Z of Equation 3 based on their specified proba-
bility distributions. The estimation of the statistics including
mean values and coefficients of variation (COVs) of the per-
tinent variables as well as the probability distribution types
depend on each bridge's pier geometry, channel configura-
tion, and channel bed properties. Evidently, severa difficul-
ties arise when attempting to estimate the properties of the

TABLE 1 Input datafor reliability analysisfor scour alone
Variable Mean Coefficient of Distribution Reference
Value Variation Type

Q, dischargerate From Table 2.8 From Table 2.8 Lognormal Based on USGS
website

Ao, modeling variable 10 5% Normal Based on USGS

for Q website

Ase Modeling variable 0.55 52% Normal Johnson (1995)

n, Manning roughness | 0.025 28% Lognormal Hydraulic
Engineering Center
(1986)

Ks, bed condition factor | 1.1 5% Normal Johnson (1995)
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variables that control scour at specific bridge sites, particu-
larly when the bridge has not yet been constructed and actual
measurements on the maximum scour depth are not available,
even over limited periods of time. Even when such measure-
ments may be available, the projection of the expected scour
depth over thefull design life of the bridge is associated with
large levels of uncertainty. Added to these difficultiesis the
realization that the HEC-18 equations were primarily devel-
oped based on a limited number of small-scale laboratory
experiments under “ideal” flow conditions and uniform sand
bed materials that may not resemble actual field conditions.
In fact, several investigations have shown large discrepan-
cies between observed scour depths and those predicted from
the HEC-18 equations. Because of all the limitations of the
HEC-18 model, a procedure that takes into consideration the
modeling uncertainties in an explicit manner while studying
the safety of bridges subjected to scour is initiated in this
appendix.

In assessing the safety of bridge piers subjected to scour,
four broad sources of uncertainty are relevant: (1) inherent
variability, (2) estimation error, (3) model imperfection, and
(4) human error. Inherent variability, often called “random-
ness,” may exist in the characteristic of the bridge structure
or in the environment to which the structure is exposed.
Inherent variability is intrinsic to nature and is beyond the
control of the engineer or code writers. The uncertainties due
to estimation error and model imperfection are extrinsic and,
to some extent, reducible. For example, a reliability analyst
may choose to obtain additional information to improve the
accuracy of estimation. The uncertainty due to human error
may also be reduced by implementing rigorous quality-control
measures during the collection, interpretation, and analysis
of scour data. Such improvements, however, usualy entail
an investment in time and money that the analyst may not be
willing to undertake. In addition, thiseffort requiresthe capa
bility of collecting such data at the site of interest. During the
bridge design process when the bridge is still in the planning
stages, the collection of site-specific data is not possible.
Hence, it is usual to rely on design models devel oped based
on data from other sites and for different bridge configura-
tions and to project these available data to the particular site
and bridge conditions. Hence, improving the quality of the
data collection effort is not a viable option during the design
stages, although this can be achieved at later stages when
checking the safety of existing bridges. Thisstudy focuseson
developing load factors for the design of new bridges under
extreme events. Thus, the study must rely on available data
collected from avariety of sitesunder different conditionsto
obtain estimates of the modeling uncertainties that describe
the relationship between the expected scour depths and those
predicted from the HEC-18 equations. In bridge engineering
practice, pier scour depth is estimated using the HEC-18
model with Equation 1.

Field observations have shown that even when all the per-
tinent parameters of HEC-18 are known, large discrepancies
still exist between the measured scour depths and those of the
HEC-18 equations. These differences are attributed to the
uncertainties in the HEC-18 model. To account for these
modeling uncertainties, Equationl can be modified by insert-
ing amodel correction factor, A, which is defined asfollows:

A= ysactud

©)

ysdas gn

so that the actual depth of scour, Vs aa, May be obtained
from Equation 2. Notice that A as defined in Equation 5 pro-
vides an inverse measure of safety such that alower value of
A implies a higher level of safety. Also, since A isarandom
variable, the higher its COV is, the higher the probability is
that the actual depth of scour will exceed the design value
and, hence, the lower the safety of the systemis.

The mean value of A isdefined as A and its standard devi-
ation as o,. These can be estimated from observations of
scour depths at bridge piers and by comparing the observed
scour depths with those predicted using the HEC-18 equa-
tion. For example, 21996 study supported by FHWA has col-
lected an extensive set of data on observed scour depths and
compared these with different prediction models including
the HEC-18 equations. The data published in the report by
Landers and Mueller (1996) provides Vs .na and sufficient
information to calculate s geqqr fOr different sites, channel
bed materials, and types of bridge piers. Table 2 provides a
summary of the average values of A and its COV for severd
different categories and groupings of the data.

