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SECTION 9 - PRESTRESSED CONCRETE

Part A
General Requirements and Materials

91 APPLICATION

911 General

The specifications of this section are intended for
design of prestressed concrete bridge members. Mem-
bers designed as reinforced concrete, except for a per-
centageof tensilesteel stressed toimproveservicebehav-
ior, shall conform to the applicable specifications of
Section 8.

Exceptionally long span or unusual structures require
detailed consideration of effectswhichunder thisSection
may have been assigned arbitrary values.

9.12 Notations
As = area of non-prestressed tension reinforcement
(Articles 9.7 and 9.19)

A's = areaof compression reinforcement (Article9.19)
A*s = areaof prestressing steel (Article 9.17)
Ay = steel area required to develop the compressive

strength of the overhanging portionsof theflange
(Article 9.17)

Ay = steel area required to develop the compressive
strength of the web of aflanged section (Articles
9.17-9.19)

A, = areaof web reinforcement (Article 9.20)

b = width of flange of flanged member or width of
rectangular member

b, = widthof crosssection at the contact surfacebeing
investigated for horizontal shear (Article 9.20)

b = width of aweb of aflanged member
CR. = lossof prestressdueto creep of concrete (Article
9.16)

CRs = loss of prestress dueto relaxation of prestressing
steel (Article 9.16)

D = nominal diameter of prestressing steel (Articles
9.17 and 9.28)

d = distance from extreme compressive fiber to cen-
troid of the prestressing force, or to centroid of
negative moment reinforcing for precast girder
bridges made continuous

d = distance from the extreme compressive fiber to
the centroid of the non-prestressed tension rein-
forcement (Articles 9.7 and 9.17-9.19)

ES = lossof prestressdueto elastic shortening (Article
9.16)

e = base of Naperian logarithms (Article 9.16)

fegs = averageconcrete compressive stressat the c.g. of
theprestressing steel under full deadload (Article
9.16)

f4r = averageconcretestressat thec.g. of theprestress-
ing steel at time of release (Article 9.16)

f'c = compressive strength of concrete at 28 days

f's = compressivestrength of concreteat timeof initial
prestress (Article 9.15)

fe = average splitting tensile strength of lightweight
aggregate concrete, psi

fqg = stress due to unfactored dead load, at extreme
fiber of section where tensile stress is caused by
externally applied loads (Article 9.20)

foc = compressive stress in concrete (after allowance
for all prestress|osses) at centroid of crosssection
resisting externally appliedloadsor at junction of
web and flange when the centroid lies within the
flange (In a composite member, fpc is resultant
compressive stress at centroid of composite sec-
tion, or at junction of web and flange when the
centroid lies within the flange, due to both pre-
stress and moments resisted by precast member
acting alone.) (Article 9.20)

fre = compressive stress in concrete due to effective
prestress forces only (after allowancefor al pre-
stress losses) at extreme fiber of section where
tensilestressiscaused by externally appliedloads
(Article 9.20)
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fos = guaranteed ultimate tensile strength of the pre-
stressing steel, A* '

fr = themodulus of rupture of concrete, as defined in
Article 9.15.2.3 (Article 9.18)

Afs = total prestress loss, excluding friction (Article
9.16)

fe = effective steel prestress after losses
f*q = average stress in prestressing steel at ultimate

load
f's = ultimatestressof prestressing steel (Articles9.15
and 9.17)

fsy = yieldstressof non-prestressed conventional rein-
forcement in tension (Article 9.19 and 9.20)

f'y = yieldstressof non-prestressed conventional rein-
forcement in compression (Article 9.19)

f*y = vyield stress of prestressing steel (Article 9.15)

= 0.90f's for low-relaxation wire or strand

= 0.85f'sfor stress-relieved wire or strand

= 0.85f'sfor Type | (smooth) high-strength bar

= 0.80f'sfor Type Il (deformed) high-strength bar
h = overall depth of member (Article 9.20)

| = moment of inertia about the centroid of the cross
section (Article 9.20)

K = friction wobble coefficient per foot of prestress-
ing steel (Article 9.16)
L = lengthof prestressing steel element fromjack end

to point x (Article 9.16)

Mg = moment causing flexural cracking at section due
to externally applied loads (Article 9.20)

M* ¢, = cracking moment (Article 9.18)

Mg = compositedead|oad moment at the section (Com-
mentary to Article 9.18)

Mgnc= non-composite dead load moment at the section
(Article 9.18)

Mpax= maximum factored moment at section due to
externally applied loads (Article 9.20)

M, = nominal moment strength of a section

My factoredmomentatsection < M, (Articles9.17
and 9.18)

p = As/bd, ratioof non-prestressedtensionreinforce-
ment (Articles 9.7 and 9.17-9.19)

p* = A*¢/bd, ratio of prestressing steel (Articles 9.17
and 9.19)
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p° = Als/bd, ratio of compression reinforcement (Ar-
ticle 9.19)

P, = factored tendon force |

Q = statical moment of cross-sectional area, above or
bel ow thelevel beinginvestigated for shear, about
the centroid (Article 9.20)

H =loss of prestress due to concrete shrinkage (Ar-
ticle 9.16)

s = longitudinal spacing of the web reinforcement
(Article 9.20)

S = non-composite section modulus for the extreme
fiber of section wherethetensile stressis caused
by externally applied loads (Article 9.18)

S = composite section modulus for the extreme fiber
of section where the tensile stress is caused by
externally applied loads (Article 9.18)

t = averagethicknessof theflange of aflanged mem-
ber (Articles 9.17 and 9.18)

To = steel stressat jacking end (Article 9.16)
Tx = steel stressat any point x (Article 9.16)

v = permissible horizontal shear stress (Article 9.20)
V. = nominal shear strength provided by concrete (Ar-
ticle 9.20)

Vi = nominal shear strength provided by concretewhen
diagonal cracking results from combined shear
and moment (Article 9.20)

Vaw = nominal shear strength provided by concretewhen
diagonal cracking results from excessive princi-
pal tensile stressin web (Article 9.20)

Vg = shear forceat section dueto unfactored dead |oad
(Article 9.20)

V; = factored shear force at section due to externally
appliedloadsoccurring simultaneously with Mpax
(Article 9.20)

Von = nominal horizontal shear strength (Article 9.20)

Vp = vertical component of effective prestressforce at
section (Article 9.20)

Vs = nomina shear strength provided by shear rein-
forcement (Article 9.20)

V, = factored shear force at section (Article 9.20)

Y; = distance from centroidal axis of gross section,
neglecting reinforcement, to extremefiber inten-
sion (Article 9.20)

u = friction curvature coefficient (Article 9.16)




B

c BRIDGE DEsicN SpeciFicaTions ¢ ApPriL 2000

a/trans

= total angular change of prestressing steel profile
in radians from jacking end to point x (Article
9.16)

= factor for concrete strength, asdefined in Article
8.16.2.7 (Articles 9.17-9.19)

y* = factor for type of prestressing steel (Article9.17)
= 0.28 for low-relaxation steel
= 0.40 for stress-relieved steel
= 0.55 for bars

913 Definitions

The following terms are defined for general use.
Specialized definitions appear in individual articles.

Anchorage device—The hardware assembly used for
transferring a post-tensioning force from the tendon
wires, strands or bars to the concrete.

Anchorage Seating—Deformati on of anchorageor seat-
ing of tendons in anchorage device when prestressing
force istransferred from jack to anchorage device.

Anchorage Spacing—Center-to-center spacing of an-
chorage devices.

AnchorageZone—Theportion of thestructureinwhich
the concentrated prestressing force is transferred from
the anchorage deviceinto the concrete (Local Zone), and
then distributed more widely into the structure (General
Zone) (Article 9.21.1).

Basic Anchorage Device—Anchorage device meeting
the restricted bearing stress and minimum plate stiffness
requirements of Articles 9.21.7.2.2 through 9.21.7.2.4;
no acceptance test is required for Basic Anchorage De-
vices.

Bonded Tendon—Prestressing tendonthat isbonded to
concrete either directly or through grouting.

Coating—M aterial used to protect prestressing ten-
donsagainst corrosion, to reducefriction between tendon
and duct, or to debond prestressing tendons.

Couplers (Couplings)—Means by which prestressing
force istransmitted from one partial-length prestressing
tendon to another.

Creep of Concrete—Time-dependent deformation of
concrete under sustained load.

Curvature Friction—Friction resulting from bends or
curves in the specified prestressing tendon profile.

Debonding (blanketing)—Wrapping, sheathing, or
coating prestressing strand to prevent bond between
strand and surrounding concrete.

Diaphragm—Transverse stiffener in girders to main-
tain section geometry.

Duct—Hole or void formed in prestressed member to
accommodate tendon for post-tensioning.

Edge Distance—Distance from the center of the an-
chorage device to the edge of the concrete member.

Effective Prestress—Stress remaining in concrete due
to prestressing after all calculated losses have been de-
ducted, excluding effects of superimposed loads and
weight of member; stress remaining in prestressing ten-
dons after all losses have occurred excluding effects of
dead load and superimposed load.

Elastic Shortening of Concrete—Shortening of mem-
ber caused by application of forcesinduced by prestress-
ing.

End Anchorage—Length of reinforcement, or me-
chanical anchor, or hook, or combination thereof, be-
yond point of zero stress in reinforcement.

End Block—Enlarged end section of member designed
to reduce anchorage stresses.

Friction (post-tensi oning)—Surfaceresi stancebetween
tendon and duct in contact during stressing.

General Zone—Region withinwhich the concentrated
prestressing force spreads out to a more linear stress
distribution over the cross section of the member (Saint
Venant Region) (Article 9.21.2.1).

Grout Opening or Vent—Inlet, outlet, vent, or drainin
post-tensioning duct for grout, water, or air.

Intermediate Anchorage—Anchorage not located at
the end surface of a member or segment; usually in the
form of embedded anchors, blisters, ribs, or recess pock-
ets.

Jacking Force—Temporary force exerted by device
that introduces tension into prestressing tendons.

Local Zone—Thevolume of concrete surrounding and
immediately ahead of the anchorage device, subjected to
high local bearing stresses (Article 9.21.2.2).

Loss of Prestress—Reduction in prestressing force
resulting from combined effectsof strainsin concreteand
steel, including effects of elastic shortening, creep and
shrinkage of concrete, relaxation of steel stress, and for
post-tensioned members, friction and anchorage seating.

Post-Tensioning—Method of prestressing in which
tendons are tensioned after concrete has hardened.

Precompressed Zone—Portion of flexural member
cross-section compressed by prestressing force.

Prestressed Concrete—Reinforced concrete in which
internal stresses have beenintroduced to reduce potential
tensile stresses in concrete resulting from loads.

