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A =area of cross-section of the precast beam [STD], [LRFD]

A =distance to pickup points from each end of the beam

Ac =area of concrete on the flexural tension side of the member
[LRFD]

Ac =area of beam cross-section

Acv =area of concrete section resisting shear transfer [LRFD]
Acs =cross-sectional area of a concrete strut [LRFD]

Ag =gross area of section [LRFD]

Ak =area of cross-section of element k

Ao =area enclosed by centerlines of the elements of the beam
[LRFD]

Aps =area of pretensioning steel [LRFD]

As =area of non-pretensioning tension reinforcement [STD],
[LRFD]

As =total area of vertical reinforcement located within a
distance(h/5) from the end of the beam [LRFD]

Asf =area of steel required to develop the ultimate
compressivestrength of the overhanging portions of the flange
[STD]

Asr =area of steel required to develop the compressive strength
of theweb of a flanged section [STD]

Ass =area of reinforcement in strut [LRFD]

Ast =area of longitudinal mild steel reinforcement in tie
[LRFD]

A*s =area of pretensioning steel [STD]

As =area of compression reinforcement [LRFD]

Av =area of web reinforcement [STD]

Av =area of transverse reinforcement within a distance s
[LRFD]

Avf =area of shear-friction reinforcement [LRFD]

Avh =area of web reinforcement required for horizontal shear

Av-min =minimum area of web reinforcement

a =depth of the compression block [STD]

a =depth of the equivalent rectangular stress block [LRFD]

a =length of overhang

b =effective flange width

b =width of beam [STD]

b =width of top flange of beam

b =width of the compression face of a member [LRFD]

b =width of web of a flanged member [STD] bb =width of bottom
flange of beam

bv =width of cross-section at the contact surface being
investigatedfor horizontal shear [STD]

bv =effective web width [LRFD]

bv =width of interface [LRFD]

bw =web width [LRFD]

Ca =creep coefficient for deflection at time of erection due to
loadsapplied at release
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CRc =loss of pretension due to creep of concrete [STD]

CRs =loss of pretension due to relaxation of pretensioning steel
[STD]

C(t,t0) = creep coefficient of the concrete member at a certain
age

C(t,tj) =creep coefficient at time tj(j =0,1,2,)

Cb(t,t3) =creep at time t for beam concrete loaded at time t3
Cd(t,t3) =creep at time t for deck concrete loaded at time t3

Cu =ultimate creep coefficient for concrete at time of release
ofprestressing

Cu =ultimate creep coefficient for concrete at time of
application ofsuperimposed dead loads

c =distance from the extreme compression fiber to the neutral
axis [LRFD]

c =cohesion factor [LRFD]

D =dead load [STD]

D =nominal diameter of the strand [STD]

DC =dead load of structural components and
non-structuralattachments [LRFD]

DW =load of wearing surfaces and utilities [LRFD]

d =distance from extreme compression fiber to centroid of
thepretensioning force [STD]

db =nominal strand diameter [STD], [LRFD]

de =effective depth from the extreme compression fiber to
thecentroid of the tensile force in the tension reinforcement
[LRFD]

dext =depth of the extreme steel layer from extreme compression
fiber

di =depth of steel layer from extreme compression fiber

dp =distance from extreme compression fiber to the centroid of
thepretensioning tendons [LRFD]

ds =distance from extreme compression fiber to the centroid
ofnonprestressed tensile reinforcement [LRFD]

dv =effective shear depth [LRFD]

d =distance from extreme compression fiber to the centroid
ofnonprestressed compression reinforcement [LRFD]

E =modulus of elasticity

Ec =modulus of elasticity of concrete [STD], [LRFD]

Ecb(t3) =age-adjusted modulus of elasticity for beam concrete at
time t 3

Ecd

(t3

) =age-adjusted modulus of elasticity for deck concrete at time
t3

Ec(tj) =modulus of elasticity at time tj(j =0,1,2,)

Ec(t0) =initial modulus of elasticity

Ec(t,t0) =modulus of elasticity at a certain time

Eci =modulus of elasticity of the beam concrete at transfer

Ep =modulus of elasticity of pretensioning tendons [LRFD]

ES =loss of pretension due to elastic shortening [STD]

Es =modulus of elasticity of pretensioning reinforcement
[STD]

Es =modulus of elasticity of reinforcing bars [LRFD]
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E*c =age-adjusted, effective modulus of elasticity of concrete
for agradually applied load at the time of transfer of
prestressing

E*cb =age-adjusted, effective modulus of elasticity of the
beam

E*cd =age-adjusted, effective modulus of elasticity of the
deck

E*c(t,t0) =effective modulus of elasticity at certain time E*ck
=age-adjusted, effective modulus of element k

e =eccentricity of prestressing strands

ec =eccentricity of the strand at midspan

eg =distance between the centers of gravity of the beam and the
slab [LRFD]

ei =initial lateral eccentricity of the center of gravity with
respect tothe roll axis

em =average accentricity at midspan [LRFD]

ep =eccentricity of the prestressing strands with respect to
thecentroid of the section

FSc =factor of safety against cracking FSf =factor of safety
against failure

Fb =allowable tensile stress in the precompressed tension zone
atservice loads

Fcj =force in concrete for the j th component

Fpi =total force in strands before release

f =stress

fb =concrete stress at the bottom fiber of the beam

fc =specified concrete strength at 28 days [STD]

fc =specified compressive strength at 28 days [LRFD]

fcds =concrete stress at the center of gravity of the
pretensioning steeldue to all dead loads except the dead load
present at the time thepretensioning force is applied [STD]

fcir =average concrete stress at the center of gravity of
thepretensioning steel due to pretensioning force and dead loadof
beam immediately after transfer [STD]

fci =concrete strength at transfer [STD]

fci =specified compressive strength of concrete at time of
initialloading or pretensioning (transfer) [LRFD]

fcgp =concrete stress at the center of gravity of pretensioning
tendons,due to pretensioning force at transfer and the self-weight
of the

member at the section of maximum positive moment [LRFD] fcu =the
limiting concrete compressive stress for designing

by strut-and-tie model [LRFD]

ff =stress range [STD]

fmin =algebraic minimum stress level [STD]

fpbt =stress in prestressing steel immediately prior to transfer
[LRFD]

