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SECTION 8 - REINFORCED CONCRETE!

Part A

General Requirements and Materials

8.1 APPLICATION

8.1.1 Genera

The specifications of this section are intended for
design of reinforced (non-prestressed) concrete bridge
members and structures. Bridge members designed as
prestressed concrete shall conform to Section 9.

8.1.2

a

ap

ay

Notations

depth of equivalent rectangular stressblock
(Article8.16.2.7)

depth of equivalent rectangular stressblock
for balanced strain conditions, inches (Ar-
ticle8.16.4.2.3)

shear span, distancebetween concentrated
load and face of support (Articles8.15.5.8
and8.16.6.8)

effective tension area, in squareinches, of
concrete surrounding the flexural tension
reinforcement and having the same cen-
troid asthat reinforcement, divided by the
number of barsor wires. Whentheflexural
reinforcement consistsof several bar sizeor
wiresizes, thenumber of barsor wiresshall
be computed asthetotal areaof reinforce-
ment divided by the area of the largest bar
or wire used. For cal culation purposes, the
thickness of clear concrete cover used to
compute Ashall not betaken greater than 2
inches. (Article8.16.8.4)

area of an individual bar, square inches
(Article8.25.1)

Agn

Ast

At

areaof coreof spirally reinforced compres-
sion member measuredtotheoutsidediam-
eter of the spiral, square inches (Article
8.18.2.2.2); areaof concrete section resi st-
ing shear, squareinches (Article8.16.6.9)
area of concrete section resisting shear
transfer, squareinches(Article8.16.6.4.5)
area of reinforcement in bracket or corbel
resisting moment, square inches (Articles
8.15.5.8and8.16.6.8)

gross area of section, square inches
areaof shear reinforcement parallel toflex-
ural tension reinforcement, square inches
(Articles8.15.5.8and8.16.6.8)

area of reinforcement in bracket or corbel
resisting tensile force, Ng (Ny), square
inches(Articles8.15.5.8and8.16.6.8)
areaof tensionreinforcement, squareinches
areaof compression reinforcement, square
inches

areaof reinforcement to devel op compres-
sive strength of overhanging flanges of 1-
and T-sections(Article8.16.3.3.2)

total cross sectional area of tie reinforce-
ment including supplementary cross ties
within a section having limits of s and h,
squareinches (Article 8.18.2.3.1)

total area of longitudinal reinforcement
(Articles8.16.4.1.2and8.16.4.2.1)

area of shear reinforcement within a dis-
tances, squareinches(Article8.15.5.3.2)
areaof shear-frictionreinforcement, square
inches(Article8.15.5.4.3)

areaof an individual wireto be devel oped
or spliced, squareinches(Articles8.30.1.2
and8.30.2)

1 The Specifications of Section 8 are patterned after and are in general conformity with the provisions of ACI Standard 318 for
reinforced concrete design and its commentary, ACI 318 R, published by the American Concrete Institute.
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loadedarea(Articles8.15.2.1.3and8.16.7.2)
maximum areaof the portion of thesupport-
ing surfacethat isgeometrically similar to
and concentric with the loaded area (Ar-
ticles8.15.2.1.3and8.16.7.2)

width of compression face of member
perimeter of critical section for slabs and
footings(Articles8.15.5.6.2and8.16.6.6.2)
width of cross section at contact surface
being investigated for horizontal shear
(Article8.15.5.5.3)

web width, or diameter of circular section.
For tapered webs, theaveragewidth or 1.2
times the minimum width, whichever is
smaller,inches(Article8.15.5.1.1)
distancefromextremecompressionfiberto
neutral axis(Article8.16.2.7)

factor relatingtheactual moment diagramto
an equivalent uniform moment diagram
(Article8.16.5.2.7)
distancefromextremecompressionfiberto
centroid of tension reinforcement, inches.
For computing shear strength of circular
sections, d need not be less than the dis-
tance from extreme compression fiber to
centroid of tension reinforcement in oppo-
sitehalf of member. For computing horizon-
tal shear strength of composite members, d
shall bethedistancefromextremecompres-
sion fiber to centroid of tension reinforce-
ment for entire composite section.
distancefromextremecompressionfiberto
centroid of compression reinforcement,
inches

distance from centroid of gross section,
neglecting thereinforcement, to centroid of
tension reinforcement, inches

nominal diameter of bar or wire, inches
thicknessof concrete cover measured from
extremetensionfiber tocenter of bar or wire
located closest thereto (Article 8.16.8.4)
modulus of elasticity of concrete, psi (Ar-
ticle8.7.1)

flexural stiffness of compression member
(Article8.16.5.2.7)

modulus of elasticity of reinforcement, psi
(Article8.7.2)

averagebearing stressin concreteon|oaded
area(Articles8.15.2.1.3and8.16.7.1)
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extreme fiber compressive stress in con-
creteat serviceloads(Article8.15.2.1.1)
specified compressivestrength of concrete,
psi

square root of specified compressive
strength of concrete, psi

average splitting tensile strength of light-
weight aggregate concrete, psi

fatigue stress range in reinforcement, ksi
(Article8.16.8.3)
algebraicminimumstresslevel inreinforce-
ment (Article8.16.8.3)

modulusof ruptureof concrete, psi (Article
8152.11)

tensile stress in reinforcement at service
loads, psi (Article8.15.2.2)
stressincompressionreinforcement at bal -
anced conditions (Articles 8.16.3.4.3 and
8.16.4.2.3)

extreme fiber tensile stress in concrete at
serviceloads(Article8.15.2.1.1)

specified yield strength of reinforcement,
psi

overall thickness of member, inches
coredimension of tied columninthedirec-
tionunder consideration (out-to-out of ties)
(Article8.18.2.3.1)

compression flange thickness of 1- and T-
sections

moment of inertiaof cracked sectiontrans-
formedto concrete(Article8.13.3)
effectivemoment of inertiafor computation
of deflection (Article8.13.3)

moment of inertiaof grossconcretesection
about centroidal axis, neglectingreinforce-
ment

moment of inertia of reinforcement about
centroidal axisof member cross section
effective length factor for compression
members(Article8.16.5.2and Appendix C)
additional embedment length at support or
at point of inflection, inches(Article.24.2.3)
development length, inches
development length of standard hook in
tension, measured from critical section to
outside end of hook (straight embedment
length between critical section and start of
hook (point of tangency) plus radius of
bend and onebar diameter), inches(Article
829
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basi c devel opment length of standard hook
in tension, inches

unsupported length of compression mem-
ber (Article8.16.5.2.1)

computed moment capacity (Article8.24.2.3)
maximum moment in member at stage for
which deflection is being computed (Ar-
ticle8.13.3)

nominal moment strength of a section at
balanced strain conditions (Article
8.16.4.2.3)

moment to be used for design of compres-
sionmember (Article8.16.5.2.7)
crackingmoment (Article8.13.3)

nomina moment strength of a section
nominal moment strength of asectioninthe
directionof thex axis(Article8.16.4.3)
nominal moment strength of asectioninthe
directionof they axis(Article8.16.4.3)
factored moment at section

factored moment component in the direc-
tionof thex axis(Article8.16.4.3)

factored moment component in the direc-
tionof they axis(Article8.16.4.3)

value of smaller end moment on compres-
sionmember duetogravity loadsthat result
in no appreciable side sway calculated by
conventional elastic frame analysis, posi-
tiveif member isbent in single curvature,
negativeif bentindoublecurvature(Article
8.16.524)

valueof larger end moment oncompression
member due to gravity loads that result in
no appreciable side sway calculated by
conventional elasticframeanalysis, always
positive(Article8.16.5.2.4)

valueof larger end moment oncompression
member duetolateral |loadsor gravity loads
that resultinappreciablesidesway, defined
by a deflection A, greater than 1,/1500,
calculated by conventional elastic frame
analysis, awayspositive(Article8.16.5.2)
modular ratio of elasticity

Es/E; (Article8.15.3.4)

design axial load normal to cross section
occurringsimultaneously with V, tobetaken
as positive for compression, negative for
tensionandtoincludetheeffectsof tension
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due to shrinkage and creep (Articles
8.15.5.2.2and8.15.5.2.3)
designtensileforceapplied at top of bracket
or corbel acting simultaneously with V, to
be taken as positive for tension (Article
8.155.8)

factored axial |oad normal to the cross sec-
tion occurring simultaneously withVtobe
taken aspositivefor compression, negative
for tension, and to include the effects of
tensiondueto shrinkageand creep (Article
8.16.6.2.2)

factored tensile force applied at top of
bracket or corbel acting simultaneously with
V., to betaken as positive for tension (Ar-
ticle8.16.6.8)

nominal axial load strength of a section at
balanced strain conditions (Article
8.16.4.2.3)

critical load (Article8.16.5.2.7)
designaxial load duetogravity and seismic
loading (Articles8.18.2.2and8.18.2.3)
nominal axial load strength of a section at
zeroeccentricity (Article8.16.4.2.1)
nominal axial load strength at given eccen-
tricity

nominal axial load strength correspondingto
Mx, with bending consideredinthedirection
of thex axisonly (Article8.16.4.3)

nominal axial load strength correspondingto
My, withbending consideredinthedirection
of they axisonly (Article8.16.4.3)

nominal axial load strengthwithbiaxial load-
ing(Article8.16.4.3)

factored axial load at given eccentricity
radius of gyration of cross section of a
compressionmember (Article8.16.5.2.2)
spacing of shear reinforcementindirection
paralel to the longitudinal reinforcement,
inches

vertical spacing of ties, inches (Article
8.18231)

spacing of wiresto bedevel oped or spliced,
inches

span length, feet

design shear force at section (Article
8.15511)

design shear stress at section (Article
8.15511)
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nominal shear strength provided by con-
crete (Article8.16.6.1)

permissible shear stress carried by con-
crete (Article8.15.5.2)

design horizontal shear stress at any cross
section(Article8.15.5.5.3)
permissiblehorizontal shear stress(Article
8.15553)

nominal shear strength (Article8.16.6.1)
nominal horizontal shear strength (Article
8.16.6.5.3)

nominal shear strength provided by shear
reinforcement (Article8.16.6.1)

factored shear force at section (Article
8.16.6.1)

limiting shear stress, psi (Article8.18.2.1.6)
weight of concrete, |bs per cubic foot.
distance from centroidal axis of gross sec-
tion, neglecting reinforcement, to extreme
fiberintension (Article8.13.3)

quantity limiting distribution of flexural re-
inforcement (Article8.16.8.4)
anglebetweeninclined shear reinforcement
and longitudinal axisof member
anglebetween shear-frictionreinforcement
and shear plane (Articles 8.15.5.4 and
8.16.6.4)

= ratioof areaof reinforcement cut off to
total area of reinforcement at the section
(Article8.24.1.4.2)

ratio of long side to short side of concen-
trated load or reaction area; for a circular
concentrated |load or reaction area, 5. =1.0
(Articles8.15.5.6.3and8.16.6.6.2)

absolute value of ratio of maximum dead
load moment to maximum total load mo-
ment, always positive

ratio of depth of equivalent compression
zoneto depth fromfiber of maximum com-
pressive strain to the neutral axis (Article
8.16.2.7)

correction factor related to unit weight for
concrete(Articles8.15.5.4and8.16.6.4)
coefficient of friction (Article8.15.5.4.3)
tension reinforcement ratio = As/bd
compression reinforcement ratio = A's/bd
reinforcement ratio producing balanced
strainconditions(Article8.16.3.1.1)
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Ph = theratio of horizontal shear reinforcement
area to gross concrete area of a vertical
sectioninpierwalls(Article8.16.6.9.3) |

On = theratioof vertical shear reinforcement area
to the gross concrete area of a horizontal
sectioninpierwalls(Article8.18.1.5)

Ps = ratio of volume of spiral reinforcement to
total volume of core (out-to-out of spirals)
of aspirally reinforced compression mem-
ber (Article8.18.2.2.2)

Pw = reinforcement ratio used in Equation (8-4)

and Equation (8-48) = A¢/b,d

moment magnification factor for members

braced against side sway to reflect effects

of member curvature between endsof com-
pression member

& = moment magnification factor for members

not braced against sidesway to reflect |at-

eral drift resulting from lateral and gravity
loads

strengthreductionfactor (Article8.16.1.2)

Op(celte)

@(phi)

8.1.3 Definitions

The following terms are defined for general use in
Section 8. Specialized definitions appear in individual
Articles.