Pretensioning—M ethod of prestressing in which ten-
dons are tensioned before concrete is placed.
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Relaxation of Tendon Stress—Time-dependent reduc-
tion of stressin prestressing tendon at constant strain.

Shear Lag—Non-uniformdistribution of bending stress
over the cross section.

Shrinkage of Concr ete—Time-dependent deformation
of concrete caused by drying and chemical changes
(hydration process).

Foecial Anchorage Device—Anchorage devicewhose
adequacy must be proven experimentally in the standard-
ized acceptance tests of Division I, Section 10.3.2.3.

Tendon—Wire, strand, or bar, or bundle of such ele-
ments, used to impart prestress to concrete.

Transfer—Act of transferring stress in prestressing
tendons from jacks or pretensioning bed to concrete
member.

Transfer Length—L ength over which prestressingforce
istransferred to concrete by bond in pretensioned mem-
bers.

Wobble Friction—Friction caused by unintended de-
viation of prestressing sheath or duct from its specified
profile or alignment.

Wrapping or Sheathing—Enclosurearound aprestress-
ing tendon to avoid temporary or permanent bond be-
tween prestressing tendon and surrrounding concrete.

9.2 CONCRETE

The specified compressive strength, f'¢, of the con-
crete for each part of the structure shall be shown on the
plans.

9.3 REINFORCEMENT

931 Prestressing Steel
Wire, strands, or bars shall conform to one of the
following specifications.

“Uncoated Stress-Relieved Wire for Prestressed Con-
crete”, AASHTO M 204.

“Uncoated Seven-WireStress-Relieved Strandfor Pre-
stressed Concrete”, AASHTO M 203.

“Uncoated High-Strength Steel Bar for Prestressing
Concrete”, ASTM A 722.

Wire, strands, and bars not specifically listed in
AASHTOM 204, AASHTOM 203, 0or ASTM A 722 may
be used provided they conform to the minimum require-
ments of these specifications.

9-4 SecTioN 9 PresTREsseD CONCRETE
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Part B
Analysis

9.4 GENERAL

Members shall be proportioned for adequate strength
using these specifications as minimum guidelines. Con-
tinuous beams and other statically indeterminate struc-
turesshall bedesigned for adequate strength and satisfac-
tory behavior. Behavior shall be determined by elastic
analysis, taking into account the reactions, moments,
shear, and axial forces produced by prestressing, the
effects of temperature, creep, shrinkage, axial deforma-
tion, restraint of attached structural elements, and foun-
dation settlement.

95 EXPANSION AND CONTRACTION

951 Inall bridges, provisions shall be madein the
design to resist thermal stresses induced, or means shall
beprovidedfor movement caused by temperaturechanges.

9.5.2 Movements not otherwise provided for,
including shortening during stressing, shall be provided
for by means of hinged columns, rockers, sliding plates,
elastomeric pads, or other devices.

96 SPANLENGTH

Theeffective span lengths of simply supported beams
shall not exceed the clear span plusthe depth of the beam.
The span length of continuous or restrained floor slabs
and beams shall be the clear distance between faces of
support. Where fillets making an angle of 45 degrees or
more with the axis of a continuous or restrained slab are
built monalithic with the slab and support, the span shall
be measured from the section where the combined depth
of the slab and thefillet is at least one and one-half times
the thickness of the slab. Maximum negative moments
areto be considered asexisting at the ends of the span, as
abovedefined. No portion of thefillet shall beconsidered
as adding to the effective depth.

9.7 FRAMESAND CONTINUOUS
CONSTRUCTION

9.7.1 Cast-in-Place Post-Tensioned Bridges

The effect of secondary moments due to prestressing

shall beincludedinstresscal culationsat working load. In
calculating ultimate strength moment and shear require-

ments, the secondary moments or shears induced by
prestressing (with a load factor of 1.0) shall be added
algebraically to the moments and shears due to factored
or ultimate dead and live loads.

9.7.2 Bridges Composed of Simple-Span
Precast Prestressed Girders Made
Continuous

9721 General

When structural continuity is assumed in calculating
liveloadsplusimpact and composite dead | oad moments,
the effects of creep and shrinkage shall be considered in
the design of bridgesincorporating simple span precast,
prestressed girdersand deck slabscontinuousover two or
more spans.

9722 Positive Moment Connection at
Piers
9.7.22.1 Provision shall be made in the design

for the positivemomentsthat may devel opinthenegative
moment region due to the combined effects of creep and
shrinkage in the girders and deck slab, and due to the
effects of live load plusimpact in remote spans. Shrink-
age and elastic shortening of the pier shall be considered
when significant.

9.7.2.2.2 Non-prestressed positivemoment con-
nection reinforcement at piers may be designed at a
working stress of 0.6 times the yield strength but not to
exceed 36 ksi.
9.7.2.3 Negative Moments
9.7.23.1 Negative moment reinforcement shall

be proportioned by strength design with load factorsin
accordance with Article 9.14.

9.7.2.3.2 The ultimate negative resisting mo-
ment shall be calculated using the compressive strength
of the girder concrete regardless of the strength of the
diaphragm concrete.

9.7.3 Segmental Box Girders
9731 General
9.73.11 Elastic analysis and beam theory may

be used in the design of segmental box girder structures.
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9.7.3.1.2 In the analysis of precast segmental
box girder bridges, no tension shall be permitted across
any joint between segments during any stage of erection
or service loading.

9.7.3.1.3 In addition to the usual substructure
design considerations, unbalanced cantilever moments
due to segment weights and erection loads shall be
accommodated in pier design or with auxiliary struts.
Erection equipment which can eliminate these unbal-
anced moments may be used.

9.7.3.2 Flexure

The transverse design of segmental box girders for
flexure shall consider the segments asrigid box frames.
Top slabs shall be analyzed as variable depth sections
considering the fillets between the top slab and webs.
Wheel loads shall be positioned to provide maximum
moments, and elastic analysis shall be used to determine
the effective longitudinal distribution of wheel loads for
each load location (see Article 3.11). Transverse pre-
stressing of top slabsis generally recommended.

9.7.3.3 Torsion

In the design of the cross section, consideration shall
be given to the increase in web shear resulting from
eccentric loading or geometry of structure.

98 EFFECTIVE FLANGEWIDTH

981 T-Beams

98.1.1 For composite prestressed construction
where slabs or flanges are assumed to act integrally with
the beam, the effective flange width shall conformto the
provisions for T-girder flangesin Article 8.10.1.

9.8.1.2 For monolithic prestressed construction,
with normal slab span and girder spacing, the effective
flange width shall be the distance center-to-center of
beams. For very short spans, or where girder spacing is
excessive, analytical investigations shall be made to
determine the anticipated width of flange acting with the
beam.

9.8.1.3 For monolithicprestressed design of iso-
lated beams, the flange width shall not exceed 15 times
the web width and shall be adequate for all design loads.
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9.8.2 Box Girders

9.8.21 For cast-in-place box girders with nor-
mal slab span and girder spacing, where the slabs are
considered an integral part of the girder, the entire slab
width shall be assumed to be effective in compression.

9.8.2.2 For box girders of unusual proportions,
including segmental box girders, methods of anaysis
which consider shear lag shall be used to determine
stressesin the cross-section dueto longitudinal bending.

9.8.2.3 Adequatefillets shall be provided at the
intersectionsof all surfaceswithinthecell of abox girder,
except at the junction of web and bottom flange where
none are required.

9.8.3 Precast/Prestressed Concr ete Beams
with Wide Top Flanges
9.8.3.1 For composite prestressed concrete

where slabs or flanges are assumed to act integrally with
the precast beam, the effective web width of the precast
beam shall be the lesser of (1) six times the maximum
thicknessof theflange (excludingfillets) on either side of
theweb plustheweb andfillets, and (2) thetotal width of
the top flange.

9.8.3.2 The effective flange width of the com-
posite section shall be the lesser of (1) one-fourth of the
span length of thegirder, (2) six (6) timesthethickness of
the slab on each side of the effective web width as
determined by Article 9.8.3.1 plus the effective web
width, and (3) one-half the clear distance on each side of
the effective web width plus the effective web width.

99 FLANGE AND WEB THICKNESS—
BOX GIRDERS
9.9.1 Top Flange

The minimum top flange thicknessfor non-segmental

box girders shall be 1/3th of the clear distance between |

fillets or webs but not less than 6 inches, except the
minimum thicknessmay be reduced for factory produced
precast, pretensioned elements to 51/, inches.

The top flange thickness for segmental box girders
shall be determined in accordance with Article 9.7.3.2.

+
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9.9.2 Bottom Flange

The minimum bottom flange thickness for non-seg-
mental and segmental box girdersshall be determined by
maximum allowable unit stresses as specified in Article
9.15, but in no case shall be less than /5t of the clear
distance between filletsor websor 51/, inches, except the
minimum thicknessmay be reduced for factory produced
precast, pretensioned elementsto 5 inches.
9.9.3 Web

Changesin girder stem thickness shall be tapered for
a minimum distance of 12 times the difference in web
thickness.

9.10 DIAPHRAGMS

9101 General

Diaphragms shall be provided in accordance with
Article9.10.2 and 9.10.3 except that diaphragms may be
omitted where tests or structural analysis show adequate
strength.
9.10.2 T-Beams, Precast | and Bulb-tee
Girders

Diaphragms or other means shall be used at span ends
to strengthen the free edge of the slab and to transmit
lateral forces to the substructure. Intermediate dia-
phragms shall be placed between the beams at the points
of maximum moment for spans over 40 feet.

9.10.3 Box Girders

9.10.3.1 For spread box beams, diaphragms shall

be placed within the box and between boxes at span ends

and at the points of maximum moment for spans over 80
feet.

9.10.3.2 For precast box multi-beam bridges, dia-
phragms are required only if necessary for slab-end
support or to contain or resist transverse tension ties.

9.10.3.3 For cast-in-place box girders, dia-
phragms or other means shall be used at span ends to
resist lateral forcesand maintain section geometry. Inter-
mediate diaphragms are not required for bridges with
inside radius of curvature of 800 feet or greater.

9.10.34 For segmental box girders, diaphragms
shall be placed within the box at span ends. Intermediate
diaphragms are not required for bridges with inside
radius of curvature of 800 feet or greater.

9.10.3.5 For all types of prestressed boxes in
bridgeswithinsideradiusof curvaturelessthan 800 feet,
intermediate diaphragms may be required and the spac-
ing and strength of diaphragms shall be given special
consideration in the design of the structure.