fpc =compressive stress in concrete (after allowance for all
pretensioninglosses) at centroid of cross-section resisting
externally applied loads [STD]
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fpc =compressive stress in concrete after all prestress losses
have occurredeither at the centroid of the cross-section resisting
live load or atthe junction of the web and flange when the centroid
lies in theflange. In a composite section, fpcis the resultant
compressivestress at the centroid of the composite section, or at
the junction

of the web and flange when the centroid lies within the
flange,due to both prestress and to the bending moments resisted by
theprecast member acting alone. [LRFD]

fpe =compressive stress in concrete due to effective
pretensionforces only (after allowance for all pretension losses)
atextreme fiber of section where tensile stress is caused
byexternally applied loads [STD]

fpe =effective stress in the pretensioning steel after losses
[LRFD]

fpi =initial stress immediately before transfer

fpj =stress in the pretensioning steel at jacking [LRFD]

fpo =stress in the pretensioning steel when the stress in
the

surrounding concrete is zero [LRFD] fps =average stress in
pretensioning steel at the time for which the

nominal resistance of member is required [LRFD]

fpu =specified tensile strength of pretensioning steel
[LRFD]

fpy =yield strength of pretensioning steel [LRFD]

fr =modulus of rupture of concrete [STD], [LRFD]

fs =allowable stress in steel under service loads

fs =ultimate stress of pretensioning reinforcement [STD]

fse =effective final pretension stress

fsi =effective initial pretension stress

f*su =average stress in pretensioning steel at ultimate load
[STD] f(tj) =stress at time tj

fr(t,t0) =relaxation stress at a certain time

f(t0) =tensile stress at the beginning of the interval

fy =yield strength of reinforcing bars [STD]

fy =specified minimum yield strength of reinforcing bars
[LRFD]

fy =yield stress of pretensioning reinforcement [STD]

fy =specified minimum yield strength of compression
reinforcement [LRFD]

fyh =specified yield strength of transverse reinforcement
[LRFD]

H =average annual ambient mean relative humidity [LRFD]

h =length of a single segment

h =overall depth of precast beam [STD]

h =overall depth of a member [LRFD]

hcg =height of center of gravity of beam above road

hd =deck thickness

hf =compression flange depth [LRFD]

hr =height of roll center above road

I =moment of inertia about the centroid of the
non-compositeprecast beam, major axis moment of inertia of beam
[STD], [LRFD]
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I =impact fraction [STD]

Ik =moment of inertia of element k

IM =dynamic load allowance [LRFD]

Ieff =effective cracked section lateral (minor axis) moment of
inertia

Ig =gross lateral (minor axis) moment of inertia K =factor used
for calculating time-dependent losses

Kr =factor used for calculating relaxation loss in strand that
occurs priorto transfer

K =sum of rotational spring constants of supports

k =factor used in calculation of average stress in pretensioning
steelfor strength limit state; factor related to type of
strand[LRFD]

kc =product of applicable correction factors for creep
=klakhks

kcp =correction factor for curing period

kla =correction factor for loading age kh =correction factor for
relative humidity

ks =correction factor for size of member

ksh =product of applicable correction factors for shrinkage
=kcpkhks

kst =correction factor for concrete strength

L =live load [STD]

L =length in feet of the span under consideration for
positivemoment and the average of two adjacent loaded spans
fornegative moment [STD]

L =overall beam length or design span

L =span length measured parallel to longitudinal beams [STD] L
=span length [LRFD]

LL =vehicular live load [LRFD]

Lr =intrinsic relaxation of the strand

Lx =distance from end of prestressing strand to center of the
panel [STD]

l =overall length of beam

ld =development length

lt =transfer length

Mc =moment in concrete beam section

Mcr =cracking moment [LRFD]

Mcr(t) =restraint moment due to creep at time t

M*cr =cracking moment [STD]

Md/nc =moment due to non-composite dead loads [STD]

Mel =fictious elastic restraint moment at the supports

Mg =unfactored bending moment due to beam self-weight

Mg =self-weight bending moment of beam at harp point

Mgmsp =self-weight bending moment at midspan

Mk =element moment
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Mlat =lateral bending moment at cracking

MLL =unfactored bending moment due to lane load per beam

Mmax =maximum factored moment at section due to externally
applied loads [STD]

Mn =nominal moment strength of a section [STD]

Mn =nominal flexural resistance [LRFD] Mn/dc =non-composite dead
load moment at the section

Mr =factored flexural resistance of a section in bending
[LRFD]

Msh =shrinkage moment

Msr(t) =restraint moment due to differential shrinkage at time
t

Msw =moment at section of interest due to self-weight of the
memberplus any permanent loads acting on the member at time of
release

Mu =factored bending moment at section [STD], [LRFD]

Mx =bending moment at a distance x from the support

M0 =theoretical total moment in sections

M0k =theoretical moment in section of element k

m =stress ratio

N =number of segments between nodes (must be even number)

Nk =element normal force

Nc =internal element force in concrete

Ns =internal element force in steel

Nu =applied factored axial force taken as positive if tensile
[LRFD]

N0k =theoretical normal force in section of element k, positive
when tensile

N0 =theoretical total normal force in sections

n =modular ratio between slab and beam materials [STD], [LRFD]
nk =modular ratio of element k

ns =modular ratio of steel element

PPR =partial prestress ratio [LRFD]

Pc =permanent net compression force [LRFD]

Pn =nominal axial resistance of strut or tie [LRFD]

Pr =factored axial resistance of strut or tie [LRFD]

Pse =effective pretension force after allowing for all
losses

Psi =effective pretension force after allowing for the initial
losses

Q =first moment of inertia of the area above the fiber being
considered

R =radius of curvature

RH =relative humidity [STD]

Rn =strength design factor

Ru =flexural resistance factor

r =radius of gyration of the gross cross-section

r =radius of stability

S =width of precast beam [STD]

S =spacing of beams [STD], [LRFD]
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S =slab span [LRFD]

S =span between the inside faces of the beam webs [LRFD]

Sb =section modulus for the extreme bottom fiber of
thenon-composite precast beam

Sbc =composite section modulus for extreme bottom fiber of
theprecast beam

SH =loss of pretension due to concrete shrinkage [STD]