Bracket or corbel - Short (haunched) cantilever that
projects from the face of acolumn or wall to support a
concentrated load or beam reaction. (Articles8.15.5.8
and8.16.6.8)

Compressive strength of concrete () - Specified
compressive strength of concretein pounds per square
inch (psi).

Concrete, structural lightweight - A concrete contain-
inglightweight aggregatehaving anair-dry unit weight
as determined by “Method of Test for Unit Weight of
Structural Lightweight Concrete” (ASTM2 C567), not
exceeding 115 pcf. Inthisspecification, alightweight
concretewithout natural sandistermed* all-lightweight
concrete” and onein which all fine aggregate consists
of normal weight sand is termed “sand-lightweight
concrete.”

2 American Society for Testing and Materials
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Deformed reinforcement - Deformed reinforcing bars,
deformedwire, welded smooth wirefabric, and welded
deformedwirefabric.

Design load - All applicable loads and forces or their
related internal momentsand forces used to proportion
members. For design by SERVICE LOAD DESIGN,
design load refers to loads without load factors. For
designby STRENGTHDESIGN METHOD, designload
refersto loads multiplied by appropriate load factors.

Design strength - Nominal strength multiplied by a
strength reduction factor, ¢.

Development length - Length of embedded reinforce-
ment required to develop the design strength of the
reinforcement at acritical section.

Embedment length - L ength of embedded reinforcement
provided beyond a critical section.

Factored load - Load, multiplied by appropriate load
factors, usedtoproportion membersby the STRENGTH
DESIGNMETHOD.

Nominal strength - Strength of a member or cross
section calculated in accordance with provisions and
assumptions of the STRENGTH DESIGN METHOD
before application of any strength reduction factors.

Plain reinforcement - Reinforcement that does not
conformto the definition of deformed reinforcement.

Required strength - Strength of a member or cross
section required to resist factored loads or related
internal moments and forces in such combinations as
arestipulatedin Article 3.22.

Service load - Loads without |oad factors.

Spiral reinforcement - Continuously wound reinforce-
ment intheform of acylindrical helix.

Flitting tensile strength (fy) - Tensile strength of
concrete determined in accordance with “ Specifica-
tions for Lightweight Aggregates for Structural Con-
crete” AASHTOM 1953 (ASTM C 330).

3

Standard Specifications for Transportation Materials and
Methods of Sampling and Testing
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Stirrupsor ties- Lateral reinforcement formed of indi-
vidual units, open or closed, or of continuously wound
reinforcement. Theterm* stirrups” isusually appliedto
lateral reinforcementinhorizontal membersandtheterm
“ties’ to thosein vertical members.

Tension tie member - Member having an axial tensile
force sufficient to create tension over the entire cross
section and having limited concrete cover on all sides.
Examplesinclude: archties, hangerscarryingloadtoan
overhead supporting structure, and main tension ele-
mentsin atruss.

Yield strength or yield point (fy) - Specified minimum
yield strength or yield point of reinforcement in pounds
per square inch.

8.2 CONCRETE

The specified compressive strength, , of the con-
crete for each part of the structure shall be shown on the
plans.Use  =3600ps minimumfor reinforcedconcrete.

8.3 REINFORCEMENT

8.3.1 Theyieldstrengthor gradeof reinforcement shall
be shown on the plans.

8.3.2 Deleted

8.3.3 Designsshall, except as shown below, be based
on ayield strength, fy, of 60,000 psi.

8.3.4 Deformed reinforcement shall be used except
that plain barsor smooth wire may be used for spiralsand
ties.

8.3.5 Thefollowingstructuresshall bedesigned using
fy=40,000 psi: minor structures, slopeand channel paving,
sign foundations (pile and footing types), roadside rest
facilities, concretebarrier (Type50 series) andtemporary
railling.

SecTioN 8 ReINFORCED CONCRETE 8-5
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Part B
Analysis

8.4 GENERAL

All membersof continuous and rigid frame structures
shall be designed for the maximum effects of the loads
specifiedin Articles3.2through 3.22 asdetermined by the
theory of elastic analysis.

8.5 EXPANSION AND CONTRACTION

8.5.1 In general, provision for temperature changes
shall be made in simple spans when the span length
exceeds40feet.

8.5.2 Incontinuous bridges, the design shall provide
for thermal stresses or for the accommodation of thermal
movement with rockers, dliding plates, elastomeric pads,
or other means.

8.5.3 The coefficient of thermal expansion and con-
traction for norma weight concrete may be taken as
0.000006 per deg. F.

8.5.4 The coefficient of shrinkage for normal weight
concrete may betaken as 0.0002.

8.5.5 Thermal and shrinkage coefficients for light-
weight concrete shall be determined for the type of light-
weight aggregate used.

8.6 STIFFNESS

8.6.1 Any reasonable assumptions may be adopted
for computing the relative flexural and torsional
stiffnesses of continuous and rigid frame members. The
assumptions made shall be consistent throughout the
analysis.

8.6.2 Theeffect of haunches shall be considered both
in determining moments and in design of members.

8-6 Section 8  ReINFORCED CONCRETE
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8.7 MODULUS OF ELASTICITY AND
POISSON’'S RATIO

8.7.1 Themodulusof easticity, E;, for concretemay be
taken asw, in psi for values of w, between 90
and 155 poundsper cubicfoot. For normal weight concrete
(we = 145 pcf), E; may be considered as 57000 \/f_c .

8.7.2 Themodulus of elasticity Esfor nonprestressed
steel reinforcement may betaken as 29,000,000 psi.

8.7.3 Poisson’sratio may be assumed as 0.2.

8.8 SPAN LENGTH

8.8.1 The span length of members that are not built
integrally withtheir supportsshall beconsideredtheclear
span plusthedepth of the member but need not exceed the
distance between centers of supports.

8.8.2 Inanalysisof continuousand rigid frame mem-
bers, distancesto the geometric centers of membersshall
be used in the determination of moments. Moments at
faces of support may be used for member design. When
filletsmaking anangleof 45 degreesor morewiththeaxis
of acontinuousor restrained member arebuilt monolithic
with the member and support, the face of support shall be
considered at a section where the combined depth of the
member and fillet is at least one and one-half times the
thickness of the member. No portion of afillet shall be
considered as adding to the effective depth.

Column flares which are designed and detailed to be
monolithic with acontinuous or restrained member shall
beconsidered asfillets. However, no portion of theflares
shall be considered asfilletsif theflaresare designed and
detailed as sacrificial flares, or if the flares are separated
from the continuous or restrained member by a gap.
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8.8.3 The effective span length of slabs shall be as
specifiedinArticle3.24.1.

8.9 CONTROL OF DEFLECTIONS
89.1 Genera

Flexural members of bridge structures shall be de-
signed to have adequate stiffness to limit deflections or
any deformations that may adversely affect the strength
or serviceability of the structure at service load plus

impact.
8.9.2 Superstructure Depth Limitations

Theminimum depthsstipulatedin Table8.9.2 arerec-
ommended unless computation of deflection indicates
that lesser depths may be used without adverse effects.

TABLE8.9.2 Recommended Minimum Depthsfor
Congtant DepthMembers

Minimum Depth2 in Feet

Superstructure Type — -
Simple Spans | Continuous Spans

Bridge slabs with
main reinforcement

parallel to traffic

1.2(S+10)/30 | (S+10)/30 > 0.542

T-Girders 0.070 S 0.065 S
Box-Girders 0.060 S 0.055 S
Pgdestrlan Structure 0033 S 0.033 S
Girders

a When variable depth members are used, values may
be adjusted to account for change in relative
stiffness of positive and negative moment sections.

S = gpan length asdefined in Article 8.8, in feet.

8.9.3 Superstructure Deflection Limitations

When making deflection computations, thefollowing
criteriaarerecommended.

8.9.3.1 Membershaving simpleor continuous spans
preferably should be designed so that the deflection due
to serviceliveload plusimpact shall not exceed 1/800 of

BRrIDGE DesiGN SpeciFicaTions ¢ JuLy 2000

the span, except on bridgesin urban areas used in part by
pedestrians, whereontheratio preferably shall not exceed
1/1000.

8.9.3.2 The deflection of cantilever arms due to
serviceliveload plusimpact preferably should belimited
t0 1/300 of thecantilever armexcept for thecaseincluding
pedestrian use, wheretheratio preferably should be 1/375.

8.10 COMPRESSION FLANGE WIDTH
8.10.1 T-Girder

8.10.1.1 Thetotal widthof dabeffectiveasaT-girder
flangeshall not exceed one-fourth of thespanlength of the
girder. The effective flange width overhanging on each
side of theweb shall not exceed six timesthe thickness of
the slab or one-half the clear distance to the next web.

8.10.1.2 Forgirdershavingaslabononesideonly,
theeffectiveoverhanging flangewidth shall not exceed 1/
12 of the spanlength of the girder, six timesthethickness
of the slab, or one-half the clear distanceto the next web.

8.10.1.3 Isolated T-girdersinwhich the T-shapeis
used to provide aflange for additional compression area
shall have a flange thickness not less than one-half the
width of the girder web and an effective flange width not
more than four times the width of the girder web.

8.10.1.4 Forintegral bent caps, theeffectiveflange
width overhanging each side of the bent cap web shall not
exceed six timestheleast slab thickness, or 1/10 the span
length of the bent cap. For cantilevered bent caps, the
span length shall be taken as two times the length of the
cantilever span.

8.10.2 Box Girders

8.10.2.1 The entire slab width shall be assumed
effective for compression.

8.10.2.2 Forintegral bentcaps, seeArticle8.10.1.4.

SecTioN 8 ReINFORCED CONCRETE 8-7
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8.11 SLABS AND WEB THICKNESS

8.11.1 Thethicknessof deck slabsshall bedesignedin
accordance with Article 3.24.3 but shall not be less than
that specifiedin Article 8.9.

8.11.2 Thethickness of the bottom slab of abox girder
shall benot lessthan 1/16 of theclear span between girder
webs or 51/, inches, except that the thickness need not be
greater than the top slab unless required by design.

8.11.3 Whenrequired by design, changesin girder web
thickness shall be tapered for a minimum distance of 12
timesthe differencein web thickness.

8.12 DIAPHRAGMS

8.12.1 Diaphragmsshall beused at theendsof T-girder
and box girder spans unless other means are provided to
resist lateral forces and to maintain section geometry.
Diaphragms may be omitted where tests or structural
analysis show adequate strength.

8.12.2 In T-girder construction, one intermediate dia-
phragmisrecommended at the point of maximum positive
moment for spansin excess of 40 feet.