9.11 DEFLECTIONS

9111 Genera

Deflection calculations shall consider dead load, live
load, prestressing, erection loads, concrete creep and
shrinkage, and steel relaxation.
9.11.2 Segmental Box Girders

Deflections shall be calculated prior to casting of
segments and they shall be based on the anticipated
casting and erection schedules. Calculated deflections
shall be used as a guide against which actual deflection
measurements are checked.
9.11.3  Superstructure Deflection
Limitations

When making deflection computations, thefollowing
criteria are recommended.

9.11.3.1 Members having simple or continuous
spanspreferably should bedesigned sothat the deflection
dueto serviceliveload plusimpact shall not exceed ¥/ggo
of the span, except on bridgesin urban areas used in part
by pedestrians whereon the ratio preferably shall not
exceed l/]_ooo.

9.11.3.2 The deflection of cantilever armsdueto
serviceliveload plusimpact preferably should belimited
to /300 Of the cantilever arm except for the caseincluding
pedestrian use, wheretheratio preferably should be /37s.

9.12 DECK PANELS
9121 Genera

9.12.1.1 Precast prestressed deck panels used as
permanent forms spanning between stringers may be

SecTioN 9 PresTREsseD CONCRETE 9-7
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designed compositely with the cast-in-place portion of
the slabsto support additional dead loads and liveloads.

9.12.1.2 The panels shall be analyzed assuming
they support their self-weight, any construction loads,
and the weight of the cast-in-place concrete, and shall be
analyzed assuming they act compositely with the cast-in-
place concreteto support momentsdueto additional dead
loads and live loads.

9.12.2 Bending Moment

9.12.2.1 Liveload momentsshall becomputedin
accordance with Article 3.24.3.

9.12.2.2 In calculating stresses in the deck panel
due to negative moment near the stringer, no compres-
sion due to prestressing shall be assumed to exist.

9-8 SecTioN 9 PresTREsseD CONCRETE




+ + + + 4+ + +

&

BRIDGE DEsicN SpeciFicaTions ¢ ApPriL 2000

a/trans

Part C
Design

9.13 GENERAL

9.13.1 Design Theory and General
Considerations
9.13.1.1 Membersshall meet thestrength require-

ments specified herein.

9.13.1.2 Design shall be based on strength (L oad
Factor Design) and on behavior at service conditions
(Allowable Stress Design) at all load stages that may be
critical during the life of the structure from the time the
prestressing is first applied.

The prestressing force and required concrete strength
shall be determined by allowable stress design using
elastic theory for loads at the service level considering
HS loads.

The ultimate moment capacity and the shear design
shall be based on load factor design with factored HS or
P loads.

9.13.1.3 Stress concentrations due to the pre-
stressing shall be considered in the design.

9.13.1.4 The effects of temperature and shrink-
age shall be considered.
9.13.2 Basic Assumptions

The following assumptions are made for design pur-
poses for monolithic members.

9.13.2.1 Strains vary linearly over the depth of
the member throughout the entire load range.

9.13.2.2 Before cracking, stress is linearly pro-
portional to strain.

9.13.2.3 After cracking, tensionintheconcreteis
neglected.
9.13.3 Composite Flexural Members

Composite flexural members consisting of precast
and/or cast-in-place concrete elements constructed in
separate placements but so interconnected that all ele-

ments respond to superimposed loads as a unit shall
conform to the provisions of Articles 8.14.2.1 through
8.14.2.4, 8.14.2.6, and the following.

9.13.31 Where an entire member is assumed to
resist thevertical shear, thedesign shall bein accordance
with the requirements of Articles9.20.1 through 9.20.3.

9.13.3.2 Thedesign shall providefor full transfer
of horizontal shear forcesat contact surfaces of intercon-
nected elements. Design for horizontal shear shall bein
accordance with the requirements of Article 9.20.4.

9.13.3.3 In structureswith acast-in-placeslab on
precast beams, the differential shrinkage tends to cause
tensilestressesin the slab and in the bottom of the beams.
Becausethetensile shrinkage devel ops over an extended
time period, the effect on the beamsisreduced by creep.
Differential shrinkage may influence the cracking load
and the beam deflection profile. When these factors are
particularly significant, the effect of differential shrink-
age should be added to the effect of |oads.

9.14 LOAD FACTORS

The computed strength capacity shall not belessthan
the largest value from load factor design in Article 3.22.
For the design of post-tensioned anchorage zones aload
factor of 1.2 shall be applied to the maximum tendon
jacking force.

The following strength capactity reduction factors
shall be used:

For factory produced precast prestressed concretemem-
bers ¢ =1.0

For post-tensioned cast-in-place concrete members
=0.95

For shear =0.90

For anchorage zones = 0.85 for norma weight
concreteand = 0.70 for lightweight concrete.

9.15 ALLOWABLE STRESSES

Thedesign of precast prestressed members ordinarily
shall bebased onf';=5,000 psi. Anincreaseto 6,000 psi |
is permissible where, in the Engineer’s judgment, it is
reasonable to expect that this strength will be obtained
consistently. Still higher concrete strengths may be

SecTioN 9 PresTREsseD CONCRETE 9-9
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considered onanindividual areabasis. Insuch cases, the
Engineer shall satisfy himself completely that the con-
trols over materials and fabrication procedures will pro-
videtherequired strengths. Theprovisionsof thisSection
are equally applicable to prestressed concrete structures
and components designed with lower concrete strengths.
In Environmental Arealll use f'c = 5,000 psi maxi-
mum because of required air entrainment.
9.15.1 Prestressing Steel
Pretensioned members:
Stressimmediately prior to transfer—
Low-relaxation strands ............cceeeeeevcvveeeene 0.75f'
Stress-relieved strands ........cceeeecceeee v, 0.70f'g
Post-tensioned members:
Stressimmediately after seating—

At anchorage.........cccevererenenicieee 0.70f'
At the end of the seating loss zone.......... 0.83 f*y
Maximum jacking StresS .......ccoceveeerieeeeneens 0.75f'g

For longer frame structures, tensioning to

0.90 f*y for short periods of time prior to

seating may be permitted to of fset seating

and friction losses provided the stress at

the anchorage does not exceed the above

value.

Stress at service load after losses................ 0.80 f*y

Service load consists of all loads con-

tained in Article 3.2 but does not include
overload provisions.

9.15.2 Concrete

9.15.21  Temporary Stresses Before
Losses Dueto Creep and
Shrinkage

Compression:
Pretensioned members .........coceveeeeeeiiineene 0.60f'
Post-tensioned members ..........cceeeeeeevieeeenns 0.55f"
Tension:
Precompressed tensile zone.............. No temporary
allowable stresses are specified. See Ar-
ticle 9.15.2.2 for alowable stresses after
losses.
Other areas:
In tension areas with no bonded
reinforcement............ccoceeeeienenns 200psior3
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Wherethe calcul ated tensile stress exceeds
thisval ue, bonded reinforcement shall be
provided to resist the total tension force
in the concrete computed on the assump-
tion of an uncracked section. The maxi-
mum tensile stress shall not

EXCEE ... 75fq

9.15.2.2 Stress at Service Load After

L osses Have Occurred
Compression:

(8 Thecompressive stressesunder all load combina-
tions, except as stated in (b) and (c), shall not
exceed 0.60f ..

(b) The compressive stresses due to effective pre-
stress plus permanent (dead) loads shall not ex-
ceed 0.40f ..

(c) Thecompressivestressdueto liveloads plusone-
half of the sum of compressive stresses due to
prestress and permanent (dead) loads shall not
exceed 0.40f ..

Tension in the precompressed tensile zone:

Service Load Condition:
(8 For members with bonded reinforcement,
including bonded prestressed strands.. 6 \/TC ‘
(b) For Environmental Arealll and Marine +
Environment........ccoeonineinenneneen 34 f +

(c) For members without bonded reinforcement....0 |
Dead and Additional Dead Load Condition: ........ 0|

Tension in other areasis limited by allowable tempo-
rary stresses specified in Article 9.15.2.1.

9.15.23  Cracking Stress (Refer to Article
9.18)

Modulus of rupture from tests or if not available.

For normal weight concrete ...........ccoccoveeenee. 75,/ f.

For sand-lightweight concrete...................... 6.3,/ f.

For all other lightweight concrete................. 55,/ f/
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9.15.2.4 Anchorage Bearing Stress

Post-tensioned anchorage at service load.... 3,000 psi
(but not to exceed 0.9 ')

9.16 LOSS OF PRESTRESS

9.16.1 Friction Losses

Friction losses in post-tensioned steel shall be based
on experimentally determined wobble and curvature co-
efficients, and shall be verified during stressing opera-
tions. The values of coefficients assumed for design, and
the acceptabl e ranges of jacking forces and steel elonga-
tions shall be shown on the plans. These friction losses
shall be calculated as follows:

To = Txe(KLﬂm) (9'1)

When (KL + ua) isnot greater than 0.3, the following
equation may be used:

T, =T,(1+KL + yar) (9-2)

Thefollowing valuesfor K and # may be used when
experimental datafor thematerialsused arenot available:

Typeof Steel | Type of Duct K/ft. m
Wireor strand| Rigidand semi-
rigid galvanized
metal sheathing
Tendon Length:
0 - 600 feet 0.0002 | 0.15
600 - 900 feet | 0.0002 | 0.20
900 - 1200 feet | 0.0002 | 0.25
>1200 feet 0.0002 | 0.25*
Polyethylene 0.0002 | 0.23
Rigid steel pipe | 0.0002 | 0.25*
High-strength| Galvanized metal
bars sheathing 0.0002 | 0.15

*Lubrication will probably be required.
** Add effect of horizontal curvatureif any.

Friction losses occur prior to anchoring but should be
estimated for design and checked during stressing opera-
tions. Rigid ducts shall have sufficient strength to main-
tain their correct alignment without visible wobble dur-
ing placement of concrete. Rigid ductsmay befabricated
with either welded or interlocked seams. Galvanizing of
the welded seam will not be required.

9.16.2 Prestress L osses

9.16.2.1 General

Lossof prestressdueto all causes, excluding friction,
may be determined by thefollowing method. Themethod
is based on normal weight concrete and one of the
following types of prestressing steel: 250 or 270 ksi,
seven-wire, stress-relieved or low-relaxation strand; 240
ks stress-relieved wires; or 145 to 160 ksi smooth or
deformed bars. Refer to documented testsfor dataregard-
ingthepropertiesand theeffectsof lightweight aggregate
concrete on prestress |0sses.

Should more exact prestressed |osses be desired, data
representing the materials to be used, the methods of
curing, the ambient service condition and any pertinent
structural details should be determined for use in accor-
dancewithamethod of calculating prestresslossesthat is
supported by appropriate research data. Seealso FHWA
Report FHWA/RD 85/045, Criteriafor Designing Light-
weight Concrete Bridges.