A total number of 374 local scour measurements at differ-
ent bridge piers were assembled from the report of Landers
and Mueller (1996). Of these measurements, 240 were col-
lected in channels with live-bed conditions and the rest were
for piers set in clear-water conditions. Live-bed conditions
occur when the water channel carries soil particles that are
deposited on the channel floor at low flow speeds. These
deposits would refill the scour hole such that under live-bed
conditions, the scour process becomes cyclical. From Table
2, it is observed that the COV for the data collected in live-
bed channels is lower than that obtained from al the data
Out of the 240 measurementstaken in live-bed channels, 126
were for pierswith rounded noses, 52 of the piers had square
noses, 30 piers were cylindrical, and 32 had sharp noses. On
the other hand, 191 of the bridges had single-pier bents and
49 had pier groups. The bridge piers were aso classified
based on threetypes of foundations: (1) piles, (2) poured, and
(3) unknown. The soil typeis classified as honcohesive soil
or unknown soil. Only 18 data points satisfied the conditions
of cylindrical single poured piersin live-bed channels hav-
ing noncohesive soils. When all the data are analyzed simul-
taneoudly, the COV is 64.6%, indicating a very high level of
modeling uncertainties. Large differencesin the mean values
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TABLE 2 Summary of mean and COV of A based on data of Landersand Mueller (1996)

Flow and Number Standard

channel material Pier Standard of deviation

type shape Mean |deviation| COV |observations of mean
All cases 0.412 0.266 0.646 374 0.0138
Channels with live-bed conditions only 0.429 0.247 0.576 240 0.0159
Rounded 0.400 0.231 0.577 126 0.0206
All channel bed material Sharp 0.523 0.292 0.558 32 0.0516
Cylinder 0.383 0.204 0.532 30 0.0372
Square 0.432 0.246 0.570 52 0.0341
Noncohesive soils All shapes 0.417 0.237 0.569 195 0.0170
Unknown soil type All shapes  |0.479 0.283 0.593 45 0.0422
Single piers All shapes 0.405 0.223 0.550 191 0.0161
Pier groups All shapes 0.535 0.310 0.580 49 0.0443
Pile foundation All shapes 0.421 0.256 0.607 158 0.0204
Poured foundation All shapes 0.419 0.185 0.442 67 0.0226
Unknown foundation All shapes 0.547 0.361 0.660 15 0.0932
Noncohesive soils, poured Rounded 0.405 0.181 0.446 48 0.0261
Noncohesive soils, poured Cylinder 0.355 0.132 0.371 18 0.0311

and/or COVs are observed for different pier shapes, founda-
tion types, and so forth. Lower COV's are observed when the
data are categorized based on pier shape and streambed con-
ditions. As an example, the mean value of A for the 18 cases
that have cylindrical poured piers in noncohesive soils was
found to be 0.36 with a COV of 37.1%. The piers with
rounded noses produced amean value of A equal to 0.41 with
aCoV equal to 44.6%. Thelowest value of COV isobserved
for the case of cylindrical piersin poured foundations set in
live-bed channels with noncohesive soils. Presumably, this
lower COV of 37.1% reflectsthe fact that the HEC-18 model
was primarily developed based on laboratory simulations
under these same conditions. Although thelowest in Table 2,
aCOV of 37.1% till indicates a high spread in the observed
data away from the mean value. The bias of 0.36 for thiscase
implies a conservative design equation with an implicit
safety factor on the order of 2.82 (1/0.36).

The point estimates of the mean and the standard devia-
tions of A givenin Table 2 are obtained from alimited set of
data. To convey information on the degree of accuracy of
these estimates, one should recognizethat A isarandom vari-
able with (unknown) mean p, and with (unknown) standard
deviation o,. The sample means that values of A given in
Table 2 are estimates of |, for various data sets. The precision
of these estimates can be assessed using the fact that asample
mean A is arandom variable with mean value equa to p, and
astandard deviation of o5 = +/(0, )?/n wherenisthe sample
size. It is noted that for large sample sizes, A will approach a
normal distribution, and the confidenceintervalsfor A may be
obtained using the normal probability tables. The data of
Landers and Mueller (1996) also provide estimates of 0,
(column 4 standard deviation) from which oyiscalculated as
given in the last column of Table 2. Notice how, in many
instances, as the classification of the datais narrowed to spe-

cific categories of pier shapes and water channel conditions,
the standard deviation (o,) decreases; however, since the
number of samples used to calculate A decreases also, the
standard deviation of A (i.e., 0y) increases, thus expressing a
lower level of precision in the estimation of A.

