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Preface

We have developed this first edition of LRFD Bridge Design to comply with
the fifth edition of AASHTO LRFD Bridge Design Specification (2010) (referred
to as AASHTO throughout this book), which should be at your side while
using this guide. This book primarily serves engineers studying to take the
National Council of Examiners for Engineering and Surveying (NCEES)
structural PE examination and the structural depth section of the NCEES
civil PE exam. It is also suitable as a classroom text for civil engineering
seniors and graduate students, as well as a reference book for practicing
engineers.
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Introduction

The primary function of Simplified LRFD Bridge Design is to serve as a
study reference for practicing engineers and students preparing to take the
National Council of Examiners for Engineering and Surveying (NCEES) civil
and structural exams. As such, this book guides you through the application
of the fifth (2010) edition of the AASHTO LRFD Bridge Design Specifications,
which you must have at your side as you work this book’s problems.

Be aware that although AASHTO is incorporated into many major build-
ing codes and structural specifications, there may be codes and specifica-
tions that differ from, and take priority over, the specifications in AASHTO.
In practice you should check with the governing jurisdiction to confirm
which codes and specifications must be followed. In addition to AASHTO,
you may need to consult other references for more comprehensive explana-
tions of bridge design theory.

This book’s first chapter, “LRFD Method of Bridge Design,” intro-
duces you to the key steps of LRFD bridge design as they relate to the
book’s eight design examples and three practice problems. The chapter
also includes and describes the use of many key tables and figures from
AASHTO. Because this book covers various AASHTO subjects, you may
use it to brush up on a few specific subjects, or may study the book in its
entirety. Do note, however, that the eight design examples are the most
exhaustive in their applications of AASHTO subjects, and that the three
practice problems that follow build on concepts and information that have
been set out in those first eight examples. You can use this book most
effectively by studying the design examples in order. Furthermore, the
book’s explanations are meant to explain and clarify AASHTO; however,
they assume that the reader can refer directly to AASHTO itself when
necessary. Among the book’s examples are references to AASHTO tables
(“A Tbl . . "), sections (“A Sec . ..”), figures (“A Fig . ..”), and equations
(“AEq...).

Throughout the book, example and practice problems illustrate How To
Use the AASHTO LRFD Bridge Design Specifications, fifth edition (2010). Take
your time with these and make sure you understand each example before
moving ahead. Keep in mind, though, that in actual design situations there
are often several correct solutions to the same problem.

Xix



XX Introduction

If You Are a Practicing Engineer,
Engineering Student, or Instructor

Although this book is primarily intended to aid in exam preparation, it is also a
valuable aid to engineers, and can serve as a classroom text for civil engineering
seniors and graduate students. For anyone using this book, the design examples
serve as a step-by-step, comprehensive guide to bridge design using AASHTO.

If You Are an Examinee

If you are preparing to take the NCEES civil, or structural PE exam, work
all of the examples in this book to prepare yourself on the application of the
principles presented. By solving the problems in this book you will have a
better understanding of the elements of bridge design that could be part of
the problems on the exams. By reviewing the solutions, you will learn effi-
cient problem-solving methods that may benefit you in a timed exam.

About the Exams

In April 2011, the new 16-hour structural exam replaced the separate
Structural I and II exams. The new exam is a breadth and depth exam
offered in two components on successive days. The eight-hour Vertical Forces
(Gravity/Other) and Incidental Lateral component is offered only on Friday
and focuses on gravity loads and lateral earth pressures. The eight-hour
Lateral Forces (Wind/Earthquake) component is offered only on Saturday
and focuses on wind and earthquake loads.

Each component of the SE exam has a breadth (morning) and a depth
(afternoon) module. Examinees must take the breadth module of each com-
ponent and one of the two depth modules in each component.

Breadth modules (morning sessions): These modules contain questions
covering a comprehensive range of structural engineering topics.
All questions are multiple choice.

Depth modules (afternoon sessions): These modules focus more closely
on a single area of practice in structural engineering. Examinees
must choose either buildings or bridges. Examinees must work the
same topic area on both components.
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The civil PE exam consists of two sessions, each lasting four hours and
consisting of 40 multiple choice questions, but the questions in the morning
and afternoon sessions are of about equal difficulty. The morning (breadth)
session of the exam may contain general bridge design-related problems.
The structural afternoon (depth) session of the exam may include more in-
depth bridge design-related problems. The problems in each session typi-
cally require an average of six minutes to work

Although the format of the design examples presented in this book dif-
fers from those six-minute problems for the civil and structural PE exams,
as you work the problems in this book in preparation for either the civil or
structural exam, you will find all of the topics covered here also covered on
the structural PE exam in some form or another. Using this book will help
you gain a broader knowledge base and understanding of the many bridge
design subjects covered on exams.
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Nomenclature

Symbol: Definition (Units)

A: bearing pad area (in?)

A: area of stringer, beam, or girder (in?)

a: depth of equivalent rectangular stress block (in)

A;: factor for dead load used in computing the rating factor

A,: factor for live load used in computing the rating factor

A,: area of concrete reinforcing bar (in?)

A_: area of composite section (in?)

ADT: average daily traffic (vehicles/day)

ADTT: average daily truck traffic

ADTTyg,: single-lane average daily truck traffic

A,: gross area of cross-section (in%)

A, area of transformed gross composite section (in?)

A, area of prestressing steel (in?)

A,: area of nonprestressed reinforcement (in?)

A,: peak seismic ground acceleration coefficient modified by short-period
site factor

A, temp: area of temperature reinforcement in concrete slab (in?)

A,: area of transverse reinforcement with distance s (in?)

b: width of beam or width of the compression face of the member (in)

b width of the compression flange (in)

b.: effective flange width for beams (in)

b, transformed effective deck width (in)

by: full width of the flange (in)

b;: flange width of interior beam (in)

b nin: minimum width of T-beam stem (in)

BR: vehicular braking force (kips)

BR: vertical braking force (kips/ft)

BR,,,: horizontal braking force at the top of the abutment (kips/ft)

BR,,.,: maximum braking force (kips)

BR, : braking force resulting from tandem, single traffic lane (kips)

tandem*

BR{,ndem+1ane: Praking force resulting from tandem and lane load, single traffic

lane (kips)
BR,, . braking force resulting from truck, single traffic lane (kips)

xXxXVUii
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BRy ucs1ane: braking force resulting from truck and lane load, single traffic
lane (kips)

BR,.,: vertical braking force at the top of the abutment (kips/ft)

b,: effective width of concrete deck (in)

b,: width of beam (in)

b, ..: effective flange width for exterior beams (in)

b, i effective flange width for interior beams (in)

b: width of the tension flange (in)

by: flange width of steel beam section (in)

b,: width of web (in)

BW: barrier weight (kips/ft)

b,,: web width (in)

c: distance from the extreme compression fiber to the neutral axis (in)

C: ratio of the shear buckling resistance to the shear specified minimum
yield strength

C: stiffness parameter

C&P: curb and parapet cross-section area (ft?)

c.g.: center of gravity

CE: vehicular centrifugal force

CL: center line

CR: forces resulting from creep

C,,: distance from top of concrete deck to bottom layer of longitudinal con-
crete deck reinforcement (in)

C,¢ distance from top of concrete deck to top layer of longitudinal concrete
deck reinforcement (in)

CT: vehicular collision force

CV: vessel collision force

D: clear distance between flanges (in)

D: dead load (Ibf)

D: depth of steel beam (in)

D: width of distribution per lane (ft)

d: depth of beam or stringer (in)

d,,: nominal diameter of reinforcing bar, wire, or prestressing strand (in)

d: concrete cover measured from extreme tension fiber to the center of the
flexural reinforcement located closest thereto (in)

d.: distance from the compression flange to the PNA (in)

DC: dead load of structural components and nonstructural attachments (kips)

DC;: noncomposite dead load (kips/ft)

DC,: composite dead load (kips/ft)

DCp: distributed load resulting from curb and parapet self-weight (kips/ft)

DCy,unen: Noncomposite dead load resulting from haunch self-weight (kips/ft)

D,,: depth of girder web in compression at the plastic moment (in)

DC,,,: noncomposite dead load resulting from slab self-weight (kips/ft)

DC : noncomposite dead load resulting from self-weight of

stay-in-place forms*

stay-in-place forms (kips/ft)

slal
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DCpeam: distributed load resulting from T-beam self-weight (kips/ft)

DD: downdrag load

d.: effective depth from extreme compression fiber to the centroid of the ten-
sile force in the tensile reinforcement (in)

de: horizontal distance from the centerline of the exterior web of exterior
beam at the deck level to the interior edge of curb at barrier.

DF: distribution factor for moment or shear

DF . fection: distribution factor for deflection

DFM: distribution factor for moment

DFMLE,;: load distribution for fatigue moments, exterior girder

DFM,,;: load distribution for moments, exterior girders

DFM,,, ., load distribution for fatigue moments, exterior girder

DFMy,, ;. load distribution for fatigue moments, interior girder

DFMy,;,.¢* load distribution for fatigue moments

DFML,: load distribution for fatigue moments, interior girder

DFM,,,: load distribution for moments, interior girders

DFM,,.: distribution factor for moment for multiple design lanes loaded for
exterior beams

DFM,,;: distribution factor for moment for multiple design lanes loaded for
interior beams

DFM,,: distribution factor for moment for a single design lane loaded for
exterior beams

DFM;: distribution factor for moment for a single design lane loaded for
interior beams

DFV: distribution factor for shear

DFV,,,: load distribution for shears, exterior girders

DFV,,, ., load distribution for fatigue shears, exterior girder

DFV,,, ;. load distribution for fatigue shears, interior girder

DFV,,: load distribution for shears, interior girders

DFV,_: distribution factor for shear for multiple design lanes loaded for
exterior beams

DFV,;: distribution factor for shear for multiple design lanes loaded for
interior beams

DFV,: distribution factor for shear for a single design lane loaded for exterior
beams

DFV,;: distribution factor for shear for a single design lane loaded for interior
beams

dgirger depth of girder (in)

d,: transverse stiffener spacing (in)

d,: distance from extreme compression fiber to the centroid of the prestress-
ing tendons (in)

D,: distance from the top of concrete deck to the neutral axis of the compos-
ite section (in)

d,: distance from extreme compression fiber to the centroid of the nonpre-
stressed tensile reinforcement (in)
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d,: thickness of concrete deck slab (in)

D¢: depth of the composite section (in)

d,: distance from the tension flange to the PNA (in)

d,: effective shear depth (in)

d,,: distance from the web to the PNA (in)

DW: superimposed dead load (wearing surfaces and utilities) (kips or kips/ft)

DW iy future wearing surface dead load (kips/ft)

e: correction factor for load distribution for exterior beams

E: modulus of elasticity of steel (ksi)

Ej: modulus of elasticity of beam material (kips/in?)

E,c.m: modulus of elasticity of beam (ksi)

E_: modulus of elasticity of concrete (ksi)

e.: strand eccentricity at midspan (in)

E_.: modulus of elasticity of concrete after 28 days (ksi)

E;: modulus of elasticity of concrete at transfer (ksi)

E: modulus of elasticity of concrete after losses (ksi)

Ep: modulus of elasticity of deck material (kips/in?)

Ejeq: modulus of elasticity of the deck (ksi)

e,: distance between the centers of gravity of the beam and deck (in)

EH: horizontal earth pressure load

EL: accumulated locked-in force effects resulting from the construction pro-
cess, including the secondary forces from posttensioning

e,.: average eccentricity at midspan (in)

E,: modulus of elasticity of prestressing tendons (ksi)

EQ: forces resulting from earthquake loading (kips)

EQ,: horizontal earthquake loading at the top of the abutment (kips/ft)

ES: earth surcharge load

E,: modulus of elasticity of prestressing steel (kips/in?)

E,: modulus of elasticity of steel (ksi)

f: bending stress (kips/in?)

f.: compressive strength of concrete at 28 days (ksi)

f. beam: beam concrete strength (kips/in?)

¢, beam*

f. sea: deck concrete strength (kips/in?)

f;,: compressive strength of concrete at 28 days for prestressed I-beams (ksi)

f.,p: the concrete stress at the center of gravity of prestressing tendons due
to prestressing force immediately after transfer and self-weight of
member at section of maximum moment (ksi)

f);: compressive strength of concrete at time of prestressing transfer (ksi)

f/;: compressive strength of concrete at 28 days for roadway slab (ksi)

f;: stress in compression reinforcement (ksi)

f,: amount of stress in a single strand at 75% of ultimate stress (kips/in?)

f,.: required flange stress without the flange lateral bending

f.: compressive stress in concrete at service load (ksi)

f.p: concrete stress at the center of gravity of prestressing tendons that
results from the prestressing force at either transfer or jacking and
the self-weight of the member at sections of maximum moment (ksi)
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f;: temporary compressive stress before losses due to creep and shrinkage
(ksi)

f.,.: compressive stress in concrete due to effective prestress forces only (after
allowance for all prestress losses) at extreme fiber of section where
tensile stress is caused by externally applied loads (ksi)

f.;: compressive strength of concrete after losses (ksi)

fpc: steel top flange stresses due to permanent dead loads (kips/in?)

fow: steel top flange stresses due to superimposed dead load (kips/in?)

f;: flange stress due to the Service II loads calculated without consideration
of flange lateral bending (ksi)

f;: allowable fatigue stress range (ksi)

f,p: tensile stress at bottom fiber of section (kips)

f: flange lateral bending stress due to the Service II loads (ksi)

fi . steel top flange stresses due to live load including dynamic load
allowance (kips/in?)

f in: minimum live load stress resulting from the fatigue load combined with
the permanent loads; positive if in tension (kips/in?)

f e stress in prestressing steel immediately prior to transfer (ksi)

f,.: compressive stress in concrete (after allowance for all prestress losses) at
centroid of cross-section resisting externally applied loads (ksi)’

f,: compressive stress in concrete due to effective prestress forces only (after
allowance for all prestress losses) at extreme fiber of section where
tensile stress is caused by externally applied loads (ksi)

f g0 S€ismic site factor

f,s: average stress in prestressing steel at the time for which the nominal
resistance of member is required (ksi)

f,: stress in prestressing steel immediately after transfer (ksi)

f,.: specified tensile strength of prestressing steel (ksi)

f ¢ stress in the strand at the strength limit state (ksi)

f,,: yield strength of prestressing steel (ksi)

f.: modulus of rupture of concrete (psi)

f;: stress in the mild tension reinforcement at the nominal flexural resistance
(ksi)

f.: stress in the reinforcement (ksi)

f,: stress in the reinforcement due to the factored fatigue live load (kips/in?)

f,.: effective steel prestress after losses (ksi)

f;: allowable stress in prestressing steel (ksi)

f..: tensile stress in mild steel reinforcement at the service limit state (ksi)

f.: excess tension in the bottom fiber due to applied loads (kips)

f.: tensile stress at the bottom fiber of the T-beam (kips/in?)

f,;: temporary tensile stress in prestressed concrete before losses (ksi)

f,: tensile strength of concrete after losses (psi)

FWS: future wearing surface (in)

" In a composite member, f, is resultant compressive stress at centroid of composite section.
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f,: specified minimum yield strength of reinforcing bars (ksi)

F,: specified minimum yield strength of steel (ksi)

F,: specified minimum yield strength of the compression flange (kips/in?)

F ¢ specified minimum yield strength of a flange (ksi)

F ¢ specified minimum yield strength of the tension flange (kips/in?)

F,,: specified minimum yield strength of a web (ksi)

g: centroid of prestressing strand pattern (in)

g: distribution factor

G: shear modulus of bearing pad elastomers (ksi)

Sinterior = DFV ;: distribution factor designation for interior girders

gu™ME: distribution factor for moment with multiple lanes loaded, exterior
girder

gu™t: distribution factor for moment with multiple lanes loaded, interior
girder

g\SE: distribution factor for moment with single lane loaded, exterior girder

g\t distribution factor for moment with single lane loaded, interior girder

gyME: distribution factor for shear with multiple lanes loaded, exterior girder

gyM: distribution factor for shear with multiple lanes loaded, interior girder

gy>E: distribution factor for shear with single lane loaded, exterior girder

gy distribution factor for shear with single lane loaded, interior girder

H: average annual ambient relative humidity (%)

h: depth of deck (in)

h: overall depth or thickness of a member (in)

H_,,.: load due to contraction (kips)

o minimum depth of beam including deck thickness (in)

parapet: NEight of parapet (in)

H,;,.: load due to expansion (kips)

Hiemp rant horizontal force at the top of the abutment due to temperature fall
(kips/ft)

Hiemp ran: horizontal load due to temperature fall (kips/ft)

H,: ultimate load due to temperature (kips)

I: moment of inertia (in*)

I: live load impact factor

I.: composite section moment of inertia (in?)

L,: moment of inertia of gross concrete section about centroidal axis, neglect-
ing reinforcement (in?)

IM: dynamic load allowance

L,: polar moment of inertia (in*)

I: moment of inertia with respect to the x-axis (in?)

I,: moment of inertia with respect to the y-axis (in?)

L, .: moment of inertia of the compression flange of the steel section about the
vertical axis in the plane of the web (in%)

I,;: moment of inertia of the tension flange of the steel section about the verti-
cal axis in the plane of the web (in?)

k: shear-buckling coefficient for webs

hmi
h
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K,: longitudinal stiffness parameter (in?)

L: span length of beam (ft)

LL: vehicular live load, TL + LN

LN: design lane load

LS: live load surcharge

M: bending moment about the major axis of the cross-section (in-kips)
M: moment designation

m: multiple presence factor

M : allowable bending moment for inventory rating (ft-kips)

all, inv*

M,j;, op:t allowable bending moment for operating rating (ft-kips)

M¢: moment at midspan

M,,: cracking moment (in-kips)

Mp: moment due to slab dead load

Mp: moment due to superstructure dead load (ft-kips)

My, (o moment for the total component dead load (kips)

Mp;: unfactored moment resulting from noncomposite dead loads (ft-kips)

Mp,: unfactored moment resulting from composite dead loads (ft-kips)

Mpy: moment due to superimposed dead load (ft-kips)

M . factored fatigue design live load moment, exterior beam (ft-kips)

ME,, v unfactored distributed fatigue live load moment with impact, exte-
rior beam (ft-kips)

M;: moment per lane due to fatigue load (in-kips)

M fatiguet factored moment per beam due to Fatiguel load (in-kips)

M, o unfactored distributed moment resulting from fatigue loading, exte-
rior girder (ft-kips)

M, ine: unfactored distributed moment resulting from fatigue loading, inte-
rior girder (ft-kips)

M, 11 fatigue moment due to live load (ft-kips)

M, 4iguet unfactored moment per beam due to fatigue load (in-kips)

M,: midspan moment due to beam weight (in-kips)

mgg; \: distribution of live load moment per lane with one design lane loaded
for interior beams

MI: multiple lane, interior designation

mi, MI: two or more design lanes loaded, interior girder

MY, .t unfactored distributed fatigue live load moment with impact, inte-
rior beam (ft-kips)

My, (¢ factored fatigue design live load moment, interior beam (ft-kips)

M, . total live load moment per lane including impact factor (ft-kips)

M,,.: lane load moment per lane (in-kips)

M, \: unfactored live load moment per beam due to lane load (in-kips)

M,,.,: maximum dead load moment (ft-kips)

M, : nominal flexural resistance (in-kips)

M,;: plastic moment capacity of steel girder (ft-kips)

M.,: factored flexural resistance of a section in bending, ®M,, (in-kips)

M,: moment due to superimposed dead loads (ft-kips)
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M : total bending moment resulting from service loads

service®

M ndem: tandem load moment per lane (ft-kips)

M, : unfactored live load moment per beam due to truck load (in-kips)

M,,: H5-20 truck load moment per lane (in-kips)

M,;: factored design moment at section < ®M,, (in-kips)

n: modular ratio = E;/E_or E,/E,

N: number of stress cycles over fatigue design life

n: number of stress cycles per truck passage

N,: number of beams, stringers, or girders

N_: number of cells in a concrete box girder

N,: number of girders

N_: number of design lanes

p: fraction of truck traffic in a single lane

P: total nominal shear force in the concrete deck for the design of the shear
connectors at the strength limit state (kips)

PB: base wind pressure corresponding to a wind speed of 100 mph

Py: base wind pressure specified in AASHTO (kips/ft?)

P_: plastic force in the compression flange (kips)

Pigp: load for the curb and parapet for exterior girders (kips/ft)

P: design wind pressure (kips/ft?)

P.: effective prestress after losses (kips)

PGA: peak seismic ground acceleration coefficient on rock (Site Class B)

P;: initial prestress force (kips)

PL: pedestrian live load

PNA: plastic neutral axis

P, prestress force per strand after all losses (kips)

P;: prestress force per strand before transfer (kips)

P, prestress force per strand immediately after transfer (kips)

P,,: plastic force in the bottom layer of longitudinal deck reinforcement (kips)

P,.: plastic force in the top layer of longitudinal deck reinforcement (kips)

P,: plastic force in the slab (kips)

P,: plastic force in the tension flange (kips)

P : plastic force in the web (kips)

Q: total factored load (kips)

Q;: force effect

Q;: force effect from various loads

R: reaction at support (kips)

Rp: rating factor for the live load carrying capacity

RF: rating factor for the live load carrying capacity

R;: hybrid factor

R,: nominal resistance

R,: factored resistance (®R,)

RT: load rating for the HS-20 load at the inventory level (tons)

S: section modulus of section (in%)

s: spacing of bars or stirrups (in)
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S: spacing of beams or webs (ft)
S: spacing of supporting elements (ft)
Sy, S¢ noncomposite section moduli (in?)
Spe Si: section moduli of composite beam section at the bottom and top
extreme fibers, respectively (in?)
Spottom: S€Ction modulus of the bottom steel flange (in%)
S.: section modulus for the extreme fiber of the composite section where ten-
sile stress is caused by externally applied loads (in®)
So Sy composite section moduli where the tensile stress is caused by exter-
nally applied loads (in®)
S.: effective span length (ft)
SE: loads resulting from settlement
SE: single lane, exterior designation
se, SE: single design lane loaded, exterior girder
S,: section modulus for gross section
SH: loads resulting from shrinkage
SI: single lane, interior designation
si, SI: single design lane loaded, interior girder
Smax: Maximum spacing of flexural reinforcement (in)
S, section modulus for the extreme fiber of the monolithic or noncomposite
section where tensile stress is caused by externally applied loads (in%)

nebottom: S€Ction modulus for extreme bottom fiber of the monolithic or
noncomposite section where tensile stress is caused by externally
applied loads (in?)

Sctop: S€Ction modulus for extreme top fiber of the monolithic or noncom-
posite section where compressive stress is caused by externally
applied loads (in?)

S,.: section modulus for extreme bottom fiber of the monolithic or noncom-
posite section where tensile stress is caused by externally applied
loads (in%)

S..¢: section modulus for extreme top fiber of the monolithic or noncompos-
ite section where compressive stress is caused by externally applied
loads (in%)

Siop: section modulus for the top flange (in’)

S,: section modulus with respect to the x-axis (in%

S, elastic section modulus about the major axis of the section to the tension
flange (in%)

S, section modulus with respect to the y-axis (in?)

S,: section modulus with respect to the y-axis (in%)

t: slab thickness (in)

thearing: thickness of bearing (in)

t.: thickness of a compression flange (in)

t4: deck thickness (in)

tgeci: thickness of deck (in)

te: flange thickness (in)

S
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t,: depth of steel girder or corrugated steel plank including integral concrete
overlay or structural concrete component, less a provision for grind-
ing, grooving, or wear (in)

TG: loads resulting from temperature gradient

TL: design truck load, or design tandem load

tnin: minimum depth of concrete slab to control deflection (in)

t,: depth of structural overlay (in)

t,: thickness of concrete slab (in)

t:: thickness of the tension flange (in)

TU: loads resulting from uniform temperature

t,,: web thickness (in)

U: factored force effect

V: shear designation

V: shear force (kips)

Vy: base design wind velocity (mph)

V.: shear resistance provided by the concrete (kips)

V.: shear-buckling resistance (kips)

Vet shear due to superstructure dead load (kips)

Ve, or: Shear for the total component dead load (kips)

Vet unfactored shear resulting from noncomposite dead loads (kips)

Vpe,t unfactored shear resulting from composite dead loads (kips)

Vs unfactored shear force caused by DL (kips)

Vpw: shear due to superimposed dead load (kips)

Vp,: design wind velocity (mph)

V¢, shear force resulting from fatigue load (kips)

Viatigue: fatigue load shear per lane (kips)

Viatigueriv® fatigue load shear per girder (kips)

V,L.am: total live load shear per lane including impact factor (ft-kips)

V,,: lane load shear per lane (kips)

V. unfactored live load shear per beam due to lane load (kips)

Viax: maximum dead load shear (kips)

V,: nominal shear resistance (kips)

V,: plastic shear resistance of the web (kips)

V,: shear yielding of the web (kips)

Vpermanentt Shear due to unfactored permanent load (kips)

V,: shear resistance provided by shear reinforcement (kips)

Viandem: tandem load shear per lane (kips)

V. unfactored live load shear per beam due to truck load (kips)

V. truck load shear per lane (kips)

V,: factored shear force at section (kips)

v,: average factored shear stress on concrete (ksi)

V,.ext: factored shear force at section in external girder (kips)

Vit factored shear force at section in internal girder (kips)

u,int*

V., torar: total factored shear force at section (kips)

w: distributed load (kips/ft?)
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W: weight in tons of truck used in computing live load effect

w: width of clear roadway (ft)

WA: water load and stream pressure

w,: self-weight of concrete (kips/ft®)

Wep distributed load resulting from self-weight of curb and parapet (kips/ft)

wp: distributed load of weight of supported structure (kips/ft?)

wpw: distributed load of superimposed dead load (kips/ft?)

Wews: future wearing surface load (kips/ft?)

WL: loads resulting from wind forces on live load

WL: wind pressure on vehicles, live load

WL, : horizontal loading due to wind pressure on vehicles

WL,: horizontal wind loading at the top of the abutment (kips/ft)

WL,: vertical wind loading at the top of the abutment (kips/ft)

w,: superimposed dead loads, parapet/curb load plus the future wearing
surface load (kips/ft?)

WS: wind load pressure on superstructure

WS: wind pressures on superstructures (kips)

WS,: horizontal load on top of abutment due to wind pressure on
superstructure

WS, : horizontal wind loading at the top of the abutment (kips/ft)

Wt distributed load of concrete slab (kips/ft?)

Wb ext: deck slab distributed load acting on exterior girder (kips/ft)

Wpine: deck slab distributed load acting on interior girder (kips/ft)

WS, ,,: horizontal wind load applied directly to the substructure

WS, ..i: total longitudinal wind loading (kips)

WS,: vertical load on top of abutment due to wind pressure on superstructure

WS,: vertical wind loading along the abutment (kips/ft)

X: distance from load to point of support (ft)

x: distance from beam to critical placement of wheel load (ft)

x: distance of interest along beam span (ft)

Vo Yir Vi and yy: for composite beam cross-section (in)

y.,: distance from the bottom fiber to the centroid of the section (in)

Vst distance from the center of gravity of the bottom strands to the bottom
fiber (in)

y.: distance from the neutral axis to the extreme tension fiber (in)

Vv ¥p: distance from centroidal axis of beam gross section (neglecting rein-
forcement) to top and bottom fibers, respectively (in)

Z,.,q: required plastic section modulus (in’)

o: angle of inclination of stirrups to longitudinal axis

o: angle of inclination of transverse reinforcement to longitudinal axis (deg)

p: factor indicating ability of diagonally cracked concrete to transmit tension

B,: factor for concrete strength

B,: ratio of the depth of the equivalent uniformly stressed compression zone
assumed in the strength limit state to the depth of the actual com-
pression zone
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B: ratio of the flexural strain at the extreme tension face to the strain at the
centroid of the reinforcement layer nearest the tension face

v: load factor

Y.: exposure factor

Yyt correction factor for relative humidity of the ambient air

v;: load factor; a statistically based multiplier applied to force effects includ-
ing distribution factors and load combination factors

¥,: load factors for permanent loads

Y, correction factor for specified concrete strength at the time of the pre-
stress transfer to the concrete

&: beam deflection (in)

A5, truci: 25% of deflection resulting from truck loading (in)

Ao, trucks 1anet 25% of deflection resulting from truck loading plus deflection
resulting from lane loading (in)

A on: contraction resulting from thermal movement (in)

A it contractor thermal movement

A,,,: expansion resulting from thermal movement (in)

A,,,: expansion thermal movement

Af, . maximum stress due to fatigue loads for exterior girders (kips/in?)

ext*

Af; : maximum stress due to fatigue loads for interior girders (kips/in?)

(Af): load-induced stress range due to fatigue load (ksi)

(AF),: nominal fatigue resistance (ksi)

Af g5t sum of all losses or gains due to elastic shortening or extension at the
time of application of prestress and/or external loads (ksi)

Af ;1 losses due to long-term shrinkage and creep of concrete, and relax-
ation of the steel (ksi)

Af z: estimate of relaxation loss taken as 2.4 kips/in* for low relaxation strand,
10.0 kips/in? for stress-relieved strand, and in accordance with manu-
facturer’s recommendation for other types of strand (kips/in?)

Af: total loss (ksi)

(AF)y: constant amplitude (ksi)

A ac deflection resulting from truck loading (in)

Oy 1: deflection due to live load per lane (in)

Oyt deflection due to live load per girder including impact factor (in)

d,,: deflection due to lane load (in)

Onax: maximum deflection for vehicular load (in)

e, tensile strain in the transverse reinforcement

n: load modifier

1Np: ductility factor (strength only)

1;: load modifier relating to ductility redundancy, and operational impor-
tance = 1.0 (for conventional designs)

1;: operational importance factor (strength and extreme only) = 1.0 for (for
conventional bridges)

1Ng: redundancy factor

0: angle of inclination of diagonal compressive stresses (degrees)
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®: resistance factor

®_: condition factor

®;: resistance factor for flexure
®,: system factor

@ : resistance factor for shear
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1

LRFD Method of Bridge Design

In load and resistance factor design (LRFD), bridges are designed for spe-
cific limit states that consider various loads and resistance. These limit states
include strength, extreme event, service, and fatigue, and are defined in the
first section of this chapter. Subsequent sections cover the following load and
resistance factors in more detail:

* Load combinations and load factors

e Strength limit states for superstructure design

® Resistance factors for strength limits

¢ Design live loads

¢ Number of design lanes

* Multiple presence of live loads

* Dynamic load allowances

¢ Live load distribution factors

® Load combinations for the Strength I Limit State

e Simple beam moments and shears carrying moving concentrated loads

Limit States

The following load combinations are defined in AASHTO. Bridges are
designed for these limit states with consideration for the load and resistance
factors detailed in later sections of this chapter.

A Art. 3.4.1,1.3.2%

e Strength I: Basic load combination related to the normal vehicular
use of the bridge without wind

e Strength II: Load combination relating to the use of the bridge by
owner-specified special design vehicles and/or evaluation permit
vehicles, without wind

* The article numbers in the 2010 Interim Revisions to the AASHTO Bridge Design Specifications,
fifth edition, 2010 are by the letter A if specifications and letter C or Comm if commentary.
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e Strength III: Load combination relating to the bridge exposed to
wind velocity exceeding 55 mph without live loads

¢ Strength IV: Load combination relating to very high dead load to
live load force effect ratios exceeding about 7.0 (e.g., for spans greater
than 250 ft)

e Strength V: Load combination relating to normal vehicular use of
the bridge with wind velocity of 55 mph

e Extreme Event I: Load combinations including earthquake

¢ Extreme Event II: Load combinations relating to ice load or colli-
sions by vessels and vehicles

e Service I: Load combination relating to the normal operational use
of the bridge with 55 mph wind. Also used for live load deflection
control

Art. 2.5.2.6.2

¢ Service II: Load combination intended to control yielding of the
steel structures and slip of slip-critical connections due to vehicular
live load

¢ Service III: Load combination relating only to tension in prestressed
concrete structures with the objective of crack control

e Fatigue I: Fatigue and fracture load combination related to infinite
load-induced fatigue life

e Fatigue II: Fatigue and fracture load combination related to finite
load-induced fatigue life

The following terms are defined for limit states:

Y. = Load factor: a statistically based multiplier applied to force effects

¢ = Resistance factor: a statistically based multiplier applied to nomi-
nal resistance, as specified in AASHTO Specification Sections 5-8,
and 10-12

n; = Load modifier: a factor relating to ductility, redundancy, and oper-
ational importance

Np = A factor relating to ductility, as specified in AASHTO Article 1.3.3

Nr = A factor relating to redundancy as specified in AASHTO Article
134

m = A factor relating to operational importance as specified in
AASHTO Article 1.3.5

Q, = Force effect
R, = Nominal resistance

R, = Factored resistance: (pR,)
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Effects of loads must be less than or equal to the resistance of a member (or
its components), or nyQ < PR =R,

A Art. 1.3.2
an’le1 s q)Rn
A Eq.1.3.2.11
For loads for which a maximum value of y; is appropriate,
M; = NpNgn; = 0.95
A Eq.1.3.2.1-2
For loads for which a minimum value of v, is appropriate,
n; = ! <1.0
MpNrM
A Eq.1.3.2.1-3

Load Combinations and Load Factors

Please see Tables 1.1 (A Tbl. 3.4.1-1) and 1.2 (A Tbl. 3.4.1-2), which show the
load factors for various load combinations and permanent loads.

Loads and Load Designation
A Art. 3.3.2

The following permanent and transient loads and forces shall be considered
in bridge design:

Permanent Loads

CR = force effects due to creep
DD = downdrag force

DC = dead load of structural components and nonstructural
attachments

DW = dead load of wearing surfaces and utilities

EH = horizontal earth pressure load
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TABLE 1.2 (AASHTO Table 3.4.1-2)
Load Factors for Permanent Loads, Y
Type of Load. Foundation Type, and Load Factor
Method Used to Calculate Downdrag Maximum  Minimum
DC: Component and Attachments 1.25 0.90
DC: Strength IV only 1.50 0.90
DD: Downdrag  Piles, o. Tomlinson Method 14 0.25
Piles. A Method 1.05 0.30
Drilled shafts. O’Neill and Reese (1999) Method 1.25 0.35
DW: Wearing Surfaces and Utilities 1.50 0.65
EH: Horizontal Earth Pressure
* Active 1.50 0.90
® At-Rest 1.35 0.90
e AEP for Anchored Walls 1.35 N/A
EL: Locked-in Construction Stresses 1.00 1.00
EV: Vertical Earth Pressure
e Overall Stability 1.00 N/A
® Retaining Walls and Abutments 1.35 1.00
* Rigid Buried Structure 1.30 0.90
* Rigid Frames 1.35 0.90
ES: Earth Surcharge 1.50 0.75

EL = miscellaneous locked-in force effects resulting from the con-
struction process, including jacking apart of cantilevers in seg-

mental construction

ES = earth surcharge load

EV = vertical pressure from dead load of earth fill

PS = secondary forces from posttensioning
SH
vp = load factor for permanent loading

force effects due to shrinkage

Transient Loads

BR = vehicular braking force

CE = vehicular centrifugal force

CT = vehicular collision force
CV = vessel collision force
EQ = earthquake load

FR = friction load
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IC = iceload

IM = vehicular dynamic load allowance

LL = vehicular live load

LN = design lane load

LS = live load surcharge

PL = pedestrian live load

SE = force effect due to settlement

TG = force effect due to temperature gradient

TL = design truck load or design tandem load

TU = force effect due to uniform temperature

WA = water load and stream pressure

WL = wind on live load

WS = wind load on structure
L]

Strength Limit States for Superstructure Design

The load effect, Q, is given in the following equations in relation to various
limit states:

Strengthl: Q=125DC+15DW +175LL; LL=TL + LN
StrengthII: Q=125DC+1.5DW +135LL

Strength III: Q =1.25DC + 1.5 DW + 14 WS

Strength IV: Q =1.5DC + 1.5 DW

Service I: Q=10DC+1.0DW +1.0LL + 1.0 WA + 0.3 WS + 1.0 WL
ServiceI. Q=10DC+10DW +13LL

Service IIll: Q=10DC + 1.0 DW + 0.8 LL +1.0 WA

Fatigue I: Q=15(LL +IM)

FatigueII. Q=0.75(LL + IM)

Resistance Factors, ®, for Strength Limits

Resistance factors, @, for strength limit states are given for various structural
categories in AASHTO. Selected resistance factors that are most frequently
encountered follow.
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For service and extreme event limit states, resistance factors ¢ shall be
taken as 1.0, except for bolts.

A Art.1.3.2.1
Flexure and tension in reinforced concrete  : 0.90

A Art. 5.5.4.2
Flexure and tension in prestressed concrete : 1.00
Shear in concrete : 090
Axial compression in concrete : 075
Flexure in structural steel : 100

A Art. 6.5.4.2
Shear in structural steel : 1.00
Axial compression in structural steel : 090
Tension, yielding in gross section ¢ 095

L]

Design Live Load HL-93

HL-93 is a notional live load where H represents the HS truck, L the lane
load, and 93 the year in which the design live load HL-93 was adopted.
The design live load designated as the HL-93 consists of a combination of:

A Art. 3.6.1.2

® Design truck (HS-20) or design tandem (a pair of 25 kip axles 4 ft apart),

¢ Design lane load of 0.64 kip-ft uniformly distributed in the longitu-
dinal direction. Transversely the design lane load is distributed over
a 10 ft width within a 12 ft design lane. Note that the design lane load
is not subject to dynamic allowance.

For both design truck and design tandem loads, the transverse spacing of
wheels is taken as 6.0 ft. The uniform lane load may be continuous or discon-
tinuous as necessary to produce the maximum force effect.

Fatigue Live Load

The fatigue load will be one truck or axles as specified in Figure 1.1 (A Art.
3.6.1.2.2) with a constant spacing of 30 ft between the 32.0 kip axles. The
frequency of the fatigue load shall be taken as the single-lane average daily
truck traffic. When the bridge is analyzed by approximate load distribution
(A Art. 4.6.3), the distribution factor for one traffic lane shall be used. See
Figure 1.2.

A Art. 3.6.1.4
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T T

Design truck

Design
tandem

8 kips ¢32 kips ‘32 kips 25 l(ips? T25 kips

! ! A
14 ft 14 ft to 30 ft 4 ft
. 12 ft lane width
2 ft 6 ft 2 ft
| | o6a kips/ft |
ey e WA LA AR

Live load placement

Section A-A

FIGURE 1.1

Design truck (HS-20), design tandem load (a pair of 25 kip axles 4 ft apart), and design lane load

(0.64 kips/ft longitudinally distributed). (Source: Art. 3.6.1.2.2.)

8 kips

32 kips 32 kips

14 ft 30 ft

FIGURE 1.2
Fatigue live loading. (Source: Art.3.6.1.4.)
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Number of Design Lanes, N

The number of design lanes, N, is the integer portion of the ratio of the clear
roadway width (ft), w, and the width of the design traffic lane (12 ft). For
example, if the clear roadway width is 40 ft,

A Art. 3.6.1.1.1
N =% 6= 40 f;t =3.33 lanes (3 lanes)
12.0— 12.0—
lane lane

Multiple Presence Factor of Live Load, m

Design trucks will be present in adjacent lanes on roadways with multiple design
lanes. Because it is unlikely that three or more adjacent lanes will be loaded
simultaneously with trucks, adjustments in design loads are necessary. These
factors have been implicitly included in the approximate equations for distribu-
tion factors and should be removed for fatigue investigations. See Table 1.3.

A Art3.6.1.1.2

Therefore for fatigue investigations in which the traffic truck is placed in
a single lane, the factor of 1.2 which has been included in the approximate
equations should be removed.

A Com. 3.6.1.1.2
The multiple presence m is defined for sites with an ADTT of 5,000 trucks or

greater in one direction. For sites with a lower ADTT, reduce force effects by:

TABLE 1.3 (AASHTO Table 3.6.1.1.2-1)

Multiple Presence Factors, m

A Art. 3.6.1.1.2
Number of Multiple Presence
Loaded Lanes Factors, m

1 1.20

2 1.00

3 0.85

>3 0.65
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100 < ADTT < 1,000 — 95%
ADTT < 100 — 90%

This adjustment is based on the reduced probability of attaining the design
event during a 75-year design life with reduced truck volume.

Dynamic Load Allowance, IM

The dynamic load allowance, IM, is applied only to the design truck load, or
tandem, not to the design lane load. The static effects of the design truck or
tandem shall be increased for dynamic load allowance. Table 1.4 indicates the
dynamic load allowance for different components under different limit states.

A Art. 3.6.2

Live Load Distribution Factors

Live load distribution factors in AASHTO are lane-load distributions, not
wheel-load distributions as they were in the AASHTO Standard Specifications
for Highway Bridges, 17th edition, 2002.

A Art. 4.6.2.2: Appendices A-D

The distribution factors are included in several AASHTO articles, and
important provisions are in AASHTO Sec. 4.

The live load moment and shear for beams or girders are determined by
applying the lane fraction (distribution factor) in AASHTO Art. 4.6.2.2.2 to
the moment and shear due to the loads assumed to occupy 10 ft. transversely
within a design lane.

AASHTO 3.6.1.2.1

TABLE 1.4 (AASHTO Table 3.6.2.1-1)
Dynamic Load Allowance, IM

Component IM (%)

Deck joints, all limit states 75
All other components
Fatigue and fracture limit state 15
All other limit states 33
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Distribution factors are most sensitive to beam (girder) spacing. Span
length and longitudinal stiffness have smaller influences.
Load-carrying capacity of exterior beams (girders) shall not be less than
that of interior beams (girders).
A Art. 2.5.2.7.1

Because of the many algebraically complex expressions and equations
associated with live load distribution, they are discussed in detail in exam-
ple problems.

Load Combinations for the Strength I Limit State

The total factored force effects, Q, shall be taken as
A Arts 3.3.2,3.4.1, Tbls. 3.4.1-1, 3.4.1-2

Q =ZInyQ;
Where:

7, = load modifier = 1.0
v; = load factor

A Eq.3.4.1-1
For load combination limit state Strength I,
Q =125DC + 1.50 DW + 1.75 (TL + LN)
M, = 1.25 MDC +1.50 MDW + 1.75 (MTL + MLN)
V, =125 Ve +1.50 Vo + 1.75 (Vo + Vin)
TL = Truck load or tandem load
LN = Lane load
Np = 1.0 for conventional designs

A Art. 1.3

Mg = 1.0 for conventional levels of redundancy
N = 1.0 for typical bridges
® = 1.0 for service and fatigue limit states
A13.21; A5.54.2; A 6.54.2; A C6.6.1.2.2

¢ For concrete structures and steel structures, refer to Art. 5.5.4.2.1 and Art.
6.54.2, respectively.
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Unfactored Dead Load Moments and Shears

M = Maximum unfactored moment due to DC
Mpw = Maximum unfactored moment due to DW
Vpe =Maximum unfactored shear due to DC
Vpw =Maximum unfactored shear due to DW

Unfactored Live Load Moments per beam with Distribution
Factors DFM, and Dynamic Allowance IM

Mp = (maximum truck or tandem load moment per lane due to design
truck load) (DFM) (1 + IM)

M,y = (maximum lane load moment per lane) (DFM)’

Unfactored Live Load Shear per Beam with Distribution
Factors DFV, and Dynamic Allowance, IM

V1 = (maximum truck load per shear lane) (DFV) (1+IM)
Vi n = (maximum lane load shear per lane) (DFV)?

Live Load Distribution Factors for Moment for Beams

DFM,; = Single (one) lane loaded for moment in interior beams

DFM,,; = Multiple (two or more) lanes loaded for moment in interior
beams

DFM,,, = Single (one) lane loaded for moment in exterior beams

DFM,,. = Multiple (two or more) lanes loaded for moment in exterior
beams

Live Load Distribution Factors for Shear for Beams

DFV, = Single (one) lane loaded for shear in interior beams

DFV,; = Multiple (two or more) lanes loaded for shear in interior
beams

DFV,. = Single (one) lane loaded for shear in exterior beams

DFV,,. = Multiple (two or more) lanes loaded for shear in exterior
beams

" No impact allowance applies.
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Simple Beam Live Load Moments and Shears
Carrying Moving Concentrated Loads per Lane

The maximum moment occurs under one of the loads when that load is as
far from one support as the center of gravity of all the moving loads on the
beam is from the other support. This condition occurs when the center of the
span is midway between the center of gravity of the moving loads and the
nearest concentrated load where the maximum moment occurs.