TOTAL LOSS

(9-3)

where:

Afgy = total lossexcludingfrictionin poundsper square
inch;

H = loss due to concrete shrinkage in pounds per
square inch;

ES =loss due to elastic shortening in pounds per
square inch;

CR. = loss due to creep of concrete in pounds per
square inch;

CRs = loss due to relaxation of prestressing steel in
pounds per square inch.

SecTioN 9 PresTREsseD CONCRETE 9-11




&

BRIDGE DEsicN SpeciFicaTions ¢ ApPriL 2000

a/trans

9.16.2.1.1 Shrinkage

Pretensioned Members:

SH = 17,000 — 150RH (9-9)
Post-tensioned Members:
SH =0.80(17,000 — 150RH) (9-5)

where RH = mean annual ambient relative humidity in
percent (see Figure 9.16.2.1.1).
9.16.2.1.2  Elastic Shortening

Pretensioned Members

ESZE feir

Egi (-6)

Post-tensioned Members (certain tensioning proce-
dures may alter the elastic shortening losses).

=

(9-7)

where:

Es = modulusof elasticity of prestressing steel strand,
which can be assumed to be 28 x 10° psi;

Eq = modulus of elasticity of concretein psi at trans-
fer of stress, which can be calculated from:

E =33N3/2\/f—(;i

inwhichw isthe concrete unit weight in pounds
per cubic footand fg isin pounds per square
inch;

feir = concrete stress at the center of gravity of the
prestressing steel due to prestressing force and
dead load of beam immediately after transfer;
feir shall becomputed at the section or sectionsof
maximum moment. (At this stage, the initial
stressin the tendon has been reduced by elastic
shortening of the concreteand tendon rel axation
during placing and curing the concrete for
pretensioned members, or by elastic shortening

(9-8)
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of the concrete and tendon friction for post-
tensioned members. The reductions to initial
tendon stress due to these factors can be esti-
mated, or thereduced tendon stress can betaken
as0.63f'sfor stressrelieved strand or 0.69f'sfor
low relaxation strand in typical pretensioned
members.)

9.16.2.1.3 Creep of Concrete
Pretensioned and post-tensioned members
CR; = 12fgr — Tfegs (9-9)
where:
fegs = concrete stress at the center of gravity of the
prestressing steel due to all dead loads except
thedead |oad present at thetimetheprestressing
forceis applied.
9.16.2.1.4 Relaxation of Prestressing Seel
The relaxation losses are based on an initial stress
equa to the stress at anchorages allowed by Article
9.15.1.
Pretensioned Members

250 to 270 ksi Strand

CRs = 20,000 - 0.4 ES-0.2 (H + CRy)

for stressrelieved strand (9-10)
CR; = 5,000 —-0.10 ES-0.05 (SH + CRy)
for low relaxation strand (9-10A)

Post-tensioned Members
250 to 270 ksi Strand

CR;=20,000—-0.3FR-04ES-0.2(H + CR)
for stressrelieved strand (9-11)

CR; = 5,000 —0.07FR—0.1 ES-0.05 (SH + CR,)
for low relaxation strand (9-11A)

240 ksi Wire

CR,=18,000—0.3FR-0.4ES—0.2(SH + CRy)
(9-12)
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145t0160ksi Bars
CRs = 3,000
where:

FR = friction loss stress reduction in psi below
the level of 0.70f's at the point under con-
sideration, computed according to Article
9.16.1;

ES H,

and CR. = appropriate values as determined for either
and CR. pre-tensioned or post-tensioned
members.

9.16.2.2  Estimated L osses

In lieu of the preceding method, the following esti-
mates of total losses may be used for prestressed mem-
bers or structures of usual design. These loss values are
based on use of normal weight concrete, normal prestress
levels, and average exposure conditions. For exception-
ally long spans, or for unusual designs, the method in

Article 9.16.2.1 or amore exact method shall be used.

TABLE 9.16.2.2 Estimate of Prestress L osses

Total Loss
Typeof Normal Weight | Light Weight
Prestressing Steel Aggregate Aggregate
Concrete Concrete
Pretensioning:
Normal Relaxation
Strand 45,000 psi 50,000 ps
Low Relaxation
Strand 35,000 psi 40,000 psi
Post-Tensioning*:
Normal Relaxation
Strand or wires 32,000 psi 40,000 psi
Low Relaxation
Strand 20,000 psi 30,000 ps
Bars 22,000 psi

* |_osses dueto friction are excluded. Friction losses should be
computed according to Article 9.16.1.
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9.17 FLEXURAL STRENGTH

9.17.1 General

Prestressed concrete members may be assumed to act
as uncracked members subjected to combined axial and
bending stresseswithin specified serviceloads. Incalcu-
lations of section properties, the transformed area of
bonded reinforcement may be included in pretensioned
members and in post-tensioned members after grouting;
prior to bonding of tendons, areas of the open ducts shall
be deducted.
9.17.2 Rectangular Sections

For rectangular or flanged sections having prestress-
ing steel only, which the depth of the equivalent rectan-
gular stress block, defined as (A* sf* g,)/(0.85f'cb), is not
greater than the compression flange thickness “t”, and
which satisfy Eq. (9-20), the design flexural strength
shall be assumed as:

. *f*
M :40[/% fsud [1—0.6 pTCS“] (9-13)

For rectangular or flanged sections with non-pre-
stressed tension reinforcement included, in which the
depth of the equivalent rectangular stress block, defined
as (A*sf* g, + Asfg))/(0.85 f'ch), is not greater than the
compression flange thickness “t”, and which satisfy Eq.
(9-24), the design flexural strength shall be assumed as:

. . * * f
Atld1-0g Pt G Py
e d g

W™y =

d p*f* pfsy
+ Agfgdy|1-0.6) ——H +—=
Astsy t[ [dt TR ﬂ (9-133)
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9.17.3 Flanged Sections

For sections having prestressing steel only, in which
the depth of the equivalent rectangular stress block,
defined as (Ag f*,)/(0.85 f'cb') is greater than the com-
pression flange thickness “t”, and which satisfy Eq. (9-
21), the design flexural strength shall be assumed as:

« oAty
wiidpeof 508

W™y =

+0.851:(b-b)()(d - 051) } 010

For sections with non-prestressed tension reinforce-
ment included, in which the depth of the equivalent
rectangular stress block, defined as (A *5,)/(0.85 f'b')
is greater than the compression flange thickness“t”, and
which satisfy Eq. (9-25), the design flexural strength
shall be assumed as:

_ ‘ As o,
= fqd/1-0.6 === | |+ Acfg,(dt —d
Mp Ag Ty [ [ bdf, As sy( t )
+0.85f¢(b-b) t)(d —0.5t) } (9-144)
where:
Ay = A*s—Ag4inEq. (9-14); (9-15)
Ay = Afs+ (Asfylf* ) - A¢in Eq. (9-148)  (9-158)
Ay = thesteel arearequired to develop the ultimate

compressive strength of the web of a flanged
section.
Ag =0.85f'c(b—Db)t/f*g; (9-16)
Ay = the steel area required to develop the ultimate

compressive strength of the overhanging por-
tions of the flange.

9.17.4 Steel Stress
9.17.4.1 Unless the value of f*g, can be more
accurately known from detailed analysis, the following

values may be used:

Bonded members........
with prestressing only (as defined);

R RE
feu = f{l-[ﬁ—lj[ fésﬂ (9-17)

with non-prestressed tension reinforcement
included;

f Vg di( Ply
fsu—fs{l E[ 7 +F( i (9-17a)

Unbonded members.....

foy = feo +900((d - yy)/1e) (9-18)

but shall not exceed f*y.
where:

distancefrom extreme compression fiber to the
neutral axis assuming the tendon prestressing
steel has yielded.

= [;/(1 + 0.5Ny); effective tendon length.

= tendon length between anchorages (in.).

= number of support hinges crossed by the ten-
don between anchorages or discretely bonded
points.

provided that:

(1) The stress-strain properties of the prestressing
steel approximate those specified in Division I,
Article 10.3.1.1.

(2) Theeffectiveprestressafter lossesisnot lessthan
05f's
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9.17.4.2 At ultimate load, the stress in the pre-
stressing steel of precast deck panels shall be limited to:

*

4 2
fou :_X+§ fee (9-19)

D

but shall not be greater than f* g, asgiven by the equations
in Article 9.17.4.1. In the above eguation:

D = nominal diameter of strand in inches;

f = effectivestressinprestressing strand after losses
in kips per square inch;

¢, = distance from end of prestressing strand to
center of panel in inches.

| 9.18 DUCTILITY LIMITS

9.18.1 Maximum Prestressing Steel

Prestressed concrete members shall be designed so
that the steel is yielding as ultimate capacity is ap-
proached. In general, the reinforcement index shall be
such that:

*

p f_s'u (for rectangular sections)  (9-20)
and
fou |
=+ (for flanged sections) (9-21)
b'df¢

doesnot exceed 0.36 3 1. (See Article 9.19 for reinforce-
ment indices of sections with non-prestressed reinforce-
ment.).

For members with reinforcement indices greater than
0.36 g 1, thedesignflexural strength shall be assumed not
greater than:

For rectangular sections:

M, =go(o.36/31—o.08/312) febd?  (9-22)
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For flanged sections:

M = qo’(0.36 /31—0.08/312) fibd? +

0.85 f. (b—b')t(d -0.5t)] (9-23)
9.18.2 Minimum Steel
9.18.2.1 Thetotal amount of prestressed and non-

prestressed reinforcement shall be adequate to develop
an ultimate moment at the critical section at least 1.2
times the cracking moment M, .

M, 212Mg
where:
M = (fr + Fpe) Se ~Ma/no(Se/ S 1)

Appropriate values for Mync and S, shall be used for
any intermediate composite sections. Where beams are
designed to be noncomposite, substitute §, for & in the
above equation for the calculation of M zr .

9.18.2.2 Therequirementsof Article9.18.2.1 may
be waived if the area of prestressed and non-prestressed
reinforcement provided at a section is at least one-third
greater than that required by analysis based on the |oad-
ing combinations specified in Article 3.22.

9.18.2.3 Theminimumamount of non-prestressed
longitudinal reinforcement provided in the cast-in-place
portion of slabs utilizing precast prestressed deck panels
shall be 0.25 sguare inch per foot of slab width.

9.19 NON-PRESTRESSED
REINFORCEMENT

Non-prestressed reinforcement may be considered as
contributing tothetensilestrength of thebeam at ultimate
strength in an amount equal to its area times its yield
point, provided that
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For rectangular sections:

Pley | de L[ P o |_(PTY
—+ - <0.36
[ fe jd fe fe A (e29
For flanged sections:
Asf fau | [ Ay
e Asr |- =Y 1<0368 (9-25)
b'dfé b'dfé b'df¢

Design flexural strength shall be calculated based on
Eq. (9-13a) of Eqg. (9-144a) if these values are met, and on
Eq. (9-22) or Eq. (9-23) if these values are exceeded.