The data from al 374 cases are plotted in a histogram, as
is shown in Figure 1. The figure also shows the histograms
that would be obtained if the data were assumed to follow a
normal distribution or a lognormal distribution. The plots
seem to indicate that the modeling variable A may be rea-
sonably well modeled by alognormal distribution. Further
verification of this observation for different subsets of the
datais undertaken below.

The data from the live-bed channels consisting of 240 data
points are also plotted using alognormal probability scale, as
isshownin Figure 2. The plot further verifiesthat A for this set
of data may be reasonably well represented by a lognormal
distribution. Other probability plots for different sets of data
areprovided in Figures 3, 4, and 5. In particular, Figure 3 plots
the modeling factor A for rounded poured piers set in live-bed
channel swith noncohesive soilson anormal probability curve.
Figure 4 plots the same data on alognormal probability scale.
Figure 5 gives aplot on alognormal scale for the data assem-
bled for cylindrical poured piersin live bed-channel swith non-
cohesive soils. It is noted that Figures 3 and 4 show that the
distribution of A for the rounded piers approaches a normal
distribution near the upper part of the curve(i.e., for high val-
ues of A) while for low values of A, the probability distribu-
tion more closely approaches that of a lognormal distribu-
tion. On the other hand, alognormal distribution seemsto be
appropriate for the cylindrical piers, as shown in Figure 5.

The chi-squared goodness-of -fit tests for the data setsplot-
ted in Figures 2 through 5 were executed as summarized in
Tables 3 through 6. The results confirm the observations made
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Figure 1. Histogram for distribution o¥.

from the probability plots. In particular, the chi-squared test
for the complete data as depicted in Table 3 shows that the
data are not inconsistent with the assumption that the under-
lying distribution is lognormal with a significance level of
5%. In fact, the sum of the squared difference between the
observed frequencies and the corresponding lognormal fre-
quencies divided by thelognormal frequency produced asum
equal to 1.02, whichislower than the value of the appropriate
¥ 2 distribution at the cumulative probability of 95%, whichis
givenin probability tablesas C; - 1 = 7.81 where o = 5% and
f = 3. Onthe other hand, the assumption of anormal distribu-

tion produces asum of the squared difference equal to 45.86,
which is much higher than C, _, ; = 7.81. Table 4 showsthe
same results for the data set consisting of 240 samples col-
lected at sites with live-bed conditions. Table 5 gives the
results for the scour-modeling ratio, A, for the 48 rounded
poured piers set in honcohesive soils in live-bed channels.
Table 6 givesthe same analysisfor the cylindrical piers. Itis
noted that for al the cases considered, the lognormal distri-
bution is acceptable within the 5% confidence level. How-
ever, Table 5 shows that for the rounded piers, the normal
distribution would aso be valid.

Log-normal probability paper

Ratio of observed over predicated data

1 10 30

50 70 99

Cumulative Probability

Figure 2. Plot of data from live-bed conditions on lognormal probability paper.
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Figure 3. Plot of data for rounded piers under live bed on normal probability paper.

Currently used reliability analysis procedures account for
modeling uncertainties by including A in the failure function
and treating it asarandom variablein asimilar way asal the
other physical variables that affect the safety of a structural
system. However, the use of asingle modeling variable A for
all scour cases assumes that the expected ratio between the
observed scour and the scour predicted from the HEC-18

equationsisconstant for all levelsof scour and isindependent
of any of the parameters that control scour at a given site.
Thisis not necessarily the case. A plot of A versus the log-
arithm of the observed scour depth is shown in Figure 6.
The plot shows how the modeling variable varies with the
observed scour depth for the 48 samples corresponding to
scour in noncohesive soil around rounded poured piers. The

Log-normal probability paper

Ratio of observed data over predicated data

1 10 30

50 70 90 99

Cumulative Probability

Figure 4.
paper.

Plot of data from rounded piers under live bed on lognormal probability
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Figure 5. Plot of data for cylindrical piers under live-bed conditions on lognormal probability

paper.