The maximum shear due to moving loads occurs at one support when
one of the moving loads is at that support. With several moving loads, the
location that will produce maximum shear must be determined by trial and
error, as shown. Because the maximum moments for uniform loads such as
the lane loads and dead loads occur at midspan, the maximum design truck
or tandem moment is generally used with the HL-93 center axle at midspan.
See Figures 1.3 and 1.4.

.|
Live Load Moments and Shears for Beams (Girders)

A Art. Tbls. 4.6.2.2.2b-1 and 4.6.2.2.2d-1; and 4.6.2.2.3a-1 and 4.6.2.2.3b-1

Live load moments and shears for beams (girders) are determined by apply-
ing the distribution factors for live loads per lane in AASHTO tables in
4.4.2.2 to the moment and shears due to the live loads assumed to occupy
10 ft. within a design lane (AASHTO 3.6.1.2.1).
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FIGURE 1.3

Shear and moment diagrams for controlling design truck (HS-20) live load position.
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FIGURE 1.4

Shear and moment diagrams for the design truck (HS-20) center axle at midspan.
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Design Examples

Design Example 1: Reinforced Concrete T-Beam Bridge
Problem Statement

A bridge will be designed with a span length of 50 ft. The superstructure
consists of five beams spaced at 10 ft with a concrete deck slab of 9 in. The
overall width of the bridge is 48 ft and the clear (roadway) width is 44 ft,
6 in. Design the superstructure of a reinforced, cast-in-place concrete T-beam
bridge using the following design specifications.

The three Load Combination Limit States considered are Strength I,
Fatigue II, and Service L.

C&P  Curb and parapet cross section 3.37 ft2

E. Modulus of elasticity of concrete 4 x 103 kips/in?

f! Specified compressive strength of concrete 4.5 kips/in?

f, Specified yield strength of epoxy-coated 60 kips/in?
reinforcing bars

W, Self-weight of concrete 0.15 kips/ft?

Wpyws  Future wearing surface load 0.03 kips/ft?

Figure 2.1 shows the elevation view, section view, and overhang detail of
the reinforced concrete T-beam bridge described

Solution
Step 1: Design T-Beam Using Strength I Limit State

The factored load, Q, is calculated using the load factors given in AASHTO
Tables 3.4.1-1 and 3.4.1-2.

Q=125DC + 1.5 DW + 1.75(TL+LN)

17
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L=50ft
I Elevation '
1ft9lin 44 ft 6 in 1Ift9in
_’I | t, Curb and |
2 ft8in IR parapet \ﬂ
BRI
afe| 10fc | s=10fc| 10fc | 10fc |4t
I 24 ftI I24 ft I
Section A-A

Overhang detail
FIGURE 2.1
T-beam design example.
Find the flange width and web thickness.
A Art.5.14.1.5.1

For the top flange of T-beams serving as deck slabs, the minimum concrete
deck must be greater than or equal to 7 in. First, try using a slab with a thick-

ness, t,, of 9 in.
A Arts. 5.14.1.5.1a,9.7.1.1

The minimum web thickness is 8 in.
A Art. 5.14.1.5.1c; Com. 5.14.1.5.1¢c

Minimum concrete cover for main epoxy-coated bars shall be 1 in. Use 1.5

in cover for main and stirrup bars.
A Tbl. 5.12.3-1; Art. 5.12.4

Find the width of T-beam stem (web thickness), b.
A Art. 5.10.3.1.1

The minimum width, b_. , is found as follows:

Assume two layers of no. 11 bars for positive reinforcement.
d, for ano. 11 bar = 141 in
Four no. 11 bars in a row and no. 4 stirrup bars require a width of
bpin = 2 (2.0 in cover and no. 4 stirrup) + 4 d, + 3 (1.5 d,)
=2.0in) +4 (141 in) + 3 (1.5 x 141 in) = 16 in



Design Examples 19

Try b,, = width of stem = 18 in.

Find the beam depth including deck.
A Tbl. 2.5.2.6.3-1

h, i, =0.070 L = 0.070 (50 ft x 12 in) = 42 in.
Try h = beam width = 44 in.

Find the effective flange width.
A Art. 4.6.2.6.1

Find the effective flange width, where

b, effective flange for exterior beams in

b; effective flange width for interior beams  in
b,, web width 18 in
L effective span length (actual span length) 50 ft
S average spacing of adjacent beams 10 ft
t, slab thickness 9in

The effective flange width for interior beams is equal to one-half the dis-
tance to the adjacent girder on each side of the girder,

b,=5S=10ft x 12in =120 in

The effective flange width for exterior beams is equal to half of one-half
the distance to the adjacent girder plus the full overhang width,

b, =% (10 ft x 12 in) + (4 ft x 12 in) = 108 in

Find the interior T-beam section. Please see Figure 2.2.
The section properties of the preceding interior T-beam are as follows.

The area of the T-beam is
A =(9in) (120 in) + (35 in) (18 in) = 1710 in?
The center of gravity from the extreme tension fiber is

_Yy,A_ (9in)(120in)(35 in +4.5 in)+(35 in)(18 in)(17.5 in)

YA 1710.0 in?
=314in
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12.6 in

35in

FIGURE 2.2
Interior T-beam section.

The moment of inertia (the gross concrete section) about the center of grav-
ity is

I,=1=3(T+Ad’)

_ %+ (120 in)(9 in)(12.5 in — 45 in)?
.\ w +(18in)(35 in)(31.4 in —17.5 in)?

I, = 264,183.6 in*

The T-beam stem is
(35 in)(18 in) = 630 in?
The section modulus at bottom fiber is

I in
S=i=m=8413.5in3
Vi 31.4in

Find the number of design lanes.
A Art. 3.6.1.1.1

The number of design lanes, Ny, is the integer portion of the ratio of the
clear road width divided by a 12 ft traffic lane width.
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12.5
10.5
5.5 55
111t LZ& 111t
25 ft 25 ft
FIGURE 2.3a
Influence lines for moment at midspan.
10 09
0.72
0.44
4 ft —» |
10 ft 14 ft 22 ft |
FIGURE 2.3b
Influence lines for shear at support.
w 445 ft
NeZTR T
12 —

lane

N, =3.7 (3 lanes)

Find the truck load moments and shears.

Design truck load (HS-20) for moment at midspan (Figure 2.3a).

Design tandem load for moment at midspan (Figure 2.3b).

The design truck load (HS-20) is shown in Figure 2.4. Figures 2.5 and 2.6
show the design tandem load position for moment at midspan and the design
truck load (HS-20) position for shear at support, respectively. The design tan-
dem load position for shear at support is shown in Figure 2.7.

NOTE: The maximum design truck or design tandem moment is generally
used with the HL-93 center axle at midspan.
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32 kips 32 kips 8 kips
2 7
| 1t | 14 ft | 14 ft | 1t |
I I I I |
¢

FIGURE 2.4
Design truck (HS-20) position for moment at midspan.

25 kips 25 kips

.

' aft
| 25 ft |
€
FIGURE 2.5
Design tandem load position for moment at midspan.
32 kips 32 kips 8 kips
4 | | EEQ!FE’
[ 1afe | 1afc | 22 ft |

FIGURE 2.6
Design truck (HS-20) position for shear at support.

25 kips 25 kips

1 o

4 ft 4—‘ I I
46 ft |
FIGURE 2.7

Design tandem load position for shear at support.

The truck load moment per lane is
M, = 32 kips (12.5 ft + 5.5 ft) + 8 kips (5.5 ft)
= 620 kip-ft
The tandem load moment per lane is
Miandgem = 25 kips (12.5 ft + 10.5 ft)

= 575 kip-ft
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The truck load shear per lane is
V., =32 kips (1 + 0.72) + 8 kips (0.44)
= 58.6 kips
The tandem shear per lane is

Viondem = 25 kips (1 +0.92)

andem

= 48 kips

The lane load per lane is

" (0.64 klf?)(SO ft)

M, == = = 200 kip-ft

8 8

The lane load shear per lane is
. (0.64 1<1flt08)(50 ft)
V, === =16 kips
2 2

Find the live load distribution factors for moments, DFM.

For cast-in-place concrete T-beam, the deck type is (e).

For interior beams,

23

A Tbl. 4.6.2.2.1-1

A Tbl. 4.6.2.2.2; A Art. 4.6.2.2.2b; Tbl. 4.6.2.2.2b-1; Appendix A

K, longitudinal stiffness in
L spanlength of beams 50 ft
N, number of beams 5

S spacing of beams 10 ft
t, slab thickness 9in
35ft<S<16ft S=10ft OK

45in<t,<12in  t=9in OK
20 ft < L < 240 ft L=50ft OK
N, > 4 N,=5  OK

" Refer to the Appendices at the end of the book.
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The modular ratio between beam and deck material, n, is 1.0.
A Eq.4.6.2.2.1-2

A area of beam or T-beam 1710 in?
L  spanlength 50 ft

t,  slab thickness 9in

n  modular ratio between beam and deck material 1

The moment of inertia of the basic beam (portion of beam below deck) is

_ (18in)(35in)’
- 12

I =64,312.5in*

The distance between the centers of gravity of the basic beam and deck is
e, =175in +4.5in =22 in

The longitudinal stiffness parameter is
A Eq. 4.6.2.2.1-1

K, = n [I+ (A)e,)] = 1[64312.5 int + (1,710 in?)(22 in)?]
K, = 891,953.0 in*

A simplified value may be considered.

0.1
K
szﬁ} =10

Multiple presence factors, m, shall not be applied in conjunction with
approximate load distribution factors specified in Art. 4.6.2.2 and 4.6.2.3,
except where the lever rule is used.

A Tbl. 4.6.2.2.1-2

A Art. 3.6.1.1.2

The distribution factor for moment for interior beams with one design
lane, where si is the single lane loaded in interior beams is found as follows.

A Tbl. 4.6.2.2.2b-1 or Appendix A

The multiple presence factor, m, is applicable only when the lever rule is
used for the distribution factors. Therefore, m = 1.0 where DFM is the distri-
bution factor for moment.
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0.4 0.3 0.1
DFM,; = m| 0.06 + S) (s K -
14 L 12Lt,

04 03
:(1.0)[0.06+(1?4ﬂ) (;gg) (1.05)}

=0.629 lane/girder

The distribution factor for moment for interior beams with two or more
design lanes loaded, where mi is the multiple lanes loaded in interior beams is

A Tbl. 4.6.2.2.2b-1 or Appendix A

[ 06 02 01
DEM,, =| 0.075+( | (3] [ Ke
95) (L) (12L¢

[ 106\ (108)"
=10.075+| —| |z | (1.05)
95 ) | 50ft

=0.859 lane/girder [ governs for interior beams]

For the distribution of moment for exterior beams with one design lane,
use the lever rule. See Figure 2.8.

A Art. 3.6.1.3.1, A Art. 4.6.2.2.2d; Tbl. 4.6.2.2.2d-1 or Appendix B
p L
1.75 2 2
ft | |
2 ft 6 ft 4.25 ft
\ Assume hinge
I
5.75 ft ‘
d, =225 ft '
4 ft 10 ft
R .
18 in

FIGURE 2.8
Lever rule for determination of distribution factor for moment in exterior beam, one lane
loaded.
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> Moment at “a” =0

0=-R(10 ft)+§(10.25 ft)+§(4.25 ft)

R=0.725P

The multiple presence factor for one design lane loaded, m, is 1.20.
A Tbl. 3.6.1.1.2-1

The distribution factor for moment for exterior beams for one design lane

loaded is, where , is the designation for single lane loaded in the extreme
beam,

DFM,,, = m[0.725] = 1.20 [0.725]
= (.87 lane/girder [governs for exterior beam]

The exterior web of the exterior beam to the interior edge of the curb, d,, is
2.25 ft, which is OK for the -1.0 ft < d,< 5.5 ft range.

A Tbl. 4.6.2.2.2d-1 or Appendix B
The distribution factor for the exterior beam is
(e)(ginterior) = (e)(DFMml)

e=0.77+ d.
9.1

e=0.77+ 225
9.1

e=1.017
Usee=1.0.
The distribution factor for moment for exterior beams with two or more

design lanes loaded, where me is the designation for multiple lanes loaded
in the exterior beam, is

A Tbl. 3.6.1.1.2-1
DFMme = (m)(e)(ginterior) = (m)(e)(DFMml) = (085)(10)(0859)

=0.730 lane/girder
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Find the distributed live load moments.
The governing distribution factors are:

Interior beam DFM,; = 0.859 lane/girder
Exterior beam DFM,, = 0.870 lane/girder

IM = 33%
A Tbl. 3.6.2.1-1

The unfactored live load moment per beam for interior beams due to truck
load is

My = M (DFM)(1 + IM) = (620 ft-kips)(0.859)(1+0.33)
= 708.33 ft-kips

The unfactored live load moment per beam for interior beams due to lane
load is

M;\ = M, (DFM) = (200 ft-kips)(0.859)
=171.8 ft-kips

The unfactored live load moment per beam for exterior beams due to truck
load is

M, = M, (DFM)(1 + IM) = (620 ft-kips)(0.87)(1 + 0.33)
= 71740 ft-kips

The unfactored live load moment per beam for exterior beams due to lane
load is

M\ = M,, (DFM) = (200 ft-kips)(0.87)
= 174.0 ft-kips

Find the distribution factors for shears, DFV.
A Art. 4.6.2.2.3

For a cast-in-place concrete T-beam, the deck type is (e).
A Tbl. 4.6.2.2.1-1
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The distribution factor for shear for interior beams with one design lane
loaded is

A Tbl. 4.6.2.2.3a-1 or Appendix C

DFV, = 0.36+i = 0.36+m
25 25

=0.76 lanes

The distribution factor for shear for interior beams with two or more
design lanes loaded is

2.0 2.0
DRV, =|02+ 2 —[ 3| |=|024 08t _[10%
12 (35 12 \ 35

DFV,,; = 095 lane/girder [controls for interior beams]
Using the lever rule for moment, the distribution factor for shear for exte-
rior beams with one design lane loaded is
A Tbl. 4.6.2.2.3b-1
DFV,. = DFM,, = 0.87 lane/girder [controls for exterior beams]

The distribution factor for shear for exterior beams with two or more
design lanes loaded is

g = (e)ginterior = (e)(DFle)

do _ g, 2250
10

e=0.6+ =0.825

DFVme = mg = (m)(e)(ginterior)/ Where ginterior = DFV,

mi

A Tbl. 3.6.1.1.2-1
= (1.0)(0.825)(0.95)

=(0.784 lane/girder
Find the distributed live load shears for Strength I.
The governing distribution factors are:

Interior beam DFV,; = 0.95 lane/girder
Exterior beam DFV,, = 0.87 lane/girder
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The unfactored live load shears per beam due to truck load for interior
beams is
Vi = Vi (DEV)(1 + IM)

= (58.6 kips)(0.95)(1.33)
=74.04 kips

The unfactored live load shear per beam due to lane load for interior beams
is
Vix = Vi (DFV)
= (16.0 kips)(0.95)

=15.2 kips
The unfactored live load shears per beam for exterior beams are

Vi = Vi/(DEV)(1 + IM)
= (58.6 kips)(0.87)(1.33)
= 67.80 kips
Vin = Vi.(DEV)
= (16.0 kips)(0.87)
=13.92 kips
Find the dead load force effects.

The self-weights of the T-beam, the deck, and the curb and parapet for
interior beams are represented by the variable DC.

. 1ft° kips
DCrpea = (1710 in? 0.15
v =(17101n )(144 inz)( £t J

kips

=1.78
ft

_ 2 kips 1
DCeyp =2(3.37 ft )(0.15 & | 5 peams

kips
=0.202——
ft
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Wpe = DCrpeam + DCogp

1.7 KPS ) 90 KiPS
fit fit
_1.9g KPS
ft

The corresponding shear is

kips
Wl (1.98 i )(50&)

Voe=7y = 2
=49.5 kips
The corresponding moment is
v (1.981(155)(50 ft)’
8 8
= 618.75kip-ft

The future wearing surface load, DW, per beam is

kips ft
=|0.03 10
Wow ( ft? )( beam )

_o3Xips
ft
The corresponding shear is
0.3 5P \(50 1)
Voo = wpwL ft
T2 T 2
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TABLE 2.1

Distributed Live Load and Dead Load Effects for
Interior Beam for Reinforced Concrete T-Beam Bridge

Moment M Shear V
(ft-kips) (kips)
DC 618.75 49.5
DW 93.75 7.5
TL 708.33 74.04
LN 171.8 15.2

The corresponding moment is

kips 2
woul (0.3 i J(50 ft)

Mo =
DW 8 8

= 93.75kip-ft

31

The unfactored interior beam moments and shears due to the dead loads
plus the live loads are given in Table 2.1. Note that dead loads consist of the

exterior T-beam stem, deck slab, curb/parapet, and wearing surface.

For exterior girders, the deck slab load is,

w, =(9in)[ L |[ 0.15 KPS
12in ft

kips

=0.113
ft?

For exterior girders, the wearing surface load is given as

kips

Wow =003"5

The total load is

W =Wg+Wpy

kips kips
=0.113 0.03
w2 e
kips
=0.143
ft?

See Figure 2.9.
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w = 0.143 kips/ft?

HHHHW;WHHH

At Bt

2 2

—_
o
=
S
-

aft| 10ft 10 ft 10 ft

i

| | |
| : | |

| | | |

e _ L _ Lo P, +—— | By the moment
-0.904 -0.952 | N
+0.904 : £0.952 : 094 1 —-0.94 : dlStI‘lbl.ltlon method
t+ M, ft-kips

I
I
——H-——=== Fo——=== e A-————-

0.143 kips/ft?

RN
A kB

0.952
kips/ft

4 ft 10 ft

Ry Rp

FIGURE 2.9
Moment distribution for deck slab and wearing surface loads.

> moments about B =0
0 =-0.952 ft-kips — R, (10 ft) + (0.143 kips/ft?)(14 ft)(7 ft).

R, = 1.31 kips per foot of exterior beam due to the deck slab and wear-
ing surface dead loads

The load for the curb and parapet for exterior girders is,

weer = (337 ftz)(0.15 kf‘tlzs)

kips

=0.51
ft

See Figure 2.10.
Y moments about B=0
0 = 0.476 ft-kips — R (10 ft) + (0.51 kips)(13.34 ft)

R, = 0.728 kips per foot of exterior beam due to the curb and parapet
dead loads
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W and p = 0.51 kips
0.66 ft —-‘ |
|
|

R S -

|
4 ft | 10 ft | 10ft 1
T | |
| | |
———:————————:———————:—— By the moment
-1.67 e
+1.67 | I +0.476 ! distribution method
| -0.476 | R
—— === qa-—————- - | M, ft-kips
|
3.34
ft 0476 2
0.51 kips kips/ft Symm.

| N\ B

=
NN
«
e

4 ft 10 ft
Ry Ry
FIGURE 2.10
Moment distribution for curb and parapet loads for exterior girder.

The reactions at exterior beam due to the dead loads are as follows

kips
: 0.113 .
DC deck slab ={ 1.31 KPS ft* |- 1,04 KPS
ft )] 0.143KiPS ft
* 2
ft
Curb and parapet overhang
Weep = 0.728%

2 . .
girder stem = (6301112)( 1i4ftin2 )(0.15 kflgS) = 0.656%

Wpe= 1.04%+0.728 klffs +0.656

Kips _ ) 4o KiPs
fi fi

33
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Future wearing surface

kips
| 0.03 .
Wow = (1.31 klflt’SJ g.z ~0.27 klffs
0.143 ﬂf;s

The unfactored exterior girder moments and shears due to the dead loads
plus the live loads are as follows.

. (2.421‘;1;’5](50 ft)’

Mpc= "0 = = 7563 kip-ft

8 8
. (2.421‘}1:5)(50 ft)
w
Vpe= VDe = 60.5 ki
e > 5 60.5 kips

" (0.27k1flt35)(50 ft)’

My = =2 = . — 84.4 kip-ft

kips
wonl :(0.27 i )(50 ft)

V =
DW 2 2

=6.75kips

The unfactored beam moments and shears due to the dead loads plus the
live loads are given in Table 2.2.

TABLE 2.2

Unfactored Beam Moments and Shears Due to Dead Loads
and Live Loads for Reinforced Concrete T-Beam Bridge

Interior Beam Exterior Beam
Moment M Shear V Moment M Shear V
(ft-kips) (kips) (ft-kips) (kips)
DC 618.75 49.5 756.3 60.5
DW 93.75 7.5 84.4 6.75
TL 708.33 74.04 717.4 67.8

LN 171.8 15.2 174.0 13.92
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Find the factored moments and shears for Strength I.
A Tbls. 3.4.1-1; 3.4.1-2]

Q=125DC + 1.5 DW + 1.75(TL + LN)
For interior girders, the unfactored moment is
M, =125 Mpc + 1.5 Mpy, + 175 (Mq + M)
= 1.25 (618.75 kip-ft) + 1.5 (93.75 kip-ft) + 1.75 (708.33 kip-ft + 171.8 kip-ft)
= 2454.29 kip-ft
For interior girders, the factored shear is
V,=125Vpe + 1.5V + 175 (Vo + Vi)
=1.25 (49.5 kips) + 1.5 (7.5 kips) + 1.75 (74.04 kips+ 15.2 kips)
= 229.2 kips [controls]
For exterior girders, the factored moment is
M, =125 Mpc + 1.5 Mpy, + 175 My + M)
= 1.25 (756.3 kip-ft) + 1.5 (84.4 kip-ft) + 1.75 (717.4 kip-ft + 174.0 kip-ft)
= 2631.9 kip-ft [controls]
For exterior girders, the factored shear is
V,=125Vpe + 15V + L75 (Vo + Vi)
=1.25 (60.5 kips) + 1.5 (6.75 kips) + 1.75 (67.8 kips+ 13.92 kips)
= 228.8 kips
Find the design flexural reinforcements, neglecting compression rein-

forcement, and note the exterior girder moment and interior girder shear
control.

M, = 26319 kip-ft

V, = 2292 kips
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b,=120in

h=44in

! |_— No. 4
lin —=} 4.19in
7]_— No. 11
i 1.41in
5.5in ¢
T — [-—
1.5in 2.78 in
clearance
18 in

Arrangement of bars
in stem of T-beam

FIGURE 2.11
T-beam section and reinforcement in T-beam stem.

For stem reinforcement, try 12 no. 11 bars. See Figure 2.11.
Web thickness, b, is,

A Art. 5.14.1.5.1¢
b, =2(1in) + 2(0.5 in) + 4 d, + 3(L.5 d,)
=2in+1in +4(14in) + 3(L5 x 1.4 in)

=149in
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To give a little extra room, use b,, = 18 in
The distance from extreme compression fiber to the centroid of tensile
reinforcement is
d,=44in-55in
=38.5in
d, = 141 in [no. 11 bar]

For 12 no. 11 bars, A, = 18.72 in2.
The minimum clearance between bars in a layer must not be less than

A Art. 5.10.3.1.1
15d,=15(141in)=21in
2.1in < provided =2.78 in [OK]

The clear distance between layers shall not be less than 1 in or d,.
A Art. 5.10.3.1.3

d, = 1.41 in [OK]

Concrete cover for epoxy-coated main reinforcing bars is 1.0 in, provided =
1.5in [OK]

A Art.5.12.3
@ =090
A Art.5.5.4.2
A, =1875in2
f, = 60.0 ksi
d,=385in

The thickness of the deck slab, t,, is 9 in and the width of compression face,
b, is 120 in.
The factor for concrete strength f, is
A Art.5.7.2.2
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£ - 4000 k‘PS (005)
B, =085-| in* |(o5
1000 k‘ps
4500 P5 klp — 4000 1P5 k‘P 005)
—0.85— in® in® (0,05
1000 k‘ps

=0.825

The distance from the extreme compression fiber to the neutral axis, ¢, is
A Eq. 5.7.3.1.1-4

Af
= 085¢ b

(1875in )(60 klps)

k1ps

0. 85(4 5 )(0.825)(120 in)

c=2971in

a=ch
= (2.97 in)(0.825)
=2451in < t,=9 in [OK]

The nominal resisting moment, M,,, is

M, = Asfy(ds —a)
2

LG S b
m

= 34889 in?

A Art. 5.7.3.2.2
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The factored resisting moment, M,, is

A Art.5.7.3.2.1
M, = dM

T n

= 0.90(3488.9 ft-kips)
= 3140.0 ft-kips > M, = 26319 ft-kips [OK]

Check the reinforcement requirements.
A Art.5.7.3.3.1; 5.7.3.3.2

This provision for finding the maximum reinforcement was deleted from
AASHTO in 2005. Therefore, check for the minimum reinforcement. The
minimum reinforcement requirement is satisfied if M, is at least equal to the
lesser of:

The minimum reinforcement requirement is satisfied if ®M,, (= M,) is at
least equal to the lesser of:

e M, 212M,

* M, > 1.33 times the factored moment required by the applicable
strength load combination specified in AASHTO Table 3.4.1-1

where:
M, = factored flexural resistance
M, = cracking moment

f, =modulus of rupture
M., =S,
A Eq.5.7.3.3.2-1
The section modulus is
s.-ls
Yo

The modulus of rupture of concrete is
f, =037,

-037,/4.5PS
m

kips

]'nZ

A Art. 5.4.2.6

=0.7849
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(i)

.4 .
_ 264,183:6 in 0.7849 klpzs 1 f't
31.4in in 12in

= 550.3 kip-ft

1.2 M, = (1.2)(550.3 kip-ft)
= 660.4 kip-ft [controls]
1.33 M, = (1.33)(2631.9 kip-ft)
= 3500.4 kip-ft
M, = ®M,, = 0.9(3488.9 kip-ft) = 3140.0 kip-ft > 1.2 M, = 660.4 kip-ft [OK]

Design for shear.

The effective shear depth, d,, taken as the distance between the resultants
of the tensile and compressive forces due to flexure

A Art.5.8.2.9
d =d. -2 =385in- 22N _ 3735,
2 2
where:
d, = distance from the extreme compression fiber to the centroid of tensile
reinforcement

The effective shear depth, d,, need not be less than the greater of:
A Art. 5.8.2.9

e 09d,=09(38.5 in) = 34.6 in < 373 in
e 0.72h=0.72(44in) = 31.7 in < 373 in

The critical section for shear is taken as d, from the internal face of sup-
port. The distance from the center of bearing support, x, is calculated as

A Art. 5.8.3.2

x =373in+57in = 43in| 1 | =358t
121in
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] .ll:l_'.l Sua T L Juse
y ‘7—I‘d‘;:§7'3ip'l. ".F []
Tat ln 'I'I-'I ;-.l:: !;".‘l.:'$.-l. |

= o o®® ot
v

5.7 in

-
-5 -

Bearing
Critical section for

shear

Support

FIGURE 2.12
Critical shear section at support.

See Figure 2.12.
Find the unfactored shear forces and concurrent moments due to dead

load.
Note that the exterior girder controls for moment.

The shear at the critical section for shear due to the DC load [interior girder

controls] is
Wpe = 1.98 kips/ft

kips
1.98 <P (50 ft .
Vie =[ft2()]—(1.98klflt’s)(3.58 ft)

Vpe =42.2 kips
The concurrent moment at the critical section for shear for the interior

girder due to the DC load is

50 ft kips kips 2( 1
Mpc :(2)(1.98ﬂ)(3.58 ft)—(1.98ft)(3.58 ft) (2)
= 1899 kip-ft

The shear at the critical section for shear due to the DW load is
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Wpuw = 0.30 Kips/ft

kips
(0.30ft)(50 ft)

2

VDw =

ki
—(0.30 55)(3.58 ft)

Vow = 6.43 kips

The concurrent moment at the critical section for shear due to the DW load
is

kips

ft )(3.58ft)(0.30?)(3.58&){3

(50 ft)(0.30
Mpy =

2

Mpy = 24.93 Kip-ft

Find the shear at the critical section for shear for the interior girder due to
the design truck (HS-20).

MBE-2 App Tbl. H6B*

Let x = L — x; multiply by 2 for two wheel lines.

v 36 kips(x—9.33) 2

72 kips(L—x—9.33)
Vi ns20 = L

_ 72 kips(50 ft—3.58 ft— 9.33)
- 50 ft

= 53.41 kips per lane
Vi = Vi (DFV)(1 + IM)
= (53.71 kips)(0.95)(1.33)

= 6748 kips per beam

* MBE-2 refers to the Manual for Bridge Evaluation (second edition), 2011, American Association
of State Highway and Transportation Officials (AASHTO)
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0.64 kips/ft

X =

3.58 ft

L =50ft

FIGURE 2.13
Lane load position for maximum shear at critical shear section.

Find the concurrent maximum moment per lane interior girder at the criti-
cal section for shear due to the design truck (HS-20).

MBE-2 App. Tbl. J6B

Let x = L — x; multiply by 2 for two wheel lines.

36 kips(L - x)(x-9.33)

’ )

72 kips(x)(L—x—-9.33)
My, 1520 = L

_ 72 kips(3.58 t)(50 ft — 3.58 ft — 9.33)
- 50 ft

=191.2 ft-kips per lane
My = M (DEM)(1 + IM)

= (191.2 ft-kips)(0.822)(1.33)

= 209.03 ft-kips per beam

Find the shear at the critical section for interior girder due to lane load. See
Figure 2.13.

032(L-x)°
S T

~0.32(50 ft-3.58 ft)°
- 50 ft

=13.79 kips per lane
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Vin = Vi, (DFV) = (13.79 kips)(0.95)
= 13.1 kips per beam

Find the concurrent moment at the critical section for shear for interior
girder due to lane load, where

032(L-x)°
L

R

M,, = Rx

_0.32(L-x)"(x)
L

0.32(50 ft—3.58 ft)’ (3.58 ft)
- 50 ft

= 49.37 ft-kips per beam
M, \ = M (DEM) = (49.37 ft-kips)(0.822)
= 40.58 ft-kips per beam

The factored shear at the critical section is,
A Tbls. 3.4.1-1; 3.4.1-2

V,=125Vpe+ 1.5V + 1.75(Vy, + ViN)
= 1.25(42.2 kips) + 1.5(6.43 kips) + 1.75(67.48 kips + 13.1 kips)
V., = 2034 kips
The factored moment at the critical section is
M, = 1.25 M + 1.5 Mpy + 1.75(Mq + M| y)
= 1.25(189.9 kip-ft) + 1.5(24.93 kip-ft) + 1.75(209.03 kip-ft + 40.58 kip-ft)
M, = 711.59 kip-ft

Find the shear stress on the concrete.
A Eq. 5.8.2.9-1
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The effective web width, b,, is 18 in.
The resistance factor for shear specified for reinforced concrete is 0.9.

A Art.5.5.4.2

The distance from extreme compression fiber to the centroid of tensile
reinforcement, d,, is 38.5 in (d, is equivalent to d.).

A Art.5.8.2.9
NOTE: d,is also the distance from the centerline of the exterior web of the
exterior beam to the interior edge of curb or traffic barrier (Art. 4.6.2.2.1).

The factored shear stress on the concrete at d, = 37.3 in is,
A Eqgs. 5.8.2.9-1, 5.5.4.2.1

V. 203.4 kips _ kips
Ve = Pbyd, ~ (09)(18in)(3731n) " in?

Find the tensile strain in the transverse reinforcement for sections where
the transverse reinforcement is found using Eq. 5.8.3.4.2-1 and has the fol-
lowing characteristics.

A Art. 5.8.3.4.2
0 =30°

cot 0 =1.732

E, = 29,000 kips/in?

A, =18.75in?
d, =373 in
M,
—+0.5V, cotO
d,
g, =
2E,A,
A App. B5 Eq. B5.2-1
71199 fiekips (450 1 | 5(203.4 kips) (1.732)
~ 37.3in ft

s 2

2(29000 ki S)(18.75 in?)
m

= 0.00037 < 0.001 [OK]
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Transverse reinforcement shall be provided where:
A Eq. 5.8.2.4-1; Arts. 5.8.3.4.1

V, 205 @V,

B =2and 6 = 45° may be used.

The nominal shear resistance, V,, shall be as the lesser of:
A Art. 5.8.3.3; Eq. 5.8.3.3-1; Eq. 5.8.3.3-2

V, = V. +V,
V,=025fb.d,

The nominal shear resistance by the concrete is

V. =0.0316 B/, b.d,

—0.0316(2) 4.5 9B

]I12

(18in)(37.31in)

=90.1 kips
Transverse reinforcement shall be provided if V,, > 0.5 ®V,
A Art.5.8.2.4
0.5 ®V, = (0.5)(0.9)(90.1 kips)
=40.5 kips < V,, = 203.4 kips

Therefore, the transverse reinforcement is provided at the critical section
(x = 3.58 ft) for shear.

The nominal shear resistance of a transversely reinforced section is
V, = V. + V.. V, is the shear resistance by reinforcement.

A Eq. 5.8.3.3-1

The nominal shear resistance of the section is
A Eq. 5.8.3.3-2

V, =025f b,d, = (0.25)(4.5 ﬁﬁs)(w in)(37.3in)

=755.3 kips
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The factored shear resistance, V,, is
A Eq. 5.8.2.1-2

V, = dV, = (09)(755.3 kips)
= 679.8 kips > V, = 2034 kips [OK]

The factored shear force does not exceed the maximum factored shear
resistance, therefore, the section size is good for shear.

Find the transverse reinforcement requirements.

The maximum shear resistance provided by shear reinforcement is
A Art. 5.8.3.3

V,=V,-V.=025{b,d, -0.03163/f b,d,

=755.3 kips - 90.1 kips
= 665.2 kips

Shear required by shear reinforcement at the critical section is determined
by letting the nominal shear resistance, V,,, equal to the factored shear forces,
V,, divided by .

V,

v, V,-V.=-4_V
)

s.required — c

_203.4 kips

~90.1ki
0.9 ps

= 136.0 kips < 665.2 kips [OK]

0 = angle of inclination of diagonal compressive stress = 45°

o =angle of inclination of transverse reinforcement to longitudinal
axis = 90°
A Comm. 5.8.3.3, A Eq. 5.8.3.3-4

A f,d,(cot®+cota)sinal
s

V=

S

A fd, (cot45°+cot90°)(sin90°) A, f,d,(1.0+0)(1.0)
S S
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Try two legs of no. 4 bar stirrups at the critical section, A, = 0.4 in2.

_ A,
V,

S

(0.4 inz)(60 Kips )(37.3 in)

'an
136.0 kips

=6.58in
Uses=6.5in

Minimum transverse reinforcement (where b, is the width of the web)
shall be

A Eq. 5.8.2.5-1

AV, min > 00316&%
y
Ay min = 0.0316\/@ (18 in)(§.5 in)
/ in kips
(60 02 )

=0.13in? < 04 in? at 6.5 in spacing provided [OK]

At the critical section (x = 3.58 ft) from the bearing of the left support, the
transverse reinforcement will be two no. 4 bar stirrups at 6.5 in spacing.
Determine the maximum spacing for transverse reinforcement required.

A Art.5.8.2.7

v, is the average factored shear stress in the concrete.
A Eq.5.8.2.9-1

203.4 kips
(0.9)(181in)(37.31in)

kips

=0337-2
m
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Ifv,<0125f
Smax = 0.8 d, <24 in
A Eq. 5.8.2.7-1
v, =0.337 klps <0. 125(4 5 klps) 0.563 KPS
in
Thus, s, = 0.8(37.3 in) = 29.8 in > 24 in
Sprovided = 0.5 in < 24 in [OK]
Check tensile capacity of longitudinal reinforcement.
A Art. 5.8.3.5

Shear causes tension in the longitudinal reinforcement in addition to shear
caused by the moment.

A Art. 5.8.3.5
At the critical section for shear, x is 3.58 ft.
M, factored moment 711.59 ft-kips
Vi, factored shear 203.4 kips
@, O, resistance factors for moment and shear 0.90
A Art.5.5.4.2.1

For two no. 4 stirrups at 6.5 in spacing and cot 45° = 1.0, the shear resistance
provided by shear reinforcement is,

A Eq. 5.8.3.3-4

Apq (047 )(601‘11’5)(37.3111)

VS = =
S 6.5in

= 1377 kips

The required tensile capacity of the reinforcement on the flexural tensile
side shall satisfy:

A Eq. 5.8.3.5-1
M, (V.

Asfy = E + ((pv - 0.5\]SJCOt9
o 9)(37'3 m)( i ) ( 09 0.5(137.7 klps))(l.O)

= 411.5 kips
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The available tension capacity of longitudinal reinforcement is

_Agy:(1&75nﬁ)(605“f)

m

= 1123.2 kips > 411.5 kips [OK]

Step 2: Check the Fatigue Limit State
A Art.5.5.3

The fatigue strength of the bridge is related to the range of live load stress
and the number of stress cycles under service load conditions. The fatigue
load combination specified in AASHTO Table 3.4.1-1 is used to determine
the allowable fatigue stress range, f; (= constant-amplitude fatigue threshold,
(AF)ryy) (AASHTO Art. 5.5.3.1). The minimum live-load stress level, f;,, is
determined by combining the fatigue load with the permanent loads. f;,
will be positive if it is in tension.

The factored load, Q, is calculated using the load factors given in AASHTO
Tables 3.4.1-1 and 3.4.1-2.

For a simple span bridge with no prestressing, there are no compres-
sive stresses in the bottom of the beam under typical dead load conditions.
Therefore, fatigue must be considered.

A Art. 5.5.3.1

Fatigue Limit State II (related to finite load-induced fatigue life) Q =
0.75(LL + IM), where LL is the vehicular live load and IM is the dynamic load
allowance.

A Tbl. 3.4.1-1

The following information will be used to determine the fatigue load.
One design truck that has a constant spacing of 30 ft between 32 kip axles.

A Art. 3.6.1.4.1

Dynamic load allowance, IM, is 15%.
A Tbl. 3.6.2.1-1

A distribution factor, DFM, for one traffic lane shall be used.
A Art. 3.6.1.4.3b

The multiple presence factor of 1.2 shall be removed.
A Comm. 3.6.1.1.2

The allowable fatigue stress range, f; (= (AF)y), shall be equal to (24 — 0.33
f

min)'

A Eq. 5.5.3.2-1
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Centroid of two axles on (8 kip)(14 ft)

the span from X=—
32 kips, (32 kips + 8 kips)
C.G. of x=28ft=2ft-9%
two truck axles on span
. 32
32 kips kips: 8 kips
| 30 fit 1] 14 f . .
(g g__t,l Fatigue truck loading
|
2 P-ow| ”//}/7" 7
x=2"-9%" | 12' — 4%
23" = 7%" :
R=-189kips 2> Sl(’g‘“ 2 ft R = 21.12 kips
M= 445.6 kips/ft M= Moment per lane
due to fatigue load
FIGURE 2.14

Fatigue truck loading and maximum moment at 32 kips position per lane due to fatigue loading.

f;  Allowable fatigue stress range, kips/in>

frnin Minimum live-load stress resulting from the fatigue load com-
bined with the permanent loads; positive if tension, kips/in?
See Figure 2.14.

The moment per lane due to fatigue load, M, is 445.6 ft-kips. For one traffic
lane loaded,

DFM; = 0.629 lanes for interior girders

DEM,, = 0.87 lanes for exterior girders
The multiple presence factor of 1.2 must be removed. Therefore, the distri-
bution factor for fatigue load using DFM_ is,

A Art. 3.6.1.1.2

DFM; ip0e = 087 =0.725 lanes
fatigue 1.2

Find the unfactored fatigue load moment per beam.
The moment due to fatigue load per beam, My, e, 18

Mfatigue = Mf(DFM)(l + IM)
= (445.6 kip-ft)(0.725)(1 + 0.15)

= 3715 kip-ft
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Fatigue Investigations.

It is noted that provisions used for Fatigue I are conservative for Fatigue II
load.
A Art. 5.5.3.1

For fatigue investigations, the section properties shall be based on cracked
sections when the sum of the stresses, due to unfactored permanent loads
and Fatigue I load combination, is tensile and exceeds 0.095f.. Referring to
the unfactored exterior girder moments previously found,
Mpc + Mpy + Miygigue = 756.3 Kip-ft + 84.4 kip-ft + 371.5 kip-ft
= 1212.2 kip-ft [for exterior girders]

Find the tensile stress at the bottom fiber of gross section of interior girders
using the stresses for exterior girders to be conservative.

A Art. 5.5.3.1

_264,183.6in*
~ 314in

=8,413.5in3

The tensile stress at the bottom fiber f, is

1212.2 kip-ft| 12
1ft

8413.5in®

= 1.73 kips/in?

0.095/f =0.095, /4.5%

=0.20 kips/in? < f, = 1.73 kip/in?
A Art. 5.5.3.1
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Therefore, cracked section analysis should be used for fatigue investigation.
The modulus of elasticity for concrete with w, = 0.15 kips/in? is

E. =33,000(w,)"” ¥
A Eq.5.4.2.4-1

. 15 N
=33, 000(0.15 klps) 4.5Kps

ft in?

E, = 4,066.8 kips/in?

The modulus of elasticity for steel, E,, is 29,000 kips/in?
The modular ratio between steel and concrete is

=713, usen=7
Determine the transformed area.

nA, =7(18.75 in?) = 131.25 in?

Find the factored fatigue moment per beam.

The factored load for Fatigue II load combination, Q, is
A Table 3.4.1-1

Q = 0.75(LL + IM)
My faigue = 075(Miyigue) = 0.75(371.5 kip-ft) = 278.6 kip-ft

See Figure 2.15 for the cracked section analysis.

Find the distance, x, from the top fiber to the neutral axis. Taking the
moment of areas about the neutral axis,

(120 in)(x)()z(): (131.25in%)(38.5in - x)

x=815in



54 Simplified LRFD Bridge Design

120 in

NA
o | T
38.51i
8.5in y=385in-28.15in
=30.35in

5.5in ? "‘E{

18 in

S~ nAg = 131.25 in?

FIGURE 2.15
Cracked section determination of T-beam.

Iua = %bx3 +Ay®

= %(120 in)(8.15in)’ +(131.25in?)(38.5in-8.15 in)’

=142,551.0 in*

Find the stress in the reinforcement.

The stress in the reinforcement due to the factored fatigue live load £, is,

)

I

=n MF fatigue J(y)

INA

12in

(7)[(278'6 kip_ft)( Lt J](38.5 in—8.15in)

142,551 in*

f, = 4.98 kips/in?
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Find the fatigue stress range.

55

The permissible stress range in the reinforcing bars resulting from the fatigue

load combination, f;, must not exceed the stress in the reinforcement, f..

Using the previously calculated unfactored exterior girder moments due

to the dead loads, the total moment due to the dead load is
Micad 1oad = Mpe + Mpw = 756.3 ft-kips + 84.4 ft-kips
= 840.7 ft-kips

The minimum live load stress resulting from the fatigue load is

. ft . .
) (840.7 ft-klps)(lzm)(38.5 in—8.15in)

142551 in*

=15.0 kips/in?

The allowable fatigue stress range f;, is,

A Eq. 5.5.3.2-1

f;=24-0.331,,,
=24 —(0.33)(15.0 kips/in?)
=19.05 kips/in®

f, = stress in the reinforcement due to the factored fatigue live load

=498 kips/in? < f; = 19.05 kips/in? [OK]

The stress in the reinforcement due to the fatigue live load is less than the

allowable fatigue stress range, so it is ok.

Step 3: Check the Service I Limit State

The factored load, Q, is calculated using the load factors given in AASHTO

Table 3.4.1-1.
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The load combination relating to the normal operational use of the bridge
with all loads taken at their nominal values (with no impact allowance, no
load factors, and so on), is similar to that for the allowable stress methods.
This combination is for deflection control and crack width control in rein-
forced concrete.