9.20 SHEAR

The method for design of web reinforcement pre-
sentedinthe 1979 Interim AASHTO Standard Specifica-
tions for Highway Bridgesis an acceptable alternate.
9.20.1 General

9.20.1.1 Prestressed concrete flexural members,
except solid slabs and footings, shall be reinforced for
shear and diagonal tension stresses. V oided slabsshall be
investigated for shear, but shear reinforcement may be
omitted if thefactored shear force, V,, islessthan half the
shear strength provided by the concrete ¢V..

9.20.1.2 Web reinforcement shall consist of stir-
rups perpendicular to the axis of the member or welded
wirefabricwithwireslocated perpendicular to the axisof
the member. Web reinforcement shall extend to a dis-
tance d from the extreme compression fiber and shall be
carried as close to the compression and tension surfaces
of the member as cover requirements and the proximity
of other reinforcement permit. Web reinforcement shall
be anchored at both ends for its design yield strength in
accordance with the provisions of Article 8.27.

9.20.1.3
signed so that

Members subject to shear shall be de-

Vi < Ve +Vs) (9-26)

where V,isthefactored shear force at the section consid-
ered, V. is the nominal shear strength provided by con-
crete and Vs is the nominal shear strength provided by
web reinforcement.

9.20.1.4 When the reaction to the applied loads
introduces compression into the end regions of the mem-
ber, sections located at a distance less than h/2 from the
face of the support may be designed for the same shear V,,
asthat computed at a distance h/2.

9.20.1.5 Reinforced keysshall be providedinthe
websof precast segmental box girderstotransfer erection
shear. Possiblereverse shearing stressesin the shear keys
shall beinvestigated, particularly in segmentsnear apier.
At time of erection, the shear stress carried by the shear
key shall not exceed 2/f; .

9.20.2  Shear Strength Provided by Concrete

9.20.2.1 The shear strength provided by con-
crete, V., shall be taken as the lesser of the values V or
VON'

9.20.2.2 The shear strength, Vg, shall be com-
puted by:
Vo =06/ Tgbid +Vg +ohe o
Mmax

but need not be lessthan 1.7,/ fib'd and d need not be
taken less than 0.8h.

The moment causing flexural cracking at the section
due to externally applied loads, M, shall be computed

by:

| ;
M :7(6\/ fo + fpe - fd) (9-28)
t

The maximum factored moment and factored shear at
the section due to externally applied loads, M. and V;,
shall be computed from the load combination causing
maximum moment at the section.

9.20.2.3
puted by:

The shear strength, Ve, shall be com-
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Ve = (35Jf—c + 0.3fpc)b'd +Vp  (9-29)

but d need not be taken less than 0.8h.

9.20.2.4 For apretensioned member inwhich the
section at adistance h/2 from theface of support iscloser
to the end of the member than the transfer length of the
prestressing tendons, the reduced prestress shall be con-
sidered when computing V. The prestressforce may be
assumed to vary linearly from zero at the end of the
tendon to a maximum at a distance from the end of the
tendon equal to the transfer length, assumed to be 50
diameters for strand and 100 diameters for single wire.

9.20.2.5 The provisions for computing the shear
strength provided by concrete, Vg and Vg, apply to
normal weight concrete. When lightweight aggregate
concretes are used (see definition, concrete, structural
lightweight, Article 8.1.3), one of the following modifi-
cations shall apply:

(8 When fy is specified, the shear strength, V4 and
Ve, shall be modified by substituting f,/6.7 for
Jfé . but the value of 7,/6.7 used shall not
exceed 4 f¢ .

(b) When fy is not specified, V¢ and Vo, shall be
madified by multiplying each term containing
\ﬁi‘ by 0.75for “all lightweight” concrete, and
0.85 for “sand-lightweight” concrete. Linear
interpolation may be used when partial sand re-
placement is used.

9.20.3  Shear Strength Provided by Web
Reinfor cement
9.20.3.1 The shear strength provided by web re-

inforcement shall be taken as:

A, fg/d
Vg = Ssy (9-30)

where A, is the area of web reinforcement within a
distance s. Vs shall not be taken greater than 8,/ f¢b'd

and d need not be taken less than 0.8h.

9.20.3.2 The spacing of web reinforcing shall not
exceed 0.75h or 24 inches. When Vs exceeds 4,/ fg b'd
this maximum spacing shall be reduced by one-half.
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9.20.3.3 The minimum area of web reinforce-
ment shall be:
50b's
A= 9-31
fy (9-31)

whereb' and s are ininches and fs, isin psi.

9.20.3.4 The design yield strength of web rein-
forcement, fs, shall not exceed 60,000 psi.

9.204 Horizontal Shear Design—Composite
Flexural Members
9.20.4.1 In a composite member, full transfer of

horizontal shear forces shall be assured at contact sur-
faces of interconnected €l ements.

9.20.4.2 Design of cross sections subject to hori-
zontal shear may be in accordance with provisions of
Article 9.20.4.3 or 9.20.4.4, or any other shear transfer
design method that results in prediction of strength in
substantial agreement with results of comprehensive
tests.

9.20.4.3 Design of cross sections subject to hori-
zontal shear may be based on:

Vu S W (9-31a)

whereV,, is factored shear force at a section considered,
Vmn 1S nominal horizontal shear strength in accordance
with thefollowing, and where d isfor the entire compos-
ite section.

(8 When contact surface is clean, free of laitance,
and intentionally roughened, shear strength Vs
shall not be taken greater than 80b,d, in pounds.

(b) When minimum ties are provided in accordance
with Article9.20.4.5, and contact surfaceisclean
and free of laitance, but not intentionally rough-
ened, shear strength Vi, shall not betaken greater
than 80b,d, in pounds.

(c) When minimum ties are provided in accordance
withArticle9.20.4.5, and contact surfaceisclean,
free of laitance, and intentionally roughened to a
full amplitude of approximately 1/, in., shear
strength Vi, shall not betaken greater than 350b,d,
in pounds.
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(d) For each percent of tiereinforcement crossing the
contact surface in excess of the minimum re-
quired by article 9.20.4.5, shear strength V;, may
be increased by (160f,/40,000)b,d, in pounds.

9.20.4.4 Horizontal shear may beinvestigated by
computing, in any segment not exceeding one-tenth of
the span, the changein compressive or tensileforceto be
transferred, and provisions made to transfer that force as
horizontal shear between interconnected elements. The
factored horizontal shear force shall not exceed horizon-
tal shear strength ¢Vhinaccordancewith Article9.20.4.3,
except that the length of segment considered shall be
substituted for d.
9.2045 Tiesfor Horizontal Shear
(8 When required, aminimum area of tie reinforce-
ment shall be provided between interconnected
elements. Tieareashall not belessthan 50b,5/f,
andtiespacing“s’ shall not exceed four timesthe
least webwidth of support element, nor 24 inches.
(b) Ties for horizontal shear may consist of single
barsor wire, multipleleg stirrups, or vertical legs
of weldedwirefabric. All tiesshall beadequately
anchored into interconnected elements by em-
bedment or hooks.

9.21 POST-TENSIONED ANCHORAGE
ZONES
9.21.1 Geometry of the Anchorage Zone
9.21.1.1 The anchorage zone is geometrically
defined as the volume of concrete through which the
concentrated prestressing force at the anchorage device

spreads transversely to alinear stress distribution across
the entire cross section.

9.21.1.2 For anchorage zones at the end of a
member or segment, the transverse dimensions may be
taken as the depth and width of the section. Thelongitu-
dinal extent of the anchorage zonein the direction of the
tendon (ahead of the anchorage) shall betaken asnot less
than the larger transverse dimension but not more than
1/, times that dimension.

9.21.1.3 For intermediate anchoragesin addition
tothelength of Article9.21.1.2 the anchorage zone shall
be considered to also extend in the opposite direction for
adistance not less than the larger transverse dimension.

9.21.14 For multipleslab anchorages, bothwidth
and length of the anchorage zone shall be taken as equal
to the center-to-center spacing between stressed tendons,
but not morethan thelength of the slabin thedirection of
the tendon axis. The thickness of the anchorage zone
shall be taken egual to the thickness of the slab.

9.21.1.5 For design purposes, theanchoragezone
shall be considered as comprised of two regions; the
general zone asdefined in Article 9.21.2.1 and the local
zone as defined in Article 9.21.2.2.

9.21.2 General Zoneand Local Zone
9.21.21 General Zone
9.21.2.11 The geometric extent of the general

zoneisidentical to that of the overall anchorage zone as
defined in Article 9.21.1 and includes the local zone.

9.21.2.1.2 Design of general zones shall meet the
reguirements of Articles 9.14 and 9.21.3.

9.21.22 Local Zone

9.21.2.21 Thelocal zoneisdefined astherectan-

gular prism (or equivalent rectangular prism for circular
or oval anchorages) of concrete surrounding and imme-
diately ahead of the anchorage device and any integral
confining reinforcement. The dimensions of the local
zone are defined in Article 9.21.7.

9.21.2.2.2 Design of local zones shall meet the
reguirementsof Articles9.14and 9.21.7 or shall be based
on the results of experimental tests required in Article
9.21.7.3 and described in Article 10.3.2.3 of Division 1.
Anchorage devices based on the acceptance test of Divi-
sionll, Article10.3.2.3, arereferred to as special anchor-
age devices.

9.21.2.3 Responsibilities

9.21.2.31 The engineer of record is responsible
for the overall design and approval of working drawings
for thegeneral zone, including the specificlocation of the
tendons and anchorage devices, general zone reinforce-
ment, and the specific stressing sequence. The engineer
of record isalso responsiblefor the design of local zones
based on Article 9.21.7.2 and for the approval of special
anchorage devices used under the provisions of Section
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9.21.7.3. All working drawingsfor thelocal zonemust be
approved by the engineer of record.

9.21.2.3.2  Anchoragedevicesuppliersarerespon-
sible for furnishing anchorage devices which satisfy the
anchor efficiency requirements of Division Il, Article
10.3.2. Inaddition, if special anchoragedevicesareused,
the anchorage device supplier isresponsible for furnish-
ing anchorage devices that satisfy the acceptance test
requirements of Article 9.21.7.3 and of Division I,
Article 10.3.2.3. This acceptance test and the anchor
efficiency test shall be conducted by an independent
testing agency acceptable to the engineer of record. The
anchorage device supplier shall provide records of the
acceptance test in conformance with Division |1, Article
10.3.2.3.12 to the engineer of record and to the construc-
tor and shall specify auxiliary and confining reinforce-
ment, minimum edge distance, minimum anchor spac-
ing, and minimum concrete strength at time of stressing
reguired for proper performance of the local zone.