TABLE 3 Chi-sguared goodness-of-fit test for A using all scour data

Frequency N; e,Normal |e,Lognormal | (Ni—e)%e (Ni—&)%e
Range Observed Distribution | Distribution | for Normal |for Lognormal
<02 67 79.5 65 1.97 0.06
0.2-0.4 144 100.6 1517 18.72 0.39
0.4-0.6 89 1035 85.1 2.03 0.18
0.6-0.8 42 62.7 38.5 6.83 0.32
0.8-1.0 17 22 17.3 1.14 0.01
>1.0 15 5.7 16 15.17 0.06
Sum 374 45.86 1.02
Ciay 7.81 7.81

TABLE 4 Chi-sguared goodness-of-fit test for A using scour data from live-bed

channels
Frequency N; e,Normal |e,Lognormal | (Ni—e)%e (Ni—e)¥e
Range Observed Distribution | Distribution | for Normal |for Lognormal

<0.2 36 30.7 29.8 0.91 1.29
0.2-04 100 86.5 109.2 2.10 0.77
0.4-0.6 55 89.1 62.5 13.02 0.89
0.6-0.8 29 30.3 24.1 0.05 0.98
0.8-1.0 11 3.35 8.8 17.50 0.53

>1.0 9 0.12 5.6 660.64 2.06

Sum 240 694.22 6.51

Cras 7.81 7.81

plot of Figure 6 clearly shows skewness in A. Other plots
and a regression analysis indicate that A increases asymp-
totically as the observed scour depth increases. The relation-
ship between A and the scour depth may be represented by an
equation of the following form:

A =0.24y%%, (6)

The standard error for the above equation is found to be
€ = 0.464 and the multiple R? = 0.42. Alternatively, a multi-
variable regression analysis of A as a function of the pier
width, D, flow depth, y,, and flow velocity, V, shows that A
can be represented in an equation of the form

A = 0.184 + 0.0081D + 0.0044y, + 0.014V. @
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TABLES5 Chi-squared goodness-of-fit test for A using scour data of rounded
piersin live-bed channels

Frequency N; &, Normal |e,Lognormal | (Ni—e)e (Ni—e)%/e
Range Observed Distribution | Distribution | for Normal |for Lognormal
<0.2 7 6.14 5.96 0.12 0.18
0.2-0.3 10 7.30 11.25 1.00 0.14
0.3-0.4 7 10.00 10.59 0.90 1.21
0.4-0.5 9 10.16 7.60 0.13 0.26
0.5-0.6 6 7.65 4.89 0.36 0.25
0.6-0.7 5 4.28 3.01 0.12 1.32
>0.7 4 2.47 471 0.95 0.11
Sum 48 3.58 3.47
Cras 9.49 9.49

TABLE 6 Chi-sguared goodness-of-fit test for A using scour data of cylindrical

piersin live-bed channels

Frequency N; e,Normal |e,Lognormal | (Ni—e)%e (Ni—e)’/e
Range Observed Distribution | Distribution | for Normal |[for Lognormal

<0.2 1 2.15 131 0.62 0.07

0.2-0.3 6 3.93 5.52 1.09 0.04

0.304 5 531 5.66 0.02 0.08

0.4-0.5 4 4.16 3.22 0.01 0.19

0.50.6 1 1.88 141 041 0.12

0.6-0.7 0 0.49 0.55 0.49 0.55

>0.7 1 0.08 0.33 10.54 1.36

Sum 18 13.18 2.42

Ciay 9.49 9.49

for 48 samples
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Figure 6. Plot of modeling variable, A, versus observed scour depth.
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The above equation is executed for the 48 samples of
rounded piersin noncohesive soils under live-load conditions.
Infact, using an analysisof variance, it wasfound that the effect
of the pier shape on the average value of A was not statistically
significant given the high observed standard deviations.

To account for the skewnessin A that is caused by the use
of the HEC-18 equations, an aternative method of analysis
is suggested as described in Section 3 of this appendix.

3. ALTERNATIVE RELIABILITY MODEL FOR
SCOUR

Appendix C of thisreport presented the results of areliabil-
ity analysis of bridge piers subjected to scour. The model used
in Appendix C was based on data that were previously avail-
ablein the literature and assumed that the modeling variable A
is uniform for all cases. The existence of the extensive data-
base published by Landers and Mueller (1996) provides a
unigue opportunity to come up with an aternative empirical
model for predicting scour depths based on a multivariable
regression analysis. Several aternativeregresson modelshave
been analyzed, including aregression effected on the whole
data set consisting of 374 samples, on the 48 samplesfor the
rounded piles in noncohesive soils, and on the combination
of rounded and cylindrical piers.