SN =the value of the integral

S(t,t0) =shrinkage coefficient at a certain age

St =section modulus for the extreme top fiber of the
non-compositeprecast beam

Su =ultimate free shrinkage strain in the concrete adjusted
formember size and relative humidity

s =longitudinal spacing of the web reinforcement [STD]

s =length of a side element [LRFD]

s =spacing of rows of ties [LRFD]

t =time, days; age of concrete at the time of determination of
creepeffects, days; age of concrete at time of determination of
shrinkageeffects, days; time after loading, days

t =thickness of web

t =thickness of an element of the beam

tf =thickness of flange

t0 =age of concrete when curing ends; age of concrete when load
isinitially applied, days

ts =cast-in-place concrete slab thickness

ts =depth of concrete slab [LRFD] Vc =nominal shear strength
provided by concrete [STD]

Vc =nominal shear resistance provided by tensile stresses in
theconcrete [LRFD]

Vci =nominal shear strength provided by concrete when
diagonalcracking results from combined shear and moment [STD]

Vcw =nominal shear strength provided by concrete when
diagonalcracking results from excessive principal tensile stress in
web [STD]

Vd =shear force at section due to unfactored dead load [STD]

Vi =factored shear force at section due to externally applied
loads

occurring simultaneously with Mmax [STD] Vn =nominal shear
resistance of the section considered [LRFD]

Vnh =nominal horizontal shear strength [STD]

Vp =vertical component of effective pretension force at section
[STD]

Vp =component of the effective pretensioning force, in
thedirection of the applied shear, positive if resisting the
applied shear [LRFD]

Vs =nominal shear strength provided by web reinforcement
[STD]

Vs =shear resistance provided by shear reinforcement [LRFD]

Vu =factored shear force at the section [STD], [LRFD]
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Vuh =factored horizontal shear force per unit length of the beam
[LRFD]

vu =average factored shear stress [LRFD]

W =total weight of beam

w =a uniformly distributed load [LRFD]

w =width of clear roadway [LRFD] w =weight per unit length of
beam

wc =unit weight of concrete [STD], [LRFD]

x =distance from the support to the section under question

y =height of center of gravity of beam above roll axis(beam
supported from below)

yb =distance from centroid to the extreme bottom fiber of
thenon-composite beam

ybc =distance from centroid to the bottom of beam of the
composite section

ybs =distance from the center of gravity of strands to the
bottom

fiber of the beam yk =distance of the centroid of element k from
edge

yr =height of roll axis above center of gravity of beam (hanging
beam)

ys =height above soffit of centroid of prestressing force

yt =distance from centroid to the extreme top fiber of
thenon-composite beam

ytc =distance from centroid to the top of deck of the composite
section

z =lateral deflection of center of gravity of beam

zmax =distance from centerline of vehicle to center of dual
tires

zo =theoretical lateral deflection of center of gravity of beam
with the

full dead weight applied laterally z o =theoretical lateral
deflection of center of gravity of beam with the

full dead weight applied laterally, computed using Ieff for tilt
angleunder consideration

=super-elevation angle or tilt angle of support in radians

=factor used in calculating elastic shortening loss

=coefficient defined by (Eq. 8.6.2.5.1-3) to account for
interactionbetween steel and concrete in pretensioning loss
calculations

s =angle between compressive strut and adjoining tension tie
[LRFD]

=factor indicating ability of diagonally cracked concrete
totransmit tension (a value indicating concrete contribution)
[LRFD]

1 =factor for concrete strength [STD] 1 =ratio of the depth of
the equivalent uniformly stressed compression

zone assumed in the strength limit state to the depth of the
actualcompression zone [LRFD]

c =time-dependent multiplier

=deflection

=camber measured with respect to the beam-ends
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fcdp =change in concrete stress at center of gravity of
pretensioningsteel due to dead loads except the dead load acting at
the timethe pretensioning force is applied [LRFD]

fpCR =loss in pretensioning steel stress due to creep [LRFD]

fpES

=loss in pretensioning steel stress due to elastic shortening
[LRFD]

fpR =loss in pretensioning steel stress due to relaxation of
steel [LRFD]

fpR1 =loss in pretensioning steel stress due to relaxation of
steel attransfer [LRFD]

fpR2 =loss in pretensioning steel stress due to relaxation of
steel aftertransfer [LRFD]

fpSR =loss in pretensioning steel stress due to shrinkage
[LRFD]

fpT =total loss in pretensioning steel stress [LRFD]

fs =total loss of prestress

=strain

c

=strain in concrete beam

cr =the time dependent creep strain

f =the immediate strain due to the applied stress f

fc =elastic strain in concrete

fk =element strain

fs =elastic strain in steel

k =strain in element k

p =strain in prestressing steel

s =strain in mild steel

s =tensile strain in cracked concrete in direction of tensile
tie [LRFD]

sh =free shrinkage strain shb(t,t2) =shrinkage strain of the
beam from time t2to time t

shb(t3,t2) =shrinkage strain of the beam from time t2to time
t3

shd(t,t3) =shrinkage strain of the deck from time t3to time
t

shu =ultimate free shrinkage strain in the concrete, adjusted
for membersize and relative humidity

si =strain in tendons corresponding to initial effective
pretensionstress

x =longitudinal strain in the web reinforcement on the
flexuraltension side of the member [LRFD]

0c =initial strain in concrete 1 =principal tensile strain in
cracked concrete due to factored loads [LRFD]

* =factor for type of pretensioning reinforcement [STD]

=strength reduction factor [STD]

=resistance factor [LRFD]

=curvature

c =curvature at midspan

cr =curvature due to creep

fk =element curvature
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k =curvature of element k

0 =curvature at support

=parameter used to determine friction coefficient [LRFD]

=Poissons ratio for beams [STD]

=coefficient of friction [LRFD] =angle of inclination of
diagonal compressive stresses [LRFD]

=roll angle of major axis of beam with respect to vertical

L =left end rotation of beam due to simple span loads

R =right end rotation of beam due to simple span loads

i =initial roll angle of a rigid beam

max =tilt angle at which cracking begins, based on tension at
the top cornerequal to the modulus of rupture

max =tilt angle at maximum factor of safety against failure

b =reinforcement ratio producing balanced strain condition
[STD]

* =ratio of pretensioning reinforcement [STD]

=a factor that reflects the fact that the actual relaxation is
less thanthe intrinsic relaxation

=aging coefficient

(t,t0) =aging coefficient at certain time
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The references to the AASHTO Specifications in this chapter are
based on theprovisions of the Standard Specifications, 17th
Edition, 2002, and the LRFDSpecifications, 2nd Edition, 1998, with
revisions through and including the 2003Interim Revisions.