9.21.2.3.3 Theresponsihilities of the constructor
are specified in Division 11, Article 10.4.

9.21.3 General Zoneand Local Zone

9.21.3.1 Design Methods
Thefollowing methods may be used for the design of
general zones:

(1) Equilibrium based plasticity models (strut-and-
tie models) (see Article 9.21.4)

(2) Elastic stress analysis (finite element analysis or
equivalent) (see Article 9.21.5)

(3) Approximate methods for determining the com-
pression and tension forces, where applicable.
(See Article 9.21.6)

Regardless of the design method used, all designs shall
conform to the requirements of Article 9.21.3.4.

The effects of stressing sequence and three-dimen-
sional effects shall be considered in the design. When
these three dimensional effects appear significant, they
may beanalyzed using three-dimensional analysisproce-
dures or may be approximated by considering two or
more planes. However, in these approximations the
interaction of theplanes’ model smust be considered, and
the model loadings and results must be consistent.
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9.21.3.2 Nominal Material Strengths

9.21.3.21 Thenominal tensilestrength of bonded
reinforcement is limited to fs, for non-prestressed rein-
forcement and to f, for prestressed reinforcement. The
nominal tensile strength of unbonded prestressed rein-
forcement islimited to fs + 15,000 psi.

9.21.3.2.2 The effective nominal compressive
strength of the concrete of the general zone, exclusive of
confined concrete, islimitedto0.7f'c. Thetensilestrength
of the concrete shall be neglected.

9.21.3.2.3 The compressive strength of concrete
at transfer of prestressing shall be specified on the con-
struction drawings. If not otherwise specified, stress
shall not betransferred to concrete until the compressive
strength of the concrete as indicated by test cylinders,
cured by methods identical with the curing of the mem-
ber, is at least 4,000 psi.

9.21.3.3 Useof Special Anchorage Devices

Whenever special anchorage devices which do not
meet the requirements of Article 9.21.7.2 areto be used,
reinforcement similarinconfigurationandat | east equiva
lent in volumetric ratio to the supplementary skin rein-
forcement permitted under the provisions of Division I,
Article10.3.2.3.4 shal befurnishedinthe corresponding
regions of the anchorage zone.

9.21.34  General Design Principlesand
Detailing Requirements

Good detailing and quality workmanship are essential
for the satisfactory performance of anchorage zones.
Sizes and details for anchorage zones should respect the
need for tol erances on the bending, fabrication and place-
ment of reinforcement, the size of aggregate and the need
for placement and sound consolidation of the concrete.

9.21.34.1 Compressive stresses in the concrete
ahead of basic anchorage devices shall meet the
requiremens of Article 9.21.7.2.

9.21.34.2 Compressive stresses in the concrete
ahead of special anchorage devices shall be checked at a
distance measured from the concrete-bearing surface
equal to the smaller of:
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(1) The depth to the end of the local confinement
reinforcement.

(2) The smaller lateral dimension of the anchorage
device.

These compressive stresses may be determined accord-
ingtothestrut-and-tiemodel proceduresof Article9.21.4,
fromandasticstressanalysisaccordingtoArticle9.21.5.2,
or by theapproximatemethod outlinedin Article9.21.6.2.
These compressive stresses shall not exceed 0.7f';.

9.21.34.3 Compressive stresses shall also be
checkedwheregeometry or loading discontinuitieswithin
or ahead of the anchorage zone may cause stress concen-
trations.

9.21.34.4 The bursting force is the tensile force
in the anchorage zone acting ahead of the anchorage
device and transverseto thetendon axis. The magnitude
of the bursting force, Tyyrg, @nd it’s corresponding dis-
tance from the loaded surface, dy,r, can be determined
usingthestrut-and-tiemodel proceduresof Article9.21.4,
fromandasticstressanalysisaccordingtoArticle9.21.5.3,
or by theapproximatemethod outlinedin Article9.21.6.3.
Three-dimensional effects shall be considered for the
determination of thebursting rei nforcement requirements.

9.21.34.5  Resistancetoburstingforces, Wsfsy
and/or @A fy , shall be provided by non-prestressed or

prestressed reinforcement, in the form of spirals, closed
hoops, or well-anchored transverseties. Thisreinforce-
ment is to be proportioned to resist the total factored
bursting force. Arrangement and anchorage of bursting
reinforcement shall satisfy the following:

(1) Bursting reinforcement shall extend over thefull
width of the member and must be anchored as
close to the outer faces of the member as cover
permits.

(2) Burstingreinforcement shall bedistributed ahead
of the loaded surface along both sides of the
tendon throughout a distance 2.5dy,¢ for the
plane considered, but not to exceed 1.5 timesthe
corresponding lateral dimension of the section.
The centroid of the bursting reinforcement shall
coincide with the distance dy,y used for the
design.

(3) Spacing of bursting reinforcement shall exceed
neither 24 bar diameters nor 12 inches.

9.21.3.4.6 Edgetensionforcesaretensileforcesin
the anchorage zone acting parallel and close to the
transverse edge and longitudinal edges of the member.
Thetransverse edgeisthe surfaceloaded by the anchors.
Thetensile force along the transverse edgeisreferred to
asspallingforce. Thetensileforcealongthelongitudinal
edge is referred to as longitudinal edge tension force.

9.21.34.7 Spalling forces areinduced in concen-
trically loaded anchorage zones, eccentrically loaded
anchorage zones, and anchorage zones for multiple an-
chors. Longitudinal edge tension forces are induced
when the resultant of the anchorage forces considered
causeseccentricloading of theanchoragezone. Theedge
tension forces can be determined from an elastic stress
analysis, strut-and-tie models, or in accordance with the
approximate methods of Article 9.21.6.4.

9.21.34.8 In no case shall the spalling force be
taken as less than 2 percent of the total factored tendon
force.

9.21.3.4.9 R*esiftance to edge tension forces,
(zAsty and/or ¢Ag fy , shall be provided intheform of

non-prestressed or prestressedreinforcement located close
to the longitudinal and transverse edge of the concrete.
Arrangement and anchorage of the edge tension rein-
forcement shall satisfy the following:

(1) Minimum spalling reinforcement satisfying Ar-
ticle9.21.3.4.8 shall extend over thefull width of
the member.

(2) Spallingreinforcement between multipleanchor-
age devices shall effectively tie these anchorage
devices together.

(3) Longitudinal edge tension reinforcement and
spalling reinforcement for eccentric anchorage
devices shall be continuous. The reinforcement
shall extend along the tension face over the full
length of the anchorage zone and shall extend
along the loaded face from the longitudinal edge
totheother sideof the eccentric anchoragedevice
or group of anchorage devices.

9.21.35 Intermediate Anchorages

9.21.351 Intermediate anchorages shall not be
used in regions where significant tension is generated
behind the anchor from other loads. Whenever practical,
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blistersshall belocated in the corner between flange and
webs, or shall be extended over the full flange width or
web height to form a continuousrib. If isolated blisters
must be used on aflange or web, local shear, bending and
direct force effects shall be considered in the design.

9.21.35.2 Bonded reinforcement shall be pro-
vided to tie back at least 25 percent of the intermediate
anchorage unfactored stressing force into the concrete
section behind the anchor. Stressesin this bonded rein-
forcement are limited to a maximum of 0.6fs, or 36 ksi.
The amount of tie back reinforcement may be reduced
using Equation (9-32), if permanent compressivestresses

are generated behind the anchor from other loads.
Tia =0.25P5 — fep Ach (9-32)

where:

Tia = thetie back tension force at the intermediate

anchorage;

Ps = themaximum unfactored anchoragestressing
force;

fo = the compressive stress in the region behind
the anchor;

Ay = theareaof thecontinuing crosssectionwithin
the extensions of the sides of the anchor plate
or blister. The area of the blister or rib shall
not be taken as part of the cross section.

9.21.35.3 Tie back reinforcement satisfying Ar-
ticle 9.21.3.5.2 shall be placed no further than one plate
width from the tendon axis. 1t shall befully anchored so
that the yield strength can be developed at a distance of
oneplatewidth or half thelength of theblister or ribahead
of the anchor as well as at the same distance behind the
anchor. Thecentroid of thisreinforcement shall coincide
with the tendon axis, where possible. For blisters and
ribs, the reinforcement shall be placed in the continuing
section near that face of theflange or web fromwhichthe
blister or rib is projecting.

9.21.354 Reinforcement shall be provided
throughout blistersor ribs are required for shear friction,
corbel action, bursting forces, and deviationforcesdueto
tendon curvature. Thisreinforcement shall beintheform
of ties or U-stirrups which encase the anchorage and tie
it effectively into the adjacent web and flange. This
reinforcement shall extend as far as possible into the
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flange or web and be devel oped by standard hooks bent
around transverse bars or equivalent. Spacing shall not
exceed the smallest of blister or rib height at anchor,
blister width, or 6 inches.

9.21.355 Reinforcement shall be provided to
resist local bendinginblistersand ribsdueto eccentricity
of thetendonforceandtoresist lateral bendinginribsdue
to tendon deviation forces.

9.21.35.6 Reinforcement required by Article
9.21.3.4.4 through 9.21.3.4.9 shall be provided to resist
tensileforcesdueto transfer of the anchorage force from
the blister or rib into the overall structure.

9.21.3.6  Diaphragms

9.21.36.1 For tendons anchored in diaphragms,
concrete compressive stresses shall be limited within the
diaphragminaccordancewith Articles9.21.3.4.1 through
9.21.3.4.3. Compressivestressesshall also bechecked at

the transition from the diaphragm to webs and flanges of
the member.

9.21.3.6.2 Reinforcement shall be provided to
ensure full transfer of diaphragm anchor loads into the
flanges and webs of the girder. The more general meth-
odsof Article9.21.4 or 9.21.5 shall be used to determine
thisreinforcement. Reinforcement shall also beprovided
to tie back deviation forces due to tendon curvature.

9.21.3.7 Multiple Slab Anchorages
9.21.3.7.1 Minimum reinforcement meeting the

requirements of Articles 9.21.3.7.2 through 9.21.3.7.4
shall be provided unlessamoredetailed analysisismade.

9.21.3.7.2 Reinforcement shall be provided for
the bursting force in the direction of the thickness of the
slab and normal to the tendon axis in accordance with
Articles 9.21.3.4.4 and 9.21.3.4.5. This reinforcement
shall be anchored close to the faces of the slab with
standard hooks bent around horizontal bars, or equiva-
lent. Minimum reinforcement istwo #3 bars per anchor
located at adistance equal to one-half the slab thickness
ahead of the anchor.