Based on the parameterstabul ated by Landersand Muel ler
(1996) and after several trialsto identify the parameters that
control the scour depth, the regression equation for the total
374 sample size was selected to be of the following form:

In (scour) Oshape + bed-load transport
+ In (pier width) + In (flow depth) (8)
+In (flow velocity)

where In is the log function. The regression coefficients
obtained using the S+ computer package are tabulated as

shownin Table 7; theresidual standard error wasfound to be
0.56, and the term R? = 0.53.

Theregression analysis of the 48 samples of rounded piers
in noncohesive soilswas performed using amodel of thefol-
lowing form:

In.(scour) OIn (pier width) + In (flow depth) ©)
+ In (flow velocity)

In this case, the regression coefficients are listed in Table 8.
The residual standard error was found to be 0.41 on 44
degrees of freedom and the term R?is 0.83.

The analysis of the residuals for the 48 sample points as
plotted in Figures 7 through 9 shows that the points are
evenly spread around the value of 0.0 and that they can be
reasonably well represented by anormal distribution.

The use of the regression resultsin the reliability analysis
may be effected by replacing the failure function of Equa-
tion 3 by the equation

Z= Ydesign ~ Yregression (10)

where for rounded piers in noncohesive SoilS Yregresson 1S Cal-
culated from

IN Yregression = —2.08 + 0.63 InD + 0.48 Iny, (11)
+0.61InV+e¢

where

D = the pier diameter,

y; = the flow depth,

V = the flow velocity, and
€ = theresidud error.

TABLE 7 Coefficients of regression analysisfor all 374 samples of data

Coefficients
Value Standard Error tValue Pr(>1t)
(Intercept) -0.60 0.10 —6.10 0.000
Shape 1 -0.19 0.11 -1.68 0.094
Shape 2 -0.10 0.04 —2.47 0.014
Shape 3 -0.02 0.03 -0.67 0.500
Shape 4 0.02 0.02 0.96 0.338
Bed.load 0.16 0.03 4.60 0.000
In.width.b 0.66 0.07 9.58 0.000
In.flow.depth 0.20 0.04 5.04 0.000
In.flow.vel 0.12 0.05 2.15 0.032

TABLE 8 Coefficients of regression analysisfor 48 samples of rounded pier data

Coefficients
Value Standard Error t Value Pr(>1t)
(Intercept) —2.08 0.30 —6.98 0.0000
In.width.b 0.63 0.14 4.62 0.0000
In.flow.depth 0.48 0.13 4.10 0.0002
In.flow.vel 0.61 0.13 4.78 0.0000
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Figure7. Plot of residuals for 48 samples of rounded piers.

As explained above, D is a deterministic variable since the
pier diameter can be accurately known even before the actual
construction of the pier; y; and V are random variables that
depend on Manning' s roughness coefficient and the 75-year
maximum dischargerate, which are random variables having
the properties listed in Table 8. Based on the analysis of the
residuals effected in this section of the report, € may be con-
sidered to follow a normal distribution with mean equal to
zero and a standard deviation equal to 0.41.

Using Equation 10in aMonte Carlo simulation as described
in Section 2 of Appendix C of this report for the Schohaire

River, datawould lead to the results shown in Figure 10. The
plot showsthat if the HEC-18 equation is used for designing
the bridge pier, then the critical design scour depth should be
y =17.3ft. Thereliability index obtained for such adesignis
B =0.47. Thereliability index increasesto 3 =2.71 when the
scour depth isdesigned to be twicethe value of HEC-18 (i.e.,
Yectua!/Yrec1s = 2.0 OF Yara = 34.6 ft).

A dight differencein the resultsis observed when Yiegresson
iscalculated based on the regression equation obtained when
the full set of 374 samples is used (i.e., from Equation 8).
These results are also shown in Figure 10. In this case, the

In.scour.obs

0.0 0.5 1.0

15 2.0 2.5

Fitted : In.width.b + In.flow.depth + In.flow.vel

Figure8. Comparison of regression results to observed scour depth.
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Figure9. Plot of residual versus standard normal quantiles.

reliability index of 3 = 0.58 is aobtained when the foundation
isdesigned for acritical depth of 17.32 ft as stipulated from
the HEC-18 equations. Thereliability index is 2.45 when the
foundation depth is set at 34.64 ft. The small differences
observed between the results obtained from Equation 8 and
Equation 9 are due to the larger standard regression error
obtained from Equation 8 that uses all 378 sample points.
The reliability analysis is subsequently performed for the
five different rivers that were analyzed in Appendix C: the
Schohaire, Mohawk, Sandusky, Cuyahoga, and Rocky Rivers.
These relatively small rivers are selected because they pro-

Reliability index for scour depth

duce 100-year flood depths ranging from 8.5 ft to 21 ft, which
are appropriate for the bridge configuration under investiga-
tion as described in Appendix C. Aswasdonein Appendix C,
two cases are considered: (1) the case in which the bents are
formed by one column each and (2) the casein which the bents
areformed by two columns. Theresults of thereliability analy-
sisfor each case are presented in Figures 11 and 12.