The principles of prestressing have been used for centuries. For
example, woodenbarrels have always been made by tightening metal
straps around barrel staves. In themaking of early wheels, the
wooden spokes and rim were first held together by a hot

metal tire which, upon cooling, became tensioned. This induced
radial compressionon the rim and spokes. Other forms of mechanical,
chemical and thermal prestressinghave been attempted or used with
varying degrees of success.

The use of prestressing for concrete bridge members has been
employed with greatsuccess for over five decades. Concrete is
strong in compression but relatively weak intension. Therefore,
prestressing is used to control tensile stresses and to
precompressthe concrete. This is analogous to providing the
concrete with a storage capacity toresist loads which would
otherwise produce tension and cracking in the concrete.

The prestressing of precast concrete bridge members is
accomplished by stretching highstrength steel strands, then casting
concrete around them. As the concrete hardens, itbonds to the
strands. When the clamps holding the tensioned strands are
released, theforce in the strands is applied to (or resisted by)
the concrete. This puts the concrete intocompression. This
technique of prestressing, through the placing of concrete
aroundprestretched strands, is called pretensioning. The high
strength steel strands used forpretensioning typically have an
ultimate strength, fpu, of 270 ksi and a yield strength,fpy, of 243
ksi.

High strength steel is necessary for achieving prestressed
concrete. Strands are typi-cally tensioned initially to
0.75fpu=202.5 ksi. Although high, this stress is still safelyless
than yield (fpy=243 ksi). Any loss of stress from this level will
be elastic, relatedto strains by the modulus of elasticity. With
time, creep and shrinkage cause short-ening of the member, and,
since they are bonded, shortening of the strands. Theshortening of
the strands relieves some of the prestrain in the strands, so the
prestressis also reduced.

To illustrate why high strength steel is necessary, consider a
concrete member preten-sioned with high strength strand versus mild
steel reinforcement (see Figure 8.1.2-1).Assume that the shortening
of the member produces a corresponding loss of prestressof 40 ksi.
The stress remaining in the strand after losses, which is called
the effec-tive prestress, would therefore be 202.5 40 =162.5 ksi.
While the 40 ksi loss issignificant, over 80% of the initial
prestress remains. Compare this with the samemember being
prestressed using mild reinforcement (fy=60 ksi). In this case,
the

8.1.1History

8.1

PRINCIPLES AND

ADVANTAGES

OF PRESTRESSING

8.1.2High Strength Steel

Design Theory And Procedure
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initial stress can only be about 50 ksi in order to remain
safely below the yield stress

and within the elastic range. Since the member and the prestress
force are the same,the losses would also be the same, i.e., 40 ksi.
However, in this case, the final con-ditions are much different,
with the effective prestress dropping to 10 ksi, whichleaves only
20% of the prestress remaining. So much of the prestress is lost
usingmild reinforcement for prestressing that it becomes
ineffective and unreliable. Thehigh level of prestrain in the
strand due to the initial prestress is what makes highstrength
strand an effective method of prestressing. The large prestrain
reduces thesignificance of losses.

Another outstanding benefit of high strength (Grade 270) strand
is relative cost.While strand may cost nearly twice as much as mild
reinforcement per pound, it pro-vides over four times the strength
of mild reinforcement. Furthermore, prestressing

DESIGN THEORY AND PROCEDURE8.1.2 High Strength Steel

High Strength Prestressing Steel

Mild Prestressing Steel

Initial prestress - stress in strand

Effective prestress - stress

0 0.005 0.010 0.015 0.020

Stress

Initial prestress - stress in mild

fj

Loss of pre-strain due to shortening

fpj

Strain0 0.005 0.010 0.015 0.020

fy

Effective prestress remaining

in bar after lossesfe

fpe

Strain

before any losses

remaining in strand after losses

steel bar before any losses

of concrete

0.025

Stress

Figure 8.1.2-1Use of High Strength VersusMild Steel for
Prestressing

Concrete
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provides a significant enhancement in the behavior of reinforced
concrete members.Thus, the combination of high-quality, plant-cast
concrete with prestressing usinghigh strength steel, results in the
most economical bridge for most situations.

The behavior of flexural members is illustrated using Figures
8.1.3-1, 2 and 3.Figure 8.1.3-1 shows the conditions in a
reinforced concrete member that hasmild reinforcement and no
prestressing. Under service load conditions, concrete onthe tension
side of the neutral axis is assumed to be cracked. Only concrete on
thecompression side is effective in resisting loads. In comparison,
a prestressed concretemember is normally designed to remain
uncracked under service loads (see Figure8.1.3-2). Since the full
cross-section is effective, the prestressed member is muchstiffer
than a conventionally reinforced concrete member resulting in
reduced deflec-tion (see Figure 8.1.3-3). No unsightly cracks are
expected to be seen. Reinforcementis better protected against
corrosion. Fatigue of strand due to repeated truck load-ing is
generally not a design issue when the concrete surrounding the
strands is notallowed to crack.

= 0.003c

s > y

Conditions at Service Load

Conditions at Ultimate

Initial

Service Load(cracked)

Section

Section Strains Stresses Forces

Section Strains Stresses Forces

f = fs y

C

C

T

Member and Section

T

Figure 8.1.3-1

Behavior of ConventionallyReinforced Concrete Members

DESIGN THEORY AND PROCEDURE8.1.2 High Strength Steel/8.1.3
Prestressing Versus Conventional Reinforcing

8.1.3

Prestressing VersusConventional Reinforcing
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At ultimate load conditions, conventionally reinforced concrete
and prestressed con-crete behave similarly. However, due to the
lower strength of mild bars, a larger steelquantity is needed to
achieve the same strength as a prestressed member. This
increases

the member material costs for a conventionally reinforced
member. It should be noted,however, that strand has a lower
ultimate elongation at rupture (about 4 to 6%) thanthat of Grade 60
reinforcement (about 10 to 15%). This lower strain capacity or
mate-rial ductility may lead one to expect that prestressed
concrete members may lack ductil-ity or the capacity to deflect
adequately prior to failure. However, prestressed concretemembers
have been shown both analytically and experimentally to have more
thanadequate deflection capability prior to failure. It is not
unusual in laboratory experi-ments to observe 10 to 15 in.
deflection in a 40 ft-long prestressed concrete memberbefore it
fails. This deflection easily exceeds minimum ductility
requirements.