9.21.3.7.3 Reinforcement in the plane of the slab
and normal to the tendon axis shall be provided to resist
edge tension forces, T, between anchorages (Equation
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(9-33)) and bursting forces, T,, ahead of the anchorages
(Equation (9-34)). Edge tension reinforcement shall be
placed immediately ahead of the anchorsand shall effec-
tively tie adjacent anchorstogether. Bursting reinforce-
ment shall bedistributed over thelength of theanchorage
zones. (SeeArticle9.21.1.4.)

a
T =0.10R, (l— EJ (9-33)

a
T> =0.20R, (1— EJ (9-34)

where:

T, = the edge tension force;

T, = the bursting force;

P, = the factored tendon load on an individual an-
chor;

a = the anchor plate width;

s = the anchorage spacing.

9.21.3.7.4 For slab anchorswith an edge distance
of less than two plate widths or one slab thickness, the
edgetensionreinforcement shall beproportionedtoresist
25 percent of the factored tendon load. This reinforce-
ment shall preferably beintheform of hairpinsand shall
bedistributed within one platewidth ahead of theanchor.
Thelegs of the hairpin bars shall extend from the edge of
the slab past the adjacent anchor but not less than a
distance equal to five plate widths plus development
length.
9.21.4  Application of Strut-and-Tie Models
to the Design of Anchorage Zones
92141 Genera

9.21.4.11 The flow of forces in the anchorage
zone may be approximated by a series of straight com-
pression members (struts) and strai ght-tension members
(ties) that are connected at discrete points (nodes). Com-
pression forces are carried by concrete compression
strutsandtensionforcesarecarried by non-prestressed or
prestressed reinforcement.

9.21.4.1.2 The selected strut-and-tie model shall
follow aload path from the anchorages to the end of the

anchorage zone. Other forces acting on the anchorage
zone, such as reaction forces, tendon deviation forces,
and applied loads, shall be considered in the selection of
the strut-and-tie model. The forces at the end of the
anchorage zone can be obtained from an axial-flexural
beam analysis.

9.21.42 Nodes

Local zones which meet the provisions of Article
9.21.7 or Division I, Article 10.3.2.3 are considered as
properly detail ed, adequate nodes. Theother nodesinthe
anchorage zone are adequate if the effective concrete
stresses in the struts meet the requirements of Article
9.21.4.3 and the tension ties are properly detailed to
develop the full-yield strength of the reinforcement.

9.2143  Struts

9.21.431 The effective concrete compressive
strength for the general zone shall usually be limited to

0.7¢f¢; . Inareaswherethe concretemay be extensively

cracked at ultimate due to other load effects, or if large
plastic rotations are required, the effective compressive

strength shall be limited to 0.6¢f(; .

9.21.4.3.2 In anchorage zones the critical section
for compression struts is ordinarily located at the inter-
face with the local zone node. If special anchorage
devices are used, the critical section of the strut can be
taken as that section whose extension intersects the axis
of the tendon at adepth equal to the smaller of the depth
of the local confinement reinforcement or the lateral
dimension of the anchorage device.

9.21.4.3.3 For thin memberswith aratio of mem-
ber thickness to anchorage width of no more than three,
thedimension of the strut inthe direction of thethickness
of themember can be approximated by assuming that the
thickness of the compression strut varies linearly from
the transverse lateral dimension of the anchor at the
surfaceof the concretetothetotal thicknessof thesection
at a depth equal to the thickness of the section.

9.21.4.34 The compression stresses can be as-
sumed as acting parallel to the axis of the strut and as
uniformly distributed over its cross section.
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9.21.44 Ties

9.21.44.1 Tensionforcesinthestrut-and-tiemodel
shall be assumed to be carried completely by non-pre-
stressed or prestressed reinforcement. Tensilestrength of
the concrete shall be neglected.

9.21.4.4.2 Tension ties shall be properly detailed
and shall extend beyond the nodes to develop the full
tension tie force at the node. The reinforcement layout
must closely follow the directions of thetiesin the strut-
and-tie model.
9.21.5 Elastic StressAnalysis

9.215.1 Analyses based on assumed elastic ma-
terial properties, equilibrium, and compatibility of strains
are acceptable for analysis and design of anchorage
ZOnes.

9.21.5.2 If the compressive stresses in the con-
crete ahead of the anchorage device are determined from
alinear-elastic stress analysis, local stress maxima may
be averaged over an areaequal to the bearing area of the
anchorage device.

9.21.5.3 L ocation and magnitude of the bursting
force may be obtained by integration of the correspond-
ing tensile bursting stresses along the tendon path.

9.21.6  Approximate Methods

9.21.6.1 Limitations

In the absence of a more accurate analysis, concrete
compressive stresses ahead of the anchorage device,
location and magnitude of the bursting force, and edge
tension forces may be estimated by Equations (9-35)
through (9-38), provided that:

(1) The member has a rectangular cross section and
its longitudinal extent is at least equal to the
largest transverse dimension of the cross section.

(2) The member has no discontinuities within or
ahead of the anchorage zone.

(3) The minimum edge distance of the anchorage in
themain plane of themember isat least 11/, times
the corresponding lateral dimension, a, of the
anchorage device.

(4) Only oneanchoragedeviceor onegroup of closely
spaced anchorage devices is located in the an-
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chorage zone. Anchorage devices can be treated
asclosely spacedif their center-to-center spacing
does not exceed 1Y, times the width of the an-
chorage devices in the direction considered.

(5) The angle of inclination of the tendon with re-
spect to the center line of the member isnot larger
than 20 degreesif the anchor force pointstoward
the centroid of the section and for concentric
anchors, and is not larger than 5 degrees if the
anchor force pointsaway from the centroid of the
section.

9.21.6.2 Compressive Stresses

9.21.6.2.1 No additional check of concrete com-
pressivestressesisnecessary for basic anchoragedevices
satisfying Article 9.21.7.2.

9.21.6.2.2 The concrete compressive stresses
ahead of special anchorage devices at the interface be-

tween local zone and general zone shall be approximated
by Equations (9-35) and (9-36).

_ O6R, 1

fca—
1 1
1+4C[f t} (9-35)

s n
K _1‘{2_ ot ](0'3+Ej for s< 2ag (9-36)

k=1 fors 2ags

where:

fea = the concrete compressive stress ahead of
the anchorage device;
= acorrection factor for closely spaced an-

chorages;

A, = an effective bearing area as defined in
Article 9.21.6.2.3;

aqr = thelateral dimension of theeffective bear-
ing area measured parallel to the larger
dimension of the cross section or in the
direction of closely spaced anchors;

bess = thelateral dimension of theeffectivebear-
ing area measured parallel to the smaller
dimension of the cross section;

¢ = thelongitudinal extent of confining rein-

forcement for thelocal zone, but not more
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than the larger of 1.15 ag or 1.15 be;
P, = the factored tendon load;
t = thethickness of the section;
s = the center-to-center spacing of multiple
anchorages;
n = the number of anchoragesin arow.

If agroup of anchoragesis closely spaced in two direc-
tions, the product of the correction factors, , for each
direction is used in Equation (9-36).

9.21.6.2.3 Effective bearing area, Ay, in Equation
(9-35) shall be taken as the larger of the anchor bearing
plate area, Apae Or the bearing area of the confined
concrete in the local zone, Acont, With the following
limitations:

(1) If Apae controls, Agge shall not be taken larger
than A;Onf.

(2) If Agons controls, the maximum dimension of Acont
shall not bemorethan twicethe maximum dimen-
sion of Agiae Or three times the minimum dimen-
sion of Agige. If any of theselimitsisviolated the
effective bearing area, Ay, shall be based on Ay ae.

(3) Deductions shall be made for the area of the duct
in the determination of Ay.

9.21.6.3 Bursting Forces

Values for the magnitude of the bursting force, Tpyrg,
andfor itsdistancefrom theloaded surface, dyrs, shall be
estimated by Equations (9-37) and (9-38), respectively.

In the application of Equations (9-37) and (9-38) the

specified stressing sequence shall be considered if more

than one tendon is present.

Tourg = 0253 R, (1—%} +05R,SNa (9.37)

dpurst =0.5(h-2e)+5esina (9-38)

where:

2P|, = the sum of the total factored tendon |oads for
the stressing arrangement considered;

a = thelateral dimension of theanchoragedevice
or group of devices in the direction consid-
ered;

e = Theeccentricity (alwaystaken as positive) of
theanchoragedeviceor group of deviceswith
respect to the centroid of the cross section;

h = the lateral dimension of the cross section in
the direction considered;

o = theangleof inclination of the resultant of the
tendon forceswith respect to the center line of
the member.

9.21.6.4 Edge-Tension Forces

9.21.6.4.1 For multiple anchorageswith acenter-
to-center spacing of less than 0.4 times the depth of the
section, the spalling forces shall be given by Article
9.21.3.4.8. For larger spacings, the spalling forces shall
be determined from a more detailed analysis, such as
strut-and-tie models or other analytical procedures.

9.21.6.4.2 If the centroid of all tendons consid-
ered is located outside of the kern of the section both
spalling forces and longitudinal edge tension forces are
induced. The longitudinal edge-tension force shall be
determined from an axial-flexural beam analysis at a
section located at one-half the depth of the section away
fromtheloaded surface. Thespalling forceshall betaken
as equal to the longitudinal edge-tension force but not
less than specified in Article 9.21.3.4.8.

9.21.7 Design of the Local Zone

9.21.7.1 Dimensionsof theLocal Zone

9.21.7.11 When no independently verified
manufacturer’s edge-distance recommendations for a
particular anchorage device are avail able, the transverse
dimensions of the local zone in each direction shall be
taken as the larger of:

(1) The corresponding bearing plate size plus twice
the minimum concrete cover required for the
particular application and environment.

(2) The outer dimension of any required confining
reinforcement plus the required concrete cover
over the confining reinforcing steel for the par-
ticular application and environment.

9.21.7.1.2  When independently verified
manufacturer’s recommendations for minimum cover,
spacing and edge distances for a particular anchorage
device are available, the transverse dimensions of the
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local zone in each direction shall be taken as the smaller
of:

(1) Twicethe edge distance specified by the anchor-
age device supplier.

(2) The center-to-center spacing specified by the
anchorage device supplier.

The manufacturer’s recommendations for spacing
and edge distance of anchorages shall be considered
minimum values.

9.21.7.1.3 The length of the local zone along the
tendon axis shall be taken as the greater of:

(1) The maximum width of the local zone.

(2) The length of the anchorage device confining
reinforcement.