Q = 1.0(DC) + LO(DW) + 1.O(TL + LN)
A Tbl. 3.4.11

Although deflection and depth limitations are optional in AASHTO,
bridges should be designed to avoid undesirable structural or psychological
effects due to deformations.

A Art. 2.5.2.6.1

Criteria for deflection in this section shall be considered optional. However,
in the absence of other criteria, the following limits may be considered.

A Art. 2.5.2.6.2
For steel, aluminum, concrete vehicular bridges,
vehicular load general span/800
For wood vehicular bridges,
vehicular and pedestrian loads span/425

vehicular load on wood planks and panels

(extreme relative deflection between adjacent edges)  0.10 in.

Using the previously calculated exterior girder moments due to the dead
and live loads, the total service load moment is

M., = 1.0 Mpe +1.0 My + LOMyy + M, )

= (L0)(756.3 ft-kips) + (1.0)(84.4 ft-kips)
+ (LO)(7174 ft-kips + 174.0 ft-kips)
=1732.1 ft-kips

Find the control of cracking by distribution of reinforcement.

The maximum spacing of tension reinforcement applies if the tension in
the cross section exceeds 80% of the modulus of rupture, f,, at the Service I
Limit State.

A Art. 5.7.3.4
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The modulus of rupture is
A Art. 5.4.2.6

fo=0.24,ft/

—0.24 |45% S
m

= 0.51 kips/in?

The section modulus at the bottom fiber for the gross cross section (where
y, is equivalent to y,) is

I
S, =%
Yi
where:
y, = distance from the neutral axis to the extreme tension fiber
= y+55in=3585in

_264,183.6in"

~ 3585in

=7369.1 in®

The tensile stress at the bottom fiber is

: 12in
(1732.1 klp—ft)(lft)

7369.1in°

_ service __
fy=~ome =
g

= 2.82 kips/in?> 0.8 £, = 0.8(0.51 kips/in?) = 0.41 kips/in?

Thus, flexural cracking is controlled by limiting the spacing, s, in the ten-
sion reinforcement. Therefore, the maximum spacing, s, of the tension rein-
forcement should satisfy the following.

A Eq.5.7.3.4-1

L 7007,
BS@S

The exposure factor for a class 2 exposure condition for concrete, 7., is
0.75. The overall thickness, h, is 44 in. The concrete cover measured from
extreme tension fiber to the center of the flexural reinforcement located clos-
est thereto is

—2d,

A Art. 5.7.3.4
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d.=15in+0.5in + 141 in/2
= 2.7 in (see Figure 2.11)

The modular ratio between the steel and concrete, n, was previously cal-
culated as 7. The tensile stress in steel reinforcement at the Service I Limit

State is
A Art.5.7.3.4
fss — 1’1{ Mservice ] i
S,
where:
I in*
s, s 264,183.? in® _ 8704.6 in?
y 30.35 in
12in
1732.1 kip-ft)| ——
i ( p )( i )
B 8,413.5in’
=16.7 kips/in?

The ratio of the flexural strain at extreme tension face to the strain at the
centroid of reinforcement layer nearest to the tension face is

A Art.5.7.3.4
— dC
P, _1+[0.7(h—dc)}

2.7in
=1+ : :
(0.7(44 in-2.7 1n)]

=1.09

Therefore, the maximum spacing, s, of the tension reinforcement shall sat-
isfy the following.

s <700%e 54

Bstss

700(0.75)
i (1.09)(16.7 kips)

in?

-2(2.7 in)

<24.3in
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Provided bar spacing, s, is 4.19 in, which is less than the maximum spacing
allowed so it is ok (see Figure 2.11).

Step 4: Design the Deck Slab
In AASHTO, concrete decks can be designed either by the empirical method
or the traditional method.

A Art. 9.7

The empirical design method may be used for concrete deck slabs sup-
ported by longitudinal components if the following conditions are satisfied.

A Arts. 9.7.2,9.7.2.4

a. The supporting components are made of steel and/or concrete.
b. The deck is fully cast-in-place and water cured.

c. The deck is of uniform depth, except for haunches at girder flanges
and other local thickening.

d. The ratio of effective length to design depth does not exceed 18 and
is not less than 6.0.

The effective length is face-to-face of the beams monolithic with slab;
therefore,

0 effectivelength 10 ft—1.5 ft
~ design depth (9in) 1ft
12in

=11.33 < 18 > 6 [OK]

e. Core depth of the slab (out-to-out of reinforcement) is not less than 4
in.

Assuming clear cover of 2.5 in for top bars and 1.5 in for bottom bars,
9in-25in-15in=5in>4in [OK]

f. The effective length does not exceed 13.5 ft.

8.5 ft < 13.5 ft [OK]
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g. The minimum depth of slab is not less than 7 in.

9in> 7 in [OK]

h. There is an overhang beyond the centerline of the outside girder of
at least 5 times the depth of slab. This condition is satisfied if the
overhang is at least 3 times the depth of slab and a structurally con-
tinuous concrete barrier is made composite with the overhang.

Overhang = (4.0 ft)(12 in/ft).

Check requirements.
(5)©9 in) = 45 in < 48 in [OK]
(3)9 in) = 27 in < 48 in [OK]

i. The specified 28-day strength of the deck concrete, f’, is not less than
4 kips/in2.

fl = 4.5 kips/in? > 4 kips/in? [OK].
j- The deck is made composite with the supporting structural elements.

Extending the beam stem stirrups into deck will satisfy this requirement
[OK].

The empirical method may be used because all of the above conditions are
met.

Four layers of isotropic reinforcement shall be provided. The minimum
amount of reinforcement in each direction shall be 0.27 in2/ft for bottom
steel, and 0.18 in?/ft for top steel. Spacing of steel shall not exceed 18 in.

A Art. 9.7.2.5

Bottom reinforcement: no. 5 bars at 12 in; A, = 0.31 in? > 0.18 in? [OK].
Top reinforcement: no. 5 bars at 18 in; A, = 0.20 in? > 0.18 in? [OK].
The outermost layers shall be placed in the direction of the slab length.

Alternatively, the traditional design method may be used.
A Art.9.7.3
If the conditions for the empirical design are not met, or the designer

chooses not to use the empirical method, the LRFD method allows the use of
the traditional design method.
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Concrete slab shall have four layers of reinforcement, two in each direction
and clear cover shall comply with the following AASHTO Art. 9.71.1 provisions.

Top bars have 2.5 in and bottom bars have 1.5 in clear covers.

The approximate method of analysis for decks divides the deck into
strips perpendicular to the support elements. The width of the strip
is calculated according to AASHTO Art. 4.6.2.1.3.

A Art. 4.6.2.1

The width of the primary strip is calculated for a cast-in-place concrete
deck using the following calculations from AASHTO Table 4.6.2.1.3-1.

Overhang: 45 + 10 X
+M: 26 +6.65
-M:48 +3.0S

The spacing of supporting elements, S, is measured in feet. The distance
from load to point of support, X, is measured in feet.

A deck slab may be considered as a one-way slab system. The strip model
of the slab consists of the continuous beam, and the design truck is posi-
tioned transverse for the most critical actions with a pair of 16 kip axles
spaced 6 ft apart.

Design Example 2: Load Rating of Reinforced Concrete T-Beam
by the Load and Resistance Factor Rating (LRFR) Method

Problem Statement

Use the Manual for Bridge Evaluation (MBE-2), Second Edition 2011, Section 6:
Load Rating, Part A Load and Resistance Factor Rating (LRFR). Determine
the load rating of the reinforced-concrete T-beam bridge interior beam using
the bridge data given for the Limit State Combination Strength 1. Also refer
to FHWA July 2009 Bridge Inspection System, Condition and Appraisal rating
guidelines.

L span length 50 ft

s beam spacing 10 ft

£ concrete strength 4.5 kips/in?
f, specified minimum yield strength of steel 60 kips/in?
DW future wearing surface load 0.03 kips/ft?

ADTT  average daily truck traffic in one direction 1900
skew 0°
Year Built: 1960
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62
1ft9i m
L Roadway = 44 ft 6 in 1 Ift ?in
Curb and parapet t,=9in
2 ft8in _\ l
4ft 10M0 ft 10 ft Lr‘ S=10ft
24 ft 24 ft
FIGURE 2.16
T-beam bridge cross section.
120 in
9"
#4@6.5" —>| 35"
o000
o8 12#11 bars

(A, = 18.75 in?)

FIGURE 2.17
T-beam section.

Condition: Good condition with some minor problems

NBIS Item 59, Condition Good (Code 7)

See Figures 2.16 and 2.17.

Solution
Step 1: Analysis of Dead Load Components—Interior Beam

1.A Components and Attachments — DC
DCT—beam—Structural =178 klpS/ft
= 0.202 kips/ft

DCCurbs & Parapet —
TOtal DC per beam = DCT—beam—Structural + DCCurbs & Parapet

=1.78 kips/ft + 0.202 kips/ft

Total DC per beam = 1.98 kips/ft
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" (1.98k1flt°s)(50 ft)’
Mpc = VP _ = 618.75 kip-ft
8 8
(1.981“195)(50 ft)
WDCL ft .
Vpe = 9 = 7 =49.5 kips

1.B Wearing Surface — DW

kips |( 10 ft kips
=]0.03 =0.3
Wow ( ft? )(beam) ft

(0.31(?)(50 ft)’
Mpw = 3 3 =93.75 kip-ft

(0.3 kllDS)(50 ft)
Vo = wpwL ft
DW — 2 - 2

=7.5kips

Step 2: Analysis of Live Load Components—Interior Beam

2.A Live Load Distribution Factor

AASHTO Cross-Section Type (e)
A Tbl 4.6.2.2.1-1

For preliminary design,
A Tbl. 4.6.2.2.1-2

0.1
K 1.05
121t

2.A.1 Distribution Factor for Moment in Interior Beamn, DFM
A Tbl 4.6.2.2b-1 or Appendix A

i) One lane loaded, DFM
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106 [108]"
DFM,; =0.06+| | |-~ | [1.05]
14 50 ft

DFEM,, = 0.626 lanes

ii) Two or more lanes loaded, DFM,;

- 0.6 0.2 0.1
DFM,; =0.075+ S s Ke 5
95| |L] |12L¢

o 0.6 0.2
DFM,,; =0.075+| 101t | | 101t [1.05]
| 95 ] | 50ft

DFM,; = 0.860 lanes [controls]

2.A.2 Distribution Factor for Shear in Interior Beam, DFV
AASHTO [Tbl 4.6.2.2.3a-1] or Appendix C

i) One lane loaded, DFV
DFV, =0.36+ S
25

DFV, =036+ 101
25

DFV,; = 0.76 lanes

ii) Two or more lanes loaded, DFV_;

2.0
DEV,; =02+ [ 2
12 (35

2.0
DFV, =02+ 10ft_[10ft
12 35

DFV,,; = 095 lanes [controls]
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2.B Maximum Live Load Effects
2.B.1 Maximum Live Load (HL-93) Moment at Midspan (see Design Example 1)

Design Truck Moment = M,, = 620.0 kip-ft
Design Lane Moment = M, .. = 200.0 kip-ft
Design Tandem Axles Moment = 575.0 kip-ft

IM =33%
A Tbl. 3.6.2.1-1

Mipav = M (1 +IM) + My,
= 620.0 kip-ft(1 + 0.33) +200.0 kip-ft

M,y = 1024.6 kip-ft

2.B.2 Distributed live load moment per beam
MLL+IM per beam = (MLL+IM)(DFM)

= (1024.6 kip-f£)(0.860)
MLL+IM perbeam — 881.16 klp_ft
Step 3: Determine the Nominal Flexural Resistance, M,,
3.A Effective Flange Width of T-Beam, b,

Effective flange width is the width of the deck over girders.
A Comm. 4.6.2.6.1

Average spacing of beams = (10 ft)(12 in/1 ft) = 120.0 in

Use b, =120.0 in

is

ns

A Eq. 5.7.3.2.2-1

3.B Determination of Nominal Flexural Resistance in Bending, M

M, = Asfy(ds -a]
2
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A for 12 - #11 bars = 18.75 in?

b, = 120 in

B, =0.85— (ff’;;)(())m)(om)

A Art.5.7.2.2

4500% —4000

B =085 —[111500](0.05)

B, = 0.825
Af,

c=——72—

0.85f B,b

A Eq.5.7.3.1.1-4

(18.75 inz)(60 kil”]

inZ

c=

kips
.2

0.85(4.5
in

)(0.825)(120 in)

c=297in<t =9in

a=cf
A Art.5.7.2.2
a = (2.97 in)(0.825)
a=245in
d, distance from extreme compression fiber to
the centroid of the tensile reinforcement 38.5in

See Figure 2.18.
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Interior
T-beam section

44 in

18in 5.5in

d, = Distance from extreme compression
fiber to the centroid of tensile
reinforcement = 44 in — 5.5 in

d;=385in

FIGURE 2.18
Interior T-beam section for determination of flexural resistance.

M, = Af, [ds - a]
2

M, =(18.75 in2)(60 klps)[38.5 in— 24;”“]

in?

M, = 41934 kip-in(1 ft/12 in)

M,, = 3494.5 kip-ft

Step 4: Determine the Shear at the Critical Section near Support
A Art5.8.3.2

Vertical Stirrups: #4 bars at 6.5 in spacing
4 2
Ay =2As4p0 = z(zx(gm) ]: 0.40in®

The location of the critical section for shear shall be taken as d, from the
bearing face of the support.
The effective shear depth, d,, can be determined as

A Eq. C.5.8.2.9-1;5.8.2.9
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M,
dv= A,
(34945 kip-ft){llzfitnj
d, = :
(18.74 'mz)(60 k‘pf’)
m

d, = 373 in [controls]
But d, need not be taken less than to be less than the greater of 0.9 d, or
0.72 h:
A Art.5.8.2.9

d, =09d,(=d,)

=09(38.5 in)
d, =347 in
or
d,=072h
= 0.72(44 in)
d,=317in

Use d, =373 in.

Check: d, = distance between the resultants of the tensile and compressive
force due to flexure,

_245in

d,=d,-2=385in
2

= 37.3 in (check OK)

See Figure 2.19.
The critical section for shear from face of bearing support, d,, is 37.3 in.

Calculate shear at x = 37.3 in +5.7 in = 43 in from the center of bearing,.

Shear at x = (43 in) (1 ft/12 in) = 3.58 ft from the support end.
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x=(57in+37.31in) (1 ft/12 in) = 3.58 ft

d,=373in
—
i
Span = L = 50 ft

Bearing CI

FIGURE 2.19
Critical section for shear at support.

Dead Load
wpe = 1.98 kips/ft

Wpw = 0.3 kips/ft

Maximum live load shear at critical section on a simple span
MBE-2 App. Tbl. H6B

Live load shear at critical section due to design truck load, HS-20,
Let x = L — x; multiply by 2 for two wheel lines.

36 kips(x —9.33)

HS-20: V=
L

x2 and x = (L-x)

v 7 kjps[(LL— x)-9.33]

Vi - psoo at x = 3.58 ft:

72 Kips| (50 ft - 3.58 ft) - 9.33 |
Vie=hs-20 = 50 ft

Vi _nsa0 = 5341 kips per lane
Vi = (Vi)(DEV)(1 + IM)
= (53.41 kips per lane)(0.95)(1.33)

Vi = 67.5 kips per beam



70 Simplified LRFD Bridge Design

0.69 f/ft
A EEEEEER
A 4642 ft i
R, =13.79 kips x 15.91 ki
x=358ft L=s0 o

FIGURE 2.20
Live load shear at critical shear section due to lane load.

Live load shear at critical shear section due to lane load (see Figure 2.20),

(0.64 k?)(46.42 ft)( 46“22 ft)

50 ft

RA:

R, =13.79 kips
Vinax - 358 1t = 13.79 kips
Vin = Vin(DFV) = (13.79 kips)(0.95) = 13.1 kips per beam
ViLam = total live load shear = 67.5 kips + 13.1 kips = 80.6 kips

Nominal Shear Resistance, V,, shall be the lesser of:
A Art. 5.8.3.3

V.=V.+V,
A Eq.5.8.3.3-1, A Eq. 5.8.3.3-2

V,=025fb.d,

V. =0.0316 B\E b,d,

V= A f,d, cot®
s s
o =90°

A Comm. 5.8.3.3-1

For simplified procedure,
A Art. 5.8.3.4.1
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B=20;0=45

V. =0.0316(2.0),[4.5 12{;5 (18in)(37.3in)

V. =90.0 kips
(0.40 inz)(60 Kips )(37.3 in)cot 45°
m
Vo= .
6.51in

V, = 137.7 kips
V., = 90.0 kips + 1377 kips = 227.7 kips [controls]

V, =025 b,d,

kips

2

V, = 0.25(4.5 )(18 in)(37.31in)

in
V,, =356.1 kips

Step 5: Summary of Capacities and Demands for Interior Concrete T-Beam

See Table 2.3.

Step 6: Calculation of T-Beam Load Rating
MBE-2 Eq. 6A.4.2.1-1

C~(7oc)(DC) = (vow)(DW) £ (v2)(P)

RE= (Yo ) (LL+1M)

TABLE 2.3

Dead Loads and Distributed Live Loads Effects Summary for Interior T-Beam

LL Distribution Distributed Nominal

DC DW Factor LL+Impact Capacity
Moment, kip-ft 618.75  93.75 0.860 881.16 3494.5
Shear, kips? 424 6.4 0.95 80.6 227.7

@ At critical section (= 3.58 ft from bearing).
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For the strength limit states:
MBE-2 Eq. 6A.4.2.1-2

C=0D PR,
where:
RF = rating factor
C = capacity

fr = allowable stress specified in the LRFD code

R, =nominal member resistance (as inspected)

DC = dead load effect due to structural components and attachments
DW = dead load effect due to wearing surface and utilities

P =permanent loads other than dead loads

LL = live load effect

IM = dynamic load allowance

Yoc = LRFD load factor for structural components and attachments
Yow = LRFD load factor for wearing surfaces and utilities

Y, =LRFD load factor for permanent loads other than dead loads = 1.0
Y. = evaluation live load factor

@, = condition factor

C

MBE-2 Tbl 6A.4.2.3-1
®_ = 1.0 for good condition
®, = system factor

MBE-2 Thl 6A.4.2.4-1
@, = 1.0 for all other girder bridges
@ = LRFD resistance factor

A Art.5.5.4.2.1
® =090 for shear and flexure

6.A Strength I Limit State

(@)(®)(®)R, - (o) (DC) - (Yow)(DW)

K= (v )(LL+1M)

MBE-2 Eq. 6A.4.2-1
Please see Table 2.4.

TABLE 2.4 (MBE-2 Tbl 6A.4.2.2-1)
Load Factors for Load Rating for Reinforced Concrete Bridge

Design Live Load

Dead Load, Dead Load, Inventory Operating
Bridge Type Limit State Yoc Yow Yio Yo

Reinforced Concrete  Strength I 1.25 15 1.75 1.35
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6.B Load Rating for Inventory Level

Flexure:
[(1.0)(1.0)(0.9)(3494.5 kip-ft) - (1.25)(618.75 kip-ft)
e —(1.50)(93.75 kip-ft) ]
- (1.75)(881.16 kip-ft)
£ 2231.0kip-ft
1542.03 kip-ft
RF =145
Shear:
RF (1.0)(1.0)(0.9)(227.0 kips) - (1.25)(42.4 kips) - (1.50)(6.4 kips)
- (1.75)(80.6 kips)
Fo 141.7 kips
141.05 kips
RF = 1.00

6.C Operating Level Load Rating

Flexure:

RF = (1.45)(%:):1.88

Shear:
RF =(1.00) 1750130
1.35

6.D Summary of Rating Factors for Load and Resistance Factor Rating
Method (LRFR)—Interior Beam for Limit State Strength I

Please see Table 2.5.

TABLE 2.5
Rating Factor (RF)

Design Load Rating

Limit State  Force Effect Inventory  Operating

Strength I Flexure 1.45 1.88
Shear 1.00 1.30
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6.E Loading in Tons, RT
MBE-2 Eq. 6A.4.4-1

RT=RFxW

where:

RF = rating factor (Table 2.5)

RT = rating in tons for trucks used in computing live load effect
W = weight in tons of truck used in computing live load effect

Design Example 3: Composite Steel-Concrete Bridge

Situation
BW barrier weight 0.5 kips/ft
f! concrete strength 4 kips/in?
ADTT average daily truck traffic in one direction 2500
design fatigue life 75 yr
Wpyws  future wearing surface load 25 Ibf/ft?
d, distance from the centerline of the exterior web
of exterior beam to the interior edge of curb
or traffic barrier 2 ft
L span length 40 ft
load of stay-in-place metal forms 7 Ibf/ft?
S beam spacing 8 ft
W, concrete unit weight 150 Ibf/ft?
f, specified minimum yield strength of steel 60 kips/in?
t, slab thickness 8in
Requirements

Design the superstructure of a composite steel-concrete bridge for the load
combinations Strength I, Service II, and Fatigue II Limit States using the
given design specifications.

Solution
AISC 13t Ed. Tbl. 1-1"

For the bare steel section, W24x76, please see Figure 2.21.

* Refers to the American Institute of Steel Construction.
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1ft3in 22 ft

L

=774
t;=7??in

e

al

3ft3in S=8ft S=8ft 4ft

Beam cross section

W24 x 76

Beam details

FIGURE 2.21
Composite steel-concrete bridge example.

0.44 in

W24 x 76
£r=0.68 in
bf: 9in

t, = 0.44 in
d=239in
A =224in%
I, = 2100 in*
w = 76 Ibf/ft

d=239in D=2254in

FIGURE 2.22
Steel section.

Find the effective flange widths
A Art. 4.6.2.6

The effective flange width for interior beams is equal to the beam spacing
(see Figure 2.22)

b, = (8 ft)(12 in/ft) = 96 in

e,int —
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Width = 0.44 in d=239in
W24 x 76 T

L

9in

FIGURE 2.23
Composite steel section.

The effective flange width for exterior beams is equal to half of the adjacent
beam spacing plus the overhang width

=5/2 + overhang = (96 in)/2 + 39 in = 87 in

e ext

Find the dead load moments and shears. See Figure 2.23.
Find the noncomposite dead load, DC,, per interior girder.

DC,. =(96 m)(112f; J(s m)(llzf; J(O.lS kfjtlzs]zo.s Kips/ft

DC,unen = (2 in)[llzfith(g in)(llzft )(0 15 kf‘ps) 0.02 kips/ft

Assuming 5% of steel weight for diaphragms, stiffeners, and so on,

DC,. = 0.076k1f—1t°5+ (0.05)(0 076 k‘fps) 0.08kips/ft

DCStay-in-place forms — ( 7 lf];:)sz ( roadway width ) [ 1}

6 girders
(0 007 kflps)(44 ft)(i)

= 0.051 kips/ft

The noncomposite dead load per interior girder is
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DCl = DCslab + DChaunch + DCsteel + DCStay-in—place forms
= 0.8 kips/ft + 0.02 kips/ft + 0.08 kips/ft + 0.051 kips/ft
= 0.951 kips/ft

The shear for the noncomposite dead load is

- f; ~19.02 kips

(0.951 kips)(zro ft)

wL
Yoo =Ty

The moment for the noncomposite dead load is

2 (0.951 kjflt'”](4o )’

8 8

Mpc, = =190.2 ft-kips

Find the composite dead load, DC,, per interior girder.

0.5 klf?)(Z barriers)
DC2 = DCbarrier =

=0.167 kips/ft
6 girders ps/

The shear for the composite dead load per interior girder is

. (0.1671(155)(40 ft)
Vbe, = WT = > =3.34 kips

The moment for the composite dead load per interior girder is

’ (0.1671(1;[)5](40 )’
w
MDCZ = =

8 8

=33.4 ft-kips

The shear for the total composite dead load for interior girders is
Ve = Vper + Vpe, = 19.02 ft-kips + 3.34 ft-kips = 22.36 kips

The moment for the total composite dead load for interior girders is

77
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Mpe = Mpe; + Mpe, = 190.2 ft-kips + 33.4 ft-kips = 223.6 ft-kips

The future wearing surface dead load, DW, for interior girders is

L (25155)(44 ft)

w

DWgws = FWS = =0.183 kips/ft
WS ™ ho. of beams 6 beams ps/

The shear for the wearing surface dead load for interior girders is

(0.1831(?:5)(40 ft)

2

wl_
2

Vow = =3.66 kips

The moment for the wearing surface dead load for interior girders is

kips 2
w2 (0.183ﬂ)(40 ft)

8 8

= 36.6 ft-kips

Assume that the dead load for the exterior girders is the same as for inte-
rior girders. This is conservative.

Dead load summary
Vpe =224 kips
Mp = 223.6 ft-kips
Vpw = 3.66 kips
Mpy = 36.6 ft-kips

Find the live loads.

Find the unfactored moments, unfactored shears, and distribution factors for
the live loads.

A Art. 4.6.2.2.1

The modulus of elasticity of concrete where w, = 150 1bf/ft3 (0.15 kips/ft3) is
A Eq. 5.4.2.4-1

ki 1.5 k_l
E. =(33,000)w*[f =(33,000)(0.15 fgs) l4 i:f

= 3834 kips/in?
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The modulus of elasticity for the steel, E,, is 29,000 kips/in2.
The modular ratio between steel and concrete is

£ 29,000 k_lpzs
) m
©  3834-L°
mn
Usen =8.

The distance between the centers of gravity of the deck and beam, €y, is
1795 in.

AISC 13 Ed. Tbl. 1-1

The moment of inertia for the beam, I, is 2100 in*.

The area, A, is 22.4 in2.

Using the previously calculated values and the illustration shown, calcu-
late the longitudinal stiffness parameter, K,. See Figure 2.24.

The longitudinal stiffness parameter, Kg, is

A Eq. 4.6.2.2.1-1

K, = n(l + Ae,?) = (8)2100 in* + (22.4 in?)(1795 in)?)

= 74,539 in*

4 -81n

11.95in

FIGURE 2.24
Composite section for stiffness parameter, K
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For cross-section type (a):
A Tbl. 4.6.2.2.1-1

S=8ft
L=40ft
t,=8in

The distribution factor for moments for interior girders with one design

lane loaded is
0.4 0.3 0.1
K
DEM,, =0.06+ S S 8 3
14 L 12 Lt

04 03 » 0.1
:006+(8ftJ [8&] 74,539 in
14 ) \40ft) |12(40t)(81in)

= 0.498 lanes

A Tbl. 4.6.2.2.2b-1

The distribution factor for moments for interior girders with two or more
design lanes loaded is

0.6 0.2 0.1
K
DFM,,; =0.075+ SIS g
9.5 L 12 Lt

0.6 02 .4 o1
_0075+(8ch Sft] 74,539 in
' 95) \40ft) | 12(40ft)(8in)’

= 0.655 lanes [controls]

The distribution factor for shear for interior girders with one design lane
loaded is

A Tbl. 4.6.2.2.3a-1

DFV, =036+ > |=0.36+( 3
25 25

= 0.68 lanes
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The distribution factor for shear for interior girders with two or more
design lanes loaded is

2 2
DFV,, =02+ > —[ 3| 02480t _[8f
12 (35 12 (35

= (0.814 lanes [controls]

The distribution factor for moments for exterior girders with one design
lane loaded can be found using the lever rule.

A Art. 6.1.3.1; A Tbl. 4.6.2.2.2d-1 or Appendix B

The multiple presence factors, m, must be applied where the lever rule is
used. Please see Figure 2.25.

A Comm. 3.6.1.1.2; Thl. 3.6.1.1.2-1

EMapinge = 0
:(12))(8 ft)+(1;](z ft)-R(8ft)

R=0.625P =0.625

A multiple presence factor, m, for one lane loaded is applied to the distri-
bution factor for moments of exterior girders.

A Thl. 3.6.1.1.2-1

3 ft3in —» 2H

8 ft

FIGURE 2.25
Lever rule for determination of distribution factor for moment in exterior beam, one lane
loaded.
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DEM, = (DFM,,) (m) = R(m)
DFM,, = (0.625)(1.2) = 0.75 lanes [controls]

The distribution factor for moments for exterior girders with two or more
design lanes loaded using g, a distribution factor is

A Tbl. 4.6.2.2.2d-1 or Appendix B

The distribution factor for interior girder, g;.,, is 0.655.
The correction factor for distribution, where the distance from the center-
line of the exterior web of the exterior beam to the curb, d, is 2 ft, is

e=0.77+ de =0.77+ 21t =0.9898
9.1 9.1

DEM,,.. = g = (€)(giny) = (0.9898)(0.655) = 0.648 lanes [controls]
Or, stated another way,
DFM,,.. = (e)DFM,; = (0.9898)(0.655) = 0.648 lanes

The distribution factor for moments for exterior girders with one design
lane loaded is 0.75 (> 0.648).

Use the lever rule to find the distribution factor for shear in exterior gird-
ers for one design lane loaded. This is the same as DFM,, for one design lane
loaded (= 0.75).

A Tbl. 4.6.2.2.3b-1 or Appendix D
DFV,, =0.75

Find the distribution factor for shear for exterior girders with two or more
design lanes loaded using g, a distribution factor.

e=0.6+$=0.6+§=0.8
10 10

g = (e)(giny) = (0.8)(0.814) = 0.6512 lanes
Or, stated another way,
DFV,,. = e(DFV,,;) = (0.8)(0.814) = 0.6512 lanes

Find the unfactored live load effects with dynamic load allowance, IM.
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32 kips 32 kips 8 kips
6ft | 14 ft | 14t | ot

A

20 ft 20 ft

40 ft

FIGURE 2.26
Load position for moment at midspan for design truck load (HS-20).

The HL-93 live load is made of either the design truck or the design tan-
dem load (whichever is larger) and the design lane load.

A Art. 3.6.1.2

Find the design truck moment due to the live load. See Figure 2.26.
XMgp =0
R, (40 ft) = (32 kips)(34 ft)+ (32 kips)(20 ft)+(8 kips)(6 ft)
R, =444 kips
The design truck (HS-20) moment due to live load is
M,, = (44.4 kips)(20 ft) — (32 kips)(14 ft) = 440 ft-kips

Find the design tandem moment due to the live load. Please see Figure 2.27.

IMgp =0
25 kips . 16 ft
Ry= 25 ki —
A ( 2 )+( pS)(4Oft)
R, =22.5 kips

The design tandem moment due to the live load is

M.ngem = (22.5 kips)(20 ft) = 450 ft-kips [controls]
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aft 16 ft

25 kips 25 kips

Ay

T
|

20 ft 20 ft
R

FIGURE 2.27
Load position for moment at midspan for design tandem load.

0.64 kips/ft

40 ft

FIGURE 2.28
Load position for moment at midspan for design lane load.

Find the design lane moment due to the live load. Please see Figure 2.28.

" (0.641(158)(40 ft)’
M,, = W8 = 5 =128 ft-kips

The dynamic load allowance, IM, is 33% (applied to the design truck or the
design tandem only, not to the design lane load).

A Art. 3.6.2.1
The total unfactored live load moment is
M av = Mundem( + IM) + M, = (450 ft-kips)(1 + 0.33) + 128 ft-kips

=726.5 ft-kips per lane
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Find the shear due to the design truck live load. Please see Figure 2.29.
IMgs =0
R, (40 ft) = (32 kips)(40 ft)+(32 kips)(26 ft)+ (8 kips)(12 ft)
R, = 55.2 kips (controls)

The shear due to design truck load, V,,, is 55.2 kips [controls].

Find the shear due to the design tandem load. Please see Figure 2.30.
EMgp =0
R, (40 ft) =(25 kips)(40 ft)+(25 kips)(36 ft)

R, =475 kips

32 kips
|

32 kips
|

8 k
14 ft 14 ft L 12t

| 40 ft

FIGURE 2.29
Load position for shear at support for design truck load (HS-20).

4 ft
25 kips 25 kips

40 ft

FIGURE 2.30
Load position for shear at support design tandem load.
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The shear due to the design tandem load, V,,gem is 47.5 kips.

Find the shear due to the design lane load. Please see Figure 2.31.

kips
:WL:(O.64 i )(40&)

V=V,
D) 2

=12.8 kips

The dynamic load allowance, IM, is 33% (applied to the design truck or the
design tandem only, but not to the design lane load).

The total unfactored live load shear is
Vicam = Vi1 +IM) + V= (55.2 kips)(1.33) + 12.8 kips
= 86.22 kips per lane

Please see Table 2.6.

Find the factored moments and shears.
A Tbls. 3.4.1-1; 3.4.1-2

0.64 kips/ft

40 ft

FIGURE 2.31
Load position for shear at support for design lane load.

TABLE 2.6
Complete Live Load Effect Summary
No. of Unfactored Unfactored Unfactored Unfactored
Design Miram M ram Vitam Vitam
Girder Lanes  (ft-kips per (ft-kips per  (kips per (kips per
Location Loaded Lane) DFM Girder) Lane) DFV Girder)
Interior 1 726.5 0.498 — 86.22 0.68 —
2 726.5 0.655 475.9 86.22 0.814 70.2
Exterior 1 726.5 0.75 544.9 86.22 0.75 64.7
2 726.5 0.648 — 86.22 0.6512 —
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Check the Strength I Limit State.
U=125DC + 1.5 DW + 1.75(LL + IM)
The factored moment for interior girders is
M, =1.25Mpc + 1.5 Mpy, + L75 My v
= (1.25)(223.6 ft-kips) + (1.5)(36.6 ft-kips) + (1.75)(475.9 ft-kips)
=1167.2 ft-kips
The factored shear for interior girders is
V,=125Vpe + 1.5 Vi + L75 Vi au
= (1.25)(22.4 kips) + (1.5)(3.66 kips) + (1.75)(70.2 kips)
=156.3 kips
The factored moment for exterior girders is
M, = (1.25)(223.6 ft-kips) + (1.5)(36.6 ft-kips) + (1.75)(544.9 ft-kips)
= 1288 ft-kips
The factored shear for interior girders is
V., = (1.25)(22.4 kips) + (1.5)(3.66 kips) + (1.75)(64.7 kips)
=146.7 kips

Find the shear and moment capacity of the composite steel-concrete section.
Find the plastic moment capacity, M,, for interior girders. See Figure 2.32.

A App. D6.1; Tbl. D6.1-1

b, .. effective flange width for exterior beam 87 in
b, ;. effective flange width for interior beam 96 in
b.  flange width, compression 9in
D clear distance between flanges 22.54 in
F,.  specified minimum yield strength of the

compression flange 60 kips/in®
F,,  specified minimum yield strength of the

tension flange 60 kips/in?
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b,=96in

t,=044in »>j< | D-92254in |d=23.9in

+

tr and £ = 0.68 in r

bf= 9in

Interior beam cross section

Assume longitudinal reinforcement as shown.

'
R 3in
8in { q
3in' |

}

2in

FIGURE 2.32
Composite steel-concrete section for shear and moment capacity calculation.

F,, specified minimum yield strength of the web 60 kips/in?
t. = t; flange thickness, compression 0.68 in

t, thickness of the slab 8in

t,=t; flange thickness, tension flange 0.68 in

t web thickness 044 in

w

C, distance from top of concrete deck to top layer
of longitudinal concrete deck reinforcement 3in
C,, distance from top of concrete deck to bottom
layer of longitudinal concrete deck reinforcement  5in
P,  plasticforcein the bottom layer of longitudinal deck reinforcement
P,  plastic force in the top layer of longitudinal deck reinforcement

Locate the plastic neutral axis (PNA).
A App. D6-1; Tbl. D6.1-1; D6.1-2
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The plastic compressive force in the slab is
P, =0.85 f/bt,

= (0.85)(4.5 kips/in?)(96 in)(8 in)

= 2937.6 kips
Neglect strength of slab reinforcement.

P,, =P, =0 [conservative]
The plastic force in the compression flange is

P.=F bt = (60 ksi)© in)(0.68 in) = 367.2 kips
The plastic force in the web is
P, =F,,Dt, = (60 ksi)(22.54 in)(0.44 in) = 595 kips

The plastic force in the tension flange is

P, =F bt = (60 ksi)(9 in)(0.68 in) = 367.2 kips
Casel (inweb): P,+ P, 2P+ P,

P, + P, =367.2 kips + 595 kips = 962.2 kips
P, + P, = 367.2 kips + 2937.6 kips = 3305 kips
962.2 kips < 3305 kips [no good]

Case Il (in top flange): P, + P,, + P, > P
A App. Tbl. D6.1-1

P, + P, + P. = 367.2 kips + 595 kips + 367.2 kips = 13294 kips
P, = 29376 kips

1329.4 kips < 2937.6 kips [no good]
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Case III (in deck, below bottom reinforcement): P, + P, + P_ > (C,,/t,)P,
P, + P, + P =367.2 kips + 595 kips + 367.2 kips = 13294 kips
(Cp/t)P, = (5 in/8 in)(2937.6) = 1836 kips
1329.4 kips < 1836 kips [no good]

Case IV (not considered because the effects of slab reinforcement are
ignored: Py, =0 and P, = 0)

Case V (in deck, between reinforcement layers): P, + P, + P, 2 (C.,/t))P,
P, + P, + P =367.2 kips + 595 kips + 367.2 kips = 13294 kips
(C./t)P, = (31in/8 in)(2937.6) = 1102 kips
1329.4 kips > 1102 kips [OK]

The plastic neutral axis (PNA) is between the top and bottom layers of

reinforcement, The PNA, Y, for Case V is,
A App. Tbl. D6.1-1

Y:tS(Prb+PC+1;)W+Pt_Prt)

S

_ (8 .m) 0 kips + 367.2 kips + 595 kips + 367.2 kips — 0 kips
2937.6 kips

= 3.62 in from top of deck

The distance from the mid-depth of steel compression flange to the
PNA is

d.=8in+2in + (0.68 in)/2 - 3.62 in = 6.72 in
The distance from the mid-depth of steel web to the PNA is
d, =8in+2in+(239in)/2 -3.62in = 18.33 in
The distance from the mid-depth of steel tension flange to the PNA is

d,=8in+2in + 239 in - (0.68 in)/2 — 3.62 in = 29.94 in
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4, Dilg, 2in 0 68in @- 0.68in = 11.27 in
Web >
PW
0.68 in
Bottom *
| flange * P,
9in
Section and cross section of
interior girder
showing plastic neutral axis location
I
9in  0.68in
W24 x 78
FIGURE 2.33

Section and cross section of interior girder for plastic moment capacity.

See Figure 2.33.

The plastic moment capacity, M,, for Case V in interior girders is

YD,
M, = 2t + (Prtdrt +Pypdy +Pd. + Py, + Ptdf)
0+0+(367.2 kips)(6.72 in)
Ry .
_ (3.62in)"(2937.6 klps) +| +(631 kips)(18.33 in)
2(8in)

+(367.2 kips)(29.94 in )

= 2406 in-kips + 2467.6 in-kips + 11566.2 in-kips + 10994 in-kips

= 27432 in-kips(1 ft/12 in)
= 2286 ft-kips

NOTE: Neglect strength of slab reinforcement (P,, = P, = 0).

A Tbl. D6.1-1
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£, =0.44 in

{

£r=0.68 in }z -

d=239in | D=2254in

FIGURE 2.34
Composite cross section for exterior beam.

Find the plastic moment capacity, M,, for Case V in exterior girders. Please
see Figure 2.34.

b, . effective flange width for exterior beam 87 in
b.  flange width, compression 9in
b,  flange width, tension 9in
D  clear distance between flanges 22.54 in
F,.  specified minimum yield strength of the
compression flange 60 kips/in2
F,,  specified minimum yield strength of the
tension flange 60 kips/in2
F,, specified minimum yield strength of the web 60 kips/in2
p total nominal compressive force in the concrete
deck for the design of the shear connectors at the
strength limit state kips
t. = t; flange thickness, compression 0.68 in
t, thickness of the slab 8in
t, = t; flange thickness, tension flange 0.68 in
t web thickness 044 in

C, distance from top of concrete deck to top layer
of longitudinal concrete deck reinforcement 3in
C,, distance from top of concrete deck to bottom layer

of longitudinal concrete deck reinforcement 5in

Locate the plastic neutral axis (PNA).
A App. Tbl. D6.1-1
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The plastic compressive force in the slab is
P, =0.85 f/b.t,
= (0.85)(4.5 kips/in?)(87 in)(8 in)
= 2662.2 kips
Neglect strength of slab reinforcement.
P, =P, =0 [conservative]
The plastic force in the compression flange is
P.=F bt = (60 ksi)© in)(0.68 in) = 367.2 kips
The plastic force in the web is
P, =F,,Dt, = (60 ksi)(22.54 in)(0.44 in) = 595 kips
The plastic force in the tension flange is
P, =F bt = (60 ksi)(9 in)(0.68 in) = 367.2 kips

Case I (in web): P, + P, 2 P+ P
A App. Tbl. D6.1-1

P, + P, = 367.2 kips + 595 kips = 962.2 kips
P, + P, = 367.2 kips + 2662.2 kips = 30294 kips
962.2 kips < 30294 kips [no good]
Case Il (in top flange): P, + P,, + P, > P
P, + P, + P.= 3672 kips + 595 kips + 367.2 kips = 13294 kips
P, = 2662.2 kips
1329.4 kips < 2662.2 kips [no good]
Case III (in deck, below bottom reinforcement): P, + P, + P. > (C,,/t.)P,
P, + P, + P.=367.2 kips + 595 kips + 367.2 kips = 1329.4 kips
(Cp/t)P, = (5 in/8 in)(2662.2) = 1663.9 kips

13294 kips < 16639 kips [no good]
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Case IV (not considered because the effects of slab reinforcement are
ignored: P, = 0 and P,, = 0)

Case V (in deck, between reinforcement layers): P, + P, + P. > (C,./t,)P,
P, + P, + P =367.2 kips + 595 kips + 367.2 kips = 13294 kips
(C./t)P, = (3 in/8 in)(2937.6) = 998.3 kips
1329.4 kips > 998.3 kips [OK]

The PNA is between the top and bottom layers of reinforcement. The PNA,
Y, for Case V is

A App. Tbl. D6.1-1

Y:ts(Prb+Pc+1;w+Pt—Pﬁ)

_ ( 3 in) 0 kips +367.2 kips + 595 kips + 367.2 kips — 0 kips
2662.2 kips

= 4.0 in from top of deck (was 3.62 in for interior girder)
The distance from the mid-depth of steel compression flange to the PNA is
d.=8in+2in + (0.68 in)/2 - 4.0 in = 6.34 in
The distance from the mid-depth of steel web to the PNA is
d,=8in+2in+ (239in)/2 -4.0in = 1795 in
The distance from the mid-depth of steel tension flange to the PNA is
d,=8in+2in +239in - (0.68 in)/2 — 4.0 in = 29.65 in

See Figure 2.35.
The plastic moment capacity, M,,, for Case V in exterior girders is

A Tbl. D6.1-1
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PNA — —— S_ 2 {z_fl.gl_n_ PNA
Haunch . d,
d,| top flange P,
——— Web &
Bottom flange L
Py
FIGURE 2.35
Section and cross section of exterior girder for plastic moment capacity.
Y°P,
M, = o |t (Pudy +Ppdy, + Pd. +P,d,, +Pd,)
0+0+(367.2kips)(6.34 in)
2
4.0in) (2662.2 kips
_| (#0in) (26622 Kips) |, +(595 kips)(17.95 in)
2(8in)

+(367.2 kips)(29.56 in)

= 2796.8 in-kips + 2328.0 in-kips + 10680.3 in-kips + 10854.4 in-kips
=26,659.5 in-kips(1 ft/12 in)
= 2221.6 ft-kips

Assume an unstiffened web.
A Art. 6.10.9.2

NOTE: Neglect strength of slab reinforcement (P, = P, = 0).

The plastic shear resistance of the webs for both interior and exterior gird-
ersis

A Eq. 6.10.9.2-2
V, = (0.58)F,,Dt,,
= (0.58)(60 ksi)(22.54 in)(0.44 in)

= 345.2 kips
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TABLE 2.7

Summary of Plastic Moment Capacity
and Shear Force

Girder Location M, ft-kips  V,, kips

Interior 2286 345.2
Exterior 2221 345.2
Please see Table 2.7.