8.12.3 Straight box girder bridgesand curved box girder
bridgeswith aninside radius of 800 feet or greater do not
reguireintermediate diaphragms. For curved box girder
bridgeshavinganinsideradiuslessthan 800feet, interme-
diatediaphragmsarerequired unless shown otherwiseby
testsor structural analysis. For such curved box girders,
themaximum diaphragm spacing shall be40feet for radius
400feet or lessand 80feet for radiusbetween 400feet and
800feet.

8.13 COMPUTATION OF DEFLECTIONS

8.13.1 Computed deflections shall be based on the
cross-sectional properties of the entire superstructure
section excluding railings, curbs, sidewalks, or any ele-
ment not placed monolithically with the superstructure
section beforefalsework removal.

8.13.2 Live load deflection may be based on the as-
sumption that the superstructure flexural members act

8-8 Section 8  ReINFORCED CONCRETE
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together and haveequal deflection. Theliveloading shall
consist of al traffic lanesfully loaded, with reduction in
loadintensity allowed asspecifiedinArticle3.12. Thelive
loading shall be considered uniformly distributed to all
longitudinal flexural members.

8.13.3 Deflectionsthat occur immediately on applica-
tion of load shall be computed by the usual methods or
formulasfor elastic deflections. Unless stiffness values
are obtained by amore comprehensiveanalysis, immedi-
ate deflections shall be computed taking the modulus of
elasticity for concreteasspecifiedin Article8.7for normal
weight or lightwei ght concrete and taking the moment of
inertiaaseither Iy or leasfollows:

(8-1)
where

frlg
Yt

andf, =modulusof ruptureof concretespecifiedinArticle
815211

Mo =

(8-2)

For continuous spans, the effectivemomentsof inertia
may be taken as the average of the values abtained from
Equation (8-1) for the critical positive and negative mo-
ment sections. For prismatic members, effective moment
of inertiamay betaken astheval ueobtained from Equation
(8-1) at midspan for simple or continuous spans, and at
support for cantilever spans.

8.13.4 Unless values are obtained by a more compre-
hensiveanalysis, thelong-timedeflectionfor both normal
weight andlightweight concreteflexural membersshall be
the immediate deflection caused by the sustained 1oad
considered, computed in accordance with Article 8.13.3,
multiplied by one of thefollowing factors:

(@ Wheretheimmediate deflection has been based
onlg, themultiplication factor for thelong-time
deflection shall be taken as 4.

(b) Wheretheimmediate deflection has been based
on |, the multiplication factor for thelong-time
deflection shall betakenas3- 1.2(A's/As) > 1.6.
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Part C
Design

8.14 GENERAL
8.14.1 Design Methods

8.14.1.1 Thedesignof reinforced concretemembers
shall be made either with reference to service loads and
allowable stresses as provided in SERVICE LOAD DE-
SIGN or, alternatively, with referenceto load factorsand
strengthsasprovidedin STRENGTH DESIGN.

8.14.1.2 Except asprovided herein, all reinforced
concrete structures or members shall be designed by
STRENGTH DESIGN. Current standard designsby other
methods shall be utilized until revised.

8.14.1.3  Structuresdesigned exclusively for carry-
ing railroad traffic and transversely reinforced deck dabs of
highway structuresshall bedesigned by SERVICELOAD
DESIGN. AREA Specificationsmay berequiredfor sub-
structure design of railroad structures.

8.14.1.4 SERVICELOAD DESIGN may beused at
any section where the allowable stress determined by
Article 8.16.8.4 isless than 24,000 psi if the amount of
reinforcement provided is sufficient to satisfy other re-
quirementsfor STRENGTH DESIGN.

8.14.1.5 All applicable provisionsof thisspecifica-
tion shall apply to both methods of design.

8.14.1.6 The strength and serviceability require-
ments of STRENGTH DESIGN may be assumed to be
satisfied for design by SERVICE LOAD DESIGN if the
service load stresses are limited to the values given in
Article8.15.2.

8.14.2 Composite Flexural Members

8.14.2.1 Composite flexural members consist of
precast and/or cast-in-place concrete elements con-
structed in separate placements but so interconnected
that all elementsrespond to superimposed loadsasaunit.
When considered in design, shoring shall not beremoved
until the supported elements have devel oped the design
properties required to support all loads and limit deflec-
tions and cracking.
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8.14.2.2 The entire composite member or por-
tions thereof may be used in resisting the shear and
moment. Theindividual elementsshall beinvestigatedfor
all critical stages of loading and shall be designed to
support all loadsintroduced prior to thefull devel opment
of the design strength of the composite member. Rein-
forcement shall be provided as necessary to prevent
separation of theindividual elements.

8.14.2.3 If thespecified strength, unit weight, or other
propertiesof thevariouselementsaredifferent, the prop-
ertiesof theindividual elements, or themost critical values,
shall be used in design.

8.14.2.4 In calculating the flexural strength of a
composite member by strength design, no distinction
shall be made between shored and unshored members.

8.14.2.5 Whenanentirememberisassumedtoresist
the vertical shear, the design shall bein accordance with
therequirementsof Article8.15.50or Article8.16.6 asfora
monolithically cast member of the same cross-sectional
shape.

8.14.2.6 Shearreinforcementshall befully anchored
into the interconnected elementsin accordance with Ar-
ticle 8.27. Extended and anchored shear reinforcement
may beincluded astiesfor horizontal shear.

8.14.2.7 Thedesignshall providefor full transfer of
horizontal shear forces at contact surfaces of intercon-
nected elements. Design for horizontal shear shall bein
accordance with the requirements of Article 8.15.5.5 or
Article8.16.6.5.

8.14.3 Concrete Arches

8.14.3.1 Thecombinedflexureand axial load strength
of anarchring shall bein accordance with the provisions
of Articles8.16.4 and 8.16.5. Slenderness effectsin the
vertical plane of an arch ring, other than tied archeswith
suspended roadway, may beeval uated by theapproximate
procedureof Article8.16.5.2 withtheunsupported length,
[, taken as one-half the length of the arch ring, and the
radiusof gyration, r, taken about an axisperpendicular to
the plane of the arch at the quarter point of the arch span.
Values of the effective length factor, k, given in Table
8.14.3may beused. In Equation (8-41), Cryshall betaken
as1.0and ¢ shall betaken as0.85.
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TABLE 8.14.3 EffectivelL ength Factor s, k
Rise-to-Span 3-Hinged 2-Hinged Fixed
Ratio Arch Arch Arch
0.1-0.2 1.16 1.04 0.70
0.2-0.3 1.13 1.10 0.70
0.3-0.4 1.16 1.16 0.72
8.14.3.2 Slenderness effects between points of

lateral support and between suspenders in the vertical
plane of atied arch with suspended roadway, shall be
evaluated by a rational analysis taking into account the
requirementsof Article8.16.5.1.1.

8.14.3.3 The shape of arch rings shall conform,
asnearly asispracticable, to the equilibrium polygon for
full dead load.

8.14.3.4 Inarchribsandbarrels, thelongitudinal
reinforcement shall providearatio of reinforcement areato
grossconcreteareaat least equal t0 0.01, divided equally
between the intrados and the extrados. The longitudinal
reinforcement shall be enclosed by lateral tiesin accor-
dancewithArticle8.18.2. Inarchbarrels, upper andlower
levels of transverse reinforcement shall be provided that
are designed for transverse bending due to loads from
columns and spandrel walls and for shrinkage and tem-
perature stresses.

8.14.3.5 If transverse expansion joints are not
provided in the deck slab, the effects of the combined
action of the arch rib, columns and deck slab shall be
considered. Expansion joints shall be provided in span-
drel walls.

8.14.3.6 Wallsexceeding8feetinheight onfilled
spandrel archesshall belaterally supported by transverse
diaphragms or counterforts with a slope greater than 45
degrees with the vertical to reduce transverse stressesin
thearchbarrel. Thetop of thearchbarrel andinterior faces
of thespandrel wallsshall bewaterproofed and adrainage
system provided for thefill.
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8.15 SERVICE LOAD DESIGN METHOD
(ALLOWABLE STRESS DESIGN)
8.15.1 General Requirements

8.15.1.1 Service load stresses shall not exceed
thevaluesgiveninArticle8.15.2.

8.15.1.2 Devel opment and splices of reinforce-
ment shall beasrequired in Articles 8.24 through 8.32.
8.15.2 Allowable Stresses

8.15.2.1 Concrete
Stresses in concrete shall not exceed the following:
8.15.2.1.1 Flexure

Extremefiber stressincompression, f. ..... 0.40

Extremefiber stressin compression

for transversely reinforced

deckslabs, fe ..o, 1200psi

Extremefiber stressintensionfor
plainconcrete, fi....ocooeevivinnincnennee 0.21f,

Modulus of rupture, f, from tests, or, if data are not
available:

Normal weight concrete............c.........
“Sand-lightweight” concrete............... 6.3,/ f¢
“All-lightweight” concrete................... 5.5, f¢

8.15.2.1.2 Shear

For detailed summary of allowabl e shear stress, v, see
Article8.15.5.2.

8.15.2.1.3 Bearing Stress

The bearing stress, f,,, on loaded area shall not exceed
0.30 f..
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When the supporting surfaceiswider on all sidesthan
theloaded area, theall owablebearing stressonthel oaded

areamay be increased by
2

When the supporting surface is sloped or stepped, A,
may be taken as the area of the lower base of the largest
frustum of the right pyramid or cone contained wholly
withinthesupport and havingfor itsupper basethel oaded
area, and having side slopes of 1 vertical to 2 horizontal.

Whentheloaded areaissubjectedto high edgestresses
dueto deflection or eccentricloading, theallowablebear-
ing stress on the loaded area, including any increase due
to the supporting surface being larger than the loaded
area, shall bemultiplied by afactor of 0.75.

, but not by more than

8.15.2.2 Reinforcement
The tensile stress in the reinforcements, f, shall not
exceedthefollowing:

Grade4Oreinforcement ..........cccc.e... 20,000psi
Grade60reinforcement..........cccue... 24,000ps

Grade60reinforcement for transversely
reinforceddeck dlabs..........ccceeuennee. 20,000 psi

Instraight reinforcement, therange between the maxi-
mum tensile stressand the minimum stresscaused by live
load plusimpact shall not exceedthevaluegiveninArticle
8.16.8.3. Bendsinprimary reinforcement shall beavoided
in regions of high stress range.

8.15.3 Flexure

8.15.3.1 For theinvestigation of stresses at ser-
vice loads, the straight-line theory of stressand strainin
flexure shall be used with the following assumptions:

8.15.3.2 The strain in reinforcement and con-
crete is directly proportional to the distance from the
neutral axis, except that for deep flexure members with
overall depthto spanratiosgreater than 2/5for continuous
spansand 4/5 for simple spans, a nonlinear distribution
of strain shall be considered.
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8.15.3.3 In reinforced concrete members, con-
crete resists no tension.

8.15.3.4 The modular ratio, n = Es/E; may be
taken as the nearest whole number (but not less than 6).
Except in calculations for deflections, the value of n for
lightweight concrete shall be assumed to be the same as
for normal weight concrete of the same strength.

8.15.3.5 Indoubly reinforced flexural members,
an effective modular ratio of 2 Eg/E. shall be used to
transform the compression reinforcement for stresscom-
putations. Thecompressivestressinsuchreinforcements
shall not be greater than the allowable tensile stress.

8.15.4 Compression Members

Thecombinedflexural and axial load capacity of com-
pression members shall be taken as 35 percent of that
computed in accordance with the provisions of Article
8.16.4. Slendernesseffectsshall beincluded accordingto
therequirementsof Article8.16.5. ThetermP,inEquation
(8-41) shall bereplaced by 2.5timesthedesignaxial load.
Inusingtheprovisionsof Articles8.16.4and8.16.5, ¢ shall
betaken as1.0.

