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FOREWORD

This manual, which is comprised of two parts, represents the most current state-of-practice in
assessing the vulnerability of highway structures to the effects of earthquakes, and implementing
retrofit measures to improve performance. Part 1 of this manual focuses on highway bridges,
and is a replacement for the Federal Highway Administration (FHWA) publication Seismic
Retrofitting Manual for Highway Bridges which was published in 1995 as report FHWA-RD-94-
052. Part 2 of this manual provides guidance on the assessment and retrofitting of other typical

highway structures, including retaining walls, engineered slopes and embankments, tunnels,
culverts, and pavement.

This manual is a product of the FHWA’s comprehensive seismic research program for bridges
and highways that was initiated in 1992 as a result of the Intermodal Surface Transportation
Efficiency Act of 1991, and continued via the Transportation Equity Act for the 21* Century of
1997. As the state-of-practice and knowledge regarding bridge and highway structure evaluation
and retrofitting is now relatively mature, it is likely that this will be the final FHWA manual
addressing retrofitting of typical highway bridges; however, there is still much to learn and
demonstrate regarding assessment, evaluation and retrofitting of unique or special highway
bridges such as trusses and cable-supported bridges (e.g., suspension and cable-stay bridges),
structure types addressed in Part 2, and unique earthquake mitigation technologies such as bridge
isolation bearings and hysteretic dampers. We therefore anticipate that future FHWA
publications will address updates to Part 2 and will provide new manuals for these specialty
structures and earthquake mitigation approaches.

e
Gary L. Henderson

Direqtor, Office of Infrastructure R&D

NOTICE

This document is disseminated under the sponsorship of the U.S. Department of Transportation in the interest of
information exchange. The U.S. Government assumes no liability for the use of the information contained in this
document. This report does not constitute a standard, specification, or regulation.

The U.S. Government does not endorse products or manufacturers. Trademarks or manufacturers’ names appear in
this report only because they are considered essential to the objectives of the document.

QUALITY ASSURANCE STATEMENT

The Federal Highway Administration (FHWA) provides high-quality information to serve Government, industry,
and the public in a manner that promotes public understanding. Standards and policies are used to ensure and
maximize the quality, objectivity, utility, and integrity of its information. FHWA periodically reviews quality issues
and adjusts its programs and processes to ensure continuous quality improvement.
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PREFACE

This report is a major revision of the Federal Highway Administration publication Seismic
Retrofitting Manual for Highway Bridges, which was published in 1995 as report FHWA-RD-
94-052. This edition expands the coverage of the previous publication by including procedures
for evaluating and retrofitting retaining structures, slopes, tunnels, culverts, and pavements, in
addition to bridges. It is published in two parts as follows:

Part 1: Bridges
Part 2: Retaining Structures, Slopes, Tunnels, Culverts, and Pavements

Whereas Part 1 maintains the basic format of the retrofitting process described in the 1995
report, major changes have been made in this revision to include current advances in earthquake
engineering, field experience with retrofitting highway bridges, and the performance of bridges
in recent earthquakes in California and elsewhere. It is the result of several years of research with
contributions from a multidisciplinary team of researchers and practitioners.

In particular, a performance-based retrofit philosophy is introduced similar to that used for the
performance-based design of new buildings and bridges. Performance criteria are given for two
earthquake ground motions with different return periods, 100 and 1000 years. A higher level of
performance is required for the event with the shorter return period (the lower level earthquake
ground motion) than for the longer return period (the upper level earthquake ground motion).
Criteria are recommended according to bridge importance and anticipated service life, with more
rigorous performance being required for important, relatively new bridges, and a lesser level for
standard bridges nearing the end of their useful life.

Minimum recommendations are made for screening, evaluation, and retrofitting according to an
assigned Seismic Retrofit Category. Bridges in Category A need not be retrofitted, whereas those
in Category B may be assessed without a detailed evaluation, provided certain requirements are
satisfied. Bridges in Categories C and D require more rigorous evaluation and retrofitting, as
required. Various retrofit strategies are described and a range of related retrofit measures
explained in detail, including restrainers, seat extensions, column jackets, footing overlays, and
soil remediation.

This manual comprises 11 chapters and six appendices as follows:

Chapter 1 gives a complete overview of the retrofitting process including the philosophy of
performance-based retrofitting, the characterization of the seismic and geotechnical hazards, the
assignment of the Seismic Retrofit Category, and summaries of recommended screening
methods, evaluation tools, and retrofit strategies. Topics in this chapter are described in greater
detail in the following 10 chapters.

Chapters 2 and 3 describe the characterization of the seismic and geotechnical hazards.



Chapter 4 presents two screening and prioritization methods, with examples of each method.

Chapters 5, 6, and 7 describe six evaluation methods, of increasing rigor, for the detailed
assessment of demand and capacity, using either a component-by-component approach or a
system approach for a complete bridge.

Chapters 8, 9, 10, and 11 describe retrofitting measures for bearings, seats, columns, piers, cap
beams, column-to-cap joints, abutments, and foundations. Remedial techniques for hazardous
sites are also addressed.

Appendices A through D provide supplementary material on conducting site-specific
geotechnical investigations, the evaluation of geotechnical hazards, fragility curve theory, and
the calculation of capacity/demand ratios for bridge components.

Appendices E and F present two examples illustrating the application of the component
capacity/demand method (Method C) to multi-span concrete and steel highway bridges,
respectively.

A glossary and lists of abbreviations, symbols, and references are also included.

It is noted that this manual was developed while the U.S. Department of Transportation was
transitioning to metric units. As a consequence, example problems are presented in Sl units.
Future editions may however use Customary U.S. units to reflect the current movement in many
State DOTSs back to customary units.



SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters mm?
2 square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius e
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in’
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft3
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds b
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
*C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m® candela/m? 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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CHAPTER 1: SEISMIC RETROFITTING OF HIGHWAY BRIDGES

Sp1 =

Seismic demand or force.

Longitudinal seismic demand or force.

Transverse seismic demand or force.

Site factor in short-period range of design spectrum.

Site factor in long-period range of design spectrum.

Average Standard Penetration Test (SPT) blowcount.

Priority index.

Plasticity index.

Bridge rank.

Spectral acceleration at 1.0 sec period for reference site (Site Class B).

Spectral acceleration at 1.0 sec period including site effects.
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Spectral acceleration at 0.2 sec period including site effects.
Spectral acceleration at 0.2 sec period for reference site (Site Class B).

Average undrained shear strength.
Average shear wave velocity for the upper 30 m (100 ft) of the soil profile.
Weight.

Moisture content.

CHAPTER 2: SEISMIC GROUND MOTION HAZARD

4
Eeff

m oo o oo <
<7 s @ =8

—

Viscous damping ratio.

Effective viscous damping ratio.

Annual frequency of occurrence.

Total thickness of cohesive soil layers in the top 30 m (100 ft).
Thickness of a layer between 0 and 30 m (0 and 100 ft).

Total thickness of cohesionless soil layers in the top 30 m (100 ft).
Site factor in short-period range of design spectrum.

Site factor in long-period range of design spectrum.

Soil layer (ranges from 1 to n).

Number of cohesionless soil layers in the top 30 m (100 ft).

Average Standard Penetration Test (SPT) blowcount (blows/0.30m or blows/ft).
Blowcount for a cohesionless soil layer.

Standard penetration test blowcount of a layer.

Probability of exceedance.

Plasticity index.

Spectral acceleration at 1.0 sec period for reference site (Site Class B).
Spectral acceleration at 1.0 sec period including site effects.

Spectral acceleration at 0.2 sec period including site effects.

Spectral acceleration at 0.2 sec period for reference site (Site Class B).

Average undrained shear strength.

Undrained shear strength for a cohesive soil layer.
Period of vibration.

Lifetime of bridge.
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Vsi = Shear wave velocity of i layer of soil.

Vs = Average shear wave velocity for the upper 30 m (100 ft) of the soil profile.

Moisture content.

£
I

CHAPTER 4: SEISMIC RATING METHODS FOR SCREENING AND PRIORITIZATION

o = Angle of skew.

A; = Modified median fragility curve parameter.

a = Median spectral acceleration (at 1.0 sec period).

B = Width of deck.

Bioss = Direct economic loss due to structural damage to a bridge.

bmax = Maximum transverse column dimension.

F = Framing factor.

H = Height.

Hioss = Indirect economic loss due to loss of life, injuries, business disruption, traffic
congestion, and denied access.

Kohape = Factor relating to the shape of the design acceleration spectrum.

Kegew = Fragility modification factor to account for bridge skew.

L = Length of bridge deck

L = Available support length for superstructure

L. = Effective column length.

N = Minimum recommended support length.

n = Number of spans in bridge.

np = Number of piers.

P = Priority index.

Pr = Total number of points to be deducted from Q for factors known to reduce
susceptibility to shear failure.

P = Amount of main reinforcing steel expressed as a percent of the column cross-
sectional area.

Q = Factor used to determine column vulnerability rating (equation 4-5b)

R = Bridge rank.

RCR; = Repair cost ratio for the i damage state.

RCRt = Total repair cost ratio.

S = Site factor.
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Spi = Spectral acceleration at 1.0 sec period including site effects (seismic coefficient).

Tross = Total monetary loss to the economy.

U = Replacement cost of the bridge.

\% = Bridge vulnerability rating.

Vi = Vulnerability to collapse or loss of access due to longitudinal movement.
Vr = Vulnerability to collapse or loss of access due to transverse movement.

CHAPTER 5: EVALUATION METHODS FOR EXISTING BRIDGES

o = Angle of skew.
= Displacement of superstructure.
Amax = Maximum displacement.
Nopax = Displacement limit state.
Ay = Yield displacement.
u = Displacement ductility factor.
Eetr = Effective viscous damping ratio.
o) = Total area ratio of longitudinal reinforcement.
(0] = Capacity reduction factor.
® = Angular frequency.
2Qnsi = Sum of the displacement or force demands on a component from non-seismic
loads.
A, = Gross area of the column section.
B = Width.
Br = Damping factor used in the long-period range of the spectrum.
Bs = Damping factor used in the short-period range of the spectrum.
Ce = Capacity coefficient.
Cq = Seismic demand coefficeint.
D = Smallest column dimension or diameter.
D, = Pile dimension about the weak axis of bending.

= Total horizontal force acting on the bridge.

F, = Yield force.
f'e = Compressive strength of concrete.
g = Acceleration due to gravity.
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H = Height.

K = Lateral stiffness of the bridge.

ki = Elastic stiffness in direction considered, transverse or longitudinal.

ko = Equivalent post-yield stiffness in direction considered, transverse or longitudinal.

L = Total length of bridge

L = Distance between expansion joints.

M/V = Shear span length of an equivalent cantilever member where M is the end moment
and V is the shear force.

M, = Nominal column yield moment.

N = Minimum seat width.

No = Available seat width at an abutment or pier cap.

= Axial load.

P, = Axial capacity of a steel column or timber pile member in compression.

P. = Axial load on the bridge column including both gravity and seismic effects.

Pe = Equivalent uniform static seismic loading per unit length of bridge.

Po = Uniform load.

Py = Axial capacity at yield of a steel column/pile member.

Qe = Displacement or force demand for the earthquake loading under consideration.

R = Ratio of elastic force demand to lateral capacity of pier.

Rc = Nominal ultimate displacement or force capacity of the structural component
being evaluated.

Sa = Spectral acceleration.

Sq = Spectral displacement.

T = Period, or wall thickness or the smallest cross-sectional dimension.

VsMAX = Maximum value of static displacement vy(x).

Vv = Lateral strength capacity at zero displacement.

w = Weight.

W = Seismic weight per column.

w(x) = Unfactored dead load of the bridge superstructure and tributary substructure.

CHAPTER 6: GEOTECHNICAL MODELING AND CAPACITY ASSESSMENT

Y = Weight density of soil.
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Total unit weight of soil.

Unit weight of water.

Axial displacement of the pile head due to compression of the pile under axial

load but neglecting the surrounding soil.
Characteristic length of a pile defined by (EIp/ES)O‘ZS.
Poisson’s ratio.

Effective vertical stress.

Internal friction angle of a soil.

Axial rigidity of pile.

Footing width.

Compressive strength of a soil.

Pile diameter.

Gap width.

Depth of sample.

Depth of water level.

Modulus of elasticity.

Flexural stiffness of pile.

Subgrade modulus of the soil.

Stiffness embedment factor (table 6-2).

Factor of safety.

Coefficient of variation of the inelastic subgrade modulus.
Initial or low strain shear modulus during cyclic loading.
Acceleration due to gravity.

Height.

Moments of inertia of a footing about the x and y axis, respectively.
Soil stiffness parameter (table 6-1).

Length.

Ultimate moment capacity.

Normalized corrected blowcount.

Vertical load on footing.

Total passive force per unit length of wall.

Passive pressure behind a wall.
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Axial load.

Vertical load on a footing (contact stress).
Ultimate strength of soil (capacity) per unit area.
Shear wave velocity at small strains.
Displacement.

Displacement when capacity is reached.

Depth below grade.

CHAPTER 7: STRUCTURAL MODELING AND CAPACITY ASSESSMENT

B bR ™

Corner-to-corner strut angle.

Ratio of average concrete stress in compression zone to confined concrete
strength.

Stress block factor.

Reinforcing steel configuration factor.

Elastic component of displacement.

Plastic component of displacement.

Nominal yield displacement.

Plastic strain amplitude.

Buckling strain in the longitudinal reinforcing steel.
Ultimate compression strain of the confined core concrete.
Strain at the maximum stress of the transverse reinforcement.
Yield strain.

Plastic hinge rotation.

Ultimate (total) drift.

Elastic drift at yield.

Angle of the principal crack plane.

Factor related to the centroid of the stress block.

Fixity factor.

Curvature ductility at the initial breakdown of bond in the lap-splice zone.
Volumetric ratio of transverse steel.

Volumetric ratio of the longitudinal reinforcement.

Volumetric ratio of transverse steel.
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Px.Py = Volume ratio of transverse hoops or ties to the core concrete in x- and y- directions,

respectively.

[0} = Strength reduction factor.

O = Expected strength factor.

0o = Overstrength factor.

0p = Plastic curvature.

Ou = Ultimate (total) curvature.

0y = Nominal yield curvature.

Ay, = Area of one spiral or hoop bar.

Aee = Area of confined concrete core.

Ae = Effective shear area.

A, = Gross section area.

Ap = Area of a beam-column joint in a horizontal plane.

Ag = Area of steel.

Ay = Area of transverse shear steel.

Ay = Shear area of beam or column.

b" = Width of column normal to y-direction.

by = Center-to-center spacing of transverse shear steel across width of rectangular
column.

C, = Dead load multiplier.

C = Depth from the extreme compression fiber to the neutral axis.

D = Overall depth of section.

D’ = Distance between the outer layers of longitudinal steel in a rectangular section.

D" = Diameter of transverse hoop or spiral.

d = Depth to the outer layer of tension steel from the extreme compression fiber.

d = Distance from the extreme compression fiber to the center of the nearest
compression reinforcing bars.

dp = Diameter of the longitudinal reinforcing bar.

E. = FElastic modulus of concrete.

Elr = Effective flexural rigidity.

E; = Elastic modulus of steel.

fy = Average axial stress on the joint.

f, = Confined concrete strength.
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Pt =

Ultimate compressive strength of concrete.

Ultimate expected compressive strength of concrete.
Average horizontal axial stress on the joint.

Confining stress supplied by the transverse reinforcement at yield in a circular
column.

Confining stress in the x- and y- directions of a rectangular column, respectively.
Ultimate tensile strength of the longitudinal reinforcement.

Yield stress.

Expected yield strength of longitudinal reinforcement.

Yield stress of the transverse hoops.

Depth of the cap beam at the joint.

Moment of inertia of the gross uncracked section.

Internal lever arm of the concrete compression member.

Strength enhancement factor.

Shape factor.

Confinement effectiveness coefficient for spirals and hoop steel.

Length.

Slenderness ratio.

Clear gap between edge of jacket and bottom of pier cap or top of footing.
Equivalent plastic hinge length.

Length of the lap splice.

Design moment.

Expected flexural strength (moment).

Nominal yield moment (theoretical yield strength) of the member.

Plastic strength capacity.

Flexural moment overstrength capacity.

Reduced moment.

Effective number of equal-amplitude cycles of loading that lead to fracture.
Axial load on member.

Axial load on the section.

Major principal tension stress.
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S = Center-to-center longitudinal spacing of the transverse hoop steel.

Sq = Design strength.

Sa = Nominal strength.

So = Overstrength.

] = Spacing of spirals or hoops.

T, = Natural period of vibration of the bridge.

Ver - Final shear strength carried by the concrete.

Vi = Contribution provided by diagonal tension field in the concrete.
Vi = Final shear strength.

Vi = Initial shear strength.

Vie = Final (residual) joint shear strength.

Vin = Horizontal shear in the joint.

Vii = Initial shear strength of the beam-column joint.

Vi = Shear demand based on flexure.

Vo = Contribution provided arch (strut) action.

Vi = Contribution to the shear strength provided by rebar truss action.
Vi = Average joint shear stress acting on the joint.

CHAPTER 8: RETROFIT MEASURES FOR SUPERSTRUCTURES, BEARINGS AND SEATS

o = Angle of skew.
B = Frequency ratio.
S = Equivalent viscous damping ratio.
= Ductility capacity.
{0;} = Mode shape for mode “i’.
A, = Area of one restrainer.
D, = Maximum displacement of the span.
D, = Maximum displacement at the top of the pier.
Das = Available seat width.
Deqo = Unrestrained relative expansion joint displacement.
D; = Maximum permissible restrainer displacement.
Dy = Restrainer slack.
D, = Restrainer elongation at yield.
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E = Modulus of elasticity.

Fy = Increase in longitudinal resistance resulting from wedging a rocker bearing.
fy = Yield stress.

K] = Stiffness matrix of a two frame system with restrainers.
Kpep = Stiffness of the ductile end diaphragm.

K. = Restrainer stiffness.

Ksug = Stiffness of the substructure.

L, = Restrainer length.

M] = Mass matrix of a two frame system.

N; = Number of restrainers.

P = Dead load / bearing.

P; = Participation factor for mode i.

R = Response modification factor (R-factor).

] = Restrainer slack.

CHAPTER 9: RETROFIT MEASURES FOR SUBSTRUCTURE COMPONENTS

o = Geometric aspect ratio of a column.

€cu = Ultimate strain of concrete column jacketed with composites.

€du = Ultimate design strain of the jacket material taking into account long-term
environmental degradation.

o = Maximum allowable passive strain.

£ = Ultimate strain in the shell steel.

0 = Shear crack angle.

PI = Longitudinal reinforcement ratio (Ay/Ay).

Ps = Effective volumetric ratio.

Ay = Area of spliced longitudinal bar.

Ay = Area of dowel bar.

A, = Wire cross-sectional area.

c = Cover over the main column reinforcing bars.

D = Diameter.

D' = Diameter of the pitch circle of the main column reinforcement; distance between

the outermost reinforcing bars in the direction of shear.
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Diameter of longitudinal reinforcement.

Diameter of wire.

Modulus of elasticity of active wrap.

Weighted average of the elastic moduli for the active and passive wraps.
Modulus of elasticity of passive wrap.

Modulus of elasticity for steel.

Active confining stress in the column.

Ultimate confined concrete stress capacity.

Ultimate design strength of the jacket material taking into account long-term
environmental degradation.

Tensile stress in wire after losses.

Required level of confinement stress.

Ultimate design stress.

Stress induced in the jacket.

Yield stress.

Jacket yield stress.

Gap between the retrofit measure and critical section.
Length.

Length of plastic hinges.

Splice length.

Number of main column reinforcing bars.

Spacing.

Gap between retrofit measure and critical section

Steel jacket thickness.

Thickness of active wrap.

Thickness of passive wrap.

Additional nominal shear capacity provided by a steel jacket.
Maximum interface shear stress.

Horizontal interface shear stress.

Vertical interface shear stress.
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CHAPTER 10: RETROFIT MEASURES FOR ABUTMENTS, FOOTINGS, AND
FOUNDATIONS

v = Coefficient of friction between soil and concrete.
A = Effective bearing area.

B. = Column width.

besr = Column width plus depth for rectangular columns.
Cin = Column interior.

Cex = Column exterior.

D = Column diameter.

D. = Column depth.

DL, = Dead load of slab and any overlaying fill.

df = Depth of the retrofitted footing.

Fp = Design force.

f, = Effective axial compressive stress within the joint in the vertical direction.
fi = Principle tensile stress in the joint region.

P = Axial load.

Sa = Spectral acceleration.

Vi = Vertical joint shear stress.

CHAPTER 11: RETROFIT MEASURES FOR BRIDGES ON HAZARDOUS SITES

M, - Plastic moment capacity of pile.

My - Plastic moment capacity at head of pile.

Vpass = Passive force developed against end diaphragm.
Vst = Force resisted by superstructure and other piers.

APPENDIX B: EVALUATION OF GEOTECHNICAL HAZARDS

Tav/O'vo = Average earthquake induced shearing stress divided by the effective overburden
stress.

O/ = Ratio of total overburden stress to effective overburden stress.

Amax = Peak ground acceleration in units of g.

Iq = Soil flexibility factor.
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APPENDIX C: FRAGILITY CURVE THEORY

B. = Normalized composite log-normal deviation.

D = Standard log-normal cumulative distribution function.

Aj = Median spectral acceleration necessary to cause the i damage state to occur.
DS, = i"™ damage state.

Sa = Spectral acceleration.

APPENDIX D: CAPACITY/DEMAND RATIOS FOR BRIDGE MEMBERS AND
COMPONENTS

Agg(d) = Maximum calculated relative displacement due to earthquake loading.

A(d) = Maximum possible movement resulting from temperature, shrinkage and creep
shortening.

Afc) = Available capacity of the expansion joint or bearing for movement.

n = Ductility indicator.

p(c) = Volumetric ratio of existing transverse reinforcement.

p(d) = Required volumetric ratio of transverse reinforcement.

Ay = Area of the spliced bar.

A, = Gross area of column.

Ai(c) = Effective peak ground acceleration at which liquefaction failures are likely to
occur.

Ar(d) = Effective acceleration coefficient for the site.

Au(c) = Area of transverse reinforcing normal to potential splitting cracks.

B = Width of superstructure.

b, = Width of the column.

bpin = Minimum width of the column cross section.

C = Lesser of the clear cover over the bar, or half the clear spacing between adjacent
bars.

dy, = Diameter of longitudinal reinforcement.

f; = Concrete compression strength.

= Yield stress of the longitudinal reinforcement.

£yt = Yield stress of transverse reinforcement.

H = Height.
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Effectiveness of transverse bar anchorage.

Constant for reinforcing steel with a yield stress of fi.

Distance between joints.

Effective anchorage length of longitudinal reinforcement.
Required effective anchorage length of longitudinal reinforcement.
Height of the column.

Splice length.

Actual support length provided.

Minimum seat width.

Axial compressive load on the column.

Spacing of transverse reinforcement.

Nominal ultimate capacity of the component in the direction under consideration.
Seismic force acting on the component.

Maximum calculated elastic shear force.

Final shear resistance of the damaged column.

Initial shear resistance of the undamaged column.

Maximum column shear force resulting from plastic hinging at both the top and
bottom of the column.
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CHAPTER 1: SEISMIC RETROFITTING OF HIGHWAY BRIDGES

1.1. GENERAL

Many bridges in the United States are inadequate for seismic loads and could be seriously
damaged or suffer collapse in a relatively small earthquake. Major structural damage has
occurred in Alaska, California, Washington and Oregon due to earthquake ground shaking. Some
of these failures occurred at relatively low levels of ground motion and although the risk of
bridge collapse is lower in the central and eastern United States, ground motions large enough to
cause damage have a 10 percent chance of occurring within the next 50 years in 37 of the 50
states. In some states, this could lead to bridge collapse, and to remedy this situation, retrofitting
or replacement of deficient structures is necessary. This is done by identifying bridges at risk,
evaluating their vulnerability for collapse or major seismic damage, and initiating a program to
reduce this risk.

Retrofitting is the most common method of mitigating risks; however, its cost may be so
prohibitive that abandoning the bridge (total or partial closure with restricted access) or replacing
it altogether with a new structure may be favored. Alternatively, doing nothing and accepting the
consequences of damage is another possible option. The decision to retrofit, abandon, replace, or
do-nothing requires that both the importance and degree of vulnerability of the structure be
carefully evaluated. Limited resources will generally require that deficient bridges be prioritized,
with important bridges in high risk areas being given the first priority for retrofitting.

This manual contains procedures for evaluating and upgrading the seismic resistance of existing
highway bridges. Specifically, it contains:

e A screening process to identify and prioritize bridges that need to be evaluated for seismic
retrofitting.

e A methodology for quantitatively evaluating the seismic capacity of a bridge and determining
the overall effectiveness of alternative retrofitting measures, including cost and ease of
installation.

e Retrofit approaches and corresponding techniques for increasing the seismic resistance of
existing bridges.

This process is illustrated in figure 1-1. A bridge may be exempt from retrofitting if it is located
in the lowest seismic zone, or has limited remaining useful life. Temporary bridges and those
closed to traffic, may also be exempt. Details are provided in section 1.4.6.

This manual does not prescribe rigid requirements as to when and how bridges are to be
retrofitted. The decision to retrofit a bridge depends on a number of factors, several of which are
outside the realm of engineering. These include, but are not limited to, the availability of funding



ANTICIPATED
SERVICE LIFE

PERFORMANCE
OBJECTIVES

BRIDGE
INVENTORY

YES

Is bridge

A

Pass

exempt?

A

Pass

SCREEN / PRIORITIZE

Fail

A 4

NEXT
BRIDGE

EVALUATE

A

SEISMIC HAZARD
e Ground Motions
o Site effects

Fail

RETROFIT

Review

Figure 1-1. Overview of the retrofitting process for highway bridges.




and a number of political, social, and economic issues. This manual focuses on the engineering
factors.

This manual is intended for use on conventional steel and concrete highway bridges with spans
not exceeding 150 m (500 ft). Suspension bridges, cable-stayed bridges, arches, long-span
trusses, and movable bridges are not covered. However, many of the procedures and techniques
presented here can be applied to these types of structures, if appropriate judgment is used. This is
particularly true for the substructures of truss bridges, for example. Although specifically
developed for highway bridges, this manual may also be applicable to other types of bridges.

1.2. BACKGROUND

Within the United States, the first attempts to seismically retrofit bridges took place in the
aftermath of the 1971 San Fernando earthquake in southern California. This earthquake has
often been cited as a watershed event in bridge engineering since it demonstrated quite
dramatically that the bridge design practices of the time did not guarantee that bridges would
perform well during an earthquake, even if the earthquake was of moderate intensity.

Although bridge failures during this earthquake could be attributed to deficiencies in several
types of structural components, initial retrofit measures focused on the potential for loss of
support at bridge bearing seats. The principal retrofit strategy was to add restrainer cables or
high strength bars within bridge superstructures in order to limit relative movements at
expansion joints, and to tie individual spans to the bridge piers. A program was initiated in
California to retrofit all bridges that had vulnerable expansion joints. Some believed at the time
that this could prevent most, if not all, bridge failures at a minimum cost; however, this was not
the case.

During the 1987 Whittier Narrows earthquake, a bridge that had been retrofitted with expansion
joint restrainers suffered severe column damage, threatening the overall stability of the bridge
(Wipfetal., 1997). This poor performance prompted renewed interest in column retrofitting,
and research efforts were intensified to develop suitable methods for improving the seismic
performance of existing reinforced concrete columns. Much of this research was conducted at
the University of California at San Diego and was initially focused on the addition of steel shells
(or jackets) to enhance confinement of the reinforcing steel within the columns (Chai et al.,
1992). Unfortunately, the 1989 Loma Prieta earthquake occurred before Caltrans could begin a
state-wide column retrofitting program. The most dramatic failure during this earthquake was
the collapse of the Cypress Viaduct in Oakland due to column joint failures. Although this two-
level structure had been retrofitted with expansion joint restrainers prior to the earthquake, large
portions of the upper deck collapsed onto the lower deck, crushing vehicles and resulting in a
number of deaths (Housner, 1990).

The Loma Prieta earthquake also demonstrated that the early restrainer designs were inadequate.
Many of these designs relied on too few restrainers while others caused failures to occur
elsewhere in the structure, such as in the diaphragms at either side of expansion joints
(Yashinsky, 1997). Many of these deficiencies had been identified through research and refined



analysis (Selna and Malvar, 1987) and were not entirely unexpected. Still, it emphasized the
need to review earlier bridge retrofits.

Since the Loma Prieta earthquake, there has been a major effort to perform comprehensive
seismic retrofits on a large number of bridges in California. Initially, this effort was focused on
bridges with single column piers, which were believed to be the most vulnerable to collapse.
However, many bridges with multi-column piers collapsed or were severely damaged during the
1994 Northridge earthquake, and bridges of this type were subsequently added to the Caltrans
retrofit program (Buckle, 1994).

Other states besides California now have active programs in seismic retrofitting. Washington
and Nevada, for example, have sponsored research efforts and started seismic retrofit programs.
Similarly, countries such as Japan and New Zealand have seismic retrofit programs. Due to these
parallel efforts, significant progress has been made in the state-of-the-art of retrofitting bridge
superstructures, columns, and foundations.

The Federal Highway Administration (FHWA) also became a major sponsor of bridge seismic
research shortly after the 1971 San Fernando earthquake, including research on the retrofitting of
existing bridges. An early research project dealing with the retrofitting of bridges was conducted
at the Illinois Institute of Technology (Robinson et al., 1979). The first known guidelines for
retrofitting highway bridges were published by FHWA in 1981, in a report titled Seismic Design
Guidelines for Highway Bridges, FHWA-RD-81-081. This was followed in 1983 by the
publication of the FHWA Retrofitting Guidelines for Highway Bridges, which contained
recommendations intended for national use (FHWA-RD-83-007, ATC, 1983). In addition to
providing formal screening and evaluation procedures, these guidelines presented retrofit
concepts that in many cases had not been used in practice at that time. Concepts were provided
for several different bridge components besides expansion joints including bridge columns,
abutments and footings. Over the years, many of these concepts have been developed and
refined into methods that are commonly used today. These procedures and techniques are also
included in the Seismic Design and Retrofit Manual, FHW A-IP-87-6, published by FHWA in
1987.

Since 1992, FHWA has sponsored a multi-year research program to advance the state-of-the-
practice in seismic retrofitting of bridges. This work was conducted at the National Center for
Earthquake Engineering Research (NCEER), later to become the Multidisciplinary Center for
Earthquake Engineering Research (MCEER). The project’s first product was FHWA’s Seismic
Retrofit Manual for Highway Bridges that was published in 1995 (FHWA-RD-94-052, FHWA,
1995). This revision reflected advancements in the practice of seismic retrofitting that had
occurred since 1983. Other products of this research program included improved methods for
restrainer design (Randall et al., 1999; DesRoches and Fenves, 1998); methods for improving the
performance of older steel bridge bearings (Mander et al., 1998a); improved methods of analysis
and retrofit of reinforced concrete columns (Dutta et al., 1999); retrofit methods for multi-
column reinforced concrete piers (Mander et al., 1996a and b); and a better understanding of the
performance of retrofits that use both conventional and seismic isolation elastomeric bearings
(Wendichansky et al., 1998). This program culminated in the preparation of this current FHWA



manual, which presents not only the results of FHWA research at MCEER, but also from
throughout the United States and the world.

1.3. PHILOSOPHY

It has been common practice to design new bridges and buildings for a single-level of earthquake
ground motion. This ground motion, often called the design earthquake, represents the largest
motion that can be reasonably expected during the life of the bridge. Implied in such a statement
is the fact that ground motions larger than the design earthquake may occur during the life of the
bridge, but the likelihood of this happening is small. This likelihood is usually expressed as the
probability of exceedance, and it may also be described by a return period in years. When setting
the seismic hazard level, most design specifications that are intended for regions of varying
seismicity use the same probability of exceedance from one region to another. This ‘uniform
hazard’ approach is considered to be more rational than using the maximum historical event for
each region.

The Standard Specification for Highway Bridges (AASHTO, 2002) in the United States adopted
a uniform hazard approach following the 1989 Loma Prieta earthquake, and chose a level of
hazard that had a 10 percent probability of exceedance in a 50-year exposure period (the
assumed life of a bridge). This corresponded to a ground motion with a return period of about
500 years. During the development of the A4SHTO LRFD Specification in the mid-nineties, the
life of the average highway bridge was reassessed at 75 years and the exposure period was
adjusted accordingly (AASHTO, 1998). The probability of exceedance was then raised to 15
percent to maintain (approximately) the same return period (500 years).

At the same time as adopting this uniform hazard approach, a corresponding set of performance
standards was included in the philosophy of the 1992 AASHTO Specifications (AASHTO, 2002).
These are given in Art. 1.1 of the Specification and summarized below:

e Small to moderate earthquakes should be resisted within the elastic range, without significant
damage.

e Realistic seismic ground motion intensities and forces be used in the design procedures.

e Exposure to shaking from large earthquakes should not cause collapse of all or part of the
bridge. Where possible, damage that does occur should be readily detectable and accessible
for inspection and repair.

A set of basic concepts for seismic design was derived from this philosophy (Art. 1.3, AASHTO,
2002), and is summarized below:

Hazard to life is minimized.

Bridges may suffer damage but should have a low probability of collapse.

Function of essential bridges is maintained.

Ground motions used in design should have a low probability of being exceeded in the
normal lifetime of the bridge.



While characterized by a lack of specificity, these criteria were a significant advance over the
then prevailing requirements for seismic design.

In like manner, previous retrofit guidelines and manuals have also used a single-level of
earthquake ground motion (a 500-year event) for representing the earthquake hazard, and
adopted the same performance criteria as in the then current AASHTO Specifications for bridge
design.

The assumption is made in single-level design and retrofit, that if performance under the design
earthquake 1is satisfactory, it will be satisfactory at all other levels of ground motion, both
smaller and larger. Such an assumption is generally not true as seen in recent earthquakes in
California, Costa Rica, Japan, Turkey and Taiwan (figures 1-2 to 1-5). It would be true for a
smaller event if elastic performance was required at the design ground motion, and it may also be
true for a larger event, if it exceeded the design ground motion by only a small margin (i.e., less
than 50 percent), and there was a sufficient reserve of strength in the bridge to accommodate this
higher demand.

However, in many areas of the United States, these larger ground motions can be three or four
times the design ground motions and may cause instability and collapse. Although such ground
motions rarely happen, their occurrence should be explicitly considered in the design and retrofit
process and a ‘multi-level’ rather ‘single-level” design process should be used. In addition,
performance requirements should be adjusted for ground motions of different sizes, with higher
levels of performance being expected for smaller motions and lesser levels of performance for
larger motions.

Performance-based design provides a format for addressing these needs in a rational manner. It
explicitly allows for different performance expectations for bridges of varying importance while
subject to different levels of seismic hazard. Accordingly, this manual recommends a
performance-based approach to the seismic retrofitting of highway bridges in the United States.

This relationship is shown in figure 1-6. Representation of the hazard and performance
expectations by discrete zones (or levels) is necessary given the current state-of-the-art, and this
leads to the bar chart shown in this figure. Nevertheless, the trends are the same: high
performance standards in high hazard zones imply higher costs.

1.4. SEISMIC PERFORMANCE CRITERIA
1.4.1. PERFORMANCE LEVELS

As noted in the previous section, this manual presents a performance-based approach to the
seismic retrofitting of highway bridges. This means that the expected performance of the
retrofitted bridge is explicitly recommended for different levels of earthquake ground motion. In
this manual, performance criteria are defined for four performance levels. These are given as
follows:



Performance Level 0 (PLO): No minimum level of performance is recommended.

Performance Level 1 (PL1): Life safety. Significant damage is sustained during an earthquake
and service is significantly disrupted, but life safety is assured. The
bridge may need to be replaced after a large earthquake.

Performance Level 2 (PL2): Operational. Damage sustained is minimal and full service for
emergency vehicles should be available after inspection and
clearance of debris. Bridge should be reparable with or without
restrictions on traffic flow.

Performance Level 3 (PL3): Fully Operational. Damage sustained is negligible and full service is
available for all vehicles after inspection and clearance of debris.
Any damage is repairable without interruption to traffic.

The terms negligible damage, minimal damage, and significant damage are used in the above
performance criteria. These terms are explained below:

e Minimal damage includes minor inelastic response and narrow flexural cracking in concrete.
Permanent deformations are not apparent and repairs can be made under non-emergency
conditions with the possible exception of superstructure expansion joints which may need
removal and temporary replacement.

e Significant damage includes permanent offsets and cracking, yielded reinforcement, and
major spalling of concrete, which may require closure to repair. Partial or complete
replacement of columns may be required. Beams may be unseated from bearings but no span
should collapse. Similarly, foundations are not damaged except in the event of large lateral
flows due to liquefaction, in which case inelastic deformation in piles may be evident.

e Negligible damage includes evidence of movement, and/or minor damage to nonstructural
components, but no evidence of inelastic response in structural members or permanent
deformations of any kind.

Higher levels of performance may be specified by the owner. For example, the following criteria
might be used for extremely important bridges:

e No damage is sustained and full service is available to all traffic immediately after the
earthquake. No repairs are required.

Generally, the performance criteria vary with level of earthquake ground motion, bridge
importance and anticipated service life. In this manual, these objectives are defined for two
ground motion levels (a lower and an upper level), two importance classifications (standard and
essential), and three service life categories (ASL I, 2 and 3), as discussed below.



Figure 1-2 (right).

Collapse of the link span at Tower E9 of the
San Francisco Oakland Bay bridge due to
inadequate seat lengths and anchor bolts.

Loma Prieta earthquake, 1989

Figure 1-3 (left).

Collapse of the two-level Cypress Viaduct on
[-880 in Oakland due to brittle shear failure at
the connection between the upper and lower
levels of the viaduct.

Loma Prieta earthquake, 1989

Figure 1-4 (right).

Collapse of end spans in the
Shi Wei bridge in Taichung,
due to ground failure and
nearby fault rupture.

Chi Chi earthquake, 1999

Figure 1-5 (left).

Diagonal shear crack in lightly
reinforced concrete pier of the Wu
Shu bridge in Taichung.

Chi Chi earthquake, 1999
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Figure 1-6. Conceptual relationship between relative effort, increasing hazard
and performance criteria implied in this manual.