DESIGN THEORY AND PROCEDURE8.1.3 Prestressing Versus
Conventional Reinforcing

Member and Section

Conditions at Service Load

Conditions at Ultimate

T

C

T

C

Section
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>

Figure 8.1.3-2Behavior of Prestressed

Concrete Members
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Another major advantage of prestressing is the improvement in
the members abilityto resist shear forces. As a result of the
concrete being precompressed, prestressedconcrete members have a
higher shear capacity, Vc, than conventionally reinforcedconcrete.
This is why thin-webbed I-beam and box-beam bridges have been used
verysuccessfully without shear problems. In addition, harped
strand, when used, providesa vertical force component that tends to
balance part of the gravity load shear force.

Because of the high strength of prestressing strand and the
absence of deformationslike those found on the surface of
reinforcing bars, anchorage of strand in concretemust be carefully
assessed. For example, while a Grade 60 #4 bar has a
typicaldevelopment length of 12 to 15 in, the development length of
a 1/2-in. diameterstrand is about 72 to 100 in. Development length
can be a limiting design factor inshort members such as precast
stay-in-place deck panels. It may also be significantfor piles that
are subjected to moment near the top end. However, the design
andperformance of most precast bridge beams are not significantly
affected by stranddevelopment length.

DESIGN THEORY AND PROCEDURE8.1.3 Prestressing Versus
Conventional Reinforcing/8.1.4 Concrete to Steel Bond

Figure 8.1.3-3Typical Load-Deflection

Behavior of ConventionalReinforced and Prestressed

Concrete Beams
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A =area of cross-section of the precast beam [STD], [LRFD]

A =distance to pickup points from each end of the beam

Ac =area of concrete on the flexural tension side of the member
[LRFD]

Ac =area of beam cross-section

Acv =area of concrete section resisting shear transfer [LRFD]
Acs =cross-sectional area of a concrete strut [LRFD]

Ag =gross area of section [LRFD]

Ak =area of cross-section of element k

Ao =area enclosed by centerlines of the elements of the beam
[LRFD]

Aps =area of pretensioning steel [LRFD]

As =area of non-pretensioning tension reinforcement [STD],
[LRFD]

As =total area of vertical reinforcement located within a
distance(h/5) from the end of the beam [LRFD]

Asf =area of steel required to develop the ultimate
compressivestrength of the overhanging portions of the flange
[STD]

Asr =area of steel required to develop the compressive strength
of theweb of a flanged section [STD]

Ass =area of reinforcement in strut [LRFD]

Ast =area of longitudinal mild steel reinforcement in tie
[LRFD]

A*s =area of pretensioning steel [STD]

As =area of compression reinforcement [LRFD]

Av =area of web reinforcement [STD]

Av =area of transverse reinforcement within a distance s
[LRFD]

Avf =area of shear-friction reinforcement [LRFD]

Avh =area of web reinforcement required for horizontal shear

Av-min =minimum area of web reinforcement

a =depth of the compression block [STD]

a =depth of the equivalent rectangular stress block [LRFD]

a =length of overhang

b =effective flange width

b =width of beam [STD]

b =width of top flange of beam

b =width of the compression face of a member [LRFD]

b =width of web of a flanged member [STD] bb =width of bottom
flange of beam

bv =width of cross-section at the contact surface being
investigatedfor horizontal shear [STD]

bv =effective web width [LRFD]

bv =width of interface [LRFD]

bw =web width [LRFD]

Ca =creep coefficient for deflection at time of erection due to
loadsapplied at release
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CRc =loss of pretension due to creep of concrete [STD]

CRs =loss of pretension due to relaxation of pretensioning steel
[STD]

C(t,t0) = creep coefficient of the concrete member at a certain
age

C(t,tj) =creep coefficient at time tj(j =0,1,2,)

Cb(t,t3) =creep at time t for beam concrete loaded at time t3
Cd(t,t3) =creep at time t for deck concrete loaded at time t3

Cu =ultimate creep coefficient for concrete at time of release
ofprestressing

Cu =ultimate creep coefficient for concrete at time of
application ofsuperimposed dead loads

c =distance from the extreme compression fiber to the neutral
axis [LRFD]

c =cohesion factor [LRFD]

D =dead load [STD]

D =nominal diameter of the strand [STD]

DC =dead load of structural components and
non-structuralattachments [LRFD]

DW =load of wearing surfaces and utilities [LRFD]

d =distance from extreme compression fiber to centroid of
thepretensioning force [STD]

db =nominal strand diameter [STD], [LRFD]

de =effective depth from the extreme compression fiber to
thecentroid of the tensile force in the tension reinforcement
[LRFD]

dext =depth of the extreme steel layer from extreme compression
fiber

di =depth of steel layer from extreme compression fiber

dp =distance from extreme compression fiber to the centroid of
thepretensioning tendons [LRFD]

ds =distance from extreme compression fiber to the centroid
ofnonprestressed tensile reinforcement [LRFD]

dv =effective shear depth [LRFD]

d =distance from extreme compression fiber to the centroid
ofnonprestressed compression reinforcement [LRFD]

E =modulus of elasticity

Ec =modulus of elasticity of concrete [STD], [LRFD]

Ecb(t3) =age-adjusted modulus of elasticity for beam concrete at
time t 3

Ecd

(t3

) =age-adjusted modulus of elasticity for deck concrete at time
t3

Ec(tj) =modulus of elasticity at time tj(j =0,1,2,)

Ec(t0) =initial modulus of elasticity

Ec(t,t0) =modulus of elasticity at a certain time

Eci =modulus of elasticity of the beam concrete at transfer

Ep =modulus of elasticity of pretensioning tendons [LRFD]

ES =loss of pretension due to elastic shortening [STD]

Es =modulus of elasticity of pretensioning reinforcement
[STD]

Es =modulus of elasticity of reinforcing bars [LRFD]
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E*c =age-adjusted, effective modulus of elasticity of concrete
for agradually applied load at the time of transfer of
prestressing