8.15.5 Shear
8.15.5.1 Shear Stress
8.15.5.1.1 Design shear stress, v, shall be
computed by:
_V
V-m (8-3)

whereV isdesign shear force at section considered, b,y
isthewidth of web, and disthedistancefromtheextreme
compression fiber to the centroid of the longitudinal
tensionreinforcement. Whenever applicable, effectsof
torsion# shall be included.

4 The design criteria for combined torsion and shear given in
"Building CodeRequirementsfor Reinforced Concrete” - ACI
318 may be used.
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8.15.5.1.2 For acircular section, by, shall be the
diameter and d need not belessthan the distancefromthe
extreme compression fiber to the centroid of thelongitu-
dinal reinforcement in the opposite half of the member.

8.15.5.1.3 For tapered webs, by, shall bethe aver-
age width or 1.2 times the minimum width, whichever is
amaller.

8.15.5.1.4 When the reaction, in the direction of
the applied shear, introduces compression into the end
regionsof amember, sectionslocated lessthan adistance
dfromfaceof support may bedesignedfor thesameshear,
V, asthat computed at adistanced. An exception occurs
when major concentrated | oads areimposed between that
point and theface of support. Inthat case, sectionscloser
than d to the support shall be designed for V at distance
d plus the major concentrated loads.

8.15.5.2 Shear Stress Carried by

Concrete

8.15.5.2.1 Shear in Beams and One-Way
Sabs and Footings

For members subject to shear and flexure only, the
allowable shear stress carried by the concrete, v, may be
taken as 0.95,/f. . A more detailed calculation of the
allowable shear stress can be made using:

V. =0.9/f¢ +LlOOpW(\I</I—d] <16(f;

Note:
(@ M isthedesign moment occurring
simultaneously with V at the section being
considered.

(8-4)

vd
(b) The quantity — shall not be taken greater
M
than 1.0.

8.15.5.2.2 Shear in Compression Members

For members subject to axial compression, the allow-
able shear stress carried by the concrete, v, may betaken
as 0.95,/ f{ . A more detailed calculation can be made
using:
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Ve = o.9[1+ o.oooe%]\/f_c'

N
The quantity E shall be expressed in pounds per
square inch.

(89

8.15.5.2.3 Shear in Tension Members

For members subject to axial tension, shear reinforce-
ment shall be designed to carry total shear, unlessamore
detailed cal culation is made using:

Ve = o.9{1+ 0.004%}/?5

(8-6)

Note:
(a) N is negative for tension.

N
(b) Thequantity o shall beexpressed in pounds

per square inch:
8.15.5.2.4 Shear in Lightweight Concrete

The provisions for shear stress, v, carried by the
concrete apply to normal weight concrete. When light-
weight aggregate concrete is used, one of the following |
modificationsshall apply:

(8 When f is specified, the shear stress v, shall
be modified by substituting f /6.7 for fc' ,
but the value of f4/6.7 used shall not exceed

(b) When f is not specified, the shear stress, v,
shall bemultipliedby 0.75for “al-lightweight”
concrete, and 0.85 for “ sand-lightweight”
concrete. Linear interpolation may be used
when partial sand replacement is used.

8.15.5.3 Shear Stress Carried by Shear
Reinforcement

8.15.5.3.1 Where design shear stress v exceeds
shear stress carried by concrete v, shear reinforcement
shall be provided in accordance with this Article. Shear
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reinforcement shall also conform to the general require-
mentsof Article8.19.

8.15.5.3.2 Whenshear reinforcement perpendicu-
lar to the axis of the member is used:

(V ~Ve )bws

A= ‘.

(8-7)

8.15.5.3.3 Wheninclined stirrups are used:

(V ~Ve )bws

fs\sina + cosa

A= (8-8)

8.15.5.3.4 When shear reinforcement consists of
asingle bar or single group of parallel barsall bent up at
the same distance from the support:

A = (Vf_V'C)bWS
<sha

where (v-v¢) shall not exceed 1.5, f; .

(8-9)

8.15.5.3.5 When shear reinforcement consists of
aseriesof parallel bent-up barsor groupsof parallel bent-
up bars at different distances from the support, the re-
quired area shall be computed by Equation (8-8).

8.15.5.3.6 Only the center three-fourths of the
inclined portion of any longitudinal bent bar shall be
considered effective for shear reinforcement.

8.15.5.3.7 Where more than one type of shear
reinforcement isused to reinforce the same portion of the
member, therequired areashall becomputed asthe sum of
the values computed for the various types separately. In
such computations, v, shall be included only once.

8.15.5.3.8 When(v-v,) exceeds 2\/f_c’ , themaxi-
mum spacings given in Article 8.19 shall be reduced by
one-half.

8.15.5.3.9 Thevalue of (v - v;) shall not exceed

NI

8.15.5.3.10 When flexural reinforcement located
within the width of amember used to compute the shear
strength isterminated in atension zone, shear reinforce-
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ment shall beprovidedinaccordancewithArticle8.24.1.4.

8.15.54 Shear Friction

8.15.5.4.1 Provisions for shear-friction are to be
applied whereit isappropriate to consider shear transfer
across a given plane, such as: an existing or potential
crack, an interface between dissimilar materials, or an
interface between two concretes cast at different times.

8.15.5.4.2 A crackshall beassumedtooccuralong
the shear plane considered. Required area of shear-
friction reinforcement As across the shear plane may be
designed using either Article8.15.5.4.3 or any other shear
transfer design methods that result in prediction of
strengthin substantial agreement with results of compre-
hensivetests. Provisionsof paragraph 8.15.5.4.4through
8.15.5.4.8 shall apply for all cal culationsof shear transfer
strength.

8.15.5.4.3 Shear-friction design method

(@ Whenshear-frictionreinforcementisperpen-
dicular to shear plane, area of shear-friction
reinforcement Ays shall be computed by

\%
A\,f =
fsu

wheremisthecoefficient of frictioninaccor-
dancewithArticle8.15.5.4.3(c).

(8-10)

(b) When shear-friction reinforcement isinclined
to shear plane such that the shear force pro-
ducestensionin shear-frictionreinforcement,
areaof shear-friction A shall becomputed by

\Y
A,f -—

- fs(/,lsinaf +Ccosa; )

(8-11)

where asisanglebetween shear-frictionrein-
forcement and shear plane.

(c) Coefficientof frictionminEquation(8-10) and
Equation (8-11) shall be:

concreteplacedmonoalithicaly ................... 14
concrete placed against hardened concrete

with surfaceintentionally roughened asspeci-
fiedinArticle8.15.5.4.7 ......ccccvvvvvene. 1.0
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concrete placed against hardened concrete
not intentionally roughened ........ 0.6l

concreteanchoredtoas-rolled structural steel
by headed studs or by reinforcing bars (see
Article8.15.5.4.8) ......cccccverrrurene 0.7A

wherel =1.0for normal weight concrete; 0.85
for“sand-lightweight” concrete; and 0.75for
“all-lightweight” concrete. Linear interpola-
tionmay beappliedwhen partial sandreplace-
ment is used.

8.15.5.4.4 Shear stressv shall not exceed 0.09 f/
nor 360 psi.

8.15.5.4.5 Net tension across shear plane shall be
resisted by additional reinforcement. Permanent net com-
pression acrossshear planemay betaken asadditivetothe
forceintheshear-frictionreinforcement Ay+fs, whencal cu-
lating required Ay.

8.15.5.4.6  Shear-friction reinforcement shall be
appropriately placed along the shear plane and shall be
anchored to devel op the specified yield strength on both
sidesby embedment, hooks, or weldingto special devices.

8.15.5.4.7 For the purpose of Art. 8.15.5.4, when
concreteis placed against previously hardened concrete,
the interface for shear transfer shall be clean and free of
laitance. If pisassumed equal to 1.04, interface shall be
roughened to afull amplitude of approximately 1/, inch.

8.15.5.4.8 When shear istransferred between as-
rolled steel and concrete using headed studs or welded
reinforcing bars, steel shall be clean and free of paint.

8.15.5.5 Horizontal Shear Design for
Composite Concrete Flexural
Members

8.15.5.5.1 Inacompositemember, full transfer of
horizontal shear forces shall be assured at contact sur-
faces of interconnected elements.

8.15.5.5.2 Design of cross sections subject to
horizontal shear may bein accordancewith provisionsof
Paragraph 8.15.5.5.30r 8.15.5.5.4 or any other shear trans-
fer design method that resultsin prediction of strengthin
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substantial agreement with result of comprehensivetests.

8.15.5.5.3 Design horizontal shear stress vg at
any cross section may be computed by

(8-11A)

where Visdesign shear force at section considered and d
isfor entire composite section. Horizontal shear vy, shall
not exceed permissible horizontal shear v, in accordance
withthefollowing:

(8 Whencontact surfaceisclean, freeof laitance,
and intentionally roughened, shear stress v,
shall not exceed 36 psi.

(b) When minimum ties are provided in accor-
dancewith Paragraph 8.15.5.5.5, and contact
surfaceis clean and free of laitance, but not
intentionally roughened, shear stressvy, shall
not exceed 36 psi.

(©) When minimum ties are provided in accor-
dancewith Paragraph 8.15.5.5.5, and contact
surfaceisclean, freeof laitance, andintention-
ally roughenedto afull magnitudeof approxi-
mately 1/,inch, shear stressvy, shall not exceed
160psi.

(d) Foreachpercent of tiereinforcement crossing
the contact surfacein excess of the minimum
required by 8.15.5.5.5, permissiblev, may be
increased by 721,/40,000 psi.

8.15.5.5.4 Horizontal shear may be investigated
by computing, inany segment not exceeding one-tenth of
thespan, theactual changein compressiveor tensileforce
to be transferred, and provisions made to transfer that
force as horizontal shear between interconnected ele-
ments. Horizontal shear shall not exceed the permissible
horizontal shear stress v, in accordance with Paragraph
8.15553.

8.15.5.5.5 Ties for Horizontal Shear

(8 When required, a minimum area of tie rein-
forcement shall be provided between inter-
connected elements. Tieareashall notbeless
than 50 bys / fy, and tie spacing s shall not
exceed four times the least web width of
support element, nor 24 inches.
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(b) Tiesforhorizontal shear may consist of single
barsor wire, multipleleg stirrups, or vertical
legs of welded wire fabric (smooth or de-
formed). All tiesshall beadequately anchored
into interconnected elements by embedment
or hooks.

(©) All beamshear reinforcement shall extendinto
cast-in-place deck slabs. Extended shear re-
inforcement may be used in satisfying the
minimumtiereinforcement.

8.15.5.6 Special Provisions for Slabs
and Footings

8.15.5.6.1 Shear capacity of slabsand footingsin
the vicinity of concentrated loads or reactions shall be
governed by the more severe of two conditions:

(8 Beam action for the slab or footing, with a
critical sectionextendinginaplaneacrossthe
entirewidth and located at adistance d from
the face of the concentrated load or reaction
area. For this condition, the slab or footing
shall be designed in accordance with Article
8.15.5.1 through 8.15.5.3, except at footings
supported on piles, the shear on the critical
section shall be determined in accordance
withArticle4.4.7.2.

(b) Two-way action for the slab or footing, with
acritical section perpendicular totheplaneof
the member and located so that its perimeter
by isaminimum, but not closer thand/2tothe
perimeter of theconcentrated|oad or reaction
area. For this condition, the slab or footing
shall bedesignedin accordancewith Article
8.15.5.6.2and8.15.5.6.3.