1.4.2. EARTHQUAKE GROUND MOTION LEVELS

The lower level (LL) earthquake ground motion is one that has a reasonable likelihood of
occurrence within the life of the bridge (assumed to be 75 years), i.e., it represents a relatively
small but likely ground motion'. It is common practice to use a probability of exceedance to
characterize the motion, as noted in section 1.3. Accordingly, the lower level motion has a
relatively high probability of exceedance within the life of a bridge, and a figure of 50 percent is

recommended for retrofit design. A 50 percent probability of exceedance in 75 years corresponds
to a return period of about 100 years (table 2-1).

By contrast, the upper level (UL) earthquake ground motion has a finite, but remote, probability
of occurrence within the life of the bridge; i.e., it represents a large but unlikely ground motion®.
Just as for the lower level motion, it is common practice to use a probability of exceedance to
characterize this motion. Thus the upper level earthquake ground motion has a relatively low

! This ground motion is sometimes called the frequent earthquake. In the NCHRP 12-49 Recommended LRFD
Guidelines for Seismic Design (ATC/MCEER, 2003) it is called the expected earthquake, and in the Caltrans
Seismic Design Methodology (Caltrans, 1999) it is called the functional evaluation earthquake (FEE).

? This ground motion is sometimes called the rare earthquake. In the NCHRP 12-49 Recommended LRFD
Guidelines for Seismic Design (ATC/MCEER, 2003) it is the maximum considered earthquake (MCE), and in the
Caltrans Seismic Design Methodology (Caltrans, 1999) it is the safety evaluation earthquake (SEE).



probability of exceedance within the life of a bridge. In this manual, the upper level motion has a
7 percent probability of exceedance in 75 years, which corresponds to a return period of about
1,000 years (table 2-1).

Spectral ordinates and peak ground accelerations for both the lower and upper level ground
motions may be found using the CD-ROM included in this manual (inside back cover)®. Bridge
sites may be identified by zip code or, more accurately, by latitude and longitude. However,
values given on this CD are in terms of an exposure period of 50 years rather than the 75-year
bridge life assumed above. Therefore, equivalent exceedance probabilities for a 50-year life are
required to use this CD, as follows:

e The return period for an earthquake ground motion with a 50 percent probability of
exceedance in 75 years is 108 years. However, this return period is only 72 years for a
ground motion with a 50 percent probability of exceedance in 50 years. For the purpose of
this manual, this lesser return period is considered to be close enough to the specified value
of 100 years (table 1-2), and that values for the 50-year life may be used. Therefore, for the
lower level ground motions, use data from the CD for 50 percent probability of exceedance
in 50 years.

e The return period for an earthquake ground motion with a seven percent probability of
exceedance in 75 years is approximately the same as that for a ground motion with five
percent probability of exceedance in 50 years (both are about 1,000 years). Therefore, for the
upper level ground motions, use data from the CD for five percent probability of exceedance
in 50 years.

Alternatively, spectral ordinates and peak ground accelerations may be obtained for the upper
level ground motion from the following web site maintained by the U.S. Geological Survey:
http://eghazmaps.usgs.gov. Mapped values are given for regions within the United States, and
numerical values are given for specific locations according to zip code, or longitude and latitude.
As with the CD-ROM, these values are expressed in terms of a 50-year bridge life and equivalent
exceedance probabilities must be found to use this site, as described for the CD. At this time, this
site does not give spectral ordinates and accelerations for the lower level ground motions (100
years) and the only known, readily available, source of this data is the CD-ROM included with
this manual.

Some performance-based specifications for bridges and buildings have recommended a three
percent probability of exceedance in 75 years for the upper level ground motions; but these
specifications are for new construction and not necessarily appropriate for the retrofit of existing
structures. Seismic resistance is much easier to provide in new structures than in existing ones.
The selection of the reduced upper level motions for retrofitting is a compromise between the
need to provide life safety and adequate performance for these less frequent motions and the
limited resources of the owner. Keep in mind that these performance criteria are general
recommendations and subject to change by the owner (or engineer) when specific circumstances
of a particular bridge make it necessary.

® This CD contains the seismic hazard maps and curves published by USGS in 1996. Updated maps were published
in 2002 but not for the 1000-year return period. See section 2.3.
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1.4.3. BRIDGE IMPORTANCE

Classification of bridge importance based on traffic counts and detour lengths has been proposed
in the past and importance indices developed. But such quantitative methods do not usually
include many non-technical issues that directly affect importance and are loosely called socio-
economic factors. Instead, a broad classification based on engineering judgment is preferred, and
in this manual two such classes are recommended: essential and standard. Essential bridges are
those that are expected to function after an earthquake or which cross routes that are expected to
remain open immediately following an earthquake. All other bridges are classified as standard.
The determination of importance is therefore subjective and consideration should be given to
societal/survival and security/defense requirements when making this judgment.

An essential bridge is, therefore, one that satisfies one or more of the following conditions:

e A bridge that is required to provide secondary life safety; e.g., one that provides access to
local emergency services such as hospitals. This category also includes those bridges that
cross routes that provide secondary life safety, and bridges that carry lifelines such as electric
power and water supply pipelines.

e A bridge whose loss would create a major economic impact; e.g., one that serves as a major
link in a transportation system, or one that is essential for the economic recovery of the
affected region.

e A bridge that is formally defined by a local emergency plan as critical; e.g., one that enables
civil defense, fire departments, and public health agencies to respond immediately to disaster
situations. This category also includes those bridges that cross routes that are defined as
critical in a local emergency response plan and those that are located on identified evacuation
routes.

e A bridge that serves as a critical link in the security and/or defense roadway network.
Security and defense requirements may be evaluated using the 1973 Federal-aid Highway
Act, which required that a plan for defense highways be developed by each state. Now called
STRAHNET, this defense highway network provides connecting routes to military
installations, industries, and resources and is part of the National Highway System.

1.4.4. ANTICIPATED SERVICE LIFE

An important factor in deciding the extent to which a bridge should be retrofitted is the
anticipated service life (ASL). Retrofitting a bridge with a short service life is difficult to justify
for two reasons: it is not economical and the design earthquake is unlikely to occur during the
remaining life of the structure. On the other hand, a bridge that is almost new or being
rehabilitated to extend its service life, should be retrofitted for the longer remaining service life.

Estimating remaining life is not an exact science and depends on many factors such as age,
structural condition, specification used for design, and capacity to handle current and future
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traffic. Nevertheless, estimates can be made, at least within broad ranges, for the purpose of
determining a bridge’s remaining service life and, subsequently, a retrofit category. Three such
categories are used in this manual, as defined in table 1-1. When setting these categories, it was
noted that new bridges are assumed to have a service life of 75 years in the AASHTO LRFD
Specification (AASHTO, 1998), and this life span was then divided into three categories for the
purpose of assigning retrofit levels (retrofit categories) according to age and remaining life. It is
recognized that many long-span bridges have service lives far greater than 75 years, but these are
outside the scope of this manual. Bridges in benign climates and those located on low-density
routes may also have service lives in excess of 75 years.

Bridges in category ASL 1 are considered to be near the end of their service life and retrofitting
may not be economically justified. Thus, these bridges need not be retrofitted and are assigned to
the lowest seismic retrofit category, i.e., category A (see section 1.6). Bridges in category ASL 3
are almost new, and retrofitting to the standard of a new design may be justified. Those in
category ASL 2 fall between these two extremes and a lesser standard is acceptable. However,
the owner may always choose to retrofit to a higher standard as circumstances permit.

Table 1-1. Service life categories.

SERVICE LIFE ANTICIPATED
CATEGORY SERVICE LIFE
ASL 1 0-15yrs
ASL 2 16 - 50 yrs
ASL 3 > 50 yrs

Bridges are often rehabilitated toward the end of their service life to address deficiencies that
have accumulated over time (e.g., deteriorated deck slabs, frozen bearings and damaged
expansion joints), improve safety, and to accommodate increased traffic volume. As a
consequence, a bridge with 15 years, or less, of life may, after rehabilitation, have a new service
life of 35 years, and in so doing, the service life category (ASL) for the bridge has been lifted
from ASL 1 to ASL 2 (table 1-1). The bridge should now be reevaluated for seismic
performance, which should be done at the same time as planning the other rehabilitation. In this
way, retrofit measures (if needed) can be implemented at the same time. By taking advantage of
the contractor being on site, the cost of the seismic retrofit may be significantly reduced.
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1.4.5. SELECTION OF PERFORMANCE LEVEL

Recommended minimum performance levels are given in table 1-2 according to the level of
earthquake ground motion, bridge importance and service life category, as defined above. If
retrofitting to these levels cannot be justified economically, the owner may choose a lower level.
On the other hand, for certain classes of bridges, the owner may choose a higher level than that
recommended here. An example of such a case is the bridges on STRAHNET, which are
critically important to the operation of national or regional transportation routes. It is likely that
some of these bridges are of sufficient importance to justify site-specific and structure-specific
performance criteria. Such bridges may fall outside the scope of this manual.

1.4.6. RETROFITTING PROCESS FOR DUAL LEVEL GROUND MOTIONS

As noted in section 1.3, retrofitting is only one of several courses of action when faced with a
bridge that is seismically vulnerable. Others include bridge closure, bridge replacement, and
acceptance of the damage and its consequences. Bridge closure or replacement is usually not
justified by seismic deficiency alone and will generally only be an option when other
deficiencies exist. Therefore, for all practical purposes, a choice is made between strengthening
and accepting the risk. This decision often depends on the importance of the bridge and on the
cost and effectiveness of the proposed retrofit.

Budget constraints and limited resources prevent the simultaneous retrofit of all of the deficient
bridges on the highway system, and the most critical bridges should be upgraded first. The
selection and prioritizing of bridges for retrofitting requires an appreciation of not just the
engineering issues but also the economic, social, and practical aspects of the situation.

Since it is recommended above that the seismic performance of a bridge be checked for two
levels of earthquake ground motion (lower level and upper level) the overall retrofitting process
has two distinct stages:

o Stage 1. Screening, evaluation and retrofitting for the lower level earthquake ground motion,
and

o Stage 2. Screening, evaluation and retrofitting for the upper level earthquake ground motion.

It is not possible to combine these two stages into one, since the performance criteria for each is
very different. For example, the criteria for the lower level ground motion includes no structural
damage and no repair (i.e., elastic behavior is expected) whereas for the upper level ground
motion, damage is acceptable provided collapse does not occur and, for some bridges, access for
emergency vehicles is available (i.e., inelastic behavior is expected).

Each stage comprises the three steps discussed in section 1.1 and is shown schematically in
figure 1-1, i.e., screening, evaluation, and retrofitting for the relevant ground motion. The
breakdown of each stage into these steps is illustrated in figure 1-7, and discussed in sections 1.7
and 1.8.

13



Table 1-2. Minimum performance levels for retrofitted bridges.

BRIDGE IMPORTANCE

EARTHQUAKE and
GROUND MOTION SERVICE LIFE CATEGORY
Standard Essential
ASL1 | ASL2 | ASL3 | ASL1 | ASL 2 ASL 3
Lower Level
Ground Motion
50 percent probability
of exceedance in 75 PLO* PL3 PL3 PLO* PL3 PL3
years;
return period is about
100 years.
Upper Level
Ground Motion
7 percent probability of | by e | pg | p1 | pLo* | PL1 PL2
exceedance in 75
years; return period is
about 1,000 years.
Notes:
1. Anticipated Service Life categories are:

e ASL1. 0-15years

e ASL 2: 16 — 50 years

e ASL3: > 50 years

2. Performance Levels are:
e PLO: No minimum level of performance is recommended.
e PL1: Life safety. Significant damage is sustained and service is significantly

disrupted, but life safety is preserved. The bridge may need to be replaced after a
large earthquake.
e PL2: Operational. Damage sustained is minimal and service for emergency
vehicles should be available after inspection and clearance of debris. Bridge should
be reparable with or without restrictions on traffic flow.
e PL3: Fully Operational. Damage sustained is negligible and full service is
available for all vehicles after inspection and clearance of debris. Damage is
repairable without interruption to traffic.
3. Spectral ordinates and peak ground accelerations may be found for the Upper Level
earthquake ground motion from http://eghazmaps.usgs.gov. Ordinates and ground
accelerations may be found for both the Upper and Lower Level ground motions from
the CD-ROM: Seismic Hazard Curves and Uniform Hazard Response Spectra for the
United States, (Frankel and Leyendecker, 2001; see section 2.3). A copy of this CD is

included with this manual (see inside back cover).

4. Bridges assigned a Performance Level of PLO have 15 years, or less, anticipated
service life (ASL) and are candidates for replacement or rehabilitation.
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Review Fail
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Next
Bridge

Figure 1-7. Retrofit process for dual level earthquake ground motions.
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1.4.7. EXEMPT BRIDGES

A bridge is exempt from retrofitting for both levels of ground motion if it satisfies any one of the
following criteria:

e The bridge has 15 years or less of anticipated service life (section 1.4.4).
e The bridge is ‘temporary’ (i.e., anticipated service life is 15 years or less).
e The bridge is closed to traffic and does not cross an active highway, rail or waterway.

A bridge is exempt from retrofitting for the upper level ground motion if it meets the criteria for
Seismic Retrofit Category A (section 1.6) for this level of motion.

1.5. SEISMIC HAZARD LEVEL

The Seismic Hazard Level (SHL) at a bridge site is determined by the intensity of ground
shaking in the rock below the site and the amplification of this motion by the overlying soils.
Motions at the surface may be considerably greater than in the rock below. These two factors are
treated separately below and then combined to define the SHL in section 1.5.4. Other
geotechnical factors, such as liquefaction and fault rupture, can influence the hazard at a bridge
site and these are also briefly described in this section.

1.5.1. GROUND MOTION REPRESENTATION
Earthquake ground motion may be characterized by either:

a. The peak ground acceleration expected at a site in a given period of time, from which the
design spectrum may be drawn based on several simplifying assumptions, or

b. By two points on the design spectrum from which the remainder of the spectrum may be
drawn using fewer, but more realistic, assumptions than in (a) above.

The earlier edition of this manual (FHWA, 1995) and the 1997 AASHTO LRFD Bridge Design
Specifications (AASHTO, 1998) use the former method, whereas the NCHRP 12-49 provisions
(ATC/MCEER, 2003) use the latter method, to take advantage of the improved accuracy that it
offers. This edition of the retrofit manual also uses the latter two-point method.

The two points used to define the spectrum are spectral ordinates (peak structural accelerations)
in bridges with periods of 0.2 and 1.0 second. For bridge sites on rock (site class B), these
ordinates are identified as Sg and S, respectively. The variation of these ordinates throughout
the United States has been calculated for various return periods by the US Geological Survey
(USGS), and the results are available (in both tabular and mapped formats) on the CD-ROM
provided with this manual (inside back cover). Alternately, results for a selected number of
return periods may be downloaded from the following web site: Attp.//eqhazmaps.usgs.gov.
Chapter 2 summarizes the development of these data and the method for constructing a design
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spectrum from the given spectral ordinates. In lieu of using national ground motion maps, the
spectral accelerations Sg and S| may be found from approved state ground motion maps.

1.5.2. GEOTECHNICAL FACTORS

Earthquake ground motions at a bridge site are not only dependent on the intensity of ground
shaking in the rock below the site but also on the amplification of this motion by the overlying
soils. The presence of one or more geotechnical hazards at the site, such as liquefaction and
fault rupture, can also have a significant effect on the motion experienced by a bridge. These
factors are discussed in this section.

1.5.2.1 Soil Amplification of Ground Motion

The behavior of a bridge during an earthquake is strongly related to the soil conditions at the
site. Soils can amplify ground motions in the underlying rock, sometimes by factors of two or
more. The extent of this amplification is dependent on the profile of soil types at the site and the
intensity of shaking in the rock below. Sites are classified by type and profile for the purpose of
defining the overall seismic hazard, which is quantified as the product of the soil amplification
and the intensity of shaking in the underlying rock.

Site class definitions are given in table 1-3, where it is seen that sites are classified by their
stiffness as determined by the shear wave velocity in the upper 30 m (100 ft). Standard
Penetration Test (SPT) blowcounts and undrained shear strengths of soil samples from soil
borings can also be used to classify sites as indicated in table 1-3. See chapter 2 for further
details, including steps for classifying a site.

Site factors, for the site classes in table 1-3, are given in table 1-4. Site class B (soft rock) is
taken to be the reference site category for the USGS and NEHRP MCE ground shaking maps.
Site class B rock is therefore the site condition for which the site factor is 1.0. Site classes A, C,
D, and E have separate sets of site factors for the short-period range (site factor F,) and long-
period range (site factor F,), as indicated in table 1-4. These site factors generally increase as the
soil profile becomes softer (in going from site class A to E). Except for site class A (hard rock),
the factors also decrease as the ground motion level increases, due to the strongly nonlinear
behavior of the soil. For a given site class, C, D, or E, these nonlinear site factors increase the
ground motion more in areas having lower rock ground motions than in areas having higher rock
ground motions. The levels of ground motion for use with table 1-4 are characterized by short-
period (0.2 second) response spectral acceleration and long-period (1.0 second) response spectral
acceleration on rock as mapped on USGS and NEHRP MCE national ground motion maps.
Special considerations for site class F soils are discussed in chapter 2.

1.5.2.2 Geotechnical Hazards
Geotechnical hazards at bridge sites that can be triggered by earthquakes include soil
liquefaction, soil settlement, slope failure (landslides and rock falls), surface fault rupture and

flooding. In general, these hazards are examined independently of the rock ground motion and
soil amplification effects described in the previous section.
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Table 1-3. Site classes.

Site

Class Description

A Hard rock with measured shear wave velocity, v, > 1500 m/sec (5,000 ft/sec)

B Rock with 760 m/sec < vy < 1500 m/sec (2,500 ft/sec < v, < 5,000 ft/sec)

c Very dense soil and soil rock with 360 m/sec < vy < 760 m/sec (1,200 ft/sec < v, < 2,500 ft/sec)
or with either N > 50 blows/0.30m (50 blows/ft) or 5, > 100 kPa (2,000 psf)
Stiff soil with 180 m/sec < vV, < 360 m/sec (600 ft/sec < v, < 1,200 ft/sec)

D or with either 15 < N < 50 blows/0.30m (15 < N < 50 blows/ft) or 50 kPa < §, < 100 kPa
(1,000 < s, <2,000 psf)
Soil profile with v < 180 m/sec (600 ft/sec)

£ or with either N < 15 blows/0.30m (N < 15 blows/ft) or 5, < 150 kPa (1000 psf),
or any profile with more than 3 m (10 ft) of soft clay defined as soil with Pl > 20, w > 40 percent
and s, <25 kPa (500 psf)
Soils requiring site-specific evaluations

1. Peats or highly organic clays (H > 3 m [10 ft] of peat or highly organic clay where H =
F thickness of soil)

2. Very high plasticity clays (H > 8 m [25 ft] with PI > 75)
3. Very thick soft/medium stiff clays (H > 36 m [120 ft])

Exception: When the soil properties are not known in sufficient detail to determine the site class, site class
D may be used. Site classes E or F need not be assumed unless the authority having jurisdiction
determines that site classes E or F could be present at the site or in the event that site classes E or F are
established by geotechnical data.

is average shear wave velocity for the upper 30 m (100 ft) of the soil profile

is the average Standard Penetration Test (SPT) blowcount (blows/0.30m or blows/ft) (ASTM D1586)

for the upper 30 m (100 ft) of the soil profile

is the average undrained shear strength in kPa (psf) (ASTM D2166 or D2850) for the upper 30 m (100 ft)
of the soil profile

is plasticity index (ASTM D4218)
is moisture content (ASTM D2216)

2. The shear wave velocity for rock, Site Class B, shall be either measured on site or estimated for competent rock
with moderate fracturing and weathering. Softer and more highly fractured and weathered rock shall either be
measured on site for shear wave velocity or classified as Site Class C.

3. The hard rock, Site Class A, category shall be supported by shear wave velocity measurements either on site or on
profiles of the same rock type in the same formation with an equal or greater degree of weathering and fracturing.
Where hard rock conditions are known to be continuous to a depth of 30 m (100 ft), surficial shear wave velocity

measurements may be extrapolated to assess V.

4. Site classes A and B should not be used when there is more than 3 m (10 ft) of soil between the rock surface and
the bottom of a spread footing.
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Table 1-4. Site factors F, and F,.

(a) Values of F, as a function of site class and short-period (0.2-sec) spectral acceleration, Sq

Site Spectral Acceleration at Short-Period (0.2 sec), Ss'
Class Ss<025 | Ss=050 | Ss=075 | Ss=1.00 | Ss>1.25

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 14 1.2 1.1 1.0
E 25 1.7 1.2 0.9 0.9
=

Notes:

1. Use straight-line interpolation for intermediate values of Ss.

2. Site-specific geotechnical investigation and dynamic site response analysis should be performed for

class F soils.

(b) Values of F, as a function of site class and long-period (1.0-sec) spectral acceleration, S,

Site Spectral Acceleration at Long-Period (1.0 sec), S,"
Class S:1<0.1 S$:=0.2 S$:=0.3 S:=0.4 S$:>0.5
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 14 1.3
D 24 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 24 24
F2
Notes:
1. Use straight-line interpolation for intermediate values of S;.
2. Site-specific geotechnical investigation and dynamic site response analysis should be performed for class F
soils.

19




Procedures for evaluating these hazards are presented in chapter 3. The consequences of these
hazards in the free-field (e.g. ground settlement and fault displacements) are also addressed in
that chapter. Methods for evaluating the effects of these hazards on the capacity and
deformations of the bridge-foundation system are presented in chapter 6, and measures for
mitigating them are described in chapter 11.

Assessing geotechnical hazards is a two-part procedure. In the first part, a quick screening
evaluation is conducted. Generally, this can be accomplished using available information and
field reconnaissance. If the criteria are satisfied, the risk is considered to be low and further
evaluations of the hazard are not required. If a hazard cannot be screened out, more detailed
evaluations are conducted in the second part of this procedure. This usually requires obtaining
additional data to more rigorously assess the hazard and its consequences. Chapter 3 gives
guidelines for initial hazard screening, together with a brief overview of methods for detailed
hazard evaluation. Detailed methods for hazard evaluation are described in appendix B. Hazard
screening and hazard evaluation should be carried out by geotechnical engineers, geologists, and
seismologists, who have expert knowledge of these hazards and experience with their evaluation.

1.5.3. DETERMINATION OF DESIGN RESPONSE SPECTRUM

As noted in section 1.5.1, a two-point method is used to define the design response spectrum
from which earthquake forces are calculated to determine seismic demand on a bridge due to a
particular earthquake ground motion. Figure 1-8 shows how this spectrum is drawn from the two
given points. It indicates that the Sy and S; ordinates are first scaled by the soil factors F, and F,
and the resulting products Sps and Sp; are used to plot the spectrum where:

Sps=F..S, and Sp =F,.S (1-1)

/_ Sps =FaSs

0.40Sps™™

Response Spectral Acceleration, Sy

0.2 Spr 1.0

5 =02Ts - Sobs
Period, T (seconds)

Figure 1-8. Construction of the seismic design response spectrum.
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1.5.4. DETERMINATION OF SEISMIC HAZARD LEVEL

Each bridge is assigned a Seismic Hazard Level (SHL) as indicated in table 1-5, based on Spg
and Sp, , which are defined in section 1.5.3 to be the product of the spectral ordinates Sg and S;
(section 1.5.1) and the soil factors F, and F, (section 1.5.2). In the event that two different hazard
levels are indicated by table 1-5 for the same site, the higher level should be used.

The two footnotes to table 1-5 effectively limit boundaries for site classes E and F in Hazard
Levels I and II to those of site class D. This is because of the greater uncertainty in the values of

F, and F, for class E and F soils when ground shaking is relatively low (S; < 0.10 and S < 0.25).

Table 1-5. Seismic hazard level.

HAZARD LEVEL Using Sp1 = F, S Using Sps = F.S.
| Sp1<0.15 Sps<0.15
1 0.15<Sp1£0.25 0.15<Sps<0.35
1l 0.25<Sp1<£0.40 0.35 < Sps <0.60
v 0.40 < S pq 0.60 < Sps
Notes:

1. For the purposes of determining the Seismic Hazard Level for Site Class E soils, the
value of F, and F, need not be taken larger than 2.4 and 1.6 respectively, when S is less
than or equal to 0.10 and S; is less than 0.25.

2. For the purposes of determining the Seismic Hazard Level for Site Class F soils, F, and
F. values for Site Class E soils may be used with the adjustment described in Note 1
above.

1.6. PERFORMANCE-BASED SEISMIC RETROFIT CATEGORIES

Seismic retrofit categories (SRC) are used to identify minimum screening requirements,
evaluation methods and retrofitting measures for deficient bridges. They are determined by the
anticipated service life, importance, and the seismic hazard exposure of the bridge. There are
four categories, A through D, in increasing order of rigor and complexity. SRC A is a default
category, which means that bridges in this category do not need to be screened, evaluated or
retrofitted. SRC D is the highest category requiring the most rigorous screening, evaluation, and
retrofitting measures. SRC’s perform a similar function to the SPC’s (seismic performance
categories) in the previous retrofit manual (FHWA, 1995). (The name has been changed to
distinguish them from the SPC’s used in the seismic design provisions of the AASHTO Standard
Specifications (AASHTO, 2002), which are widely used for the seismic design of new bridges.)

Seismic retrofit categories are given in table 1-6 where they are determined by the performance
level (PL) required, and the seismic hazard level (SHL) at the site.
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Table 1-6. Performance-based seismic retrofit categories.

PERFORMANCE LEVEL
. During Lower Level
During Upper Level Earthquake
HAZARD 9 +pp q Earthquake
LEVEL PLO: No PL1: Life . PLO: No ]
Minimum Safety PLZ_' Minimum PL3: F_uIIy
Operational Operational
Level Level

I A A B A C

Il A B B A C

1 A B C A C

v A C D A D

The steps required to determine an SRC are shown in figure 1-9 and are as follows:

Step 1. From the bridge records and other sources determine the:

Importance of the bridge: either standard or essential,
Anticipated service life of the bridge, and assign a service category: ASL 1 through
ASL 3 (table 1-1), and

Site class based on soil type and profile (table 1-3).

Step 2. Determine the performance level for the bridge (PLO through PL3), based on the
anticipated service life and bridge importance (table 1-2).

Step 3. Obtain the spectral accelerations Ss and S, the soil factors F, and F, from table 1-4, and
determine the hazard level using table 1-5. Determine the seismic retrofit category
required to satisfy the performance objective for this event, using table 1-6. These steps
are summarized as follows:

Step 3.1. Obtain the spectral ordinates, S and S;, from the CD-ROM in this manual or

from the USGS web site: http://eqhazmaps.usgs.gov.

Step 3.2. Obtain the soil factors, F, and F,, for the site (table 1-4).

Step 3.3. Determine the seismic hazard level (SHL) based on F,S; and F,S; (table 1-5).

Step 3.4. Obtain the SRC for the required performance level from table 1-6.

This process is illustrated in example 1.1 in this chapter, and examples 4.1 and 4.2 in chapter 4.
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Anticipated Service Spectral Accelerations, Soil Factors,

Bridge Importance Life, ASL S,and S, F,and F,

v Y

PERFORMANCE SEISMIC HAZARD
LEVEL, PL LEVEL, SHL

Y

SEISMIC RETROFIT
CATEGORY, SRC

Figure 1-9. Determination of seismic retrofit category.
1.7. RETROFITTING PROCESS FOR THE LOWER LEVEL GROUND MOTION
The lower level earthquake ground motion has a return period of about 100 years and is therefore
a relatively small motion. The performance required of any bridge for these motions (table 1-2)
is elastic behavior, which is similar to the requirements for wind and braking loads. Indeed, in
many parts of the United States, wind and braking loads may be larger than the earthquake loads

for this return period and may govern for this stage.

The process of retrofitting bridges for the lower level earthquake ground motion is divided into
three parts. These are:

e Preliminary screening of bridge inventory.

e Detailed evaluation of an existing bridge.

e Selection of retrofit strategy and design of retrofit measures.

Note that decisions are made at each step, based on the results obtained thus far, that determine
the next step in the process. Bridges are passed through a series of checkpoints to assure that
only those structures actually in need of retrofit will be strengthened.

As described in section 1.6, seismic retrofit categories (SRC) are used to recommend minimum

requirements for evaluation and retrofitting. These requirements for the lower level ground
motion are given in table 1-7.
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The retrofitting process for this level of ground motion is described in the following sections
where it will be seen to be a force-based approach. Displacements are not explicitly considered
since they are assumed to be small and within the default capacity of the structure. This is a
reasonable expectation provided yielding does not occur, bearing restraints do not fail, and soils
do not soften at this level of ground motion.

1.7.1. SCREENING AND PRIORITIZATION FOR THE LOWER LEVEL GROUND
MOTION

All bridges in the inventory should be checked for their lateral strength in both the transverse and
longitudinal directions. This strength should be based on the elastic capacities of the members
and foundations. Previous design calculations for wind and braking loads may be useful here.
This capacity should then be checked against the seismic force (F) on the bridge, which can be
conservatively estimated as:

F =Sps W (1-2)

where Spg is defined in equation (1-1) and W is the weight of the superstructure. If the capacity
is greater than the demand (F), the bridge passes the screen and the process moves to the second
stage (section 1.8). If the capacity is less than the demand, the bridge should be considered for
retrofitting at this earthquake level.

As noted above, a quick estimate of the elastic capacity of a bridge in the transverse direction is
obtained by applying the factored wind load used in the design of the bridge. In the longitudinal
direction, the factored braking load may be used for this purpose. If the seismic demand (F) is
greater than either of these two service loads, a more detailed evaluation is necessary, as
described in section 1.7.2.

1.7.2.  EVALUATION FOR THE LOWER LEVEL GROUND MOTION

The seismic demand given by equation 1-2 is very conservative since it makes two simplifying
assumptions. First, the period of the bridge is assumed to be very short (less than T, figure 1-8),
in both the longitudinal and transverse directions, and second, the entire weight of the
superstructure is assumed to be mobilized during an earthquake in both the longitudinal and
transverse directions.

Therefore, a two-step process is recommended for the detailed evaluation of a bridge for the
lower level ground motion. These steps are:

Step 1. Revise the estimate of the seismic demand using improved values for the period of
vibration.

Step 1.1. Calculate the period of the bridge in both the longitudinal and transverse

directions using any of the elastic methods described in Method C (section 1.11). These
include the Uniform Load Method and the Multi-mode Spectral Method.
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Step 1.2. Obtain the response spectral accelerations in the longitudinal and transverse
directions (Sa. and Sar, respectively), using the periods found in step 1.1 and figure 1-8.

Step 1.3. Calculate the longitudinal and transverse seismic demands (F_ and Fr) from:
FL=Sa. W (1-3a)
FT:SaT w (1'3b)

Step 1.4. Compare F,_ and Fr against total longitudinal braking load, and total transverse wind
load respectively, and if either one is greater than the corresponding service load, a more
rigorous evaluation is required. Go to step 2. If, however, both F_and Frare less than the
corresponding service loads, no further evaluation is necessary and proceed to section 1.8.

Step 2. Revise the estimate of bridge capacity using explicit member strengths.

Use Method C (section 1.11 and section 5.4) to calculate capacity/demand ratios for each
member and component in the lateral load path. Members and components with capacity/demand
ratios less than unity are flagged for further consideration under section 1.7.3.

1.7.3. RETROFITTING FOR THE LOWER LEVEL GROUND MOTION

Once a bridge has been found to be vulnerable to the lower level ground motion, the next step is to
decide what, if anything, should be done to correct the deficiencies. Decision-making may be
formalized by exploring retrofit options and associated cost implications using the same process
described for the upper level motion in section 1.12. In most instances, these deficiencies will be a
lack of sufficient elastic strength, in which case component strengthening will be the most practical
approach. The first column of table 1-11 lists a number of strengthening approaches that may be
applicable. These approaches are described in chapters 8, 9 and 10.

However, before significant effort is devoted to retrofitting for the lower level earthquake, evaluate
the structure for the upper level event. It is possible that the bridge is also inadequate for the upper
level motion. Thus, while addressing the needs for the upper level earthquake, the deficiencies at the
lower level may be eliminated, and retrofitting specifically for the lower level would no longer be
necessary.

1.8. RETROFITTING PROCESS FOR UPPER LEVEL GROUND MOTION

The process of retrofitting bridges for the upper level earthquake ground motion involves an
assessment of many variables and requires the use of considerable judgment. Just as for the
lower level ground motion, it helps to divide the process into three parts. These are:

e Preliminary screening of bridge inventory.
e Detailed evaluation of an existing bridge.
e Selection of retrofit strategy and design of retrofit measures.

Figure 1-1 illustrates this three-step process and figure 1-10 shows the process in greater detail
for the upper level ground motion. Note that decisions are made at each step, based on the results
obtained thus far, that determine the next step in the process. Bridges are passed through a series
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Seismic Retrofit Category
(SRC)
(Section 1.6)

'

Seismic Retrofit

Y

Seismic Retrofit

PERFORMANCE-BASED SEISMIC
RETROFIT CATEGORIES (SRCs)
(Figure 1-9)

Anticipated Service Life
Bridge Importance
Site Class (Soil Factors)
Performance Criteria
Seismic Hazard Level for
Upper Level Ground Motion
SRC

Category A Categories B, C, D
RATING METHODS
1. Indices Method
2. Expected Damage Method
PASS Screening & 3. Seismic Risk Assessment Method
g Prioritization
(Section 1.10)
EVALUATION METHODS
(Table 1-9, Figure 1-13)
A, B. No Analysis Methods
: ''''''''''' C. Component C:D Method
I D1. Structure C:D Method (basic)
: D2. Structure C:D Method
! (advanced)
! PASS Deta||e.d E. Nonlinear Dynamic Method
- + Evaluation y
| (Section 1.11) ¥
|
: CAPACITY ASSESSMENT
! (Table 1-9, Figure 1-13)
! 1. Member Strength Capacity
| 2. Member Deformation Capacity
i 3. Foundation Strength and
i Deformation Capacity
i NO Strategize Retrofit
-¢ t (Section 1.12)
I Is retrofitting RETROFIT STRATEGIES
i warranted? (Table 1-11, Figure 1-14)
. 1. Do nothing
! 2. Partial Retrofit
|
A4 !
I RETROFIT MEASURES
| (Table 1-11)
: 1. Extended seat widths
! DESIGN RETROFIT 2. Expansion joint restrainers
RETROFITTING NOT : ;
- - MEASURES 3. Column jackets
REQUIRED (Section 1_13) 4. Footing Overlays
5. Supplemental Piles
6. Response Modification Devices
7. Soil Remediation

Figure 1-10. Seismic retrofitting process for highway bridges subject to
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of checkpoints to assure that only those structures actually in need of retrofit will be
strengthened.

As described in greater detail in sections 1.6 and 1.9, seismic retrofit categories (SRC) are used
to recommend minimum requirements for evaluation and retrofitting. The SRC assigned to a
bridge dictates the level of effort required to screen, analyze and retrofit a bridge, should
strengthening be necessary. The SRC is determined by the importance of the bridge, its
anticipated service life, and the seismic hazard level. Using these three factors, it is possible to
schematically illustrate the relative effort required to retrofit bridges of different importance, in
different hazard zones, and with different service lives. Figure 1-11 shows this relationship for
both ‘standard’ and ‘essential’ bridges.

1.9. MINIMUM REQUIREMENTS FOR UPPER LEVEL GROUND MOTION

Minimum requirements for screening, evaluation and retrofitting are determined by the Seismic
Retrofit Category (SRC), as recommended in table 1-7.

As noted above, bridges in SRC A need not be retrofitted due to their short anticipated service
life, or the fact that they are located in the lowest seismic zone with minimum performance
objectives (life safety only). Minimum screening, evaluation and retrofitting requirements are
therefore given only for SRCs B, C and D. In general, the higher the category, the more rigorous
the requirements, as seen in table 1-7

The screening requirements in table 1-7 list those components of a bridge that must be examined
when setting priorities for retrofitting. Since insufficient seat width and inadequate connections
are common reasons for bridge failures, the minimum screening requirements (SRC B) start with
seats and connections. Other components are added in the higher categories.

The evaluation requirements in table 1-7 give permissible methods of evaluation depending on
the SRC. They range from the ‘no analysis’ option and simplified elastic methods for SRC B, up
to the rigorous, nonlinear dynamic analysis methods for bridges in SRC D.

Table 1-7 lists those components of a bridge that should be retrofitted if found to be deficient.
Inadequate seats and connections are common reasons for bridge failures and minimum
requirements (SRC B) start with restrainers, seat width extensions and connection strengthening.
More extensive retrofit measures such as column jacketing, footing overlays, cap beam
prestressing, ground remediation and the like, are added in the higher categories.

Finally, it is noted that the requirements in table 1-7 are minima, and the owner may at any time
impose more rigorous requirements.
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Figure 1-11. Relative effort to retrofit an (a) ‘standard’ and (b) ‘essential’ bridge
with varying service life and hazard level.
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EXAMPLE 1.1: DETERMINATION OF SEISMIC RETROFIT CATEGORIES FOR BOTH
UPPER AND LOWER LEVELS OF GROUND MOTION

An essential bridge in Salt Lake City, UT (zip code 84112) has an anticipated service life of 30 years, and
is founded on very dense soils with an average shear wave velocity, in the upper 100 ft, of 1,350 ft/sec.
Determine the seismic retrofit categories (SRC) for this bridge for both the upper and lower levels of
ground motion.

Step 1. Importance, Anticipated Service Life, and Site Class

1.1 Bridge is stated to be essential.

1.2 For an anticipated service life of 30 years, the service life category is ASL 2 (table 1-1)
1.3 For the given soil description and shear wave velocity, the site class is C (table 1-3)

Step 2. Performance Criteria
2.1 From table 1-2, for the lower level ground motion, the performance level is PL3.
2.2 From table 1-2, for the upper level ground motion, the performance level is PL1.

Step 3. Seismic Retrofit Category for Upper Level Ground Motion
3.1 For zip code = 84112, the USGS CD-ROM gives Ss = 1.11 and S; = 0.39 (example 2.1)
3.2 For site class C and the values obtained for Sg and S4: F, = 1.0 and F, = 1.4 (table 1-4)
3.3F.Ss=1.0(1.11)=1.11
F.S1=1.4(0.39)=0.55
Seismic Hazard Level (SHL) = IV (table 1-5)
3.4 Seismic retrofit category for PL1 and SHL = IV, is C (table 1-6, upper level motion).
This is the SRC for the upper level ground motion.