Check the LRFD equation for the Strength I Limit State.
A Art. 6.10.6.2

Check the flexure for interior girders.

Confirm that the section is compact in positive flexure.
A Art. 6.10.6.2.2

F, = 60 ksi < 70 ksi [OK]

D _2254In_5 5 150 [0K]
t, 0.44in

A Art. 6.10.2.1.1

The depth of the girder web in compression at the plastic moment, D, is
zero because the PNA is in the slab.
A App. D6.3.2

The compact composite sections shall satisfy:
Art. 6.10.6.2.2; Eq. 6.10.6.2.2-1

The section qualifies as a compact composite section.

The distance from the top of concrete deck to the neutral axis of composite
section, D,, (=Y), is

Dp = 3.62 in for interior girders
D, = 4.0 in for exterior girders

The total depth of composite section, D,, is
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D,=239in + 2 in + 8in =339 in
0.1 D, = (0.1)339 in) = 3.39 in

Determine the nominal flexural resistance for interior girders, M.
A Art. 6.10.7.1.2

If D, <0.1D, then M, = M,,. Because D, =3.62in > 0.1 D, = 3.39 in, the nomi-
nal flexural resistance is

A Eq. 6.10.7.1.2-2

D
M, =M, [1.07— O.7pj
D

t

— (2286 fi-kips)| 1.07—0.7| 26210
33.9in

= 22751 ft-kips

The flange lateral bending stress, f,, is assumed to be negligible.
A Comm. 6.10.1

The resistance factor for flexure, @, is 1.0.

A Art. 6.5.4.2
Check the following.

At the strength limit state, the section shall satisfy:
A Art. 6.10.7.1, A Eq. 6.10.7.1-1

M, + % £Sy < OM, =1167 ft-kips + %(O)SXt

= 1167 ft-kips
oM, =(1.0)(2275.1 ft-kips)

= 227511 ft-kips > 1167 ft-kips [OK]

Check the flexure for exterior girders.

Confirm that the section is a compact composite section.
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It is the same as the interior girders; therefore, the section qualifies as a
compact section.

The distance from the top of concrete deck to the neutral axis of composite
section, D, (=Y), is 4.0 in.

The total depth of composite section, D,, is 33.9 in.

Determine the nominal flexural resistance for exterior girders, M,
A Art. 6.10.7.1.2

If Dp <D, then M, = 1\/]P Because Dp =4.0in > 0.1 D, = 3.39 in; therefore, the
nominal flexural resistance is

A Eq. 6.10.7.1.2-2

D
M, = Mp(1.07—0.7DP)

t

— (2264 ft—kips)(l.07 - 0.7( 3‘;091? ]J
J1m

= 22355 ft-kips

The flange lateral bending stress, f,, is assumed to be negligible.
A Comm. 6.10.1

The resistance factor for flexure, @, is 1.0.
A Art. 6.5.4.2

Check the following.

At the strength limit state, the section shall satisfy:
A Art. 6.10.7.1, A Eq. 6.10.7.1-1

M, + %flsxt < @M, =1288.0 ft-kips+ %(o)sxt
= 1288.0 ft-kips
oM, =(1.0)(2235.5 ft-kips)

= 2235.5 ft-kips > 1288.0 ft-kips [OK]



Design Examples 99

Find the shear resistance.

The resistance factor for shear, ®@,, is 1.0.
A Art. 6.5.4.2

The nominal shear resistance of the unstiffened webs is
A Art. 6.10.9.2; A Eq. 6.10.9.2-1

V,=V,=CV,

The ratio of shear-buckling resistance to shear yield strength, C, is 1.0 if the
following is true.

A Art. 6.10.9.3.2; Eq. 6.10.9.3.2-4

D <1.12 Ek
tw wa

D _2254in
t, 0.44in

=512

w

The shear-buckling coefficient, k, is
A Eq. 6.10.9.3.2-7

which is assumed to be equal to 5.0 inasmuch as d,, the transverse spacing,
is large, i.e., no stiffeners.

1.12 }E—k =112 M =55.1
yw

60 ksi

Because (D/t,,) =51.2 < 55.1, C is 1.0.

V, =CV, = (LO)V, = V, = 3452 kips
A Eq. 6.10.9.2-1
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Check that the requirement is satisfied for interior girders.
A Eq. 6.10.9.1-1; Art. 6.10.9.1

V. s®V,

156.3 kips < (1.0)(345.2 kips) = 345.2 kips [OK]

Check that the requirement is satisfied for exterior girders.
V. s®V,

146.7 kips < (1.0)(345.2 kips) = 345.2 kips [OK]

Check the Service Il Limit State LRFD equation for permanent deformations.
A Tbls. 3.4.1-1, 3.4.1-2, 6.10.4.2

Q = 1.0(DC) + L.O(DW) + 1.30(LL + IM)

Calculate the flange stresses, f;, for interior girders due to Service Il loads.

The top steel flange for the composite section due to Service II loads must
satisfy the following:

A Eq. 6.10.4.2.2-1
f< 095 R,F,;

The hybrid factor, Ry, is 1.0.
A Art. 6.10.1.10.1

The yield strength of the flange, F,, is 60 ksi (given).
Transform the concrete deck to an equivalent steel area with modular ratio
between steel and concrete, n, of 8. Please see Figures 2.36, 2.37, and 2.38.

L

8in L

r

FIGURE 2.36
Interior girder section prior to transformed area.
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8in
2in - vy i
T 17— 0.68 in
33.9in
23.9in 23.9in - (2)(0.68 in) = 22.54 in
?' 0.68 in
FIGURE 2.37

Interior girder section after transformed area.

8in 7.4 in

Centroidal
2in Axis

_ 0.68 in

C=26in
239in+2in+8in=33.9in
23.9in 22.54 in y=26.5in
- 0.68 in

FIGURE 2.38
Dimensions for transformed interior beam section.
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Calculate the dimensions for the transformed interior girder section.

A; =(0.68in)(9.0 in) = 6.12 in?

A, = (044 in)(22.45 in) = 9.92 in?

A, =(0.68in)(9.0 in) = 6.12 in?

Ay =(11251in)(2.0 in) = 2.25in?

A = (121in)(8.0 in) = 96.0 in?

SA=A+ A+ A+ A+ A
=6.121in? + 992 in?+ 6.12 in?+ 2.25 in?+ 96 in?
=120.4 in?

Calculate the products of A and Y (from beam bottom).

0.68 in

ALY, =(612in? S

~——

) =2.08in’

=118.54in’

A,Y, =(9.92in?) 22.54111)

A;Y; =(6.12in%)| 23.9in =144.2in’

~——

~ O.68in)

ALY, =(2.25in2) 23.9in - 220 | = 56,03 in’
2

AsYs=(96 inz)(23.9 in+2in+ 8;‘) =2870.4 in’

ZAY = A1Y1 + Az?z + A3Y3 + A4Y4 + A5Y5
=2.08in> +118.54 in’® +144.2 in® + 56.03 in> + 2870.4 in>
=3191.5 in?

The centroid of transformed section from the bottom of beam, 5, is

TAy 3191.5in’

- = 2651
SA 1204 in? m

y:

from bottom of beam to the centroidal axis.
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The moments of inertia are calculated as follows.

3
LLSPVE
12

. . \3 . 2
I = MJF@Q inz)(26.5 in — 0:68 m] =4188.4in*
12 2
. . \3 R 2
f, - (044 1n)§§2.54 n) (9.92 inz)(26.5 in—0.68 in - 224 ‘n) =2520.0in*
. . \3 . 2
= (91“)(10268“‘) +(612 inz)(26_5 in— 0,68 in — 22.54 in — 0'63 o ) =53.1in*

_(1125in)(2in)"

(225in?)(265in-23.9in~1in) =65in*

T 12
. . \3
I, = MJF(% in?)(7.6in—4in) =1756.2in*
12

Lo =L+L+L+1+1;
= 41884 in* + 2520.0 in* + 53.1 in* + 6.5 in* + 1756.2 in*
=8524.2 in*
The distance between y and the top of the top flange of the steel section is
c=265in-239in=26in
The section modulus at the steel top flange is

1 8524.2in*

StoP =—= - =3278.5in°
C 2.61in

The moment for composite dead load per interior or exterior girder, My, is
223.6 ft-kips; the moment for wearing surface per girder, Mpy, is 36.6 ft-kips;
and the total moment per interior or exterior girder, My 1, is 475.9 ft-kips.
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The steel top flange stresses, f;, due to Service II loads are

in
223.6 ft-kips)| 12—
DC ( P ) ft kips
fDC = = . 3 = 082 )
Siop 3278.5in in
(36.6 fi-kips)| 12 ,
DW ft ps
fDW = = . 3 = 0.13 )
Siop 3278.5in in

in
475.9 ft-kips)| 12— .
_Miaw _ ( P )( ft ) —1.74 kips

firog = = kips
M S 3278.5in’ in?

fo=1.0 fpe+ 1.0 fopy + 1.3 £,
A Tbl. 3.4.11

= (1.0)(0.82 kips/in?) + (1.0)(0.13 kips/in?) + (1.3)(1.74 kips/in?)
= 3.21 kips/in?

Confirm that the steel top flange of the composite section due to Service II
loads satisfies the requirement.

A Art. 6.10.4.2, A Eq. 6.10.4.2.2-1
f< 095 R,F,

The hybrid factor, R, is 1.0.
A Art. 6.10.1.10.1

0.95 R, F,; = (0.95)(1.0)(60 kips/in?)
= 57 kips/in® > f, = 3.21 kips/in? [OK]

Calculate the bottom steel flange stresses for composite sections, satisfying
the following.

The bottom flange shall satisfy
A Art. 6.10.4.2, A Eq. 6.10.4.2.2-2

f
f; +El <0.95R,Fy;
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The flange lateral bending stress, f, is negligible (0.0).

The distance from the extreme tension fiber to the neutral axisisc= Y =
26.5 in.

The section modulus of the bottom flange is

. 4
Spn = I _ 8524.2'1n —301.7in?
C 26.51in

The bottom flange steel stresses, f;, due to Service II loads are

(223.6 ft-kips)(lzirt‘)
foc = SbO:; = L7 i = 8.34 kips/in®
Mo (36.6 ft-kips)(lzifrt‘) e
fow = S = L7’ =1.36 kips/in
M, (4759 ft-ldps)(lzlf‘t‘) o
fiLam = Seoron = 217 i =17.75 kips/in

fr=1.0 fpe+ 1.0 fopy + 1.3 £,
A Tbl. 3.4.11

= (1.0)(8.34 kips/in?) + (1.0)(1.36 kips/in?) + (1.3)(17.75 kips/in?)
= 32.78 kips/in?

Confirm that the steel bottom flange of composite section due to Service I
loads satisfies the requirement.

A Art. 6.10.4.2, A Eq. 6.10.4.2.2-2

f
ff+5’ <0.95 R, Fy

0 kips
3078 19P5 —in" < 0.95(1.0)(60 k.lps)
m

inz 2

32.78 kips/in? < 57 kips/in? [OK]
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Calculate the flange stresses for exterior girders. Please see Figure 2.39.
A Art. 6.10.4.2

Transform the concrete deck area to an equivalent area of steel using a
modular ratio between steel and concrete, n, of 8. Please see Figures 2.40 and

241.

87 in

Simplified LRFD Bridge Design

FIGURE 2.39

Exterior girder section prior to transformed area.

87 in

=10.875in

33.9in

2in _

23.9in

< in=
1.125in

-

0.44 in

FIGURE 2.40

Exterior girder section after transformed area.

— 0.68 in

22.54 in

~ 0.68in

8in

s
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10.875 in
i 7.67 in
Sin @ Centroidal
axis
2in
_ 0.68 in C=2.33in
33.9in
23.9 in 22.54 in y =26.23in
0.68 in
FIGURE 2.41

Dimensions for transformed exterior beam section.

Calculate the dimensions for the transformed exterior girder section.
A, =(0.68 in)(9.0 in) = 6.12 in?
A, = (044 in)(22.45 in) = 992 in?
A; =(0.68 in)(9.0 in) = 6.12 in?
A, =(1125in)(2.0 in) = 2.25 in?
A5 = (10.875 in)(8.0 in) = 87.0 in?
SA=A+ A+ A+ Al+ A
=6.121in%+ 992 in?+ 6.12 in?+ 2.25 in? + 87 in?

=1114 in?
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Calculate the products of A and Y (from beam bottom).

0.68 in

AY, =(6.12in?) ] =2.08in’

22.54in

A,Y, =(9.92in?) ): 118.54 in®

0.68 in

A;Y =(6.12in?)[ 23.9in— ):144.2 in’

ALY, =(225in%) 23.9in- 2" | = 56.03 in’
2

ALY, =(87in?)[ 23.9in+ 2in + 210 | = 2601.3 in®
2

ZAY = A1Y1 + AZYZ + A3Y3 + A4Y4 + A5Y5

=2.08in” +118.54 in® +144.2 in® + 56.03 in’ + 2601.3 in®

=2922.15 in®

The centroid of transformed section from the bottom of beam, y, is

ZAy _ 2922.15in’ —26.23in from bottom of beam

Y= 3A T 1114’
The moments of inertia are calculated as follows.
B bh?

I=—+Ad?
12

_ 0.68in

- (9in)(0.68 in

3 2
| = O ) +(6.12in2)(26.23in ) =4102.4 in*

_(0.44in)(22.541in

22.54in
Iz -
12

3
) +(9.92 inz)(26.23 in—0.68 in —

2
) =2442.8in*
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Lo (9in)(0.68in)’
12

0.68 in

2
+(6.121in?%)| 26.23 in —0.68 in — 22.54 in — =439in*
(

(1.125in)(2in)’ N

I,= B (225in?)(2623in-239in-1in)’ =47 in*
. . \3
1, - (10875 E)(S ), (87n?)(8.67 in— 4in)’ =1635.8 in’

L =h+L+L+L+1;
=41024 in* + 2442 .8 in* + 439 in* + 4.7 in* + 1635.8 in* = 8230.0 in*

Calculate the top steel flange stresses for composite sections, satisfying
the following;:

fr< 095 R, Fyq
A Eq. 6.10.4.2-1

The hybrid factor, Ry, is 1.0.

The distance between y and the top of the top flange of the steel sec-
tion is

c=2623in-239in=2.33in
The section modulus for the top flange of the steel section is

.4
Siop = 1_82300in" _ 555, 5400
C 2.331in

The steel top flange stresses, f;, due to Service II loads are

in

223.6 ft-kips)| 12 - ,
f = DC:( p)( ft):o.%klps
P Sep 3532.2in’ in?

in
36.6 ft-kips)| 12— .
_MDW_( p)( ft)_()lzklps

wa— = = V. )

Stop 3532.2in’ in
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(544.9 ft-kips)(lZm) ,

LL+IM _ -1.85 kips
- -3 e . 2

Siop 3532.21in in

fLL+IM =

f=1.0 foe+ 1.0 fopy + 1.3 £, iw
A Tbl. 3.4.11

= (1.0)(0.76 kips/in?) + (1.0)(0.12 kips/in?) + (1.3)(1.85 kips/in?)
= 3.29 kips/in?

Confirm that the steel top flange of composite section due to Service II
loads satisfies the requirement.

A Art. 6.10.4.2

f< 095 R, Fy
A Eq. 6.10.4.2.2-1

095 R,F

yE~

(0.95)(1.0)(60 kips/in?)
=57 kips/in? > f; = 3.29 kips/in? [OK]

Calculate the bottom steel flange stresses for composite sections due to
Service II loads satisfying the following.
Flange shall satisfy,

A Art. 6.10.4.2. A Eq. 6.10.4.2.2-2

f
f; +El <0.95R,Fy

The flange lateral bending stress, f, is negligible (0.0).
The hybrid factor, Ry, is 1.0.
A Art. 6.10.1.10.1

The distance from the extreme tension fiber to the neutral axisisc=y =
2623 1in.

The section modulus of the bottom flange is

_1_8230.0in*

Shottom = — = — =313.76in°
26.23in
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The bottom flange steel stresses, f;, due to Service II loads are

(223.6 ft-kips)(u“t‘)
£ .= vDC _ = 8.55 kips/in?
g 313.76in° ps/in
v (366 ft—kips)(lZ m)
f = DW = = 14:0 kl in?
AT 313.76 in’ ps/in
y (544.9 ft—kips)(lzlf?)
fiiam = M — . =20.84 kips/in?
wam =g 313.76 in’ P

f=1.0 fpe+ 1.0 fopy + 1.3 £,
A Tbl. 3.4.11

= (1.0)(8.55 kips/in?) + (1.0)(1.40 kips/in?) + (1.3)(20.84 kips/in?)
= 37.04 kips/in?

Confirm that the steel bottom flange of composite section due to Service II
loads satisfies the requirement.

A Art. 6.10.4.2, A Eq. 6.10.4.2.2-2

f
fe+ 51 <0.95:R,F;
0 kips
37,0488 | " in? 0.95(1.0)(60 lf‘pf]
in 2 in

37.04 kips/in? < 57 kips/in? [OK]

Check LRFD Fatigue Limit State II.

Details shall be investigated for the fatigue as specified in AASHTO Art.
6.6.1. The fatigue load combination in AASHTO Tbl. 3.4.1-1 and the fatigue
load specified in AASHTO Art. 3.6.1.4 shall apply.

A Art. 6.6.1;3.6.1.4
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Q= 0.75(LL + IM)
A Tbl. 3.4.1-1

For load-induced fatigue, each detail shall satisty;,
A Eq. 6.6.1.2.2-1; Art. 6.6.1.2

Y(Af) < (AF),
The force effect, live load stress range due to fatigue load is (Af). The load
factor is y. The nominal fatigue resistance is (AF),.
A 6.6.1.2.2
The fatigue load is one design truck with a constant spacing of 30 ft

between 32 kip axles.
A Art. 3.6.1.4.1

Find the moment due to fatigue load.

Please see Figure 2.42.
Determine the moment due to fatigue load.

XMgp =0
R (40 ft) = (32 kips)(20 ft) + (8 kips)(6 ft)
R, =172 kips
M, = (17.2 kips)(20 ft) = 344 ft-kips

The dynamic load allowance, IM, is 15%.
A Thl. 3.6.2.1-1

i 32 ki
32 Iklps 30 ft LD 14t

= 5

20 ft 20 ft

sidps

FIGURE 2.42
Single lane fatigue load placement with one design truck load for maximum moment at
midspan.
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The approximate load distribution factors for one traffic lane shall be used.
Divide out the multiple presence factor, m, which was already included in
the approximate equations for distribution factors, so it is 1.2.

Comm. 3.6.1.1.2; A Art. 3.6.1.4.3b

The load distribution factor for fatigue moment in interior girders with one
design lane loaded, is
DFM,  0.498

DFM; it =220 20415
"2 12

The load distribution factor for fatigue moment in exterior girders with
one design lane loaded is

DEM o 2oe 075 _ g 695
o212

The unfactored, distributed fatigue moment is
Mg, = M1 = (DFM)(1 + IM)
The unfactored, distributed fatigue moment for interior girders is
M, ine = (344 ft-kips)(0.415)(1 + 0.15) = 164.2 ft-kips
The unfactored, distributed fatigue moment for exterior girders is
M, et = (344 ft-kips)(0.625)(1 + 0.15) = 247.3 ft-kips

Use S,ouom because this causes the maximum stress in either the top
steel or the bottom steel flange.

The maximum stress due to fatigue load for interior girders is

in

164.2 ft-kips| 12=— _

Afy = Mistint _ ’ ( ) ~ 612 P8
M S ttom 321.7 in® 7 in?

The maximum stress due to fatigue load for exterior girders is

247.3 ft-kips(lZ in) ,
Afext — Mfat,ext — ft —9.46 klpS

Stottom 313.76 in® in?
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The girder is in Detail Category A, because it is a plain rolled member.
A Tbl. 6.6.1.2.3-1

A =250 x 108 kips/in? (constant value taken for Detail Category A)
A Tbl. 6.6.1.2.5-1

The number of cycles per truck passage, n, is 2.0 for simple span girders
with span equal to and less than 40 ft.

A Tbl. 6.6.1.2.5-2

The fraction of truck traffic in a single lane, p, is 0.80 because the num-
ber of lanes available to trucks, N, is 3 lanes.

A Tbl. 3.6.1.4.2-1
The single lane daily truck traffic is averaged over the design life,

ADTTg = (p)(ADTT) = (0.80)(2500) = 2000 trucks per day
A Eq. 3.6.1.4.2-1

The number of cycles of stress range for 75 years N is.
A Art. 6.6.1.2.5; Eq. 6.6.1.2.5-3

N = (365 days)(75 years)n(ADTT)g, = (47,625)(2.0)(2000) = 109,500,000 cycles

The constant amplitude fatigue threshold, (AF)yy, is 24.0 kips/in® for
Detail Category A.

A Tbl. 6.6.1.2.5-3

The nominal fatigue resistance, (AF),, is
A Art. 6.6.1.2.2; Eq. 6.6.1.2.5-2

o), =(2])

1/3
kips
250x10° m—l';

109,500,000 cycles

= 6.11 kips/in?
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Confirm that the following formula is satisfied.
A Art. 6.6.1.2.2
Y(Af) < (AF),
where:
vy = load factor in Table 3.4.1-1 for Fatigue II load combination

(Af) = force effect, live load stress range due to the passage of the fatigue
load (Art. 3.6.1.4)

The factored live load stress due to fatigue load for interior girders is
A Tbl. 3.4.1-1

Y(Af) = (0.75)(LL + IM)(Af,,,) = (0.75)(1.0)(6.12 kips/in?)
= 4.59 kips/in? < (AF), = 6.11 kips/in? [OK]
The factored live load stress due to fatigue load for exterior girders is
Y(Af) = (0.75)(LL + IM)(Af,,,) = (0.75)(1.0)(9.46 kips/in?)
=709 kips/in? > (AF), = 6.11 kips/in? [NG]

To control web-buckling and elastic flexing of the web, provisions of
AASHTO Art. 6.10.5.3 shall be satisfied for distortion-induced fatigue.

A Art. 6.10.5.3

The ratio of the shear buckling resistance to the shear specified mini-
mum yield, C, is 1.0 (see previous calculations).

A Eq. 6.10.9.3.2-4

The plastic shear force, VP, was 345.2 kips for both interior and exterior
girders.

The shear buckling resistance, V,, is

cr/

A Eq. 6.10.9.3.3-1
V, =V, =CV, = (1.0)(345.2 kips) = 345.2 kips
Find the shear due to factored fatigue load. Please see Figure 2.43.
IMg =0

. 10 ft . .
R, =32 k1ps+(40ft)(32 kips) = 40 kips
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32 kips 32 kips
30 ft | 10ft

40 ft

FIGURE 2.43
Single lane fatigue load placement with one design truck load for maximum shear at support.

The shear due to fatigue load, V, is 40 kips.

The distribution factor for shear due to fatigue load for interior girders
with one design lane loaded is

DFV,, 0.68

DFVfat,int = 12 = 12

=0.57

The distribution factor for shear due to fatigue load for exterior girders
with one design lane loaded is

DFVei _ 075 _ ) s

DFVfat,ext = 1 2 - 1 2

The shear for the total component dead load for interior girders, Vp, is
22.4 kips; and the shear for the wearing surface dead load for interior girders,
Vw is 3.66 kips.

Special Fatigue Requirements for Webs
A Art. 6.10.5.3

The factored fatigue load shall be taken as twice that calculated using the
fatigue load combination specified in AASHTO Tbl. 3.4.1-1, with the fatigue
live load taken as in AASHTO 3.6.1.4.

Interior panels of web shall satisfy

V, <V,
A Eq. 6.10.5.3-1

where:
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= shear in the web due to the unfactored permanent load plus the
factored fatigue load

= shear-buckling resistance determined from AASHTO Eq.
6.10.9.3.3-1

= 345.2 kips (previously calculated)

Vv, = Vpe + Vpw

permanent —

= 22.44 kips + 3.66 kips (previously calculated)
= 26.1 kips

The factored fatigue load is

v =load factor = 0.75 for Fatigue II load
A Tbl. 3.4.1-1

IM = dynamic allowance for fatigue = 15%
A Tbl. 3.6.2.1-1

The factored fatigue for girders is given as
V; = 2(DEV)(y)(V)(LL + IM)
For interior beams the factored fatigue load is
Viine= @Q(DFVi)()(V)(LL + IM)
= (2)(0.57)(0.75)(40.0 kips)(1 + 0.15)
= 39.33 kips for interior beams

For exterior beams the factored fatigue load is

Vf,ext = (2)(DFVext)(Y)(V)(LL + IM)
= (2)(0.625)(0.75)(40.0 kips)(1 + 0.15)
= 43.13 kips for exterior beams [controls]
Vu = Vpermanent + Vf
= 26.1 kips + 43.13 kips = 69.23 kips

Interior panel webs shall satisfy:

V<V,
A Art. 6.10.5.3; Eq. 6.10.5.3-1

V,, = 69.23 kips <V, = 345.2 kips [OK]

It is noted that the application of Art. 6.10.5.3 for Fatigue I load is considered
conservative for Fatigue II load.
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Design Example 4: Longitudinal Steel Girder
Situation

A simple span noncomposite steel girder rural highway bridge with a span
of 40 ft is shown in Figure 2.44.

The overall width of the bridge is 33 ft 4 in.
The clear (roadway) width is 28 ft 0 in.

The roadway is a concrete slab 7 in thick (dead load of 145 Ibf/ft3 f, =4
kips/in?) supported by four W33 x 130, A992 Grade 50 steel girders
that are spaced at 8 ft 4 in apart.

The compression flange is continuously supported by the concrete slab,
and additional bracing is provided at the ends and at midspan.

Noncomposite construction is assumed.

There is a wearing surface of 3 in thick bituminous pavement (dead
load of 0.140 kips/ft3).

The barrier, sidewalk, and railings combine for a dead load of 1 kip/ft.

4

| L=40ft |

Elevation

33 ft4in

2ft8in 2 ft8in

28 ft

7 in slab

|

|

|

1 .
T S S T Pt LA S S R L
s et Date e wein e s Cen e Dl aln e s eih Oae g

I

|

|

|

4 girders: W33 x 130

4ft2in 3at8ft4in=25ft0in 4ft2in

FIGURE 2.44
Steel girder bridge, 40 ft span.
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Requirements

Review the longitudinal girders for adequacy against maximum live load,
dead load, and shear load for load combination limit states Strength I, Service
I, and Fatigue II. Use the AASHTO HL-93 loading, and assume an urban
highway with 8,000 vehicles per lane per day.

Solution

For each limit state, the following limit state equation must be satisfied.
A Art. 1.3.2

ZnpnrNiQ; < R, = R,

The following terms are defined for limit states.
A Eq.1.3.2.1-1

Q = U = factored load effect (U = ZnyQ; < PR, =R))
Q, force effect from various loads

R, nominal resistance

R, factored resistance (PR)

v; load factor; a statistically based multiplier applied to force effects
including distribution factors and load combination factors

n; load modifier relating to ductility, redundancy,

and operational importance 1.0 (for conventional designs)
A Art.1.3.3

Np ductility factor (strength only) 1.0 (for conventional designs)
A Art.1.3.4

Mg redundancy factor (strength only) 1.0 (for conventional designs)
A Art. 1.3.5

M; operational importance factor
(strength and extreme only) 1.0 (for conventional designs)

@ resistance factor, a statistically
based multiplier applied to

nominal resistance 1.0 (for Service Art. 1.3.2.1 and
Fatigue Limit Art. C6.6.1.2.2 States)
@ resistance factor For concrete structures see A Art. 5.5.4.2.1
For steel structures see A Art. 6.5.4.2



120 Simplified LRFD Bridge Design

TABLE 2.8

Load Modifier Factors

Load Modifier Strength  Service  Fatigue
Ductility, n 1.0 1.0 1.0
Redundancy, n, 1.0 1.0 1.0
Operational importance, 1, 1.0 N/A N/A
;= NpNgN; 2 0.95 1.0 1.0 1.0

Step 1: Select Load Modifiers, Combinations, and Factors

See Table 2.8.
A Arts. 1.3.3,1.3.4,1.3.5,1.3.2.1; Eq. 1.3.2.1-2

Load Combinations and Factors
A Art. 3.4.1
Q = U is the total factored force effect,  ny.Q.
Q, represents the force effects from loads specified.
M represents specified load modifier.
Y, represents specified load factors.

The following load combinations are used in this example.
A Tbls. 3.4.1-1, 3.4.1-2

Strength I Limit State: Q = (1.25 DC + 1.50 DW + 1.75(LL + IM))
Service I Limit State: Q = (1.0(DC + DW) + 1.0(LL + IM))
Fatigue II Limit State: Q = (0.75)(LL + IM)

Step 2: Determine Maximum Live Load Moments at Midspan

Please see Figures 2.45a—e.
A Art.3.6.1.2

The HL-93 live load consists of the design lane load and either the design
tandem or the design truck load (whichever is greater). The design truck
is HS5-20. The design tandem consists of a pair of 25.0 kip axles, spaced at
4.0 ft apart, and a transverse spacing of wheels is 6.0 ft. The design lane
load consists of 0.64 kips/ft uniformly distributed in the longitudinal direc-
tion. Transversely, the design lane load is distributed uniformly over a 10.0 ft
width, within a 12.0 ft design lane.
The force effects from the design lane load are not subject to a dynamic
load allowance.
A Art. 3.6.2.1

The fatigue truck (HS-20) is placed in a single lane with a constant spacing
of 30 ft between rear axles. See Figure 2.45e.
A Art. 3.6.1.4.1
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w
w

FIGURE 2.45a
Influence line for maximum moment at midspan.

32 kips 32 kips 8 kips

6 ft 14 ft 14 ft 6 ft

Truck 4 \

40 ft

FIGURE 2.45b
Controlling load position for moment at midspan for design truck load (HS-20).

25 kips 25 kips

20 ft 4 ft 16 ft

Tandem 4 Y

FIGURE 2.45c
Controlling load position for moment at midspan for design tandem load.

w = 0.64 kips/ft

Lane A

Ay 7

=

FIGURE 2.45d
Controlling load position for moment at midspan for design lane load.
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32 kips 32 kips 8 kips
30 ft 14 ft 6 ft
Fatigue A y y B
loading 7 ¢ %
‘ 40 ft
f
FIGURE 2.45e

Single lane fatigue load placement with one design truck load for maximum moment at mid-
span. (A Art. 3.6.1.4.1)

Using the influence line diagrams (IL), Figure 2.45a
M,, = (32 kips)(10 ft) + (32 kips + 8 kips)(3 ft) = 440 ft-kips per lane

Miangem = (25 kips)(10 ft + 8 ft) = 450 ft-kips per lane [controls]

" (0.641‘;{’5)(40 ft)’
M, = W8 = 3 =128 ft-kips per lane

Maigue = (32 kips)(10 ft) + (8 kips)(3 ft) = 344 ft-kips per lane

Step 3: Calculate Live Load Force Effects for Moment, Q;

Where w is the clear roadway width between curbs and/or barriers, the
number of design lanes is,

A Art. 3.6.1.1.1
N, = w_ 28 ft =2.33lanes (2 lanes)
12 ft
12—
lane

The modulus of elasticity of concrete where w,_ = 0.145 kips/in? is
A Eq. 5.4.2.4-1

E. =(33,000)(w.)"” &

. 1.5 A
= (33,000)(0.145k11’f) 4 Kips

in in?

= 3644 kips/in?
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The modular ratio between steel and concrete is

£ 29,000 lflpzs
s m
MR T T kips
< 3644-D
m

=796 (we will use 8)

n modular ratio between steel and concrete 8
AISC Tbl. 1-1 for W 33 x 130

d depth of beam 33.10 in
A area of beam 38.3 in?
I moment of inertia of beam 6710 in*
E,cam modulus of elasticity of beam 29,000 kips/in?
Eyew modulus of elasticity of concrete deck 3644 kips/in?
L span length 40 ft
t, slab thickness 71in
by flange width 11.5in
t; flange thickness 0.855in
S, section modulus 406 in®
tw web thickness 0.58 in
See Figure 2.46.
%: :% 7 in slab
0.855 in
e, =20.0in t, =0.58 in
D=31.39in d=331in
W33 x 130
115in
S, for steel beam = 406 in3
FIGURE 2.46

Noncomposite steel section at midspan.
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The distance between the centers of the slab and steel beam is

e, =34 b3 7In_ 504,
2727 2 T

The longitudinal stiffness parameter, K, is
A Art. 4.6.2.2.1, A Eq. 4.6.2.2.1-1

K, =n(l + Ae,?) = (8)(6710 in* + (38.3 in?)(20 in)*) = 176,240 in*

K, 176,240 in*

5= ;=10
121t (12)(40 £t)(7 in)

Type of deck is (a).
A Tbl. 4.6.2.2.1-1

For interior beams with concrete decks, the live load moment may be
determined by applying the lane fraction specified in AASHTO
Table 4.6.2.2.2b-1, or Appendix A.

A Art. 4.6.2.2.2b

The multiple presence factor, m, applies to the lever rule case for live
load distribution factors only.

A Art. 3.6.1.1.2

In the approximate equations for distribution factors, multiple factors
are already included.

The distribution of live load moment per lane for interior beams of typ-
ical deck cross section (a) with one design lane loaded is

A Tbl. 4.6.2.2b-1 or Appendix A

0.4 0.3 0.1
DFM, =| 0.06 + S) (s K 5
14 L 12 Lt

8336t )\ (833f) . o1
=] 0.06+ (1.0)
14 40 ft

= 0.567 lanes
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The distribution of live load moment per lane for interior beams with two
or more design lanes loaded is

0.6 0.2 0.1
DFM,; =| 0.075+ S(s Ke -
9.5 L 12 Lt

0.6 0.2
—l 0.075+ 8.33 ft 8.33 ft (1‘0)0.1
9.5 40 ft

= 0.750 lanes [controls]

For exterior beams with type (a) concrete decks, the live load moment
may be determined by applying the lane fraction specified in
Appendix B.

A Art. 4.6.2.2.2d; Tbl. 4.6.2.2.2d-1

Use the lever rule to find the distribution factor for moments for exte-
rior beams with one design lane loaded. See Figure 2.47.

M, =0
R (100 in) = (0.5 P)(22 in) + (0.5 P)(94 in)

R, =0.58 P = 0.58

P/2 P/2

24 in 72 in /Assume hinge

a +b e
|

32in 18 in 22 in

_ 100 in _

FIGURE 2.47
Lever rule for determination of distribution factor for moment in exterior beam, one lane
loaded.



126 Simplified LRFD Bridge Design

The distribution of the live load moment per lane for exterior beams of
deck cross section type (a) with one design lane loaded is

A Tbl. 4.6.2.2.2d-1 or Appendix B

DFEM,,, = (multiple presence factor for one loaded lane) (R,) = (1.2)(0.58) = 0.696
A Thl. 3.6.1.1.2-1

Find the distribution factor for moments for exterior girders with two
of more design lanes loaded, DFM, ., using g, an AASHTO distribu-
tion factor Table 4.6.2.2.2d-1 or Appendix B.

g = (e)(ginterior)
= DFM,, = 0.750

ginterior

The distance from the exterior web of the exterior beam to the interior
edge of the curb or traffic barrier, d,, is 18 in (1.5 ft).

The correction factor for distribution is

e=0.77+ d. :0.77+1Lft:0.935
9.1 9.1

The approximate load distribution factor for moments for exterior gird-
ers with two or more design lanes loaded has the multiple presence
factors included.

A Art. 3.6.1.1.2
DFM,,, = (€)(DFM,,,) = (0.935)(0.750) = 0.701

Step 4: Determine Maximum Live Load Shears
Please see Figures 2.48a—e.
Using the influence line diagram, Figure 2.48a
V., = (32 kips)(1 + 0.65) + (8 kips)(0.3) = 55.2 kips [controls]

Viondem = (25 kips)(1 + 09) = 475 kips

kips
:WL:(O.64 i )(40&)

2 2

andem

Vi =12.8 kips per lane

Viatigue = (32 Kips)(1 + 0.25) = 40.0 kips
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14 ft 14 ft 12 ft

FIGURE 2.48a
Maximum live load shears; influence line for maximum shear at support.

32 kips 32 kips 8 kips

14 ft 14 ft 12 ft

40 ft

FIGURE 2.48b
Controlling load position for shear at support for design truck load (HS-20).

25 kips 25 kips

36 ft
4ft |
Y
A B
W/ %/
FIGURE 2.48c
Controlling load position for shear at support for design tandem load.
w = 0.64 kips/ft
A B
Z Z

FIGURE 2.48d
Controlling load position for shear at support for design lane load.
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8 kips 32 kips 32 kips
‘ 14 ft 30 ft 10 ft ‘
Ay \ B
2%/ %/
FIGURE 2.48e

Single lane fatigue load placement with one design truck load for maximum shear at support.

Step 5: Calculate the Live Load Force Effects for Shear, Q;
A Arts. 4.6.2.2.3a and 3b; Tbls. 4.6.2.2.3a-1 and 3b-1
For interior beams with concrete decks, the live load shears may be deter-

mined by applying the lane fraction specified in Table 4.6.2.2.3a-1 or
Appendix C.

The distribution for the live load shears for interior beams with one design
lane loaded is

DFV,; =0.36+ S- 0.36+ 833t =0.693 lanes
25 25

The distribution for the live load shears for interior beams with two or
more design lanes loaded is

2 2
DFV,, =02+ 2 |=[ 2] 2024+ 8338 ) (8338 ) _ 838 1anes [controls]
12) (35 12 35

A Art. 4.6.2.2.3a; Tbl. 4.6.2.2.3a-1 or Appendix C

For exterior beams with type (a) concrete decks, the live load shears
may be determined by applying the lane fraction in Table 4.6.2.2.3b-1
or Appendix D.

Using the lever rule, the distribution factor for live load shear for exte-
rior beams with one design lane loaded is the same as the corre-
sponding live load moment.

Therefore, DFV,, = DFM,, = 0.696 lanes.

Find the distribution factor for live load shear for exterior beams with
two or more design lanes loaded. The correction factor for distribu-

tion is
e=06+ % =06+ 2f =075
10 10

DFV,; = g = (€)(8interior) = €)(DFV,,;;) = (0.75)(0.838) = 0.629 lanes
Please see Table 2.9.
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TABLE 2.9
Summary of Distribution Factors:
Load Case DFM,,, DFM,,, DFV,,, DFV,,
Distribution Multiple Lanes Loaded 0.750 0.701 0.838 0.629
Factors from Single Lane Loaded 0.567 0.696 0.693 0.696
A Art. 4.6.2.2.2
Design Value 0.750 0.701 0.838 0.696
TABLE 2.10
Summary of Fatigue Limit State Distribution Factors?
Load Case DFM,, DFM,,, DFV,, DFV,,
Distribution Multiple Lanes Loaded N/A N/A N/A N/A
Factors from Single Lane Loaded 0.567/1.2 0.696/1.2 0.693/1.2 0.696/1.2 =
AArt. 46222 =0.473 =0.580 =0.578 0.580
Design Value 0.473 0.580 0.578 0.580

2 Divide values above by multiple presence factor of 1.20.

When a bridge is analyzed for fatigue load using the approximate load
distribution factors, one traffic lane shall be used. Therefore, the force effect

shall be divided by 1.20.
Please see Table 2.10.

A Art. 3.6.1.1.2, 3.6.1.4.3b

Step 6: Calculate the Live Load Moments and Shears

The distributed live load moment per interior girder with multiple (two or

more) lanes loaded governs is

A Art. 3.6.2.1

MLL+IM = DFMint((Mtr or Mtandem)(l + IM) + Mln)

= (0.75)((450 ft-kips)(1 + 0.33) + 128 ft-kips)

= 545 ft-kips

The distributed live load moment per exterior girder with multiple

lanes loaded is

MLLHM = DFMext((Mtr or Mtandem)(l + IM) + Mln)

= (0.701)((450 ft-kips)(1 + 0.33) + 128 ft-kips)

= 509.3 ft-kips
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A reduced dynamic load allowance of 15% is applied to the fatigue load.
A Tbl. 3.6.2.1-1

For a single lane loaded, the fatigue moment for interior beams is

DFM,,
Mfaﬁgue+IM = Mfaﬁgue (LL + IM)

m

- F"Ef)(&m ft-kips)(1.15)

= 1870 ft-kips
For a single lane loaded, the fatigue moment for exterior beams is

DFM,,
Mfaﬁgue+IM = T Mfaﬁgue (LL + IM)

. (0'6;6)(344 ft-kips)(1.15)

= 229.0 ft-kips per beam
The distributed live load shear for interior beams is,
Vitam = DEV((V,, or Vi gem)(1 + IM) + V)

The distributed live load shear for interior beams (DFV,; = 0.838) is

Vitam = (0.838)((55.2 kips)(1 + 0.33) + 12.8 kips) = 72.2 kips
The distributed live load shear for exterior beams (DFV,, = 0.696) is

ViLam = (0.696)((55.2 kips)(1 + 0.33) + 12.8 kips) = 60.0 kips
The fatigue shear for interior beams is

DFV,

- Viatigoe (LL+IM)

Vfatigue+IM =
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0.693
= 40 ki 1.15
(%2 Yaoraps)a19)
= 26.6 kips
The fatigue shear for exterior beams is,

DFV,,
Vfatigue+IM = T VfatigUQ (LL + IM)

0.696
( % )(401<1p )(1.15)
=26.7 kips

Step 7: Calculate Force Effects from the Dead Load and Wearing Surface

Find the force effects from the dead load and wearing surface for interior beams.
The nominal weight of the deck slab is

kips . 1ft .
Woaat it = (0.145;3’)(7 m)(12 mJ(s 33 ft) = 0.705 kips/ft

The nominal weight of a W33 x 130 beam, w3, is 0.130 kips/ft.
wpe = 0.705 kips/ft + 0.130 kip/ft = 0.835 kips/ft

The nominal weight of the wearing surface is,

kips 1ft .
Wow = (0 140 fp )(31n)(121n)(833ft) 0.292 kips/ft

The interior beam moments and shears are,

. (0.835 klfltos](zlo ft)
w
Ve = PE = =16.7 ki
DC 5 5 ps
" (0.8351(?;5)(40 ft)’
Mp = Vet _ =167 ft-kips

8 8
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TABLE 2.11

Summary of Loads, Shears, and
Moments in Interior Beams

w Moment  Shear
Load Type (kip/ft)  (ft-kips)  (kips)
DC 0.835 167 16.7
DW 0.292 584 584
LL+IM N/A 545 72.2
Fatigue + M N/A 187 26.6
. (0.292k‘flt°s)(4o ft)
A\ .
Vpw = DZW = 5 =5.84 kips
’ (0.292 klfIt’S](4o )’
Mpy = WDg” - : = 58.4 ft-kips

Table 2.11 summarizes the loads, shears, and moments for interior beams.

Find the force effects from the dead load and wearing surface for exterior beams.
The nominal weight of the deck slab is

ki [ 1ft )(8.33ft :
wslab,ext=(0-145 ﬂg )(7m)(12mJ( 5 +1.5ft):0.479k1ps/ft

The nominal weight of a W33 x 130 beam, Wyyss,q30, is 0.130 kips/ft. Assume
that the nominal weight of the barrier, sidewalk, and railings, Wy, ier+sidewalksrails
is 1.0 kips/ft. For exterior girders, the distributed load for the slab, beam, bar-
rier, sidewalk, and girders is

WDC = Wslab,ext + WW33X130 + wbarrier+sidewalk+rail

= 0479 kips/ft + 0.130 kips/ft + 1.0 kips/ft = 1.61 kips/ft

The nominal weight of the wearing surface is

Wow =(o.14o klps)(e, in)[ Lit J(&‘o’sﬂﬂs ft)=0.198 kips/ft

ft3 12 in 2
The exterior beam moments and shears are

kips
ol (1.61 A )(40 ft)

V,
DC 2 2

= 32.2 kips
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TABLE 2.12

Summary of Loads, Shears, and
Moments in Exterior Beams

w Moment  Shear
Load Type (kip/ft)  (ft-kips)  (kips)

DC 1.61 322 32.2
DW 0.198 39.6 3.96
LL+IM N/A 509.3 60.0
Fatigue + IM N/A 229 26.7
" (1.611(?)(40 ft)’
Mpc = WDSC - 5 =322 ft-kips
. (0.1981(?)(40 ft)
Vi = WDZW = > =3.96 kips
2 (0.1981“&%](40 ft)’
Mpw = Wng = 5 = 39.6 ft-kips

Table 2.12 summarizes the loads, shears, and moments for exterior beams.