E*cb =age-adjusted, effective modulus of elasticity of the
beam

E*cd =age-adjusted, effective modulus of elasticity of the
deck

E*c(t,t0) =effective modulus of elasticity at certain time E*ck
=age-adjusted, effective modulus of element k

e =eccentricity of prestressing strands

ec =eccentricity of the strand at midspan

eg =distance between the centers of gravity of the beam and the
slab [LRFD]

ei =initial lateral eccentricity of the center of gravity with
respect tothe roll axis

em =average accentricity at midspan [LRFD]

ep =eccentricity of the prestressing strands with respect to
thecentroid of the section

FSc =factor of safety against cracking FSf =factor of safety
against failure

Fb =allowable tensile stress in the precompressed tension zone
atservice loads

Fcj =force in concrete for the j th component

Fpi =total force in strands before release

f =stress

fb =concrete stress at the bottom fiber of the beam

fc =specified concrete strength at 28 days [STD]

fc =specified compressive strength at 28 days [LRFD]

fcds =concrete stress at the center of gravity of the
pretensioning steeldue to all dead loads except the dead load
present at the time thepretensioning force is applied [STD]

fcir =average concrete stress at the center of gravity of
thepretensioning steel due to pretensioning force and dead loadof
beam immediately after transfer [STD]

fci =concrete strength at transfer [STD]

fci =specified compressive strength of concrete at time of
initialloading or pretensioning (transfer) [LRFD]

fcgp =concrete stress at the center of gravity of pretensioning
tendons,due to pretensioning force at transfer and the self-weight
of the

member at the section of maximum positive moment [LRFD] fcu =the
limiting concrete compressive stress for designing

by strut-and-tie model [LRFD]

ff =stress range [STD]

fmin =algebraic minimum stress level [STD]

fpbt =stress in prestressing steel immediately prior to transfer
[LRFD]

fpc =compressive stress in concrete (after allowance for all
pretensioninglosses) at centroid of cross-section resisting
externally applied loads [STD]
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fpc =compressive stress in concrete after all prestress losses
have occurredeither at the centroid of the cross-section resisting
live load or atthe junction of the web and flange when the centroid
lies in theflange. In a composite section, fpcis the resultant
compressivestress at the centroid of the composite section, or at
the junction

of the web and flange when the centroid lies within the
flange,due to both prestress and to the bending moments resisted by
theprecast member acting alone. [LRFD]

fpe =compressive stress in concrete due to effective
pretensionforces only (after allowance for all pretension losses)
atextreme fiber of section where tensile stress is caused
byexternally applied loads [STD]

fpe =effective stress in the pretensioning steel after losses
[LRFD]

fpi =initial stress immediately before transfer

fpj =stress in the pretensioning steel at jacking [LRFD]

fpo =stress in the pretensioning steel when the stress in
the

surrounding concrete is zero [LRFD] fps =average stress in
pretensioning steel at the time for which the

nominal resistance of member is required [LRFD]

fpu =specified tensile strength of pretensioning steel
[LRFD]

fpy =yield strength of pretensioning steel [LRFD]

fr =modulus of rupture of concrete [STD], [LRFD]

fs =allowable stress in steel under service loads

fs =ultimate stress of pretensioning reinforcement [STD]

fse =effective final pretension stress

fsi =effective initial pretension stress

f*su =average stress in pretensioning steel at ultimate load
[STD] f(tj) =stress at time tj

fr(t,t0) =relaxation stress at a certain time

f(t0) =tensile stress at the beginning of the interval

fy =yield strength of reinforcing bars [STD]

fy =specified minimum yield strength of reinforcing bars
[LRFD]

fy =yield stress of pretensioning reinforcement [STD]

fy =specified minimum yield strength of compression
reinforcement [LRFD]

fyh =specified yield strength of transverse reinforcement
[LRFD]

H =average annual ambient mean relative humidity [LRFD]

h =length of a single segment

h =overall depth of precast beam [STD]

h =overall depth of a member [LRFD]

hcg =height of center of gravity of beam above road

hd =deck thickness

hf =compression flange depth [LRFD]

hr =height of roll center above road

I =moment of inertia about the centroid of the
non-compositeprecast beam, major axis moment of inertia of beam
[STD], [LRFD]
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I =impact fraction [STD]

Ik =moment of inertia of element k

IM =dynamic load allowance [LRFD]

Ieff =effective cracked section lateral (minor axis) moment of
inertia

Ig =gross lateral (minor axis) moment of inertia K =factor used
for calculating time-dependent losses

Kr =factor used for calculating relaxation loss in strand that
occurs priorto transfer

K =sum of rotational spring constants of supports

k =factor used in calculation of average stress in pretensioning
steelfor strength limit state; factor related to type of
strand[LRFD]

kc =product of applicable correction factors for creep
=klakhks

kcp =correction factor for curing period

kla =correction factor for loading age kh =correction factor for
relative humidity

ks =correction factor for size of member

ksh =product of applicable correction factors for shrinkage
=kcpkhks

kst =correction factor for concrete strength

L =live load [STD]

L =length in feet of the span under consideration for
positivemoment and the average of two adjacent loaded spans
fornegative moment [STD]

L =overall beam length or design span

L =span length measured parallel to longitudinal beams [STD] L
=span length [LRFD]

LL =vehicular live load [LRFD]

Lr =intrinsic relaxation of the strand

Lx =distance from end of prestressing strand to center of the
panel [STD]

l =overall length of beam

ld =development length

lt =transfer length

Mc =moment in concrete beam section

Mcr =cracking moment [LRFD]

Mcr(t) =restraint moment due to creep at time t

M*cr =cracking moment [STD]

Md/nc =moment due to non-composite dead loads [STD]

Mel =fictious elastic restraint moment at the supports

Mg =unfactored bending moment due to beam self-weight

Mg =self-weight bending moment of beam at harp point

Mgmsp =self-weight bending moment at midspan

Mk =element moment
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Mlat =lateral bending moment at cracking

MLL =unfactored bending moment due to lane load per beam

Mmax =maximum factored moment at section due to externally
applied loads [STD]

Mn =nominal moment strength of a section [STD]

Mn =nominal flexural resistance [LRFD] Mn/dc =non-composite dead
load moment at the section

Mr =factored flexural resistance of a section in bending
[LRFD]

Msh =shrinkage moment

Msr(t) =restraint moment due to differential shrinkage at time
t

Msw =moment at section of interest due to self-weight of the
memberplus any permanent loads acting on the member at time of
release

Mu =factored bending moment at section [STD], [LRFD]