Step 4. Seismic Retrofit Category for Lower Level Ground Motion
4.1 For zip code = 84112, the USGS CD-ROM gives Ss = 0.18 and S; = 0.05 (example 2.1)
4.2 For site class C and the values obtained for Ss and Si: F, = 1.2 and F, = 1.7 (table 1-4)
43F,Ss=1.2(0.18)=0.22

F.S1=1.7 (0.05)=0.09

Seismic Hazard Level (SHL) = Il (table 1-5)
4.4 Seismic retrofit category for PL3 and SHL = Il, is C (table 1-6, lower level motion).

This is the SRC for the lower level ground motion.
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1.10. SCREENING AND PRIORITIZATION FOR UPPER LEVEL GROUND MOTION

1.10.1. GENERAL

Bridge inventories are screened to identify structures that are seismically deficient and to
prioritize them in order of need for retrofitting. Such a process is intended to be rapid, easy to
apply and conservative. Bridges found to be deficient at this stage are subject to detailed
evaluation at the next step (section 1.11 and chapter 5), and any that are later found to be
satisfactory are excluded from further study at that time. An overview of the recommended
process for screening and prioritizing an inventory of bridges for retrofitting is illustrated in
figure 1-12. Details are given in chapter 4.

Seismic Retrofit Category (SRC)

v v

Seismic Retrofit Seismic Retrofit Categories:
Category A B,C,D

]

;

Compile Bridge and Hazard Compile Other Issues, O.
Data. e.g., Bridge Importance,
Calculate bridge rank, R, Network Redundancy,
based on vulnerability and Nonseismic Rehabilitation
seismic hazard. Needs

]

Y v
Retrofitting Not Calculate Priority Index,
Required P =1f(R,0)

Figure 1-12. Screening and prioritization process.
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Three screening and prioritization methods are described in this manual, two are presented in
depth, and the third is only briefly noted. Screening programs for bridges in Seismic Retrofit
Category A need not be conducted beyond the initial determination of SRC, since bridges in this
category are not required to be retrofitted, regardless of their structural deficiencies or level of
hazard.

Many screening and prioritization methods have been proposed in the past (Buckle, 1991). Most
develop a Seismic Rating System first, and then use the results of this rating exercise to prioritize
the inventory. Factors considered in the rating exercise usually include structural vulnerabilities,
and prevailing seismic and geotechnical hazards. Some also include bridge importance and
network redundancy at this stage, but others use these factors only when prioritizing the list of
deficient structures. Another important factor to be considered is the political, social, and
economic context in which the retrofit program is being conducted. Regardless of the process
used to develop the final prioritized list, all bridges should be subject to detailed evaluation
before actual retrofitting is undertaken, to confirm the identified structural deficiencies and
determine the cost-benefits of retrofitting.

1.10.2. FACTORS TO BE CONSIDERED

The objective of a screening and prioritization program is to determine which bridge (or set of
bridges) should be retrofitted first. Factors affecting such a program are the structural and soil
vulnerabilities, the level of the seismic hazard and several other factors which include:

e Bridge importance. This has been discussed in section 1.4.3.

e Network redundancy. This is a measure of route availability and is used to calculate bridge
importance. Whereas redundancy implies resiliency in the network, and should lessen the
need for retrofitting, setting priorities based on redundancy alone is not so straightforward.
For example, the likelihood that alternative routes will be damaged in the same earthquake
must be considered. Suppose a freeway overpass is highly vulnerable but it can be bypassed
using adjacent access ramps. Since a convenient detour is nearby, a lower seismic rating
might be assigned. But this assumes that the ramps remain operational, which may not be the
case if there is strong ground motion in the area. If, on the other hand, the structure is a
vulnerable river crossing, and the nearest detour several miles away, the redundancy of the
network will be low. However, the possibility of the alternate crossing being damaged will be
low and an alternate route may be available. The length of the detour then becomes the issue
when deciding priority for retrofitting. Other examples where network redundancy leads to
unexpected results are given in example 1.2.

e Age and physical condition. It is generally not wise to spend a large sum retrofitting a bridge
with relatively few years of service life remaining. This is one reason why bridges in SRC A
do not need to be retrofitted. It is also true that an unusually high seismic vulnerability may
be justification to accelerate closure or replacement of such a bridge. Also, a bridge in poor
physical condition, or one that is already scheduled for structural or functional rehabilitation,
may be given a higher priority for seismic retrofitting, since cost savings can be achieved by
performing the non-seismic and seismic work simultaneously.
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The above factors are not an exhaustive list, but illustrate some of the principles involved in
assigning priorities. In most cases, seismic ratings are used to guide decision-making but are not
the final word. Common sense and engineering judgment are necessary when weighing the
actual costs and benefits of retrofitting against the risks of doing nothing.

1.10.3. SEISMIC VULNERABILITY RATING METHODS

Most vulnerability rating methods assign a structure vulnerability index (from 1-10) and a hazard
index (1-10), and combine these in various ways to obtain an overall seismic rating. Some
methods also develop an importance index (1-10) to address daily traffic flow, redundancy and
the socioeconomic climate. Others use qualitative measures to include these factors. This last
approach was recommended in the 1995 FHWA Retrofitting Manual (FHWA, 1995) and is also
included in the current edition (section 1.10.4). Recent progress in seismic risk assessment
methods has led to the development of fragility functions for specific classes of bridges. These in
turn have led to loss estimation methodologies for highway systems. These methodologies have
many potential applications in highway design and retrofitting, including planning for emergency
response and recovery. They may be used for screening bridge inventories with more rigorous
results than possible with the above methods, since they quantify the uncertainties surrounding
bridge and site vulnerability, network redundancy and importance factors.

The three methods summarized below have increasing complexity, but decreasing conservatism.
Two of these are further described in later sections of this chapter and in greater detail in chapter
4. These methods are differentiated by the manner in which structure vulnerability, seismic and
geotechnical hazards, importance, redundancy and various socioeconomic factors are treated.

The methods are:

1. Indices Method (FHWA, 1995)
Indices are used to characterize the structure vulnerability and hazard level and are then
combined to give a single rating for each bridge. Indices range from 0 to 10 and are based on
conservative, semi-empirical rules. Prioritization is determined by this rating together with a
qualitative assessment of importance, redundancy, non-seismic issues, and socioeconomic
factors. This is the simplest of the three methods, but it is also the most conservative, since it
uses arbitrary rules to allow for inherent uncertainties.

2. Expected Damage Method
This method compares the severity of expected damage for each bridge in the inventory, for
the same earthquake. Severity of damage is measured either by sustained damage state(s) or
by estimating direct economic losses. Bridges with the highest expected damage (and/or loss)
are given the highest priority for retrofitting. Uncertainty in ground motions, and randomness
in soil and structure properties, are explicitly addressed by using fragility functions to
estimate damage-state probabilities (see chapter 4). A qualitative assessment of indirect
losses, network redundancy, and non-seismic issues is required and the ranking, based on
fragility, is modified accordingly.

3. Seismic Risk Assessment Method
Explicit analysis of the highway network is performed for a given hazard level and the
resulting damage states used to estimate the effect on system performance as measured by
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traffic flow (e.g., increased travel times). Sensitivity of this performance to bridge condition
is subsequently used to determine bridge retrofit needs and priorities. Independent qualitative
assessment of non-seismic issues and socioeconomic factors is required. This is the most
complex of the three methods, but it is also the most rigorous with the least conservatism in
the final result.

Methods 1 and 2 are summarized in sections 1.10.4 and 1.10.5 below and described in detail in
chapter 4. Method 3 is considered outside the scope of this manual and is not discussed further.
A full description may be found in Werner et al., 2000.

1.10.3.1. Minimum Screening Requirements

Minimum requirements for screening bridge inventories, based on Seismic Retrofit Categories,
are recommended in table 1-7.

1.10.3.2. Seismic Inventory of Bridges

The first step in implementing any of the above methods is to compile a bridge inventory with
the objective of obtaining the following basic information:

e The structural characteristics of each bridge to determine either the vulnerability rating or to
select the fragility function as described in chapter 4, and

e The seismicity and soil conditions at each bridge site to determine the seismic hazard rating
or select the fragility function as described in chapter 4.

This information may be obtained from the bridge owner's records, the National Bridge
Inventory (http.//www.fhwa.dot.gov/bridge/nbi.htm), “as-built” plans, maintenance records, the
regional disaster plan, on-site bridge inspection records, and other sources. A form, such as the
sample shown in table 1-8, should be used for recording this information and filed with the
bridge records.

Much of the information used to assign the required performance level for the retrofitted bridge
in section 1.4 will also be necessary when making assessments of importance, redundancy, and
socioeconomic issues in the sections that follow.

1.10.4. INDICES METHOD

In this method, the seismic rating of a bridge is determined by its structural vulnerability, the
seismic and geotechnical hazards at the site, and the socioeconomic factors affecting the
importance of the structure. Ratings of each bridge are first found in terms of vulnerability and
hazard, and then modified by importance (societal and economic issues) and other issues
(redundancy and non-seismic structural issues) as necessary to obtain a final, ordered
determination of retrofitting priority (Buckle, 1991; FHWA, 1995).
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EXAMPLE 1.2: IMPACT OF NETWORK REDUNDANCY ON BRIDGE PRIORITIZATION

Example 1.2(a). In the figure at
right, assume that Bridge A is a
seismically vulnerable bridge
and has a high seismic
vulnerability rating. It is located
on a major route in series with
lower-rated Bridges B and C,
which are also vulnerable to
earthquakes, but to a lesser
degree than Bridge A. Assume
that no convenient detour to this
route exists and that each
bridge can be economically
retrofitted. What priority should
be given to Bridges B and C?

Bridge A Bridge B Bridge C

Answer: Since retrofitting Bridge A alone would improve only one point on the route and do nothing to
prevent the failure of Bridges B or C, and because construction and administration savings can be
realized by retrofitting more than one bridge in the same geographical area at a time, Bridges B and C,
although lower rated than A, should also be considered for retrofitting.

Example 1.2(b). Suppose in the Example above, Bridge B has a high vulnerability rating but cannot be
economically retrofitted. What priority should now be given to Bridges A and C?

Answer: Because Bridge B is in series with Bridges A and C, the route would be closed if Bridge B were
to collapse. Therefore, unless Bridge B can be replaced at the same time, it may be advisable to give
Bridges A and C a lower retrofit priority because strengthening of these two bridges alone may not
prevent closure of the route.

Example 1.2(c). Consider two bridges
that have parallel functions, such as
Bridges D and E in the figure at right. If
Bridge D has a lower vulnerability
rating than Bridge E, which bridge
should be retrofitted first?

Answer: Since Bridge D has the lower — ———— e ——————————— ==
rating, it is possible that it could be
more economically retrofitted than
Bridge E, since less strengthening is e ————————— S
required. If this is true, and the
collapse of one bridge is preferred Bridge D Bridge E
over the loss of both bridges, then it

might be more logical to retrofit Bridge
D before Bridge E, even though Bridge
E had the higher vulnerability rating.
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Table 1-8. Sample bridge seismic inventory form.

BRIDGE SEISMIC INVENTORY DATA FORM

GENERAL

Bridge Name BIN Number

Location

Year Built ADT Detour Length

Total Length Feature Carried

Overall Width Feature Crossed

Importance: essential / standard Alignment: straight / skewed/ curved Geometry: regular / irregular

Seismic Hazard (100-year event): Ss = g Si= g Soil Site Class: A/B/C/D/E
(1000-year event): Sg = g Si= g Soil Site Class: A/B/C/D/E

SUPERSTRUCTURE

Material and Type

Number of spans Continuous: yes / no Number of expansion joints

BEARINGS

Type Condition: functioning / not functioning

Type of restraint: Longitudinal: Transverse:

Actual support length Minimum required length

COLUMNS AND PIERS
Material and Type

Cross-section: Min. transverse dimension Min. longitudinal dimension
Height range (low — high): Fixity: Top Bottom
Longitudinal reinforcement (%) Splices in end zones ? yes/no

Transverse confinement steel

FOUNDATIONS AND ABUTMENTS
Pier foundation type: spread footings / pile footings / pile bent / single shaft / other

Abutment type: seat / integral / other On Piles: yes/no

other

Abutment height Approach slabs: yes / no Slab length

Location: cut / fill Wingwalls: yes / no Liquefaction: susceptibility low / moderate / high
REMARKS
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This rating system has two parts: quantitative and qualitative. The quantitative part produces a
seismic rating (‘bridge rank’) based on structural vulnerability and site hazard. The qualitative
part modifies the rank in a subjective way that accounts for importance, network redundancy,
non-seismic deficiencies, remaining useful life, and similar issues to arrive at an overall priority
index. Engineering and societal judgment are key to the second stage of the screening process.
This leads to a priority index, P, which is a function of rank, importance, and other issues:

P = f (R, importance, non-seismic, and other issues) (1-4a)
where P is the priority index, and R is the rank based on structural vulnerability and seismicity.

In summary, bridge rank is based on structural vulnerability and seismic hazard, whereas retrofit
priority is based on bridge rank, importance, non-seismic deficiencies, and other factors such as
network redundancy. A methodology for calculating bridge rank (R) and the assignment of the
priority index (P) is given in chapter 4 (section 4.2).

1.10.5. EXPECTED DAMAGE METHOD

The Expected Damage Method compares the severity of expected damage for each bridge in the
inventory for the same earthquake, and ranks each bridge accordingly. Severity of damage is
measured either by the sustained damage state(s) or the estimated direct economic loss. Bridges
with the highest expected damage (and/or loss) are given the highest priority for retrofitting.

In its present form, the method does not include indirect economic losses due to loss of life,
injuries, business disruption, traffic congestion, denial of access to emergency responders and the
like. These losses will probably exceed the direct losses (i.e., repair costs) but the state-of-the-art
of loss estimation is currently unable to quantify these costs with any certainty.

As in the Indices Method, this method has two parts: quantitative and qualitative. The
quantitative part is based on expected damage and direct economic losses, and is used to obtain a
bridge rank, R. The qualitative part modifies the rank in a subjective way that takes into account
such factors as indirect losses, network redundancy, non-seismic deficiencies, remaining useful
life, and other issues, to obtain an overall priority index. As in the previous method, engineering
and societal judgment are the key to the second stage of the process. This leads to a priority
index, P, which is a function of rank, indirect losses, redundancy, and other issues, as follows:

P = f(R, indirect losses, redundancy and various non-seismic issues)  (1-4b)
where P is the priority index, and R is the rank based on expected damage and direct losses.

It is seen that bridge rank is based on expected damage and direct losses for a given earthquake,
whereas retrofit priority is based not only on bridge rank, but also on expected indirect losses,
network redundancy and non-seismic factors, estimated in a subjective way. Although equation
1-4b has the same form as equation 1-4a, the terms are calculated in different ways. A particular
advantage of this method is that it provides a template by which indirect losses may be rationally
included, as the state-of the art improves.
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The estimation of expected damage is a critical step in this method and due to uncertainty in
earthquake ground motions, and randomness in soil and structure properties, this step is a
probabilistic one. Fragility functions are used to estimate the probability of a bridge being in one
or more specified damage states, after a given earthquake. Appendix C summarizes the theory of
fragility functions and briefly explains how they are obtained. It also describes the six damage
states most commonly used to characterize expected damage.

As noted in section 1.10.3, fragility functions are also essential elements in the Seismic Risk
Assessment Method for screening and prioritizing bridges. These functions are also used in most
loss-estimation methodologies, including HAZUS, which is under development by the National
Institute of Building Sciences for the Federal Emergency Management Agency (HAZUS, 1997).
In order to simplify the method as much as possible, input data requirements are kept to a
minimum. In particular, all structure attributes may be found in the NBI. Ground motions and
soils data are based on spectral accelerations and soil types as described in section 1.5.

A methodology for calculating bridge rank (R) and the assignment of the priority index (P),
based on expected damage, is given in chapter 4 (section 4.3).

1.11. METHODS OF EVALUATION FOR UPPER LEVEL GROUND MOTION

Bridges found to be deficient during screening and prioritization (section 1.10) are subject to
detailed evaluation using one or more of the methods described in this section. Since the
screening procedures described above are necessarily conservative, it is likely that a bridge
identified as deficient during screening will be found satisfactory upon a more detailed
evaluation.

The seismic evaluation of a bridge is explicitly or implicitly a two-part process. A demand
analysis is first required to determine the forces and displacements imposed on the bridge by an
earthquake; this is then followed by an assessment of capacity to withstand this demand. Most
evaluation methods express their results as capacity/demand ratios calculated on a component-
by-component basis, or for the bridge as a whole (i.e., as a single structural system).

Six evaluation methods are described in this manual, which are all based, to varying degrees, on
capacity-demand principles. They are listed below in order of increasing sophistication and rigor,
and are summarized in table 1-9. All six methods are described in detail in chapter 5. These
methods emphasize the calculation of demand on a member or component of a bridge. Methods
for calculating the capacity of a member or component are described in detail in chapters 6

and 7. The relationships between these methods for demand analysis and capacity assessment are
shown schematically in figure 1-13.

Method A1/A2: Connection forces and seat width checks. Seismic demand analysis is not
required but the capacity of connections and seat width adequacy is checked against minimum
values (section 5.2). The method is suitable for all single span bridges and others in low hazard
zones. The method is divided into two categories, Al and A2. If the short-period spectral
ordinate S; < 0.10, Method A1 may be used. Otherwise, Method A2 must be used, which
requires higher minimum connection capacities than Method A1l.
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Method B: Component capacity checks. Seismic demand analysis is not required, but the
relative strength of the members and the adequacy of certain key details are checked against
recommended minima. This method is suitable for regular bridges in SRC C, subject to
restrictions on FyS; (section 5.3).

Method C: Component capacity/demand method. Seismic demands are determined by an elastic
analysis such as the uniform load method, multi-mode response spectrum method, or an elastic
time history method. The uniform load method is adequate for bridges with regular
configurations; otherwise, the multi-mode method is used as a minimum. Capacity/demand ratios
are calculated for all relevant components. This method is suitable for all bridges in SRC C and
D, but gives best results for bridges that behave elastically or nearly so (section 5.4).

Method D1: Capacity spectrum method. Seismic demands are determined by simple models
such as the uniform load method, and capacity assessment is based on a simplified bilinear
lateral strength curve. A capacity spectrum is used to calculate the capacity/demand ratio for the
bridge, for each limit state. This method is suitable for regular bridges in SRC C and D (section
5.5).

Method D2: Structure capacity/demand method. Seismic demands are determined by elastic
methods such as the multi-mode response spectrum method, or an elastic time history method.
Capacity assessment is based on the displacement capacity of individual piers as determined by a
‘pushover’ analysis, which includes the nonlinear behavior of the inelastic components. A
capacity spectrum is used to calculate the capacity/demand ratio for each pier, bearing, and
foundation of the bridge, for each limit state. This method is suitable for all bridges in SRC C
and D. It is also known as the Pushover Method or alternatively the Nonlinear Static Procedure
(section 5.6).

Method E: Nonlinear dynamic procedure (time history analysis). Seismic demands are
determined by a nonlinear dynamic analysis using earthquake ground motion records to evaluate
the displacement and force demands. Capacities of individual components are explicitly modeled
in the demand analysis. This method is suitable for irregular complex bridges, or when site
specific ground motions are to be used for a bridge of major importance (section 5.7).

In summary, Methods A and B are based on default minima with no demand analysis required.
Methods C and D are capacity-demand methods of varying rigor, and Method E is the most
rigorous of all the methods and is based on inelastic time history analysis.

The choice of method to be used for an evaluation is determined by the minimum requirements
in table 1-7 and the regular/irregular requirements summarized above and in table 1-9. The
minima in table 1-7 are related to the Seismic Retrofit Category of the bridge under
consideration, and are based on two principles. First, as the seismic hazard increases, improved
modeling and analysis for the seismic demands is necessary, because bridge response is sensitive
to increasing demand. Second, as the complexity of the bridge increases, more sophisticated
models are required to capture both the demand and capacity with certainty. Note that a higher
level of analysis may always be used in place of a lower-level method.
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SEISMIC RETROFIT CATEGORY and BRIDGE TYPE

Y

A A
METHOD A METHOD B METHOD C METHOD D1/D2 METHOD E
sec 5.2 sec 5.3 sec 5.4 sec 5.5/5.6 sec 5.7
I DEMAND ANALYSIS 1
I \ \ Y Y Y
I No analysis req'd No analysis req'd Elastic Analysis Elastic Analysis Nonlinear Analysis
(Uniform Load (ULM) (Response (3 Dimensional,
I Min. seat and force Min. seat and force Multimode (MM) spectrum methods Time History
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Figure 1-13. Evaluation methods for existing bridges

showing relationship between demand analysis and capacity assessment.
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1.12. RETROFIT STRATEGIES FOR UPPER LEVEL GROUND MOTION
1.12.1. GENERAL

Once a bridge is found to be seismically deficient, the next step is to decide what, if anything,
should be done to correct the deficiencies. Decision-making may be formalized by exploring
retrofit options and the associated cost implications. This section revisits the objectives of
retrofitting and discusses the selection of a retrofit strategy (including cost considerations),
developing a retrofit approach, and identifying retrofit measures.

A Retrofit Strategy is the overall plan for the seismic retrofit of a bridge. This plan can employ
more than one retrofit approach and thus several different retrofit measures. Retrofit strategies
are discussed in section 1.12.2.

A Retrofit Approach is the philosophy of seismic enhancement adopted for a bridge.
Strengthening is an example of a retrofit approach. One or more retrofit approaches can be
employed in the seismic retrofit of a bridge. Various approaches are discussed in section 1.12.3.

A Retrofit Measure is the physical modification of a component in a bridge for the purpose of
upgrading overall seismic performance. For example, the addition of a steel shell to a reinforced
concrete column is a retrofit measure. Retrofit measures for superstructure, substructure, and
foundation components are briefly summarized in section 1.13, and described in detail in
chapters 8, 9, and 10, respectively.

1.12.2. SELECTING A RETROFIT STRATEGY

1.12.2.1. Objective of Retrofitting and Acceptable Damage

The objective of retrofitting a bridge is to ensure that it will perform satisfactorily when
subjected to the design earthquake. Specifically, bridges should be retrofitted to meet the
performance criteria given in section 1.4 and table 1-2, which are determined by the importance
of a bridge and its anticipated service life.

Performance criteria for both new and existing bridges permit considerable structural damage as
long as collapse is prevented, and the amount of acceptable damage in existing bridges may be
greater than for new designs.

There are at least two reasons why accepting some level of damage is an essential ingredient of
almost all retrofit strategies. These are:

e Retrofitting is usually more complex and more expensive than providing adequate resistance
in a new bridge. In some cases, the added cost of preventing damage could be as much, or
more, than the cost of repairing the damage in the unretrofitted bridge (neglecting indirect
losses).
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e Existing bridges may have a reduced useful or remaining life due to normal ‘wear and tear,’
and increasing traffic volume and/or load capacity requirements. This shortened life reduces
the likelihood that such a structure will experience a damaging earthquake, and increases the
annualized cost of every dollar spent to prevent earthquake damage.

There are exceptions to this rule. These include very important bridges, and where the societal
cost of any damage that disrupts serviceability, or reduces traffic capacity, is unacceptable.

1.12.2.2. Cost Considerations of Seismic Retrofit

Cost is a major consideration in seismic retrofitting. As noted above, the average cost of seismic
retrofitting is much higher than of incorporating seismic resistance into the design of a new
bridge. In fact, it has been estimated that in extreme cases, seismic retrofitting may be two to
three times more expensive.

Data giving the actual cost of retrofitting is hard to find because very few States have completed
extensive retrofit programs from which cost databases may be compiled. However, table 1-10
gives some data based on Caltrans’ experience in retrofitting 165 bridges during 1993 and 1994.
In this table, retrofit costs are expressed as a fraction of the cost of new construction and the
average cost is seen to be about 15 percent of the cost of building a new bridge in the same time
period. Also, as might be expected, retrofit costs strongly depend on the strategy employed.
When only the superstructure is retrofitted (cable restrainers and seat width extenders), the
average construction cost is about 3.1 percent of new construction. When the substructure is also
retrofitted, but not the foundation, the average cost rises to 15.4 percent. When the foundation is
included, the average cost rises further to 28.8 percent. Table 1-10 also shows a significant
variation in cost when the same strategy is applied to different bridges, due to differences in the
extent of retrofitting required. Although this data reflects prevailing conditions in the California
construction market at the time of these retrofits, the trends are believed applicable elsewhere in
the country.

Table 1-10. Cost of various retrofit strategies as percentage of new construction costs ',

RETROFIT STRATEGY TOTALS
(weighted sum
RANGE Superstructure Superstructure S?J%Z?rrjéitféu;’d all retrofits in
Only® and Substructure F ) California, 1993
oundations and 1994)
Low 1.3 0.7 2.3 0.7
Average 3.1 15.4 28.8 15.1
High 13.2 64.8 2329 2329

Notes: 1. Caltrans data for 165 bridges retrofitted in 1993 and 1994.
2. Costs expressed as percentage of new construction for same time frame.
3. Superstructure includes restrainers and seat width extensions.
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Engineering costs for retrofit design are also generally higher than for new construction. It is not
unrealistic to expect that these costs will be twice the cost of the engineering required for a new
bridge of similar value. This is because many bridges are unique and often require customized
retrofit strategies. Standardization of design and retrofit details is therefore difficult to achieve.
In addition, the detailed seismic evaluation of a bridge and identification of the most appropriate
retrofit strategy is a time-consuming process that may involve a detailed dynamic analysis and
potentially, many trial designs investigating possible strategies.

In addition to higher initial costs, the fact that the life of a retrofit should not exceed the
remaining service life of the bridge means that the annualized cost of retrofitting is further
increased over the cost of seismic resistance in new construction. This requires that the benefits
of retrofitting, particularly for damage prevention, be weighed against these higher costs when
selecting a retrofit strategy for the bridge.

1.12.2.3. Other Considerations and Non-Seismic Issues

Many existing bridges within the United States are either structurally deficient or functionally
obsolete, in addition to being seismically vulnerable. Either one of these two conditions could
result in a bridge being rehabilitated, which might present an opportunity for improving the
seismic resistance of a bridge at the same time. If retrofitting is required immediately, it may be
advisable for the designer to consider the additional demands that will be placed on the structure
when the future widening is finally accomplished. A designer should therefore consider both the
present condition and possible future service that will be required of the bridge.

Bridge inspection and maintenance needs should also be considered when designing a seismic
retrofit. This includes access for inspection as well as maintenance activities. The retrofit
measure itself should not become a maintenance problem. The designer should be aware of the
needs of maintenance personnel and include them in the selection process of the retrofit strategy.

Retrofit measures can dramatically alter the appearance of the bridge. The designer should
therefore be sensitive to the aesthetics of the retrofit design. This could be particularly important
if the original design has notable aesthetic value or if it is desirable or required to preserve the
appearance of the bridge for other reasons (e.g., if the bridge is a historic structure). There may
be alternative retrofit measures that are just as effective, but more aesthetically acceptable.

It is often not possible to close a bridge to traffic while retrofitting is performed, but some retrofit
measures require access to portions of the bridge that will disrupt traffic. Rerouting of traffic and
staged construction will then be necessary, and when this is difficult to achieve, a strategy that
limits disruption to traffic must be found. Similar constraints may exist with respect to utilities
on or near the bridge. If they cannot be easily relocated, it may be necessary to redesign the
retrofit to avoid damage or disruption to these utilities.

Constructability is always an issue for the bridge designer, but potentially more so in the case of
seismic retrofitting. The main problem is access to the work area on and around the existing
bridge and surrounding facilities. Some examples include driving or drilling piles under an
existing structure with limited headroom, placing concrete under an existing horizontal surface,
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and excavating near other adjacent facilities. The designer must carefully think through the steps
required for construction, and verify that the proposed retrofit can indeed be built.

Political and environmental constraints often arise during retrofitting and should be identified as
far ahead as possible during selection of the preferred strategy. For example, the bridge may be
listed on an historical register, which could limit the types of modifications that can be
performed. The bridge may be located in an environmentally sensitive area that limits access to
certain critical elements such as columns or foundations. The bridge may be located in a highly
urban or residential environment, which may limit certain types of construction activities such as
pile driving because of vibration and noise. Hazardous wastes are likely to be present around
bridges in urban environments and, if disturbed, will require remediation. Political opposition to
certain solutions such as bridge replacement, may also limit the options of the designer. It is
important that the designer be sensitive to these and other issues early in the retrofit process with
a view to finding the best solution given the constraints.

1.12.2.4. Identifying and Evaluating a Retrofit Strategy

Selecting the preferred retrofit strategy can be complicated. Not only is it often a challenge to
find the right technical solution, it is also a challenge to satisfy a multitude of socio-economic
constraints. A systematic process should therefore be followed to assure an appropriate strategy
is selected. A flowchart for such a process is shown in figure 1-14. The various steps are
discussed below.

Step 1. Conduct a detailed as-built evaluation. The first step in seismic retrofitting is to perform a
detailed analytical evaluation of the existing bridge, as it exists in the field. Procedures
for this step are discussed in section 1.11 and chapters 5 through 7. The goal of this step
is to assess the response of the bridge to the design earthquake and to identify weaknesses
that can be addressed by retrofitting. A formal field review of the bridge should be
performed as part of this step. This is needed to verify the as-built condition of the bridge
and to identify any constraints on retrofitting. Structural and geotechnical specialists and
the owner should be involved in this effort.

Step 2. Identify alternative retrofit strategies. Frequently, there is more than one way to improve
the performance of an existing bridge, and it is important to identify as many options as
possible. Many will be quickly eliminated because of excessive cost, constructability or
other problems as noted in section 1.12.2.3. Solutions that appear viable should be further
considered in Step 3. Table 1-11 (see section 1.13.2) identifies alternative retrofit
approaches that might be used to address common deficiencies and directs the designer to
possible retrofit measures for each approach. This table may therefore be helpful when
looking for potential retrofit strategies.

Step 3. Evaluate alternative retrofit strategies. Detailed analytical evaluations of each viable
retrofit strategy should be performed using the methods described in section 1.11 and
chapters 5 through 7. This step should also include the preliminary design of the
elements of the proposed retrofit so that a preliminary cost estimate may be prepared for
each alternative.
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Figure 1-14. Identification and evaluation of a retrofit strategy.
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Step 4. Conduct a strategy meeting. Since seismic retrofitting involves many complex issues,
consensus must be achieved on the most appropriate strategy. This may be accomplished
through a strategy meeting where the designer presents recommendations and cost
estimates for retrofitting. Representatives of all agencies that have an interest in the
project should attend this meeting, including the bridge owner, utility companies,
Federal, state and local government agencies, structural and geotechnical engineering
specialists, and environmental and citizens groups.

Step 5. Document the strategy selection. The retrofit decision should be documented in a strategy
report that becomes part of the permanent record for the project. This report should
include all the calculations of the as-built and as-retrofitted evaluations, preliminary plans
and sketches showing the proposed retrofit, a summary of conclusions and
recommendations, preliminary cost estimates, and a summary of the discussions from the
strategy meeting.

1.12.2.5. Do-Nothing and Full-Replacement Options

When retrofitting a seismically deficient bridge, two possible solutions, at opposite ends of the
spectrum, should be kept in mind: the ‘do-nothing’ and ‘full-replacement’ options.

The ‘do-nothing’ option requires the acceptance of damage during a future earthquake. This will
be a relatively straightforward decision if life safety is the only performance requirement, and the
expected damage is not a threat to life safety. The most likely cause of loss of life is total
collapse of a span, but this is a relatively rare event. For example, the toppling or failure of
individual bearings will not necessarily lead to collapse if the bearing seats are wide enough to
catch the superstructure. Similarly, foundation failures are unlikely to cause collapse, unless the
ground deformations are extremely large due to widespread liquefaction or massive ground
failure such as fault rupture. Fortunately, these occurrences are rare. Nevertheless, judgment
should be used when assessing collapse potential and, to the extent possible, this potential should
be carefully evaluated using a detailed analysis.

The ‘full-replacement’ option may also be an attractive option, particularly when the cost of
retrofit is on the same order of magnitude as the replacement cost of the bridge. Full replacement
is generally considered whenever the retrofit costs approach 60 to 70 percent of a new bridge and
may become even more attractive if the structure has non-seismic structural deficiencies and is
functionally obsolete. However, in making this recommendation, the designer should also
consider the cost of demolition and any costs associated with control and rerouting of traffic as
part of the cost of the replacement alternative. These costs can be significant and may tip the
scales back toward the retrofit alternative.

1.12.3. SEISMIC RETROFIT APPROACHES
Seismic retrofit approaches may be used alone or in combination to develop a seismic retrofit

strategy for a given bridge. Some of the more common approaches are listed below and
discussed in sections 1.12.3.1 through 1.12.3.7.
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Strengthening.

Improvement of Displacement Capacity.

Force Limitation.

Response Modification.

Site Remediation by Ground Improvement.

Acceptance or Control of Damage to Specific Components.
Partial Replacement.

1.12.3.1. Strengthening

Strengthening is intended to increase the force or moment capacity of one or more deficient
elements of a bridge. This approach should also take into account any significant increase in
stiffness due to the strengthening, and its likely effect on structural response.

It is generally not feasible to economically retrofit a bridge for a major earthquake within the
elastic range of the members, and therefore, yield is to be expected in many locations. In cases
where the force or moment demands on a structural element are limited by yielding elsewhere in
the structure, the strength of the element should be sufficient to resist the demands placed on it
without damage. Such is usually the case with superstructure and foundation elements where
forces are controlled by column yielding. When these elements are not strong enough to resist
the forces or moments generated by the existing or retrofitted column, they must then be
strengthened.

Strengthening of a ductile component can reduce the ductility demand on the component and
thus improve seismic performance. However, it will usually increase the forces or moments in
adjacent components, which will then also need to be strengthened.

The addition of restrainer cables or high strength bars at hinges and seats is also considered to be
a form of strengthening. The added strength and stiffness of restrainers will limit the relative
movement between superstructure spans or frames, with the goal of preventing failure due to loss
of support.

1.12.3.2. Improvement of Displacement Capacity

Displacement capacity is generally a better indicator of structural performance than member
strength. A common retrofit approach, therefore, focuses on improving displacement capacity.
This can be achieved in one of two ways.

The first technique extends the length of bearing seats to permit greater relative movement at
bearing locations without loss of support. This is an alternative method to the use of restrainer
cables or bars, which is a strengthening approach intended to reduce the displacement demand on
the bearing seat. In many cases, both approaches are used in combination, i.e., both restrainers
and seat extenders are used to prevent loss of support at the same location.

The second technique increases the ductility capacity of columns and piers. Large inelastic
deformations may be required of columns and piers during a major earthquake and ductility
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capacity is a measure of their ability to sustain this deformation without collapse or fracture. A
ductile column or pier can therefore accommodate large imposed deformations, and any
technique which increases this capacity is considered to be a form of displacement capacity
enhancement.

1.12.3.3. Force Limitation

Forces in critical structural components can be limited by using yielding elements as a structural
‘fuse’, i.e., a sacrificial element. If one member in a bridge is deliberately designed to yield and
thus limit the forces that can be transmitted to an adjoining member, the second member is
‘capacity-protected’ by the first member. If, for example, a column is intended to yield and
develop plastic hinges, the maximum moment that can be transmitted from the column to the
foundation is limited by the yield moment of the hinges. In such a case, the foundation is
‘capacity-protected’ by the column.

Although force limitation occurs naturally in many structures, several force-limiting retrofit
methods have been developed to reduce the cost of strengthening of components, particularly
those that are structurally difficult to implement.

One method of force limitation uses seismic isolation bearings. Although these bearings can be
used to modify the dynamic response of a bridge, as discussed in section 1.12.3.4, they can also
be used as ‘fuses’ that limit the amount of shear force that can be transmitted to a substructure or
foundation.

Another example of force limitation is the link-beam concept that has been used for retrofitting
multi-column piers. With this technique, shear forces are limited by plastic hinging in the
beams, which in turn limits the magnitude of the moments that can be transmitted to bent caps
and footings.

The ductile diaphragm method described in chapter 8 also utilizes the force limitation approach.
1.12.3.4. Response Modification

The dynamic response of a bridge to earthquake ground motion determines the force and
displacement demands that will be placed on various components. It is often possible to retrofit
the bridge in such a way that the dynamic response will be significantly altered. This could
reduce force and displacement demands and thus eliminate or reduce the need for retrofitting by
strengthening or enhancing displacement capacity. An example of this approach is seismic
isolation, in which the fundamental period of the structure is deliberately increased to reduce the
force demands. In this case, however, the displacement demands in the isolators may be very
large and additional damping is usually provided to reduce these demands. Energy dissipators
and dampers also modify dynamic response and may be used to reduce the need for
strengthening or improving displacement capacity.

Another method of response modification is to modify the load path for horizontal inertia forces.
Retrofitting to strengthen or stiffen an alternative load path may be used to attract forces away
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from vulnerable components, and thus reduce or eliminate the need to retrofit them. An example
is a continuous bridge in which the abutment stiffness and strength are increased. Inertial forces
are then redistributed to the abutments, which relieve or reduce the forces on the interior columns
or piers. This approach can be very effective for simply supported spans if the retrofit also
includes provision for making the deck continuous for live load. Shock transmission units can
also be used to modify a load path.

Response modification is a powerful retrofit approach but it requires careful consideration of
possible side effects, such as changes in the way a bridge responds to service loads.

1.12.3.5. Site Remediation by Ground Improvement

Bridges can suffer significant damage when large permanent ground movements occur during an
earthquake. Liquefaction, lateral spreading, landslides, and fault rupture are some of the more
common causes of this damage. There are two possible approaches to this problem.

The first approach is to give the structure the capacity to resist the loading and/or accommodate
the displacements created by the moving soil without collapse. A critical step in this approach is
the quantification of the loads and/or the expected ground movement or fault rupture, which is a
difficult problem to solve.

The second approach is to modify the soil using ground improvement techniques, such as those
discussed in chapter 11. Site remediation often involves treatment of large areas of soil and can
be expensive. In the case of river or stream crossings, improvements may be subject to flooding
and require protection from scour. Nevertheless, there will be cases where this approach is a
viable option and should be considered. It is not, however, applicable to sites where fault rupture
is expected.

1.12.3.6. Acceptance or Control of Damage to Specific Components

When collapse prevention is the main goal of retrofitting, it is often acceptable to allow
component damage as long as this does not jeopardize the overall stability of the structure.