Step 8: Find the Factored Moments and Shears with Applicable Limit States
A Tbls. 3.4.1-1, 3.4.1-2

Strength I Limit State for Interior Beam
U =(1.25DC + 1.50 DW + 1.75(LL + IM))
V. = ((1.25)(16.7 kips) + (1.50)(5.84 kips) + (1.75)(72.2 kips))
=156 kips
M, = ((1.25)(167 ft-kips) + (1.50)(58.4 ft-kips) + (1.75)(545 kips))
= 1250 ft-kips
Service I Limit State

U = (LO(DC + DW) + 1L.O(LL + IM))
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V. = ((1.0)(16.7 kips + 5.84 kips) + (1.00)(72.2 kips))
=94.74 kips

M, = ((1.0)(167 ft-kips + 58.4 ft-kips) + (1.00)(545 kips))
= 7704 ft-kips

Fatigue II Limit State for Interior Beams (with dead loads considered to
be conservative)

U =n(1.0 DC + 1.0 DW + 0.75(LL + IM))
V, = (LO)(1.0)(16.7 kips) + (1.0)(5.84 kips) + (0.75)(26.6 kips))
= 42.5 kips
M, = (LO)((1.0)(167 ft-Kips) + (1.0)(58.4 ft-kips) + (0.75)(187 kips))
= 366 ft-kips

Strength I Limit State for Exterior Beam
A Tbls. 3.4.1-1, 3.4.1-2

U = (1.25DC + 1.50 DW + 1.75(LL + IM))
V., = ((1.25)(32.2 kips) + (1.50)(3.96 kips) + (1.75)(60.0 kips))
=151.0 kips
M, = ((1.25)(322 ft-kips) + (1.50)(39.6 ft-kips) + (1.75)(509.3 kips))
= 1353.2 ft-kips [controls]
Service I Limit State
U = (1.0(DC + DW) + 1.0(LL + IM))
V, = ((1.0)(32.2 kips + 3.96 kips) + (1.00)(60.0 kips))
=96.2 kips
M, = ((1.0)(322 ft-kips + 39.6 ft-kips) + (1.00)(509.3 kips))

= 8709 ft-kips
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Fatigue II Limit State for Exterior Beams (with dead load considered to
be conservative)

U =(1.0DC + 1.0 DW + 0.75(LL + IM))
V, = ((1.0)(32.2 kips) + (1.0)(3.96 kips) + (0.75)(26.7 kips))
=56.2 kips
M, = ((1.0)(322 ft-kips) + (1.0)(39.6 ft-kips) + (0.75)(229 kips))
= 5334 ft-kips

Step 9: Check Fundamental Section Properties for Strength Limit |

For the Strength I Limit State, the exterior beam moment controls (please
refer to Step 7):

The maximum factored moment, M,,, is 1353.2 ft-kips.

For noncomposite sections,

A Art. C6.10.1.2; A App. A6.1.1, A6.1.2; Art. 6.5.4.2
Mu s (I)an

Because M, is the required nominal moment resistance and ®; is 1.0 for
steel structures, M, must be at least M,, = 1353.2 ft-kips.

Check the plastic section modulus required.

v (13532 ft—kips)(lz m]
Zreq’d 2 Fu = ki =324.7 in®
y 50~b°
m
Zypaz = 467 in® > 324.7 in3 [OK]
AISC Tbl1-1

Check the web proportions.
A Art. 6.10.2.1.1, A Eq. 6.10.2.1.1-1
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D 33.1in-(2)(0.855in)
ty 0.580 in

=54.1<150 [OK]

Check the flange proportions.
A Art. 6.10.2.2, A Eq. 6.10.2.2-1; A Eq. 6.10.2.2-2
b 11.5in

2, = W =6.73<12.0 [OK]

D _33.1in—(2)(0.855in)
6 6

=523 in <b, = 11.5in [OK]

t>11t,
A Eq. 6.10.2.2-3

1.1t = (1.1)(0.580 in) = 0.638
t; = 0.855 in > 0.638 [OK]

Compare the moment of inertia of the compression flange of the steel sec-
tion about the vertical axis in the plane of the web, I, to the moment of
inertia of the tension flange of the steel section about the vertical axis in the
plane of the web.

I
0.1<->*<10

yt

A Eq. 6.10.2.2-4

0.1<1.0<10 [OK]

Check the material thickness.
A Art. 6.7.3

t, = 0.580 in > 0.25 in [OK]
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Step 10: Check Live Load Deflection
A Art.2.5.2.6.2; A Art. 3.6.1.3.2

The live load deflection should be taken as the larger of:

¢ That resulting from the design truck alone, or
e Thatresulting from 25% of the design truck plus the design lane load

With Service I load combination, the maximum live load deflection limit
is span/800.
The allowable service load deflection, which must be less than or equal to
the span/800, is
A Art. 2.5.2.6.2

(40 ft)(lzifrt‘]

800

=0.6in

For a straight multibeam bridge, the distribution factor for deflection,
DF 4 gections 1S €qual to the number of lanes divided by the number of beams.

A Comm. 2.5.2.6.2

no. of lanes 2
DFifection =| ————— |=| = |=0.5
deflection ( no. of beams ] ( 4 )

Deflection is governed by either design truck loading (HS-20) alone, or 25%
of truck plus design lane load. See Figure 2.49.

A Art. 3.6.1.3.2

P, =32 kips P, =32 kips P, =8 kips

| 6 ft 14 ft 14 ft 6 ft |

g G -

FIGURE 2.49
Position of design truck loading (HS-20) for deflection at midspan.
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P, peam = (DFsetiction ) (P )(1 + %) (0.5)(32 kips)(1+0.33) = 21.3 kips

P, beam = (DFdeﬂeCﬁm)(Pz)(l +%) (0.5)(8 kips)(1+0.33)=5.32 kips

Atruck = APl,beam + APZ,beam + APl,beam

3
Ay, =3[ TOX (2 -b*-x?) |+ il
eEIL 48 EI

AISC Tbl. 3-23

_ (21.3kips)(2401in)(72in) e (i
[(6)(29 OOOklpS)(67101n4)(4SOin) (480in) ~{408 n) ~(72 ))}

+

(5.32 kips)(72 in)(240in) NSRS
()(29 OOOklpS)(67loin4)(480in)((480 ) ~{72in) (408 ))]

(21.3 kips)(480in)’
k‘ps)(eﬂo in4)

m

48 ( 29,000

=0.039 in + 0.010 in + 0.252 in = 0.301 in [controls]

Check requirements for 25% of truck and design lane load (0.64 kip/ft uni-
formly distributed).

kips( 1ft .
. (5)(0.6455( i ])(480 in)’

384 EI (384)(29 000 klps)(6710in4)

=0.189in

0.25A e + Apune = (0.25)(0.301 in) + 0.189 in = 0.264 in

The controlling deflection is

Aguer = 0.301 in < 0.6 in [OK]
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Step 11: Check the Service Limit State

Permanent Deformation
A Art. 6.10.4.2

Service Il load combination should apply to calculate stresses in structural
steel section alone.
A Art. 6.10.4.2.1

Flanges shall satisfy the requirements for steel flanges of noncomposite
sections.
A Art. 6.10.4.2.2; Eq. 6.10.4.2.2-3

f; +% <0.80 Ry,Fy
where:
f; = flange stress due to Service II loads
Ry, = hybrid factor = 1.0
A Art. 6.10.1.10.1
F = minimum yield strength of flange
f; = flange lateral bending stress = 0.0

The flange lateral bending stress, f;, is 0 because lateral bending stresses
are assumed small.

0.80 R,Fy = (0.80)(1.0)(50 ksi)
=40 ksi
The factored Service II moment for exterior beams is
M, = 1.0(DC + DW) + 1.30(LL + IM)
= 1.0(322 ft-kips + 39.6 ft-kips) + 1.30(509.3 ft-kips)
=1023.7 ft-kips (controls)
The factored Service II moment for interior beams is
M, = 1.0 (*n ft-kips + 58.4 ft-kips) + 1.30 (545 ft-kips)
=933.8 ft-kips

The section modulus, S, for a W33 x 130 is 406 in3.
AISC Thl.1-1
The flange stress due to the Service II loads calculated without consider-
ation for flange bending is

. y(12in
(1023.7 ft—klps)( i ]

(M
73 406 in®

= 30.25 kips/in? < 0.80 Ry, = 40 ksi [OK]
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Step 12: Check Fatigue and Fracture Limit State
A Art. 6.6.1.2.2; A Art. 6.10.5.1

For load-induced fatigue considerations, each detail shall satisfy:
A Eq. 6.6.1.2.2-1

V(Af) < (AF),
where:
Y = load factor for the fatigue load combination
= 0.75 for Fatigue II Limit State

A Tbl. 3.4.1-1

(Af) = force effect, live load stress range due to the fatigue load
A Art. 3.6.1.4

(AF), =nominal fatigue resistance (ksi)
A Art. 6.6.1.2.5

(AF;y) = constant amplitude fatigue threshold (ksi)
A Thbl. 6.6.1.2.5-3

For the Fatigue II load combination and finite life,

on,~(3)

The constant taken for Detail Category A, A

out/

A Eq. 6.6.1.2.5-2

is 250 x 108 kips/in.
A Thl. 6.6.1.2.5-1

The number of stress range cycles per truck passage, n, is 2.0 for simple
span girders with span less than or equal to 40 ft.

A Tbl. 6.6.1.2.5-2
The number of design lanes, N, is 2.0.

The constant amplitude threshold (AF)y, for Detail Category A, is 24.0
kips/in2.
A Tbl. 6.6.1.2.5-3

%(AF)TH = ( 2)(24 0 klps) 12kips/in?
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The percentage of trucks (compared to all vehicles) in traffic for an urban
interstate is 15%.
A Tbl. C3.6.1.4.2-1

This design example assumes that the average daily traffic, ADT, is 8,000
vehicles per day.

The average daily truck traffic is

ADTT = (0.15)(ADT) = (0.15)(8000 vehicles)(2 lanes) = 2400 trucks per day

The fraction of truck traffic in a single lane, p, is 0.85 when there are two
lanes available to trucks.
A Tbl. 3.6.1.4.2-1

The single-lane average daily truck traffic, ADTTy,, is

ADTTg = (p)ADTT = (0.85)(2400 trucks per day)

A Eq. 3.6.1.4.2-1
= 2040 trucks per lane per day

The number of cycles of stress range for 75 years, N, is

A Eq. 6.6.1.2.5-3
N = (365 days)(75 years)(n)AADTg.

where n = number of stress range cycles per truck passage = 2.0 for span
lengths 2 40 ft
A Thbl. 6.6.1.2.5-2

N = (365 days)(75 years)(2.0 cycles per pass)(2040 trucks per day)
=112 x 108 cycles

The nominal fatigue resistance, (AF),, is
A Eq. 6.6.1.2.5-2

AVS 250x108@
(AF>n = (N) = 711:11135 = 6.07 kips/in®
1.12x108 Peh

Apply the fatigue limit state (excluding dead loads) using the maximum
fatigue moment (exterior beam controls).

A Tbl. 3.4.1-1
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Q=M
Q =v[LL + IM]
Q = ((0.75)(LL + IM)) = ((0.75)(229 ft-kips)) = 172 ft-kips

.\ 12in
(172 ﬂ—hps)(lft)

406 in®

™
Af)="" =
Y(Af) 5

Y(Af) = 5.08 kips/in? < (AF), = 6.07 kips/in? [OK]

A Eq. 6.6.1.2.2-1

Special fatigue requirement for the web.
A Art. 6.10.5.3

A Eq. 6.10.5.3-1

where:
V,, = shear in the web due to the unfactored permanent load plus the fac-
tored fatigue load

V.= shear-buckling resistance

cr

A Eq. 6.10.9.3.3-1

Exterior girder governs in fatigue shear, thus use exterior girder distribution
factor and shears.

The shear in the web at the section under consideration due to the unfac-
tored permanent load plus the factored fatigue load is

V= Vpc + Vpw + Vi
Vi =71Q
= (0.75)(Viatigues )
= (0.75)(26.7 kips)
=20.0 kips
V,, =32.2. kips + 3.96 kips + 20.0 kips

= 56.16 kips
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Nominal resistance of unstiffened webs is
A Art. 6.10.9.2, 6.10.9.3.3

V,=V,=CV,
A Eq. 6.10.9.3.3-1
where:
V, =058 F,,,Dt,,
= (0.58)(50 ksi)(31.39 in)(0.58 in)
= 528 kips
C = ratio of the shear-buckling resistance to the shear yield strength.
A Art. 6.10.9.3.2

Find the ratio of shear buckling resistance to the shear yield strength, C, by
satisfying the following equation:

If BSl.lZ I}j—k,C=1.O

tW W
Y A Eq. 6.10.9.3.2-4

The shear-buckling coefficient k is
A Eq. 6.10.9.3.2-7

5

(5)

There are no specified transverse stiffeners, therefore d, = infinity and k = 5.

k=5+

D _33.1in-(2)(0.855in)

: =54.1
ty 0.580 in
29,000 P8 | (5)
Ek in D
112 =~ =112 : =60.3>-—=>54.1 [OK]
Ey,, kips ty
y 501
m

Therefore, C = 1.0.

The nominal shear resistance, V,,, of the web is
A Eq. 6.10.9.3.3-1

V, =V, =CV, =(1.0)(528 kips)
= 528 kips
V, =56.16 kips < V, =V, = 528 kips [OK]
A Eq. 6.10.5.3-1
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Step 13: Check the Shear Adequacy at Support
Check that at the strength limit state the following requirement for shear is

satisfied

V, <0V,

u v'n

A Eq. 6.10.9.1-1
The nominal shear resistance, V,, is 528 kips.

@, is 1.0 for steel structures.

For the Strength I Limit State, V,, was determined in Step 8.
V,, = 156 kips [interior beam controls]

V, = 156 kips < ®,V, = (1.0)(528 kips)

I
Design Example 5: Reinforced Concrete Slabs
Situation

The cast-in-place concrete deck for a simple span composite bridge is con-
tinuous across five steel girders, as shown in Figure 2.50.

The overall width of the bridge is 48 ft.
The clear roadway width is 44 ft, 6 in.

The roadway is a concrete slab 9 in thick, with a concrete compres-
sive strength at 28 days, f/, of 4.5 kips/in?, and a specified minimum
yield strength of the steel, F,, of 60 kips/in2.

The steel girders are spaced at 10 ft as shown.

Allow for a 3 in future wearing surface, FWS, at 0.03 kips/ft2.

Assume the area of the curb and parapet on each side is 3.37 ft2.

The concrete self-weight, w,, is equal to 150 Ibf/ft®.

Requirements

Design and review the reinforced concrete slab by the approximate method
of analysis, AASHTO Art. 4.6.2.1. Use HL-93 loading.

A Arts. 4.6.2,4.6.2.1
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1ft 9 in Clear width = 44 ft 6 in 1 Ift 9in

A N N
T
|

4ft| 10fc | 10ft 10 ft 10t |4ft

24 ft 24 ft

21in

32in

?
é W12 x 65
4 ft |

FIGURE 2.50

Concrete deck slab design example.

Solution

Step 1: Determine the Minimum Thickness of the Slab

The depth of a concrete deck should not be less than 7.0 in.
A Art. 9.7.1.1

The assumed slab thickness is t = 8.5 in + 0.5 in for integral wearing sur-
face. Use t =9 in.

Step 2: Determine Dead Loads, w

The following dead loads are determined for a 1.0 ft wide transverse strip.

For a 9.0 in thick slab, including cantilever, the dead load is

kips . 1ft 2
= 0.15 : 113 kips/ft
Wb (0 05 )(90m)[12m] 0. ps/

The dead load for the future wearing surface, wyys, is given as 0.03 kips/ft2.
The dead load for the curb and parapet in each side is
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kips
ft’

Weep = (0.150 )(3.37 ft*) = 0.506 kips/ft of bridge span

Step 3: Find the Dead Load Force Effects

Approximate elastic method analysis as specified in Art. 4.6.2.1 is permitted.
A Art. 9.6.1

The extreme positive moment in any deck panel between girders shall be
taken to apply to all positive moment regions. Similarly, the extreme negative
moment over any girder shall be taken to apply to all negative moment regions.

A Art. 4.6.2.1.1

The strips shall be treated as continuous beams with span lengths equal to
the center-to-center distance between girders. For the purpose of determin-
ing force effects in the strip, the supporting components (i.e., girders) shall be
assumed to be infinitely rigid. The strips should be analyzed by classical beam
theory.

A Art. 4.6.2.1.6

Apply loadings and determine the reaction at point A, as well as moments
at points A, B, and C. These values will be representative of the maximum
reaction, as well as the maximum positive and negative moments for the con-
tinuous beam. Point A is located at the exterior support, point B at 0.4S inside
the exterior support (4 ft to the right of point A), and point C at the first inte-
rior support. It is noted that in the continuous beam, four equal spans and
all spans loaded, the maximum positive moment in the first interior span
occurs at 0.40S (AISC, 13th edition, continuous beam, four equal spans, all
spans loaded). For clarification, these points are approximately located as
shown in Figure 2.51.

For this analysis, the resultant reaction and moments can be calculated
using the moment distribution method, influence line design aids, or a com-
puter software program. In this example, a structural engineering software

A B

C

S=10ft S=10ft S=10ft

4 ft

0.4S
=4ft

FIGURE 2.51
Locations in slab strips for maximum reactions and moments due to dead loads.
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w = —0.113 kip/ft?

7 5 7 ,  hw 7

A C

4ft | 4ft 10 ft 10 ft 10 ft 4 ft

FIGURE 2.52
Moments and reactions for deck slab dead load excluding deck cantilever.

w = —0.113 kip/ft? w = —0.113 kip/ft?

10 ft 4 ft

BAr 5 A Bw A 7
| \

4ft | 4ft 10 ft ‘ 10 ft

FIGURE 2.53
Moments and reaction for deck slab dead load in deck cantilever.

program was used to model and analyze the continuous slab. The loadings
and results are summarized below.

The deck slab moments and reaction (excluding cantilever) are as follows
and as shown in Figure 2.52.

M, = 0 kip-ft/ft
M = +0.872 kip-ft/ft
M = -1.211 kip-ft/ft
R, = 0.444 kips

The cantilever slab moments and reaction are as follows and as shown in
Figure 2.53.

M, = —0904 kip-ft/ft
M, = —0.439 Kip-ft/ft
M = +0.258 kip-ft/ft

R, =0.568 kips
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w = —0.506 kip/ft w = —0.506 kip/ft

0.66 ft —» 0.66 ft [—

>§‘_V

B W/ W/ W/ W/
c

4ft | 4ft ‘ 10 ft 10 ft 10 ft 4 ft
FIGURE 2.54
Moments and reaction for curb and parapet loads.

1ft9in 1ft9in
— | w = —0.03 kip/ft> — |
A B C
W/ W/ 7 W/ W/
4ft | 4ft 10 ft 10 ft ‘ 10 ft 4 ft
FIGURE 2.55

Moments and reaction for wearing surface loads.

The curb and parapet moments and reaction are as follows and as shown
in Figure 2.54.

M, =-1.689 kip-ft/ft
M; = -0.821 kip-ft/ft
M, = +0.483 kip-ft/ft
R, =0.723 kips

The future wearing surface moments and reaction are as follows and as
shown in Figure 2.55.

M, =-0.076 kip-ft/ft
Mg = +0.195 kip-ft/ft
M =-0.300 kip-ft/ft

R, = 0.195 kips
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21lin.  12in.

P = wheel load P = wheel load
6 ft

3 in. future wearing surface
9 in. slab

48 in. |

FIGURE 2.56
Live load placement for maximum negative moment.

Step 4: Find the Live Load Force Effects

Where the approximate strip method is used to analyze decks with the slab
primarily in the transverse direction, only the axles of the design truck shall
be applied to the deck slab.

A Art. 3.6.1.3.1; A Art. 3.6.1.3.3

Wheel loads on the axle are equal and transversely spaced 6.0 ft apart.
A Fig. 3.6.1.2.2-1

The design truck shall be positioned transversely to find extreme force
effects such that the center of any wheel load is not closer than 1.0 ft from the
face of the curb for the design of the deck overhang and 2.0 ft from the edge
of the design lane for the design of all other components.

A Art. 3.6.1.3.1

Find the distance from the wheel load to the point of support, X, where Sis
the spacing of supporting components using Figure 2.56.

For this example, force effects are calculated conservatively using concen-
trated wheel loads.

A Art. 4.6.2.1.6

Generally the number of design lanes to be considered across a transverse
strip, N, should be determined by taking the integer part of the ratio w/12,
where w is the clear roadway width in ft and 12 ft is the width of the design
lane.

A Art. 3.6.1.1.1
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For this example the number of design lanes is

4.5 ft
Ni=—"%

12—
lane

=3.7 lanes (3 lanes)

The multiple presence factor, m, is 1.2 for one loaded lane, 1.0 for two
loaded lanes, and 0.85 for three loaded lanes. (Entries of greater than 1 in
[A Tbl. 3.6.1.1.2-1] result from statistical calibration on the basis of pairs of

vehicles instead of a single vehicle.)
A Art. 3.6.1.1.2; Thl. 3.6.1.1.2-1

At this point, the live loads are applied to the deck to find once again the
resulting reaction at point A and moments at points A, B, and C.

Find the maximum negative live load moment for overhang.

The critical placement of a single wheel load is at X = 1.25 ft. See Figure 2.57.
The equivalent width of a transverse strip for the overhang is

A Tbl. 4.6.2.1.3-1

45.0+10.0X=45.0+ (10.0)(15 =

)= 57.5in =479 ft
in

The multiple presence factor, m, is 1.2 for one loaded lane causing the max-
imum moment.

Therefore, the negative live load moment for overhang is

_ —(1.2)(16.0 kips)(1.25 t)
- 479 ft

My, =-5.01 ft-kips/ft width

Find the maximum positive live load moment in the first interior span.

P =16 kips
/ Ma For internal
———- moment at point A,
\W/ cut at point A
A
X=15in

=1.25ft

FIGURE 2.57
Live load placement for maximum negative moment, one lane loaded.
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P=16kips P =16 kips

04S=4ft| 6ft

A

|
A B ;7 hw

A C

10 ft 10 ft 10 ft 10 ft

A A

4 ft 4 ft

FIGURE 2.58
Live load placement for maximum positive moment in first interior span, one lane loaded.

For a continuous concrete slab with repeating equal spans with all
spans loaded with dead loads, the largest positive bending moment
occurs at point B, which is 0.4S or 4.0 ft from point A. For this analy-
sis, both single and double lane loadings need to be investigated.

For both cases, the positive moment in the equivalent strip width is

26.0 + 6.65 = 26.0 + (6.6)(10 ft) = 92 in = 767 ft
A Thbl. 4.6.2.1.3-1

To start, a wheel load is located at point B (0.4S), with the other wheel
load 6 ft away as dictated by the design truck in the H-93 load model
(See AASHTO Art. 3.6.1.2.2). Please see Figure 2.58.

Using structural analysis software or influence line diagrams,
R, = 8.160 kips
Mg = 32.64 ft-kips

The previous values must be further adjusted to account for strip width
and the multiple presence factor, m, of 1.2. The maximum positive live load
moment in the first interior span is,

A Art. 3.6.1.1.2

, _(m)(R,) (1.2)(8.16kips) , ,
R, = TeTR 67 =1.28 Kkips per foot width

5= (I;L(x:) = (1'2)(372'66;:_1(1135) =5.11 ft-kips per foot width

’
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P= P= P= P=
16 kips 16 kips 16 kips 16 kips
4ft| 6ft 4ft| 6ft

Y \i

Ay B ;7 A ;7

4 ft 10 ft 10 ft 10 ft 10 ft 4 ft

FIGURE 2.59
Live load placement for maximum positive moment, double lane loaded.

If the loadings were placed in the second interior span, they would
decrease the effects of the first truck loading in the first interior span.

For double lane loadings, the multiple presence factor, m, is 1.0 at points
B and C. Another set of wheel loads is added in the third span, as
shown at X = 28 ft and 34 ft from the slab end.

This loading will cause the first interior span moment to increase at B.

For two lanes loaded, see Figure 2.59.
By a structural analysis software program,

R, = 8.503 kips
M = 34.01 ft-kips

Modifying the previous values for strip width and two lanes loaded,

RS = (m)(R.) = (1.0)(8.503 kips) =1.11 kips per foot width
7.67 ft 7.67 ft

b= (r;l)6 (71\;[:) = (1'0)(3;2)713_1(1})5) =4.43 ft-kips per foot width

Thus, the single lane loaded case governs, and the moment effect decreases
in the first interior span with increased lane loading cases. Therefore, a sce-
nario of three loaded lanes does not need to be considered for the maximum
positive live load moment in the first interior span.

Find the maximum negative live load moment in the first interior span.
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P= P=
16 kips 16 kips
3 ft — [
> — 3 ft
7 ft 7 ft

4 ft 10 ft 10 ft 10 ft 10 ft

A B Aw A Ar A

4 ft

FIGURE 2.60
Live load placement for maximum negative moment in first interior span, one lane loaded.

The critical location for placement of the design truck load for maximum
negative moment occurs at the first interior deck support under a one lane
load case. Please see Figure 2.60.

The equivalent transverse strip width is
A Tbl. 4.6.2.1.3-1

48.0 + 3.0S = 48.0 + (3.0)(10 ft) = 78 in = 6.5 ft

Using a structural analysis software program, the maximum negative live
load moment at first interior span is,

M, = 2748 ft-kips
m = 1.2 for one loaded lane

,_(m)(Mc) (1.2)(—27.48 ft-kips) , _
Mc = it 65 it =-5.07 ft-kips per foot width

The small increase due to the loading of the second truck is not enough to
consider because m = 1.0 for two loaded lanes. Therefore, it is only necessary
to consider the one lane loaded case.

Find the maximum live load reaction at point A.

The exterior wheel load is placed 1.0 ft from the curb. The width of the strip
is conservatively taken as the same as for the overhang. The governing load-

ing is shown in Figure 2.61.
A Art. 3.6.1.3.1
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P= P=
16 kips 16 kips

6 ft
2lin+ 12in =33 in —»

/1‘
sw” Yy

A5 Ay

A

A C
4ft 10 ft ‘ 10 ft 10 ft 10 ft 4ft
f——
x

FIGURE 2.61
Live load placement for maximum reaction at first support.
TABLE 2.13
Force Effects Summary Table

R, M, M; Mc

(kips/ft)  (ft-kips/ft)  (ft-kips/ft)  (ft-kips/ft)

Deck slab excluding cantilever 0.444 0.0 0.872 -1.211
Cantilevered slab (overhang) 0.568 -0.904 -0.439 0.258
Curb and parapet 0.723 -1.689 -0.821 0.483
Future wearing surface, FWS 0.195 -0.076 0.195 -0.300
Max negative moment due to overhang — -5.010 — —
Max LL reaction and moment (first span) 1.280 — 5.110 —
Max negative LL moment (first span) — — — -5.070

Max LL reaction at first support A 6.350 —

The equivalent strip width of a cast-in-place deck for overhang, where x is
the distance from the load to the point of support in feet, is

A Tbl. 4.6.2.1.3-1

45.0 + 10.0x = 45.0 + 10.0(1.25 ft) = 575 in = 4.79 ft

Using a structural analysis software program, when the exterior wheel
load is 1.0 ft from the centerline of support, R, is 24.42 kips. When the exte-
rior wheel load is 1.0 ft from the curb, R, is 25.36 kips (controls). Please see

Table 2.13.

R = mR, _ (1.2)(25.36 kips)
A7 equiv strip width 479 ft

=6.35 kips per foot width
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Step 5: Perform the Strength I Limit State Analysis

Each deck component and connection shall satisfy the following equation.
A Art.1.3.2.1

For loads for which a maximum value of load factor, v, is appropriate,
A Eq.1.3.2.1-2

M; = NpNgN; 2 0.95

For loads for which a minimum value of load factor, v, is appropriate,

A Eq.1.3.2.1-3
i = 1 <1.0
NoNrM:
np =10
A Art.1.3.3
nr =10
A Art. 1.3.4
n, =10
A Art. 1.3.5

The load factor for permanent loads, Y 18 taken at its maximum value if
the force effects are additive and at the minimum value if it subtracts from
the dominant force effects. See Table 2.14.

A Thbl. 3.4.1-2

The dynamic load allowance, IM, is 33% of the live-load force effect.
A Art. 3.6.2.1

For the Strength I Limit state, the reaction and moments are,

Q = =NyQ; = (1.00)y,DC + (1.00)y,DW + (1.00)(L75)(LL + IM)
A Tbl. 3.4.1-1, Tbl. 3.4.1-2

TABLE 2.14

Load Factors for Permanent Loads

Yo Max Min

DC 1.25 0.9
DW 15 0.65
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DW includes the future wearing surface load only, and DC represents all
other permanent loads.

R, = (1.0)(1.25)(0.444 kips/ft + 0.568 kips/ft + 0.723 kips/ft)
+ (1.0)(1.5)(0.195 kips/ft)
+ (1.0)(1.75)(6.35 kips/ft + (0.33)(6.35 kips/ft))
= 17.24 kips per foot width
M, = (1.0)(1.25)(-0.904 ft-kips/ft + (-1.689 ft-kips/ft) + (1.0)(1.5)(-0.076 ft-kips/ft)
+ (1.0)(1.75)(-5.010 ft-kips/ft + (0.33)(-5.010 ft-kips/ft))
=-15.02 ft-kips per foot width
Mg = (1.0)(1.25)(0.872 ft-kips/ft + (1.0)(0.9)(-0.439 ft-kips/ft + (-0.820 ft-kips/ft)))
+ (1.0)(1.5)(0.195 ft-kips/ft)
+ (1.0)(1.75)(5.110 ft-kips/ft + (0.33)(5.110 ft-kips/ft))
=12.14 ft-kips per foot width
M = (1.0)(1.25)(-1.211 ft-kips/ft + (1.0)(0.9)(0.258 ft-kips/ft + 0.483 ft-kips/ft))
+ (1.0)(1.5)(-0.300 ft-kips/ft)
+ (1.0)(1.75)(=5.070 ft-kips/ft + (0.33)(-5.070 ft-kips/ft))
=-13.10 ft-kips per foot width

It is noted that the load factor for cantilevered slab and curb/parapet load,
Y, s 0.90 for producing maximum value for My and M.

A Tbl. 3.4.1-2

For the selection of reinforcement, the negative moments may be reduced
to their value at a quarter flange width from the centerline of support. For
the purposes of simplicity, this calculation is not performed in this example,
but can easily be achieved using classical methods of structural analysis. See
Table 2.15.

A Art. 4.6.2.1.6
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TABLE 2.15
Strength I Limit State Summary (Factored Values)

Maximum extreme positive moment, My 12.14 ft-kips/ft
Maximum extreme negative moment, M,  -15.02 ft-kips/ft > M, = -13.10 ft-kips/ft
Maximum reaction, R, 17.24 kips/ft

Step 6: Design for Moment

The compressive strength of the concrete at 28 days, f., is 4.5 kips/in%. The
specified minimum yield point of the steel, F, is 60 kips/in®. Determine the
configuration of epoxy-coated steel reinforcement required.

A Art. 5.10.3.2

The maximum spacing of primary reinforcement for slabs is 1.5 times the
thickness of the member or 18.0 in. By using the structural slab thickness of
8.5 in, the maximum spacing of reinforcement becomes:

Smax = (1.5)(8.5 in) = 12.75 in < 18 in [controls]

The required concrete cover is 2.5 in for the unprotected main reinforce-
ment for deck surfaces subject to wear and 1.0 in for the bottom of cast-in-
place slabs. For conservatism and simplicity of this example, 2.5 in is used for
both top and bottom covers.

A Tbl. 5.12.3-1

Note that if epoxy-coated bars are used, 1.0 in is required for covers for top
and bottom.

A Art.5.12.3
Assuming no. 5 steel rebar,
d, = 0.625 in

A, =0.31in?
See Figure 2.62 for the reinforcement placement.

Factored moment M, = -15.02 ft-kips is equal to the factored flexural
resistance M,.

The distance from the extreme compression fiber to the centroid of
reinforcing bars is

d =9.0in - 0.5 in (integral wearing surface) — 2.5 in (cover)
—0.625 in/2 (bar diameter)

=5.68in
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FIGURE 2.62
Deck slab section for reinforcement placement.

The depth of the equivalent stress block is

_Af,  A/(60ksi)
"T085¢b  (0.85)(45ksi)(12in)

=1.307A,

A Art. 5.7.3.2
The factored resistance M, is

M, = ®M, = CDASfy(d—aJ
2

where:
® = resistance factor = 0.9 for flexure in reinforced concrete
M, = nominal resistance

Let M, equal to the factored moment M,
Mu (= MA) = Mr

(15.02 ft-kips )(12‘;‘) =0.9 A, (60 ksi)[5.68 in— (1'3’207ASD

ft

A Art. 5.5.4.2.1
The minimum area of steel needed is

A, =0.64 in2/ft of slab width

Use no. 5 bars spaced at 5.5 in. So, the provided area of steel is

. . . .2
A=Ay 12Inwidth o 120006 gein® A, = 0.64 in2/ft [good]
spacing 5.5in ft

Check the moment capacity,

Af,  (0.68in?)(60ksi)
a= =
0.85£b (0.85)(4.5ksi)(12in)

=0.889in
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Confirm that M, is equal to or greater than the factored moment M, (= M,)

M, = oM, = 9Af, (d— 3)

=(0.9)(0.68in?)(60 ksi)(5.68 in - 0'8829 n )(11;;}

= 16.0 ft-kips/ft > M, = 15.02 ft-kips/ft [OK]

Check minimum steel.

The minimum reinforcement for flexural components is satisfied if a fac-
tored flexural resistance ®M,, = M, is at least equal to the lesser of 1.2 times
the cracking moment, M,,, and 1.33 times the factored moment required by
the applicable strength load combination.

A Art. 5.7.3.3.2

Where slabs are designed for a noncomposite section to resist all loads, the
cracking moment is,

A Eq.5.7.3.3.2-1

=S, f

cr ncrr

where,
S, = section modulus of the noncomposite section
f, =modulus of rupture

T

For normal weight concrete, the modulus of rupture of concrete is
A Art.5.4.2.6

f. =0.37/f =0.37,/4.5 kips/in® = 0.785 kips/in®

The section modulus for the extreme fiber of the noncomposite section
where tensile stress is caused by external loads is

Sp = (é)(lz in)(8.5in)" =144.5in’

The cracking moment is



160 Simplified LRFD Bridge Design

kips

inz

M, =S, f,= (1445 inS)(0.785 J =113.4 in-kips

12M,, =(1.2)(113.4 in—kips)( 112f1tn )

= 11.34 ft-kips/ft

M =MA

u

1.33M, = (1.33)(15.02&'1;1’5) =19.98 ft-kips/ft

1.2 M., = 11.34 ft-kips/ft [controls]

11.34 ft-kips/ft < ®M, = M, = 16.0 ft-kips/ft [OK]

Reinforcement transverse to the main steel reinforcement (which is per-
pendicular to traffic) is placed in the bottom of all slabs. The amount shall
be a percentage of the main reinforcement required as determined in the
following formula.

A Art.9.7.3.2

For primary reinforcement perpendicular to traffic, S, is the effective span
length; the following must be true.

A Art.9.7.3.2

@567%

.

For slabs supported on steel girders, S, is the distance between flange tips,
plus the flange overhang, taken as the distance from the extreme flange tip
to the face of the web, disregarding any fillet. (For a W12 x 65, t,, = 0.39 in).

A Art. 9.7.2.3

S, =10 ft—(0.39 in)(ll fe J: 9.97 ft

m

S, =10 ft
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Reinforcement shall be placed in the secondary direction in the bottom of
slab as a percentage of the primary reinforcement perpendicular to traffic for
positive moment as follows:

A Art.9.7.3.2
220
= <67%
B
220 220

= =69.6% >(67%) [no good]

JS. 10t

Therefore, use 67%.
A, =0.67 A, =(0.67)(0.68 in?) = 0.46 in?/ft

For longitudinal bottom bars, use no. 5 (A, = 0.31 in?) at 8 in,

A - Ab(lz in Width] (031 inz)(lz_m]
spacing 8in

=046 in?/ft

The reinforcement needed in each direction for the shrinkage and tem-
perature reinforcement shall be
A Art. 5.10.8

1.30 bh

As,temp = W

where:

b = least width of component section (12 in)

h =least thickness of component section (8.5 in)

f, = specified yield strength of reinforcing bars <75 kips/in?

A Eq. 5.10.8-1
1.30(12in)(8.51 in?
A temp 2 (12in)( 112 = 0.054%
2(12in+85 in)(60 : pf)
m
011 <A <0.60, so use #3 bars (A, = 0.11 in?/ft)

s,temp

A Eq. 5.10.8-2



162 Simplified LRFD Bridge Design

The primary and secondary reinforcement already selected provide more
than this amount; however, for members greater than 6.0 in thickness the
shrinkage and temperature reinforcement is to be distributed equally on
both faces. The maximum spacing of this reinforcement is 3.0 times the slab
thickness or 18 in. For the top face longitudinal bars, the area of the tempera-
ture reinforcement, A is 0.11 in?/ft. Use no. 4 bars at 18 in, providing A, =
0.13 in?/ft.

s,temp”
A Eq. 5.10.8

For primary reinforcement, use no. 5 bars at 5.5 in. For longitudinal bottom
bars, use no. 5 at 8 in. For longitudinal top bars use no. 4 at 18 in.

Step 7: Alternate Solution Utilizing Empirical Design Method

The empirical method is a simplified design method that can be utilized when
provisions of Art. 9.7.2 are satisfied. This method does not require extensive
structural analysis (by the moment distribution method, influence line aids,
or computer methods) as required in the previously worked solution. As
such, the empirical method may prove useful in written testing situations.

Empirical design shall not be applied to deck overhangs.
A Art. 9.7.2.2

Verify that requirements for the empirical design method use are satisfied.
A Art. 9.7.2.4

Find the effective length of the slab cut out or:
A Art.9.7.2.3

For a W 12 x 65 steel girder, the web thickness, t,, is 0.39 in.

Luesse =10 ft— t, =10 ft—(0.39in)| L0 |=9.97 ft
12in

Effective length of slab cannot exceed 13.5 ft. [OK]

A Art.9.7.2.4

Ratio of effective length to slab depth cannot exceed 18.0 and is not less
than 6.0.

A Art.9.7.2.4

The slab depth, d, is



Design Examples 163

d=(9in) L0756
12in

Leffect'ive 9.94 ft
——t=—"—""=13.3[0OK
d 0.75 ft [OK]

Slab thickness is not less than 7.0 in excluding wearing surface. [OK]
A Art.9.7.2.4

Overhang beyond center line of outside girder at least equals 5.0 times
depth of slab.

A Art. 9.7.2.4
4 ft > (5.0)(0.75 ft) = 3.75 ft [OK]

Slab core depth is not less than 4.0 in. [OK]
A Art.9.7.2.4

The following conditions are also met or assumed to be satisfied:
A Art.9.7.2.4

* Cross frames or diaphragms are used throughout.
® Deck is uniform depth, excluding haunches.

e Supporting components are made of steel.

e Concrete strength, f/, is at least 4000 psi.

* Deck is made composite with supporting structural components
(in both positive and negative moment regions, with adequate
shear connectors).

Four layers of isotropic reinforcement are required.
A Art. 9.7.2.5

Reinforcement shall be closest to outside surface as possible.
A Art. 9.7.2.5

Outermost reinforcing layer shall be in effective direction.
A Art. 9.7.2.5

Spacing shall not exceed 18.0 in.
A Art. 9.7.2.5
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Reinforcing shall be Grade 60 steel or better.

A Art. 9.7.2.5
Design top reinforcing steel:
For top layer, 0.18 in?/ft is required in each direction.

A Art. 9.7.2.5
Try #4 bars with 12 in spacing.
Total area of steel is equal to 0.198 in2.
At 12 in spacing, we have 0.198 in? per foot.
For bottom layer, 0.27 in?/ft is required in each direction.

A Art. 9.7.2.5

Try #5 bars spaced at 12 in.
Total area of steel = 0.309 in2.
At 12 in spacing, we have 0.309 in2.

For bottom reinforcing, use #5 spaced at 12 in in each direction.

It can be seen that significantly less reinforcing bar is required when
designed by the empirical method. This is due to a complex arching
affect that governs behavior of the slab in these conditions.

A Art. C9.7.2.1

Design Example 6: Prestressed Interior Concrete Girder
Situation

An interior prestressed concrete girder for a two-lane simply supported
highway bridge in central New York State is to be designed. The spacing of
the bridge’s five girders is 7 ft 6 in. The width of the exterior beam overhang
is 3 ft 9 in.

The design load is AASHTO HL-93. Allow for a future wearing surface,
FWS, of 3 in bituminous concrete with a load, wyyg, of 0.140 kips/ft3, and use
Strength I load combination for load resistance factor design.

L bridge span 80 ft
integral wearing surface of slab 0.5in

Wiws  load of future wearing surface of 3 in
bituminous pavement 0.140 kips/ft3



Design Examples 165
A area of grade 270 prestressing steel (44 strands
at % in diameter; 7 wire = (44)(0.153 in?)) 6.732 in?
E, modulus of elasticity of prestressing steel 28500 ksi
fi;=1f.  compressive strength of concrete at 28 days
for prestressed I-beams 6500 Ibf/in?
£l compressive strength of concrete at time
of initial prestress 6000 1bf/in?
£l compressive strength of concrete for 8 in slab 4500 Ibf/in?
fou specified tensile strength of prestressing steel 270 kips/in?
The basic beam properties are as follows:
A, cross-sectional area of basic beam 762 in?
I, moment of inertia of basic beam about
centroidal axis, neglecting reinforcement 212,450 in*
Shetop top section modulus for the extreme fiber
of the noncomposite section 7692 in3
Shepotiom  POttom section modulus for the extreme fiber
of the noncomposite section 9087 in3
Vb distance from the bottom fiber to the centroid
of the basic beam 23.38 in
Please see Figure 2.63.
i i
A 7
| 80 ft |
(a) Elevation
- ’4 1.75 ft
t=8in
o] [ /]
T
51
in 24in
aft 1 756t 1 756 1 756 1 756t | aft
38 ft
(b) Cross section
FIGURE 2.63

Prestressed concrete interior girder design example.
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90 in

[
0.5 in integral
wearing thickness

7.51in

c.g. basicbeam §——-—--—-q-————————— = @i - —— ————

e, =2338in-5in 10 in

-18.38in S asin
9in |G * prees
f # T 44 @ % in diameter
8in | 8in 4 spaces strands (seven wire)
at2in=8in
12 spaces
at2in =24in
FIGURE 2.64

Cross section of girder with composite deck.

Requirements

Determine the composite section properties; the factored design moment for
Strength I Limit State at midspan, M,; and the girder moment capacity, ®M,,
(= M,). For load combination Limit State Service I, determine the concrete
stresses in the girder at midspan at release of prestress and the final concrete
stresses after all losses (except friction) at midspan. Please see Figure 2.64.