8.15.5.6.2 Design shear stress, v shall be com-
puted by:
\Y
v=—o
b,d

whereV and b, shall betaken at thecritical sectiondefined
in8.15.5.6.1(b).

(8-12)

8.15.5.6.3 Design shear stress, v, shall not exceed
V¢ given by Equation (8-13) unlessshear reinforcement is
providedinaccordancewith Article8.15.5.6.4.
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2 r r
Ve = (O.8+7j\/f_c S1.8\/f_C (8-13)
C
Bcistheratioof long sideto short sideof concentrated | oad
or reaction area.

8.15.5.6.4  Shear reinforcement consisting of bars
or wiresmay be used in slabs and footingsin accordance
with thefollowing provisions:

(@ Shear stresses computed by Equation (8-12)
shall be investigated at the critical section
definedin8.15.5.6.1(b) and at successive sec-
tions more distant from the support.

(b) Shear stressv, at any section shall not exceed
0.9\/f_c’ and v shall not exceed 3,/ f; .

(©) Where v exceeds 0.9,/ f! , shear reinforce-
ment shall be provided in accordance with

Article8.15.5.3.
8.15.5.7 Deleted
8.15.5.8 Special Provisions for Brackets

and Corbels®

8.15.5.8.1 Provisionsof Paragraph 8.15.5.8 shall
apply to brackets and corbelswith a shear span-to-depth
ratio a,/d not greater than unity, and subject toahorizontal
tensile force N not larger than V. Distance d shall be
measured at face of support.

8.15.5.8.2 Depth at outside edge of bearing area
shall not be less than 0.5d.

8.15.5.8.3  Section at face of support shall be
designed to resist simultaneously a shear V, a moment
'_Vav +Ng(h- d)J and ahorizontal tensileforceN.. Dis-
tance h shall be measured at the face of support.

5 These provisions do not apply to beam ledges. The PCA
publication, “Notes on ACI 318-95" contains an example
design of beam ledges - Part 17, Example 17-3.
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(8 Design of shear-friction reinforcement Asto
resist shear V shall be in accordance with
Article8.15.5.4. For normal weight concrete,
shear stressvshall notexceed 0.9,/ f{ nor 360
psi. For “al-lightweight” or “sand-light-
weight” concrete, shear stress v shall not
exceed (0.09-0.03a, /d)f; nor
(360-1268, /d) psi.

(b) Reinforcement A; to resist moment
[\/aV + Nc(h - d)] shall becomputedinaccor-
dancewithArticles8.15.2and8.15.3.

(¢) Reinforcement A, to resist tensile force N
shall becomputedby A,=N/fs Tensileforce
N shall not be taken less than 0.2V unless
special provisions are made to avoid tensile
forces.

(d) Areaof primary tensionreinforcement Agshall
be made equal to the greater of (Ar+A,) or
(2As 13)+ ).

8.15.5.8.4 Closedstirrupsortiesparallel to A with
atotal area A, not lessthan 0.5(As- An), shall beuniformly
distributed within two-thirds of the effective depth adja-
cent to As.

8.15.5.8.5 Ratio p=As/bd shall not be taken less
than 0.04(f;/f,).

8.15.5.8.6 At front face of bracket or corbel, pri-
mary tension reinforcement Ag shall be anchored by one
of thefollowing:

(@ astructural weldtoatransversebar of at |east
equal size; weld to be designed to develop
specified yield strength fy of As bars;

(b) bending primary tension bars Asback toform
ahorizontal loop, or

(c) some other means of positive anchorage.
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As (primary
reinforcement)
Bearing Plate

Anchor bar

Framing bar
to anchor
stirrups or ties A, (closed stirrups

or ties)

Figure8.15.5.8

8.15.5.8.7 Bearingareaof load onbracket or corbel
shall not project beyond straight portion of primary ten-
sion barsAs, nor project beyondinterior faceof transverse
anchor bar (if oneis provided).

8.16 STRENGTH DESIGN METHOD
(LOAD FACTOR DESIGN)

8.16.1 Strength Requirements

8.16.1.1 Required Strength

The required strength of a section is the strength
necessary to resist the factored loads and forces applied
to the structure in the combinations stipulated in Article
3.22. All sections of structures and structural members
shall have design strengths at least equal to the required
strength.

8.16.1.2 Design Strength

8.16.1.2.1 The design strength provided by a
member or cross section intermsof load, moment, shear,
or stress shall be the nominal strength calculated in
accordance with therequirementsand assumptionsof the
strength design method, multiplied by a strength reduc-
tionfactor @ .

6 The coefficient f provides for the possibility that small
adverse variations in material strengths, workmanship, and
dimensions, while individually within acceptable tolerances
and limits of good practice, may combine to result in
understrength.
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8.16.1.2.2 Thestrength reduction factors, ¢, shall
be asfollows:

(8 HexXure ... f=0.90
(except Group VIl footings................ f=1.0
andGroup VIl columns’ .................... f=1.2)

(B) Shear ..o f=0.85

(¢) Axial compressionwith
FPIAS e f=0.75
TS o f=0.70
(except Group VIl columns ......... f=1.0)

(d) Bearingonconcrete.........coooeeererennee f=0.7

Thevaueof g may beincreasedlinearly fromthevalue
for compression members to the value for flexure asthe
design axial load strength, ¢P,, decreases from
0.10f A, or ¢ Ry, whicheverissmaller, to zero.

8.16.1.2.3 Thedevelopment and splicelengths of
reinforcement specified in Articles 8.24 through 8.32 do
not require a strength reduction factor.

f
Asfy@{ls.g.sgé}g} Assumptions
Cc

8.16.2.1 The strength design of members for
flexureand axial loads shall be based on the assumptions
giveninthisarticle, and on the satisfaction of the appli-
cable conditions of equilibrium of internal stresses and
compatibility of strains.

8.16.2.2 The strain in reinforcement and con-
crete is directly proportional to the distance from the
neutral axis.

8.16.2.3 The maximum usable strain at the ex-
treme concrete compression fiber isequal to 0.003.

8.16.2.4 The stress in reinforcement below its
specifiedyieldstrength, fy, shall beEstimesthestee! strain.
For strainsgreater than that corresponding tofy, the stress
in the reinforcement shall be considered independent of
strain and equal to fy.

7 Forseismicloads(Group VI1l), theuseof increased coefficient
f for columns recognizes the overstrength capacity of well
confined compression memberswith axial loadsbel ow Pp. For
axial loads above Py, do not use the increased coefficient f
without a more detailed analysis to justify the use of higher
coefficient f.
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8.16.2.5 The tensile strength of the concrete is
neglectedinflexural calculations.

8.16.2.6 The concrete compressible stress/
strain distribution may be assumed to be a rectangle,
trapezoid, parabola, or any other shape that results in
prediction of strength in substantial agreement with the
results of comprehensive tests.

8.16.2.7 A compressive stresg/strain distribu-
tion, which assumesaconcretestressof 0.85f' cuniformly
distributed over an equivalent compression zone
bounded by the edges of the cross section and a line
parallel totheneutral axisat adistance a= B;cfromthefiber
of maximum compressive strain, may be considered to
satisfy theregquirementsof Article8.16.2.6. Thedistance
cfromthefiber of maximumstraintotheneutral axisshall
bemeasuredinadirection perpendicular tothat axis. The
factor 3, shall betaken as0.85 for concrete strengths, f',
up to and including 4,000 psi. For strengths above 4,000
psi, 51 shall be reduced continuously at arate of 0.05 for
each 1,000 psi of strengthinexcessof 4,000 psi but 3; shall
not be taken less than 0.65.

8.16.3 Flexure
8.16.3.1

Maximum Reinforcement of
Flexural Members

8.16.3.1.1 Theratio of reinforcement p provided
shall not exceed 0.75 of theratio py, that would produce
bal anced strain conditionsfor the section. The portion of
Pp balanced by compression reinforcement need not be
reduced by the 0.75 factor.

8.16.3.1.2 Balanced strain conditions exist at a
cross section when thetension reinforcement reachesthe
straincorrespondingtoitsspecifiedyield strength, f,, just
as the concrete in compression reaches its assumed ulti-
matestrainof 0.003.

8.16.3.2 Rectangular Sections with
Tension Reinforcement Only

8.16.3.2.1 Thedesignmoment strength, 9M,,, may
be computed by:

(8-15)
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= ¢{Asfy[d —Ej:| (8-16)
where
= AS fy
0,850 (8-17)

8.16.3.2.2 The balanced reinforcement ratio, py, is
given by:

_ 0854, 87,000
f, 87,000+,

b (8-18)

8.16.3.3 Flanged Sections with Tension
Reinforcement Only

8.16.3.3.1 When the compression flange thickness
is equal to or greater than the depth of the equivalent
rectangular stress block, a, the design moment strength,
@M, may becomputed by Equations(8-15) and (8-16).

8.16.3.3.2 When the compression flange thickness

isless than a, the design moment strength may be com-
puted by:

Mnp = {(As - Ag )fy(d -gj’f Af fy(d - 0.5h¢ )}

(8-19)
where
_ 0.85f(b- by )y
T, (8-20)
_(A-Af
" 0.85fh, (8-21)

8.16.3.3.3 The balanced reinforcement ratio, py, is
given by:
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_(bw) [ 08541 | 87,000
pb_(F]H P, ]{87,000+fy]+’0 f} (8-22)

y

where

_As

Py (8-23)

8.16.3.3.4 For T-girder and box-girder construction,
thewidth of the compression face, b, shall beequal tothe
effectiveslabwidth asdefined in Article 8.10.

8.16.3.4 Rectangular Sections with
Compression Reinforcement

8.16.3.4.1 The design moment, oMy, may be com-
puted as follows:

If

(A-A [t (87,000
5% 5085
bd Atd srooo-r, (824

then

oM, = 4’{('% - Aé)fy(d -gj +Afy(d- d')} (8-25)
where

(As - A.;)fy

0,851 (8-26)

8.16.3.4.2 Whenthevalueof (A, -A.)/bd isless
than the value required by Equation (8-24), so that the
stress in the compression reinforcement is less than the
yield strength, f,, or when effects of compression rein-
forcement arenegl ected, the design moment strength may
becomputed by theequationsinArticle8.16.3.2. Alterna
tively, ageneral analysismay bemadebased on stressand
strain compatibility using the assumptions given in Ar-
ticle8.16.2.
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8.16.3.4.3 Thebalancedreinforcementratio p,for
rectangular sections with compression reinforcement is
given by:

_losspifel s7000 VI ()

b = P 8-27
f, 87,000+ f, f, ©&2)
where
[ (d’ (87,000+f, |
8.16.3.5 Flanged Sections with

Compression Reinforcement

8.16.3.5.1 When the compression flange thick-
ness is less than the value of 'a’ determined by Article
8.16.3.4.1, the design moment strength may be computed

by:

(A-Ac-a)fa-2l

M, =9
A fyld- o5hf)+Agf d-d’)

Pmag = 0.80(0.851(A, = Ag)* VA

(8-28A)

where
_(A-A-A)fy

=h .
0.85fh, f (8-288)

and the following condition shall be satisfied:

(A - Aq - A) N [0.85,81fc'd'J[

87,000 j
b,d f,d f

87,000~ f,
(8-28C)

8.16.3.5.2 When the value of
(A - A¢ - A)/b,d islessthan the limit given by the
expressioninArticle8.16.3.5.1, themoment strength
may be computed by the equationsin Article 8.16.3.3.2,
or a general analysis based on stress and strain
compatibility using the assumptions givenin Article
8.16.2may beperformed.