Often this will mean that no retrofit is required for the members in question. In some cases,
however, damage must be controlled to prevent collapse. An example of this is the “P”’ column
retrofit commonly used by Caltrans (Caltrans, 1996). This retrofit method is intended to
preserve the vertical load carrying capacity of the column while the column sustains considerable
damage. Itis common to ignore the lateral load carrying capacity of such a retrofit when
conducting an analysis of the structural response.

1.12.3.7. Partial Replacement

There are cases where the required retrofitting of a bridge component may be so extensive that
partial replacement is the most economical solution. Partial replacement may have several goals,
such as increasing strength and ductility when a column is replaced. In some cases, the type of
retrofit performed on an adjacent element may mandate partial replacement. When load-bearing
elements are replaced, temporary shoring will be required.
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1.13. RETROFIT MEASURES FOR UPPER LEVEL GROUND MOTION

1.13.1. GENERAL

In the last decade, the range of available retrofit measures has increased markedly. Measures
have now been developed for deficient superstructures, bearings, beam seats, piers and columns,
including weak cap beams and column-to-cap beam joints. In addition, techniques for improving
the behavior of abutments and foundations have been developed, including measures for bridges
on hazardous sites. This progress is the result of an aggressive research program in California

and elsewhere and field experience, mainly in California.

A partial list of these measures is as follows:

Diaphragm strengthening.

Energy dissipating ductile diaphragms.

Provision of longitudinal continuity in simply supported spans.
Replacement of bearings.

Seismic isolation bearings.

Energy dissipators.

Seat width extensions and catcher blocks at girder supports and intermediate hinges.
Restrainers at girder supports and intermediate hinges.
Column replacement.

Concrete shells, steel and fiber-composite jackets for columns.
Infill shear walls in bents.

Cap beam strengthening using prestressing.

Supergirders.

Anchor slabs behind abutments.

Soil and gravity anchors.

Abutment shear keys.

Footing replacement.

Footing overlays.

Pile tie-down enhancement.

Supplemental piles.

Articulation for fault crossings.

Site remediation for unstable slopes and liquefaction.
Vibro-replacement of soils and stone columns.

Figure 1-15 illustrates some of the above measures; the details are discussed in chapters 8
through 11.
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1.13.2. SEISMIC RETROFIT MATRIX
The matrix presented in table 1-11 is a roadmap for the above list of retrofit measures. It shows
the relationship between the seven retrofit approaches in section 1.12.3 and the retrofit measures

necessary to make them work.

For example, if the strengthening approach is chosen to address insufficient seat length, then the
following measures are recommended in table 1-11 for consideration:

e Section 8.2.2.1: Providing Longitudinal Continuity, Web and Flange Plates.
e Section 8.4.2.1: Longitudinal Joint Restrainers.
Although table 1-11 presents a comprehensive list of approaches and measures, it is not intended

to preclude innovative retrofit approaches or measures that are not specifically mentioned in this
manual.
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CHAPTER 2: SEISMIC GROUND MOTION HAZARD

2.1. GENERAL

One of the first steps in retrofitting a bridge is to characterize the earthquake hazard at the bridge
site. This is done by developing peak ground accelerations and response spectra for the site and,

for some bridges, acceleration time histories with and without the effect of spatial variation. The
following topics are covered in this chapter:

1. Developing horizontal ground motion response spectra using either:

e A general procedure based on national ground motion maps and site factors, or
e A site-specific procedure.

2. Developing vertical ground motion response spectra.
3. Developing acceleration time histories.
4. Assessing the spatial variation in the ground motion.

The estimation of ground motion at a site involves considerable judgment due to uncertainties in
the location of seismic sources, the frequency of occurrence of earthquakes of different
magnitudes, the maximum magnitude of an earthquake that could occur at a particular site, and
the resulting site ground motions for any given earthquake. Since it is believed that these
uncertainties are best addressed using a probabilistic approach, this methodology is typically
used to obtain design ground motions for bridges and buildings.

As described in chapter 1, two levels of earthquake ground motion are used to determine the
performance of an existing bridge and appropriate retrofit measures. They consist of a lower
level ground motion and an upper level ground motion. The lower level motion has a probability
of exceedance of 50 percent during the service life of the bridge (assumed to be 75 years),
whereas the upper level motion has a probability of exceedance of seven percent in 75 years. As
discussed below and shown in table 2-1, these two exceedance probabilities correspond to return
periods of approximately 100 and 1000 years for the lower and upper level ground motions,
respectively.

Using a Poisson probability model', the probability of exceedance (Pg) of a given amplitude of
ground motion in the lifetime of the bridge (t) is related to the annual frequency of exceedance
(v) of that ground motion amplitude, by the following equation:

" In a Poisson model, earthquakes of given magnitudes occur randomly in time at an average rate. The occurrence
of an earthquake is assumed to have no influence on the timing or probability of a future earthquake.
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Py = 1-e (2-1)
Rewritten, equation 2-1 gives v as a function of Pg and t as follows:

v - w (2-2)

Return periods’corresponding to various probabilities of exceedance can be calculated using
equation 2-2, as shown in table 2-1. For this table, the lifetime of a bridge (t) is taken as 75 years.

Table 2-1. Relationship between probability of exceedance of earthquake
ground motion and return period.

Probability of :
Exceedance (Pg) in Annual Frequency Return Period (years)
Bridge Life of 75 of Exceedance, v
Years (%) Actual Rounded
50 0.009242 108 100
15 0.002167 461 500
7 0.000968 1033 1000
5 0.000684 1462 1500
3 0.000406 2462 2500

As described in section 1.5, two spectral accelerations (Sps and Sp;) are used to determine the
seismic loads for bridge screening and evaluation. These accelerations are obtained by
modifying the spectral accelerations assuming a rock site (Sg and S;), to account for the actual
soil conditions at the site. Figure 2-1 shows the variation in these two accelerations with return
period for different locations in the United States. Figure 2-1(a) gives the short-period (S;)
accelerations and figure 2-1(b) gives the long-period (S;) values. These plots show that for
bridge sites in the eastern United States, spectral accelerations for earthquake ground motions
with very long return periods, such as 2500 years, may be three to four times higher than for the
500-year ground motions at the same site. This ratio varies considerably from state to state across
the U.S., and is one of the primary reasons for adopting two different levels of earthquake
ground motion for seismic retrofitting.

2 The reciprocal of the annual frequency of exceedance is the return period of exceedance. In this manual, the
reciprocal is simply called the 'return period'.
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2.2. BASIC PROCEDURES FOR CHARACTERIZING HORIZONTAL SEISMIC
GROUND MOTION

The two basic procedures for developing response spectra and peak accelerations of horizontal
ground motions are:

1. A general procedure using national ground motion maps and site factors as described in
sections 2.3, 2.4 and 2.5.

2. A site-specific procedure as described in section 2.6.
The site specific procedure should be used if any of the following apply:

e Soils at the site require site-specific evaluation (i.e., site class F soils, as defined in section
2.4) unless a determination is made that the presence of such soils would not result in a
significantly higher response of the bridge.

e  The bridge is considered to be a major or very important structure by the owner.

e The site is located within 10 km (6 mi) of an active fault and its response would be
significantly and adversely influenced by near-fault ground motions.

Examples of conditions for which site-specific evaluations would not be required for Type F
soils are given in section 2.4. Section 2.6 describes the characteristics of near-fault ground
motions that could lead to increased bridge response, but these effects might be considered for
major bridges only.

2.3. DETERMINATION OF SPECTRAL ACCELERATIONS, S, and S;

Both the short-period (S;s) and long-period (S;) spectral accelerations have been mapped by the U.
S. Geological Survey (USGS) for the United States for various exceedance probabilities (return
periods). The maps used with the general procedure are the 1996 edition of the probabilistic
ground motion maps published by the USGS *,*. In California, these maps are produced jointly
by the California Geological Survey (CGS), and the USGS. These maps are for a reference rock
site condition (site class B). Procedures for adjusting the ground motions to other site conditions
are described in section 2.4. However, maps are not available for all possible return periods and
the USGS has provided ground motion hazard curves for selected longitudes and latitudes to
provide for those cases not covered by the maps. These curves may be used to develop the
relationship between the amplitude of a ground motion parameter and its annual frequency of
exceedance, which allows spectral values to be found for any return period specified by the user.
These curves are available on a CD-ROM published by the USGS; a copy of this CD is included
in the manual (see inside back cover).

3 Updated maps were published by the USGS in 2002, but not for 1000-year return period. See sidebar. A new CD is
expected in 2005 which will allow data to be automatically generated for any return period.

* Frankel et al., 1996, 1997a, 1997b, 1997¢, 2000; Klein et al., 1999; Peterson et al., 1996; Wesson et al., 1999a;
1999b
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2.3.1. USGS PROBABILISTIC GROUND MOTION MAPS

The USGS probabilistic ground motion maps should be used to obtain horizontal response
spectral accelerations and peak ground accelerations in rock. Large-scale paper maps are
available for return periods of 500 (475), 1000 (975) and 2500 (2475) years, and give spectral
accelerations at 0.0, 0.2, 0.3, and 1.0-second periods of vibration. The 0.0-second values are
equivalent to peak ground accelerations. All mapped values are for five percent damping.

Maps can also be downloaded from the USGS web site at http://eqhazmaps.usgs.gov, but only
for the return periods noted above. In addition to maps, ground motion values are also available
from this site by entering the longitude and latitude coordinates of the site. If these coordinates
are not available, the zip code for the region containing the site may be used. The same
information is also available on a CD-ROM published by USGS (Frankel and Leyendecker,
2001). A copy of the CD is included in this manual (see inside back cover).

Note that the above sources of mapped and tabulated data do not include earthquakes with a 100-
year return period. A methodology to obtain 100-year data is described in the next section.

Figure 2-2(a) is a map of the peak ground acceleration for the conterminous U.S. for the upper
level earthquake (1000-year return period). This map was obtained from the CD-ROM noted
above. Maps for Alaska, Hawaii, Guam and Puerto Rico are also available from this source.
Figures 2-2 (b) and (c) are maps of the short-period (S;) and long period (S;) spectral
accelerations, respectively, for the upper level earthquake (1000 years). These maps are from the
same CD and are for the conterminous U.S. Maps for other states and regions are also available.

Available U.S. Geological Survey Seismic Hazard Maps and CDs

Maps of peak ground acceleration, and the short- and long-period spectral accelerations (Ss and S;) for
selected return periods are available from the US Geological Survey in either paper form or on CD as
listed below. Seismic hazard curves are also available on CD from which accelerations and spectral
ordinates may be found for any return period. Some of this data is also available on the USGS web site
http://feghazmaps.usgs.gov.

Year Published Data

1996 Maps for 48 conterminous states, for return periods 500, 1000, and 2500 years.

1998 Maps for Alaska and Hawaii, for 500 and 2500 years.

2001 CD with maps and seismic hazard curves for 48 conterminous states, Alaska, and Hawaii
based on 1996 data.This CD is provided inside back cover of this report.

2002 Maps for 48 conterminous states, for return periods 500 and 2500 years.

Major difference between 1996 and 2002 Maps is in the hazard models used for
New Madrid and Charleston regions.
2003 Maps for Puerto Rico and Virgin Islands, for return periods 500 and 2500 years.
2005 est. Updated CD with 1996 and 2002 data; also automated means of generating data
for any return period instead of manual method used in this report (section 2.3.2).
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2.3.2. USGS PROBABILISTIC GROUND MOTION DATA FILES FROM CD-ROM

Instead of using the USGS maps, the spectral accelerations Sy and S; may be obtained from the

ground motion data files used to produce the maps which are available on the CD-ROM (Frankel

and Leyendecker, 2001) included with this manual.

Spectral accelerations and peak ground motions may be found from this CD for both the lower

and upper level earthquakes (100- and 1000-year return periods) for any site identified by either

zip code or longitude and latitude coordinates. The procedure for these calculations is described

in the following steps.

Step 1. Load CD titled Seismic Hazard Curves and Uniform Hazard Response Spectra, and using
either Windows Explorer or Setup from the Start Menu, run “Probabilistic Hazard 3.10.’
Display the window shown in figure 2-3(a).

Step 2. Click box labeled ‘Hazard Curves and Response Spectra for the United States’ and
display the window shown in figure 2-3(b).

Step 3. Initialize:
e Check name box and enter identifier for results to be generated.
e Check box to include date and time on output file.

e Click box labeled ‘Open File Selection Menu’ and display window shown in figure
2-3(c).

Step 4. Setup files:

e Under heading ‘Select Directory for Data Files,” select the drive letter for the CD-
ROM and then choose ‘GM96-Data.’

e Under heading ‘Select Directory for Map Files,” select the drive letter for the CD-
ROM and the choose ‘GM96-Maps.’

e Click ‘OK’ if satisfied and display the window shown in figure 2-3(c); otherwise
click ‘Cancel Selections’ and return to beginning of Step 3.

Step 5. Choose either ‘Latitude and Longitude’ or ‘5-Digit Zip Code’ to identify the bridge site
as shown in figure 2-3(d)".

> Latitude and longitude coordinates are the most accurate way to locate a bridge but in the absence of these
coordinates, a zip code may be used. In the latter case, the seismic hazard at the geographical center of the region
covered by the zip code is presumed to be representative of that at the bridge site.
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Step 6. To obtain values for Ss and S; for the upper level ground motion, go to the box labeled
‘Select Parameter,” and select the line ‘U.H.S. for 5 percent PE in 50 years,’ then click
‘Calculate Spectrum’ (figure 2-3(d))°.

Step 7. Values for Sg and S; for the site specified in Step 5 and the return period selected in
Step 6 are displayed in the box to the right of the screen under the heading ‘Output for
All Calculations’ (figure 2-3(d)).

e Read Sg from the row with Period = 0.2 sec under column headed ‘PGA or S,.’
e Read S; from the row with Period = 1.0 sec under column headed ‘PGA or S,.’
Click box ‘Clear Selections’ and display screen shown in figure 2-3(e).

Step 8. To obtain values for Sg for the lower level ground motion, go to the box labeled ‘Select
Parameter’ and select the line ‘Hazard Curve for 0.2 sec,’ then click ‘Calculate Hazard
Curve’ (figure 2-3(e))’.

Step 9. Values for Sg for the site specified in Step 5 and for a range of frequencies of exceedance
are displayed in the box to the right of the screen under the heading ‘Output for All
Calculations’ (figure 2-3(e)). The value of Ss for a frequency of 0.01 (return period of
100 years) is obtained by linear interpolation from this table®. Alternatively, values may
be read directly from a plot of frequency against acceleration, i.e., from the Hazard Curve,
as described in Step 10.

Step 10. Click ‘View Hazard Curve’ to display plot shown in figure 2-3(f). Read Ss for annual
frequencies of 0.01. Note that the value for Sg for the 1000-year return period may also
be read from this same graph (FEX = 0.001 = 1.0E-03) and compared with the value
obtained in Step 7. Return to the previous screen by clicking ‘Exit Viewer,” and then
click ‘Clear Selections’ to display the screen shown in figure 2-3(g).

Step 11. To obtain values for S; for the lower level ground motion, go to the box labeled ‘Select
Parameter’ and select the line ‘Hazard Curve for 1.0 sec,’ then click ‘Calculate Hazard
Curve’ (figure 2-3(g))"*.

Step 12. Values for S; for the site specified in Step 5 and for a range of frequencies of
exceedance, are displayed in the box to the right of the screen under the heading ‘Output

% The upper level ground motion is defined in chapter 1 (table 1-2) as having a seven percent probability of
exceedance (PE) in 75 years, which is equivalent to a five percent PE in 50 years. Both probabilities of exceedance
describe an earthquake with a return period of about 1,000 years.

7 The lower level event is defined in chapter 1 (table 1-2) as having a 50 percent probability of exceedance (PE) in
75 years, which is equivalent to a return period of about 100 years or an Annual Frequency of Exceedance (FEX) of

about 0.01.

¥ This table uses scientific notation to express frequencies of exceedance, and a frequency of 0.01 is therefore
written as 1.0E-02.
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for All Calculations’ (figure 2-3(g)). The value of S; for a frequency of 0.01 (return
period of 100 years) is obtained by linear interpolation from this table. Alternatively,
values may be read directly from a plot of frequency against acceleration, i.e., from the
Hazard Curve, as described in Step 13.

Step 13. Click ‘View Hazard Curve’ to display plot shown in figure 2-3(h). Read S, for annual
frequencies of 0.01. Note that the value for S; for the 1000-year return period may also be
read from this same graph (FEX = 0.001 = 1.0E-03) and compared with the value
obtained in Step 7. Return to the previous screen by clicking ‘Exit Viewer.’

Step 14. Click ‘Exit Program’ to end calculations.

Example 2.1 illustrates the above process for finding Ss and S; for both the lower and upper
earthquake ground motions for a site identified by a zip code.
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EXAMPLE 2.1: DETERMINATION OF Ss AND S, VALUES FROM CD-ROM

Calculate S and S, for a bridge site in Salt Lake City (zip code 84112) for both the lower and upper
earthquake ground motions (100- and 1000-year return periods).

Steps 1, 2, 3, and 4. Initialize:

Load CD and start ‘Probabilistic Hazard 3.10’

Click ‘Hazard Curves and Response Spectra for the United States’ (figure 2-3(a))

Enter name ‘Demonstration: SLC’ (figure 2-3(b))

Select ‘Include Date and Time on Output’ (figure 2-3(b))

Select ‘Open File Selection Menu on figure 2-3(b) and choose CD-ROM drive d: for both the Data
Files and Map Files (figure 2-3(c))

Select ‘GM96-Data’ and ‘GM96-Maps’ respectively (figure 2-3(c)), and

Click ‘OK’.

Step 5. Identify bridge site:

Select ‘5-digit Zip Code’ and enter ‘84112’ (figure 2-3(d)).

Steps 6 and 7. Find S; and S, for the Upper Level Ground Motion (1000-year return period):

Go to ‘Select Parameter’ box and choose VHS ‘5 percent PE in 50 years’ (figure 2-3(d))
Click ‘Calculate Spectrum’ (figure 2-3(d))

In panel at right read S, = 110.9 percent g = 1.109g at period = 0.2 sec (figure 2-3(d))

In panel at right read S, = 38.6 percent g = 0.386g at period =1.0 sec (figure 2-3(d)), and
Click ‘Clear Selections’ (figure 2-3(d)).

Steps 8, 9, and 10. Find S for the Lower Level Ground Motion (100-year return period):

Go to ‘Select Parameter’ box and choose ‘Hazard Curve for 0.2 sec’ (figure 2-3(e))
Click ‘Calculate Hazard Curve’ (figure 2-3(e))
Obtain S, for frequency of exceedance (FEX) = 0.01 by linear interpolation as follows:

From the box at right of figure 2-3(e) labeled ‘Output for All Calculations:’

Frequency of exceedance (FEX) S: (9)
1.448E-02 0.01448 0.128
8.551E-03 0.00855 0.192

Therefore, Sgat FEX =0.01 is given by:

Ss 0.128 + (0.192 — 0.128) (0.01448 — 0.01000) / (0.01448 — 0.00855)

0.176 g

Alternatively, Ss may be read directly from the Hazard Curve in figure 2-3(f) by selecting View
Hazard Curve.’ Here it can be seen that for a frequency of 0.01, the acceleration (S;) is
approximately 0.17g. Click ‘Exit Viewer.’

Click ‘Clear Selections.’
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Steps 11, 12, and 13. Find S, for the Lower Level Ground Motion (100-year return period):
e Go to ‘Select Parameter’ box and choose ‘Hazard Curve for 1.0 sec’ (figure 2-3(g))
e Click ‘Calculate Hazard Curve’ (figure 2-3(g))
e Obtain S, for frequency of exceedance (FEX) = 0.01 by linear interpolation as follows:

From the box at right of figure 2-3(g) labeled ‘Output for All Calculations:’

Frequency of exceedance (FEX) S:(9)
1.173E-02 0.01173 0.0427
7.146E-03 0.00715 0.0641

Therefore, Syat FEX =0.01 is given by:

S, 0.0427 + (0.0641 — 0.0427) (0.01173 — 0.01000) / (0.01173 — 0.00715)

0.0508 g

Alternatively, S; may be read directly from the Hazard Curve in figure 2-3(h) by selecting ‘View
Hazard Curve.’ Here it can be seen that for a frequency of 0.01, the acceleration (S;) is
approximately 0.05g. Click ‘Exit Viewer.’

Step 14. Click ‘Exit Program.’

A summary of results obtained above is given in the table below.

Values of S; and S, for Bridge Site in Zip Code 84112.

Ground Motion Ss(9) S1(9)
Lower Level: 100-year 0.176 0.051
Upper Level: 1000-year 1.109 0.386
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(a) Opening window for ‘Probabilistic Hazard 3.10’

(b) Initialization window

(continued)

Figure 2-3. Calculation of short- and long-period spectral accelerations for 100- and
1000-year ground motion return periods.
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(c) Setup window for data and map files

(d) Selection of 1000-year uniform hazard spectrum and result for given site

(continued)

Figure 2-3 (continued). Calculation of short- and long-period spectral accelerations for
100- and 1000-year ground motion return periods.
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(e) Selection of S_ (0.2 sec) hazard curve and result for given site

(f) Example of S_ (0.2 sec) hazard curve for given site

(continued)

Figure 2-3 (continued). Calculation of short- and long-period spectral accelerations for
100- and 1000-year ground motion return periods.
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(g) Selection of S, (1.0 sec) hazard curve and result for given site

(h) Example of S, (1.0 sec) hazard curve for given site

Figure 2-3 (continued). Calculation of short- and long-period spectral accelerations for
100- and 1000-year ground motion return periods.
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2.4. SITE CLASSES AND SITE FACTORS
2.4.1. DESCRIPTION OF SITE CLASSES AND SITE FACTORS

When using the general procedure, sites should be classified and site factors determined in
accordance with this section. The development of response spectra using national ground motion
maps (section 2.3) and site factors is described in section 2.5.

Recommended site classes and site factors are based on studies carried out following the 1989
Loma Prieta earthquake in California, which culminated in recommendations that have been
adopted by the NEHRP Building Provisions (BSSC, 1994, 1998), the Uniform Building Code
(ICBO, 1997), and the International Building Code (IBC) (ICC, 2000)’. Earthquake data
obtained during the Loma Prieta earthquake confirmed the validity of these site factors and the
improvement in accuracy compared to site factors in earlier bridge and building codes.

Site class definitions are given in table 2-2. Sites are classified according to their stiffness as
determined by their shear wave velocity in the upper 30 meters (100 feet). Standard Penetration
Test (SPT) blowcounts and undrained shear strengths of soil samples from soil borings can also
be used to classify sites as indicated in table 2-2. Steps for classifying a site are given in table
2-3. Alternatively, SPT blowcounts and undrained shear strengths can be converted into
estimated shear wave velocities and used for site classification. Procedures given in Kramer
(1996) can be used for these conversions.

Shear wave velocities were used when conducting the original studies that defined the site
classes and may be considered as the fundamental soil property. If the site profile consists of
layered sands and clays or soil over rock within the upper 30 meters (100 feet), then it is
particularly desirable to convert the profile to estimated shear wave velocities. If the resulting
site class does not appear reasonable, or if the project involves special design issues, shear wave
velocity measurements should be made at the site.

Site factors for the site classes in table 2-2 are given in table 2-4. Site class B rock (soft rock) is
taken to be the site category for the USGS ground shaking maps. Type B rock is therefore the
reference site condition for which the site factor is taken to be 1.0. Site classes A, C, D, and E
have separate sets of site factors for the short-period range (site factor F,) and long-period range
(site factor F,), as indicated in table 2-3. These site factors generally increase as the site profile
becomes softer (in going from site class A to E). Except for site class A (hard rock), the site
factors also decrease as the ground motion level increases, reflecting the nonlinear behavior of
most soils. Therefore, for a given soil site class C, D, or E, these nonlinear site factors increase
the ground motion more in areas having lower ground motions than in areas having higher
ground motions. The levels of ground motion for use with table 2-4 are characterized by short-
period (0.2-second) response spectral acceleration and long-period (1.0-second) response
spectral acceleration on rock as shown on USGS national ground motion maps.

? Martin and Dobry, 1994; Rinne, 1994; Dobry et al., 2000
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2.4.2. CONSIDERATIONS FOR SITE CLASS F SOILS

As indicated in tables 2-2 and 2-4, a site class F is defined for types of soil for which site factors
are not given and site-specific investigations are recommended to determine site response effects.
Site class F is intended for soils for which site response effects may be very strong and not
reliably quantified except by site-specific studies. Guidelines for determining the response of
site class F soils by site-specific studies are given in appendix A.

Also per section 2.2, a site-specific investigation to determine site response for site class F soils
is not required if a determination is made that the presence of such soils will not result in a
significantly higher response of a bridge. Such a determination should be made jointly by the
bridge engineer and the geotechnical engineer.

Examples of conditions that could lead to such a conclusion are the extent and depth of site class
F soils. With regard to the extent of these soils, for short bridges with a limited number of spans
and having earth approach fills, ground motions at the abutments will generally determine the
response of the bridge. If site class F soils are found only at the piers and are not present at the
abutments, it might be concluded that the response of the piers will not significantly affect
overall bridge response. With regard to the depth of these soils, there may be cases where the
effective depth of ground motion is in stiff soil below a soft surficial layer. If the surficial layer
is site class F and the underlying soil profile is site class E or stiffer, the surficial soils are
unlikely to significantly increase bridge response.

Note that in table 2-2, there is one less category of site class F soils than the four originally
adopted in the 1994 NEHRP Provisions (BSSC, 1994). This category consists of soils
vulnerable to potential failure or collapse under seismic loading, such as liquefiable soils, quick
and highly sensitive clays, and collapsible weakly cemented soils. Such soils should be
classified on the basis of tables 2-2 and 2-3 assuming that soil failure or collapse will not occur.
Special analyses to define the amplification of site ground motion in these soils is too severe a
requirement for ordinary bridge design because such analyses require utilization of either
effective stress or strength-degrading, nonlinear analytical techniques that are difficult to apply
even by experts. Also, limited case history data and analytical results indicate that liquefaction
reduces spectral response rather than increases it, except in some cases at long periods.

However, in accordance with section 2.2, site-specific analyses should be considered for major
or very important bridges and advanced analytical techniques, such as effective stress analysis,
should be used if appropriate.

Since liquefaction generally reduces response spectral amplitudes, the engineer may wish to
conduct special analyses of site response to avoid excessive over-estimation of bridge inertia
loads when liquefaction occurs.

The deletion of ground-failure-susceptible soils from site class F only affects the requirement to
conduct site-specific analyses for determining ground motion amplification by these soils. It is
still necessary to evaluate their potential for failure and their effect on bridge performance as
indicated in chapter 3.

78



Table 2-2. Site classes.

Site

Class Description

A Hard rock with measured shear wave velocity, v, > 1500 m/sec (5,000 ft/sec)

B Rock with 760 m/sec < vy < 1500 m/sec (2,500 ft/sec < v, < 5,000 ft/sec)

c Very dense soil and soil rock with 360 m/sec < vy < 760 m/sec (1,200 ft/sec < v, < 2,500 ft/sec)
or with either N > 50 blows/0.30m (50 blows/ft) or 5, > 100 kPa (2,000 psf)
Stiff soil with 180 m/sec < v, < 360 m/sec (600 ft/sec < v, < 1,200 ft/sec)

D or with either 15 < N < 50 blows/0.30m (15 < N < 50 blows/ft) or 50 kPa < §, < 100 kPa
(1,000 < s, <2,000 psf)
Soil profile with v < 180 m/sec (600 ft/sec)

£ or with either N < 15 blows/0.30m (N < 15 blows/ft) or 5, < 150 kPa (1000 psf),
or any profile with more than 3 m (10 ft) of soft clay defined as soil with Pl > 20, w > 40 percent
and s, <25 kPa (500 psf)
Soils requiring site-specific evaluations

1. Peats or highly organic clays (H > 3 m [10 ft] of peat or highly organic clay where H =
F thickness of soil)

2. Very high plasticity clays (H > 8 m [25 ft] with Pl > 75)
3. Very thick soft/medium stiff clays (H > 36 m [120 ft])

Exception: When the soil properties are not known in sufficient detail to determine the site class, site class
D may be used. Site classes E or F need not be assumed unless the authority having jurisdiction
determines that site classes E or F could be present at the site or in the event that site classes E or F are
established by geotechnical data.

is average shear wave velocity for the upper 30 m (100 ft) of the soil profile

is the average Standard Penetration Test (SPT) blowcount (blows/0.30m or blows/ft) (ASTM D1586)
for the upper 30 m (100 ft) of the soil profile

is the average undrained shear strength in kPa (psf) (ASTM D2166 or D2850)

for the upper 30 m (100 ft) of the soil profile

is plasticity index (ASTM D4218)

is moisture content (ASTM D2216)

2. The shear wave velocity for rock, site class B, shall be either measured on site or estimated for competent rock
with moderate fracturing and weathering. Softer and more highly fractured and weathered rock shall either be
measured on site for shear wave velocity or classified as site class C.

3. The hard rock, site class A, category shall be supported by shear wave velocity measurements either on site or on
profiles of the same rock type in the same formation with an equal or greater degree of weathering and fracturing.
Where hard rock conditions are known to be continuous to a depth of 30 m (100 ft), surficial shear wave velocity

measurements may be extrapolated to assess V.

4. Site classes A and B should not be used when there is more than 3 m (10 ft) of soil between the rock surface and
the bottom of a spread footing.
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Table 2-3. Steps for classifying a site.

Step Description
Check for the three categories of site class F in table 2-2 requiring site-specific evaluation. If
1 the site corresponds to any of these categories, classify the site as site class F and conduct a
site-specific evaluation.
Check for existence of a soft layer with total thickness > 3m (10 ft), where soft layer is defined
2 by s, < 25 kPa (500 psf), w > 40 percent, and Pl >20. If these criteria are met, classify site as
site class E.
3 Categorize the site into one of the site classes in table 2-2 using one of the following three

methods to calculate:
e v, for the top 30 m (100 ft)) (v method)

e N for the top 30 m (100 ft) (N method)

e N, for cohesionless soil layers (Pl < 20) in the top 30 m (100 ft) and
s, for cohesive soil layers (Pl > 20) in the top 30 m (100 ft) ('s, method)

To make these calculations, the soil profile is subdivided into n distinct soil and rock layers,
and in the methods below the symbol i refers to any one of these layers from 1 to n.

Method A: v, method
The average v for the top 30 m (100 ft) is calculated as follows:

n
24
szi&
2V

—] SI

<l

n

where: Zdi is equal to 30 m (100 ft), vy is the shear wave velocity in m/sec (ft/sec) of a
i=1

layer, and d; is the thickness of a layer between 0 and 30 m (0 and 100 ft).

Method B: N method
The average N for the top 30 m (100 ft) is calculated as follows:

n
X
N==1_
n d.
i
=R
where: N; is the Standard Penetration Test blowcount of a layer (not to exceed 100
blows/0.30m [100 blows/ft] in the above expression). Note that when using

Method b, N values are for cohesionless soils and cohesive soil and rock layers
within the upper 30 m (100 ft). Where refusal is met for a rock layer, N;should be
taken as 100 blows/0.30m [100 blows/ft]

(continued)
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Table 2-3. Steps for classifying a site (continued).

Step Description
3 Method C: s, method
continued

The average N, for cohesionless soil layers in the top 30 m (100 ft) is calculated as follows:

N = GO
ch d

Nh

MB

Il
—

m
where: Zdi = dg, m is the number of cohesionless soil layers in the top 30 m (100 ft), Np;

i=1

is the blowcount for a cohesionless soil layer (not to exceed 100 blows/0.30m [100

blows/ft] in the above expression), and d; is the total thickness of cohesionless soil

layers in the top 30 m (100 ft).

The average s, for cohesive soil layers in the top 30 m (100 ft) is calculated as follows:

§:L
u d
el
s,

Mz—

Il
—|

k
where: Y’ di =dC , k is the number of cohesive soil layers in the top 30 m (100 ft), s, is the
i=1
undrained shear strength for a cohesive soil layer (not to exceed 250 kPa [5,000 psf] in the
above expression), and d. is the total thickness of cohesive soil layers in the top 30 m (100
ft).

Note: When using Method C, if the site class resulting from Nch and s, differ, select the site class that gives the

highest site factors and design spectral response in the period range of interest. For example, if Nch was

equal to 20 blows/0.30m (20 blows/ft) and §u was equal to 38 kPa (800 psf), the site would classify as D or

E in accordance with Method C and the site class definitions of table 2-2. In this example, for relatively low
response spectral acceleration and for long-period motions, table 2-4 indicates that the site factors are
highest for site class E. However, for relatively high short-period spectral acceleration (Ss > 0.75g), short
period site factors, F,, are higher for site class D.
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Table 2-4. Site factors F, and F,

(a) Values of F, as a function of site class and short-period (0.2-sec) spectral acceleration, Sg

Site Spectral Acceleration at Short-Period (0.2 sec), Ss'
Class Ss<025 | Ss=050 | Ss=075 | Ss=1.00 | Ss>1.25

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 25 1.7 1.2 0.9 0.9
=

Notes:

1. Use straight-line interpolation for intermediate values of Ss.

2. Site-specific geotechnical investigation and dynamic site response analysis should be performed for

class F soils.

(b) Values of F, as a function of site class and long-period (1.0-sec) spectral acceleration, S,

Site Spectral Acceleration at Long-Period (1.0 sec), S,"
Class S:1<0.1 S$:=0.2 S$:=0.3 S:=0.4 S$:>0.5
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 14 1.3
D 2.4 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 24 24
F2
Notes:
1. Use straight-line interpolation for intermediate values of S;.
2. Site-specific geotechnical investigation and dynamic site response analysis should be performed for class F
soils.
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2.4.3. EFFECT OF SITE CLASS VARIATION ALONG A BRIDGE

The procedures described above for assessing site effects on ground motions were originally
developed for computing ground motions at the surface of relatively uniform soil conditions.
However, soil conditions may differ significantly from one end of a bridge to the other; an
example is where one abutment is on firm ground or rock and the other is on fill over soft soil.
These variations are not handled well by simplified procedures and significant errors may result.
As a general rule, when geotechnical conditions vary significantly along the length of a bridge,
the site factors described above may be used to construct response spectra at key locations along
the length. These spectra may then be used to construct an envelope of response spectra for
design. For major or very important bridges, it may be necessary to use more rigorous numerical
modeling to represent these conditions, as discussed in section 2.9.

2.4.4. EFFECT OF DEPTH-OF-MOTION ON SITE CLASSIFICATION AND SITE
FACTORS

For short bridges with a limited number of spans, the motion at the abutment will generally be
the primary mechanism by which energy is transferred from the ground to the bridge
superstructure. If the abutment involves an earth fill, the site classification should be determined
on the basis of the soil profile below the fill. The effects of the fill overburden pressure on the
soil properties (e.g., change in shear wave velocity) should be included in the determination of
site classification.

For some bridges, it will be necessary to determine the site classification at the piers. If a pier is
supported on spread footings, then it is appropriate to define the site class for conditions
extending below the ground surface. However, if deep foundations (e.g., piles or drilled shafts)
are used to support the pier, then the input motion may effectively be at some depth below the
surface, depending on the horizontal stiffness of the soil-pile-footing system relative to the
horizontal stiffness of the soil-pile system. If the soil-pile-footing is the stiffer of the two, then
the motion should be defined at the footing. If the soil-pile-footing provides little horizontal
stiffness or if there is no footing (e.g., pile bents), then the effective input motion to the bridge
will likely be applied at some depth below the surface. The determination of this depth and the
effective motion requires considerable judgment and should be evaluated jointly by the
geotechnical engineer and bridge engineer. If the effective input motion is defined at some depth,
then it may be overly conservative to define the site class and site factors on the basis of the soil
profile immediately below the ground surface. Instead, it may be more appropriate to define the
site class for a soil profile extending 30 m (100 feet) below the depth at which the input motion
is defined.

2.5. DEVELOPING HORIZONTAL GROUND MOTION RESPONSE SPECTRA USING
NATIONAL GROUND MOTION MAPS AND SITE FACTORS

2.5.1. TWO-POINT PROCEDURE FOR CONSTRUCTING RESPONSE SPECTRA

The two-point procedure described in this section may be used to construct horizontal response
spectra. Because the national ground shaking maps (section 2.3) give five percent damped
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spectral accelerations, the spectra constructed from these maps are for five percent damping. In
section 2.5.3, factors are provided for obtaining response spectra for other damping ratios.

The two-point response spectrum construction procedure uses response spectral accelerations of
rock ground motion from national ground motion maps (section 2.3) for a short period of
vibration (0.2 second) and a long period of vibration (1.0 second) along with site factors
applicable to the short-period and long-period ranges (section 2.4). The following equations and
figure 2-4 describe the response spectrum construction.

Sps = E,S; (2-3)
and
SDI = FVSI (2-4)

Where Sps is the short-period (0.2 sec) design spectral acceleration, Sp; is the long-period (1.0
sec) design spectral acceleration, Sg is the short-period (0.2 sec) spectral acceleration on rock
(site class B) from national ground motion maps or CD-ROM, S, is the long-period (1.0 sec)
spectral acceleration on rock (site class B) from national ground motion maps or CD-ROM, F, is
the short-period site factor interpolated for a given value of Ss using table 2-3, and F, is the long-
period site factor interpolated for a given value of S; using table 2-3.

The design spectral acceleration, S,, of the plateau of the response spectrum is defined by:
S, =Sy (2-5)

The design spectral acceleration of the long-period declining branch to the response spectrum is
defined by:
(2-6)

where T is the period of vibration.
The period of vibration, Ts, of the intersection of the plateau and the long-period branch of the

spectrum is defined by:

T, =S 2-7)
SDS

At periods of vibration less than or equal to T,, the design spectral acceleration is defined by:

S, =0.60 % T +0.40S (2-8)

o

where Ty = 0.2Ts.
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Note that for T = 0 seconds, the resulting value of S, is equal to the peak ground acceleration
(assumed equal to 0.40 Spg based on equation 2-8).

For long periods of vibration (T > 3 seconds), the spectral acceleration S, may decrease more
rapidly with increasing period than implied by equation 2-6. However, there is considerable
uncertainty as to the influence of very long-period motions and the effect of other factors such as
earthquake magnitude on the rate of decrease. Therefore, the 1/T rate should be used unless a
faster rate can be justified based on a site-specific study.