Mx =bending moment at a distance x from the support

M0 =theoretical total moment in sections

M0k =theoretical moment in section of element k

m =stress ratio

N =number of segments between nodes (must be even number)

Nk =element normal force

Nc =internal element force in concrete

Ns =internal element force in steel

Nu =applied factored axial force taken as positive if tensile
[LRFD]

N0k =theoretical normal force in section of element k, positive
when tensile

N0 =theoretical total normal force in sections

n =modular ratio between slab and beam materials [STD], [LRFD]
nk =modular ratio of element k

ns =modular ratio of steel element

PPR =partial prestress ratio [LRFD]

Pc =permanent net compression force [LRFD]

Pn =nominal axial resistance of strut or tie [LRFD]

Pr =factored axial resistance of strut or tie [LRFD]

Pse =effective pretension force after allowing for all
losses

Psi =effective pretension force after allowing for the initial
losses

Q =first moment of inertia of the area above the fiber being
considered

R =radius of curvature

RH =relative humidity [STD]

Rn =strength design factor

Ru =flexural resistance factor

r =radius of gyration of the gross cross-section

r =radius of stability

S =width of precast beam [STD]

S =spacing of beams [STD], [LRFD]


	
7/26/2019 Chapter8 - Design Theory & Procedure.pdf

38/406

PCI BRIDGE DESIGN MANUAL CHAPTER 8

NOTATIONDESIGN THEORY AND PROCEDURE

JUL 03

S =slab span [LRFD]

S =span between the inside faces of the beam webs [LRFD]

Sb =section modulus for the extreme bottom fiber of
thenon-composite precast beam

Sbc =composite section modulus for extreme bottom fiber of
theprecast beam

SH =loss of pretension due to concrete shrinkage [STD]

SN =the value of the integral

S(t,t0) =shrinkage coefficient at a certain age

St =section modulus for the extreme top fiber of the
non-compositeprecast beam

Su =ultimate free shrinkage strain in the concrete adjusted
formember size and relative humidity

s =longitudinal spacing of the web reinforcement [STD]

s =length of a side element [LRFD]

s =spacing of rows of ties [LRFD]

t =time, days; age of concrete at the time of determination of
creepeffects, days; age of concrete at time of determination of
shrinkageeffects, days; time after loading, days

t =thickness of web

t =thickness of an element of the beam

tf =thickness of flange

t0 =age of concrete when curing ends; age of concrete when load
isinitially applied, days

ts =cast-in-place concrete slab thickness

ts =depth of concrete slab [LRFD] Vc =nominal shear strength
provided by concrete [STD]

Vc =nominal shear resistance provided by tensile stresses in
theconcrete [LRFD]

Vci =nominal shear strength provided by concrete when
diagonalcracking results from combined shear and moment [STD]

Vcw =nominal shear strength provided by concrete when
diagonalcracking results from excessive principal tensile stress in
web [STD]

Vd =shear force at section due to unfactored dead load [STD]

Vi =factored shear force at section due to externally applied
loads

occurring simultaneously with Mmax [STD] Vn =nominal shear
resistance of the section considered [LRFD]

Vnh =nominal horizontal shear strength [STD]

Vp =vertical component of effective pretension force at section
[STD]

Vp =component of the effective pretensioning force, in
thedirection of the applied shear, positive if resisting the
applied shear [LRFD]

Vs =nominal shear strength provided by web reinforcement
[STD]

Vs =shear resistance provided by shear reinforcement [LRFD]

Vu =factored shear force at the section [STD], [LRFD]
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Vuh =factored horizontal shear force per unit length of the beam
[LRFD]

vu =average factored shear stress [LRFD]

W =total weight of beam

w =a uniformly distributed load [LRFD]

w =width of clear roadway [LRFD] w =weight per unit length of
beam

wc =unit weight of concrete [STD], [LRFD]

x =distance from the support to the section under question

y =height of center of gravity of beam above roll axis(beam
supported from below)

yb =distance from centroid to the extreme bottom fiber of
thenon-composite beam

ybc =distance from centroid to the bottom of beam of the
composite section

ybs =distance from the center of gravity of strands to the
bottom

fiber of the beam yk =distance of the centroid of element k from
edge

yr =height of roll axis above center of gravity of beam (hanging
beam)

ys =height above soffit of centroid of prestressing force

yt =distance from centroid to the extreme top fiber of
thenon-composite beam

ytc =distance from centroid to the top of deck of the composite
section

z =lateral deflection of center of gravity of beam

zmax =distance from centerline of vehicle to center of dual
tires

zo =theoretical lateral deflection of center of gravity of beam
with the

full dead weight applied laterally z o =theoretical lateral
deflection of center of gravity of beam with the

full dead weight applied laterally, computed using Ieff for tilt
angleunder consideration

=super-elevation angle or tilt angle of support in radians

=factor used in calculating elastic shortening loss

=coefficient defined by (Eq. 8.6.2.5.1-3) to account for
interactionbetween steel and concrete in pretensioning loss
calculations

s =angle between compressive strut and adjoining tension tie
[LRFD]

=factor indicating ability of diagonally cracked concrete
totransmit tension (a value indicating concrete contribution)
[LRFD]

1 =factor for concrete strength [STD] 1 =ratio of the depth of
the equivalent uniformly stressed compression

zone assumed in the strength limit state to the depth of the
actualcompression zone [LRFD]

c =time-dependent multiplier

=deflection

=camber measured with respect to the beam-ends
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fcdp =change in concrete stress at center of gravity of
pretensioningsteel due to dead loads except the dead load acting at
the timethe pretensioning force is applied [LRFD]

fpCR =loss in pretensioning steel stress due to creep [LRFD]

fpES

=loss in pretensioning steel stress due to elastic shortening
[LRFD]

fpR =loss in pretensioning steel stress due to relaxation of
steel [LRFD]

fpR1 =loss in pretensioning steel stress due to relaxation of
steel attransfer [LRFD]

fpR2 =loss in pretensioning steel stress due to relaxation of
steel aftertransfer [LRFD]

fpSR =loss in pretensioning steel stress due to shrinkage
[LRFD]

fpT =total loss in pretensioning steel stress [LRFD]

fs =total loss of prestress

=strain

c

=strain in concrete beam

cr =the time dependent creep strain

f =the immediate strain due to the applied stress f

fc =elastic strain in concrete

fk =element strain

fs =elastic strain in steel

k =strain in element k

p =strain in prestressing steel

s =strain in mild steel

s =tensile strain in cracked concrete in direction of tensile
tie [LRFD]

sh =free shrinkage strain shb(t,t2) =shrinkage strain of the
beam from time t2to time t

shb(t3,t2) =shrinkage strain of the beam from time t2to time
t3

shd(t,t3) =shrinkage strain of the deck from time t3to time
t

shu =ultimate free shrinkage strain in the concrete, adjusted
for membersize and relative humidity

si =strain in tendons corresponding to initial effective
pretensionstress

x =longitudinal strain in the web reinforcement on the
flexuraltension side of the member [LRFD]