(3) Foranchoragedeviceswith multiple-bearing sur-
faces, the distance from the loaded concrete sur-
facetothebottom of each bearing surface plusthe
maximum dimension of that bearing surface.

In no case shall the length of the local zone be taken as
greater than 1%/, times the width of the local zone.

9.21.7.14 For closely spaced anchorages an en-
larged local zone enclosing all individual anchorages
shall also be considered.

9.21.7.2 Bearing Strength

9.21.7.21 Anchorage devicesmay beeither basic
anchorage devices meeting the bearing compressive
strength limits of Articles 9.21.7.2.2 through 9.21.7.2.4

or special anchorage devicesmeeting therequirementsof
Section 9.21.7.3.

9.21.7.2.2 The effective concrete bearing com-
pressive strength f, used for design shall not exceed that
of Equations (9-39) or (9-40).

fh<0.7¢fg, A/Ag (9-39)
but, fy<225¢f} (9-40)
where:
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f, = the maximum factored tendon load, P, divided
by the effective bearing area Ay;

f' = the concrete compressive strength at stressing;

A = themaximum areaof the portion of the support-
ing surface that is geometrically similar to the
loaded area and concentric with it;

Ay = thegrossareaof the bearing plateif therequire-
mentsof Article9.21.7.2.3aremet, or isthearea
calculatedinaccordancewith Article9.21.7.2.4;

A, = theeffective net area of the bearing plate cal cu-
lated as the area Ay minus the area of openings
in the bearing plate.

Equations(9-39) and (9-40) areonly validif general zone
reinforcement satisfying Article9.21.3.4isprovided and
if the extent of the concrete along the tendon axis ahead
of the anchorage deviceisat | east twice the length of the
local zone as defined in Article 9.21.7.1.3.

9.21.7.2.3 Thefull bearing plateareamay be used
for Agand the calculation of A, if theanchorage deviceis
sufficiently rigid. Tobeconsidered sufficiently rigid, the
slenderness of the bearing plate (n/t) must not exceed the
value given in equation (9-41). The plate must also be
checked to ensure that the plate material does not yield.

/t<0.083Ep/

(9-41)

where:

n = the largest distance from the outer edge of the
wedgeplatetotheouter edge of thebearing plate.
For rectangular bearing plates this distance is
measured parallel to the edges of the bearing
plate. If the anchorage has no separate wedge
plate, thesize of thewedgeplate shall betaken as
the distance between the extreme wedge holesin
the corresponding direction.

t = the average thickness of the bearing plate.

E, =the modulus of elasticity of the bearing plate
material.

9.21.7.24 For bearing platesthat do not meet the
stiffnessrequirementsof Article9.21.7.2.3, the effective
gross-bearing area, Ay shall be taken as the area geo-
metrically similar to the wedge plate (or to the outer
perimeter of the wedge-hole pattern for plates without
separate wedge plate) with dimensions increased by
assuming load spreading at a 45-degree angle. A larger




&

BRIDGE DEsicN SpeciFicaTions ¢ ApPriL 2000

a/trans

effective bearing areamay be cal culated by assuming an
effective area and checking the new f, and n/t values for
conformance with Articles 9.21.7.2.2 and 9.21.7.2.3.

| 9.21.7.3 Deleted

9.22 PRETENSIONED ANCHORAGE
ZONES

| 9.22.1 Inpretensioned beams, vertical stirrupsacting
at aunit stress of 20,000 psi to resist at least 4 percent of
the total prestressing force shall be placed within the
| distance of d/4 of the end of the beam.

| 9.22.2 For at |least the distance d from the end of the
beam, nominal reinforcement shall be placed to enclose
the prestressing steel in the bottom flange.

9.22.3 For box girders, transversereinforcement shall
be provided and anchored by extending the leg into the
web of the girder.

9.22.4 Unlessotherwise specified, stressshall not be
transferred to concrete until the compressive strength of
the concrete as indicated by test cylinders, cured by
methods identical with the curing of the member, is at
least 4,000 psi.

9.23 CONCRETE STRENGTH AT STRESS
TRANSFER

Unless otherwise specified, stress shall not be trans-
ferred to concrete until the compressive strength of the
concrete asindicated by test cylinders, cured by methods
identical withthe curing of the members, isat least 4,000
psi for pretensioned members(other than piles) and 3,500
psi for post-tensioned members and pretensioned piles.

9.24 DECK PANELS

9.24.1 Deck panels shall be prestressed with
pretensioned strands. The strands shall bein adirection
transverse to the stringers when the panels are placed on
the supporting stringers. The top surface of the panels
shall beroughenedinsuchamanner asto ensurecomposite
action between the precast and cast-in-place concrete.

9.24.2 Reinforcing bars, or equival ent mesh, shall be
placed in the panel transverseto the strandsto provide at
least 0.11 sguare inches per foot of panel.
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Part D
Detailing

9.25 FLANGE REINFORCEMENT

Bar reinforcement for cast-in-place T-beam and box
girder flanges shall conform to the provisionsin Articles
8.17.2.2 and 8.17.2.3 except that the minimum reinforce-
ment in bottom flanges shall be 0.3 percent of the flange
section.

‘ 9.26 COVER AND SPACING OF STEEL

| 9.26.1  Minimum Cover
The minimum cover for steel shall be in accordance
with Article 8.22.
9.26.1.1 Deleted
9.26.1.3 Deleted
9.26.1.3 Deleted
9.26.1.4 When deicer chemicals are used, drain-

age details shall dispose of deicer solutions without
constant contact with the prestressed girders. Where
such contact cannot be avoided, or in locations where
membersareexposedto salt water, salt spray, or chemical
vapor, additional cover should be provided.

| 9.26.2  Minimum Spacing

| 92621 Theminimum clear spacing of prestress-
ing steel at the ends of beams shall be as follows:

Pretensioning steel: Theclear distancebetween strands
shall not be less than 11/53 times the maximum size of the
concrete aggregate. Also, the minimum spacing center-
to-center of strand shall be as follows:

Strand Size Spacing
0.6 inch 2 inches
9/16 inch 17/ginches
1/,inch 13/4inches
7/16 InCh 15/g inches
3/ginch 1%/, inches

Post-tensioning steel: 1%/, inches or 11/, times the
maximum size of the concrete aggregate, whichever is
greater.
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9.26.2.2 Prestressing strandsin deck panels shall
be spaced symmetrically and uniformly acrossthe width
of the panel. They shall not be spaced farther apart than
11/, timesthetotal composite slab thicknessor morethan
18 inches.
9.26.3 Bundling

9.26.3.1 When post-tensioning steel isdraped or
deflected, post-tensioning ductsmay bebundledingroups
of three maximum, provided that the spacing specifiedin

Article 9.26.2 is maintained in the end 3 feet of the
member.

9.26.3.2 Where pretensioning steel is bundled,
all bundling shall be donein the middlethird of the beam
length and the deflection points shall be investigated for
secondary stresses.

9.26.4  Sizeof Ducts |

9.26.4.1 For tendons made up of a number of |
wires, bars, or strands, duct areashall beat least twicethe
net area of the prestressing steel.

9.26.4.2 For tendons made up of a single wire, |
bar, or strand, the duct diameter shall be at least ¥2inch
larger than the nominal diameter of the wire, bar, or
strand.

9.27 POST-TENSIONING ANCHORAGES ‘
AND COUPLERS

9.27.1 Anchorages, couplers, and splicesfor bonded |
post-tensioned reinforcement shall develop at least 95
percent of the minimum specified ultimate strength of the
prestressing steel, tested in an unbonded state without
exceeding anticipated set. Bondtransfer lengthsbetween
anchorages and the zone where full prestressing forceis
reguired under service and ultimate loads shall normally
be sufficient to devel op the minimum specified ultimate
strength of the prestressing steel. Couplers and splices
shall be placed in areas approved by the Engineer and
enclosedinahousinglong enoughto permit thenecessary
movements. When anchorages or couplersarelocated at
critical sectionsunder ultimatel oad, theultimatestrength
required of the bonded tendons shall not exceed the
ultimate capacity of the tendon assembly, including the
anchorage or coupler, tested in an unbonded state.
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9.27.2 The anchorages of unbonded tendons shall
develop at least 95 percent of the minimum specified
ultimate strength of the prestressing steel without
exceeding anticipated set. The total elongation under
ultimateload of thetendon shall not belessthan 2 percent
measured in a minimum gauge length of 10 feet.

9.27.3 For unbonded tendons, adynamictest shall be
performed on a representative specimen and the tendon
shall withstand, without failure, 500,000 cycles from 60
percent to 66 percent of its minimum specified ultimate
strength, and al so 50 cyclesfrom 40 percent to 80 percent
of itsminimum specified ultimatestrength. Theperiod of
each cycleinvolvesthechangefromthelower stresslevel
to the upper stress level and back to the lower. The
specimen used for the second dynamic test need not be
thesameusedfor thefirst dynamictest. Systemsutilizing
multiple strands, wires, or bars may be tested utilizing a
test tendon of smaller capacity than the full size tendon.
The test tendon shall duplicate the behavior of the full
size tendon and generally shall not have less than 10
percent of the capacity of the full sizetendon. Dynamic
tests are not required on bonded tendons, unless the
anchorageislocated or usedin such manner that repeated
load applications can be expected on the anchorage.

9.27.4 Couplings of unbonded tendons shall be used
only at locations specifically indicated and/or approved
by the Engineer. Couplingsshall not be used at points of
sharp tendon curvature. All couplings shall develop at
least 95 percent of theminimum specified ultimatestrength
of the prestressing steel without exceeding anticipated
set. Thecoupling of tendonsshall not reducetheelongation
at rupture below the requirements of the tendon itself.
Couplingsand/or coupling componentsshall beenclosed
in housings long enough to permit the necessary
movements. All the coupling components shall be
completely protected withacoating material prior tofinal
encasement in concrete.

9.27.5 Anchorages, end fittings, couplers, and
exposed tendons shall be permanently protected against
corrosion.

9.28 EMBEDMENT OF PRESTRESSED
STRAND

9.28.1 Threeor seven-wirepretensioning strand shall |
be bonded beyond the critical section for a development
length in inches not less than

(9-32)

whereD isthenominal diameter ininches, f*g,and fe are
in kips per square inch, and the parenthetical expression
is considered to be without units.

9.28.2 Investigations may be limited to those cross |
sections nearest each end of the member which are
reguired to develop their full ultimate capacity.

9.28.3 Where strand is debonded at the end of a |
member and tension at service load is allowed in the
precompressed tensile zone, the development length
reguired above shall be doubled.

929 BEARINGS |
Bearing devices for prestressed concrete structures

shall be designed in accordance with Article 10.29 and
Section 14.
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