Step 1: Determine the Composite Section Properties

The thickness of the following sections of precast concrete beams must meet

the following specifications:
A Art.5.14.1.2.2

top flange > 2 in [OK]
web > 5 in [OK]
bottom flange > 5.0 in [OK]
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Calculate the minimum depth including deck for precast prestressed con-
crete I-beams with simple spans, d

min*

A Tbl. 2.5.2.6.3-1
d,.. =0.045 L = (0.045)(80 ft)(12 in/ft) = 43.2 in

d=751in+511in =58.5in > 43.2 in [OK]

by, top flange width 18 in
L effective span length (actual span length) 80 ft
t, slab thickness 751in

The effective slab flange width for interior beams is
A Art. 4.6.2.6.1

b,=b, = S = (75 ft)(12 in/ft) = 90 in

The normal unit weight of concrete, w,, is 0.15 kips/ft>.
A Tbl. 3.5.1-1

The modulus of elasticity of concrete at 28 days for prestressed I-beams
is

A Eq. 5.4.2.4-1

E,, = 33,000 wi°/fl,

ft3 a2

. 15 .
= (33, 000)(0.151“1”) 6.5 9P5
m

= 4890 kips/in?
The modulus of elasticity of the slab is

E, = 33,000 wl°/f’,

. 1.5 .
= (33,000)(0.15kflgs) 4.5%9P8

in

= 4070 kips/in?
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The modular ratio is

Simplified LRFD Bridge Design

g 4800708
n= Ecg = kl? S = 1.2
o 4070~P
in
The transformed area of the slab is
(75n)[ 220 ) = 5625
1.2

Please see Figure 2.65.

The area of the composite section, A, i

S

A.= A, + transformed area of slab

=762 in? + 562.5 in?

=1324.5in?

) 90in/1.2 =75in

7.5in +
0.5in
y;=218in
P E— y, = c'glof '
—————— 27.62 in "k~ composite
_ section
58.5in . .
51in 17in 13:32in c.g. basic
—t-———--—---—--ft--—--—-Dbeam
— Yp=Yp+Y section
. =36.7in
10 in V=
_ : 23.38 in
9in i A
M Centroid of prestressing
strand pattern = g =5 in
FIGURE 2.65

Area transformed section of girder section.
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From the centroid of the basic beam section, c.g., solve for y.

ssiely=(se25 ) v 75

_(56255in?)(27.62in+3.75in)
Y= 13245 in?

Vb =V, +y¥=23.38in+13.32in =36.7 in

yi=(51in+7.5in)-y} =21.8in

The composite moment of inertia, I, is

Lol +Ag%+ (75in)(75in)’ N

75in )
2

562.5 in” )(yg -
= 212,450 in* + (762 in?)(13.32 in)? + 2636.7 in* + (562.5 in?)(21.8 in — 3.75 in)?
= 533,546.5 in*

For the bottom extreme fiber, the composite section modulus is

_ I, _533,546.5in"
Vb 36.7 in

Ske =14,538.0 in’

For the top extreme fiber (slab top), the composite section modulus is (see
Table 2.16),

I, 533,546.5in*

S, = = =24,4746 in®
Vi 21.8in

TABLE 2.16
Summary of Section Properties
Basic Composite
Ag 762 in? A, 1324.5 in?
yi 27.62in vl 21.8in
Vo 2338 in Vi 36.7 in
Ig 212,450 in* I, 533,546.5 in*
Sia 7692 in® S 24,474.6 in®
Sut 9087 in? She 14,538 in®
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Step 2: Determine the Factored Maximum Moment

Use AASHTO HL-93 live load model to find the unfactored moment and
shear due to live load.

For all components excluding deck joints and fatigue, the dynamic load
allowance, IM, is 33%.

A Art. 3.6.2.1
The beam spacing, S is 7.5 ft.
The bridge span, L, is 80 ft.

Calculate the distribution factor for moments, DFM,, for interior beams with
one lane loaded.

A Tbl. 4.6.2.2.2b-1 or Appendix A

NOTE: The multiple presence factor, m, is already included in the approxi-
mate equations for live load distribution factors.

A Art. C3.6.1.1.2

0.1
K
(12 Lgtg ] =1.09 for the cross-section type (k).

A Tbls. 4.6.2.2.1-1; 4.6.2.2.1-2; 4.6.2.2.2b-1 or Appendix A

0.4 0.3 0.1
K
DFM,; =| 0.06 + S (s E_
14 L) (12L¢

756\ (7.58)"
== | == (1.09) |=0477
14 80 ft

= 0.06+(

Calculate the distribution factor for moments, DFM,,, for interior beams
with two lanes loaded.

0.6 0.2 0.1
K
DFM,, =| 0.075+ S1(s &
9.5 L) |12L¢

0.6 0.2
=10.075+ 751t 751t (1.09) =0.664 [controls]
9.5 80 ft
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32 kips 32 kips 8 kips
26 ft 14 ft 14 ft 26 ft

80 ft

(a) Design truck load (HS20) position

25 kips 25 kips
40 ft 4 ft 36 ft

(b) Design tandem load position

w = 0.64 kips/ft

(c) Design lane load position

FIGURE 2.66
Bending moments at midspan due to HL-93 loading.

Approximate maximum bending moments at midspan due to HL-93 load-
ing as follows and shown in Figure 2.66.

Find the truck load (HS-20) moment, M,,
My =0
0 = 8 kips(26 ft) + 32 kips(40 ft) + 32 kips(54 ft) — R,,(80 ft)
R, =40.2 kips
M,, = (40.2 kips)(40 ft) — 32 kips(14 ft)
= 1160 ft-kips
Find the tandem load moment M, ,4em
*Mp=0

0 = 25 kips(36 ft) + 25 kips(40 ft) — R ,(80 ft)
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R, =23.75 kips
Mo = (23.75 kips)(@0 £t) = 950 ft-kips

Find the lane load moment, M,

. . 2
(0.641‘}1”)(801‘}1“)
M, = t £ ) 512 frkips

8

The maximum live load plus impact moment per girder is defined by the
following equation:

Mi1m = DFMy ((Mtr or Mgngem )(1 + ;(1;/([)) +M, )

= (0.664)((1160 ft-kips)(1 + 0.33) + 512 ft-kips)
= 1364.38 ft-kips per girder

Find the moment due to DC, M. The beam weight is

w=(762 inz)[(lz Hll)fgz m)}(o.w kfitI;SJ

=0.79 kips/ft

The moment due to the beam weight is

» (0.79?)(80 ft)’
Mg:(ws }: o = 632 ft-kips

The slab dead load is

w=(8 m){(llzf;)](o.w kfigs)(7.5 ft)

= 0.75 kips/ft
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The moment due to the slab dead load is

J= (0.751(155)(80 )’

8

2
M, = ( wL = 600 ft-kips

8

The total moment due to DC is
Mpe =M, + M, = 632 ft-kips + 600 ft-kips = 1232 ft-kips

The future wearing surface is 3 in.
Find the moment due to DW, Mp,.

Wi = 3‘07.1;“ (0.140 kflgS)(7.5 ft) = 0.263 kips/ft
122

The moment due to DW is (also see Table 2.17)

» (0.2631(?)(80 ft)’
Mpy = Wow= | =210.4 ft-kips
8 8
Limit States
A Art. 1.3.2
Find load modifier n;.
M, = NpNgN; = 0.95
Np ductility factor 1.00 for conventional design
A Art.1.3.3
TABLE 2.17
Unfactored Moments per Girder
Load Type Moment (ft-kips)
DC 1232.0
DW 210.4

LL+IM 1364.38
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Nr redundancy factor 1.00 for conventionallevels of redundancy

A Art. 1.3.4

M, operational importance factor 1.00 for typical bridges

A Art. 1.3.5

Find the factored maximum moment for the Strength I Limit State

A Tbls. 3.4.1-1; 3.4.1-2

Q=2nvQ

Q= 1.0[y, DC y, DW + 1.75 (LL + IM)]

M, = (1.0)(1.25)(1232.0 ft-kips) + (1.50)(210.4 ft-kips) + (1.75)(1364.38 ft-kips)

= 4243.26 ft-kips

Step 3: Determine the Girder Moment Capacity, ®M,, (= M,)

Find the average stress in prestressing steel.
Assume rectangular behavior.
Find the distance from the extreme compression fiber to the neutral axis, c.

area of the prestressing steel 6.732 in?
width of the compression face member 90.0 in
distance from extreme compression fiber to the

centroid of the prestressing tendons in
compressive strength of concrete at 28 days 6.5 kips/in?
average stress in prestressing steel at the time for

which the nominal resistance of member is required  kips/in?

specified tensile strength of prestressing steel 270 kips/in?
stress in the tension reinforcement 0 kips/in?
stress in the compression reinforcement 0 kips/in?
shear-buckling coefficient for webs 0.28

A Tbl. C5.7.3.1.1
slab thickness 8.0in
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The distance from the compression fiber to the centroid of prestressing
tendons is

d,=(1in-5in) +8in=541in

The factor for concrete strength is
A Art. 5.7.2.2

B, = 0.85 — (0.05)(f’ — 4 ksi) = (0.05)(6.5 ksi — 4 ksi)
=0.725

The distance from the extreme compression fiber to the neutral axis is
A Eq.5.7.3.1.1-4

At +AL-FEf

ps'pu

f
085 pib+kA, =

P

(6.732in?)(270 ksi)+ (0 in” ) (0 ksi) - (0 ksi) (0 ksi)

. . . 2\ 270 ksi
(0.85)(6.5 ksi)(0.725)(90 in) +(0.28)(6.732 in? 0
=491 in < t, = 8 in [assumption OK]
The average stress in the prestressing steel is
A Eq.5.7.3.1.1-1

C
£, :fpu(l—kdpJ

~ (270 ksi)(l—(0.28)(4éil mD: 263.1 ks

m

Find the flanged section factored flexural resistance

A Art. 5.7.3.2.2
a=P,c=(0.725)491 in) = 3.56 in
a depth of equivalent rectangular stress block 3.56 in
@ resistance factor 1.00

A Art.5.5.4.2
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The nominal flexural resistance, M,,, and the factored resistance, M,, are,
A Art. 5.7.3.2

Neglecting nonprestressed reinforcement,
M, = A, (dp - 3)

3.56 in

M, =(6.732in?)(263.7 ksi)(54 in— ) =7725.20 ft-kips

M, = ®M,, = (1.0)(7725.20 ft-kips) > M,

= 424346 ft-kips for Strength I Limit State [OK]

Step 4: Determine Concrete Stresses at Midspan at Release of Prestress

Temporary allowable concrete stresses before losses (at time of initial pre-
stress) due to creep and shrinkage are as follows. See Figure 2.67.

18in

N 6 _ c.g. of the basic
girder section

=e,, = average
prestressing
steel
eccentricity | ¥, = 23.38 in
at midspan
=18.38 in

g=5in
24 in T
FIGURE 2.67

Girder I-beam section.
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For compression,

A Art. 5.9.4.1.1
f,= 0.6/ = (0.6)(6.0 ksi) = 3.6 ksi

For tension,
A Art.5.9.4.1.2

f; = 0.24./f; = 0.24,/5.5 ksi = 0.563 ksi

Find the reduced tendon stress immediately after transfer due to elastic
shortening.

A, gross area of cross section 762 in?
A, area of prestressing steel 6.732 in?
e, average prestressing steel eccentricity at midspan 18.38 in

kips
ft’

1.5
E, =33,000 w.°\Jf; = 33,000(0.15 ) 6.0 ksi = 4696 ksi

A Eq.5.4.2.4-1

E, modulus of elasticity of concrete at transfer 4696 ksi
E, modulus of elasticity of prestressing tendon 28,500 ksi
«p concrete stress at center of gravity of prestressing
tendons due to prestressing force immediately after
transfer and self-weight of member at section of
maximum moment ksi
foe stress immediately prior to transfer ksi
f,; stressatjacking ksi
ou  specified tensile strength of prestressing steel 270 ksi
Ig moment of inertia of the gross concrete section 212,450 in*
M, midspan moment due to member self-weight 632 ft-kips
Mp midspan moment due to the slab dead load 600 ft-kips

Find the prestress loss due to elastic shortening, Af .
A Art. 5.9.5.2.3a-1
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E
E,

Cl

AprS =

Find the initial prestress before transfer, but after the changes due to the
elastic deformations of the section, f,, it is,

A Com. C5.9.5.2.3a

fpbt = 0.9 pr

f,;= 075 f,,, = (0.75)(270 ksi) = 203 ksi

A Tbl. 5.9.3-1

£ = (09)(203 ksi) = 182.3 ksi

To avoid iteration, alternately the loss due to elastic shortening may be
determined

A Eq. C5.9.5.2.3a-1

Apsfin (T + €2 A, —euM A, )

An(I +e$nAg)+[AgégE“i]
P

AprS =

(6.7321in?)(182.3 ksi)(212, 450in* +(18.38 in)’ (762 inz))

(18.38in)(632 ft-kips)(762 in” )
(6732 inz)((le, 450in*)+(18.38 in)’ (762 in2))

+((762 in?)(212,450 in*) (4696 ksi)J
28,500 ksi

=15.77 ksi
The reduced prestress force after transfer is,
P = (f . —Afps)(Ap) = (182.3 ksi — 15.77 ksi)(6.732 in?)

=1121.1 kips
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Concrete stress at top fiber is

_ M
ft:i+ Pem __8
A

g Snc,top Snc,top

632 ft—kips)(lzm)

_-1121.1kips (1121.1kips)(18.38 in) ( ft

762 in? 7692 in® 7692 in®

= —147 ksi + 2.68 ksi — 0.98 ksi
= 0.23 ksi (tension) < f,; = 0.563 ksi [OK]

Concrete stress in bottom fiber is

-P Pe, M,
fi=—-— +
Ag Snc,bot‘tom Snc,boﬁom
in
. . 632 ft-ki 12—
_-1121.1kips _(1121.1kips)(18.38in) ( ps)( ft )
762 in? 9087 in® 9087 in®
=-1.47 ksi — 2.27 ksi + 0.83 ksi
=-291 ksi (compression) < f; = 3.6 ksi [OK]
Please see Figure 2.68.
,i Pem Mg —L +Pem—&
A tg -5 A, S S
= -1,470 = +2,680 =-980 = +230
+ + \ES = /
_P Py M, M
Ap S *s —AiB —Psﬁ" + Tg
= -1,470 =-2,270 = +830 ~ 2910
FIGURE 2.68

Concrete stresses at midspan at release of prestress for girder I-beam.
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Step 5: Determine Final Concrete Stresses at
Midspan after All Losses (Except Friction)

Find losses due to long-term shrinkage and creep of concrete, and low relax-
ation strand.
A Art. 5.4.2.3.1; Tbl. 5.9.3-1

Prestressing steel stress immediately prior to transfer

fo = 075f

pw DOt including the elastic deformation. Thus, f; = f,,203 ksi

H average annual ambient relative humidity ~ 70% (for central NY)
A Fig. 5.4.2.3.3-1

Af,r an estimate of relaxation loss taken as 2.4 ksi for low relaxation
strand, 10.0 ksi for stress relieved strand, and in accordance with
manufacturer’s recommendation for other types of strand.

A Art. 5.9.5.3

Determine time-dependent losses:
A Art. 5.9.5.3

The correction factor for relative humidity of the ambient air is
A Eq.5.9.5.3-2

Y. = 1.7 -0.01 H = 1.7 - (0.01)(70%) = 1.0

The correction factor for specified concrete strength at time of prestress
transfer to the concrete member is,

A Eq.5.9.5.3-3

5
1+f£,

Vst

5

=——=0.833
1+6.0 ksi

The long-term prestress loss due to creep of concrete, shrinkage of con-
crete, and relaxation of steel is,

A Eq. 5.9.5.3-1



Design Examples 181

f A
AprT = 10.0 P pS ’Yh’YSt + 12‘0Y]Y8t + Apr

Ag

203 ksi)(6.732 in”
:10.0(( 716)2( . o ))(1.0)(0.833)+12.0(1.0)(0.833)+2.4 ksi
= 254 ksi

The total loss for pretensioned members is

A Eq. 5.9.5.1-1
Af gy = Mfps + Af iy

=15.77 ksi + 25.4 ksi = 41.17 ksi
The effective steel prestress after losses is
foe = £, (= f,;) — Af;r = 203 ksi — 41.7 ksi = 161.3 ksi
The effective prestress force after all losses, P, is
P, = f A, = (161.3 ksi)(6.732 in?) = 1085.87 kips (1,085,870 1bf)

Determine final concrete stresses at midspan after the total losses.
For the basic beam section at the beam’s bottom fiber,

P De, M,+M, _~1,085870 Ibf (1,085,870 Ibf)(18.38 in)

- + .2 ~ 3
A Sncotom  Srepotiom 7621in 9087 in
n 632 ft—k1ps + 6030 ft—klps 122 1000@
7692 in ft kip
=-1994 .4 psi

where:

M, =moment due to beam weight

M,, = moment due to slab dead load

At the basic beam’s top fiber, the final concrete stresses at midspan are

1,085,870 1bf (1,085,870 Ibf)(18.38 in)

;Pe+ Pen M,+Mp = L 1S
Ay Sncop Sne top 762 in 7692 in
[ 632 ft-kips + 6030 ft-kips 12 (1000 M
7692 in ft kip

= -752.3 psi



182 Simplified LRFD Bridge Design

Moment due to the superimposed dead loads, M,, consists of the superim-
posed dead load, w,, the parapet/curb load (0.506 kip/ft), distributed equally
to the 5 girders, plus the load of the 3 in future wearing surface,

ws=(a5%k§))(2)+(3m)( ft )(0.14“135)(7.5&)

5 girders 12in ft’

= 04649 kips/ft

W

" (0.46491‘}1:”)(80 ft)’
MS — L —
8 8

= 3719 ft-kips

For composite section at the beam base,

M, + M v [ 371.9 ft-kips+1364.38 ft-kips |( . . in Ibf
= - 120 | 1000
S 14,538.0 in ft kip

= 1433 psi

At slab top,

M, +My v [ 371.9 ft-kips +1364.38 ft-kips in Ibf
_ = — 12— || 1000 ——
Sic 24,476.6 in ft kip

=-851.2 psi
See Figure 2.69.

Check the allowable concrete stresses at Service I Limit State load com-
bination after all losses.

A Art.5.9.4.2

For compression at girder top,
A Tbl. 5.9.4.2.1-1

f.=045f = (0.45)(6.5 ksi) = 2.93 ksi < -1311.1 ksi [OK]

For tension at girder bottom,
A Tbl. 5.9.4.2.2-1
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-8512 _
-851.2 12 - 7093
N Slab N {5588 _ _ 465
-752.3 -558.8 1311.1% 12
~1994.4 +1433 ~561.4
With dead +  With superimposed = Final Stress
loads and prestress dead loads plus
loads on basic beam live loads on
composite beam
Note: Units are in Ibf/in% “~” Indicates compression.
FIGURE 2.69
Final concrete stresses at midspan after losses.
fo =0.19\/f =0.19,/6.5 ksi =0.484 ksi >—0.5614 ksi [OK]

Design Example 7: Flexural and Transverse
Reinforcement for 50 ft Reinforced Concrete Girder
Situation

BW  barrier weight (curb, parapet, and sidewalk) 0.418 kips/ft

f! eam beam concrete strength 4.5 ksi

f{ 4ec deck concrete strength 3.555 ksi

DW future wearing surface load 2in

L bridge span 50 ft

LL  liveload HL-93

E,  modulus of elasticity of reinforcing steel 29,000 ksi

f, specified minimum yield strength of reinforcing steel 60 ksi

S girder spacing 8.0 ft

t, structural deck thickness 8.01in

w.  concrete unit weight 150 Ibf/ft?

Please see Figure 2.70.
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46 ft

1t6in —» ‘ 43 ft ‘ - 1ft6in

=) 8 in deck

3 ft —| 1 — 3 ft
20 ft 20 ft

5@ 8 ft =40 ft

FIGURE 2.70
Reinforced concrete girder design example.
Requirements

Determine the flexural and transverse reinforcement for the reinforced con-
crete girder described.

Solution

The effective flange width of a concrete deck slab may be taken as the tribu-
tary width perpendicular to the axis of the member.

A Art. 4.6.2.6.1
b, =8 ftor 96 in
Step 1: Calculate the Beam Properties
The modulus of elasticity for the deck is
A Eq.5.4.2.4.1
ki s 1.5
Eeaic = 33,000 W Jf = (33,000)(0.15 ftlz ) J3.555 ksi

= 3615 ksi

The modulus of elasticity for the beam is

. 1.5
Egeq = 33,000 w'2 & = (33,000)(0.15 1;135) J45ksi

= 4067 ksi
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The modular ratio is
A Eq.4.6.2.2.1-2

_ Egea _ 3615ksi
Epwm 4067 ksi

=0.889

The transformed effective deck width is

b, = (S)(n) = (8 ft)(0.889)(12 in/ft) = 85.34 in

The area of the T-beam is
A = (40in)(20 in) + b,t, = 800 in + (85.34 in)(8 in) = 1482.72 in?
=10.30 ft2

From bottom, the center of gravity of T-beam y, = XAy/XA, is

_ (40in)(20in)(20 in) +(85.34 in)(8 in)(40 in + 4 in)

b (401in)(20 in)+(85.34 in)(8 in)

= 31.05 in from bottom

Moment of inertia of T-beam about the center of gravity is

3
=1="4 4 Ag
12

I, = (12)(20 in)(40in)’ +(20in)(40in)(31.05 in - 20 i)’ = 322,430 in*

,(8534in)(8in)"

> (85.3in)(8in)(44 in -31.05in)’

=15.55 ft*

Step 2: Calculate the Dead Load Effects
A Art. 3.3.2

The weight of the structural components is (see Figure 2.71)
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b,, = 85.34 in

c.g. slab & girder

/ C.g. of 40 in
irder
y, = 31.05 in &

20 in

20 in

FIGURE 2.71
Girder section with area transformed deck slab.

Ibf Ibf
DCr_yearn = (A)(w) =(10.30 ftz)(150ft3) =1545" -

Permanent loads such as barriers may be evenly distributed across all
beams. The weight of the barriers is

Ibf
)
no. of beams ST

WDC,barrier =

WDC,total = Wbeam + Wbarrier = 1545 lbf/ft + 139-33 lbf/ft
= 1684.3 Ibf/ft
The weight of the wearing surface and utilities is

INEL Ibf
(DW)w.L 2 m)(n m)(lSOft)(43 f) Ibf
= =1792°>

WDW = =
no. of beams 6

The unfactored maximum moments due to dead loads are
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, (1684.31bf)(50 ft)’
M _ WDC/totalL _ ft
DC — 8 - 8

=5.26 x 10° ft-1bf

) (179.2“)(50 ft)’
My, = Wrwsl _ ft
8 8

=0.56 x 10° ft-1bf

The unfactored maximum moments occur at midspan.
The unfactored maximum shears due to dead loads are

(1684.3 1bf)(so ft)
Vo — W totat L _ ft
DC 2 2
= 42,107 Ibf
179.2 10 (50 ft)
Voo = wpwL ft
DW — 2 - 2
= 4,480 Ibf

The unfactored maximum shears occur at reactions for simply supported
beams.

Step 3: Calculate the Live Load Effects
A Art. 3.6.1.2

The design live load, HL-93, shall consist of a combination of

® Design truck (HS-20) or design tandem and
® Design lane load

Dynamic load allowance, IM, is 33% for all limit states other than fatigue.
A Tbls. 3.6.2.1-1; 4.6.2.2.2b-1 or Appendix A
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Calculate the live load distribution factor for moment, DFM, for interior
beams of a typical cross section, e,

A Tbl. 4.6.2.2.1-1

The distance between the centers of gravity of the slab and the beam is

The stiffness parameter is
K, =n(l + Ae,?) = (0.889)(15.55 ft* + (10.30 ft*)(2 ft)*) = 50.44 ft*

=1.046 x 10° in* (10,000 < K, < 7 x 10° in*) [OK]

A Eq.4.6.2.2.1-1
Calculate the live load distribution factor for moment if the following are

true.
A Tbl. 4.6.2.2.2b-1 or Appendix A

3.5<S <16 [OK]
4.5 <t <12 [OK]
20 < L <240 [OK]
N, >4 [OK]

The live load distribution factor for moment for interior beams with one
design lane loaded is

0.4 0.3 0.1
K
DFM,; =0.06+ S) (s &
14 L 12 Lt

0.1

04 03 1.05x10%n*
0,06+ 31} [ BEE 12in )3
14 ) \50ft Th (50 ft)(8in)

=0.581
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The live load distribution factor for moment for interior beams with two or
more design lanes loaded is

0.6 0.2 0.1
DFM,,; =0.075+| — S Ke .
9.5 L 12 L¢3
0.1

6: 4
oo 8t 06 o g 02 12?.05><10 in 3
e 95) 50 ft ( ftm)(SOft)(8in)

=(0.781

Calculate the live load distribution factor for moment for exterior beams
with two or more design lanes loaded.
A Tbl. 4.6.2.2.2d-1 or Appendix B

The distance from the centerline of the exterior web of the exterior beam to
the interior edge of the curb or traffic barrier, d,, is

d.=18inor 1.5 ft
The correction factor for distribution is

de 077412 (935

—0.77
¢ o1t 91ft

Because -1.0 < d, < 5.5, the live load distribution factor for moment for exte-
rior beams with two or more design lanes loaded is

DFM., . = (e)(DFM,,.)) = (0.935)(0.781) = 0.730

Calculate the live load distribution factor for moment for exterior beams
with one design lane loaded using the lever rule. Please see Figure 2.72.

A Tbl. 4.6.2.2.2d-1; A Tbl. 3.6.1.1.2-1; C3.6.1.1.2

z“M@hinge =0

0= 2(7.5 ft)+g(1.5 ft)—R(8 ft)

R=0.563P
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15ft 2 ft | 6 ft |1.5 ft
I |
P P Hinge
i i assumed
[ ¢
d,=1.5ft — |
10in 8 ft | 20 in
3 ft

FIGURE 2.72
Lever rule for distribution factor for exterior girder moment with one lane loaded.

When the lever rule is used, the multiple presence factor, m, must be

applied.
A Art. 3.6.1.1.2

The live load distribution factor for moment for exterior beams with
one design lane loaded is

DEFM,, = (m)(0.563) = (1.2)(0.563) = 0.676
DFM,,,; = 0.781 for moment for interior beam [controls]

The live load distribution factor for shear for interior beams with two
or more design lanes loaded is

A Tbl. 4.6.2.2.3a-1 or Appendix C
DEV :oms_(sjlozﬁﬂ_(w)z
™12t |\ 351t 12 35 ft
=0.814

The live load distribution factor for shear for interior beams with one
design lane loaded is

DEV, =0.36+ —>— = 0.36+ 1t
25 ft 25 ft

=0.68
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Calculate the live load distribution factor for shear for exterior beams with
two or more design lanes loaded.

A Tbl. 4.6.2.2.3b-1 or Appendix D

The distance from the centerline of the exterior web of the exterior beam
to the interior edge of the curb or traffic barrier, d, is 18 in or 1.5 ft.

The correction factor for distribution is

de _ 0.6+ L5ft_ 0.75

~06 -
T 10 ft

Because -1.0 < d, < 5.5, the live load distribution factor for shear for
exterior beams with two or more design lanes loaded is

DFV,,. = (e)DFV,,,, = (0.75)(0.814) = 0.610
The live load distribution factor for shear for exterior beams with one
design lane loaded using the lever rule is the same as for the moment
DFM,,. Therefore,
DFV, = 0.676

DFV,,; = 0.814 for shear for interior beams controls

See Table 2.18.
Step 4: Calculate Truck Load (HS-20) and Lane Load Moments and Shears
A Art. 3.6.1.2

Calculate the unfactored flexural moment due to design truck load. (Refer to
Design Example 1 and Figure 2.73.)

TABLE 2.18

Summary of Distribution Factors

Girder DFM DFV

Interior, two or more lanes loaded 0.781>  0.8142
Interior, one lane loaded 0.581 0.680

Exterior, two or more lanes loaded  0.730 0.610

Exterior, one lane loaded 0.676 0.676

2 Controlling distribution factors.
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192
, 11 ft 8 kips 14 ft 32 kips 14 ft 32 kips 1 ft ,
| \ yc¢ \ |
A [y o T Ay L S O A O PR At B
Z %/
| |
R, 25 ft G 25 ft Ry
FIGURE 2.73

Design truck (HS-20) load position for the maximum moment at midspan.

SMg, =0

Ro - (8000 Ibf )(11 ft) + (32,000 Ibf)(25 ft)+ (32,000 Ibf)(39 t)
b 50 ft

=42,720 Ibf

The unfactored flexural moment at midspan due to design truck load is
M,, = (32,000 Ibf)(14 ft) + (42,720 Ibf)(25 ft)

= 6.2 x 10° Ibf-ft per lane

(Also see Design Example 1.)
The unfactored flexural moment at midspan due to design tandem load

1S

Mizngem = 575,000 Ibf-ft per lane

(See Design Example 1)
Calculate the unfactored flexural moment due to lane load.

The ultimate moment due to live load of 640 1bf/ft occurs at the center

of simply supported beam. See Figure 2.74.
A Art. 3.6.1.2.4

lbf] 2
640— |(50 ft)
3
M, = wi L _ ft

8 8

= 2.0 x 10° Ibf-ft per lane
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wy; = 640 Ibf/ft

A PR AR LT AR Fed Wiy ARIIEATEY L] b
7/ C T 2
! L=50ft \
Ry N Rg
FIGURE 2.74
Design lane load moment at midspan.
32 ki 32 ki 8 ki
VRS P 4t s 2 ft

Y

T

R, 50 ft

FIGURE 2.75
Design truck load (HS-20) load position for the maximum shear at support.

Design lane load is not subjected to a dynamic load allowance.
A Art.3.6.1.2.4

The total unfactored flexural moment due to live loads per lane is (See
Figure 2.75)

M av = M (1 + IM) + M, = (6.2 x 10° Ibf-ft)(1.33) + 2.0 x 10° Ibf-ft
=10.246 x 10° Ibf-ft per lane
The total unfactored live load moment per girder is
Miotat = Miau(DFM)
= (10.2 x 10° 1bf-ft)(0.781)
= 7966 x 10° Ibf-ft per girder

Calculate the unfactored shear due to design truck load.

IMgg =0
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_ (8000 1bf)(22 t) +(32,000 Ibf)(36 t) + (32,000 Ibf )(50 ft)
a 50 ft

= 58,560 Ibf
V =R, = 58,560 Ibf
The unfactored shear due to design tandem load is

V,

tandem

= 48,000 Ibf (See Design Example 1.)
The unfactored shear due to design truck load is

V. = V(1 + IM) = (5.856 x 10* Ibf)(1.33)
=779 x 10* Ibf

Calculate the unfactored shear due to lane load.

The ultimate shear due to uniform live load of 640 lbf/ft occurring at the
end of a simply supported beam is,

Ibf

640— (50 ft

_wul _ ( ft )( )
2 2

Vlane = RA

= 1.6 x 10* Ibf per lane

Dynamic effects are not taken into consideration for design lane loading.
Please see Figure 2.76.

A Art. 3.6.1.2.4

wy; = 640 Ibf/ft

DAL AL LA

T N L Ny e e N e s
SRR i e e T P e A e TR Y e i e r T S i e e TS e i B

4 o
”7’1”” b
| L=50ft |
Ry Rp
FIGURE 2.76

Design lane load position for the maximum shear at support.
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The total unfactored shear per lane is
Vitam = Vi + Vi, = (779 x 10* 1bf) + (1.6 x 10* Ibf)
=9.39 x 10 Ibf per lane
The total unfactored shear per interior girder is
Viotal = ViLam(DFV) = (9.39 x 10* 1bf)(0.814) = 7.64 x 10* 1bf
Step 5: Calculate the Strength I Limit State
The factored moment for Strength I Limit State is
M, = 1.25 Mpc + 1.5 Mpy + 175 M,
= (1.25)(5.26 x 10° ft-Ibf) + (1.5)(0.56 x 10° ft-Ibf) + (1.75)(7.996 x 10° ft-1bf)
=214 x 10° ft-Ibf
The factored shear for Strength I Limit State is
V=125V + 1.5V + 1.75 Vi
= (1.25)(4.21 x 10* 1bf) + (1.5)(0.448 x 10* Ibf) + (1.75)(7.64 x 10* Ibf)
=19.3 x 10* Ibf = 193.0 kips

Step 6: Design the Reinforcement

Design the flexural reinforcement. Neglect compression reinforcement in the
flange. See Figure 2.77.

A Art. 5.14.1.5.1c; C5.14.1.5.1¢c
The web thickness with 5 #11 bars in each layer and #4 stirrup bars, b,, is
b, = @1 in) + 2)(0.5in) + 0.5 d, + @)(1.5 d,)
=(@2)(1 in) + (2)(0.5in) + 0.5(1.4 in) + 4)(1.5)(14 in)
=184 in

To allow for extra room, use b,, = 20 in.
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b,; = 85.34 in
| |
8in
dg =44 in | _No. 4 bar
stirrups 40 in
4in} _L
Y 10#11bars }
20 in 1.5in
FIGURE 2.77

Reinforcement details.

Try using 10 no. 11 bars in two rows. The area of longitudinal reinforce-
ment, A, is 15.6 in?
A Art. 5.10.3.1; 5.12.3

Assuming no. 4 stirrups and a 1.0 in concrete cover (assuming epoxy-
coated bars), the distance from the girder base to the centroid of the rein-
forcement is

1.41in

1.0in+0.5 in+db+d—2b=1.5 in+1.411in + =3.62in (4in)

The stress block factor, B, is
A Art.5.7.2.2;5.7.3.1.1

B, =0.85-0.05(f — 4 ki)

= 0.85-0.05(4.5 ksi - 4 ksi)
=0.825

The distance from the extreme compression fiber to the neutral axis is

Af, (15.6in?)(60 ksi) .
c= ; = - —=3.47in
0.85f B;b,,  (0.85)(4.5ksi)(0.825)(85.34 in)

The depth of the equivalent rectangular stress block is
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a = cp, = (347 in)(0.825) = 2.86 in

The nominal resisting moment is
A Eq.5.7.3.2.2-1

M, = Asfy(d—a)z (15.6in%)(60 ksi)(44 in - 286 m)[lﬂ]
2 2 \12in

= 3320.5 ft-kips

The resistance factor, ®, is 0.90.
A Art. 5.5.4.2.1

The factored resisting moment, M,, is
A Eq.5.7.3.2.1-1

M, = ®M, = (09)(3320.5 ft-kips)

= 2988.5 ft-kips > M,, = 2140.0 ft-kips [OK]

Step 7: Check the Reinforcement Requirements

Review the flexural reinforcement.

The maximum flexural reinforcement provision was deleted in 2005.
A Art. 5.7.3.3.1

The minimum reinforcement requirement is satisfied if M, (= ®M,) is at
least equal to the lesser of
A Art. 5.7.3.3.2

o M,=dM, >12M,,
or

* M, > (1.33)(the factored moment required by the applicable strength
load combination)

where:

S. section modulus for the tensile extreme of the gross section in®
f. modulus of rupture of concrete, 0.37yf ksi
A Art. 5.4.2.6

f. girder concrete strength 4.5 ksi
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yp center of gravity of T-beam from tensile extreme face 31.05in
I, moment of inertia of the gross concrete section 322,430 in*
I in*
M. =S.f =| & |f =| 322430in" (0.37 45 ksi)
Vb 31.05in

= 8150.45 kip-in = 679.2 kip-ft
A Eq.5.7.3.3.2-1

1.2 M,, = (1.2)(679.2 kip-ft) = 815.04 kip-ft, or

133 M, =(1.33)(21.40x 1051bf'ﬂ)( 13013113be

= 2846.20 kip-ft
1.2 M, = 815.04 kip-ft [controls]
M, = ®M, = 2988.5 kip-ft > 1.2 M, = 815.04 kip-ft [OK]

The minimum reinforcement required is satisfied with 10 no. 11 bars as
tension reinforcement.

Review the shear reinforcement.

A Art.5.8.2.9

For simplicity, shear forces at end supports will be considered.
Find the factored shear for Strength I Limit State, V,.

The effective shear depth need not be taken to be less than the greater
of 09d, or 0.72 h.
_286in

d, =d, —% =44 in = 4257 in [controls]

The minimum d, is
d,=09d, =(09)44 in) = 39.6 in
or

d,=072h=(0.72)@8 in) = 34.5 in

See Figure 2.78.
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gin} [

h=48in dy=d,=44in d,=4257 in
40 in
. ¢ .
4in
b,=20in
FIGURE 2.78

Review of shear reinforcement.

The transverse reinforcement shall be provided where
A Art.5.8.2.4

V, > 0.5 ®V,
A Eq.5.8.2.4-1

B is 2.0 when Q = 45° for diagonal cracks.
A Art. 5.8.3.4.1; A Eq. 5.8.3.3-3

V, =0.0316 B[/ b,d, =(0.0316)(2.0) /4.5 ksi (20 in)(42.57 in)

= 114.1 kips
0.5 dV, = (0.5)(0.90)(114.1 kips)

= 51.35 kips
A Eq.5.8.2.4-1

V, =193 kips > 0.5 ®V, (= 51.35 kips)

Therefore, the transverse reinforcement is needed at end support points.
A Art. 5.8.2.4

The nominal shear resistance, V,, is the lesser of
A Art.5.8.3.3

V,=V.+V,

V,=025fb,d,
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V, is the shear resistance provided by shear reinforcement.

V, =025 f/b,d, = (0.25)(.5 ksi)(20 in)(42.57 in) = 957.8 kips

cTvTv

Let the factored shear resistance, V,, be equal to the factored shear load, V,

A Eq.5.8.2.1-2
V.=V, =V,
V, = % = % =214.4 kips [controls]

The shear required by shear reinforcement, V,, is found as follows.
A Eq. 5.8.3.3.1

_ 214.4 kips

s n . . —114.1 kips
(0} 0.90

=124.1 kips

The angle of inclination of stirrups to longitudinal axis, o, is 90° and the
angle of inclination of diagonal stress, 0, is 45°. Therefore, the shear resis-
tance by shear reinforcement, V,, and the spacing of stirrups, s, are calculated
as follows.

Eq. C5.8.3.3-1, A Eq. 5.8.3.3.4; A Art. 5.8.3.4.1

_Afd, (cote + cotoc)sinoc

s
S

Using two #4 bar stirrups,

o Add,coto _ (2)(0.20in?)(60 ksi)(42.57 in)(1.0)
A 124.1 kips

=82in[Trys=8.0in]

The minimum transverse reinforcement required is
A Eq. 5.8.2.5-1
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~ Sbys -((20in)(8in) | .,
A, =0.0316/f P =0.0316 4.51<51[60ksi =0.18in

The provided area of the shear reinforcement within the given distance,
A, of two times 0.20 in? with no. 4 stirrups at 8 in spacing is OK.

Summary

For flexural reinforcement, use 10 no. 11 bars in 2 rows. For shear reinforce-
ment, use no. 4 stirrups at 8 in spacing.

Design Example 8: Determination of Load Effects Due
to Wind Loads, Braking Force, Temperature Changes,
and Earthquake Loads Acting on an Abutment

A two-lane bridge is supported by seven W30 x 108 steel beams with 14 in
x 0.6 in cover plates. The overall width of the bridge is 29.5 ft and the clear
roadway width is 26.0 ft with an 8 in concrete slab. The superstructure span
is 60.2 ft center to center on bearings (the overall beam length is 61.7 ft). It is
3.28 ft high including the concrete slab, steel beams, and 0.12 ft thick bearing,.

The abutment has a total height of 16 ft and a length of 29.5 ft placed on a
spread footing. The footing is placed on a gravel and sand soil.

Solution

Determine other load effects on the abutment.

1. Wind Loads

It is noted that the transverse wind loads (lateral to girder) in the plane of abut-
ment length will be neglected because the abutment length is long (i.e., 29.5 ft).

Therefore, wind loads in longitudinal directions (perpendicular to the
abutment wall face) will be considered.

1.A Wind Pressures on Structures, WS
A Art. 3.8.1.2

The skew angle as measured from a perpendicular to the beam longitudinal
axis is 30°. See Figures 2.79 through 2.81.
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61.7 ft

3.28 ft to
the roadway

12 ft Abutments are 16 ft 16 ft
high and 29.5 ft long

4fc 11ft o

FIGURE 2.79
Abutment structure 16 ft in height and 29.5 ft in width.

29 ft 6 in
1ft9in
N 26 ft 0 in (roadway) |
—
6at4ft3in

abutment

I‘ suafs I; : nI :_.':_"‘_Topof

29 ft 6 in

FIGURE 2.80
Two-lane bridge supported by seven W30 x 108 steel beams at 29.5 ft wide abutment.

Total depth away from abutment support = h,aoet + taeck + dgirder + toearings

121in i

=32 m[lﬂJ +8 in[llzﬂJ +2.49 ft(Beam With No Cover Plate)
m

+0.05 ft(Cover Plate)
=5.87 ft

Total depth at abutment support = h

parapet
=32 in(lft] +8 ir{lft] +2.49 ft(Beam With No Cover Plate)

+ tdeck + dgirder + tbearing/

12in 12in

+0.12 ft(Bearing Plate)
=594 ft
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12in 2in
1ft7in
32in
8 in
5.87 ft 249 ft 328 ft
beam
2.54 ft 249 ft W30 x 108 (no cover
plate)
005 ft 4ft 0.12 ft bearing
cover
v At
Away from abutment
abutment
FIGURE 2.81
Steel beams at abutment and away from abutment.
Overall beam length = 61.70 ft
Bearing to bearing length = 60.2 ft
A base design wind velocity at 30 ft height is,
A Art. 3.8.1.1

V3, = Vi =100 mph

Inasmuch as the abutment is less than 30 ft above ground level, the design
wind velocity, Vp,;, does not have to be adjusted.

VDZ = VB

Design wind pressure, Py, is
A Art. 3.8.1.2.1
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where:
Py = base wind pressure specified in AASHTO [Tbl. 3.8.1.2.1-1] (kips/ft?)

Base wind pressure, Py, with skew angle of 30° is 0.012 kips/ft for longi-
tudinal load.

A Tbl. 3.8.1.2.2-1

The design longitudinal wind pressure, Py, is

2

kips || 100 mph

Py = 0.012 —
P ( fit? )|:100mph:|

= 0.012 kips/ft?
The total longitudinal wind loading, WS, ., is
WS, = (61.70 ££)(5.87 £1)(0.012 ksf)
WS, = 4.35 kips

The longitudinal wind force from super structure, WS,, must be transmit-
ted to the substructure through the bearings as follows:

4.35 kips wind loads from superstructure acts at its mid-depth (at the abut-
ment) which is (5.87 ft — 0.05 ft cover plate)/2 + 0.12 ft bearing = 3.03 ft at the
top of the abutment.

The longitudinal (horizontal) wind loading at the top of the abutment is

WS, = 4.35 kips/29.5 ft abutment length
WS, = 0.15 kips/ft abutment width

The vertical wind loading at the top of the abutment, WS,, is the reaction
(see Figure 2.82)

(4.35 kips)(3.03 £t)/60.2 ft = 0.22 kips up or down.
Along the abutment width 29.5 ft, the vertical wind loading is,
WS, = 0.22 kips/29.5 ft

= 0.007 kips/ft abutment width (negligible)
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4.35 kips 012 ft

3.03 ft bearmg)

Z - - 7
Girder
0.22 kips
0.22 kips
' 60.20 ft '
FIGURE 2.82
Wind loads on abutment transmitted from superstructure.
1.B Aeroelastic Instability
A Art. 3.8.3
Span _ 6021t 504
Abutment Width 295t
Span _ 6021t 102

Girder Depth ~ 5.87 ft

The ratios are less than 30.0. Therefore, the bridge is deemed to be not
wind sensitive.

1.C Wind Pressures on Vehicle Live Load, WL
A Art. 3.8.1.3, A Thl. 3.8.1.3-1

WL = (0.024 kips/ft for the skew angle of 30°)(61.7 ft)
= 148 kips acting at 6.0 ft above the deck

Or 1.48 kips will be acting at (6 ft + 3.28 ft) = 9.28 ft above the abutment top.

This 1.48 kips longitudinal force is transmitted to the abutment through
the bearings as follows and as shown in Figure 2.83:

The reaction at the fixed abutment is

(1.48kips)(9.28 ft)
60.2 ft

=0.228 kips

The longitudinal (horizontal) wind loading at the top of abutment due to
vehicle live load is
1.48 kips 0.05 kips
WLh = = N
295ft  ftabutment width
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1.48 kips

-

9.28 ft 0.12 ft

[
0.2280 l(ipsm[ 7 | Girder f W/%/
|

60.2 ft i
0.228 kips

FIGURE 2.83
Wind loads on abutments transmitted from vehicle live load.