8.16.3.5.3 Thebalanced reinforcement ratio, py, for
flanged sectionswith compressionreinforcementisgiven

by:
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[ : 1 (o
o= (0.85p,1)( 87,000 \+pf +p/ £2)

b f, 87,000+ f, f,
(8-28D)

where prisasdefinedinArticle8.16.3.3.3and f.isas
definedinArticle8.16.3.4.3.

8.16.3.6 Other Cross Sections

For other cross sections the design moment strength,
@M, shall be computed by a general analysis based on
stress and strain compatibility using assumptions given
inArticle8.16.2. Therequirementsof Article8.16.3.1shall
also be satisfied.

8.16.4 Compression Members

8.16.4.1 General Requirements
8.16.4.1.1 Thedesignof memberssubject toaxial
load or to combined flexure and axial 1oad shall be based
on stress and strain compatibility using the assumptions
givenin Article 8.16.2. Slenderness effects shall bein-
cluded according to the requirements of Article 8.16.5.

8.16.4.1.2 Memberssubject to compressive axial
load combined with bending shall be designed for the
maximum moment that can accompany theaxial load. The
factored axial load, Py, at a given eccentricity shall not
exceed thedesignaxia strength gPnmeax Where

(8 For memberswith spiral reinforcement
conformingtoArticle8.18.2.2.

(8-29)
¢ =0.75
(b) For memberswithtiereinforcement
conformingtoArticle8.18.2.3

(8-30)

9 =070

Themaximumfactored moment, M,,, shall bemagnified
for slenderness effectsin accordancewith Article 8.16.5.
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8.16.4.2 Compression Member

Strengths

The following provisions may be used as a guide to
definetherange of theload-moment interaction relation-
shipfor memberssubjected to combined flexureand axial
load.

8.16.4.2.1 Pure Compression

Thedesignaxial load strength at zero eccentricity, P,
may be computed by:

(8-31)

For design, pure compressive strength is a hypotheti-
cal conditionsinceArticle8.16.4.1.2limitstheaxia load
strength of compression membersto 85 and 80 percent of
theaxial load at zero eccentricity.

8.16.4.2.2 Pure Flexure

The assumptions given in Article 8.16.2 or the appli-
cableeguationsfor flexuregivenin Article8.16.3may be
usedto computethedesign moment strength, gM,, inpure
flexure.

8.16.4.2.3 Balanced Srain Conditions

Balanced strain conditions for a cross section are
definedinArticle8.16.3.1.2. For arectangular sectionwith
reinforcement in one face, or located in two faces at
approximately thesamedistancefromtheaxisof bending,
the balanced load strength, ¢Py, and balanced moment
strength, gMy,, may be computed by:

oA, = pl0.851ba, + ALT - Aty (8-32)
and
) 0.85fc"bab(d - d"-iJ 4
b~ 40 (8—33)
Afd-d-d")+ Af,d"
where,
87,000
= ) d
ay { 87,000+ f, }81 (8-34)
and
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[ "\ ( 87,000+ f, V1
f. =87,000 1 (AN Ty
d 87,000

= fy (835

8.16.4.2.4 Combined Flexure and Axial Load

Thestrength of acrosssectioniscontrolled by tension
when the nominal axial load strength, Py, islessthan the
bal anced | oad strength, Py, and iscontrolled by compres-
sion when P, is greater than Py,

The nominal values of axial load strength, P,, and
moment strength, M;,, must be multiplied by the strength
reductionfactor, ¢, for axial compressionasgiveninArticle
8.16.1.2.

8.16.4.3 Biaxial Loading

Inlieuof ageneral section analysisbased on stressand
strain compatibility, the design strength of non-circular
members subjected to biaxia bending may be computed
by thefollowing approximate expressions:

1 1
Po P

nx

s 11
” Py P (8-36)

when thefactored axial load,

R, = 0.1f A, (8-37)
or
M M
ux_ 4 uy <1 (8-38)
oM nx oM ny
when thefactored axial |oad,
R, <0.1f{A, (8-39)

8.16.4.4 Hollow Rectangular

Compression Members

8.16.4.4.1 Thewall dendernessratio of ahollow
rectangular cross section, X, /t, is defined in Figure
8.16.4.4.1. Wall dendernessratiosgreater than 35.0arenot
permitted, unless specific analytical and experimental
evidence is provided justifying such values.
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8.16.4.4.2 Theequivaentrectangular stressblock
method shall not be employed in the design of hollow
rectangular compression members with wall thickness
ratio of 15 or greater.

8.16.4.4.3 If thewall slendernessratioislessthan
15, thenthemaximum usablestrain at theextremecompres-
sionfiberisequal t00.003. If thewall slendernessis15or
greater, then the maximum usable strain at the extreme
concrete compression fiber isequal to thecomputedlocal
buckling strain of the widest flange of the cross section,
or 0.003, whichever isless.

8.16.4.4.4 Thelocal buckling strain of the widest
flange of the cross section may be computed assuming
simply supported boundary conditions on all four edges
of theflange. Nonlinear material behavior shall beconsid-
ered by incorporating the tangent material moduli of the
concreteandreinforcing steel incomputationsof thelocal
buckling strain.

Typical Monolithic Pier Section
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8.16.4.4.5 In lieu of the provisions of Articles
8.16.4.4.2,8.16.4.4.3and8.16.4.4.4, thefol lowing approxi-
mate method may be used to account for the strength
reduction dueto wall slenderness. The maximum usable
strain at the extreme concrete compression fiber shall be
taken as 0.003 for all wall slenderness ratios up to and
including 35.0. A strength reduction factor ¢, shall be
applied in addition to the usual strength reduction factor,
@,inArticle8.16.1.2. Thestrengthreductionfactor ¢,,shall
be taken as 1.0 for all wall slenderness ratios up to and
including 15.0. For wall slenderness ratios greater than
15.0and lessthan or equal to 25.0, the strength reduction
factor ¢, shall bereduced continuously at arate of 0.025
forevery unitincreaseinwall slendernessratioabove15.0.
For wall slendernessratiosgreater than 25.0 and lessthan
or equal to 35.0, the strength reduction factor ¢,,shall be
takenas0.75.

8.16.4.4.6 Discontinuous, non-post-tensioned
reinforcement in segmentally constructed hollow rectan-
gular compression membersshall beneglected incompu-
tations of member strength.

Typical Segmental Pier Section

Xy

Wall Slenderness Ratio = —

t

FIGURE8.16.4.4.1 Definition of Wall Slender nessRatio

| 8.16.45  Probable Plastic Moment

| 8.16.4.5.1 Theprobableplasticmomentisdefined
asthemaximum moment which canbeexpectedtoactually
developin awell confined column section at yield.

8.16.4.5.2 For well-confined sections with axial
| loadsbel ow Py, (Article8.1.2) theprobabl e plastic moment

may beassumedto be 1.3 timesthe nominal moment. For
loads above P,, a more detailed analysis shall be per-
formed.

8.16.4.6 Special Provisions for Column
and Pier Wall Hinges

8.16.4.6.1 The design shear force, V,, and the |
associated axial force, P, shall beadequately transferred
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from superstructure to support, from support to founda-
tion, or atintermediatel ocationsinthesupport considered
hinged.

8.16.4.6.2 The design compressive axial load
strength shall be computed in accordance with Article
8.16.4.2.1foral Grouploadsexcept Group V1. For Group
V1l loads, thedesign compressiveaxial load strength shall
be computed by:

(8-39A)

where,
9=0.90

Py shall not exceed ¢P,.

8.16.4.6.3 Thedesign tensile axial load strength
may be computed by:

(8-39B)

wherep=0.90for all loadsexcept Group V11, and ¢=1.0for
Group VIl loads.

8.16.4.6.4 The design shear strength shall be in
accordancewith Article8.16.6.4. Theareaof longitudinal
hingereinforcement, Ay, in excessof, A, may beusedfor
therequired area, Ay.

8.16.4.6.5 In hinges, the longitudinal reinforce-
ment shall be placed close to the center of the core to
minimize moment strength. Thelongitudinal hingerein-
forcement shall be developed on both sides of the hinge
interface.

8.16.5 SYenderness Effects in
Compression Members
8.16.5.1 General Requirements
8.16.5.1.1 The design of compression members
shall bebased onforcesand momentsdetermined froman
analysis of the structure. Such an analysis shall include
theinfluenceof axial loadsand variablemoment of inertia
onmember stiffnessand fixed-end moments, the eff ect of

deflections on the moments and forces, and the effect of
the duration of the loads.

8.16.5.1.2 Inlieu of the procedure described in
Article 8.16.5.1.1, slenderness effects of compression
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membersmay beeval uatedinaccordancewiththeapproxi-
mateprocedureinArticle8.16.5.2.

8.16.5.1.3 Inlieu of the procedure described in
Article 8.16.5.1.1, denderness effects in compression
membersshall be neglected when proportioning them for
the Group V11 load combination.

8.16.5.2 Approximate Evaluation of
Slenderness Effects

8.16.5.2.1 The unsupported length, |, of a com-
pression member shall betheclear distancebetween slabs,
girders, or other members capable of providing lateral
support for the compression member. Where haunches
are present, the unsupported length shall be measured to
thelower extremity of thehaunchintheplaneconsidered.

8.16.5.2.2 The radius of gyration, r, may be as-
sumed equal to 0.30 times the overall dimension in the
directioninwhich stability isbeing consideredfor rectan-
gular compression members, and 0.25 timesthe diameter
for circular compression members. For other shapes, r may
be computed for the gross concrete section.

8.16.5.2.3 For compression members braced
against sidesway, the effective length factor, k, shall be
taken as 1.0, unless an analysis showsthat alower value
may be used. For compression members not braced
against sidesway, k shall be determined with due consid-
eration of cracking andreinforcement onrelativestiffness
and shall be greater than 1.0.

8.16.5.2.4 For compression members braced
against sidesway, the effects of slenderness may be
neglected when ki, /r isless than 34-(12M1,/Map).

8.16.5.2.5 For compression members not braced
against sidesway, the effects of slenderness may be
neglected when ki, /r is less than 22.

8.16.5.2.6 For all compression members where
kly/r isgreater than 100, an analysisasdefinedin Article
8.16.5.1shall bemade.

8.16.5.2.7 Compression members shall be de-
signed using the factored axial load, P, derived from a
conventional elastic analysis and a magnified factored
moment, M. Py shall not exceed ¢P..
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M; =0,My, +O My (8-40)
where
C
o, = ’l‘; >1.0
1o tu (8-41)
1,28
C
O ”‘P >1.0
_ 2R (8-41A)
92 P,
and
b = T2El
Nz (642

For membersbraced against sidesway, dsshall betaken
as1.0. For membersnot braced against sidesway, o, shall
beevaluated asfor abraced member and dsfor anunbraced
member.

Inlieu of amore precise calculation, El may be taken
either as:

E.l
¢ 9 + ESI S
El=Q 2> _
(L+ Bq) (8-43)
where
Q=2014-11.42(p,) (8-43A)
and
_ Ay
Pz (8-43B)

g

| Equation (8-43A) appliesfor valuesof P/P,lessthan
0.6andfor valuesof p;between0.01and0.06. For values
of P/P,greater than 0.6, thevalueof Q shall vary linearly
fromthevauesinEquation(8-43A)to1.0at P/P,of 0.9(See
Figure8.16.5), or thevalue of El may betaken conserva-
tively as:
Eclg

El =25 _ (8-44)
(1+ By )

where B4istheratio of maximum dead |oad moment to
maximum total |oad moment and isalways positive. For
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membersbraced against sidesway and without transverse
loads between supports, C,, may be taken as:

M
Cnp = O.6+O.4( b ]
2b

(8-45)
but not less than 0.4.