/_ Sps =FaSs

0.40Sps

Response Spectral Acceleration, Sy

Period, T (seconds)

Figure 2-4. Design response spectrum (five percent damping) construction using two-
point procedure.

2.5.2. MULTI-POINT PROCEDURE OF RESPONSE SPECTRUM CONSTRUCTION

Because the 1996 USGS national ground motion mapping provides spectral accelerations at
several periods of vibration (section 2.3.1) in addition to the periods of 0.2 second and 1.0
second used for the two-point procedure described above, it is possible to use all of the spectral
data directly rather than just the 0.2-second and 1.0-second values. This method of response
spectrum construction is termed the multi-point method and can be used as an alternative to the
two-point method. However, the multi-point method can lead to ambiguous results for sites
other than rock (Power and Chiou, 2000). This is because only a short-period site factor and a
long-period site factor are available (section 2.4) and it is not clear how the site factors vary
when applied to spectral values at multiple periods. Therefore, judgment is required when
applying the multi-point method for soil sites. Guidelines for applying site factors for soil sites
using the multi-point method are:
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1. Site factor F, should be used for periods less than or equal to 0.2 second.
2. Site factor F, should be used for periods greater than or equal to 1.0 second.

3. Between the 0.2 and 1.0 second periods, the resulting soil spectrum should be smooth and not
contain spectral peaks higher than the larger of the spectral accelerations defined at 0.2
second and 1.0 second period.

Analysis of 1996 USGS mapping results indicates that the two-point method can be
unconservative in comparison to multi-point data for periods longer than 1.0 second at some sites
in the central and eastern United States (CEUS) having very low seismic ground motion hazard
(Power et al., 1997, 1998). Therefore, for CEUS sites, it is desirable to check the rock spectrum
constructed using the two-point method by comparing with map data for periods longer than 1.0
second.

Figure 2-5 illustrates differences between the two-point and multi-point method for a soft rock
site (site class B) for two cities in the CEUS (New York City and Memphis) and a city in the
western United States (WUS) (Seattle). As illustrated by the multi-period data in the figure, a
typical difference in rock motion characteristics between the CEUS and WUS is the peaking of
the CEUS spectrum at a shorter period (0.1 second for the CEUS spectrum and 0.2 second for
the WUS spectrum). However, the moderate exceedance of the two-point plateau acceleration
by the very short-period (0.1 second) spectral acceleration is probably not significant for most
bridges.

In summary, use of the two-point method of response spectrum construction is a reasonable and
acceptable approach for response spectrum construction. However, the following checks of the
two-point-method spectrum at CEUS sites (east of 110 west longitude) are desirable:

1. If periods of vibration greater than 1.0 second are important to structural response, check the
2.0-second spectral acceleration to assure that the long-period response is not significantly
underestimated.

2. If periods of vibration less than 0.2 second are important to structural response, check the
0.1-second spectral acceleration to assure that the short-period response is not significantly
underestimated.

2.5.3. MODIFICATION OF ELASTIC SPECTRAL DEMAND FOR HIGHER OR LOWER
DAMPING

Response spectra for structural damping ratios different than five percent can be obtained by
multiplying the five percent damped spectra constructed using procedures in section 2.5.1 and
2.5.2 by the period-dependent factors in table 2-5. For spectra constructed using the two-point
method, the factors for 0.2 second and 1.0 second can be used. The factors in table 2-5 are based
on empirical studies of the variation of elastic response spectral amplitudes with damping ratio'’.

10 Newmark and Hall, 1982; Abrahamson, 1993; Idriss, 1993
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Figure 2-5. Comparison of two-point method of five percent damped response spectrum
construction with USGS multi-point mapping results for two percent probability of
exceedence in 50 years.
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Table 2-5. Damping adjustment factors.

Ratio of Response Spectral Acceleration for Damping

Period Ratio £ to Response Spectral Acceleration for &.+= 5 percent

(seconds) Eetr = 2 percent Eetr = 7 percent Eerr = 10 percent
0.02 1.00 1.00 1.00
0.10 1.26 0.91 0.82
0.20 1.32 0.89 0.78
0.30 1.32 0.89 0.78
0.50 1.32 0.89 0.78
0.70 1.30 0.90 0.79
1.0 1.27 0.90 0.80
2.0 1.23 0.91 0.82
4.0 1.18 0.93 0.86

2.5.4. OBTAINING PEAK GROUND ACCELERATION FOR GROUND FAILURE
EVALUATIONS

As noted in section 2.5.1, the peak ground acceleration is equal to the zero-period acceleration of
a response spectrum. When peak ground acceleration is needed for an evaluation of the potential
for soil failure, such as liquefaction or landsliding, it can be obtained as the zero-period
acceleration from equation 2-8. Alternately, it can be directly obtained for rock site conditions
from the 1996 USGS maps for peak ground acceleration for a selected probability of exceedance
or return period. If obtained directly from the 1996 USGS maps, the corresponding soil-site
acceleration for a given site class can reasonably be assumed to equal the mapped rock site
acceleration multiplied by the short-period site factor (F,) in table 2-4(a). In interpolating site
factors as a function of peak rock acceleration level in table 2-4(a), it can be assumed that peak
ground (rock) acceleration is equal to 0.4 times the short-period spectral acceleration on rock, S;.

2.6. DEVELOPING SITE-SPECIFIC RESPONSE SPECTRA OF HORIZONTAL
GROUND MOTIONS

In cases where a site-specific approach to developing response spectra is used, the overall
objective is to develop ground motions that are more accurate for the local seismic and site
conditions than can be determined from the general procedure using national ground motion
maps and site factors (sections 2.3 through 2.5). Accordingly, site-specific studies must be
comprehensive and incorporate current scientific interpretations for seismic sources and ground
motion attenuation. It is also important to incorporate uncertainties in modeling in a site-specific
probabilistic analysis. Examples of these uncertainties include seismic source location, extent,
and geometry, maximum earthquake magnitude, earthquake recurrence rate, and ground motion
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attenuation relationships. A site-specific analysis should be documented in detail and be subject
to detailed peer review. When response spectra are determined from a site-specific study, the
design spectra should not be lower than two-thirds of the spectra determined using the general
procedure described in sections 2.3 through 2.5.

Where analyses to determine soil amplification are required by table 2-3 for site class F soils (see
also section 2.4.2), the influence of the local soil conditions should be determined based on site-
specific geotechnical investigations and dynamic site response analyses. Guidelines are
presented in appendix A for conducting these investigations and analyses. These guidelines are
applicable for site-specific determination of site response for any site class when the site
response is determined on the basis of a dynamic site response analysis.

For sites located within 10 km (6 mi) of an active fault as defined in chapter 3, studies to
quantify near-fault effects on ground motions should be conducted to determine if these could
significantly influence bridge response. The USGS and state geological agencies may be
contacted to determine the locations of known active faults.

Near-fault effects on horizontal response spectra include:
1. Higher ground motions due to the proximity of the active fault,

2. Directivity effects that increase ground motions for periods greater than 0.5 second if the
fault rupture propagates toward the site, and

3. Directionality effects that increase ground motions for periods greater than 0.5 second in the
direction normal (perpendicular) to the strike of the fault.

If the active fault was included in the development of the national ground motion maps, then
effect (1) is already included in the ground motions defined by national ground motion maps.
Effects (2) and (3) are not included in the national maps. These effects are considered to be
significant only for periods longer than 0.5 second. Normally these effects would be evaluated
only for major or very important bridges having natural periods of vibration longer than 0.5
second (Somerville, 1997, and Somerville et al., 1997).

Figure 2-6 illustrates near-fault effects on both response spectra and time histories of horizontal
ground motion. As seen in the time history plots, there is a significant long-period ground
motion pulse that occurs in the direction perpendicular to the fault strike (i.e., fault-normal
direction). As a result, the response spectrum at long periods is significantly increased in the
fault-normal direction compared to the fault-parallel direction.

For purposes of developing deterministic spectra, subsurface faults as well as surface faults
should be considered if (1) their location is known or can reasonably be inferred, and (2) the fault
is an active fault as defined in chapter 3. The interfaces between tectonic plates in subduction
zone regions are considered to be active faults.
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Figure 2-6. Time histories and horizontal response spectra (five percent damping) for the
fault strike-normal and fault strike-parallel components of ground motion for the Rinaldi
recording obtained 4.5 mi (7.5 km) from the fault rupture during the 1994 Northridge,
California earthquake.

90




2.7. DEVELOPING VERTICAL GROUND MOTION RESPONSE SPECTRA

Recent studies'' have shown that the ratio of the vertical response spectrum to the horizontal
response spectrum of ground motions can differ substantially from the nominal two-thirds ratio
commonly assumed in engineering practice. These studies show that the ratios of vertical to
horizontal response spectral values are functions of the tectonic environment, subsurface soil or
rock conditions, earthquake magnitude, earthquake source-to-site distance, and period of
vibration. Whereas the two-thirds ratio may be conservative for longer periods of vibration
(greater than about 0.2 second), at shorter periods the ratio of vertical to horizontal response
spectra may exceed two-thirds and even substantially exceed 1.0 for close earthquake source-to-
site distances and periods less than about 0.1 second.

Figure 2-7 illustrates vertical-to-horizontal response spectral ratios obtained in four studies for a
moment magnitude 6.5 earthquake, source-to-site distance of 10 km, and for rock and soil site
conditions. These results are from analysis of ground motion data from the western United
States (WUS) and other regions having a similar shallow crustal faulting tectonic environment.
Ground motion modeling analyses by Chiou et al. (2002) suggest that the ratios for the central
and eastern United States (CEUS) are not greatly different from the ratios for the WUS.

At present, detailed procedures have not been developed for constructing vertical spectra having
an appropriate relationship to the horizontal spectra constructed using the general procedure
described in section 2.5. When developed, these procedures could be used in conjunction with
deaggregation information on dominant earthquake source-to-site distance and earthquake
magnitude (section 2.8.1), to construct vertical spectra at any location. For the present, when
vertical response spectra are required and the horizontal response spectra are constructed using
the general procedure of section 2.5, use of a vertical-to-horizontal spectral ratio of two-thirds
throughout the period range is recommended unless the important vertical natural periods of
vibration of the bridge are less than 0.2 second. In the latter case, analyses should be made to
determine whether the short-period part of the vertical spectrum should be enriched. Such
analyses should be made using results of current studies of vertical-to-horizontal spectral ratios,
such as illustrated in figure 2-7.

In cases where site-specific horizontal spectra are developed (section 2.6) but vertical spectra are
also required, results of current studies of vertical ground motions, such as those illustrated in
figure 2-7, should be used. Vertical-to-horizontal spectral ratios less than two-thirds may be
used if validated by site-specific vertical spectra but values less than 0.5 are not recommended.

' Abrahamson and Silva, 1997; Silva, 1997; Sadigh et al., 1993; Campbell, 1997; Bozorgnia et al., 1999; Campbell
and Bozorgnia, 2000a, b; Chiou et al., 2002
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Figure 2-7. Vertical/horizontal spectral ratios vs. period
2.8. DEVELOPING ACCELERATION TIME HISTORIES
2.8.1. GENERAL REQUIREMENTS FOR TIME HISTORIES
When a time history analysis of a bridge is to be performed, the time histories of ground motions
to be used in the analysis should represent the seismic environment of the site and local site

conditions. Site characteristics to be considered include:

1. The tectonic environment, e.g., subduction zone, shallow crustal faults in western United
States, or crustal environment in eastern United States.

2. Earthquake magnitude.

3. Type of faulting (e.g., strike-slip; reverse; normal).
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4. Seismic source-to-site distance.
5. Local site conditions.

6. Design or expected ground motion characteristics (e.g., design response spectrum, duration
of strong shaking, special ground motion characteristics such as near-fault characteristics).

Recorded time histories from sites with similar characteristics are preferred, but compromises are
usually required because of the many characteristics defining the environment and the limited
database of recorded time histories. Use of time histories having similar earthquake magnitudes
and distances, within reasonable ranges, are especially important parameters because they have a
strong influence on response spectral content, response spectral shape, duration of strong shaking,
and near-source ground motion characteristics. The motions selected should be somewhat
similar in overall ground motion level and spectral shape to the design spectrum to avoid using
very large scaling factors for the recorded motions and very large changes in spectral content in
the spectrum-matching approach discussed in section 2.8.3 below.

If the dominant earthquake is located within about 10 km (6 mi) of the site and has a magnitude
equal to or greater than 6, then intermediate-to-long period ground motion pulses should be
included, since these characteristics in the ground motion could significantly influence bridge
response. Somerville et al. (2000, 2003) provides guidance on the time-domain characteristics of
near-source ground motion pulses. The response spectral characteristics of near-source ground
motions are described in section 2.6, and are illustrated in figure 2-6. Similarly, the high short-
period spectral content of near-source vertical ground motions should be considered (section 2.7).

As indicated in figure 2-6, the amplitude of near-source horizontal ground motion pulses is
dependent on the direction of the ground motion relative to the fault, being highest in the fault
strike-normal (perpendicular) direction and lowest in the fault strike-parallel direction. Selected
recorded near-source time histories should be transformed to fault-normal and fault-parallel
directions. When used for a specific bridge, the time histories should be transformed to the
principal bridge axes, depending on the orientation of the bridge relative to the fault strike.

When the design response spectrum is defined for a particular probability of exceedance or
return period, a range of earthquake magnitudes and distances contribute to the spectrum. The
ground motion hazard from a probabilistic ground motion analysis should be deaggregated to
determine the predominant magnitude and distance contributions to the hazard to guide the
selection and development of appropriate time histories. Hazard deaggregation of response
spectral accelerations constructed using 1996 USGS ground motion maps can be obtained from
the USGS website [http://eqhazmaps.usgs.gov]. Table 2-6 outlines the steps necessary to obtain
these data from the web site.

Two examples of hazard deaggregation are shown in figure 2-8 for New York City and Seattle.
The example is for 0.2-second spectral acceleration for three percent probability of exceedance

in 75 years (2500-year return period). For this example, the hazard in New York City is
dominated by small-to-moderate magnitude earthquakes occurring at close to moderate distances,
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and the hazard at Seattle is dominated by moderate-to-large magnitude earthquakes occurring at
close distances. The weighted average magnitude contribution to the hazard for each city is also
shown. It should be noted that the relative magnitude and distance contributions for a particular
location may vary with the ground motion parameters (e.g., relative contributions may differ for
short-period and long-period motions) and with probability of exceedance. Also, at some sites,
contributions may be more complex, such as a bi-modal contribution from nearby small-to-
moderate magnitude earthquakes and distant large-magnitude earthquakes.

Table 2-6. Procedure for obtaining deaggregated seismic hazard from USGS web site.

Step | Activity

1 Access http://eqhazmaps.usgs.gov with any recent browser and open home page.
2 Select ‘Interactive Deaggregations, 1996’
3 On next screen:

Enter site name and latitude and longitude coordinates for site.

Select Return time from menu.
For example: 5 percent PE 50 yrs for 1000-year return period.

Select SA frequency from menu.
For example: 1.0 Hz for S, (long-period spectral acceleration) or 5.0 Hz for Sg (short-
period spectral acceleration).

Choose ‘Geographic Deaggregation.’

Choose ‘Mean’ Seismograms.

Click ‘Generate Plot(s) and Data.’

Select ‘Hazard Matrices’ to print tabulated data.

Select ‘Deaggregated Seismic Hazard Graph,’ to print earthquake contribution to hazard by
magnitude and distance. Choose desired format: gif, .pdf, .ps.

Read mean (and modal) earthquake distance and magnitude.

Select ‘Geographic Deaggregated Seismic Hazard Map’ and ‘Seismograms for Modal or
Mean Event’ if required. Choose desired formats.

Note: Deaggregated seismic hazard data is not available on the CD-ROM provided with this manual.
Use the website in step 1 to obtain this data.

2.8.2. METHODS OF SELECTING AND DEVELOPING TIME HISTORIES

Time histories may be either recorded time histories that are scaled for the bridge location, or
spectrum-matched time histories. For scaled time histories, the amplitudes of recorded ground
motions are scaled by a constant factor so that the response spectrum of the time history (with its
spectral peaks and valleys) is, on average, approximately at the level of the design response
spectrum in the range of periods of structural significance. For spectrum-matched time histories,
after simple scaling of recorded time histories as in the previous approach, a spectrum-matching
procedure is then employed so that the frequency content of the scaled recorded time history is
adjusted and the spectrum of the modified time history is a close fit or ‘match’ to the design
response spectrum in the range of periods of structural significance.
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If sufficient recorded motions are not available, simulations of recorded time histories may be
developed using theoretical ground motion modeling methods that simulate the earthquake
rupture process and wave propagation from source-to-site through the earth’s crust. Analyses of
soil column effects on time histories can be made using the methods of site response analysis
described in appendix A.

If spectrum-matched time histories are developed, the initial time histories should be
representative of recorded or simulated motions. The analytical techniques used for spectrum
matching should be capable of achieving seismologically realistic time series that are similar to
the time series of the initial time histories selected for spectrum matching. Response spectrum-
matching approaches include methods in which time series adjustments are made in the time
domain'? and those in which the adjustments are made in the frequency domain'®. Both of these
approaches can modify existing time histories to achieve a close match to the design response
spectrum while maintaining, fairly well, the basic time domain character of the recorded or
simulated time histories. To minimize changes to the time domain characteristics, it is desirable
that the overall shape of the spectrum of the recorded or simulated time history be similar to the
shape of the design response spectrum and that the time history initially be scaled so that its
spectrum is at the approximate level of the design spectrum before spectral matching.

If hazard deaggregation (section 2.8.1) indicates that different seismic sources dominate
contributions to different period ranges of a design response spectrum (such as nearby small-to-
moderate magnitude earthquakes dominating the short-period range and distant large-magnitude
earthquakes dominating the long-period range), then it may be appropriate to develop two or
more sets of time histories representing the different earthquakes and period ranges. In this way,
individual time histories will be more realistic with respect to spectrum shape, duration, and
energy.

2.8.3. REQUIREMENTS FOR COMPATIBILITY OF TIME HISTORIES WITH THE
DESIGN RESPONSE SPECTRUM

When using recorded or simulated time histories that are not spectrum matched, they should be
scaled to the approximate level of the design response spectrum in the period range of
significance. For each component of motion, an aggregate match of the design response
spectrum should be achieved for the set of acceleration time histories used for each component
of motion. To evaluate the match, the mean of the spectra of the time histories should be
calculated period-by-period. Over the range of periods of structural significance, the calculated
mean spectrum should not be more than 15 percent lower than the design spectrum at any period,
and the average of the ratios of the mean spectrum to the design spectrum should be equal to or
greater than 1.0.

When developing spectrum-matched time histories, before the matching process, they should be
scaled to the approximate level of the design response spectrum in the period range of
significance. Thereafter, the set of time histories for each component should be spectrum-
matched to achieve the same overall fit requirement as stated above for time histories that are not

12 ilhanand and Tseng, 1988; Abrahamson, 1992
13 Gasparini and Vanmarcke, 1976; Silva and Lee, 1987; Bolt and Gregor, 1993
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spectrum-matched. Ordinarily this is easy to achieve because each spectrum-matched time
history will have a spectrum close to the design spectrum.

When developing three-component sets of time histories by simple scaling rather than spectrum
matching, it is difficult to achieve a comparable match to the design spectrum for each
component when using the same scaling factor. It is desirable, however, to use the same scaling
factor to preserve the relationship between the components. Approaches for dealing with this
scaling issue include:

1. Increase the scaling factor to meet the minimum aggregate match requirement for one
component of motion while exceeding it for the other two.

2. Use a scaling factor to meet the aggregate match for the most critical component of motion
with the match somewhat deficient for other components.

3. Compromise on the scaling by using different factors as required for different components of
a time history set.

All these approaches are acceptable, but the third approach is less desirable. The second
approach requires careful examination and interpretation of the results and possibly dual analyses
for application of the higher horizontal component in each principal horizontal direction.

Scaled or spectrum-matched time histories should be integrated to obtain corresponding time
histories of velocity and displacement. All results should be examined for reasonableness.

2.8.4. NUMBER OF TIME HISTORIES

At least three time histories of either recorded, simulated-recorded, or spectrum-matched
motions, should be used for each component of motion when performing nonlinear inelastic
dynamic analyses. The design forces and displacements should be taken as the maximum
response calculated for the three ground motions in each principal direction. However, if a
minimum of seven recorded, simulated, or spectrum-matched time histories are used for each
component of motion, the design forces and displacements may be taken as the mean of the
forces and displacements calculated for each principal direction. These recommendations take
into account the sensitivity of nonlinear response to both the response spectral content of the
time histories and the time domain character of the time series (duration, pulse shape, pulse
sequencing).

If linear elastic time history dynamic analysis is performed, fewer time histories could be used
depending on the sensitivity of response to the time histories. Normally, for linear analysis, the
response is not sensitive to the time domain character of the time series, and a sufficient number
of time histories would be the number required to achieve an aggregate fit to the design spectrum.
Using a spectrum-matching approach, this may be a single time history.

Additional guidance on developing acceleration time histories for dynamic analysis may be
found in publications by the Caltrans Seismic Advisory Board Adhoc Committee on Soil-
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Foundation-Structure Interaction (CSABAC, 1999) and the U.S. Army Corps of Engineers
(2003).

2.9. SPATIAL VARIATION OF GROUND MOTIONS
Spatial variation in earthquake ground motion is principally due to:

1. Differences in arrival time of ground motions at bridge supports (out-of-phase motions). This
is the so-called ‘traveling wave’ or ‘wave passage’ effect. Waves that propagate vertically do
not show this effect..

2. Incoherence or dissimilarities in ground motions at bridge supports due to wave-scattering
effects as seismic waves propagate through the earth’s crust.

3. Incoherence of ground motions due to variations in soil profiles at bridge supports.

Limited studies conducted to date indicate that spatial variation in the ground motion generally
has little effect on bridge response and can be neglected in design. This is generally true for
bridges less than 300 to 450 meters (1,000 to 1,500 feet) in total length and that have uniform
soil conditions (Shinozuka et al., 2000). On the other hand, spatial variation can be significant
for longer bridges or those with differential soil conditions and its effect should be included in
design'®. The effect of these differential soil conditions at bridge supports can be evaluated
approximately using one-dimensional soil column analyses. Several computer programs that can
be used for this purpose are identified in appendix A. These methods do not account for out-of-
phase motions or incoherence due to crustal wave scattering. Shinozuka et al. (2000) presents a
methodology for accounting for differential soil response in the development of out-of-phase,
incoherent time histories.

Many bridge sites, especially those at river or valley crossings, are characterized by significant
variations in both surface topography and subsurface soil stratigraphy (Martin, 1998a). In some
cases, it may be warranted to use a two-dimensional, rather than one-dimensional, site response
analysis to capture effects of the spatially varying soil and topographic conditions. Computer
programs that can be considered for such analyses include the nonlinear analysis programs
FLAC" and TENSI-MUSC (Martin, 1998a) and the equivalent linear analysis programs FLUSH
(Lysmer et al., 1975) and QUAD4M (Hudson et al., 1994). These methods capture two-
dimensional interaction of the topographic and soil variations, but do not account for out-of-
phase motions or incoherence due to crustal wave scattering.

" Hao et al. (1989), Abrahamson (1985; 1992), Abrahamson et al. (1991), Shinozuka et al. (2000), and CSABAC
(1999)
S ITASCA, 1998; Wang and Makdisi, 1999
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CHAPTER 3: GEOTECHNICAL HAZARDS

3.1. GENERAL

Geotechnical hazards at highway bridge sites that can be triggered by earthquakes include soil
liquefaction, soil settlement, slope failure (landslides and rock falls), surface fault rupture, and
flooding. In this chapter, liquefaction, settlement, fault rupture and flooding are described and
their adverse consequences to highway bridges are discussed. Procedures for evaluating these
hazards are also presented. Methods for screening and evaluating slope failure potential
(landslides and rock falls) are given in Part 2 of this manual and are therefore not included in this
chapter.

The consequences of these hazards in the free-field (e.g., ground settlement and fault
displacements) are also addressed in this chapter. Methods for evaluating the effects of these
hazards on the capacity and deformations of the bridge-foundation system are presented in
chapter 6, and measures for mitigating them are described in chapter 11.

Assessing geotechnical hazards is a two-part procedure. In the first part, a quick screening
evaluation is conducted. Generally, this can be accomplished using available information and
field reconnaissance. If the criteria are satisfied, the risk is considered to be low and further
evaluations of the hazard are not required. If a hazard cannot be screened out, more detailed
evaluations are conducted in the second part of this procedure. This usually requires obtaining
additional data to more rigorously assess the hazard and its consequences. In this chapter,
guidelines for initial hazard screening are provided, and a brief overview of methods for detailed
hazard evaluation is given. Detailed methods for hazard evaluation are described in appendix B.
Hazard screening and hazard evaluation should be carried out by engineers and scientists (e.g.,
geotechnical engineers, geologists, and seismologists), who have expert knowledge of these
hazards and experience with their evaluation.

3.2. SOIL LIQUEFACTION
3.2.1. LIQUEFACTION HAZARD DESCRIPTION

Soil liquefaction is a phenomenon in which a cohesionless soil deposit below the groundwater
table loses a substantial amount of strength due to strong earthquake ground shaking. The reason
for strength loss is that some types of cohesionless soil tend to compact during earthquake
shaking and this tendency for compaction causes pore water pressures in the soil to increase.
This, in turn, causes a reduction in soil strength. Recently deposited (i.e., geologically young)
and relatively loose natural soils, and uncompacted or poorly compacted fills, are susceptible to
liquefaction. Loose sands and silty sands are particularly susceptible. Loose silts and gravels
also have potential for liquefaction. Dense natural soils and well-compacted fills have low
susceptibility to liquefaction. Clay soils are generally not susceptible, except for highly sensitive
clays found in some geographic locales.
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Liquefaction has been perhaps the single most significant cause of damage to bridges during past
earthquakes. Most of the damage has been related to the lateral movement of soil at bridge
abutments. However, cases involving the loss of lateral and vertical bearing support of
foundations for bridge piers have also occurred.

The potential consequences of liquefaction can be grouped into the following categories:

1.

Flow slides. Flow failures are the most catastrophic form of ground failure that can occur due
to liquefaction. These large slides occur when the downslope static (gravity) loads exceed
the resistance provided by low shear strengths of liquefied soils (i.e., static factor of safety
drops below 1.0 due to liquefaction). Because earthquake-induced inertial forces following
liquefaction are not required to cause flow sliding (gravity forces being sufficient), these
slides can occur even after the ground stops shaking. Flow slides commonly result in tens of
meters (yards) of displacement and occur at relatively high velocities, up to tens of
kilometers per hour (miles per hour).

Lateral spreads. Lateral spread is the most common form of landslide-type movements
accompanying liquefaction. It can occur on very gently sloping ground (less than one
percent slope in some cases) underlain by liquefied soil due to combined static forces plus
seismically induced inertia forces in the soil mass. Lateral movements accumulate during the
earthquake whenever the static plus seismically induced shear stresses exceed the strength of
liquefied soil. The resulting lateral movements can range in magnitude from centimeters
(inches) to several meters (yards) and are typically accompanied by severe ground cracking
with horizontal and vertical offsets. The potential for lateral movements is increased if there
is a ‘free face,” such as a river channel or the sloping shoreline of a lake or bay, toward
which movements can occur. Lateral spreading or ‘embankment penetration’ can occur
beneath a bridge approach fill or any highway embankment if the underlying soil liquefies.
Manifestations are settlements, lateral movements, and cracking of the embankment.

Reduction in foundation bearing capacity. The occurrence of liquefaction beneath, and/or
laterally adjacent to, bridge foundations can greatly reduce foundation vertical and/or lateral
capacity, resulting in unacceptable foundation settlements and/or lateral movements.

Ground settlement. Even in the absence of flow sliding, lateral spreading, or reduction in
foundation bearing capacity due to liquefaction, ground settlements due to soil consolidation
can occur as liquefaction-induced, excess pore water pressures in the soil dissipate. This
consolidation occurs over time, perhaps for several days after the earthquake, and may result
in the settlement and/or differential settlement of foundations located above the liquefied
layer. Pile foundations extending through liquefied strata into stable ground may be subject
to downdrag as soils overlying liquefied layers settle relative to the piles. In general,
magnitudes of total and differential ground movements due to liquefaction-induced soil
consolidation are less than those associated with flow slides, lateral spreading, or reduction
in foundation bearing capacity.
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5. Increased pressures on retaining walls. The occurrence of liquefaction in the backfill behind
a retaining wall, such as an abutment backwall or wingwall, will increase pressures on the
wall, potentially leading to wall failure or excessive deformations.

3.2.2. INITIAL HAZARD SCREENING FOR LIQUEFACTION

Prior to initiating screening and liquefaction evaluation procedures for soils that are susceptible
to liquefaction, a check should be made as to whether liquefaction has previously occurred at the
site (or in the near vicinity of the site in similar geotechnical conditions) during past earthquakes.
This check may involve review of the earthquake history of an area and review of published
post-earthquake reconnaissance reports. If there is evidence that liquefaction has previously
occurred at the site, then it must be given further consideration.

In general, the requirement to conduct an evaluation of liquefaction potential is a function of the
Seismic Hazard Level for the bridge, as described in chapter 1. For Seismic Hazard Levels I and
II, the potential for liquefaction is generally low. In some cases (e.g., Type E and F soils for
Seismic Hazard Level II), the peak ground acceleration may exceed 0.14 g (F,S; in excess of
0.35 g). While this level of peak ground acceleration may cause liquefaction, the magnitude of
the earthquake causing liquefaction at these hazard levels will generally be less than 6.0 and the
duration of strong shaking will be relatively short. For magnitudes less than 6.0, liquefaction
develops slowly at most sites, and affects the structure minimally during dynamic shaking.
Therefore, the effects of liquefaction on dynamic response can be neglected. In addition, little
potential exists for permanent movement of the ground, again because of the small size and
limited duration of seismic events at these levels.

The potential for liquefaction at Seismic Hazard Levels III and IV is higher, and careful attention
is needed to determine the potential for, and consequences of, liquefaction at sites with this
classification. If the mean magnitude contributing to the peak ground acceleration is less than
6.0, then the discussion above with regard to duration is applicable for Seismic Hazard Levels
IIT and I'V. For magnitudes between 6.0 and 6.4, a liquefaction analysis may or may not be
required depending on the combination of ground shaking and the blowcount values for the soils.
For magnitudes above 6.4, a liquefaction analysis is required.

In summary, an evaluation of the potential for, and consequences of, liquefaction in soils near the
surface should be made in accordance with the following requirements:

e Seismic Hazard Levels I and II: Not required.

e Seismic Hazard Levels III and IV: Required, unless one of the following two conditions is
met:

- Mean magnitude for the design event is less than 6.0.

' Mean earthquake magnitudes for a given bridge site and return period may be found on the USGS web site
(http://eqhazmaps.usgs.gov), where results for the deaggregation of the seismic hazard are given (see section 2.8.1,
table 2-6 and figure 2-8).

101



- Mean magnitude for the design event is less than 6.4 and equal to or greater than
6.0, and either the normalized Standard Penetration Test (SPT) blowcount
[(N1)e0] is greater than 20, or (N)e is greater than 15 and F,S; is less than 0.35 g.

If the mean magnitude is greater than or equal to 6.4, or if the above requirements are not met for
magnitudes between 6.0 and 6.4, the potential for liquefaction and associated phenomena such as
lateral flow, lateral spreading, foundation bearing capacity reduction, and settlement, should be
evaluated.

In addition to the above criteria, it can be assumed that a significant liquefaction hazard does not
exist for Seismic Hazard Levels III and IV if any of the following screening criteria are satisfied:

e The geologic materials underlying the site are either bedrock or have very low liquefaction
susceptibility according to the relative susceptibility ratings shown in table 3-1, which are
based on geologic age and general depositional environment (Youd and Perkins, 1978).
Table 3-1 should be applied conservatively if there are uncertainties regarding geologic age
or depositional environment.

e The soils below the groundwater table at the site are one of the following:

1. Clayey soils which have a clay content (grain size < 0.005 mm) greater than 15 percent,
liquid limit greater than 35 percent, or natural water content less than 90 percent of the
liquid limit (Seed and Idriss, 1982). However, clayey soils that are highly sensitive,
based on measured soil properties or local experience, should not be screened out. A
highly sensitive soil possesses all of the following properties:

Liquid limit less than 40 percent.

Water content greater than 0.9 times the liquid limit.

Liquidity index greater than 0.6.

(N1) 6o less than five or normalized cone penetration resistance, qc;, less than 1 MPa
(20 ksf).

e o o

Areas of the United States known to have highly sensitive soils include some coastal
areas of Alaska, along the St. Lawrence River, some eastern and western coastal areas
with estuarine soil deposits, near or within saline lakes in the Great Basin and other arid
areas, and soils resulting from weathering of volcanic ash (Youd, 1998).

2. Sands with a minimum corrected Standard Penetration Test resistance, (N;)q value of 30
blows/0.3m (30 blows/foot) or minimum corrected cone penetration test tip resistance,
dcin, of 160 with a sufficient number of tests. The parameter (N)¢ 1s defined in
Appendix B.

e The water table is deeper than 15 m (50 feet) below the existing ground surface or proposed
finished grade at the site, whichever is lower, including considerations for seasonal, historic
and possible future rises in groundwater level.
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Table 3-1. Estimated susceptibility of sedimentary deposits to liquefaction
during strong ground motion.

Type of Deposit

General
Distribution of

Likelihood that Cohesionless Sediments, When
Saturated, Will be Susceptible to Liquefaction

Cohesionless (by Age of Deposit)
Sedlmen-ts n <500 yr Holocene Pleistocene PI _Pre-
Deposits Modern >11ka | 11ka-2Ma e;szt:nce"e
a
(a) Continental Deposits
River channel Locally variable Very high High Low Very low
Floodplain Locally variable High Moderate Low Very low
Alluvial fan and plain Widespread Moderate Low Low Very low
Marine terraces and
plains Widespread Low Very low Very low
Delta and fan-delta Widespread High Moderate Low Very low
Lacustrine and playa Variable High Moderate Low Very low
Colluvium Variable High Moderate Low Very low
Talus Widespread Low Low Very low Very low
Dunes Widespread High Moderate Low Very low
Loess Variable High High High Unknown
Glacial till Variable Low Low Very low Very low
Tuff Rare Low Low Very low Very low
Tephra Widespread High High ? ?
Residual soils Rare Low Low Very low Very low
Sebka Locally variable High Moderate Low Very low
(b) Coastal Zone
Delta Widespread Very high High Low Very low
Estuarine Locally variable High Moderate Low Very low
Beach
High wave-energy Widespread Moderate Low Very low Very low
Low wave-energy Widespread High Moderate Low Very low
Lagoonal Locally variable High Moderate Low Very low
Fore shore Locally variable High Moderate Low Very low
(c) Artificial
Uncompacted fill Variable Very high - - -
Compacted fill Variable Low - - -
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If the above screening criteria are not satisfied, then the detailed evaluations described in
appendix B should be used to evaluate a liquefaction hazard and its potential consequences.
These evaluation approaches are briefly outlined in section 3.2.4.

3.2.3. EARTHQUAKE GROUND MOTIONS FOR LIQUEFACTION ANALYSIS

To perform analyses of the liquefaction potential, and some types of analyses to assess the
consequences of liquefaction, an estimate of the peak ground acceleration and associated
earthquake magnitude are needed. In addition, one type of evaluation for lateral spreading also
requires earthquake source-to-site distance. These parameters can be obtained either by using the
‘general’ procedure based on national earthquake ground motion maps and site factors, or a ‘site-
specific’ procedure, as described in sections 2.5 and 2.6, respectively.

Design ground motions are based on a probabilistic approach, except near highly active faults
where ground motions are ‘bounded’ deterministically so as not to exceed levels associated with
the occurrence of maximum magnitude earthquakes on these faults. When the design ground
motions for a bridge are based on a probabilistic approach (i.e., developed for a certain
probability of ground motion exceedance or return period), then it is necessary to deaggregate
the peak ground acceleration hazard to determine ‘dominant’ magnitudes and distances
contributing to the hazard, as described in section 2.8.1 and appendix A. The process of
deaggregation is required because different seismic sources, earthquake magnitudes, and
distances contribute to the probability of exceedance of a given ground motion in a probabilistic
analysis.

When the deterministic approach is applied, design ground motions are estimated for a maximum
earthquake magnitude occurring at a specific seismic source. It is assumed that the earthquake
occurs on that portion of the source closest to the site. One or more earthquake sources, and
associated magnitudes and distances, are selected on the basis of likelihood to cause liquefaction
at the site.

3.2.4. SUMMARY OF PROCEDURES FOR DETAILED LIQUEFACTION EVALUATIONS
3.2.4.1. Evaluation of the Potential for Liquefaction Using Simplified Method

The procedure most widely used in engineering practice for the assessment of liquefaction
potential is the ‘Simplified Procedure’®. This procedure essentially compares the cyclic
resistance ratio (CRR, the cyclic stress ratio required to induce liquefaction in a soil stratum at a
given depth) with the earthquake-induced cyclic stress ratio (CSR) at that depth from the
specified design earthquake, as defined by a peak ground surface acceleration and the associated
earthquake moment magnitude.

The ratio of CRR to CSR should be greater than 1.0 to preclude the development of liquefaction.
Even when the ratio of CRR to CSR is as high as 1.5, increases in pore water pressure in the soil

? Seed and Idriss (1982), Seed et al. (1983) and (1985), Seed and De Alba (1986), Seed and Harder (1990), Youd
and Idriss (1997), Youd et al. (2001)
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can occur. The potential consequences of these pore pressure increases in weakening the soil
should be considered during design.

The most common application of the Simplified Procedure uses an empirically-based
liquefaction criterion chart, or correlation, that describes the CRR as a function of SPT
blowcounts from soil borings. However, variations of this procedure use other parameters as a
measure of soil resistance to liquefaction, namely Cone Penetration Test (CPT) resistance, shear
wave velocity, and Becker hammer penetration resistance. The use of CPT data and related
correlations is becoming widely used as either a complementary or alternative method to the use
of SPT data and correlations. The techniques of, and correlations with, shear wave velocity and
Becker hammer penetration resistance are typically used for gravelly soils because of the
difficulty of obtaining meaningful SPT or CPT measurements in these soils (Youd and Idriss,
1997; Youd et al., 2001).