The vertical wind loading at the top of the abutment due to vehicle live
load is

WL, = 0.228kips _ 0.0077 kips
"~ 295ft  ftabutment width

(negligible)

1.D Vertical Wind Pressure
A Art. 3.8.2; Tbl. 3.4.1-1

A vertical upward wind force shall be applied only for Strength III and
Service IV Limit States. Therefore, the vertical upward wind force is not
applicable to Strength I Limit State.

1.E Wind Forces Applied Directly to the Substructure, W,
A Art. 3.8.1.2.3

The design wind pressure, Py, is

2
VDZ
Pp =D
where:
Py = base wind pressure
Py = 0.04 kips/ft?
A Art.3.8.1.2.3
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2
VDZ]

PD :PB|: v
B

) 2
P, =0.04 kll:;S 100 mph
ft* | 100 mph

P, = 0.04 kips/ft?

The wind loading of 0.04 kips/ft? will act, conservatively, perpendicular to
the exposed 12 ft stem of the abutment, and it will act at 10 ft (= 12 ft/2 + 4 ft)
above the base of the footing.

WS, = (0. 04 ksf)(12 ft) = 0.48 kips/ft abutment width

2. Braking Force, BR
A Art. 3.6.4

The braking force shall be taken as the greater of :

* 25% of the axle weights of the design truck or design tandem or
* 5% of the design truck plus lane load or
* 5% of the design tandem plus lane load

The static effects of the design truck or tandem for braking forces are not
increased for dynamic load allowance.

A Art. 3.6.2.1

The total braking force is calculated based on the number of design lanes
in the same direction.

A Art. 3.6.1.1; 3.6.4
In this example, it is assumed that all design lanes are likely to become
one-directional in the future.
The braking force for a single traffic lane is as follows:
BRi ok = 25% of design truck = (0.25)(32 kips + 32 kips + 8 kips)
= 18.0 kips [controls]
BRi.ngem = 25% of the design tandem = (0.25)(25 kips + 25 kips)

=12.50 kips
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BRi ucketane = D% of the design truck plus lane load
= 0.05[(32 kips + 32 kips + 8 kips) + (0.64 kips/ft x 60.2 ft)]
= 745 kips
BR\.ndematane = 5% of the design tandem plus lane load
= 0.05[(25 kips + 25 kips) + (0.64 kips/ft x 60.2 ft)]
=443 kips
The braking forces act horizontally at a distance 6 ft above the roadway

surface in either longitudinal direction. The multiple presence factor in
AASHTO [3.6.1.1.2] shall apply.

A Art. 3.6.4

For the number of loaded lanes of 2, multiple presence factor, m, is 1.0.
A Thbl. 3.6.1.1.2-1

Maximum braking force,
BR ...y = BRyuak = 18.0 kips

The longitudinal (horizontal) braking force is transmitted to the abutment
as follows.

The longitudinal (horizontal) force at the top of the abutment due to brak-
ing force is (see also Figure 2.84):

BR,., — 18.0 kips _ 0.61 kips
295ft  ft abutment width

18.0 kips

9.28 ft

7 - 7
2.77 kips

2.77 kips

FIGURE 2.84
Forces on abutment from braking.



Design Examples 209

The vertical reaction at the abutment is:

18.0 kips x 9.28 ft(= 6 ft above the roadway +3.28 ft )
60.2 ft

=2.77 kips

The vertical force at the top of the abutment due to braking force is:

BR.. = 2.77 kips _ 0.094 kips
' 295ft  ftabutment width

3. Force Effect Due to Uniform Temperature Change

A Art. 3.12.2

Assume a moderate climate. The temperature range is 0°F to 120°F. Also,
assume steel girder setting temperature T,,, is 68°F.

A Tbl. 3.12. 2. 1-1

The thermal coefficient of steel is 6.5 x 10 in/in/°F.
A Art. 6.4.1

Expansion thermal movement

>
I

exp

65x10° 2 |(120°F - 68°F)| 60.2 ft| 1210
in 1ft

°F

0.244 in

Contraction thermal movement

Bomr = 6.5x 100 ™ |(68°F —0°F)| 60.2 fr| 121
in 1ft

°F
=0.321in
The elastomeric bearing pad properties assumed are:

Shear modulus of the elastomer, G, is
A Art. 14.7.5.2
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G =0.095 ksi
0.08 ksi < 0.095 ksi < 0.175 ksi [OK]

Pad area, A, is
A Art. 14.6.3.1; 14.7.2.3.1

A =210.0 in?
Pad thickness = 3.5 in
Lateral (horizontal) loads due to temperature,

A Eq. 14.6.3.1-2

A
H,, = GA| =
bu G(hﬂ)

where:
A, = shear deformation
h,, = elastomer thickness

The load due to expansion is

H,... =(0.095 ksi)(210.0 inz)( 0.244 m]

Sin

= 1.39 kips per bearing

Multiply H ;.. by seven beam bearings and divide by the abutment length
to determine the lateral load at the top of the abutment.

1.39 kips x 7 beari i
H, . = ( ps earmgs) 033 kips '
P 29.5 ft ft abutment width

The load due to contraction is

Hiemp fan = (0-095 kSi)(ZlO.O inz)( 0.32in )

bin

= 1.82 kips per bearing

The lateral (horizontal) load at the top of the abutment due to temperature
fall is calculated in the same manner as for temperature rise.
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(1.82 kips x 7 bearings) —043 kips [ controls |

Hiomp ot = :
temp fall 29.5 ft ft abutment width

4. Earthquake Loads
A Art. 3.10; 3.10.9; 4.7.4.1; 4.7.4.2

First Step: Describe the type of bridge, number of spans, height of piers, type
of foundations, subsurface soil conditions, and so on.

Second Step: Determine the horizontal acceleration coefficient, A, that is
appropriate for bridge site (Art. 3.10.2; Fig. 3.10.2.1-1 and 3.10.2.1-2; Tbl. 3.10.3.1-1)
and seismic zones (Art. 3.10.9; Art. 3.10.6). The values of the coefficients in the
contour maps are expressed in percent. Thus, numerical values for the coef-
ficient are obtained by dividing the contour values by 100. Local maxima and
minima are given inside the highest and lowest contour for a particular region.

A Art. 3.10.2

Third Step: Determine the seismic performance zone for the bridge.
A Art. 3.10.6

Fourth Step: Determine the importance category of the bridge.
A Art. 3.10.5

Fifth Step: Determine the bridge site coefficient, which is based on soil pro-
file types defined in Art. 3.10.3.1 through 3.10.7.1.

A Art. 3.10.3

Sixth Step: Determine the response modification factors (R factors), which
reduce the seismic force based on elastic analysis of the bridge. The force
effects from an elastic analysis are to be divided by the R factors.

A Art. 3.10.7; Thbl. 3.10.7.1-1; 3.10.7.1-2

Based on the information from the six steps, the level of seismic analysis
required can be determined.

Single-Span Bridges
A Art. 4.74.2

Seismic analysis is not required for single-span bridges, regardless of seis-
mic zone.

Connections between the bridge superstructure and the abutment shall
be designed for the minimum force requirements as specified in AASHTO
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[3.10.9]. Minimum seat width requirements shall be satisfied at each abut-
ment as specified in AASHTO [4.7.4.4].

Seismic Zone 1
A Art. 3.10.9.2, C3.10.9.2, 3.10.9

For New York City, the peak ground acceleration coefficient on rock (site
class B), PGA, is 0.09.
A Fig. 3.10.2.1-1

Site Class B (Rock)
A Tbl. 3.10.3.1-1

for the site class B and PGA less than 0.10 is 1.0.
A Thbl. 3.10.3.2-1

Value of site factor, fpga,

The peak seismic ground acceleration, A, is
A Eq. 3.10.4.2-2

A, = (£,,)(PGA) = (1.0)(0.09)
=0.09 > 0.05

The horizontal design connection force in the restrained directions shall
not be less than 0.25 times the vertical reaction due to the tributary perma-
nent load and the tributary live loads assumed to exist during an earthquake.

A Art. 3.10.9.2

The magnitude of live load assumed to exist at the time of the earthquake
should be consistent with the value of g, for the extreme event I Limit State
used in conjunction with Table 3.4.1-1. y;q issue is not resolved and therefore
used as 0.0.

A Comm. 3.10.9.2

Because all abutment bearings are restrained in the transverse direction,
the tributary permanent load can be taken as the reaction at the bearing.
Therefore, no tributary live loads will be considered.

A Art. 3.10.9.2

The girder vertical reaction, DL = 78.4 kips [previously known].

The maximum transverse horizontal earthquake load = 0.25 x 78.4 kips
=19.6 kips.
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TABLE 2.19

Summary of Forces

Forces per ft of

Abutment Width
Component  Description (kips)
WS, Longitudinal (horizontal) wind loading 0.15
WS, Vertical wind loading 0.007
WL, Longitudinal (horizontal) wind loading due to vehicle 0.05
live load

WL, Vertical wind loading due to vehicle live load 0.0077
WS, Wind loading perpendicular to exposed abutment stem 0.48
BR,.; Longitudinal (horizontal) force due to braking force 0.61
BR, e Vertical force due to braking force 0.094
Hiemp, rise Lateral load due to temperature rise 0.33
Hiemp, ta Lateral load due to temperature fall 0.43
EQ, Transverse (lateral) earthquake loading 0.66

The transverse (horizontal) earthquake loading at the top of the abutment
is
_ 196kips 0.66 kips
~ 29.5ftabutment  ft abutment width

EQ,

Please see Table 2.19 and Figure 2.85 for the summary of the forces. For the
load combinations and load factors, refer to AASHTO Table 3.4.1-1 for the
appropriate limit states.
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WS, = 0.007 kips/ft
WL, = 0.0077 kips/ft
BR,,,, = 0.094 kips/ft

WS, = 0.15 kips/ft
WL, = 0.05 kips/ft
BRy,, = 0.61 kips/ft
Hlempfall =043 l(lps/ft
EQ)j, = 0.66 kips/ft -

1ft2in

3.28 ft

\

WS, = 0.48 kiﬁ/»ft 12 ft

6 ft

2 ft 5ft4in

2 ft

FIGURE 2.85
Summary of forces on abutment due to wind loads, braking forces, temperature changes, and

earthquake loads.
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Practice Problems

Practice Problem 1: Noncomposite 60 ft Steel Beam Bridge
for Limit States Strength I, Fatigue II, and Service

Situation

L bridge span 60 ft

LL live load HL-93

FWS  future wearing surface (bituminous concrete) 3 in

£, concrete strength 5.0 ksi

ADTT average daily truck traffic 250
fatigue design life 75 years
New Jersey barrier 0.45 kips/ft each

w roadway width 43 ft

w, dead load of concrete 150 1bf/ft3

W, dead load of wearing surface 140 1Ibf/ft?

(bituminous concrete)

Please see Figure 3.1.

Requirements
Review:
Flexural and shear resistance for Strength I Limit State
Fatigue II Limit State
Service Limit State
Elastic deflection

Flexure requirement to prevent permanent deflections

215
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43 ft
1.5 ft roadway 1.5 ft

8 in slab
(7.5 in structural)

2in¢ . Rl T ST W40 x 249

haunch -f__I I 1 I = I . FJ’ZSOIEin_pzs
|
T

3in FWS

10 f 10 f 10 f 10 fi
3t —o] ! 0 ft ! 0 ft 0 ft ! 0 ft ! - 3f
FIGURE 3.1
Cross section of noncomposite steel beam bridge.

y 7///////////////&

0.751in
39.4 in
Y 7////////’/////////& 1.42 in
AISC 13 Ed. Table 1-1 Lﬂ_‘
A =733 in?

F, = 50 kips/in?
I = 19,600 in%
I,=926 in%

S, =993 in3
§,=118 in3

FIGURE 3.2
W40 x 249 properties.

Solution

Step 1: Review Section, W40 x 249
AISC (13th ed.) Tbl. 1-1

Please see Figure 3.2.

Deck slab, 8 in (7.5 in structural)

Effective Flange Width of a concrete deck slab be taken as the tributary
width perpendicular to the axis of the member.

A Art. 4.6.2.6.1
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slab thickness

effective flange width for interior beams
effective flange width for exterior beams
web width

flange width of steel section

average spacing of adjacent beams

-+

@

=

_

wo o oo

The effective flange width for interior beams is
b, =S5=10 ft = 120 in
The effective flange width for exterior beams is

10 ft

217

8in

in

in

0.75 in
15.8in
10 ft

be=(3 ft)(”fi“ !

o

Step 2: Evaluate Dead Loads

12in
ft

)z%in

The structural components dead load, DC,, per interior girder is calculated

as follows and as shown in Figure 3.3.

DCyp = % 8—111; (0.150 kf‘tﬁs) =1.0 kips/ft
120 |12
fi fi
DClaunch = Z—E % (0.150 1;“123 ) =0.033 kips/ft
1220 || 125 t
fi ft
10 ft = 120 in

W40 x 249

FIGURE 3.3
Dead loads for interior girder.

39.4in
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Assuming 5% of steel weight for diaphragms, stiffeners, and so on,

kips

DCyap = 0-2491(?+(0-05)(0-249 :

) =0.261 kips/ft

Ibf |\( roadway width kips \( 43 ft
DCuyinplace forms =| 75 || ——————— |=] 0.007 —
sayinplace ( ft> J( no. of girders ) ( ft> 5

= 0.06 kips/ft
The structural components dead load is
DCl = DCslab + DChaunch + DCSteel + DCSIP forms

= 1.0 kips/ft + 0.033 kip/ft + 0.261 kips/ft + 0.06 kips/ft = 1.354 kips/ft

The shear for DC, is
. (1.3541(;155)(60 ft)
w .
Vb, = BN = ’ = 40.62 kips
The moment for DC, is
" (1.3541“55)(60 ft)’
Mo, = Wg = 5 =609.3 ft-kips

The nonstructural dead load, DC,, per interior girder is calculated as

(0.45 klf?)(Z barriers)
DC,.. . = =0.18 kips/ft
barrier 5 gir ders pS/
The shear for DC, is
0.18 P8 )60 1t)
wL ft

VDCZ = T = =54 klpS

2
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The moment for DG, is

" (0.181(158)(60 ft)’
M, = W8 = 5 = 81.0 ft-kips

Total structural and nonstructural dead load, DC,,, for interior girders is
Vicior = Voer + Ve, = 40.62 kips + 5.4 kips = 46.02 (46 kips)
Mpc ot = Mpe; + Mpe, = 609.3 ft-kips + 81.0 ft-kips = 690.3 ft-kips
The wearing surface dead load, DW, for interior girders is

(FWS)w.L (3 in)( 112f1tn 1(1401:*](43 ft)

no. of beams 5 beams

DWFWS =

= 300 Ibf/ft = 0.3 kips/ ft

The shear for DW is

L (0.31‘?)(60 ft)
Vow = WT - 5 = 9.0 kips

The moment for DW is

" (0 3 klfps)(éo ft)’
Mpw = W8 = 8 =135 ft-kips

Find the structural components dead load, DC;, per exterior girder (see
Figure 3.4).

12—
ft

DCy, =(8 ft)[

J(o 150 kf‘ps) 0.80 kips/ft
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3ft+5ft=8ft

FIGURE 3.4
Dead loads for exterior girder.

DChnr =| 2 |(15.8 in)(lf,tJ(o.wo klgs) =0.033 kips/ft
12 12in ft
ft

DC,. =| 0.249 k‘ffsj + (0.05)(0.249 k‘ffs) =0.261 kips/ft

Ibf \( roadway width kips 1
DC,avii =|7— || —————— ] 0.007 43 ft)| =
stay-in-place forms ft? )( no. of girders ]( ft? J( )( 5)

=0.06 kips/ft
The structural components dead load, DC,, per exterior girder is
DCl = DCslab + DChaunCh + DCsteel + DCSIP forms
= 0.80 kips/ft + 0.033 kip/ft + 0.261 kips/ft + 0.06 kips/ft = 1.154 kips/ft

The shear for DC,, per exterior girder is

- f; —34.62 kips

(1.154kif’s)(60 ft)

wL
Yoo =y
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The moment for DC,, per exterior girder is

kips 2
1.154 === |(60 ft)
wl? ( ft J
MDC] = =

8 8

=519.3 ft-kips

The nonstructural dead load, DC,, per exterior girder is

(0.45 1?)(2 barriers)
DC rier — . =0.18 ki ft
bar 5 girders ps/
The shear for DC,, per exterior girder is
. (0.181(155)(60 ft)
w .
VDC; = 7 = 5 =54 klpS

The moment for DC,, per exterior girder is

o (0.181(?:5)(60 ft)’

8 8

MDC2 = = 81 ft—kips

The shear for the structural and nonstructural dead load, DC,,, for exterior
girder is
Viciot = Voar + Vpes = 34.62 kips + 5.4 kips = 40.0 kips

The moment for the structural and nonstructural dead load for exterior
girder is

Mpc 1ot = Mper + Mpc, = 519.3 ft-kips + 81 ft-kips = 600.3 ft-kips
The shear for the wearing surface dead load, DW, for exterior girders is

(0.31‘11”)(60 ft)

ft
V, ==
DW 2 2

=9.0 kips

The moment for the wearing surface dead load, DW, for exterior girders is
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TABLE 3.1

Dead Load Summary of Unfactored Shears and Moments
for Interior and Exterior Girders

Girder Location V¢ (kips) M (ft-kips)  Vp, (kips) My, (ft-kips)

Interior 46.0 690.3 9.0 135.0
Exterior 40.0 600.3 9.0 135.0

o [ 038P8 )60 £e)?
wL ft .
Mpw = 3 - 8 =135 ft-kips

Please see Table 3.1.

Step 3: Evaluate Live Loads

The number of lanes (with fractional parts discounted) is

N, = W 43 ft =3.58 lanes (3 lanes)
12 ft
12—
lane

Find the longitudinal stiffness parameter, K.

A Art. 4.6.2.2.1
The modulus of elasticity for the concrete deck is
A Eq.5.4.2.4-1
Egeq = Ec = 33,000 wi [f =(33, ooo)(o.15 kflgs),b ksi = 4286.8 kips/in

The modulus of elasticity for the beam, E,.,.,, is 29,000 kips/in>.
The modular ratio between steel and concrete is

" Fieam 29,000 ksi

= LA 676
Faea 4286.8 ksi

The distance between the centers of gravity of the deck and beam is (see
Figure 3.5)

eg=19.7in+2in+4in=25.7in

The moment of inertia for the beam, I (steel section only), is 19,600 in*.
The area, A, is 73.3 in2.
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XY = 394in | --—-- M-————- N.A.steel ————————

FIGURE 3.5
Section for longitudinal stiffness parameter, K.

The longitudinal stiffness parameter is
K, =n(l + Ae,?) = (6.76)(19,600 in* + (73.3 in?)(25.7 in)*)

=459.77 in*
A Art. 4.6.2.2.1; A Eq. 4.6.2.2.1-1

The multiple presence factors have been included in the approximate equa-

tions for the live distribution factors. These factors must be applied where
the lever rule is specified.

A Thl. 3.6.1.1.2-1; Comm. C3.6.1.1.2

The distribution factor for moments for interior girders of cross-section
type (a) with one design lane loaded is

A Tbl. 4.6.2.2.2b-1 or Appendix A

0.4 0.3 0.1
DFM,; =0.06+ S(s K 5
14 L 12 Lt

0.4 0.3 .4 0.1
_006+(10ftJ [10&] 459,774 in
' 14 ) (60ft) {12(60t)(7.5in)’

=0.59
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where:

S =spacing of beams (ft)

L =span length (ft)

t, = depth of concrete slab (in)

The distribution factor for moments for interior girders with two or more
design lanes loaded is

0.6 0.2 0.1
S S K
DFM,,; =0.075+| — | | = &
" (9.5) (L) (12Lt§]

0.6 02 4 01
= 0.075+(10 ft) (10 ft] 499,774 in 3
95 ) (60ft) {12(60ft)(7.5in)

= (.82 [controls]

The distribution factor for shear for interior girders of cross-section type
(@) with one design lane loaded is

A Tbl. 4.6.2.2.3a-1 or Appendix C

DFV,; =0.36 + % =0.36+ 10ft_ 0.76

25

The distribution factor for shear for interior girders with two or more
design lanes loaded is

2 2

DFV,; =0.2+ S _[5) g l0ft_[10ft) 95, [controls]
12 \35 12 35

The distribution factors for exterior girders of typical cross section (a).

A Tbl. 4.6.2.2.1-1, 4.6.2.2.2d-1

Use the lever rule to find the distribution factor for moments for exterior
girders with one design lane loaded. See Figure 3.6.

A Art.3.6.1.3.1
z“1\/I@hir\ge =0
0= 2(9.5 ft)+ 12) (3.5 ft)-R(10 ft)
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£
2

1L

15ft 2ft 6 ft 3.5 ftI

Assume
hinge

10 ft

d,=15ft —

FIGURE 3.6
Lever rule for the distribution factor for moments for exterior girder.

R=065P
R=0.65

The distribution factor for moments for exterior girders with one design
lane loaded is

A Thbl. 3.6.1.1.2-1
DEM,, = (R)(multiple presence factor for one lane loaded, m)
= (0.65)(1.2) = 0.78 [controls]

The distribution factor for moments for exterior girders with two or more
design lanes loaded, g, is

A Tbl. 4.6.2.2.2d-1 or Appendix B

g = eginterior
where:
Sinterior = distribution factor for interior girder = DFM,
g = DFM,,. = e(DFM,,,,)

The distance from the center of the exterior web of exterior beam to the
interior edge of the barrier, d,, is 1.5 ft.

A Tbl. 4.6.2.2.2d-1
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The correction factor for distribution is

d, 1.5t

e=077+—=077+——-=0.935
9.1 9.1

The distribution factor for moments for exterior girders with two or more
design lanes loaded is

DFM,, = e(DFM,,,) = (0.935)(0.826) = 0.77

Use the lever rule to find the distribution factor for shear for exterior girder
with one design lane loaded.

A Tbl. 4.6.2.2.3b-1 or Appendix D
This is the same as DFM,, for exterior girders with one design lane loaded.
DFV,, = DFM,, = 0.78 [controls]

Find the distribution factor for shear for exterior girders with two or more
design lanes loaded using g:

g = (e)(gint)

g = DFVme = (e)(DFVIIH)

where:
g = distribution factor for interior girder = DFV_;

The correction factor for distribution is
A Tbl. 4.6.2.2.3b-1 or Appendix D

e:0.6+$:0.6+1'5ft
10 10

=0.75
The distribution factor for shear for exterior girders with two or more
design lanes loaded is
DFV,, = (0.75)(0.952) = 0.714

The HL-93 live load is made of the design lane load plus either the design
truck (HS-20) or the design tandem load (whichever is larger).

A Art. 3.6.1.2
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32 ki 32 ki 8 ki
P ap 0P g OOPS

A Y Y

%j/ C

[
30 ft
R, 30 ft

FIGURE 3.7
Design truck (HS-20) load moment at midspan.

Aft 26 ft
1
25 kips 25 kips
A i B
W‘ Z ¢ WA 7
! 30 ft 30 ft '
Ry R,

FIGURE 3.8
Design tandem load moment at midspan.

Find the design truck (HS-20) moment due to live load. Please see Figure 3.7.
IMgp =0
The reaction at A is
R, (60 ft) = (32 kips)(30 ft + 14 ft) + (32 kips)(30 ft) + (8 kips)(30 ft — 14 ft)
R, = 41.6 kips
The design truck moment due to live load is
M,, = (41.6 kips)(30 ft) — (32 kips)(14 ft) = 800 ft-kips [controls]
Find the design tandem moment. See Figure 3.8.
IMgp =0
The reaction at A is
R, (60 ft) = (25 kips)(30 ft) + (25 kips)(26 ft)

R, =23.33 kips
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0.64 kips/ft
A ;/ B
C
W* 2 2
! 30 ft ' 30 ft '
R
FIGURE 3.9

Design lane load moment.

32kips  14¢ 32Kkips  j4q  8kips

\i \i

A" B
7 %/

60 ft

N —

FIGURE 3.10
Design truck (HS-20) shear at support.

The design tandem moment is
Miingem = (23.33 kips)(30 ft) = 699.9 ft-kips (700 ft-kips)
Find the design lane moment. Please see Figure 3.9.
kips 2
D (0.64 A J(60 ft)

M. =Mne = = = 288 ft-kips
8 8

The dynamic load allowance, IM, is 33% (applied to design truck or design
tandem only, not to the design lane load).

A Art. 3.6.2.1
The unfactored total live load moment per lane is
M v = M (1 + IM) + M,
= (800 ft-kips)(1 + 0.33) + 288 ft-kips = 1352 ft-kips per lane

Find the design truck shear. See Figure 3.10.

IMgp =0
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4 ft

25 kips 25 kips

g :
v T

! 60 ft

%%Hlllllllllllllllllllllll;;

Design lane load shear.

The reaction at A is
RA(60 ft) = (32 kips)(60 ft) + (32 kips)(46 ft) + (8 kips)(32 ft)
R, = 60.8 kips

The design truck shear, V., is 60.8 kips [controls].
Find the design tandem shear. See Figure 3.11.

Mg =0
The reaction at A is
R, (60 ft) = (25 kips)(60 ft) + (25 kips)(56 ft)
R, =48.33 kips

The design tandem shear, V,,gem s 48.33 kips.
Find the design lane shear. See Figure 3.12.

kips
WL (0.64ft)(60 ft)
Vin="-=

2 2

=19.2 kips
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TABLE 3.2 (A Art. 4.6.2.2.2)

Summary of Live Load Effects*

Unfactored Unfactored Unfactored
No. of M Lam M, LM ViLam Unfactored
Girder Lanes  (ft-kips per (ft-kips per  (kips per Vieam (kips
Location  Loaded Lane) DFM Girder) Lane) DFV  per Girder)
Interior 1 1352.0 0.596 100.1 0.76 —
2 or more 1352.0 0.82 1108.6 100.1 0.952 95.3
Exterior 1 1352.0 0.78 1054.6 100.1 0.78 78.1
2 or more 1352.0 0.77 100.1 0.714 —

* The live load moments and shears per girder are determined by applying the distribution fac-

tors, DF, to those per lane.

The dynamic load allowance, IM, is 33% (applied to design truck or design

tandem only, not to the design lane load).

The unfactored total live load shear is

Vitam = V(1 +IM) +V,,

A Art. 3.6.2.1

= (60.8 kips)(1 + 0.33) + 19.2 kips = 100.1 kips

Please see Table 3.2.

Total live load moment and shear for interior girders

M, | .o = 1108.6 ft-kips

ViLam = 95.3 kips per girder

Total live load moment and shear for exterior girders

M; v = 1054.6 ft-kips
ViLawm = 78.1 kips

Step 4: Check the Strength I Limit State.

A Arts. 3.3.2; 3.4; Tbls. 3.4.1-1, 3.4.1-2

U = 1.25(DC) + 1.5(DW) + 1.75(LL + IM)

The factored moment for interior girders is

M, = 1.25 Mpe + 1.5 Mpy + 175 My i

= (1.25)(690.3 ft-kips) + (1.5)(135.0 ft-kips) + (1.75)(1108.6 ft-kips)

= 3005.4 ft-kips
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The factored shear for interior girders is
V,=125Vpe + 1.5 Vi + 175 Vi v
= (1.25)(46 kips) + (1.5)(9.0 kips) + (1.75)(95.3 kips)
= 237.8 kips (238.0 kips)
The factored moment for exterior girders is
M, = (1.25)(600.3 ft-kips) + (1.5)(135 ft-kips) + (1.75)(1054.6 ft-kips)
= 2798.4 ft-kips (2800 ft-kips)
The factored shear for exterior girders is
V,, = (1.25)@40 kips) + (1.5)(9.0 kips) + (1.75)(78.1 kips)
= 200.2 kips (200 kips)

Check the Flexural Resistance.

Find the flange stress, f,, for noncomposite sections with continuously
braced flanges in tension or compression. The required flange stress without
the flange lateral bending, f,, must satisfy the following.

A Art. 6.10.8.1.3

fo, < OR,F
A Eq. 6.10.8.1.3-1
R, hybrid factor 1.0 (for rolled shapes)
A Art. 6.10.1.10.1
@, resistance factor for flexure 1.0
A Art. 6.5.4.2
F ¢ minimum yield strength of a flange 50 ksi

The flange stress for interior girders is

. in
M, (3005.4 ft—hps)(lth)

S, 992 in®

fbu =

= 36.4 kips/in? < @R F,; = 50 kips/in* [OK]

Check the shear resistance in the web due to the factored loads, V,,

where:
A Arts. 6.10.9.1, 6.10.9.2
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V,, = plastic shear force
C = ratio of the shear-buckling resistance to the shear yield strength

A Art. 6.10.9.3.2
V, <@V, and V, =CV,

Shear in the web, V,, must satisfy the following.

V, <DV,

A Eq. 6.10.9.1-1
Nominal shear resistance,

A Eq. 6.10.9.2-1
V,=CV,
F,,, specified minimum yield strength of aweb 50 ksi
t, web thickness 0.751in
E  modulus of elasticity of steel 29,000 ksi
@, resistance factor for shear 1.00

A Art. 6.5.4.2

D  depth of steel beam 394 in
The shear yielding of the web is

A Eq. 6.10.9.2-2

V, =058 F,,Dt,
= (0.58)(50 ksi)(39.4 in)(0.75 in)
= 856.95 kips (857 kips)

Find the ratio of the shear buckling resistance to the shear yield strength, C.
C is determined from any of these AASHTO equations: Eq. 6.10.9.3.2-4,

6.10.9.3.2-5, 6.10.9.3.2-6.
A Art. 6.10.9.3.2

Try AASHTO Eg. 6.109.3.2-4.

If 231.12 Bk , then C = 1.0.
tw wa

The shear buckling coefficient, k, is 5 for unstiffened web panels.
A Com. 6.10.9.2
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o525

D _394in
t, 0.75in

29,000 ksi)(5
112 |EX 110 w —603> L2 =525 [OK]
Ew 50 ksi t,,

Therefore, C is 1.0.
The nominal shear resistance for unstiffened webs is

A Eq. 6.10.9.2-1
V, = CV, = (10)(857 kips) = 857 kips [OK]

The shear resistance for interior girders is greater than the factored shear
for interior girder.

DV, = (1.0)(857 kips) = 857 kips > V,, = 238 kips [OK]
A Art. 6.10.9

Step 5: Check the Fatigue Limit State

Details shall be investigated for fatigue as specified in AASHTO Art. 6.6.1.
The fatigue load combination in AASHTO Tbl. 3.4.1-1 and the fatigue live
load specified in AASHTO Art. 3.6.1.4 shall apply.

A Art. 6.10.5.1

For the load induced fatigue, each detail must satisfy the following:
A Art. 6.6.1.2, A Eq. 6.6.1.2.2-1
V(Af) < (AF),
Y load factor
(Af)  live load stress range due to fatigue load ksi

(AF), nominal fatigue resistance as specified in Art. 6.6.1.2.5  ksi

The fatigue load is one design truck with a constant spacing of 30 ft
between 32 kip axles. Find the moment due to fatigue load.

A Art. 3.6.1.4

Find the center of gravity of design truck, x, from the left 32 kip axle
(32 kips)(30 ft)+(8 kips)(30 ft +14 ft)
32 kips + 32 kips + 8 kips
=18.22 ft from left 32 kip axle
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32 kips 32 kips 8 kips

30 ft 14 ft |

—_ —

|
|
-
|
!
5.89 ft | 5.89 ft |
I |
|

x=1822ft . \‘\
g, l _
cg.o | (30 ft 218.22 ft ) 589 ft

design truck

FIGURE 3.13
Center of gravity of design truck loading (HS-20).

32 kips 32 kips 8 kips
589t 30 ft ! 14 ft 10.11 ft
|
| Y | \ Y
A B
|
727 | L A
T : 24.11 ft 1589 ft 24.11 ft
| |
R, 30 ft | 30 ft
1
¢
FIGURE 3.14

Fatigue load position for maximum moment.

Please see Figures 3.13 and 3.14.
EMgp =0
The reaction at A is
R,(60 ft) = (32 kips)(54.11 ft) + (32 kips)(24.11 ft) + (8 kips)(10.11 ft)
R, =43.07 kips
The maximum moment at point E,
M, = (43.07 kips)(35.89 ft) — (32 kips)(30 ft) = 585.8 ft-kips [controls]

The maximum moment due to fatigue load is 585.8 ft-kips.
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32 kips 30 ft 32kips 14 p  8kips 15

4Y \ Y

7 ¢ %
!

Ry

30 ft 30 ft

FIGURE 3.15
Fatigue load position for maximum shear.

Find the shear due to the Fatigue Load, Vi,. See Figure 3.15.
>Mgg =0

The reaction at A is

: 32 ki (164t
R, =(32kips)+ (2F’SJ+ (8 klps)(mj

=50.13 kips
Vi = 50.13 kips

The dynamic load allowance, IM, is 15%.
A Thbl. 3.6.2.1-1

Find the Load Distribution for Fatigue, DFM,,.

The distribution factor for one traffic lane shall be used. For single lane,
approximate distribution factors in AASHTO Art. 4.6.2.2 are used. The force
effects shall be divided by 1.20.

A Art. 3.6.1.4.3b, 3.6.1.1.2

The distribution factor for fatigue moments in interior girders with one
lane is
DFM;,, _ 0.59

DFMfat,int = 1 2 - 1 2

=0.49

The distribution factor for the fatigue moments in exterior girders with one
loaded lane is

DFMe _ 078 _

DFMfat,ext = 1 2 1 2
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The unfactored distributed moment for interior girders is
Masine = Mpatigue(DFMga i) (1 + IM)
= (585.8 ft-kips)(0.49)(1 + 0.15) = 330.1 ft-kips (330 ft-kips)
The unfactored distributed moment for exterior girders is
Matext = Miatigue(DFMpgex)(1 + IM)
= (585.8 ft-kips)(0.65)(1 + 0.15) = 4379 ft-kips (438 ft-kips)
Live load stress due to fatigue load for interior girders is

in
330.0 ft-kips| 12—
Moo P ( J

(Afint) ", = 992 in> =3.99 kips/in”

Live load stress due to fatigue load for exterior girders is

" 438 ft-kips(lzlfrt‘)
A — fat,ext — — 530 kl =2
(Afe) S, 992 in’ ps/in

For load-induced fatigue, each detail shall satisfy:
A Art. 6.6.1.2.2

Y(Af) < (AF),

Find the nominal fatigue resistance, (AF),, for Fatigue II load combination for
finite life.

A Art. 6.6.1.2.5, A Eq. 6.6.1.2.5-2

o -(4)

The girder is in Detail Category A, because it is a plain rolled member.
A Tbl. 6.6.1.2.3-1

A = constant taken for Detail Category A 250 x 108 kips/in?
A Tbl. 6.6.1.2.5-1
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n = number of stress range cycles 1.0 (for simple span girders
per truck passage with span greater than 40 ft)

A Tbl. 6.6.1.2.5-2

p = the fraction of truck trafficin a 0.80 (because N is 3 lanes)
single lane

A Tbl. 3.6.1.4.2-1

(AF)1y; = the constant amplitude threshold 24.0 kips/in?
for Detail Category A

A Tbl. 6.6.1.2.5-3

ADTTg, = the number of trucks per day in a single lane over the design life

ADTT = the number of trucks per day in one direction over the design life

ADTTg = (p)(ADTT) = (0.80)(250) = 200 trucks daily
A Art. 3.6.1.4.2

The number of cycles of stress range N is
N = (365 days)(75 years)n(ADTT)g = (365 days)(75 years)(1.0)(200 trucks)

= 5,475,000 cycles

A Eq. 6.6.1.2.5-3
The nominal fatigue resistance is

A Eq. 6.6.1.2.5-2

kips %
A b 250%10° -5
(AF) = | = n =16.6 kips/in*
N 5,475,000 cycles

Find the Load Factor, y, and confirm that the following are satisfied.

A Eq. 6.6.1.2.2-1
Y(Af) < (AF),

v = 0.75 for Fatigue II Limit State
A Tbl. 3.4.1-1

The factored live load stress due to the fatigue load for interior girders is

Y(Af,.,) = (0.75)(3.99 ksi) = 2.99 ksi < 16.6 ksi [OK]
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The factored live load stress due to the fatigue load for exterior girders is

Y(Af..) = (0.75)(5.30 ksi) = 3.98 ksi < 16.6 ksi [OK]

A Art. 6.10.5.3

Special Fatigue Requirement for Webs

Find the shear in the web due to unfactored permanent load plus factored
fatigue shear load, V,, for interior and exterior girders, satisfying the follow-
ing provision to control web-buckling and elastic flexing of the web. V_, is the
shear buckling resistance (Eq. 6.10.9.3.3-1). The use of the Fatigue I load pro-
visions for the Fatigue II load combination will be considered conservative.

A Eq. 6.10.9.3.3-1

The distribution factor for fatigue shear in interior girders with one design
lane loaded is

DFV,, 0.76
DFViint = T = 12

=0.63

The distribution factor for fatigue shear in exterior girders with one design
lane loaded is

DFVe _ 078 _
m

DFVfat,ext = 1 2

Unfactored fatigue shear load per interior girder is
(DFVind (Vi) = (0.63)(50.13 kips) = 31.58 kips
Unfactored fatigue shear load per exterior girder is
(DFVi ex)(Via) = (0.65)(50.13 kips) = 32.58 kips

V, <V,
A Eq. 6.10.5.3-1
V, = Vpr + Y(Ve)(1 + IM)

The shear buckling resistance for unstiffened webs, V,, for W40 x 249 with

F, equal to 50 ksi is
A Art. 6.10.9.2; Eq. 6.10.9.2-1

Vv, =CV,

C=10
A Eq. 6.10.9.3.2-4
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V, = 058 F,,)Dt,, = 857 kips
A Eq. 6.10.9.2-2

V., = CV, = (L0)(@857 kips) = 857 kips
The distortion-induced fatigue for interior girders is
Vo = Vpce + Vpy
V. = Vp + YV (1 + IM) = (46 kips + 9 kips) + (0.75)(31.58 kips)(1.15)
= 82.23 kips < V,, = 857 kips[OK]
The distortion induced fatigue for exterior girders is
Vo= VL + Vel + IM) = (40 kips + 9 kips) + (0.75)(32.58 kips)(1.15)

=771 kips < V., = 857 kips[OK]

Step 6: Check the Service Limit States
Deflection Limit

A Art.2.5.2.6

The maximum deflection for vehicular load, §,,,,,, where L is the span, is

A Art. 2.5.2.6.2

max:

L
800

6max =
Deflection will be the larger of
A Art. 3.6.1.3.2

1. Deflection resulting from the design truck (HS-20) alone
2. Deflection resulting from 25% of design truck plus the design lane load

Find the deflection resulting from the design truck alone (see Figure 3.16)
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Py = 32 kips P, =32 kips Py = 8 kips
=301t v 1afe | il 16 ft
A B
P ¢ 2
bZ
a
bl
30 ft 30 ft
L

FIGURE 3.16
Design truck loading for maximum deflection at midspan.

The deflections at midspan, §,, §,, 8, are

5 = Pb,x

1= 6EIL(L2_b%_X2)

(32 kips)(30 ft+14 ft)(30 ft)(lZi;;Jz

(6)(29,000ksi) (19,600 in* ) (60 ft)(uifrt‘)

R

=0.273in

. 3
. (32 kips)(60 ft)’ (121;‘)

- 48EIL (48)(29,000 ksi)(19,600in* )

2

=0438 in



Practice Problems 241

_ Pbyx
6 EIL

S, (22-b7-x?)

(8 kips)(30 ft+14 ft)(30 ft)(lzifl:)z

(6)(29,000ksi)(19,600 in* ) (60 ft)(uifftl)

s eovrsnf (o))

= 0.068 in
S =98 +9,+8;=02731in + 0438 in + 0.068 in = 0.779 in per lane

m multiple presence factor for three loaded lanes 0.85

A Tbl. 3.6.1.1.2-1

N, number of lanes 3

N, number of girders 5

The dynamic load allowance, 1M, is 33%.
A Art. 3.6.2.1

Distribution factor for deflection is equal to the number of lanes, N,
divided by the number of beams, N,.

A Comm. 2.5.2.6.2

A Tbl. 3.6.2.1-1

DF = (0.85)(2) =0.51

IM = 33%
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0.64 kips/ft = Lane load

2 ¢ %/

60 ft

FIGURE 3.17
Design lane loading for maximum deflection at midspan.

The distributed midspan deflection per girder due to the design truck

alone is

v = (0.779 in per lane)(0.51)(1 + 0.33) = 0.53 in per girder [controls]
A Art. 3.6.1.3.2

Find the deflection resulting from 25% of design truck plus the lane load.
A Art. 3.6.1.3.2

The deflection at midspan due to the lane load is (see Figure 3.17)

5wl _(5)(0.641(155)( % ](60ft)(12f:n )4

S = =
"UBB4EL (384)(29,000 ksi)(19,600in*)

=0.33in per lane

The midspan deflection per lane is
O1 12594 = 25% of deflection due to design truck + §,
= (0.25)(8;,) + Oy,
= (0.25)(0.779 in) + 0.33 in = 0.525 in per lane [controls]
The distributed midspan deflection per girder is
St = Orioseran)(DE)A + IM) = (0.525 in per lane)(0.51)(1 + 0.33)
=0.356 in per girder

Confirm that 8;; .y < &

max*
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(60 ft)(lzlfrt‘)
===\ ") 590
= 800 800 n

8w = 0.525in < 8, = 090 in [OK]
A Art. 6.10.4.2

Permanent deformations

For inelastic deformation limitations the Service II Limit State load com-
bination shall apply and both steel flanges of noncomposite sections shall
satisfy the following.

Flexure (to prevent objectionable permanent deflections)
A Art. 6.10.4.2.2

Both steel flanges of noncomposite sections shall satisfy the following,
where f; is the flange stress due to Service II loads.

A Eq. 6.10.4.2.2-3

f
f; +51 <0.80 R,Fy;

f, flange lateral bending stress dueto 0 (for continually braced flanges)
Service Il loads
R, hybrid factor 1.0 (for rolled shapes)

A Art. 6.10.1.10.1

Service II Limit State: U = 1.0 DC + 1.0 DW + 1.3(LL + IM)
A Tbl. 3.4.1-1

The factored design moment for interior girders is
M, =1.0 Mpc + 1.0 Mpy + 1.3 My v
= (1.0)(690.3 ft-kips) + (1.0)(135 ft-kips + (1.3)(1108.6 ft-kips))
= 2266.5 ft-kips

The flange stress due to Service II loads for interior girders is

2266.5 ft-kips(lZlg)
fo= 0 = = 27.4 kips/in®
=g, 992 in’ ps/in
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For steel flanges of noncomposite sections in interior girders, check,

A Art. 6.10.4.2.2, A Eq. 6.10.4.2.2-3

f
f; +El <0.80 RyFy

274 ksi +% =27.4 ksi <(0.8)(1.0)(50 ksi) = 40 ksi [OK]

The factored design moment for exterior girders is
M, = (1.0)(600.3 ft-kips) + (1.0)(135 ft-kips) + (1.3)(1054.6 ft-kips)
= 2106.8 ft-kips
The flange stress due to Service II loads for exterior girders is

(2106.8 ft—kips)(lZin)

s, 992 in® 5> ki

For steel flanges of noncomposite section in exterior girders, check,

h

f+-- <0.80 R, E,

5 <

.0 : : :
25.5ksi+ =255 ksi <(0.8)(1.0)(50 ksi) = 40 ksi [OK]

Practice Problem 2: 161 ft Steel I-Beam
Bridge with Concrete Slab

Situation
L  spanlength 161 ft
LL live load model HL-93
S  beam spacing 13 ft
t, slab thickness
(including 0.5 in integral wearing surface) 10.5 in

self-weight of steel girder 335 Ibf/ft
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4 161 ft %/7/
I
(a) Elevation
1]75| ft 44 ft roadway
=T
I.'ILI | |T'2_1n H;unchﬁla ‘
1 1
1.75 ft— —1.75 ft
1. I 1 2.5 ft
13 ft 13 ft 13ft
39 ft 5k
(b) Cross section
FIGURE 3.18
Steel I-beam with concrete slab.