For all other cases C,,, shall betaken as 1.0.

O 100 p, <0.01
- p, <0.06
1.00
1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 0.9
P/Po

FIGURE8.16.5 El Correction Factor Q
(Equation 8-43A)

8.16.5.2.8 |f computations show that there is no
moment at either end of acompression member braced or
unbraced against sidesway or that computed end eccen-
tricitiesarelessthan (0.6 + 0.03h) inches, My, and Mogin
Equation (8-40) shall bebased onaminimum eccentricity
of (0.6+0.03h) inchesabout each principal axisseparately.
Theratio My,/My,in Equation (8-45) shall bedetermined
by either of thefollowing:

(8 When the computed end eccentricities are less
than (0.6 + 0.03h) inches, the computed end moments
may be used to evaluate M1, /Moy in Equation (8-45).

(b) If computations show that there is essentially no
moment at either end of the member, theratio
M3y /My shall be equal to one.

8.16.5.2.9 Instructuresthat arenot braced against
sidesway, theflexural membersframingintothecompres-
sion member shall bedesigned for thetotal magnified end
moments of the compression member at thejoint.
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8.16.5.2.10 When compression members are sub-
ject to bending about both principal axes, the moment
about each axisshall bemagnified by d, computed fromthe
corresponding conditions of restraint about that axis.

8.16.5.2.11 Whenagroupof compressionmembers
ononelevel compriseabent, or when they are connected
integrally to the same superstructure, and collectively
resist thesidesway of thestructure, thevalueof dsshall be
computed for themember groupwith >P,and >P.equal to
the summationsfor all columnsin the group.

8.16.6  Shear

8.16.6.1 Shear Strength
8.16.6.1.1 Design of cross sections subject to
shear shall be based on:

V, SV, (8-46)
where V, isfactored shear force at the section considered
and Vj, isthe nominal shear strength computed by:

V, =V, +V, 8-47
n c Vs

where V; is the nominal shear strength provided by the
concreteinaccordancewith Article8.16.6.2, and Vs isthe
nominal shear strength provided by the shear reinforce-
mentinaccordancewith Article8.16.6.3. Whenever appli-
cable, effects of torsion8 shall be included.

8.16.6.1.2 When the reaction, in the direction of
applied shear, introduces compression into the end re-
gions of a member, sections located less than a distance
d from the face of support may be designed for the same
shear V, as that computed at adistanced. An exception
occurs when major concentrated loads are imposed be-
tween that point and the face of support. In that case
sections closer than d to the support shall be designed for
V at adistance d plus the major concentrated |oads.

8  The design criteria for combined torsion and shear given in
“Building Code Requirements for Reinforced Concrete”
ACI318 may be used.
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8.16.6.2 Shear Strength Provided by

Concrete

8.16.6.2.1 Shear in Beams and One-Way
Sabs and Footings

For memberssubjectto shear and flexureonly, V, shall
be computed by:

V, = (1.9\/1‘_6' +2,5000,,

V,d
M. \wad (8-48)

or
V, =2,/ f/b,d

whereb,,isthewidth of web and disthedistancefromthe
extreme compression fiber to the centroid of thelongitu-
dinal tension reinforcement. Whenever applicable, ef-
fects of torsion shall beincluded. For acircular section,
b,, shall be the diameter and d need not be less than the
distance from the extreme compression fiber to the cen-
troid of thelongitudinal reinforcement intheoppositehal f
of themember. For tapered webs, b, shall bethe average
widthor 1.2timestheminimumwidth, whicheverissmaller.

(8-49)

Note:
(@  Vcshall not exceed 3.5,/ f/b,d whenusing

amoredetailed calcul ation.

(b) Thequantity V,d/M,shall not be greater than
1.0 where M, isthe factored moment occurring
simultaneously with V, at the section being
considered.

8.16.6.2.2 Shear in Compression Members

For members subject to axial compression, V.
may be computed by:

N, ;
Ve = 2{1+ M}/TC (bud) (8-50)
or
V, =2,/fb,d (8-51)

Note:
The quantity Ny /Agshall be expressed in pounds
per square inch.
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8.16.6.2.3 Shear in Tension Members

For members subject to axial tension, shear reinforce-
ment shall be designed to carry total shear, unlessamore
detailed cal culation is made using:

N | 157 (o,0)

500A,

(
Ve=21+ (8-52)
Note:

(@ Nyisnegative for tension.

(b) The quantity Ny/Agshall be expressed in
pounds per sguare inch.

| (©) Vcshal not betaken less than zero.

8.16.6.2.4 Shear in Lightweight Concrete

The provisions for shear stress, v, carried by the

concrete apply to normal weight concrete. When light-

| weight aggregate concrete is used, one of the following
modificationsshall apply:

(@ When fy is specified, the shear strength, V.
shall bemodified by substituting fy /6.7 for
Jf¢ butthevalueof fy /6.7 usedshall not
exceed,/ f .

(b) Whenfgisnot specified, V. shall be
multipliedby 0.75for "all-lightweight" con-
crete, and 0.85 for "sand-lightweight" con-
crete. Linear interpolation may beusedwhen
partial sand replacement is used.

8.16.6.3 Shear Strength Provided by
Shear Reinforcement

8.16.6.3.1 Wherefactored shear forceV, exceeds
shear strength ¢V, shear reinforcement shall be provided
tosatisfy Equations(8-46) and (8-47), but not lessthanthat
required by Article 8.19. Shear strength Vs shall be
computed in accordancewith Articles8.16.6.3.2 through
8.16.6.3.10.

8.16.6.3.2 Whenshear reinforcement perpendicu-
lar to the axis of the member is used:

f.d
V, = A“Sy (8-53)
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where A, is the area of shear reinforcement within a
distance s.

8.16.6.3.3 Wheninclined stirrups are used:

f,lsina+cosa)d
vS:AV 1 . ) (8-54)

8.16.6.3.4  When asingle bar or asingle group of
paralel bars all bent up at the same distance from the
support is used:

Ve = A f,sina <3/ 1(b,d) (8-55)

8.16.6.3.5 When shear reinforcement consists of
aseriesof parallel bent-up barsor groupsof parallel bent-
up bars at different distances from the support, shear
strength Vs shall be computed by Equation (8-54).

8.16.6.3.6 Only the center three-fourths of the
inclined portion of any longitudinal bent bar shall be
considered effective for shear reinforcement.

8.16.6.3.7 Where more than one type of shear
reinforcement isused to reinforce the same portion of the
member, shear strength Vs shall be computed as the sum
of the Vs values computed for the various types.

8.16.6.3.8 When shear strength Vs exceeds
4\/f_c’ b, d , spacing of shear reinforcement shall not ex-
ceed one-half themaximumspacinggiveninArticle8.19.3.

8.16.6.3.9 Shear strength Vs shall not be taken
greater than 8\/f_c’bwd .

8.16.6.3.10 When flexural reinforcement, located
within the width of amember used to compute the shear
strength, isterminated in atension zone, shear reinforce-
ment shall beprovidedinaccordancewithArticle8.24.1.4.

8.16.6.4 Shear Friction

8.16.6.4.1 Provisions for shear-friction are to be
applied whereit isappropriate to consider shear transfer
across a given plane, such as: an existing or potential
crack, an interface between dissimilar materials, or an
interface between two concretes cast at different times.
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8.16.6.4.2 Design of cross sections subject to
shear transfer asdescribedin paragraph 8.16.6.4.1 shall be
based on Equation (8-46), where shear strength V, is
calculated in accordance with provisions of paragraph
8.16.6.4.30r8.16.6.4.4.

8.16.6.4.3 A crackshall beassumedtooccuralong
the shear plane considered. Required area of shear-
friction reinforcement A acrossthe shear plane may be
designed using either paragraph 8.16.6.4.4 or any other
shear transfer design methods that result in prediction of
strengthin substantial agreement with results of compre-
hensivetests. Provisionsof paragraph 8.16.6.4.5through
8.16.6.4.9 shall apply for all cal culationsof shear transfer
strength.

8.16.6.4.4 Shear-friction Design Method
(8 When shear-friction reinforcement is

perpendicular to shear plane, shear strength V,
shall be computed by:

Vi = Ag fyu (8-56)
where 1 is coefficient of frictionin accordance
with paragraph (c).

(b) When shear-friction reinforcement isinclined
to shear plane, such that shear force produces
tension in shear-friction reinforcement, shear
strength V,, shall be computed by:

V, = Ay fy(,usinaf +c0sa; ) (8-56A)
where o is angle between shear-friction
reinforcement and shear plane.

(c) Coefficient of friction pin Equation (8-56)
and Equation (8-56A) shall be:

Concreteplacedmonolithicaly..................... 1.4A
Concrete placed against hardened concrete
with surface intentionally roughened

asspecifiedinArticle8.16.6.4.8.................... 1.0A

Concrete placed against hardened concrete
notintentionally roughened........................ 0.6A
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Concrete anchored to as-rolled structural
steel by headed studs or by reinforcing
bars(seeArticle8.16.6.4.9).......ccccvrrueeeene. 0.7A

where A= 1.0for normal weight concrete; 0.85for
"sand-lightweight" concrete; and 0.75 for "al-
lightweight" concrete. Linear interpolation may be
applied when partial sand replacement is used.

8.16.6.4.5 Shear strength V, shall not be taken
greater than 0.2 f /A, nor 800 Aeyin pounds, where A is
area of concrete section resisting shear transfer.

8.16.6.4.6 Net tension across shear plane shall be
resisted by additional reinforcement. Permanent net com-
pression acrossshear planemay betaken asadditivetothe
forceintheshear-frictionreinforcement Ayfy, when cal cu-
lating required A

8.16.6.4.7 Shear-friction reinforcement shall be
appropriately placed along the shear plane and shall be
anchored to devel op the specified yield strength on both
sidesby embedment, hooks, or weldingto special devices.

8.16.6.4.8 For the purpose of Article 8.16.6.4,
when concrete is placed against previously hardened
concrete, theinterfacefor shear transfer shall becleanand
freeof laitance. If pisassumedequal to 1.0, interfaceshall
beroughenedtoafull amplitudeof approximately 1/, inch.

8.16.6.4.9 When shear istransferred between as-
rolled steel and concrete using headed studs or welded
reinforcing bars, steel shall be clean and free of paint.

8.16.6.5 Horizontal Shear Strength for
Composite Concrete Flexural
Members

8.16.6.5.1 Inacompositemember, full transfer of

horizontal shear forces shall be assured at contact sur-
faces of interconnected elements.

8.16.6.5.2 Design of cross sections subject to
horizontal shear may bein accordancewith provisionsof
paragraph8.16.6.5.30r 8.16.6.5.4, or any other shear trans-
fer design method that resultsin prediction of strengthin
substantial agreement with results of comprehensive
tests.
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8.16.6.5.3 Design of cross sections subject to
horizontal shear may be based on

V, SV, (8-57)

whereV, isfactored shear forceat section considered, Vi
isnominal horizontal shear strength in accordance with
the following, and where d is for the entire composite
section.

(8 Whencontact surfaceisclean, freeof laitance, and
intentionally roughened, shear strength Vy, shall
not be taken greater than 80b,d, in pounds.