3.2.4.2. Numerical Modeling Methods and Laboratory Cyclic Testing for Evaluation of
Potential for Liquefaction

For critical projects, the use of numerical modeling of site response and/or the conduct of
laboratory cyclic liquefaction tests may be appropriate to supplement the simplified method. The
use of one- or two-dimensional effective stress site response analyses for acceleration time
history inputs will provide increased understanding of the progressive development of pore water
pressures during seismic shaking. Because of the great difficulty of obtaining and testing
undisturbed cohesionless soil samples, a laboratory cyclic testing program to determine soil
liquefaction resistance is seldom justified. However, such a program may be considered for
certain soil types that are liquefiable but have liquefaction resistances that are less well
quantified by the empirically-based correlations (e.g., cohesionless silts).

3.2.4.3. Evaluation of the Potential for Liquefaction-Induced Flow Slides and Lateral
Spreads

For evaluation of the potential for flow sliding and magnitude of lateral spreading displacements,
a critical parameter for analytical methods is the residual strength of the liquefied soil. The
quantification of this parameter is described in appendix B.

The analysis of flow slide potential is essentially a static slope stability analysis in which the
static factor of safety is evaluated considering the residual strength of the portion of the soil mass
that has liquefied. Flow sliding is predicted to occur if the static factor of safety of the liquefied
soil mass is less than 1.0. The estimation of displacements associated with flow sliding cannot
be easily made. Sliding continues until geometric changes or increases in the strength of the
liquefied soil cause the factor of safety to increase above 1.0.

For analysis of the potential for, and amount of, lateral spreading, empirically-based and
analytical approaches may be used. Empirical approaches are based on observations of lateral
spreading displacements during past earthquakes. The most widely used analytical approach is
the simplified Newmark sliding block method in which displacements are estimated based on the
amplitude of the induced accelerations in the soil mass, the amplitude of the “yield acceleration’
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required to initiate movement of the soil mass considering the residual strength of the liquefied
portion, and other parameters. The yield acceleration coefficient, ky, is determined from a
pseudo-static stability analysis as the acceleration required to cause the factor of safety to drop to
1.0. Two-dimensional nonlinear effective stress dynamic analysis approaches are now available
as a complementary tool for evaluating lateral spreading.

3.2.4.4. Other Evaluation Procedures

The evaluation of the effects of liquefaction on vertical or lateral bearing capacity and foundation
behavior and the effects on earth pressures behind retaining walls is addressed in chapter 6. The
estimation of consolidation settlement due to liquefaction is considered in the following section.

3.3. SOIL SETTLEMENT
3.3.1. SETTLEMENT HAZARD DESCRIPTION

As noted in section 3.2.1, free-field settlements may accompany liquefaction. These settlements
are associated with post-earthquake dissipation of pore water pressures induced by liquefaction
and resulting soil consolidation and densification. If pore pressures develop during ground
shaking, but not to a level high enough to cause liquefaction, their post-earthquake dissipation
may also result in settlement, but less than that occurring due to liquefaction.

Settlements can also occur in dry or partially-saturated soils above the groundwater table and
thus not be associated with pore pressure development and liquefaction. The mechanism in this
case is densification during the period of ground shaking as the earthquake-induced cyclic shear
stresses cause the soil grains to adjust into a denser state of packing. In the case of bridge
approach embankment fills, a component of settlement may also be associated with small
amounts of lateral yielding of the embankments, even in the absence of noticeable slope
displacements or lateral spreading through weak foundation soils.

Loose natural soils, uncompacted and poorly compacted fills, are susceptible to densification. If
densification does not occur uniformly over an area, the resulting differential settlements can be
damaging to a bridge.

3.3.2. INITIAL HAZARD-SCREENING FOR SETTLEMENT

It can be assumed that a significant hazard due to differential compaction does not exist if both
of the following screening criteria are satisfied.

1. The geologic materials underlying the foundations and below the groundwater table do not
liquefy.

2. The geologic materials underlying the foundations and above the groundwater table are one
or more of the following:

e Pleistocene (geologic age older than 11,000 years),
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e Stiff clays or clayey silts, or

e Cohesionless sands, silts, and gravels with a minimum (N)¢ of 20 blows/0.3 m
(20 blows/ft).

Note that these criteria are not intended to be applied to embankment fills. The potential for
settlement of fills is strongly dependent on the degree of compaction of the fill and settlements
should be estimated as summarized in the next section.

3.3.3. SUMMARY OF PROCEDURES FOR DETAILED SETTLEMENT EVALUATIONS

Appendix B describes simplified procedures and empirical correlations for estimating
seismically induced settlements in both saturated sands (below the groundwater table) and dry
sands (applied to dry or partially saturated sands above the groundwater table). These procedures
are based in part on case history data and in part on results of laboratory cyclic testing programs.
Methods are also described for extending the evaluations for clean sands to silty sands and
cohesionless silts. These procedures do not address cohesive soils (clays and clayey silts). In
general, it is expected that stiff natural deposits of cohesive soils will not experience damaging
settlements. However, cohesive or partially cohesive fills, including bridge approach
embankment fills, may be susceptible to significant settlements if not adequately compacted.

3.4. SURFACE FAULT RUPTURE
3.4.1. SURFACE FAULT RUPTURE HAZARD DESCRIPTION

Surface fault rupture refers to the shearing displacements that occur along an active fault trace
when movement on the fault extends to the ground surface, or the depth of the bridge foundation.
Displacements can range from centimeters (inches) to several meters (yards). Because surface
fault displacements tend to occur abruptly, often across a narrow zone, fault rupture can be very
damaging to a bridge, particularly if it occurs directly below the structure. It is also difficult and
often cost-prohibitive to mitigate. In the central and eastern United States, east of the Rocky
Mountains, few active faults have been identified and the hazard of surface fault rupture is
generally low in comparison to the western United States.

3.4.2. INITIAL HAZARD SCREENING FOR SURFACE FAULT RUPTURE

Surface fault ruptures generally are expected to occur along existing traces of active faults.
Therefore, it can be assumed that a significant hazard of surface fault rupture does not exist if it
can be established that either:

e There is no evidence of a fault trace traversing the bridge site, or
o Ifa fault trace does cross the bridge site, it has been established that the fault is not an active
fault. Faults are generally considered to be active faults with a significant potential for

future earthquakes and displacements if they have experienced displacements during the past
approximately 11,000 years (Holocene time).
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Hazard screening should involve, as a minimum, the following steps:

1.

Review of geologic maps as well as discussions with geologists in government agencies who
are knowledgeable about the geology of the area, and

Site reconnaissance and review of aerial photographs, looking for geomorphic expression of
faulting. If there is uncertainty in the fault location or its activity, the screening criteria
should be applied conservatively.

3.4.3. SUMMARY OF PROCEDURES FOR DETAILED SURFACE FAULT RUPTURE
EVALUATIONS

If a surface fault rupture hazard cannot be screened out, the owner may decide to accept the risk
or evaluate the hazard and consequences in detail. If detailed evaluations are carried out, they
should be oriented toward:

1.

Establishing the fault or fault zone location relative to the bridge if it is not clearly
established in the screening stage,

Establishing the activity of the fault if it traverses the bridge, and

Evaluating fault rupture characteristics; i.e., amount of fault displacement, width of zone of
displacement, and distribution of slip across the zone for horizontal and vertical components
of displacement. A probabilistic assessment of the likelihood of different magnitudes of fault
displacement during the life of the bridge may also be useful in decision-making.

3.5. FLOODING

3.5.1. FLOODING HAZARD DESCRIPTION

Phenomena that can result in earthquake-induced flooding include:

Tsunami (large ocean waves generated by vertical displacements of the seafloor during
offshore earthquakes,

Seiche (waves induced in bays and lakes when the body of water is excited by ground
shaking; e.g., sloshing),

Waves generated by landslides within, or into, a body of water,

Flooding caused by tectonic movements, such as uplift along a thrust fault damming a river,
and

Failure of an upstream dam and reservoir caused by an earthquake.
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3.5.2. INITIAL HAZARD SCREENING FOR FLOODING

The hazard of flooding can be screened out for bridges that are not located near a body of water
or in an area that could be inundated by the hazard. Tsunami potential is considered to be low in
coastal regions of the eastern and southern United States and moderate to high along portions of
the west coast of the United States, Alaska, and Hawaii. Seiche waves usually do not exceed
several feet in height and would generally pose a potential hazard only to facilities within or
immediately adjacent to a bay or lake. Many states and federal agencies have delineated
inundation zones for failures of dams under their jurisdiction. The hazard of earthquake-induced
flooding should also be viewed in the context of hazards of flooding from non-seismic causes.

3.5.3. SUMMARY OF DETAILED EVALUATIONS FOR FLOODING
If it appears that flooding could pose an unacceptable risk to the performance of a bridge

immediately following an earthquake, detailed evaluations should be directed at assessing the
potential, severity, consequences, and likelihood of the hazard.
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CHAPTER 4: SEISMIC RATING METHODS FOR
SCREENING AND PRIORITIZATION

4.1. GENERAL

Screening an inventory of bridges is done to identify seismically deficient bridges and prioritize
them in order of need for retrofitting. Such a process is intended to be rapid, easy to apply and
conservative. Bridges found to be deficient at this stage are subject to detailed evaluation at the
next step, and any that are later found to be satisfactory are excluded from further study at that
time.

As noted in section 1.10, two rating systems are identified in this manual for the purpose of
screening and prioritizing bridges for seismic retrofitting. Both methods are described in detail in
this chapter. The methods are:

e Seismic rating method using indices.

e Seismic rating method using expected damage.

4.2. SEISMIC RATING METHOD USING INDICES

In calculating the seismic rating of a bridge for prioritization, consideration should be given to
structural vulnerability, seismic and geotechnical hazards, and the socioeconomic factors
affecting importance. This is accomplished first, by making independent ratings of each bridge in
the areas of vulnerability and seismic hazard, and second, by considering importance (societal
and economic issues) and other factors (redundancy and non-seismic structural issues) to obtain
a final, ordered determination of bridge retrofit priorities'.

The rating system is therefore both quantitative and qualitative. The quantitative part produces a
seismic rating (called the bridge rank, R) based on structural vulnerability and seismic hazard.
The qualitative part modifies the rank in a subjective way that takes into account bridge
importance, network redundancy, non-seismic deficiencies, anticipated service life, and similar
factors for inclusion in an overall priority index. Engineering and societal judgment are thus the
key to the second stage of the screening process. This leads to a priority index that is a function
of rank, importance, and other factors as indicated below in equation 4-1.

P = f(R, importance, non-seismic, and other factors...) (4-1)

where P is the priority index and R is the rank based on structural vulnerability and seismicity.

In summary, bridge rank is based on structural vulnerability and seismic hazard, whereas retrofit
priority is based on bridge rank, importance, non-seismic deficiencies, and other factors such as
network redundancy. This method is illustrated in figure 4-1.

" Buckle, 1991; Buckle and Friedland, 1995
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Performance Level, PL
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'
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B,C,D
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Calculate Bridge Vulnerability,
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'

Calculate Seismic Hazard
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'

Calculate Bridge Rank, R

R=VE

CALCULATE PRIORITY INDEX, P=f(R,0)

Figure 4-1. Seismic rating method using indices.

112




4.2.1. CALCULATION OF BRIDGE RANK

As noted above, the bridge rank, R, is based on a structural vulnerability rating, V, and a seismic
hazard rating, E. Each rating lies in the range 0 to 10 and the rank is found by multiplying these
two ratings together as shown in equation 4-2.

R=VE (4-2)

Therefore, R can vary from 0 to 100, and the higher the score, the greater the need for the bridge
to be retrofitted (ignoring at this time the other factors). Recommendations for assigning values
for V and E are described below.

4.2.1.1. Vulnerability Rating (V)

Although the performance of a bridge is based on the interaction of all its components, certain
bridge components are more vulnerable to damage than others. These are:

e Connections, bearings, and seats (support lengths).
e Piers, columns and foundations.
e Abutments.

e Soils.

Of these, connections, bearings and inadequate seat length are the most common reasons for
bridge failure and the least costly to fix. For this reason, the vulnerability of these components is
calculated separately from the rest of the structure and assigned a rating, V;. The vulnerability of
the rest of the substructure, V,, is determined from the sum of the ratings for each of the other
components that are susceptible to failure. The overall rating for the bridge is then given by the
greater of V; and V;, as shown in the flowchart in figure 4-2.

The determination of these vulnerability ratings requires considerable engineering judgment. In
order to assist in this process, a methodology for determining these ratings is given in sections
4.2.1.1(a) and 4.2.1.1(b).

Vulnerability ratings may range from 0 to 10. A rating of 0 means a very low vulnerability to
unacceptable damage, a value of 5 indicates a moderate vulnerability to collapse or a high
vulnerability to loss of access, and a value of 10 means a high vulnerability to collapse. This
should not be interpreted to mean that the vulnerability rating must assume one of these three
values.

For bridges classified in Seismic Retrofit Category (SRC) B (section 1.6 and table 1-6), the
vulnerability ratings for bearings, transverse restraints, and support lengths need to be calculated
along with a rating for liquefaction effects for bridges on liquefiable soils. Experience has shown
that most connection, bearing, and seat deficiencies can be corrected economically.

For bridges classified as SRC C or D, vulnerability ratings are also required for the columns,
abutments, and foundations. Experience with retrofitting these components is much more limited
than for bearings. They are generally more difficult to retrofit and doing so may not be as cost-
effective.
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Calculate Column
Calculate Vulnerability Rating Vulnerability Rating, CVR
for Connections,
Bearings and Seat Widths, V, i

Calculate Abutment
Vulnerability Rating, AVR

i

Calculate Liquefaction
Vulnerability Rating, LVR

i

V,=CVR+AVR +LVR<10

i

V = Maximum of V,, V,

Figure 4-2. Calculation of bridge vulnerability, V.

A comparison of the above two vulnerability ratings, V; and V;, can be used to obtain an
indication of the type of retrofitting needed. If the vulnerability rating for the bearings is equal to
or less than the vulnerability rating of other components, simple retrofitting of only the bearings
may be of little value. Conversely, if the bearing rating is greater, then benefits may be obtained
by retrofitting only the bearings. A comparison of these two ratings during the preliminary
screening process may be helpful in planning the type of comprehensive retrofit program needed,
but should not serve as a substitute for the detailed evaluation of individual bridges as described
in chapters 5, 6 and 7.

4.2.1.1(a). Vulnerability Rating for Connections, Bearings, and Seat Widths, V,

Bearings are used to transfer loads from the superstructure to the substructure and between
superstructure segments at hinge seats within the span. In this ranking system, bearings are
considered to include shear keys, keeper bars and similar restraints. Bearings may be either fixed
bearings, which do not provide for translational movement, or expansion bearings, which do
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permit such movements, as shown in figure 4-3. An expansion bearing may provide for
translation in one orthogonal direction, but not in the other.

There are five basic types of expansion bearings used in bridge construction. These are:

1.

The rocker bearing, which is generally constructed of steel and permits translation and
rotational movement. It is the most seismically vulnerable of all bridge bearings because it
usually has a high aspect ratio, is difficult to restrain, and can become unstable and overturn
after limited movement. Fixed bearings with high aspect ratios can also be very vulnerable to
earthquakes.

The roller bearing, which is also usually constructed of steel. It is stable during an
earthquake, except that it can become misaligned and horizontally displaced.

The elastomeric bearing pad is constructed of a natural or synthetic elastomer and is usually
internally reinforced with steel shims. It relies on the distortion of the elastomer to provide
for movement. This bearing is generally stable during an earthquake, although it has been
known to ‘walk out’ under severe shaking due to inadequate fastening.

The sliding bearing, in which one surface slides over another and which may consist of
almost any material from an asbestos sheet between two concrete surfaces to PTFE (Teflon)
and stainless-steel plates.

High-load, multi-rotational bearings such as pot, disk, and spherical bearings. These bearings
usually have adequate strength for earthquake loads, but their connections have failed in past
earthquakes.

N A
N \J
.P
‘7
T
I I

Fixed Bearings

Expansion Rocker Bearings

Figure 4-3. Seismically vulnerable bearings.
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Transverse restraint of the superstructure is almost always provided at the bearings. Common
types of restraint are shear keys, keeper bars, or anchor bolts. Restraints are usually not ductile,
and are subjected to large seismically induced forces resulting from a redistribution of force from
ductile components such as columns. In addition, when several individual bearings with keeper
bars are present at a support, the bars do not resist transverse load equally because of slight
variations in clearances. Therefore, individual bars may be subjected to very high forces which
can lead to failure. Large transverse or longitudinal movements may then occur at the bearings,
leading to loss of support and span collapse. The expected movement at a bearing is dependent
on many factors and cannot be easily calculated. The AASHTO Specifications require a
minimum support length at all bearings in new bridges.” This requirement is also in the NCHRP
12-49 provisions (ATC/MCEER, 2003). Because it is difficult to predict relative movement, the
minimum support length, N, as given in the NCHRP 12-49 provisions, is recommended as the
basis for checking the adequacy of longitudinal support lengths.

In metric units, this length is given by:

B’ | (1+1.25E8S,)
N=|100+1.7L+7.0H+50,[1+|2—| |——mm (4-3a)
L cos o

where: N is the recommended support length measured normal to the face of an abutment or
pier (m),

L is the length of the bridge deck from the seat to the adjacent expansion joint, or to the
end of the bridge deck (m). For hinges or expansion joints within a span, L is the sum
of the distances on either side of the hinge (m); for single-span bridges, L is the
length of the bridge deck (m).

H is the height. For abutment seats, H is the average height of piers or columns
supporting the bridge deck between the abutment and the next expansion joint (m).
For pier seats, H is the height of the pier (m); for hinge seats within a span, H is the
average height of the two adjacent piers (m); for single-span bridges, H=0.

B is the width of deck (m),

o is the angle of skew (0° for a right bridge), and

Sp1 =F,Sy, is the product of the long-period soil factor (F,) and the 1.0 second spectral
acceleration (S;) as in equation 1-1.

The ratio B/L need not be taken greater than 3/8.

In U.S. customary units, this length is given by:

sz (1+1.25E,S,) (4-3b)

N=|4.0+0.02L+0.08H+1.1vVH 1+(2—
L CcoS O

2 AASHTO, 1998; AASHTO, 2002
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where N, L, H, B and o are as defined for equation 4-3a, but N is given in inches and L, H and B
are expressed in feet. Again the ratio B/L need not be taken greater than 3/8.

Since skew has a major effect on the performance of bridge bearings, rocker bearings may
overturn at heavily skewed supports during only moderate seismic shaking. In such cases, it is
necessary to consider the potential for collapse of the span, which will depend to a large extent
on the geometry of the bearing seat. Settlement and vertical misalignment of a span due to an
overturned bearing may be a minor problem, resulting in only a temporary loss of access that can
be restored, in many cases, by backfilling with asphalt or other similar material. The potential for
total loss of support should be the primary criteria when rating the vulnerability of the bearings.

A suggested step-by-step method for determining the vulnerability rating for connections,
bearings, and seat widths (V) is detailed in the flowchart of figure 4-4 and is as follows:

Step 1. Determine if the bridge has satisfactory bearing details. Such bridges include:
a. Continuous structures with integral abutments.

b. Continuous structures with seat-type abutments where all of the following conditions
are met:

1. Either (a) the skew is less than 20° (0.35 rad), or (b) the skew is greater than 20°
(0.35 rad) but less than 40° (0.70 rad) and the length-to-width ratio of the bridge
deck is greater than 1.5.

2. Rocker bearings are not used.

3. The abutment’s bearing seat under the end diaphragm is continuous in the
transverse direction and the bridge has more than three beams.

4. The support length is equal to, or greater than, the minimum required length (N)
given in equation 4-3.

If the bearing details are determined to be satisfactory, a vulnerability rating, Vi, of 0
may be assigned and the remaining steps for bearings omitted.

Step 2. Determine the vulnerability to structure collapse or loss of access to the bridge due to
transverse movement, Vr.

Before significant transverse movement can occur, the transverse restraint must fail. In
the absence of calculations showing otherwise, assume that the bearing keeper bars
and/or the anchor bolts in bridges in SRC C and D will fail. Also assume that nominally
reinforced, nonductile concrete shear keys will fail in bridges in SRC D.

When the transverse restraint is subject to failure, beams are vulnerable to loss of support
if either of the following conditions exist:
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a. Individual beams are supported on individual pedestals or columns.

b. The exterior beam in a 2- or 3-beam bridge is supported near the edge of a bearing
seat regardless of whether the bearings are on individual pedestals or not.

In either of these cases, the vulnerability rating, Vr, should be 10.

Steel rocker bearings have been known to overturn transversely, resulting in a permanent
superstructure displacement. All bridges in SRC D are vulnerable to this type of failure.
Bridges in SRC C are vulnerable only when the skew is greater than 40° (0.70 rad).
When bearings are vulnerable to a toppling failure but structure collapse is unlikely, the
vulnerability rating, Vr, should be 5. Otherwise V1=0.

Step 3. Determine the vulnerability of the structure to collapse or loss of access due to excessive
longitudinal movement, V.

V1 is determined according to the available support length (L) measured in a direction
perpendicular to the centerline of the support. This is done by comparing L with the
minimum required length N, (equation 4-3), as follows:

If L > N then Vi = 0 regardless of bearing type.
If N> L > 0.5N and rocker bearings are not used, then Vi = 5.
If N> L > 0.5N and rocker bearings are used, then Vi = 10.
If 0.5 N > L then Vi = 10 regardless of bearing type.
Step 4. Calculate vulnerability rating for connections, V;, from values Vr and Vi, with
V, = greater of Vr and V.

4.2.1.1(b). Vulnerability Rating for Columns, Abutments, and Liquefaction Potential, V,

The vulnerability rating for the other components in the bridge that are susceptible to failure, V5,
is calculated from the individual component ratings as follows:

V, = CVR+AVR+LVR < 10 (4-4)

where CVR is the column vulnerability rating, AVR is the abutment vulnerability rating, and
LVR is the liquefaction vulnerability rating.
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Figure 4-4. Calculation of vulnerability rating for connections, bearings and seat widths (V).
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Figure 4-4 (continued). Calculation of vulnerability rating for connections, bearings
and seat widths (V).
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Suggested methods for calculating each of these component ratings are given in the following
sections.

A. Column Vulnerability Rating, CVR

Columns have failed in past earthquakes due to lack of adequate transverse reinforcement and
poor structural details. Excessive ductility demands have resulted in degradation of column
strength in shear and flexure. In past earthquakes, columns have failed in shear, resulting in their
disintegration and substantial vertical settlement. Column failure may also occur due to pullout
of the longitudinal reinforcing steel, mainly at the footings. Fortunately, most bridge column
failures g)ccur during earthquakes that generate high ground accelerations of relatively long
duration’.

The following step-by-step procedure may be used to determine the vulnerability of columns,
piers, and footings.

Step 1. Assign a column vulnerability rating, CVR, of 0 to bridges classified as SRC B.
Step 2. Assign a vulnerability rating, CVR, of 0 if keeper bars or anchor bolts can be
relied upon to fail (section 4.2.1.1(a), step 2), thereby preventing the transfer of load to

the columns, piers, or footings.

Step 3. If columns and footings have adequate transverse steel as required by the current
AASHTO Specifications, assign a column vulnerability rating, CVR, of 0.

Step 4. If none of the above apply (steps 1 through 3), check the column for shear, splice details,
and foundation deficiencies, and give CVR the highest value calculated from the

following steps:

Step 4a. Column vulnerability due to shear failure.

CVR=Q-Pr (4-5a)
where:
L -
Q=13-6|—=— (4-50)
PS Fb max
L. = effective column length,
Py = amount of main reinforcing steel expressed as a percent of the column cross-
sectional area,
F = framing factor:

2.0 for multi-column piers fixed top and bottom,
1.0 for multi-column piers fixed at one end,

? This may not always be the case, as illustrated by the collapse of the Cypress Street Viaduct in Oakland,
California, during the 1989 Loma Prieta earthquake. This short-duration earthquake generated peak rock
accelerations of about 0.1g close to the bridge. Soft soils amplified this figure to approximately 0.25g at the surface,
which is a relatively modest value. Nevertheless, the viaduct, designed before 1971, collapsed due to poor detailing
and shear failures in the connections between the upper and lower decks.
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1.5 for box girder superstructure with a single-column pier, fixed at top and
bottom, and
1.25 for superstructures other than box girders with a single-column pier,
fixed at top and bottom.
bmax = maximum transverse column dimension, and
Pr = the total number of points to be deducted from Q for factors known to reduce
susceptibility to shear failure, as listed in table 4-1.

Table 4-1. Values for Pg.

Factor Pr
Seismic coefficient, Sp1 < 0.5 3
Skew < 20° (0.35 rad) 2
Continuous_ superstructure, integn_al abutr_nents 1
of equal stiffness and length-to-width ratio < 4
Grade 40 (or below) reinforcement 1

Values of CVR less than zero or greater than 10, should be assigned values of 0 and 10,
respectively.

Equation 4-5b was derived empirically based on observations of column shear failure in
bridges during the San Fernando earthquake in 1971. The derivation is given in appendix
B of the 1983 retrofit guidelines (FHWA, 1983). This expression has since been checked
against column failures in the 1994 Northridge earthquake and was found to be a reliable
indicator of column damage (Buckle, 1994). However, the columns in this empirical data
set are short to medium in height and equation 4-5b may not apply to tall and/or slender
columns. In these cases, special studies should be undertaken to estimate Q, Pgr, and
CVR.

Step 4b. Column vulnerability due to flexural failure at splices.

To account for flexural failure when the column longitudinal reinforcement is spliced in a

plastic hinge location, the following CVR should be used for columns supporting

superstructures longer than 90 m (300 ft), or for superstructures with expansion joints:
CVR =7 forSp; <0.5 (4-6a)
CVR =10 for Sp; > 0.5 (4-6b)

where Sp is the seismic coefficient defined in equationl-1.

CVR need not be taken greater than seven unless microzoning confirms Sp; is greater
than or equal to 0.5.
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Step 4c. Column vulnerability due to foundation deficiencies.

The following CVR should be used for columns supported on pile footings that are not
reinforced for uplift, or for poorly confined foundation shafts. This step is only applicable
if microzoning yields values of Sp; greater than or equal to 0.5:

CVR=5 for0.5<Sp;<0.6 (4-7a)
CVR =10 for Sp; > 0.6 (4-7b)
Step 4d. Assign overall column vulnerability rating, CVR.

Set the column vulnerability rating, CVR, to the highest value calculated for CVR in
steps 4a, 4b, and 4c.

B. Abutment Vulnerability Rating, AVR

Abutment failures during earthquakes do not usually result in total collapse of the bridge. This is
especially true for earthquakes of low-to-moderate intensity. Therefore, the abutment
vulnerability rating should be based on damage that would temporarily prevent access to the
bridge.

Fill settlements are generally of the order of three to five percent of fill height during moderate-
sized earthquakes but may be as large as 10-15 percent” in cases of poorly constructed approach
fills or when spill-through abutments are used. Additional settlement may occur when the
abutments are structurally damaged due to excessive earth pressures and/or forces transferred
from the superstructure.

Certain abutment types, such as spill-through abutments and those without wingwalls, may be
more vulnerable to this type of damage than others. Except in unusual cases, the maximum
abutment vulnerability rating, AVR, need not exceed five. The following step-by-step procedure
for determining the vulnerability rating for abutments is based on engineering judgment and the
performance of abutments in past earthquakes.

Step 1. If bridges are classified as SRC B, assign a vulnerability rating, AVR, of 0.

Step 2. Determine the vulnerability of the structure to abutment fill settlement. The fill settlement
in normally compacted approach fills may be estimated as follows:
a. One percent of the fill height when 0.24 < Sp; <0.39.

b. Two percent of the fill height when 0.39 < Sp; < 0.49.
c. Three percent of the fill height when Sp; > 0.49.

* Fung et al., 1971; Elms and Martin, 1979
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The above settlements should be doubled if the bridge is a water crossing. When fill
settlements are estimated to be greater than 150 mm (6 in), assign a vulnerability rating,
AVR, for the abutment of 5. Otherwise assign a value of 0 for AVR.

Step 3. Bridges classified as SRC D should be assigned a vulnerability rating, AVR, of 5

regardless of the estimated fill settlement, if all of the following conditions are present:
e (antilever abutments.
e Skews greater than 40° (0.70 rad).

e Distance between the abutment seat and the underside of the footing exceeds 3 m
(10 ft).

Otherwise, assign a value of 0 for AVR unless the fill settlement calculated in step 2 is
greater than 150 mm (6 in), in which case AVR should be 5.

C. Liquefaction Vulnerability Rating, LVR

Although there are several possible types of ground failure that can result in bridge damage
during an earthquake, instability resulting from liquefaction is the most significant. The
vulnerability rating for foundation soil is therefore based on:

A quantitative assessment of liquefaction susceptibility.
The magnitude of the acceleration coefficient.

An assessment of the susceptibility of the bridge structure itself to damage resulting from
liquefaction-induced ground movement.

The vulnerability of different types of bridges to liquefaction has been illustrated by failures
during past earthquakes, such as the 1964 Alaskan earthquake (Ross et al., 1973) and various
Japanese earthquakes (Iwasaki et al., 1972). The damage observed has demonstrated that bridges
with continuous superstructures and integral supports can withstand large translational
displacements and usually remain serviceable (with minor repairs). However, bridges with
discontinuous superstructures and/or substructures with little or no ductility, are usually severely
damaged as a result of liquefaction. These observations have been taken into account in
developing the vulnerability rating procedure described below. The procedure is based on the
following steps:

Step 1. Determine the susceptibility of foundation soils to liquefaction.

High susceptibility is associated with the following conditions:

a. Where the foundation soil, that is providing lateral support to piles or vertical support
to footings, consists generally of saturated loose sands, saturated silty sands, or non-
plastic silts.

b. Where soils similar to a. (above) underlie the abutment fills or are present as
continuous seams, which could lead to abutment slope failures.

Moderate susceptibility is associated with foundation soils that are generally medium
dense soils, e.g., compact sands.

124



Low susceptibility is associated with foundation soils that are generally dense soils.

Step 2. Use table 4-2 to determine the potential for liquefaction-related damage where
susceptible soil conditions exist.

For all sites where Sp; > 0.49, engineering judgment should be applied to determine the
possibility of greater damage.

Table 4-2. Potential for liquefaction-related damage.

Soil Seismic Coefficient, Spy
Susceptibility

To
Liquefaction | Sy, <0.14 | 0.14 <Sp;<0.24 | 0.24 < Sp; <0.39 | 0.39 < Sp;<0.49 | SD1> 0.49
Low Low Low Low Low Low
Moderate Low Low Moderate Major Severe
High Low Moderate Major Severe Severe

Step 3. In general, bridges subject to severe liquefaction-related damage should be assigned a
vulnerability rating, LVR, of 10. This rating may be reduced to 5 for single-span bridges
with skews less than 20° (0.35 rad) or for rigid box culverts.

Step 4. Bridges subject to major liquefaction-related damage should be assigned a vulnerability
rating, LVR, of 10. This rating may be reduced to between 5 and 9 for single-span
bridges with skews less than 40° (0.70 rad), and for rigid box culverts and continuous
bridges with skews less than 20° (0.35 rad), provided one of the following conditions
exists:

a. Reinforced concrete columns that are integral with the superstructure and have a CVR
less than 5 and a height in excess of 8 m (25 ft).

b. Steel columns (except those constructed of non-ductile material) that are in excess of
8 m (25 ft) high.

c. Columns that are not integral with the superstructure, provided that large movements
of the substructure will not result in instability.

Step 5. Bridges subjected to moderate liquefaction-related damage should be assigned a
vulnerability rating, LVR, of 5. This rating should be increased to between 6 and 10 if the
vulnerability rating for the bearings, Vi, is greater than or equal to 5.

Step 6. Bridges subjected to low liquefaction-related damage shall be assigned a vulnerability
rating, LVR, of 0.
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4.2.1.2. Seismic Hazard Rating (E)

For the purpose of this rating, seismic hazard includes both the seismicity of the site and the
geotechnical conditions. The seismic coefficient (Sp;) is used for this purpose, which, as defined
in section 1.5.3, is the spectral acceleration at 1.0 sec modified by the site amplification factor for
this period. This coefficient is then scaled to fit the range 0 — 10, so as to give the same
weighting to the hazard as to the structural vulnerability. Hence the seismic hazard rating is
given by:

E=10Sp; £10.0 (4-8)
where Sp is the seismic coefficient at 1.0 sec period, and equals F, S; (equation 1-1).

In locations where the soil properties are not known in sufficient detail to determine the soil
profile type with confidence, or where the soil profile does not fit any of the specified types, the
site coefficient (F,) shall be based on engineering judgment.

4.2.1.3. Examples

Examples 4.1 and 4.2 are given to illustrate the process of calculating bridge rank, R, for two
different bridges of the same length and soil conditions, subject to similar sized earthquakes.
Additional examples are given in appendix E.

The results show that a greater vulnerability (higher bridge rank) has been calculated for the
simply supported bridge (R = 43) than for the continuous bridge (R = 33), but this difference is
not as great as might be expected. The reason is that, although the second bridge has continuous
spans, they are supported on steel bearings, which in turn are mounted on pedestals. Although
total span collapse is unlikely to occur, it is very possible that the beams will come off the
pedestals despite the continuity.

These same bridges are also analyzed by the expected damage method (section 4.3) with similar
results (section 4.3.5.4).

4.2.2. CALCULATION OF PRIORITY INDEX BASED ON INDICES

Once a rank has been calculated for each bridge based on equation 4-2, the bridges may be listed
in numerical order of decreasing rank. This order now needs to be modified to obtain the Priority
Index (equation 4-1) so as to include such factors as bridge importance, network redundancy,
non-seismic deficiencies, remaining useful life, and other socioeconomic issues.

Guidance on assigning importance was given in section 1.4.3 and some discussion of network
redundancy and non-seismic rehabilitation was provided in section 1.10.2. If a bridge is part of a
highly redundant highway network with alternative bridges or routes, the likelihood that these
alternative facilities may also be damaged must be considered. In general, it will not be possible
to develop a single number by which to scale the seismic rank (equation 4-2) to obtain the
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priority index (equation 4-1). Instead, reordering the rank by subjective means, using a
combination of engineering and societal judgment, will be necessary. In this way, an attempt can
be made to include all of the technical and societal issues that influence the prioritization of
bridges for seismic retrofitting.

4.3. SEISMIC RATING METHOD USING EXPECTED DAMAGE
4.3.1. BACKGROUND

An alternative method for screening and prioritizing bridges is presented in this section. The
method compares the severity of expected damage for each bridge in the inventory, for the same
earthquake, and ranks each bridge accordingly. Severity of damage is measured by either the
damage sustained or the direct economic losses. Bridges with the greatest expected damage
(and/or loss) are given the highest priority for retrofitting.

Direct economic losses may be taken as the cost of repair or replacement of a damaged bridge.
These losses do not include the so-called indirect costs or socioeconomic costs, which can be
very significant and often exceed the direct costs. Indirect costs include loss of life, injuries,
business disruption, delay due to traffic congestion, and denial of access. Estimation of these
costs is a complex exercise and subject to great uncertainty.

As for the previous method, this method has both quantitative and qualitative parts. The
quantitative part is based on expected damage and repair costs, and is used to obtain a bridge
rank, R. The qualitative part modifies the rank in a subjective way that takes into account such
factors as indirect losses, network redundancy, non-seismic deficiencies, remaining useful life,
and other issues, to obtain an overall priority index. As in the previous method, engineering and
societal judgment are the key to the second stage of the process. This leads to a priority index,
which is a function of rank, indirect loss, redundancy, and other factors, including non-seismic
rehabilitation needs. Thus the priority index is defined as

P = f(R, indirect loss, redundancy and various non-seismic factors) (4-9)
where P is the priority index, and R is the rank based on expected damage and repair costs.
The bridge rank, R, is based on expected damage and direct losses for a given earthquake,
whereas retrofit priority is based not only on bridge rank, but also on expected indirect losses,
network redundancy and non-seismic factors, estimated in a subjective way. The method is
illustrated by the flowchart in figure 4-5.
Although equation 4-9 has the same form as equation 4-1, the terms are calculated in different

ways. A particular advantage of this method is that it provides a template by which indirect
losses may be included, as the state-of the art improves.
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EXAMPLE 4.1: PRESTRESSED CONCRETE BRIDGE WITH SIMPLE SPANS - INDICES
METHOD

A four-beam, prestressed concrete bridge is located on very dense soil and soft rock (site class C).
Constructed in 1968, it has three simply-supported spans, each seated on elastomeric pads directly on
the cap beams (no pedestals); seat widths are 450 mm (17 %”). The total length of the bridge is 56 m
(183’- 8 %4”), with an overall width of 10 m (32’- 9 34”) and a skew of 32°. Abutment fill height is 7.6 m (24’-
11 4”). The bridge carries 65,000 ADT and is considered to be ‘essential.’

Calculate the bridge rank R, for this bridge using the indices method (equation 4-2).
Step A. Determine seismic retrofit category, SRC, and minimum screening requirements

The anticipated service life, performance level, and seismic hazard level are required to find the SRC, as
follows:

Anticipated service life (ASL):  Age of bridge = 2004-1968 = 36 years
Assumed service life =75 years
Anticipated service life = 39 years
Service life category = ASL 2 (table 1-1)
Performance level (PL): Bridge importance is ‘essential’
Therefore the performance level for the upper level earthquake is PL1
(table 1-2).

Seismic hazard level (SHL): Obtain Sgand S; from USGS CD-ROM (section 2.3) for upper level
earthquake. Assume Sgand S; = 1.40 and 0.28.
Obtain F, and F, from table 1-4 for site class C.
Calculate Sps and Sp4 and obtain SHL from table 1-5 (Eq. 1-1).
Results are summarized below:
Earthquake Ss S1 Fa F, SDS SD1 SHL
Upper 140 028 1.0 152 14 043 IV

Seismic retrofit category (SRC): Obtain SRC from table 1-6.
Earthquake PL SHL SRC
Upper PL1 v C

Minimum screening requirements are given in table 1-7: For SRC = C, minimum requirements are seat
widths, connections, columns, walls, footings and liquefaction.