FWS future wearing surface 25 Ibt/ft?
weight of stiffeners and bracings 10% of girder weight
dead load of the curb/parapet 0.505 kips/ft
self-weight of stay-in-place (SIP) forms 7 Ibf/ft?

. concrete strength 5.0 kips/in?

w,. concrete unit weight 145 1bf/ft3

The steel girders satisfy the provisions of AASHTO Art. 6.10.1 and 6.10.2 for
the cross-section properties’” proportion limits. See Figure 3.18.

Solution

Steel Girder Section Review. See Figure 3.19

A area of girder

yp distance from bottom fiber to centroid of section
y. distance from top fiber to centroid of section
I moment of inertia about steel section centroid

Please see Figure 3.20.

106.0 in?
30.88 in
4012 in
99,734.0 in*
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1.25in
g
3

—f—05in |2

F

67.75 in d=71.0in

cg. —
=
[=]
*x
S
(22
2.0in [ ]
T 22 in
FIGURE 3.19
I-beam properties.
9.5in
: Y Slab of deck c.g.
2 in haunch
40.121in |,
4
cg.
Steel section
30.88 in

FIGURE 3.20
Cross-section properties for shears and moments due to dead loads.

Step 1: Determine Dead Load Shears and Moments
for Interior and Exterior Girders

Dead Loads DC: Components and Attachments

1.1 Interior Beam

1.1.a Noncomposite Dead Loads, DC; The steel beam weight plus 10% for stiff-
eners and bracings is,

ki
DCeum = (0.335 ffSJ(l.lo)

DCp,.., = 0.369%
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The slab dead load is

DCyqy, =(10.5 in)[llzfith(B ft)(O.lS kfigs)

kips

DC,., =1.70
slab ft

The concrete haunch dead load is

. . 1 ft? ki
Dchmh=(2m)(22m)(144tin2J(0.15 f}ES)

DC ey = 0.046%

The stay-in-place (SIP) forms dead load is

kips 1
D =1 0.007 40 ft)| ——7—
Core (0 00 ft* J( 0 )( 4 girders]

DCqyp = 0.077%

DCI = DCbeam + DCSIab + DChaunCh + DCSIP

kips kips kips kips
DC,; =0. 1.70 0.046 0.077 ——
C, =0.369 it + i + i + i

kips

DC1=2.19TP

Shear
21959P (161 1)
wL ft
VDC1 = —=

2 2

Vie, =176.3 kips
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Moment

, [ 219MP5 \161 1)
wL ft
MDC1 = =

8 8

MDC] = 7, 0959 klp'ft

1.1.b Composite Dead Loads Due to Curb/Parapet, DC,

DC, =(0.505 k"ffs)(z)( ! J

4 girders
DC, = 0.253 <IPS
ft
Shear
kips
0.253— [(161 ft
Vo = WL _ ( ft j( )
DC, 2 2
VDCZ = 204 klps
Moment
kips 2
0.253 — [(161 ft
Pe™ g 8

Mpc, = 819.8 kip-ft

1.1.c Total Dead Load Effects Due to DC = DC; + DC,
Shear

Vbe = Vbg, + Vi,
Vbce =176.3 kips +20.4 kips

VDC =196.7 klps
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Moment

Mpc =Mpc, + Mpc,
Mpc =7.095.9 kip-ft + 819.8 kip-ft
Mpc =7,915.7 kip-ft

1.1.d Dead Loads, DW; Wearing Surfaces

For future wearing surface of 25 1bf/ft?

DW = 25% 1 kip (44 ft) o
ft2 )\ 1000 Ibf 4 girders

DW = 0.275 <IPS
ft
Shear
0.275 P8 ) (161 1)
Vo= WEh_ ft
DW — 2 - 2
VDW = 22.14 kipS
Moment
kips 2
0.275—= (161 ft
DW 8 8

MDW = 891.0 klp_ft

Please see Table 3.3 for summary in interior beams.

1.2 Exterior Beams

The exterior beam has a slab overhang of 4.25 ft. Therefore, the interior beam
dead loads control for design.
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TABLE 3.3

Summary of Dead Load Shears and Moments
in Interior Beams

DC

DC, DC, DC+DC, DW

Shear, kips 176.3 20.4 196.7 221
Moment, kip-ft 70959  819.8 7915.7 891.0

32 kips 32 kips 8 kips

14 ft 14 ff

AW/ WB

161 ft i
IR
FIGURE 3.21

Design truck load (HS-20) position for maximum shear.

25 kips 25 kips
A 4 ft
W/ W/
161 ft | B
TR

FIGURE 3.22
Design tandem load position for maximum shear.

Step 2: Determine Live Load Shears and Moments
Using the AASHTO HL-93 Load.

2.1 Determine Live Load Shears Due to HL-93 Loads
Please see Figure 3.21.

M, =0

(32 kips)(161 £t) + (32 kips)(161 ft — 14 t) + (8 kips)
(161 ft — 28 ft) - R(161 ft) = 0

R = 67.8 kips
Viruek = 67.8 kips [controls]

Please see Figure 3.22.
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XM =0
(25 kips)(161 ft) + (25 kips)(161 ft — 4 ft) — R(161 ft) =0
R =494 kips
Viandem = 494 kips
Please see Figure 3.23.
IMp=0
(0.640 kips/ft)(161 ft)(1/2) — R(161 ft) =0
R = 67.8 kips
Viane = 51.5 kips

2.2 Determine Live Load Moments Due to HL-93 Loads
Please see Figure 3.24 for design truck moment.

My =0

(32 kips)(80.5 ft + 14 ft) + (32 kips)(80.5 ft) + (8 kips)
(80.5 ft— 14 ft) - R(161 ft) =0

R =38.09 kips
0.640 kips/ft
i S e
W/ 2
161 ft |
2
FIGURE 3.23

Design lane load position for maximum shear.

32 kips 32 kips 8 kips
é}—lm _él>7 14 ft‘(g

80.5 ft - 80.5 ft |

161 ft |

FIGURE 3.24
Design truck load (HS-20) position for maximum moment.
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25 kips 25 kips

é)74 ft‘(%‘f 76.5 ft_JWB

2

A\

| 80.5 ft e 80.5 ft |

FIGURE 3.25
Design tandem load position for maximum moment.

0.640 kips/ft

AW;Z¢$¢¢¢W%

I 161 ft

FIGURE 3.26
Design lane load position for maximum moment.

M e = (38.09 kips)(80.5 ft) — (32 kips)(14 ft)

M ek = 2618.2 kip-ft [controls]

Please see Figure 3.25 for design tandem load moment.

XM =0
(25 kips)(80.5 ft) + (25 kips)(80.5 ft — 4 ft) — R(161 ft) =0
R =24.38 kips

Mandem = (24.38 kips)(80.5 ft)
Miandem = 1962.6 kip-ft

Please see Figure 3.26 for design lane moment.

) (0.6401“1’5)(161 ft)’
wL ft
Mlane = =

8 8

Mune = 2073.7 kip-ft

Please see Table 3.4, summary of live load shears and moments.
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TABLE 3.4

Summary of Live Load Shears and Moments

Truck Load Effect Tandem Load Effect Lane Load Effect

Shear, kips 67.8 49.4 51.5
Moment, kip-ft 2618.2 1962.6 2073.7

Step 3: Determine Live Load Distribution Factors
A Art.4.6.2.2.2; Tbl. 4.6.2.2.1-1

3.1 For Moment in Interior Beam, DFM

A Art. 4.6.2.2.2b
Longitudinal stiffness parameter K, is,

AEq.4.6.2.2.1-1
K, =n(I+Ael)

where:

E, = modulus of elasticity of steel = 29 x 103 kips/in?
E. = modulus of elasticity of deck concrete material

A Comm., Eq. 5.4.2.4-1

E.=1820/f for w, = 0.145 kips/ft’

=1820‘/51f1 >
mn

kips

inZ

=4069.6

e, = distance between the centers of gravity of the beam and deck
e, =4012in+2in+4.75in
e, =46.87 in

29%10°

n=_ """ =713
4.0696 x 10

Usen =70.
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A = area of basic beam section

A =106.0 in? (given)

I =moment of inertia of basic beam section

I =99734.0 in* (given)

K, =70[99734.0 in* + (106 in?)(46.87 in)’]
=2.33 x 10° in*

Distribution of live loads per lane for moment in interior beams with cross-
section type (a).

A Tbl. 4.6.2.2.1-1, 4.6.2.2.2b-1 or Appendix A

One design lane loaded:

0.4 0.3 01
(m)(DEMy;) = DEM,, =0.06+(SJ (5) [ K, 3)
14) (L) (1214,

where:

m = multiple presence factors have been included in the approximate
equations for distribution factors. They are applied where the
lever rule is used.

A Art. 3.6.1.1.2; Tbl. 3.6.1.1.2-1

si = single lane loaded, interior girder

DFM = moment distribution factor

S = spacing of beams (ft)

L = span length of beam (ft)

t, = depth of concrete slab (in)
(138 [ 233x105m0 |

DFMS,-=O.O6+( ) ( ] DOXIE M
14 le1ft ) | 12(161ft)(9.5in)
=0.532

Two or more lanes loaded:

0.6 0.2 0.1
K
DFM,,; =0.075+ S S & 3
9.5 L 12 Lt;
where:

mi = multiple lanes loaded, interior girder
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1 P P
1.75 5 7
0.5'
2.0 6.0' Assumed hinge
1
| T A
Mos 5.5 7.5
— —
925t p 13.0 :

FIGURE 3.27
Lever rule for the distribution factor for moments for exterior girder.

BV 13 V[ 23x10°mt )
DFMmi=0.075+( ) ( J : = 3
9.5 ) \161ft) | 12(161ft)(9.5in)

=0.83

3.2 Distribution of Live Load per Lane for Moment
in Exterior Beams with Cross-Section Type (a)

A Tbl. 4.6.2.2.2d-1 or Appendix B

One design lane loaded:

Use lever rule. See Figure 3.27.
A Fig. C4.6.2.2.1-1

IM, =0
(P/2)(13.5 ft/2) + (P/2)(75 ft) - R(13 ft) = 0
R =0.808 P
DFM,, = (m)(0.808)
R = (1.2)(0.808) = 0.970
where:

se = single lane loaded, exterior girder
m = multiple presence factor for one lane loaded = 1.2
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Two or More Design Lanes Loaded:

g = (e)(ginterior) or
DFM,.. =(e)DFM,;
e=0.77+ de
9.1
where:
g = DFM = distribution factors for moment
Sinterior = DFM,; = distribution factor for interior girder
=0.83
d, = distance from the centerline of the exterior beam web to the inte-
rior edge of curb (ft)
=25 ft
e=077+ 221 _1 045

DFM,,,, = (1.045 £t)(0.83)
=(0.867 or

DFM,,, = g = 0.867

3.3 Distribution of Live Load per Lane for Shear in Interior Beams.

A Tbl. 4.6.2.2.3a-1 or Appendix C
One design lane loaded:

DFV, =036+
25.0

=0.36+ iﬂ
25.0

=0.88

where:
DFV = shear distribution factor

Two or more lanes loaded:
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2.0
DFV,, =02+ > - >
12 (35

2.0
(oo, 13F (138
12\ 35
= 1145

3.4 Distribution of Live Load per Lane for Shear in Exterior Beams

A Tbl. 4.6.2.2.3b-1 or Appendix D

One design lane loaded:
Use lever rule (same as the distribution factors for moment)

DFV,. = DEM,,
=0.970
Two or more design lanes loaded:
DFV,, = (€)(8interior)

ginterior = DFVmi

DFV,,. = (e)(DFV,;)

where:

e=0.6+$
10

e=0.6+ 251t ft
10

e=0.85

DFV,,, =(0.85)(1.145)

=0973
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TABLE 3.5
Summary of Live Load Distribution Factors
Moment Shear
Distribution Interior  Exterior Interior  Exterior
Factor Equation Beam Beam Beam Beam
One Lane Loaded Approximate 0.532 - 0.88 —
Lever Rule — 0.970 — 0.970
Two or More Lanes Loaded Approximate 0.830 0.867 1.145 —
Lever Rule — — — 0.973
Controlling Value 0.830 0.970 1.145 0.973

Please see Table 3.5.

Step 4: Unfactored Distributed Live Load per Beam with Impact
Dynamic load allowance, IM, is equal to

33% for design truck or tandem
0% for design lane
15% for Fatigue and Fracture Limit State
A Art. 3.6.2.1

4.1 Shear
Vizant = DFV[ (Vi OF Vingen ) (14 IM) + Vi |

4.1.a Interior Beam
Vivaw =(1.145)[ (67.8 kips)(1.33) +51.5 kips |

VLL+IM = 1622 klpS

4.1.b Exterior Beam

Viza = (0.973)[ (67.8 kips)(1.33)+ 51.5 kips |

VLL+IM = 137.8 kipS
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TABLE 3.6

Summary of Unfactored Distributed
Live Load Effects per Beam

Beams Vivaw kips My gy, kip-ft

Interior 162.2 4611.4
Exterior 137.8 5389.2

4.2 Moment
MLL+IM =DFM [(Mtruck or Mtan dem )(1 + IM) + Mlane]

4.2.a Interior Beam

My = 0.83[(2618.2 kip-ft)(1.33)+2073.7 kip-ft]

MLL+IM = 4611.4 kjp'ft

4.2.b Exterior Beam

Mg =0.97] (2618.2 kip-ft)(1.33) +2073.7 kip-ft |

MLL+IM = 53892 klp-ft
Please see Table 3.6.

Step 5: Factored Design Loads for Limit State Strength |
A Tbl. 3.4.1-1, 3.4.1-2

5.1 Shear, V,
V, =1.25Vpc +1.5Vpw +1.75V v

5.1.a Interior Beam

V, =1.25(196.7 kips) +1.5(22.1 kips) +1.75(162.2 kips)

V. =562.9 kips
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5.1.b Exterior Beam

V, =1.25(196.7 kips) +1.5(22.1 kips) +1.75(137.8 kips)

V. =520.2 kips

5.2 Moment, M,
Mu = 125MDC + 1 5MDW + 1 '75MLL+IM

5.2.a Interior Beam

M, =1.25(7915.7 kip-ft)+1.5(891.0 kip-ft )+ 1.75(4611.4 kip-ft)
M, =19301.0 kip-ft

5.2.b Exterior Beam

M, =1.25(7915.7 kip-ft)+1.5(891.0 kip-ft) +1.75(5389.2 kip-ft)

M, = 20662.2 kip-ft

Step 6: Fatigue Il Limit State for Finite Load-Induced Fatigue Life

A Arts. 3.6.1.4, 3.6.1.1.2, 3.6.2.1

6.1 Fatigue Load

Fatigue load shall be one design truck or axles, but with a constant spacing
of 30 ft between the 32 kip axles. Please see Figure 3.28.

32 kips 32 kips 8 kips

30 ft §4ft
A % % B
74 74

| 80.5 ft 80.5 ft |
Ry

FIGURE 3.28
Fatigue load position for maximum moment at midspan.
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M, =0

(32 kips)(80.5 ft + 30 ft) + (32 kips)(80.5 ft)
+ (8 kips)(80.5 ft —14 ft) — R,(161.0 ft) = 0

R, =41.27 kips
The maximum fatigue load moment, My,,, is,
M, = (41.27 kips)(80.5 ft) —(32 kips)(30.0 ft)
Mg, = 2362.0 kip-ft

The multiple presence factors have been included in the approximate
equations for distribution factors in AASHTO [4.6.2.2 and 4.6.2.3], both for
single and multiple lanes loaded. Where the lever rule (a sketch is required
to determine load distributions) is used, the multiple presence factors must
be included. Therefore, for fatigue investigations in which fatigue truck is
placed in a single lane, the factor 1.2 which has been included in the approxi-
mate equations should be removed.

A Comm. 3.6.1.1.2

6.2 Fatique Live Load Distribution Factors per Lane for Moment
The dynamic allowance for Fatigue Limit State, IM, is 15%.
A Tbl. 3.6.2.1-1

Determine distribution factors for moments, DFM,,,,

6.2.a For Interior Beam

DFM}, = (DFMsi)(rln)

1
DFM}, = (0.532)(12)

DFML, =0.44
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6.2.b For Exterior Beam

DEME, = (DFMse)(;)

DFME, = (0.97)(112)

DFME, =0.81

6.3 Unfactored Distributed Fatigue Live Load Moment per Beam with Impact

Mfat+IM = (DFMfat )(Mfat)(l + IM)

6.3.a Interior Beam

M = (DFME, ) (Mg, )(1+1M)

M = (0.44)(2362.0 kip-ft)(1+0.15)

ML v =1195.2 kip-ft

6.3.b Exterior Beam

M = (DFME, ) (M, )(1+1M)
ME o = (0.81)(2362.0 kip-ft)(1+0.15)
My = 2200.2 kip-ft

6.4 Factored Fatigue II Design Live Load Moment per Beam, M,
A Tbl. 3.4.1-1

Q=0.75 MLL+IM

6.4.a Interior Beam
M e = 0.75( My )

MG it = 0.75(1195.2 kip-ft)

Mb 4 = 896.4 kip-ft
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6.4.b Exterior Beam

M ot = 0.75( Mo )
M e = 0.75(2200.2 kip-ft )

Mg g = 1650.2 kip-ft
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Practice Problem 3: Interior Prestressed Concrete I-Beam

Situation

The following design specifications apply to a bridge in western Pennsylvania.

L
t;

Cl

fl

cg

bridge span

compressive strength of concrete at time of initial

prestress

compressive strength of concrete at 28 days for
prestressed I-beams

number of roadway prestressed 24 x 54 in I-beams

beam spacing

roadway slab thickness
integral wearing surface of slab
clear roadway width

compressive strength of roadway slab concrete

at 28 days

future wearing surface dead load

= Wegp curb and parapet dead load

area of prestressing steel (0.5 in diameter
low-relaxation strand; seven wire)
modulus of elasticity of prestressing steel

ultimate stress of prestressing steel (stress relieved)

80 ft

5.5 ksi

6.5 ksi

6 beams
8 ft
751in
0.50 in
44 ft 6 in

45ksi
0.030 kips/ft?
0.506 kips/ft

0.153 in?
28,500 ksi
270 ksi

A composite deck and a standard curb and parapet are used. Assume no
haunch for composite section properties and 150 Ibf/ft? concrete for all com-
ponents. The bridge cross section is shown. See Figures 3.29, 3.30, and 3.31.
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80 ft
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(a) Elevation

| 44 ft 6 in

i |<lft9in

IL — 8 in slab (7.5 in structural)
I

I Taas

A? X 8 &

5@8ft=40ft

(b) Cross section

FIGURE 3.29
Prestressed concrete I-beam.

ok

/ 7.5inslab + 0.5 in

R

24 in x 54 in
I-beam

FIGURE 3.30
Deck and I-beam.

Requirement

Review the interior bonded prestressed concrete I-beam for the Load

Combination Limit State Strength L.

where:
Q, = force effect
n = load modifier

¥ = load factor
mn o= NpMrN =10
Solution

Strength I Limit State: Q = 1.0(1.25 DC + 1.50 DW + 1.75(LL + IM)). Please see

Table 3.7.

A Tbl. 3.4.1-1, A Art. 1.3.3,1.3.4,1.3.5,1.3.2.1
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1ft1lin
2 ft9in
10 in
3 3in
0.68 ft
1ft9in
1
FIGURE 3.31
Curb and parapet.
TABLE 3.7
Load Modifiers
Strength ~ Service  Fatigue
Ductility, ng 1.0 1.0 1.0
Redundancy, 1, 1.0 1.0 1.0
Importance, 1; 1.0 N/A N/A
n =NpngN; 2 0.95 1.0 1.0 1.0

Step 1: Determine the Cross-Sectional Properties for a Typical Interior Beam

The properties of the basic beam section are given as follows:

Ag area of basic beam 816 in2

yy center of gravity of the basic beam from the bottom

of the basic beam 25.31 in
y, distance from the center of gravity of the basic beam

to the top of the basic beam 28.69 in
h  basic beam depth 54.0in

I, moment of inertia of the basic beam section about

centroidal axis, neglecting reinforcement 255,194 in*
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The section moduli for the extreme fiber of the noncomposite section are

I in
Spp = B = 224N 0 56303
y»  253lin
I, 255,194 in*

Spu = = 8895 in®

h—y, 540in—2531in

The unit weight of concrete, w,, is 0.150 kips/ft>.
A Tbl. 3.5.1-1

The modulus of elasticity of concrete at transfer is

A Eq.5.4.2.4-1

kips
ft’

1.5
E, = 33,000 wi*/f; =(33, 000)(0.150 ) 5.5 ksi = 4496 ksi

The modulus of elasticity for the prestressed I-beam concrete at 28 days is

3

. 1.5
E,, = 33,000 w® [, =(33, 000)(0.150 l?tPSJ J6.5 ksi = 4888 ksi

The modulus of elasticity of the roadway slab concrete at 28 days is

. 15
E, =33,000 Wi JE, = (33,000)(0.150 kfltle) 4.5 ksi = 4067 ksi
Please see Figure 3.32.
b, web width 8in
by, top flange width 18 in

The effective flange width for interior beams is
A Art. 4.6.2.6.1
b,=S=8ft=96in

The modular ratio of the slab and beam is
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) 96 in
0.5 in integral 0 in haunch used for
wearing thickness composite section properties
8in Ll - — = — — — 7.5in
total slab j effective slab
thickness e | thickness
2 y;=2245in
o
0
N
;; h=54in
. - c.g. of composite
‘ 171n § y=1374in section
c.g. basicbeam — ————— — |- ———— ¥
=
10in N ¥, =39.05in
[a\]
—_ I
9in =
8in | 8in
24in
FIGURE 3.32
Composite section.
E 4067 ksi
=—=—"T"—"—-=(0.832
E, 4888ksi

Therefore, the transformed flange width is
(b)) = (96 in)(0.832) = 799 in
Transformed flange area is
(bn)(t,) = (799 in)(7.5 in) = 599.25 in (600.0 in?)
The area of transformed gross composite section, A, is
Age = A+ (b)n)(t)
= 816 in? + 600.0 in?
= 1416 in?

Use the transformed flange area to compute composite section properties by
summing moments of areas about the centroid of the basic beam section.
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7.5in )

Agc(y):(1416in2)y:(6OOin2)(yt+ 5

=(600in?)(28.69in+3.75 in)
=19,464 in’
y =13.74 in from the centroid of the basic beam.
Thus, for the composite section,
Vb =V, +y=2531in+13.74 in = 39.05 in
yi=(h+t,)—y; =(54.0in+7.5in)-39.05in

=2245in

The composite moment of inertia about the centroid of the composite sec-
tion is

3 2
Lo=T,+ A2+ 205 4 (600 inz)(y; - tS)

12 2
=255,194 in* + (816 in?)(13.74 i)’ + (% in)(o'iz)w's in)’
+(600 inz)( 2245in— 7210 )2
= 621,867 in*

The section modulus of the composite section for the bottom extreme fiber
is
I. 621,867 in*

=—-= ——=15,925in’
Vb 39.05in

S cb

The section modulus of the composite section for the top extreme fiber is

4
5, = e L 62LBO7INT_ g g i3
v, 2245in
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Step 2: Perform the Dead Load Analysis
The beam weight is

2 .
w=(816 mz)( 11t J (0.15 hps): 0.85 kips/ft

12in ft®

The dead weight of the slab is

ki [ 1t .
wp =(8 ft)(0.15 ﬂI;SJ(7.5 m)(lzm] =0.75 kips/ft

Wpep = W + Wy
= 0.85 kips/ft + 0.75 kips/ft = 1.60 kips/ft

The superimposed dead load, w,, consists of the parapet and curb loads,
distributed equally to the 6 beams.

kips
ft )(2) =0.169 kips/ft
6 beams

(0.506

S

W, = Wpe, = 0.169 kips/ft
wpe = 1.60 kips/ft + 0.169 kips/ft = 1.769 kips/ft

The future wearing surface dead load, wyys, is assumed to be equally dis-
tributed to each girder.

Wrws =(8 ft)(o.oe,klflt”) = 0.240 kips/ ft

Wews = Wpw = 0.240 kips/ft

The maximum dead load moments and shears are

2 w(80ft)
Mo =—W8L _ w(sof). . ) 800w fiekips

wL _ w(80ft)

Vmax =
2 2

=40 w ft-kips
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TABLE 3.8

Dynamic Load Allowance, IM
Component IM (%)
Deck joints, all limit states 75
Fatigue and fracture limit state 15
All other limit states 33

Step 3: Calculate the Live Load Force Effects for Moment and Shear.

Where w is the clear roadway width between curbs and/or barriers. The
number of lanes is

A Art. 3.6.1.1.1

:ﬂzﬁzél (4 lanes)
12 12

L

A Tbl. 3.6.2.1-1

Please see Table 3.8.
The distance between the centers of gravity of the basic beam and the deck is

e =y, +%S= 28.69in+ 2™ 30 44 in
The area of the basic beam, A, is 816 in2.
The moment of inertia of the basic beam, I, is 255,194 in*.

g/
The modular ratio between the beam and slab is

_E, 4888ksi _
E., 4067ksi

The longitudinal stiffness parameter is
A Eq. 4.6.2.2.1-1

K, = n(l, + Ae,?) = (1.2)(255,194 in* + (816 in?)(32.44 in)?)
=1,336,6974

Distribution factor for moments per lane in interior beams with concrete
deck,

A Art.4.2.2.2b
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K, 1,336,697 .4

= =5 =330
12Lt; 12(80ft)(7.51n)

Common deck type (j)
A Tbl. 4.6.2.2.1-1

The multiple presence factors apply to the lever rule case only. They have

been included in the approximate equations for distribution factors in Arts.
4.6.2.2 and 4.6.2.3 for both single and multiple lanes loaded.

A Comm. 3.6.1.1.2

The distribution factor for moment for interior beams per lane with one
design lane loaded is

A Tbl. 4.6.2.2.2b-1 or Appendix A

0.4 0.3 0.1
DFM,, =006+ > | 2 K ;
14) (L) (1218

gt 8 ) 1
:0.06+(14) (80&) (3.30)

= 0.51 lanes per beam

The distribution factor for moment for interior beams with two or more
design lanes loaded is

0.6 0.2 0.1
K
DEM,, =0.075+ > | 3 B
95) (L) (1218

0.6 0.2
—o0075+( 28} [ B (5500
95) (80ft

=(0.716 lanes per beam [controls]

The distribution factor for shear for interior beams (one design lane loaded)
is
A Art. 4.6.2.2.3; Tbl. 4.6.2.2.3a-1 or Appendix C
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DFV,; =0.36 + S 0.36+ 80ft
25 25

= 0.68 lanes per beam

The distribution factor for shear for interior beams (two or more design
lanes loaded) is

2 2
DFV,, =02+ 2 |-[ 2] —oo4 30881
12) |35 12 )\ 35

= 0.814 lanes per beam [controls]

Step 4: Determine the Maximum Live Load Moments and Shears

Approximate the maximum bending moment at midspan due to the HL-93
loading. Please see Figures 3.33 through 3.36.

18 20
13 13
o
A aft
26 ft 14 ft 14ft 26 ft
40 ft 40 ft
FIGURE 3.33
Influence line diagram for maximum moment at midspan.
32 kips 32 kips 8 kips
26 ft 14 ft 14 ft 26 ft
Y \ \i
Truck A B
W/ W/
80 ft
FIGURE 3.34

Design truck (HS-20) position for moment at midspan.
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25 kips 25 kips
) 40 ft 4 ft 36 ft |

Tandem A vy |B

A i

FIGURE 3.35
Design tandem load position for moment at midspan.

w = 0.64 kips/ft

P S N S S T D T T T T

FIGURE 3.36
Design lane load for moment at midspan.

Using the influence line diagram,
M,, = (32 kips)(20 ft) + (32 kips + 8 kips)(13 ft)
= 1160 ft-kips [controls]
Mingem = (25 kips)(20 ft + 18 ft) = 950 ft-kips

(0.641‘;1”)(80 ft)’
M]_n = t

g =512 ft-kips

The maximum live load plus impact moment is defined by the following
equation.

Mirim = DFMo; ((Mtr or Mtandem)(l + ﬁ;/([)) + Mm]

= (0.716)((1160 ft-kips)(1 + 0.33) + 512 ft-kips)
= 14712 ft-kips

For the approximate maximum shear due to HL-93 loading, please see
Figures 3.37 through 3.40, and use the influence line diagram.

Ve = (32 kips)(1 + 0.825) + (8 kips)(0.65) = 63.60 kips [controls]

Vindem = (25 kips)(1 + 0.95) = 48.75 kips
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10 0.95
0.825
0.65
aft
14ft | 14ft
7 80 ft

FIGURE 3.37
Influence line diagram for maximum shear at support.

32 kips 32 kips 8 kips
14 ft 14 ft

Truck a4 /
7 %

80 ft |

FIGURE 3.38
Design truck position for shear at support.

25 kips 25 kips
4 ft

Tandem g4 Y

A A

FIGURE 3.39
Design tandem load position for shear at support.

w = 0.64 kips/ft

PP S A S S T S O Y A
R

2 2

FIGURE 3.40
Design lane load for shear at support.

(0.64 k‘flt”J(so ft)
Vi = = 25.6 kips
5 p

The maximum live load plus impact shear is defined by the following
equation:
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M
VLL+IM = DFV((VU or Vtandem )(1 + 100) + Vln]

= (0.814)((63.6 kips)(1 + 0.33) + 25.6 kips) = 89.69 kips
Interior Beam Summary (using the maximum dead and live/impact load,
shear, and moment equations)
Note that DC = DC, + DC, or wpc = Wpey + Wpes
Ve = Vinax = 40 wipe = (40)(1.769 kips/ft) = 70.76 kips
Mpc = M,,.., = 800 wpc = (800)(1.769 kips/ft) = 1415.2 ft-kips
Due to the slab and the beam weight,
Vper = 40 wpe, = (40)(1.60 kips/ft) = 64.0 kips
Mp¢; = 800 wpe, = (800)(1.60 kips/ft) = 1280 ft-kips
Due to superimposed dead loads — parapet and curb loads,
Ve = 40 wpe, = (40)(0.169 kips/ft) = 6.76 kips
where:
DC, =beam weight + slab weight = 0.85 kips/ft + 0.75 kips/ft = 1.60 kips/ft
DC, =superimposed parapet and curb loads = 0.169 kips/ft
Mpe, = 800 wpe, = (800)(0.169 kips/ft) = 135.2 ft-kips
Due to the wearing surface weight,
Vpw = 40 wpy, = (40)(0.240 kips/ft) = 9.60 kips

Mpy = 800 Wy = (800)(0.240 kips/ft) = 192.0 ft-kips

Please see Table 3.9.
Recall that:

w = beam weight = 0.85 kips/ft

wp = slab weight = 0.75 kips/ft

Wpep = W + wp, = weights of beam and slab = 1.60 kips/ft
Mp; = 1280.0 ft-kips
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TABLE 3.9

Summary of Dead Load Moments and Shears

Load Type w (kips/ft) M (ft-kips) V (kips)

DC 1.769 1,415.2 70.76
DC, 1.60 1,280.0 64.0

DC, 0.169 135.2 6.76
DW 0.240 192.0 9.60
LL+IM N/A 1,471.2 89.69

Vper = 64.0 kips

W, = Wp, = superimposed dead loads (parapet and curb) = 0.169 kips/ft

= 135.2 ft-kips

Ve, = 6.76 kips

Wpe = Wpep + Wpep, = weight of beam and slab plus parapet and curb =

<
g
@)
¥

|

1.769 kips/ft
Mpc = 1415.2 ft-kips
Vpe = 70.76 kips
Wpw = Wpys = future wearing surface = 0.24 kips/ft
Mpyw = 192.0 ft-kips
Vow = 9.6 kips
S, = section modulus of noncomposite section for the bottom extreme
fiber
S, = section modulus of noncomposite section for the top extreme fiber
Ss = section modulus of composite section for the bottom extreme fiber
S = section modulus of composite section for the top extreme fiber

Step 5: Estimate the Required Prestress

Calculate the bottom tensile stress in prestressed concrete, fgb, noncomposite,
and composite properties.

Service III Limit State governs for longitudinal analysis relating to tension
in prestressed concrete superstructures with the objective of crack control
and to principal tension in the webs of segmental concrete girders.

A Art. 3.4.1

Service III Limit State
A Thl. 3.4.1-1

Q =n(1.0(DC + DW) + (0.8)(LL + IM))
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n=10
A Art.1.3.2

_ Mpc: n Mpc, + Mpw +0.8(Mj.pm)
Sncb Scb

fop

(1280.0 ft—kips)(lzf:n)

10,083 in®

L1852 ft-kips +192 ft-kips +0.8(1471.2 ft-kips)
15,925 in’

= 2.66 (2.7 ksi)

Tensile stress limit at service limit state after losses, fully pretensioned is
A Art.5.9.4.2.2; Tbl. 5.9.4.2.2-1

0.19,/f, =0.19,/6.5 ksi =0.484 ksi

The excess tension in the bottom fiber due to applied loads is

f, =, —0.19,/F, = 2.66 ksi —0.484 ksi = 2.18 ksi

The location of the center of gravity of the strands at midspan usually
ranges from 5 to 15% of the beam depth. In this example, first assume 10%.

The distance between the center of gravity of the bottom strands to the
bottom fiber is assumed to be

Ybs = (0.1)(54 in) =54 in
The strand eccentricity at midspan is
€. =Y, — Vps = 25.31in -54 in = 1991 in

To find the initial required prestress force, P;,
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Pi Piec
f=+
Ag Sncb
. P,(19.91i
218ksi= - 11 d ,H;)
816 in 10,083 in
P, = 681.2 kips

The stress in prestressing tendon immediately prior to transfer, f,, is
A Art.5.9.3

fope = 0.75 £, = (0.75)(270 ksi) = 202.5 ksi
A Tbl. 5.9.3-1

Assuming a 25% prestress loss, prestress force per Y2 in strand after losses,
is

f

ps/

foo = Apf (1 - 0.25) = (0153 in?)(202.5 ksi)(1 — 0.25) = 23.2 kips
Number of strands required is

D _ 6812 k'lps —294
f, 23.2kips

pb
Try 30, ¥ in strands.

Check the assumption of bottom strand center of gravity using the follow-
ing configuration. Please see Figure 3.41.

The distance between the center of gravity of the 30 strands to the bottom
fiber is

(8)(2in)+(8)(4in)+(6)(6in)+(4)(8in)+(2)(10in)+(2)(12in)
30 strands

ybs =

=5.33in
Inasmuch as the assumed value for y,, was 5.4 in, another iteration is not
required.

The final strand eccentricity value is

€. = Vi — Vi = 25.31 in - 5.33 in = 1998 in
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i 96 in i

| t 7.5in

dp =61.5in
c.g. basic beam
=
= €e
n
T rows at 2 in
c.g.of 30 = spacing c.g.of 30
strands B A strands
N g=y,=533in
FIGURE 3.41

Prestressed I-beam with 30, ¥4 in strands.

Revised initial required prestress force using 30 strands as opposed to 29.4
strands.

15

number of strands =~

Ps

P.
30strands= 1
S = 53 2 kips
P; = 696 kips

Area of prestressing steel is
(30 strands)(0.153 in?) = 4.59 in?

Step 6: Calculate the Prestress Losses

In pretensioned members, Af ;= Af ps + Af i1
A Eq. 5.9.5.1-1

Apr total loss kips/in?
Af,gs sum of all losses or gains due to elastic shortening

or extension at the time of application of prestress

and/or external loads
Af,r losses due to long-term shrinkage and creep

of concrete, and relaxation of the steel kips/in?
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Temporary allowable concrete stresses before losses due to creep and
shrinkage are as follows (i.e,, at time of initial prestress).
Find the loss due to elastic shortening, Af .

A Eq. 5.9.5.2.3a-1

E
AprS = Eip fcgp

ci

f.p is the concrete stress at the center of gravity of prestressing tendons
due to prestressing force immediately after transfer and self-weight of mem-
ber at the section of maximum moment.

f.p is found using an iterative process. Alternatively, the following calcu-
lation can be used to find Af g for loss in prestressing steel due to elastic

shortening,.
A Eq. C5.9.5.2.3a-1

_ Aphn (I, +elA, ) -enM A,

Af
PES Apg(lg+e;Ag)+Ag::iEd

A, area of prestressing steel 4.59 in?
A, gross area of section 816 in?
E, modulus of elasticity of concrete at transfer 4496 ksi
E, modulus of elasticity of prestressing tendons 28,500 ksi

n = €. average prestressing steel eccentricity at midspan 1998 in
I, moment of inertia of the basic beam section 255,194 in*

The midspan moment due to beam self weight is

kips 2
0.85—— |(80 ft
wl? ( ft )( )
Mg = =
8 8
= 680 ft-kips

The loss due to elastic shortening is
A Eq. C5.9.5.2.3a-1
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2
A = Apsfon (I + €2 A, ) —enM A,
A,LE,
EP

Ap(Tg+ehA, )+

(459in?)(202.5 ksi)(255,194 in*+(19.98 in)’ (816 mz))

: (1200 gy, -
~(19.98 in) (680 ft—klps)[lftJ(816 in?)

(459 inz)(255,194 in*+(19.98 in)*(816 mz))

(816in?)(255,194 in*)(4496 ksi)
28,500 ks

+

=11.46 ksi

Calculate the long-term prestress loss due to creep of concrete shrinkage of
concrete, and relaxation of steel, Af .

A Art. 5.9.5.3; Eq. 5.9.5.3-1

Where:
f; = f,, = stress in prestressing steel immediately prior to transfer
Af,r = relaxation loss

Af,r is an estimate of relaxation loss taken as 2.4 ksi for low relaxation
strand, 10.0 ksi for stress relieved strand, and in accordance with manufac-
turer’s recommendation for other types of strand.

A Art. 5.9.5.3

Y = correction factor for relative humidity

Y, =17-0.01 H = 1.7 - (0.01)(0.72) = 1.69
A Eq.5.9.5.3-2

The average annual ambient relative humidity, H, in western Pennsylvania
is approximately 72%.

A Fig. 5.4.2.3.3-1

The correction factor for specified concrete strength at the time of the pre-
stress transfer to the concrete is,

A Eq. 5.9.5.3-3
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5 5

T = 1eg,)” (1+55)

=077

flA S
Afyy = (10-0)%%7“ +(12.0) ynys + Afg
g

A Eq. 5.9.5.3-1

(1o, 0)[ (2025 ksi) (459 in?)

16 in? J(1.69)(0.77) +(12)(1.69)(0.77)+2.4 ksi

= 32.84 ksi
The total prestress losses are

Af g = Afpq + Afp = 1146 ksi + 32.84 ksi = 44.30 ksi
A Eq.5.9.5.1-1

Summary of Prestress Forces
The prestress stress per strand before transfer f, is
A Tbl. 5.9.3-1

£ = 075 £,

kips
in’

kips

= (0.75)(270 ): 2025°"5

The prestress force per strand before transfer is
Poi= (F)Ay,
= (202.5 ksi)(0.153 in?) = 31 kips
The prestress force per strand after all losses is
P, = (202.5 ksi — 44.30 ksi)(0.153 in?) = 24.20 kips

Check assumption of 25% prestress losses.



Practice Problems 283

prestress force after all losses(= Ppe) _ ., 24.20Kkips

%loss=1.0— =21.9%

prestress force before transfer(z Ppi) - 31 kips
Assumption of 25% was conservative because 21.9% < 25% [OK].

Step 7: Check Tensile and Compressive Concrete Stresses at Transfer

The compressive stress of concrete at time of prestressing before losses is
A Art.5.9.4.1.1

£, =0.60 f/; = (0.6)(5.5 ksi) = 3.3 ksi

The tensile stress in prestressed concrete before losses is
A Art. 5.9.4.1.2; Tbl. 5.9.4.1.2-1

fo = 0.24/f; =0.24,/5.5 ksi = 0.563 ksi

Stress at bottom of girder (compressive stress)

P _Rec+Mg

bot =
A g Sncb Sncb

696 kips (696 kips)(19.98 in) , 680 ftkips (12in
816 in 10,083 in® 10,083in° { ft

=-1.42 ksi < -3.3 ksi [OK]
Stress at top of girder (tensile stress)

P Pe. Mg
A Snct Snct

fbot ==
g

__696kips (696 kips)(19.98in) 680 ft-kips (12 in
~ 816in2 8895.0in’ 8895.0in° | ft

=-0.207 ksi < —0.563 ksi [OK]
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Step 8: Determine the Flexural Resistance Using the Strength I Limit State

Strength I Limit State, U = 1.25 DC + 1.50 DW + 1.75(LL + IM).
A Thl. 3.4.1-1

Recall that DC is the weight due to the deck slab, the basic beam, and the
parapet curb, and that DW is the weight due to the future wearing surface.
For these values, the Strength I Limit State can be written as follows:

M, = (1.25)(1415.2 ft-kips) + (1.50)(192 ft-Kips) + (1.75)(1471.2 ft-Kips)
= 4631.6 ft-kips

Find the average stress in prestressing steel assuming rectangular behavior.

A Eq. 5.7.3.1.1-1
C
f.=f,/1-k—
P P ( dp)
where:

d, = distance from extreme compression fiber to the centroid of the pre-
stressing tendons
fou = 270 ksi
k =038
A Tbl. C5.7.3.1.1-1
dp = (h_ Ybs (: g) + ts)
(54in-5.33in) + 7Z.5in

= 5617 in
oo (An)(f)+ A - AE
0.85 £ Bib+ k(Aps)(z’“J
P
A Eq.5.7.3.1.1-4
where:

B, =0.85-0.05(f/, — 4 ksi)
AArt.5.7.2.2
= 0.85 - 0.05(6.5 ksi — 4 ksi)

=0.725
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(4.59in?)(270 ksi)

c=

0.85(6.5 ksi) (0.725)(96 in) + (0.38) (4.59 inz)[ 270 ksi )

56.17 in

=3l6in<t,=75in

so the assumption is OK.
The average stress in prestressing steel when the nominal resistance of
member is required, f,,
3.16in
56.17 in

£, =(270 ksi)(l —(0.38) ) =264.2 ksi

Find the factored flexural resistance for flanged section:

A Art. 5.7.3.2.2
a = B,c = (0.725)(3.16 in)
=229in
The factored resistance M, shall be taken as:
A Eq.5.7.3.2.2
M, =dM,
where:
M, = nominal resistance
® = resistance factor = 1.0
A Art.5.5.4.2

M, = (LO)M,) =M,
A Eq.5.7.3.2.2-1

M, = (459 inz)(264.2ksi)(56.17in_ 229 in)( Lit ]
2 12in

M, = 5560 ft-kips > M,, = 4631.6 ft-kips [OK]
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of Live Loads per Lane for Moment
in Exterior Longitudinal Beams

(AASHTO Table 4.6.2.2.2d-1)
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Appendix C: Distribution of Live Load
per Lane for Shear in Interior Beams

(AASHTO Table 4.6.2.2.3a-1)
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Appendix D: Distribution of Live Load
per Lane for Shear in Exterior Beams

(AASHTO Table 4.6.2.2.3b-1)
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Appendix E: U.S. Customary
Units and Their SI Equivalents

U.S. Customary Units and Their SI Equivalents
Quantity U.S. Customary Units SI Equivalent
Area ft? 0.0929 m?
in? 645.2 mm?
Force kip 4.448 kKN
Ibf 4448 N
Length ft 0.3048 m
in 25.40 mm
Moment ft-lbf 1.356 N-m
ft-kip 1.355 x 10  kKN-m
in-lbf 0.1130 N-m
in-kip 1.130 x 10* kKN-m
Moment of Inertia in* 0.4162 x 10° mm*
Stress Ibf/ ft? 47.88 Pa
Ibf/in? (psi) 6.895 kPa
kip/in? (ksi) 6895.0 kPa
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