0c =initial strain in concrete 1 =principal tensile strain in
cracked concrete due to factored loads [LRFD]

* =factor for type of pretensioning reinforcement [STD]

=strength reduction factor [STD]

=resistance factor [LRFD]

=curvature

c =curvature at midspan

cr =curvature due to creep

fk =element curvature
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k =curvature of element k

0 =curvature at support

=parameter used to determine friction coefficient [LRFD]

=Poissons ratio for beams [STD]

=coefficient of friction [LRFD] =angle of inclination of
diagonal compressive stresses [LRFD]

=roll angle of major axis of beam with respect to vertical

L =left end rotation of beam due to simple span loads

R =right end rotation of beam due to simple span loads

i =initial roll angle of a rigid beam

max =tilt angle at which cracking begins, based on tension at
the top cornerequal to the modulus of rupture

max =tilt angle at maximum factor of safety against failure

b =reinforcement ratio producing balanced strain condition
[STD]

* =ratio of pretensioning reinforcement [STD]

=a factor that reflects the fact that the actual relaxation is
less thanthe intrinsic relaxation

=aging coefficient

(t,t0) =aging coefficient at certain time
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DESIGN THEORY AND PROCEDURE8.2 Flexure/8.2.1.1.2 Stage 2
Loading

The design of prestressed concrete members in flexure normally
starts with determi-nation of the required prestressing level to
satisfy service conditions, using allow-able stress design (ASD).
All load stages that may be critical during the life of
thestructure from the time prestressing is first applied are
considered. This is followedby a strength check of the entire
member under the influence of factored loads, using

load factor design (LFD). ASD controls the design of most
prestressed concretebridges. Except for rare situations where
strand development length is inadequate,and for some adjacent box
applications, LFD seldom requires the addition of rein-forcement or
other design changes. As a result, the flexural strength of
prestressedconcrete bridges may be significantly larger than that
required. This gives prestressedconcrete bridges greater reserve
strength than either structural steel or reinforcedconcrete and may
be part of the reason that prestressed concrete beams in
bridgestructures last longer. Another significant fact is that
prestressed concrete membersare essentially proof tested during
fabrication. When prestress strands are releasedin the plant, the
prestress level is the highest a member will ever experience while
theconcrete strength is at its lowest.

Various load combinations are considered in design. A load
factor of 1.0 is used toreflect the actual unfactored loading on
the structure. There are exceptions to thisunity factor as
explained in Chapter 7 and later in Section 8.2.1.2. The basic
assump-tions for flexural design are:

a.) Plane sections remain plane and strains vary linearly over
the entire memberdepth regardless of load level. Therefore,
composite members consisting of precastconcrete beams and
cast-in-place decks must be adequately connected so that
thisassumption is valid and all elements respond to superimposed
loads as one unit.

b.) Before cracking, stress is linearly proportional to strain;
i.e. f =E where f is stress,E is modulus of elasticity and is
strain.

c.) After cracking, tension in the concrete is neglected.

d.) Spans made continuous for live load through placement of
reinforcing bars in thedeck slab, or by other means not involving
prestressing, are assumed to be treatedas prestressed members in
the positive moment zone between supports and asconventionally
reinforced members in the negative moment zones over the sup-ports.
Therefore, no allowable tension limit is imposed on the top fiber
stresses inthe negative moment zone. However, crack width, fatigue
and ultimate strengthshould be checked.

The various stages of loading for a prestressed concrete beam
bridge are shown inFigure 8.2.1.1-1and Figure 8.2.1.1-2.

Stage 1 involves tensioning the strand in the prestressing bed.
The tensile stress in the

strand is higher at this stage than at any other stage during
the service life of the mem-ber. Seating losses in the bed,
relaxation losses, and any temperature rise reduce thestress in the
strand. However, if the temperature drops, or harped strand is
deflectedafter tensioning, the stress in the strand will rise.
Producers take these factors intoaccount as part of manufacturing
and quality control processes, so the designers donot need to be
concerned with controlling strand stresses before release.

Concrete is placed in the forms at Stage 2, and cured until it
reaches the initialstrength required by design.
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The force is transfered to the concrete in Stage 3. This is
accomplished by flame cut-ting or by a gradual release of the
jacking force at the stressing abutment (see Chapter3, Sect.
3.3.2.8 for details). As the prestress is gradually released, the
concrete memberbegins to shorten and camber. When the prestress is
fully released, the member resistsits own weight and the prestress
force. The stress distribution is shown in Figure8.2.1.1-2. Regions
near the ends of the member do not receive the benefit of
bendingstresses due to member weight. Therefore, they may be more
critical at release thanthe midspan section. It should be noted
that the very end of the member has zerostresses. A finite distance
from the end, called the transfer length, is required for
theprestress to be fully transferred to the concrete through bond
between the concrete

DESIGN THEORY AND PROCEDURE8.2.1.1.2 Stage 2 Loading/8.2.1.1.3
Stage 3 Loading

Figure 8.2.1.1-1Loading Stages of a

Precast Prestressed ConcreteBridge Beam

Stage 2: Placement of concrete in forms and around tensioned
strands

Stage 5: Full service load after all prestress losses

Stage 4: Member placed on piers and/or abutments and deck slab,
if any, cast

Stage 3: Release of strands causing shortening of member

12

Stage 1: Tensioning of prestressing strands in stressing bed
before casting concrete
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and steel. Thus, for straight strands that are bonded throughout
member length, thecritical section for release stresses is Section
1-1 shown in Figure 8.2.1.1-1. In mostapplications, this is not the
most effective utilization of available prestress.

There are several methods to relieve excessive stresses at
Section 1-1. They includethe following: 1) harpi
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