Step B. Vulnerability rating, V
Use the procedure in section 4.2.1.1 to find vulnerability rating, V:
Step B.1  Bearing and seat width vulnerability, V4:
Simple spans, elastomeric bearings, no pedestals, bearings are not vulnerable to toppling,
Four-beam bridge, gives V+ =0
Required longitudinal support, N = 545 (21%2”) mm (equation 4-3a)
Available support, L =450 mm (17 %4”); hence 0.5 N <L <Nand V_=5.
V, = greater of Vrand V| = greaterof 0and5= 5. V;=5
Use procedure in section 4.2.1.1(b).
Step B.2  Column, abutment, and liquefaction vulnerability, V, = CVR + AVR + LVR < 10
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Step B.3

Step C

Step D

For the purpose of this example, assume elastomeric bearings do not fail and seismic loads
are transferred to columns; assume columns are not vulnerable to shear failure but
longitudinal steel is spliced in potential plastic hinge region.

Superstructure has expansion joints (three simple spans) and Sp1 = 0.43 < 0.5; hence
CVR =7 (section 4.2.1.1 (b)).

Since Spq — 0.43, fill settlement behind abutment is estimated at two percent x 7600 mm =
152 mm (6”); hence AVR = 5 (section 4.2.1.1 (b))

The susceptibility of soils in site class C to liquefaction is low, and from table 4-2, the
potential for liquefaction-related damage is ‘low’; hence LVR = 0.

Therefore V,= CVR+ AVR +LVR <10 (equation4-4)=7+5+0=12>10

Hence V,=10

Overall bridge vulnerability, V
Bridge vulnerability calculated as V = greater of V;and V,
= greaterof 5and 10. V=10

Seismic hazard rating, E
Calculate E = 10 Spq < 10.0 (equation 4-8) = 10 x 0.43 = 4.3, for Sp; = 0.43.

Bridge rank, R
Calculate R = VE (equation 4-2) = 10 x 4.3 =43 Answer
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EXAMPLE 4.2: STEEL GIRDER BRIDGE WITH CONTINUOUS SPANS - INDICES METHOD

A four-stringer, steel bridge is located on very dense soil and soft rock (site class C). Constructed in 1972,
it has three continuous spans of equal length, each seated on steel bearings on pedestals (not rocker
bearings); seat widths are 350 mm (13 3/4”). The total length of the bridge is 56 m (183’- 8 %4”), with an
overall width of 14 m (45’- 11”) and a skew of 18°. Abutment fill height is 6 m (19’- 8 '2”). The bridge
carries 20,000 ADT and is considered to be ‘standard.’

Calculate the bridge rank R, for this bridge using the indices method (equation 4-2).
Step A. Determine seismic retrofit category, SRC, and minimum screening requirements

The anticipated service life, performance level, and seismic hazard level are required to find the SRC, as
follows:

Anticipated service life (ASL):  Age of bridge = 2004-1972 = 32 years
Assumed service life =75 years
Anticipated service life = 43 years
Service life category = ASL 2 (table 1-1)
Performance level (PL): Bridge importance is ‘standard’
Therefore, the performance level for the upper level earthquake is PL1
(table 1-2).

Seismic hazard level (SHL): Obtain Sgand Sy from USGS CD-ROM (section 2.3). Assume
Ssand Sy =1.50 and 0.21 for upper level earthquake.
Obtain F, and F, from tables 1-4a and b for site class C.
Calculate Sps and Sp4 using Eq. 1-1 and obtain SHL from table 1-5.
Results are summarized below:
Earthquake SS S Fa F, SDS Sp1 SHL
Upper 150 021 1.0 159 150 033 IV

Seismic retrofit category (SRC): Obtain SRCs from table 1-6.
Earthquake PL SHL SRC
Upper PL1 v C

Minimum screening requirements are given in table 1-7: For SRC = C, minimum requirements are seat
widths, connections, columns, walls, footings and liquefaction.

Step B. Vulnerability rating, V

Use the procedure in section 4.2.1.1 to find vulnerability rating, V:

Step B.1 Bearing and seat width vulnerability, V4:
Continuous spans, steel bearings, pedestals, bearings are not rocker bearings and therefore
not vulnerable to toppling, 4-stringer bridge, gives V=10
Required longitudinal support, N = 437 mm (17 %4”) (equation 4-3a).
Available support, L = 350 mm (13 %”); hence 0.5N <L <N
0.5 (437 mm) < 350 mm < 437 mm; V| = 5.
V; = greater of Vrand V| = greater of 10 and 5. V=10

Step B.2  Column, abutment, and liquefaction vulnerability, Vo = CVR + AVR + LVR < 10
Assume failure of bearing keeper bars cannot be relied upon and seismic loads are
transferred to columns; assume columns are not vulnerable to shear failure but longitudinal
steel is spliced in potential plastic hinge region.
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Step B.3

Step C

Step D

Superstructure has expansion joints at abutments and Sp; = 0.33 < 0.5; hence CVR =7
(section 4.2.1.1 (b)).

Since Spq = 0.33, use 1% of fill height for settlement.

Fill settlement behind abutment estimated at 1 percent x 6000 = 60 mm (2 3/8”); hence
AVR =0 (section 4.2.1.1 (b))

The susceptibility of soils in site class C to liquefaction is low, and from table 4-2, the
potential for liquefaction-related damage is ‘low’; hence LVR = 0.

Therefore V,= CVR+AVR+LVR <10 (equation4-4)=7+0+0=7

Hence Vo=7

Overall bridge vulnerability, V
Bridge vulnerability calculated as V = greater of V,and V,
=greaterof 10and 7. V=10

Seismic hazard rating, E
Calculate E = 10 Sp1 < 10.0 (equation 4-8) = 10 x 0.33 = 3.3, for Sp; = 0.33.

Bridge rank, R
Calculate R = VE (equation 4-2) = 10 x 3.3 = 33 Answer
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The estimation of expected damage is a critical step in this method. Due to uncertainty in
earthquake ground motions, and randomness of soil and structure properties, this step is a
probabilistic one. Fragility functions are used to estimate the probability of a bridge being in one
or more specified damage states, after a given earthquake. Appendix C summarizes the theory of
fragility functions and explains briefly how they are obtained. It also describes the six damage
states most commonly used to characterize expected damage.

Fragility functions are also essential elements in the Seismic Risk Assessment Method for
screening and prioritizing bridges as noted in section 1.10.3. These functions are also used in
most loss estimation methodologies, including HAZUS, developed by the National Institute of
Building Sciences for the Federal Emergency Management Agency (HAZUS, 1997).

To simplify the method as much as possible, input data requirements are kept to a minimum. In
particular, all necessary attributes of the structure may be found in the National Bridge Inventory
(NBI) or the bridge owner’s bridge history file. Ground motions and soils data are again based
on spectral accelerations and soil types as described in sections 1.5.1 and 1.5.2.

4.3.2. DATABASE REQUIREMENTS

The NBI database contains 116 fields that are used to describe structural and operational
characteristics of a bridge, but there is still insufficient detail on each bridge to permit a detailed
derivation of the required fragility curves. Therefore, for the purpose of screening and
prioritization, bridge-specific fragility curves are obtained by taking the results for a reference
bridge fragility curve and scaling them using selected data from the NBI.

A reference bridge is assumed to be a ‘long’ structure with no appreciable three-dimensional
(3D) effects present. Such a bridge is identified for each major type of bridge, of which there
may be five or six types (section 4.3.3). For each reference bridge, median spectral accelerations
(a2, a3, a4, as), at period T=1.0 sec, have been developed for each of the damage states (DS;)
described in appendix C. The results for these reference bridges are then modified by factors
accounting for skew (Kgkew) and three-dimensional arching5 effects within the plane of the
superstructure (Ksp), using the NBI attributes in table 4-3. This table shows which fields of the
NBI are used and for what purpose.

4.3.3. FRAGILITY CURVES FOR REFERENCE BRIDGES

As described in appendix C, fragility curves are constructed for each of five damage states, for
each reference bridge. These five damage states are defined as follows:
e DS, =no damage (pre-yield)

e DS, =slight damage

> “Arching’ refers to the ability of a bridge deck to distribute lateral loads to the abutments by the in-plane arching
action of the deck spanning from one abutment to the other. If expansion joints occur within the superstructure,
arching action cannot develop until all of these joints are closed.
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Table 4-3. NBI fields (attributes) used in determining bridge fragility.

NBI Data Item Definition Kskew Ksp Other Use
1 State X To infer specification used in design
8 Structure number General identification number
27 Year built X Infers w_hether seismic or
conventional design
34 Skew X
42 Service type To select highway bridges
43 Structure type X To infer base fragility curve from

Tables 4-4 and 4-5

Number of spans in To infer whether single or multiple

45 . . X
main unit span

46 Number of approach To infer whether bridge is a major
spans (n) bridge (major bridge if n>6)

48 Length of maximum To infer whether bridge is a major
span (L) bridge (major bridge if L>150 m)

e DS;=moderate damage
e DS, = extensive damage

e DSs=collapse

Data for the construction of these fragility curves are presented in tables 4-4 and 4-5, where
median fragility parameters are listed for non-seismic and seismic structures, respectively (see
definitions below). In the development of the parameters in tables 4-4 and 4-5, certain
assumptions have been made. These are listed in the rightmost column and are considered to be
typical of bridge construction practice throughout the United States. Additional assumptions are
noted below:

e The spectrum modification factors accounting for hysteretic energy dissipation (Bs, By) were
taken as suggested in table 5-4.

e For large bridges, defined as those structures whose main span exceeds 150 m (500 ft), the

above procedures do not apply. The values for such bridges presented in tables 4-4 and 4-5
are interpolations based on engineering judgment.
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e Bridges built after 1990 (1975 in California), and designed in accordance with prevailing
seismic provisions, are considered to have been seismically designed, i.e., they are ‘seismic’
structures. Bridges built prior to these dates are assumed to have not been designed for
seismic loads and are called ‘non-seismic’ structures.

e For the sake of simplicity, and largely due to lack of details on regional pier construction
practice in the NBI database, it is assumed that continuous bridges have weak bearings/strong
piers. Anecdotally this appears to be the case, as relatively few continuous bridges were
constructed in the eastern United States prior to the 1970's. In California, it is assumed that
concrete bridges identified in the NBI as ‘continuous’ do not, in fact, have continuous
superstructures but instead are reinforced concrete frames with in-span expansion joints.

e For the purpose of inferring what bearing types are matched with bridge deck types, it is
assumed that steel and concrete (reinforced and prestressed) beam bridges possess steel and
neoprene bearings, respectively.

e Site class B soils (table 1-3) were assumed when deriving the reference bridge fragility
curves. The site factors described in section 1.5.2 and listed in table 1-4 are used to modify
these curves for other site classes.

4.3.4. SCALING REFERENCE BRIDGE FRAGILITY CURVES TO ACCOUNT FOR SKEW
AND THREE-DIMENSIONAL EFFECTS

4.3.4.1. Definition of Parameters: K.w and Kjp

In order to convert the reference bridge fragility curves to a bridge-specific curve for a given
spectral acceleration, the parameters K.y and Ksp are used as scaling relations as described
below.

The reference fragility curve is modified for skew by applying the correction factor, Kgkew,
which is calculated as follows:

K ew =+/COSQ (4-10)

where o is the angle of skew measured from a line normal to the bridge centerline to a line
parallel to the centerline of bearing.

Likewise, the reference fragility curve is modified for 3D effects using the correction factor Kjp
as tabulated in table 4-6. This factor converts the fragility curve for a long reference bridge to a
specific right (no skew) bridge with a finite number of spans.

4.3.4.2. Scaling Relations for Damage States 3, 4, and 5
The modified median fragility curve parameter is given by

A =K

skew

a;
Kip 3 (4-11)
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Table 4-4. Fragility of bridges constructed before 1975 in California and 1990 elsewhere.
(non-seismic bridges)

Median Spectral
Classification | NBI Class Dgrtnage Acceleration at T=1.0 sec Assumptions®?
ate Non- California
California
Multi-column 101 - 106 2 0.26 0.33 D =0.91 m (non-CA)
piers, simply 301 - 306 3 0.35 0.46 D =1.5m (CA)
supported 501 - 506 4 0.4 0.56
5 0.65 0.83
Single-column 205 - 206 2 Not applicable 0.35 D=15m
piers, box 605 - 606 3 0.42
girders 4 050
5 0.74
Continuous 201 - 206 2 0.60" F, = 0.8 breakage
Concrete 601 - 607 3 0.79 Fp = 0.7 residual
4 1.05
5 1.38
Continuous 402 - 410 2 0.76' Fp = 1.0 breakage
Steel 3 0.76 Fy = 0.4 residual
4 0.76
5 1.04
Single-Span All 2 0.80" Fp = 1.1 initial breakage
3 0.90 Fp = 0.65 residual
4 1.10
5 1.60
Major Bridges 2 0.40 Interpolation from above
3 0.50 categories
4 0.60
5 0.80
Notes:

1. Case | (section 4.3.4.3) applies for these cases, evaluate Kgnape USing equation 4-13

2. D = column diameter

3. F, = bearing shear capacity as a fraction of dead load
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Table 4-5. Fragility of bridges constructed since 1975 in California and 1990 elsewhere.
(seismic bridges)

Median Spectral

Classification NBI Class Damage Acceleration at Assumptionsz’3
State _
T=1.0 sec
Multi-column 101 -106 2 0.45 D=091m
piers, simply- 301 - 306 3 0.76
supported 501 - 506 4 1.05
5 1.53
Single-column 205 - 206 2 0.54 D=15m
bents, box 605 - 606 3 0.88
girders 4 1.22
5 1.45
Continuous 201 - 206 2 0.91" F, = 1.2 initial breakaway
Concrete and 402 - 410 3 0.91 F, = 0.7 sliding value
Steel 601 - 607 4 1.05
5 1.38
Single-Span 2 0.8’ Fp = 1.1 initial breakaway
3 0.9 F, = 0.65 sliding value
4 1.1
5 1.6
Maijor bridges 2 0.6 Interpolation from above
3 0.8 categories
4 1.0
5 1.6
Notes:

1. Case | (section 4.3.4.3) applies, evaluate Kshape USiNg equation 4-13
2. D = column diameter
3. F, = bearing shear capacity as a fraction of dead load
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Table 4-6. Modification factors (K3p) used to model 3D effects for multi-span bridges.

Type NBI Class Kip Kip
Non-seismic Bridges Seismic Bridges
<1990 (1975 in CA)"? > 1990 (1975 in CA)’

Concrete 101 - 106 1+0.25/n, 1+0.25/n,

Concrete Continuous 201 - 206 1+0.33/n, 1+0.33/n,

Steel 301 -310 1+0.09/n,; L >20 m (65ft) 1+0.25/n,
1+0.20/ np; L <20 m (65ft)

Steel Continuous 402 - 410 1+0.05/n,; L >20 m (65ft) 1+0.33/n,
1+0.10/ ny; L <20 m (65ft)

Prestressed Concrete 501 — 506 1+0.25/n, 1+0.25/n,

Prestressed Concrete 601 — 607 1+0.33/n, 1+0.33/n,

Continuous

Notes: 1. n, = number of piers = n — 1, where n = number of spans in bridge
2. L = length of maximum span (NBI Data ltem 48, table 4-3)

where a; is the median spectral acceleration (at T = 1.0 sec) for the it damage state as listed in
tables 4-4 and 4-5, and S is the site factor for the long-period range; that is S = F,, the 1.0 second
site factor given in section 1.5.2 and table 1-4 (note a rock site was assumed in deriving the
reference bridge fragility curves, i.e., S = 1 for the reference curves).

4.3.4.3. Scaling Relations for Damage State 2 (Slight Damage)
Case I: When ‘short’ periods govern (T < Ts, figure 1-8):

A, =K, 2

- shape

(4-12)

where:

a, = the median spectral acceleration (at T = 1.0 sec) for damage state 2, given in tables
4-4 and 4-5 and identified by superscript 1 in those tables,

S = site factor for the short period range; that is S = F,, the 0.2 second site factor given in
section 1.5.2 and table 1-4 (note a rock site was assumed in deriving the reference
bridge fragility curves, i.e., S = 1 for the reference curves).

Kshape relates to the shape of the design acceleration spectrum and is defined as follows:

K, =25 (4-13)

S

S, and S; are the spectral accelerations defined in section 1.5.1.

shape

138



In equation (4-13), the factor 2.5 is the ratio between the spectral amplitude at 1.0 second and 0.2
seconds for the standard code-based spectral shape from which the reference bridge fragility
curves were derived. This equation is necessary to ensure all fragility curves possess a common
format (either peak ground acceleration or spectral acceleration at T = 1.0 second). Note that for

this case to govern, K . <1.

Case II: When ‘long’ periods govern (T > Ty, figure 1-8):

aZ
A, S (4-14)
where:
a, = the median spectral acceleration (at T = 1.0 sec) for damage state 2, given in tables
4-4 and 4-5 and identified without a superscript 1 in those tables, and
S = site factor for the long-period range; that is S = F,, the 1.0 second site factor given in
section 1.5.2 and table 1-4 (note a rock site was assumed in deriving the reference

bridge fragility curves, i.e., S = 1 for the reference curves).

Note that in equations (4-12) and (4-14) no modification is assumed for skew and 3D effects.
The structural displacements that occur for this damage state are assumed to be small enough
(generally less than 50 mm (2 ins)) so that the deck joints do not close and the 3D arching effect
does not develop.

4.3.5. ECONOMIC LOSSES
4.3.5.1. Total Economic Losses

Economic losses may result from the combined effects of direct losses due to structural damage
to the bridge (BLoss) and indirect losses resulting from a variety of causes such as loss of life,
injuries, business disruption, traffic congestion, and denied access (Hyoss). The total monetary
loss to the economy (Tross) may therefore be expressed as:

Tioss =Bross T Hioss (4-15)

Quantification of these losses is difficult to do at the present time, mainly because of the
uncertainty with Hy oss. Nevertheless Bross can be found with some degree of confidence using
the cost to repair or replace a damaged bridge. Such a methodology is described in the next
section.

4.3.5.2. Direct Economic Losses
Direct economic losses are assumed to be due to the repair and replacement of damaged bridges

alone and do not include other direct costs such temporary detours. Estimates of these losses may
be obtained using the repair cost ratios listed in table 4-7°. These ratios (also known as damage

% Basoz and Mander, 1999; Basoz and Kiremidjian, 1997

139



ratios) express repair costs as a proportion of bridge replacement costs. The mean repair cost
ratio for ‘collapse’ (RCR s for damage state 5) may be expressed as a function of the number of
spans. Since more than one span may collapse in this state, the assumption is made that no more
than two spans collapse in any one event. Then RCR5 is given as below:

RCR,_ = 2 but not more than1.0 (4-16)
n

where n is the number of spans in the main portion of the bridge.

Table 4-7. Modified repair cost ratio for all bridges.

Damage State, i R?ange of . . Mean .
Repair Cost Ratio Repair Cost Ratio, RCR
1: No damage (pre yield) 0 0
2: Slight damage 0.011t00.03 0.02
3: Moderate damage 0.021t00.15 0.08
4: Extensive damage 0.10t0 0.40 0.25
5: Collapse 0.1t01.0 equation (4-16)

If the repair cost ratio is multiplied by the replacement cost of the bridge, then the expected
direct monetary dollar loss (Bross) can be assessed, thus

B, = U RCR, (4-17)

where:
U = the replacement cost of the bridge.
RCRt = the total repair cost ratio that is the expected proportion of the total
replacement cost of the entire bridge resulting from earthquake damage, or the
direct loss probability, which is defined as follows:

5
RCR; =) (RCR, P[DS, |S,])<1.0 (4-18)
i=2
where:
P[DSi | Sa] = probability of being in damage state DS; for a given spectral acceleration
S, at a structural period, T = 1.0 sec, using fragility curve data for this
particular bridge and damage state, DS;, and
RCR; = repair cost ratio for the i damage state.
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4.3.5.3. Indirect Economic Losses

Earthquake related bridge damage may lead to indirect losses that may in many cases exceed the
direct costs of the structural damage. These indirect costs may arise from any or all of the
following: deaths and injuries, restricted access for emergency response and recovery, business
disruption, loss of utility lines, and weakened security.

Quantifying these costs is extremely difficult and cannot be done without considering each
bridge in its functional and societal context. Risk assessment models of complete highway
systems are under development for this and other purposes, and are a promising tool for
developing insight into the complex relationships that govern indirect costs (Werner et al, 2000).

4.3.5.4. Examples

Two examples, 4.3 and 4.4, are given which illustrate the process of calculating the expected
losses for two different bridges of the same length and soil conditions, subject to similar sized
earthquakes. The losses are expressed first, as the expected repair cost ratio (fraction of the
replacement cost), and then as the repair cost assuming an actual replacement cost.

The results are summarized in table 4-8, where the greater vulnerability of the simply supported
bridge (example 4.1) is illustrated by the higher loss ratios and repair costs for this bridge. It is
noted that these two bridges were also evaluated by the indices method in section 4.2.1.3, where
a similar result was obtained: the bridge rank for the simply supported bridge was found to be
higher than for the continuous bridge (43 vs 33, respectively).

Table 4-8. Expected losses in two example bridges subject to similar earthquakes.

Example Bridge RCRy BLoss

3-span, simply supported,
prestressed, concrete bridge, total

1| length: 56 m (180 ft), 0.224 $138,046

site class C

3-span, continuous steel beam

2. bridge, total length: 56 m (180 ft), 0.039 $ 33,258
site class C

However the difference between the two bridges is more marked in this case, possibly because
the pedestal supports under the steel beams are not explicitly considered in this method, as they
are in the indices method. Such data is not in the NBI files and its omission is a shortcoming of
any method based solely on NBI data. As inventories improve over time (for bridge management
purposes perhaps), this problem will be overcome and the usefulness of the method will likewise
improve.
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4.3.6. CALCULATION OF BRIDGE RANK BASED ON EXPECTED DAMAGE

Once the expected damage is known for each bridge in the inventory and expressed as a loss
(RCRy, or Byoss), the inventory may be ranked in descending order of expected losses and each
bridge assigned a rank, R.

4.3.7. CALCULATION OF PRIORITY INDEX BASED ON EXPECTED DAMAGE

As defined in equation 4-9, the Priority Index is based on R, the bridge rank, calculated in

section 4.3.6, and a qualitative assessment of the indirect losses, network redundancy and non-
seismic factors, such as impending plans for bridge widening or deck replacement.
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EXAMPLE 4.3: PRESTRESSED CONCRETE BRIDGE WITH SIMPLE SPANS - EXPECTED
DAMAGE METHOD

A four-beam, prestressed concrete bridge is located on very dense soil and soft rock (site class C).
Constructed in 1968, it has three simply-supported spans, each seated on elastomeric pads directly on
the cap beams (no pedestals); seat widths are 250 mm (9 342”). The total length of the bridge is 56 m
(183’- 8 %4”), with an overall width of 10 m (32’- 9 %4”) and a skew of 32°. Piers are multi-column frames.
Abutment fill height is 7.6 m (24’-11 V4”). The bridge carries 65,000 ADT and is considered to be
‘essential.” The table below lists data available from the NBI for this bridge. The estimated replacement
cost of this bridge is $616,000.

NBI field Data Remarks
27 1968 Year built
34 32° Angle of skew
43 501 Prestressed concrete, simple span
45 3 Number of spans
48 23 Maximum span length (m)
49 56 Total bridge length (m)
52 10 Bridge width (m)
65,000 ADT

Using only NBI data, calculate the expected total repair cost following the upper level earthquake for this
site.

For the upper level event, spectral accelerations Ss and S, are taken to be 1.40 g and 0.28 g,
respectively, for the bridge site. Corresponding values for site class C soil factors, F, and F,, are 1.00 and
1.52, respectively (table 1-4).

Since the bridge was constructed in 1968 and is located outside of California, the first row of table 4-4
and the fifth row of table 4-6 apply, respectively. From table 4-4 for type 501:

a, = 0.26g; a; = 0.35g;, a, = 0.44g; a; = 0.65¢g

Note that the value for a, in table 4-4 is not superscripted to indicate Case | governs; thus the ‘long-period’
values govern for this bridge type; therefore Kghape = 1.

From table 4-6: Kip =1+ 0.25 =1+ 0.25 =1.125
(n-1) (3-1)

From equation 4-10: Keew =1/COS 0 = /cos 32 = 0.92

From equation 4-14: A, =a—2=%=0.17g
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From equation 4-11: i

Hence:

A =K

gy 3= (0.92)(1

S 1.52

125)

A; =0.24g, A, =0.30g, A; =0.44g

a,=0.681a

The figure presents the fragility ]
curves for the prestressed concrete I = o . — e - =
bridge with simply supported 0.9 ‘:'/ ;1// =
spans. As shown in the figure, the — 0.8 /r / <
probability of being in a given @D o7 i
damage state, when S, (T = 1 sec) & 0.6 ?( - Minor-Analytical |
= 0.28g, is given in the table below. T o5 /'./ / e el |
This table also presents the repair /'{ 0.4 [/F X . O el b
cost ratios from which the expected A 03 / / ! /
loss ratios are determined in terms T o2 e
of the total replacement cost for the ' K| (ogi oogy
entire bridge. 0'(: !
0 0.2 04 06 08 1 1.2 14
Spectral Acceleration (g)
Damage P[D>DS;|S.] P[DS;|S.] RCR,; Product
State, | (2) 3) (4) (3)x(4)=(3)
(1)
1 1 0.203 0.00 0.00000
2 0.797 0.196 0.02 0.00392
3 0.601 0.147 0.08 0.01176
4 0.454 0.228 0.25 0.05700
5 0.226 0.226 0.67 0.15142
Total probabilities: 1.000 RCR; 0.22410

Notes: 1.

Column (2) is probability of being in a damage state (D) that is equal to, or

greater than, damage state i (DS;), and is read from the fragility curve for this
bridge and damage state, for spectral acceleration = 0.28 g.

2. Column (3) is probability of being in damage state i, and is calculated by
subtracting corresponding rows in column (2), e.g., row 1, col (3) = (row 1,
col (2)) — (row 2, col (2)) Exception is last row, which is set equal to last row of
col (2).

Column (4) is read from table 4-7.

The resulting value of total repair cost ratio (RCRy = 0.224) is used to compute the expected repair cost in
dollars from equation (4-17) as follows:

Bloss =U (RCR;), where U is the replacement cost of the bridge, estimated at $616,000.

= $616,000 (0.224)

=$138,046 Answer
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EXAMPLE 4.4: STEEL GIRDER BRIDGE WITH CONTINUOUS SPANS - EXPECTED
DAMAGE METHOD

A four-beam, steel bridge is located on very dense soil and soft rock (site class C). Constructed in 1972, it
has three continuous spans, each seated on steel bearings on pedestals (not rocker bearings); seat widths
are 250 mm (9 %2’). The total length of the bridge is 56 m (183’ 8%”), with an overall width of 14 m (45’ 117)
and a skew of 18°. Abutment fill height is 6 m (19’ 8'4”). The bridge carries 20,000 ADT and is considered
to be ‘standard.’ Data available from the NBI for this bridge is given in the table below. The estimated
replacement cost of this bridge is $862,400.

NBI field Data Remarks
27 1972 Year built
34 18° Angle of skew
43 402 Steel girder, continuous
45 3 Number of spans
48 23 Maximum span length (m)
49 56 Total bridge length (m)
52 14 Bridge width (m)
20,000 ADT

Using only NBI data, calculate the expected total repair costs following the upper level earthquake for this
site.

For the upper level event, spectral accelerations Ss and Sy are taken to be 1.50 g and 0.21 g, respectively,
for the bridge site. Corresponding values for site class C soil factors, F, and F,, are 1.00 and 1.59,
respectively (table 1-4).

Since the bridge was constructed in 1972 and is located outside of California, a non-seismic structure is
assumed. Therefore, the fourth row of both table 4-4 and table 4-6 applies. From table 4-4 for type 402:

a, =0.76g, a; =0.76 g, a, =0.76 g, a5 =1.04 g

Note that the value for a, in table 4-5 is superscripted, implying that short period values govern for small
displacements for this bridge type; therefore Ksnape applies.

. . St 0.21
From equation 4-13: Kshape = 2.5§ = 2.5@ =0.35<1
From equation table 4-6: Kyp =1+ 0.05 _ 1+ 0.05 _ 1.025
(n=1) 2
From equation 4-10: Kekew = VCOSO = +/cos18 = 0.98
From equation 4-12: As =Kghape % = 0.35% =0.27g
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From equation 4-11: Az =Ky ewKap % _a '025)(10'5998)(0'76) =0.48g

a, (1.025)(0.98)(0.76)

Ay =KskewKso§4= 159 =0.48g
a;  (1.025)(0.98)(1.04)
As :KskewKSDgsz 159 =0.66¢g
The .figure presents fragili'ty curves for the 1 : - ]
continuous steel girder bridge. It shows the 0.9 : e
probability of being in a given damage state — 08 : 4 7 ,/
as S, (T = 1 sec) = 0.21 g for different » 07 - ]
- = v/ '4 /
damage states. These probabilities are 0.6 i /; e
used in the table to compute the expected B A5 f L
loss ratio of the total replacement cost. /'{ 04 l/ //
0 0.3 j / == Minor-Analytical ~ j...
‘E' 02 /: / -npglo”derateA& hf;ior-ﬁnalytical ........
orb—f L -
obltet”

02 04 06 08 1 12 14
Spectral Acceleration (g)

Damage P[D>DS;|S.] P[DS;|S.] RCR; Product

State, i (2) 3) (4) (3)x (4) = (5)
(1)

1 1 0.662 0.00 0.00000

2 0.338 0.254 0.02 0.00508

3 0.084 0.000 0.08 0.00000

4 0.084 0.054 0.25 0.01350

5 0.030 0.030 0.67 0.02010

Total probabilities: 1.000 RCRy 0.03868

Notes: 1. Column (2) is probability of being in a damage state (D) that is equal to, or greater
than, damage state i (DS;), and is read from the fragility curve for this bridge and
damage state, for spectral acceleration = 0.21 g.
2. Column (3) is probability of being in damage state i, and is calculated by subtracting
corresponding rows in column (2); e.g., row 1, col (3) = (row 1, col (2)) - (row 2, col (2))
Exception is last row, which is set equal to last row of col (2).
3. Column (4) is read from table 4-7.

The resulting value of total loss ratio (RCRt = 0.03868) is used to compute the expected direct loss in
dollars from equation (4-17) as follows:

BLoss = UXRCR;, where U is the replacement cost of the bridge estimated at $862,400

=$33,358 Answer
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CHAPTER 5: EVALUATION METHODS FOR EXISTING BRIDGES

5.1. GENERAL
5.1.1.  SUMMARY OF EVALUATION METHODS

Six evaluation methods are described in this chapter. They are listed below in increasing order of
sophistication and rigor. Table 1-9 summarizes the key features of these methods and is repeated
here as table 5-1 for convenience.

Method A1/A2: Connection forces and seat width checks. Seismic demand analysis is not
required but the capacity of connections details and seat width adequacy is checked against
minimum values (section 5.2). The method is suitable for all single-span bridges and others in
low hazard zones. The method is divided into two categories, Al and A2.

Method A1l: Connection forces and seat width checks (Ss < 0.10). Seismic demand
analysis is not required but the capacity of the connections must exceed 10 percent of the
vertical reactions at each connection, and seat width requirements are checked against
minimum requirements. Suitable for all single-span bridges and others in low hazard
zones. (section 5.2.1).

Method A2: Connection forces and seat width checks (Ss > 0.10). Seismic demand
analysis is not required but the capacity of the connections must exceed 25 percent of the
vertical reactions at each connection, and seat width requirements are checked against
minimum requirements. Pile reinforcement must also meet minimum requirements.
Suitable for all single-span bridges and other bridges in low hazard zones. (section 5.2.2)

Method B: Component capacity checks. Seismic demand analysis is not required, but the
relative strength of the members and the adequacy of certain key details (including connection
forces and seat widths) are checked against specified minima. Suitable for regular bridges in
Seismic Retrofit Category (SRC) C, subject to restrictions on FyS;. (section 5.3).

Method C: Component capacity/demand method. Seismic demands are determined by an elastic
analysis such as the uniform load method, multi-mode response spectrum method, or an elastic
time history method. The uniform load method is adequate for bridges with regular
configurations; otherwise, the multi-mode method is used as a minimum. Capacity/demand ratios
are calculated for all relevant components. Suitable for all bridges in Seismic Retrofit Categories
C and D, but gives best results for bridges that behave elastically or nearly so. (section 5.4)

Method D1: Capacity spectrum method. Seismic demands are determined by simple models
such as the uniform load method, and capacity assessment is based on a simplified bilinear
lateral strength curve for the complete bridge. A capacity spectrum is used to calculate the
capacity/demand ratio for the bridge, for each limit state. Suitable for regular bridges in SRC C
and D. (section 5.5)
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Method D2: Structure capacity/demand method. Seismic demands are determined by elastic
methods, such as the multi-mode response spectrum method, or an elastic time history method.
Capacity assessment is based on the displacement capacity of individual piers as determined by a
‘pushover’ analysis which includes the nonlinear behavior of the inelastic components. A
capacity spectrum is used to calculate the capacity/demand ratio for each pier, bearing and
foundation of the bridge for each limit state. Suitable for all bridges in SRC C and D. Method is
also known as the pushover method or alternatively the Nonlinear Static Procedure. (section 5.6)

Method E: Nonlinear dynamic procedure (time history analysis). Seismic demands are
determined by a nonlinear dynamic analysis using earthquake ground motion records to evaluate
the displacement and force demands. Capacities of individual components are explicitly modeled
in the demand analysis. Suitable for irregular complex bridges, or when site specific ground
motions are to be used, as in the case of a bridge of major importance. (section 5.7).

5.1.2.  DEMAND ANALYSES

Methods A and B simply check default capacities against minimum load requirements. No
explicit demand analysis is required. Methods C, D1 and D2 are capacity/demand methods of
varying sophistication, and Method E, which is based on inelastic time history analysis, is the
most rigorous of all of these methods.

As noted above, no demand analysis is necessary for regular bridges in Method B. This is
because the design strength for nonseismic loads should be sufficient for the hazard exposure.
For regular bridges, a single-degree-of-freedom (SDOF) model is sufficiently accurate to
represent the seismic response, and the capacity spectrum method (Method D1) combines the
demand and capacity evaluations into one operation. This method is also appropriate for bridges
with seismic isolation systems.

For bridges that do not satisfy the requirements of Method D1, an elastic response analysis, using
either Methods C or D2, must be performed to determine the displacement and force demands in
various members and components. Two elastic methods are presented in this chapter: the
uniform load method and the multi-mode response spectrum method. The selection of a method
is dependent on the configuration of the bridge.

The uniform load method is suitable for structures with regular configurations which can be
modeled as SDOF structures. Long bridges, or those with significant skew or horizontal
curvature, have dynamic characteristics that may prevent modeling in this way, and multi-modal
methods should be used instead.

Elastic analyses use linear models which may not adequately represent the inelastic behavior of
earthquake resisting members during strong ground motion. However, with the proper
representation and interpretation of inelastic behavior, an elastic analysis can provide a
reasonable estimate of seismic demand. The model should be based on cracked section
properties for concrete components and secant stiffness coefficients for the foundations,
abutments, and seismic isolators, that are consistent with the expected level of deformation. An
elastic analysis should give superstructure displacements (usually at the center of mass), and the
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forces in earthquake resisting members, such as the top and bottom bending moments in a
column.

The nonlinear dynamic analysis method (Method E) is a poweful analytical tool because it is not
restricted by geometry or nonlinearities in material behavior. The effect of inelastic behavior is
included explicitly in the demand analysis. Depending on the mathematical model used, the
deformation capacity of the inelastic members may also be included in the analysis. However,
the data required to peform such an analysis is extensive and the corresponding mathematical
model for the bridge is complex and time consuming to develop. Furthermore, a nonlinear
dynamic analysis requires the selection of a set of time histories of ground motion that represents
the local hazard and site conditions. For many bridge sites, this will be a significant effort
requiring the advice of experts in the field. Because of the complexity involved in a nonlinear
dynamic analysis, results should always be checked for reasonableness against those from other,
but less rigorous, methods.

Nonlinear dynamic analysis should be used for bridges with earthquake protective systems
(isolators and/or energy dissipators) that have long periods (> 3 sec) and/or high damping ratios
(> 30 percent). This is because procedures that use effective stiffness and damping may not
properly represent the effect of these properties when they reach such high values. In such cases,
models for the isolators and dissipators should use explicit hysteretic properties and not
equivalent linear values.

Regardless of the method of demand analysis used, it is essential that seat widths at abutments,
piers, and in-span hinges be checked.

Note that the methods described below should be used in conjunction with the guidelines for
bridge modelling and analysis given in chapters 6 and 7.

5.2. METHOD A: CONNECTION DETAILS AND SEAT WIDTH CHECKS ONLY

In areas of low seismicity, minimum seat widths and connection forces are usually adequate to
ensure life safety. In such cases, design values are used as minimum requirements in lieu of
rigorous analysis. For the operational objective, a check on the minimum shear reinforcement in
concrete piles is also recommended. This same check is also recommended for the life safety
objective when the Hazard Level is I and higher. To provide for these exceptions, Method A is
divided into two categories, A1 and A2, as described below.

5.2.1. METHOD Al
In Method A1, the horizontal forces used to check the capacity of connections in their restrained
directions, should not be less than 10 percent of the vertical reaction at that connection due to the

tributary dead load. These loads are defined as follows:

e In the longitudinal direction, for each uninterrupted (continuous) segment of a superstructure,
including simply supported spans, the tributary dead load at the fixed bearings is the total
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dead load of the entire segment.The longitudinal capacity required at the expansion bearings
in this segment is assumed to be zero.

e In the transverse direction, for each uninterrupted (continuous) segment of a superstructure,
including simply supported spans, the tributary dead load is the dead load reaction at each
bearing.

The connection detail between an elastomeric bearing and its masonry and sole plates should be
able to resist the horizontal forces transmitted through the bearing. For all bridges evaluated
with Method A1, and all single-span bridges, these shear forces should not be less than the
connection force described above.

Seat widths should also be checked against the minimum requirements of equation 5-1 below
(see also figure D-1).

> |(1+1.25E,8))

N =|100+1.7L + 7.0H + 50H 1+(2Ej
L cos QL

(5-1a)

where N is the minimum seat width (mm), L is the distance between joints (m), H is the tallest
pier between the joints (m), and B is the width of the superstructure (m).

Or, in U.S. customary units:

> |(1+1.25E,8))
cos

N=]4.0+0.02L+0.08H +1.1~H 1+(2%) (5-1b)

where N is the minimum seat width (in), L is the distance between joints (ft), H is the tallest pier
between the joints (ft), and B is the width of the superstructure (ft).