Tables 9 and 10 aso provide a summary of the results
obtained using thisalternative reliability model for the bridge
with the one-column bent and for the two-column bent. The
results illustrate how the reliability index decreases for the

exceedance (one column river Schohaire)

Beta

24 26 28 3 32 34 36

—&@— 48 In.scour.obs
374 In.scour.obs

Ydepth / Ydesign scour depth
(1.0 is the HEC-18 design scour depth =17.3 ft)

Figure10. Plot of reliability index versus foundation depth.
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Reliability index for scour depth exceedance (one column bent)
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Ycr/Scour depth
(1.0 is the scour depth of of Design)

Figure11l. Plot of reliability index for one-column bent for five river discharges.

rivers with higher discharge rates varying from (3 = 1.66 for
the Rocky River to B = 0.47 for the Schohaire River. The
lower beta for the rivers with higher discharge rates reflects
theinfluence of alower modeling variable, A, for high values
of scour depths. Such results indicate that the HEC-18 equa-
tion becomes less conservative as the expected scour depth
increases. The average reliability index for the cases consid-

ered ison the order of 1.08. If oneisto group theriversinto
three categories—high discharge rates (Schohaire), medium
discharge rates (Mohawk and Sandusky), and small dis-
charge rates (Cuyahoga and Rocky)—then the average beta
would becloseto 3 =1.0. Thisvalueisclearly lower than the
[3 =1.40 observed in Appendix C when the reliability model
employing a uniform modeling variable is used.

Reliability index for scour data depth exceedance (two column bent)

5
4
3 —&— Schohaire
—m— Mohawk
2 —a&— Sadusky [
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@ 0 T T
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/.
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(1.0 is the scour depth of design)

Figure12. Plot of reliability index for two-column bent for five river discharges.
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TABLE9 Summary of reliability analysisfor one-column bent for different

river discharge data

Average Ys75 COV of Design Reliability

River (max scour depth in 75 yr) Ys75 depth (ft) index, B
Schohaire  [16.29 25% 17.3 0.48
Mohawk 12.56 21% 14.0 0.73
Sandusky  [12.03 22% 14.3 0.90
Cuyahoga [8.88 21% 12.3 1.60
Rocky 8.68 22% 12.3 1.66

TABLE 10 Summary of reliability analysisfor two-column bent for different
river discharge data

Average Ys75 COV of Design Reliability
River (max scour depth in 75 yr) Ys75 depth (ft) index, B
Schohaire  [11.60 25% 12.3 0.47
Mohawk  [8.95 21% 9.9 0.71
Sandusky  [8.57 22% 10.2 0.99
Cuyahoga [6.33 21% 8.7 1.57
Rocky 6.18 22% 8.75 1.65

4. CONCLUSIONS

Thisappendix presented an analysis of the scour data pub-
lished by Landers and Mueller (1996). A new reliability
model was then proposed based on the results of the analy-
sis. Thereliability calculations have shown that the HEC-18
model providesvarying levelsof reliability depending on the
expected scour intensity at a site. In particular, the use of
HEC-18 for designing the foundations of bridge piers pro-
vides higher safety levelsfor riverswith relatively small dis-
charge rates (differences in the reliability index on the order
of 1.20 are observed for the sites selected in this appendix).
In all cases, however, the reliability index observed for
bridge foundations designed according to the HEC-18 equa-
tions are much lower (on the order of B = 1.0) than those of
bridge members designed for gravity loads using the current
AASHTO LRFD specifications, which produce a reliability
index on the order of 3.5. Adding aload safety factor on the
HEC-18 equations will help increase the average reliability
index as observed in Section 3.2 of the main body of this
report. However, a major review of the HEC-18 equations
will be needed in order to reduce the spread in the observed
reliability levels between different sites.

The model proposed herein is based on aregression fit for
the data of Landers and Mueller (1996), which is limited to

sites with observed scour depths less than 20 ft. The model
may not be appropriate for use for sites at which the scour
depth is expected to exceed this value.
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