In both equations, a is the angle of skew (zero for a right bridge). The ratio of B/L need not be
taken greater than 3/8.

5.2.2. METHOD A2

In Method A2, horizontal forces used to check the capacity of connections in their restrained
directions, should not be less than 25 percent of the vertical reaction at that connection due to the
tributary dead load. These loads are defined in Method A1.

The connection detail between an elastomeric bearing and its masonry and sole plates should be
able to resist the horizontal forces transmitted through the bearing. For all bridges evaluated
with Method A2, and all single-span bridges, these shear forces should not be less than the
connection force described above.

Minimum seat widths should be checked against equation 5-1.
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5.3. METHOD B: COMPONENT CAPACITY CHECKS

A seismic demand analysis is not required for bridges meeting the requirements of Method B,
but capacity protection principles' and minimum detailing requirements must be satisfied.
Method B permits the rapid evaluation of bridges complying with certain restrictions, without
the need for full dynamic analysis. Each bridge is evaluated for non-seismic requirements and
capacity protection requirements, then checked to determine the adequacy of certain details such
as shear and confining reinforcement. Capacity protection principles are also used to check the
adequacy of connection details between columns and footings; and between columns, pier caps
and superstructure.

There are no evaluation requirements for abutments except that integral abutments need to be
evaluated for passive pressure. This method will be mainly used in areas of low-to-moderate
seismic hazard (SHL I and II) where superstructure displacements in the longtitudinal direction
are expected to be small. As a result, abutments are not expected to contribute to bridge response
in any significant way, and may be omitted from further evaluation (in these low seismic zones).
Earthquake loads for foundation design are determined from the column forces using an
overstrength ratio of 1.0.

5.3.1. PROCEDURE FOR METHOD B

Step 1. Check section 5.3.2 for restrictions on structural and site characteristics to determine if
Method B is applicable. The hazard at the site must not exceed a limitation on F,S;,
and the structure must meet certain geometric regularity requirements.

Step 2. Check all connection and seat width requirements as for Method A2.

Step 3. Reinforced concrete columns should be evaluated using non-seismic loading cases and
checked for minimum longitudinal reinforcement of 0.8 percent.

Step 4. Reinforced concrete columns should be checked to see whether the reinforcing details
are adequate for column shear and confinement (check against minimum requirements
specified in AASHTO, 2002 or AASHTO, 1998).

Step 5. Steel columns should be evaluated using non-seismic loading cases and should be
checked for compactness.

Step 6. Members connecting to columns should be evaluated for their ability to resist the
moments and shears caused by plastic hinging in the columns, using the principles of
capacity protection, with an overstrength ratio of 1.4. See sections 7.6 and 7.7.

! Capacity protected design means that certain components and/or members of a bridge are protected from excessive
forces during an earthquake by the yielding of components and/or members elsewhere in the bridge. For example,
the maximum shear that can be transmitted to a footing by a column is determined by the flexural capacity of the
column, i.e., the column’s yield strength Thus, the footing is protected by the capacity of the column.
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Step 7. Foundations should be evaluated for their ability to resist the moments and shears
caused by plastic hinging in the columns, using the principle of capacity protection,
with an overstrength ratio of 1.0. See sections 7.6 and 7.7.

5.3.2. RESTRICTIONS ON USE OF METHOD B
Method B should be used only at sites where:

F.S;1<0.3 cosa (5-2)
where a is the skew angle of the bridge (zero for a right bridge).

Additionally, Method B should be used only on structures that comply with the following
restrictions (notation is defined below):

e For bridges with concrete column and pile bents:

P.<0.15f':A,
pt>0.008

D > 300 mm (12 in)
2<M/VD <7

e For bridges with wall piers with low percentages of longitudinal steel:

P.<0.07 f';A,
pt>0.0025

M/VT <7

T>300 mm (12 in)

e For bridges with steel pile bents framing into reinforced concrete caps:

P.<0.15P,
D, > 250 mm (10 in)
M/VB <7

e For bridges with timber piles framing into reinforced concrete caps:

P.<0.1 P,
Dy > 250 mm (10 in)

Notation used above is defined as follows:
P. = axial load on the bridge column including both gravity and seismic effects,
P. = axial capacity of a steel column or timber pile member in compression,

= axial capacity at yield of a steel column/pile member,

total area ratio of longitudinal reinforcement,

f'c = compressive strength of concrete,

2
«
1
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= gross area of the column section,

smallest column dimension or diameter,

pile dimension about the weak axis of bending,

wall thickness or smallest cross-sectional dimension,

= flange width of a steel H-pile, and

M/V = shear span length of an equivalent cantilever member (M is the end moment and V is
the shear force).

oQ

w—0 0>
Il

Note that structures with lower axial loads or stronger columns (i.e., more reinforcement and larger
column or pile sizes) have greater intrinsic strength. Thus, they are able to resist ground motions
with less damage. However, the ductility of the details still needs to be checked.

Other restrictions on the use of Method B include the following:

Stiffness of individual piers should not vary by more than a factor of two with respect to the
average stiffness of all piers in the bridge.

Maximum span length should not exceed 80 m (260 ft).

Longest individual span should not exceed 150 percent of the average span length.
Maximum skew angle should not exceed 30 degrees.

For horizontally curved bridges, the subtended angle should not exceed 30 degrees.

Columns must resist at least 80 percent of the horizontal load generated in the longitudinal
direction by the tributary area of each column.

Method B should not be used if the bridge site has a potential for liquefaction and the piers
are seated on spread footings.

Method B should not be used if the bridge site has a potential for liquefaction and the piers
are on pile foundations, unless the piles possess ductile details over the length passing
through the liquefiable soil layer plus an additional length of three pile diameters or 3 m (10
ft), whichever is larger, above and below this layer.

5.4. METHOD C: COMPONENT CAPACITY/DEMAND METHOD

5.4.1. APPROACH

Method C calculates capacity/demand ratios for bridge components that may be damaged during
an earthquake. Ratios greater than one indicate sufficient capacity to resist the earthquake
demand; ratios less than one indicate components in need of attention and possible retrofitting.
Capacity/demand ratios are therefore used to indicate the need for retrofitting and may also be
used to assess the effectiveness of various retrofit strategies.
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One feature that distinguishes this method from Method D1, is that the demand is based on the
elastic response of the structure calculated by either the uniform load method or a spectral modal
analysis. Another difference is that this method focuses on individual component behavior rather
than the response of a bridge as a complete structure. In this way, it gives a detailed view of the
potential deficiencies of a bridge, but may overestimate the overall vulnerability of a bridge and
imply a greater need for retrofitting than is actually necessary. This is because the method
ignores ‘system’ response and the ability of a bridge, acting as a system, to redistribute loads
from one member to another. The error here is small if the bridge responds elastically or nearly
so. Method C gives conservative results and the degree of conservatism generally increases with
the extent of plastic hinging in the bridge. If the indicated retrofit needs are high, it may be wise
to use one of the more refined methods (D or E) to reassess the situation before committing to
design and construction.

Components that should be evaluated will vary with the Seismic Retrofit Category of the bridge.
Table 5-2 indicates components and failure modes that should be checked. For some bridge
types, failure of certain components will not result in unacceptable damage, and capacity/demand
(C/D) ratios for these components need not be calculated. For other bridge types, components,
other than those listed, should be examined if their failure will result in unacceptable
performance.

Table 5-2. Components for which capacity/demand ratios are required.

Seismic Retrofit Category

Component
B CandD

EXPANSION JOINTS AND BEARINGS

Support Length X X

Connection Forces X X

REINFORCED CONCRETE COLUMNS WALLS AND FOOTINGS

Anchorage X

Splices

Shear

Confinement

X [ X | X | X

Footing Rotation

ABUTMENTS

Displacement X

LIQUEFACTION

Lateral Spread X X
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In addition to calculating elastic demands by spectral methods, some minimum requirements can
be treated as demands. For example, minimum bearing connection forces and minimum support
length requirements are useful indicators of demand when calculating C/D ratios for bearing
forces and superstructure displacements

Seismic capacities are calculated at their nominal ultimate values without the use of capacity
reduction factors, 0. In cases such as well-detailed reinforced concrete columns, where post-
elastic behavior is acceptable, C/D ratios are modified by ductility indicators (see appendix D) to

reflect the capacity of the column to withstand plastic deformation.

In general, the ability of a bridge to meet seismic demands will be determined by one of the
following:

e Displacements at supports or intermediate hinges that result in a loss of support and collapse
of one or more spans.

e Ultimate strength of fixed bearings and their anchorages.

e Ductile capacity of columns, piers, and foundations beyond which an unacceptable
degradation in strength occurs.

e Abutment displacements which make the bridge inaccessible after an earthquake.

e Foundation movements which are excessive and will result in a collapse of the structure or
loss of access to the bridge.

The basic equation for determining the C/D ratio, r, for a particular component is:

. R —2Onsi
Qro
(5-3)
where:
Re = nominal ultimate displacement or force capacity of the structural component
being evaluated,
>Qnsi = sum of the displacement or force demands on a component from nonseismic

loads, which are included in the group loading defined by equations 6-1, 6-2,
7-1 and 7-2 of the AASHTO Standard Specifications (AASHTO, 2002), or
table 3.4.1-1 of the A4SHTO LRFD Specifications (AASHTO, 1998), and

Qeq = displacement or force demand for the earthquake loading under consideration.
C/D ratios should be calculated at the nominal ultimate capacity without the use of capacity

reduction factors, ¢, to account for possible understrength and/or undersize members. This is
done because the objective of a C/D ratio is to determine the most likely level of failure.
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Since C/D ratios reflect only component failures and not necessarily the state of the bridge as a
whole, the global effect of one or more component failures must be assessed in a qualitative way
using engineering judgment.

A methodology for calculating component C/D ratios is given in appendix D.

5.4.2. SELECTION OF ELASTIC ANALYSIS METHOD

The uniform load method may be used for structures satisfying geometric ‘regularity’
requirements of table 5-3. For structures not satisfying these requirements, the multi-mode

method of dynamic analysis should be used, or alternatively an elastic time history method.

Table 5-3. Restrictions on the application of the uniform load method.

Parameter Value
Number of spans 2 3 4 5 6
Maximum subtended angle for a curved bridge 20° 20° 30° 30° 30°
Maximum span length ratio from span to span 3 2 2 1.5 1.5
Maximum pier stiffness ratio from span-to-span,

) — 4 4 3 2
excluding abutments

5.4.2.1. Uniform Load Method

The uniform load method is described in Article 4.3 of the Standard Specifications (AASHTO,
2002) and Article 4.7.4.3.2¢c of the LRF'D Specifications (AASHTO, 1998). It is based on the
fundamental mode of vibration in the longitudinal or transverse direction, assuming an
equivalent single mass-spring oscillator. The stiffness of this equivalent spring is calculated
using the maximum displacement that occurs when an arbitrary uniform lateral load is applied to
the bridge. The spectral acceleration, at the modal period T, is found from figure 1-8 and used to
calculate the equivalent, uniform load from which design forces are determined.

This method may be used for both transverse and longitudinal earthquake motions. It is
essentially an equivalent static method of analysis that uses a uniform lateral load to approximate
the effect of seismic loads. The method is suitable for regular bridges that respond principally in
their fundamental mode of vibration.

While all displacements and most member forces are calculated with satisfactory accuracy, the
method is known to overestimate the transverse shears at the abutments by up to 100 percent. If
such conservatism is undesirable, but a single mode representation is appropriate, then the single
mode spectral analysis method (Article 4.4 of the Standard Specifications (AASHTO, 2002) and
Article 4.7.4.3.2b of the LRFD Specifications (AASHTO, 1998)) is recommended. This method
is a subset of the multi-mode spectral analysis method described in the next section.
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The steps in the uniform load method are as follows:

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Calculate the static displacements vy(x) due to an assumed uniform load, p,. The
uniform loading p, is applied over the length of the bridge; it has the dimensions of
force/unit length, and may be arbitrarily set equal to 1.0. The static displacement vy(x)
has the dimension of length.

Calculate the lateral stiffness of the bridge, K, and total weight, W, from the following
expressions:

g =Pl (5-4)
VS,MAX
L
W= jw(x)dx (5-5)
0

where L is the total length of the bridge, Vsmax is the maximum value of vy(x), and
w(x) is the unfactored dead load of the bridge superstructure and tributary substructure.

The weight should take into account structural elements and other relevant components
including, but not limited to, pier caps, abutments, columns, and footings. Other loads,

such as live loads, may also be included.

Calculate the period of the bridge, T, using the expression:

T, =2n /E (5-6)
gk

where g is the acceleration due to gravity.
Calculate the equivalent static earthquake loading, pe, from the expression:

— CSW
L

pe (5'7)

where C;= S,/g; g is the acceleration due to gravity; S, is defined in figure 1-8 and
equations 2-5, 2-6 and 2-8; and p. is the equivalent uniform static seismic loading per
unit length of bridge applied to represent the primary mode of vibration.

Calculate the displacements and member forces for use in evaluation either by applying

pe to the structure and performing a second static analysis, or by scaling the results of
Step 1 by the ratio pe/po.
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5.4.2.2. Multi-Mode Spectral Analysis Method

The elastic multi-mode spectral analysis method should be used for bridges in which coupling
occurs in more than one of the three coordinate directions within each mode of vibration. As a
minimum, linear dynamic analysis, using a three-dimensional model to represent the bridge,
should be used. This method is described in Article 4.5 of the Standard Specifications
(AASHTO, 2002) and Article 4.7.4.3.3 of the LRFD Specifications (AASHTO, 1998).

Ideally, all of the modes of vibration of a bridge will be included in a modal analysis but this
may lead to excessive, and often unnecessary, computational effort. Instead, a reduced number is
frequently used to reduce the effort while still maintaining accuracy. This number is usually
determined by the relative size of the modal participation factors, which most dynamic analysis
programs compute as contributions to the total base shear and express them as percentages of
total bridge mass. For regular bridges, the total number of modes should be such as to include at
least 90 percent of the modal mass. For irregular bridges, or large multi-segment bridges, it may
be necessary to raise this figure to 95 percent, to ensure accurate results in all of the critical
members and components.

The elastic response spectrum shown in figure 1-8 should be used for each mode, and should be
scaled for damping ratios other than five percent. To scale the five percent spectrum for a
damping ratio of & percent, multiply the spectral ordinates by (0.2€)* for periods greater than

Ts, and by (0.2€)°? for periods less than or equal to Ts, where Ts is defined as So in figure

DS
1-8. & should not be taken as greater than 30 percent. If a bridge is to be retrofitted using seismic
isolation, scaling of the spectrum should only be done for periods greater than 80 percent of the
effective isolated period.

Member forces and displacements may be estimated by combining the respective response
quantities (moment, force, displacement, or relative displacement) from the individual modes by
the Complete Quadratic Combination (CQC) method®. Forces and displacements obtained using
the CQC combination method are adequate for most bridge systems, especially if there is only
one component to be considered in the ground motion. If the CQC method is not used, the
square-root-of-the-sum-of-the-squares method (SRSS) may be used when the modal periods are
well-separated. For modes that have closely spaced periods, the absolute sum of the modal
responses may be used as an alternative.

Member forces and displacements due to two or three simultaneous components of ground
motion should be estimated by the SRSS method. This method assumes these components are
independent of each other (i.e., they are uncorrelated), which is an adequate assumption when
evaluating a bridge because the spectrum in figure 1-8 is intended to represent the principal
directions of ground motion. This assumption may not be valid for near-fault ground motions,
which can exhibit strong correlation between the horizontal components.

? Newmark and Rosenblueth (1979); Der Kiureghan (1981)
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5.4.2.3. Elastic Time History Method

Elastic time history methods provide displacements and member actions as a function of time,
assuming all members remain elastic and no displacement limit is exceeded. These methods are
more rigorous than the uniform load and multi-mode spectral methods described above, and may
be used for irregular bridges with complex geometries and/or on poor foundations. They do,
however, require the development of at least three sets of acceleration time histories for the
bridge site and a minimum of three analyses is therefore performed, one for each set. Each set
includes three components of the ground motion (two horizontal and one vertical). The
maximum response for any single quantity (such as the transverse bending moment at the top of
a particular column) from these three analyses, should be used for design. If more than seven sets
of ground motions are used, the mean of the responses may be taken for evaluating the demand
on the bridge.

In the absence of site-specific ground motions, time histories may be synthetically generated
using the response spectrum for the site (figure 1-8). Procedures for developing these so-called
spectrum-compatible time histories are discussed in section 2.8.

5.4.3. PROCEDURE FOR METHOD C

Step 1. Decide whether the restrictions on the use of this method given in section 5.4.4 are
satisfied. If so, an elastic force-based response spectrum analysis may be used. Based
on the restrictions described below, determine the type of modal analysis to be
undertaken.

Step 2. Determine the capacity, Q. , for each of the relevant members in the structure.

Step 3. Determine the sum of the non-seismic force and displacement demands, ZQxs;, for each
of the members in the structure, for each load combination in equations 6-1, 6-2, 7-1
and 7-2 of the Standard Specifications (AASHTO, 2002), or table 3.4.1-1 of the LRFD
Specifications (AASHTO, 1998).

Step 4. Determine the response spectrum parameters F,, Sg, F, and S; (section 2.5). Perform an
elastic dynamic analysis (section 5.4.2) to determine the seismic demand, Qgqi, on each
of the members. The analysis should reflect the anticipated condition of the structure
and the foundation during this earthquake.

Step 5. For each member or component (i), determine the capacity/demand ratio from:

‘= Qci—2 Onsi

5-8
i %o (5-8)

If r; > 1.0, the corresponding member has adequate capacity for the level of demand.
Otherwise, devise retrofit measures that increase the displacement, strength, or ductility
capacity, of the specific member or component.
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Alternatively, reanalyze the bridge using a more rigorous approach where system
behavior is accounted for explicitly and the benefical effect of force redistribution due
to inelastic action is included in the results. See Methods D1, D2 and E.

5.4.4. RESTRICTIONS ON USE OF METHOD C

This method is the same as the capacity/demand method described in the previous FHWA bridge
retrofit manual (FHWA, 1995). As before, its use should be restricted to bridges that will behave
in a ‘mostly elastic’ fashion, to ensure that the results are not overly conservative. This means
that the method is mainly applicable to bridges in regions of low-to-moderate seismicity. It is
also applicable to major structures in highly seismic zones, where a high level of operational
performance is required which can only be satisfied by an ‘almost elastic’ design strategy. In
such cases, the method of elastic analysis used for computing the C/D ratios should be the time
history method described in section 5.4.2.3.

5.4.5. EXAMPLES
Two examples of the use of Method C are given in appendices E and F.

The first example is a four-span reinforced concrete, box-girder bridge similar to those used in
California at the time of the San Fernando earthquake (1971). It has seat width deficiencies, and
inadequate reinforcement details in the columns. This example is given in appendix E.

The second example is a multispan steel beam bridge with simple supports, constructed in
Pennsylvania in 1968. It has vulnerable steel rocker bearings and concrete columns with
potentially inadequate reinforcement details. This example is given in appendix F.

5.5. METHOD D1: CAPACITY SPECTRUM METHOD
5.5.1. APPROACH

This method of evaluation explicitly includes the inelastic behavior of members and other limit
states due to bearing failure and unseated beams. It is a powerful technique that can be used to
make a quick estimate of either the capacity of an existing bridge or the performance of a bridge
during a given earthquake. The method may be used for either the design of a new bridge or the
retrofit of an existing structure.

The method is restricted to bridges that vibrate as single-degree-of-freedom (SDOF) systems,
i.e., to bridges with regular geometry and uniform distribution of weight and stiffness. It is also
limited to bridges where the displacements at the tops of all the piers are the same, or nearly so,
in both the longitudinal and transverse directions. This does not include piers with expansion
bearings.

These limitations are described further in section 5.5.5.
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A bridge that cannot be modeled as an SDOF structure or does not satisfy the equal
displacement requirement, should be evaluated using a multi-modal method and a more
advanced capacity assessment technique such as that described in Method D2.

5.5.2. BRIDGE CAPACITY

5.5.2.1. General

The capacity of a bridge to resist lateral loads may be expressed by a so-called pushover curve.
Such curves show the total lateral load acting on the bridge plotted against the deflection of the
center of mass of the bridge. This point is chosen because the center of mass is where the
earthquake’s inertial loads are assumed to act (in SDOF structures). In most highway bridges, the
center of mass will be located within the superstructure. This curve is also a measure of the
capacity of the bridge for lateral loads of increasing size and may be used to express force and
displacement capacity for a number of potential limit states.

Figure 5-1(a) shows an idealized pushover curve for a flexurally ductile structure. It identifies
several limit states that are important in characterizing the behavior of the bridge under
increasing load or deformation. These are:

1. Pseudo-yield point, marking the end of essentially elastic behavior.

2. Point of maximum plastic deformation before softening (degradation) begins.

3. Onset of collapse (e.g., due to column rebar rupture in low cycle fatigue or P-A effects).

4. Collapse (e.g., due to the failure of a plastic hinge).

These limit states are characteristic of bridges with continuous superstructures on ductile
columns that are capable of large inelastic deformation in well-detailed plastic hinges.

Bridges with simple spans may exhibit a different set of limit states and these are illustrated in
figure 5-1(b). They are:

1. Pseudo-yield point, marking the end of essentially elastic behavior.

2. Expansion joint closure, followed by span lock-up, and limited plastic deformation.

3. Bearing failure (e.g., due to weld failures in keeper bars).

4. Collapse (e.g., due to the unseating of beams).

These limit states essentially describe brittle behavior and are likely to be found in older bridges

with simple spans despite adequate column reinforcement details, particularly in regions of low-
to-moderate seismicity.
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Figure 5-1. Capacity curve.

5.5.2.2. Calculation of Bridge Capacity Curve

In this method, the capacity curves shown in figure 5-1 are approximated by bilinear curves as in
figure 5-2. Using the notation in these figures, a seismic capacity coefficient C, is calculated at
displacement A, as follows:

C.=— (5-9)

where:
F = total horizontal force acting on the bridge
= Fy,+ky, (A—Ay) forA>Ay, and
= ki A forA<A,.
= weight of seismic mass, usually taken as the weight of the superstructure,
= yield force (see note 1 below),
= yield displacement corresponding to F, and equals Fy / k;,
= elastic stiffness in direction considered, transverse or longitudinal (see note 2
below), and
equivalent post-yield stiffness in direction considered, transverse or longitudinal
(see note 3 below).

rbao=

=~
(€}
|

The maximum displacement Anax, shown in figure 5-1, is set to the lesser of the following three
displacement limit states, as appropriate:

1. Plastic hinge rotation: Am.x <6, H

where 0, = 0.035 for reinforced concrete columns, and H is the clear height of the column.
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Figure 5-2. Idealized capacity.

2. P-delta (P-A): Amax 0.25 Cc W’ (H/P)
where W’ is the seismic weight per column, and P is the axial load on the column due to
gravity loads. See explanation in note 4 below and also a refinement for Ay« for short period
bridges.

3. Seat length: Apax < Np
where Ny is the existing seat width at an abutment or pier cap. See note 5 below.

Note 1. F, is calculated from the sum of the individual column lateral strengths (V;) in the
direction under consideration,

ie., Fy=%V4=2 (Mnj (5-10)
H i

where M, is the column’s nominal’ yield moment calculated from a moment interaction curve
for column 1, using column axial loads, dimensions and reinforcement details, and H is the clear
height of column i.

This summation is made over all of the columns supporting the superstructure; abutments are
excluded. Columns with expansion bearings in the direction being analyzed are also excluded
from this calculation. Since the axial loads are not known at this stage, these loads may be taken
equal to the gravity load values when calculating M.

Note 2. k; is the elastic stiffness of the bridge in a lateral direction and will generally be different
in different directions (e.g., longitudinal and transverse) unless symmetrical, single-column piers
are used. Cracked sections should be assumed for reinforced concrete columns and a moment of
inertia equal to 50 percent of the uncracked moment of inertia is recommended. The uniform
load method may be used to calculate this stiffness (equation 5-4, section 5.4.2.1).

? See definition of nominal strength in section 7.5

164



Note 3. k; is the linearized post-yield stiffness used to approximate actual behavior in this part of
the capacity curve. In the absence of rigorous analysis, k, may be taken equal to five percent of
the elastic stiffness, 1.e., ko = 0.05 k;. If elastic-perfectly plastic behavior is assumed to occur in
the column hinge, k, = 0. This assumption underestimates the capacity of the column once
yielding begins and could be on the conservative side. But it will also underestimate the forces
that the column can transmit to adjacent components (e.g., bearings above and footings below)
which may lead to their unexpected failure. Setting k, = 0 is therefore not recommended. See the
discussion of capacity-protected design in chapter 1.

Note 4. Bridges supported on slender piers that carry high axial loads are susceptible to
instability due to so-called P-A effects. Inadequate strength can cause progessive ratcheting of
a bridge sideways, eventually leading to collapse. Pier equilibrium equations show that P-A
effects reduce the lateral stiffness of columns and may even cause this stiffness to become
negative once yield occurs. Under these conditions, the post-yield stiffnesss is given by

ky =k, —— (5-11)

_P ifk,=0
H

where k;’ is the post yield stiffness including P-A effects, k; is the post-yield stiffness excluding
P-A effects (see Note 3 above), P is the axial load due to non-seismic sources, and H is the clear
height of pier from point of fixity of piles, if any.

This decrease in stiffness leads to a reduction in strength with increasing displacement. The
above displacement limit state is therefore chosen to limit this reduction to 25 percent of the
capacity at zero displacement (Vy),

1.e.,

P
By 17 025V, (5-12)

m

Since the lateral strength (Vy) can be expressed as the product of the seismic coefficient (C, )
and the effective seismic weight on the pier (W’), the above equation can be rearranged to give:

A 0.25Cc (%}H (5-13)

Note that the ratio W’/P should not be taken as greater than 2.0 for two-span bridges, or greater
than 1.0 for other bridges. Note also that for bridges with periods less than 1.25 Ts (Ts is defined
in figure 1-8), Amax 1s reduced by the factor Rq4 to account for the possible underestimation of
displacements by the equal-displacement theory of nonlinear response. For such bridges, the
displacement limit state (A’nax) is given by:
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! A
Amax = I;HZX (5'14)

where:
R, = 1—i T—-+—i forR>1and T < T*,
R/T R

Ry =1.0 forR>1and T > T*,

Ry =1.0 for R <1 and any value of T,

T* = 1.25Ts,

Ts = F,Si/F.Ss, as defined in figure 1-8,

T = period of vibration of bridge, and

R = ratio of elastic force on pier (F¢) to the lateral capacity of pier(Vy)
= Fel / VU.

Note 5. Ideally, the existing seat width (No) will be the greater of:

e 1.5 A'hax where A'yyx is the displacement of the superstructure at the seat, given by equation
(5-14), or

e The minimum seat width given by equations 5-1a or 5-1b.
In retrofitting some bridges, satisfying this requirement may be very costly.
5.5.3. EARTHQUAKE DEMAND

The earthquake demand on a bridge may be represented by a response spectrum. Both
acceleration and displacement spectra are used, but by far the most common is the acceleration
spectrum. These spectra, when scaled by seismic mass, give the seismic forces acting through the
center of mass of the bridge. Figure 1-8 shows the recommended acceleration spectrum for both
seismic design and retrofit of highway bridges in the United States. This spectrum assumes five
percent viscous damping in the bridge and should be modified for other damping values, as
shown in figure 5-3. A value of five percent is appropriate for essentially elastic behavior but
once yielding occurs, and other forms of damage begin to occur, the damping level increases.
Two damping factors are introduced for this purpose, Bs and By, for use in the short and long
period ranges of the spectrum respectively, as shown in figure 5-3. A procedure for calculating
Bs and By is given in table 5-4, which shows that both factors depend on the displacement

ductility factor U, defined as follows:

p=— (5-15)

y

where A is the displacement at which ductlity is being calculated, and A, is the yield
displacement.
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Figure 5-3. Demand spectrum.
A seismic demand coefficient, Cyq, is defined as follows:
S
C,=—* (5-16)
g
where:
S, = spectral acceleration defined in figure 1-8,
= g[F.Si/BLT] for long period bridges, T > Ts, and (5-17a)
= g [F.Ss/Bs] for short period bridges, T < Ts. (5-17b)

This is the traditional form of a demand spectrum (S, vs period, T), but it is also convenient to
express Cq in terms of Sy (spectral displacement) rather than period. To do so, Sq is first written
as follows:
Sq = spectral displacement
=S,/
= S, [T¥4n’]
= [F,Si/B] Tg/4Tt2 (using equation 5-17a) (5-18)

where o is the angular frequency (rad/sec) and equals 2m/T.

Combining equations 5-16, 5-17a and 5-18, to eliminate the period T, gives Cq4 for long period
bridges as:

2
c,=| & 55 frram (5-192)
S, || 2nB,

Figure 5-3 shows Cq plotted against Sy for a particular value of damping factor Br. This spectrum
is seen to have a shape similar to that of the traditional, period-based spectrum and that Cgq
decreases as Sy increases.

167



Further, by combining equations 5-16 and 5-17b, Cq4 for short period bridges can be shown to be
given by:

C, = FESS for T < T (5-19b)

S

Table 5-4. Effective viscous damping ratios and damping factors, Bs and By.

Effective Viscous Damping Damping

Substruct T
ubstructure lype Damping Ratio, & Factor, Bs Factor, B,

Nonductile, conventionally-designed 0.05 + 0.16(1-1/w)’

columns
Ductile, sesimically-designed columns 0.05 + 0.24(1-1/)" [€r/0.05]*° [€e/0.05]>
Sliding bearings 0.20

Note: 1. u = displacement ductility factor

5.5.4. CAPACITY/DEMAND SPECTRUM

It is possible to combine the capacity curve represented by equation 5-9 (and figure 5-2) and the
demand spectrum represented by equation 5-19 (and figure 5-3) in a single plot. The result is
known as a capacity/demand spectrum. There are many possible uses for such a plot, one of
which provides capacity/demand ratios for a complete bridge subject to a given earthquake, and
the other calculates bridge response (F, A) to a given earthquake. Both applications are described
below. A step-by-step procedure is given in a subsequent section for the combination of both
applications. This is Method D1.

5.5.4.1. Calculation of Bridge Capacity/Demand (C/D) Ratios

Figure 5-4 shows a capacity/demand spectrum in which three limit states are identified on the

capacity curve. The displacements corresponding to these limit states are known and for the

purpose of illustration, might be as follows:

e Aisi =Ay (yield displacement).

e Ay =Ag, (displacement corresponding to a given plastic hinge rotation = 6, H = 0.02H for
0, = 0.02; values of 6, are given in sections 7.8.1 and 7.8.2 for a range of different column
limit states).

e Ars3 =Ny (available seat width at abutment or pier cap).

Corresponding to each of these limit states there is capacity coefficient CLs.
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Figure 5-4. Capacity/demand spectra.

Also shown in the figure is a demand curve passing through each of the limit states. Equating Cg4
to CcLs (and S4 to Ars) at each limit state, and using equation 5-19a results in:

Cq =Ces (5-20a)

2
8 || ES | _ C.s (5-20b)
Ag || 2nB,

from which (ES,), =2nB, ICos A (5-21a)
g

The above result is applicable to bridges with long periods (T > Ts). By a similar process, it is
possible to show that for short period bridges (T < Ts),

(FaSs)Ls = Bs CeLs (5-21b)

Note that By and Bg vary from one limit state to another since they are displacement dependent
(table 5-4), but may be easily calculated because Arg is known for each limit state.

The left hand side of equation 5-21a or 5-21b is a measure of the size of earthquake that would
cause limit state LS to be reached. In other words, it is an indicator of the capacity of the bridge
expressed in terms of the size of earthquake required to reach that capacity. This measure may be
compared with the actual demand on the bridge using the same quantity, (F,S;) or (F,Ss),
expressed as a demand measure i.e., (F,S;)q or (F;Ss)4.

Accordingly, a capacity/demand ratio (r.s;) may be defined for each limit state (i) as follows:
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FS) .
I = ( (Fsll))f for T>T, (5-22a)
— (FaSS)LSi

Il = forT<T 5-22b
LSi (Fass)d S ( )

If ri5 > 1.5, the limit state is not likely to be reached and no remedial action is required.

If 1.0 < 15 < 1.5, the limit state may be reached and some remedial action may be required.
If 15 < 1.0, the limit state is likely to be reached and retrofit measures which increase
deformability or ductility capacity of the bridge should be considered. These measures might
include extending the seat widths at pier caps and/or abutments (to improve Ny), adding
restrainers (to increase kjand Fy), and jacketing columns (to improve M, and 0,,).

5.5.4.2. Calculation of Bridge Response

Capacity/demand spectra may be used to determine the response of a bridge with a known
capacity spectrum (C. vs A) during a given earthquake with a known demand spectrum

(Cq vs Sq). The difficulty, however, is that the final displacement is unknown and both the
capacity coefficient (C.) and the damping factor (Br) cannot be calculated in advance. Iteration is
therefore used, starting with an initial estimate for displacement and iterating until the assumed

value and the calculated value are in agreement. Basic steps in the method are listed below.

Step 1. Determine if the bridge has a long period of vibration by comparing the elastic period T
with T (figure 1-8). If not, go to Step 8 (procedure for short period bridges).

Procedure for long period bridges:

Step 2. Start iteration by setting A equal to the displacement of the bridge assuming elastic
behavior, and calculate ductility factor 1 (equation 5—15).

Step 3. Calculate the damping factor By using table 5-4.
Step 4. Calculate the capacity coefficient C, using equation 5-9.

Step 5. Set C4 = C, and solve for Sq in equation 5-19a.

2
ie., s, =| & || 25 (5-23a)
C. || 2nB,

Step 6. Compare Sy with value for A (see Step 2 or previous Step 6) and if in agreement, go to
Step 7. Otherwise set A = Sy, recalculate [, and go to Step 3.
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Step 7. Calculate forces in individual piers, bearings and foundations using A, and compare
sum with total lateral force on bridge (base shear) F, using F = C;W.

Procedure for short period bridges:

Step 8. Start iteration by setting A equal to the displacement of the bridge assuming elastic
behavior, and calculate ductility factor U (equation 5—15).

Step 9. Calculate the damping factor Bs using table 5-4.

Step 10. Calculate the capacity coefficient C, using equation 5-9.
Step 11. Calculate effective stiffness from Keir=C, W / A.

Step 12. From equation 5-19b, calculate C4 = F,Ss/ Bs,

Step 13. Calculate Sy from Sq = Cq W / Kefr and by substituting results from Steps 11 and 12

obtain:
S, = {A:| {Fa_ss} (5-23b)
C, || B

C

Step 14. Compare S4 with value for A (see Step 8 or value from previous Step 14) and if in
agreement go to Step 15, otherwise set A = Sy, recalculate p, and go to Step 9.

Step 15. Calculate forces in individual piers, bearings and foundations using A, and compare
sum with total lateral force on bridge (base shear) F, using F = C.W.

5.5.5. PROCEDURE FOR METHOD D1

The two above applications (sections 5.5.4.1 and 5.5.4.2) may be combined into a single
procedure as described in this section. Several checks are also introduced to assure that
assumptions made above (both explicit and implicit) are satisfied. This is Method D1.
The procedure has three parts:

Part A : Initialization and calculation of bridge capacity.

Part B : Calculation of C/D ratios.

Part C : Calculation of bridge response (F,A).

Each part is described below.
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PART A: Initialization and Calculation of Bridge Capacity

Step Al.

Step A2.

Step A3.

Step A4.

Step AS.

Step A6.

Step A7.

Step AS.

Obtain spectral ordinates (Ss and S;) and site factors (F, and F,) for the earthquake
under consideration from figure 2-2 and table 1-4. Calculate products F,Sg and F;S,.

Calculate transition period Ts (figure 1-8) between short period and long period
portions of the demand spectrum (see also equation 5-14).

Calculate weight of superstructure (W) and elastic stiffness (k;) in both the longitudinal
and transverse directions of the bridge. Estimate post-yield stiffness (k»).

Calculate elastic period of structure (T) in each direction (longitudinal and transverse)
using, for example, the uniform load method (section 5.4.2.1). Compare with Tg (Step
A2) and determine whether bridge falls in the short or long period portion of the
spectrum, in both directions.

If the bridge has a short period of vibration (Step A4), calculate elastic response from
Fe = F.Ss W and A, = Fo/k;. If the bridge has a long period (Step A4), calculate elastic
response from F; = F,S; W/ T and A, = Fer/k;.

Calculate Fy in each direction (longitudinal and transverse) from Fy, = % V,; where V,; is
calculated from (M,/H); for column i, and M,, is nominal moment capacity of the
column under axial gravity loads only. (See note 1, section 5.5.2.2.) This assumption
(about axial column loads) may be refined using the procedure in section 7.6.2, once
the overturning moments, due to earthquake loads acting through the superstructure, are
known.

Calculate Ay from A, = Fy/k;

Compare A (Step AS) with A,. If A;; > Ay, the bridge will yield. Proceed to Step B1. If
Ae1 < A, bridge remains elastic for earthquake described in Step Al. All C/D ratios are
greater than 1.0, and bridge response (Part C) is the same as that calculated in Step AS.
Set A= Aq, F =F¢ and go to Step C6.

PART B: Capacity/Demand Ratio Checks (r)

Step B1. Determine the number of limit states to be considered and estimate or calculate the

corresponding displacement(s) Ars, for each state.

Step B2. Calculate the capacity coefficient C,, at each limit state

Step B3. If bridge has a short period of vibration (Step A4), calculate the damping factor Bg, for

each limit state using table 5-4. If bridge has a long period (Step A4), calculate the
damping factor By, for each limit state using table 5-4.
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Step B4. Calculate the size of the earthquake corresponding to each limit state, using equations
5-21a and 5-21b as follows:

(ES,), =2nB, [CcLS ﬂ} for T > Ts (long period response)
g

(FaSs)Ls = BsCers for T < Ts (short period response)

Step BS. Calculate the C/D ratio for each limit state using equations 5-22a and 5-22b as follows:

E.S
L= ( (FV Sl))LS for T > Tg (long period response)
v1/4
F
= (%, S)LS for T < T (short period response)
(FaSS)d

Step B6. Examine the C/D ratios and for those values equal to, or close to, unity; analytically
explore potential retrofit measures that might lift these ratios above unity.

For example,if r s > 1.5, the limit state is not likely to be reached,
if 1.0 <15 < 1.5, the limit state may be reached, and some remedial action
may b