(b) When minimum ties are provided in accordance
with paragraph 8.16.6.5.5, and contact surfaceis
clean and free of laitance, but not intentionally
roughened, shear strength V, shall not be taken
greater than 80b,d, in pounds.

(©) When minimum ties are provided in accordance
with paragraph 8.16.6.5.5, and contact surfaceis
clean, freeof laitance, andintentionally roughened
toafull amplitudeof approximately 1/, inch, shear
strength Vi, shall not betaken greater than 350b,d,
in pounds.

(d) For each percent of tiereinforcement crossing the
contact surfaceinexcessof theminimumreguired
by paragraph 8.16.6.5.5, shear strength V;, may be
increased by (160fy/40,000) b,d, in pounds.

8.16.6.5.4 Horizontal shear may be investigated
by computing, inany 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 forceshall not exceed horizontal
shear strength ¢V, in accordance with paragraph
8.16.6.5.3, except that |ength of segment considered shall
be substituted for d.

8.16.6.5.5 Ties for Horizontal Shear

(@ When required, aminimum areaof tie reinforce-
ment shall be provided between interconnected
elements. Tieareashall not belessthan 50 b,s/f,
and tie spacing s shall not exceed four times the
least webwidth of support element, nor 24 inches.
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(b) Tiesforhorizontal shear may consist of singlebars
or wire, multiple leg stirrups, or vertical legs of
welded wire fabric. All ties shall be adequately
anchoredintointerconnected elementsby embed-
ment or hooks.

(¢) All beam shear reinforcement shall extend into
cast-in-place deck slabs. Extended shear rein-
forcement may beused in satisfying theminimum
tiereinforcement.

8.16.6.6 Special Provisions for Slabs

and Footings

8.16.6.6.1 Shear strength of slabs and footingsin
the vicinity of concentrated loads or reactions shall be
governed by the more severe of two conditions:

(& Beamactionfortheslab or footing, with acritical
sectionextendinginaplaneacrosstheentirewidth
and located at a distance d from the face of the
concentrated load or reaction area. For thiscondi-
tion, the slab or footing shall be designed in
accordancewithArticles8.16.6.1 through 8.16.6.3
except at footings supported on pilesthe shear on
the critical section shall be determined in accor-
dancewithArticle4.4.7.2.

(b) Two-way action for the slab or footing, with a
critical section perpendicular to the plane of the
member and located so that its perimeter b, is a
minimum, but need not approach closer than d/2to
the perimeter of the concentrated load or reaction
area. For thiscondition, the slab or footing shall
bedesignedinaccordancewith Articles8.16.6.6.2
and8.16.6.6.3.

8.16.6.6.2 Design of slab or footing for two-way
action shall be based on Equation (8-46), where shear
strength V,, shall not be taken greater than shear strength
V. givenby Equation (8-58), unlessshear reinforcementis
providedinaccordancewith Article8.16.6.6.3.

v, = (2+ﬁi)\/f_c’bod <4/ flbyd
C

Bcistheratioof long sideto short sideof concentrated | oad
or reaction area, and b, is the perimeter of the critical
sectiondefinedinArticle8.16.6.6.1(b).

(8-58)
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8.16.6.6.3  Shear reinforcement consisting of bars
or wiresmay be used in slabs and footingsin accordance
with thefollowing provisions:

(@ Shear strength V,, shall be computed by Equation
(8-47), where shear strength V. shall be in accor-
dance with paragraph (d) and shear strength Vs
shall bein accordance with paragraph (e).

(b) Shear strength shall beinvestigated at the critical
sectiondefinedin8.16.6.6.1(b), and at successive
sections more distant from the support.

(c) Shear strength V,, shall not be taken greater than
6\/f_c’ b,d , wherebyisthe perimeter of thecritical
section defined in paragraph (b).

(d) Shear strength V at any section shall not betaken
greater than 2\/f_c’ b,d , whereb,istheperimeter of
the critical section defined in paragraph (b).

() Where the factored shear force V, exceeds the
shear strength fV, as given in paragraph (d), the
required area A, and shear strength Vs of shear
reinforcement shall be calculated in accordance
withArticle8.16.6.3.

8.16.6.7 Special Provisions for Box

Culverts

8.16.6.7.1 For top slabs of box culverts under 2
feetor morefill, andfor sidewallsandinvert dabregardless
of fill height, shear strength V. may be computed by:

V, =3.0y fohd

(8-59)

For top slabs of box culverts under less than 2 feet of
fill, applicable provisionsof Articles 3.24 and 6.5 should
be used.

8.16.6.8 Special Provisions for Brackets
and Corbels®

8.16.6.8.1 Provisionsof Article8.16.6.8 shall ap-
ply to brackets and corbels with a shear span-to-depth
ratio a,/dnot greater than unity, and subject toahorizontal

9 These provisions do not apply to beam ledges. The PCA
publication, Notes on ACI 318-95, contains an example
design of beam ledges - Part 17, Example 17.3
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tensile force N not larger than V. Distance d shall be
measured at face of support.

8.16.6.8.2 Depth at outside edge of bearing area
shall not be less than 0.5d.

8.16.6.8.3  Section at face of support shall be
designed to resist simultaneously a shear V,,, a moment
[Vwas+ Nyc(h-d)], and ahorizontal tensileforce Ny.. Dis-
tance h shall be measured at the face of support.

(@ Inall design calculationsin accordance with
paragraph 8.16.6.8, strength reduction factor ¢
shall betaken equal to 0.85.

(b) Design of shear-friction reinforcement A toresist
shear V, shall beinaccordancewithArticle8.16.6.4.
For normal weight concrete, shear strength V, shall
not be taken greater than 0.2 f_b,,d nor 800 bydin
pounds. For"all-lightweight" or "sand-lightweight"
concrete, shear strength V,, shall not betaken greater
than (0.2-0.07a,/d)fb,d nor
(800-280a,/d)b,,din pounds.

(c) Reinforcement A to resist moment
[Vuas+ Nye(h-d)] shall be computed in accordance
withArticles8.16.2and 8.16.3.

(d) Reinforcement A, to resist tensile force Ny shall
be determined from N, <A f, . Tensileforce
Nyc shall not betaken lessthan 0.2V, unless special
provisionsaremadetoavoidtensileforces. Tensile
force Ny shall beregarded asaliveload evenwhen
tension results from creep, shrinkage, or tempera-
ture change.

(e) Areaof primary tension reinforcement Ag shall
be made equal to the greater of (As+ A,), or

(2A413+A,).

8.16.6.8.4 Closedstirrupsortiesparalel toAg, with
atotal area A, not lessthan 0.5(Aq-Ay), shall beuniformly
distributed within two-thirds of the effective depth adja-
cent to A

8.16.6.8.5 Ratio p = As/bg shall not be less than
0.04(f/1,).

8.16.6.8.6 At front face of bracket or corbel, pri-
mary tension reinforcement Ag shall be anchored by one
of thefollowing:
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(@ astructural weld to atransverse bar of at least
equal size; weld to be designed to develop speci-
fied yield strength f, of Asbars,

(b) bending primary tension bars Asback to form a
horizontal loop, or

(c) some other means of positive anchorage.

8.16.6.8.7 Bearingareaof load onbracket or corbel
shall not project beyond straight portion of primary ten-
sion barsAg, nor project beyondinterior faceof transverse
anchor bar (if oneis provided).

As (primary
reinforcement)
Bearing Plate

Nuc

Anchor bar

Framing bar
anghor
Ttirrups orties

An (closed stirrups
or ties)

gecial Provision for Pier

[ [Whlls

f! | The shear strength of apier wall inits
shall bedeterminedfromArticles8.16.6.2

8.16.6.9.2
zone, the shear strength V,, in the strong direction of the
pierwall shall be:

In regions outside the plastic hinge

V, = v, A (8-59A)
Where, v, isthe limiting shear stress; A isthe area of

ahorizontal section of thepierwall andisgivenby htimes
d. d may betaken as 0.8 timesthewall length.

8.16.6.9.3 Thelimiting shear stressshall bedeter-
minedin accordancewith thefollowing formula:

Vu :2\/f_c'+phfy

(8-59B)
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but shall not be taken greater than Ei\/f_C .

8.16.6.9.4 For lightweight aggregate concrete,
V,, shall be multiplied by 0.75. The reinforcement re-
quired for shear shall be continuous and distributed
uniformly.

8.16.6.10 Compression Member
Connection to Caps

8.16.6.10.1 Design the connection between the
compression member and thebent or pier cap asspecified
inArticle3.22. Thedevel opmentlengthfor all longitudinal
steel shall beinaccordancewith Articles8.24through 8.30.

8.16.6.10.2 Theshear strengthinthejoint of apier
or bent reinforced for enclosure, in the direction under
consideration, shall not exceed 12\/f_c’bwd for normal-
weight aggregate concrete, 9\/f_c’ b,,d norforlightweight
aggregate concrete.

8.16.6.11 Special Seismic Provisions for
Columns, Pier Walls and Piles

8.16.6.11.1 The design shear force V, on each
principal axisof each column, pier wall or pileshall be
theval ue determined from theloading combinationsin
Article3.22 exceptfor Group V1.V, for Group VIl shall
be the lesser of the shear forces resulting from plastic
hinging or unreduced elastic ARS seismic forces in
columnsor pier walls.

8.16.6.11.2 The amount of transverse reinforce-
ment provided shall not be less than that required by
Article 8.18.2 for confinement or by Article 8.19.1 for
minimum shear reinforcement. For theareaor spacing of
Grade 60 transversereinforcement, fyshall betaken as60
ks.

8.16.6.11.3 Themember shear resistanceinregions
away fromplastichingesshall conformtoArticles8.16.6.2,
8.16.6.3and8.16.6.9.

8.16.6.11.4 Thefollowingprovisionswill determine
the member shear resistance in regions of plastic hinges
asdescribedinArticle8.16.6.11.1.
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(@ Concrete

The shear strength of the concrete, V., shall be in
accordance with Article 8.16.6.2 when the axial load
associated with the shear produces an average com-
pression stress in excess of 0.1f. over the core
concreteareaof thesupport member. AsP/A.increases
from0.0to 0.1f., strength V. increaseslinearly from 0
toamaximum valueof 2\/f_c’bd .

(b) Reinforcement

The shear strength of the transverse reinforcement Vg
shall be computed by Article 8.16.6.3. Only the core
section of the member shall be considered.

A
shall be the area of the least number of bars or wires
inasinglelayer of transversereinforcement that can be
intersected by a plane normal to the direction of the
applied shear.

Inwalls, A,shall betaken astheareaof horizontal shear
reinforcement within adistances.

8.16.6.11.5 When calculating the shear strength of
thesection, d may betaken as0.8timesthemember length
measured inthedirection of the shear force under consid-
eration or as 0.8 timesthe section diameter.

8.16.7 Bearing Strength

8.16.7.1 Thebearing stress, f,,, on concrete shall
not exceed ¢0.85f. except as provided in Articles
8.16.7.2,8.16.7.3and8.16.7.4.

8.16.7.2 When the supporting surface is wider
on all sides than the loaded area, the allowable bearing
stress on theloaded areamay bemultipliedby /A, / A |
but not by more than 2.

8.16.7.3 When the supporting surfaceis sloped
or stepped, A, may be taken asthe area of the lower base
of thelargest frustum of aright pyramid or conecontained
wholly withinthesupport and havingfor itsupper basethe
loaded area, and having side slopes of 1 vertical to 2
horizontal.

8.16.7.4 When the loaded area is subjected to
high edge stresses due to deflection or eccentric loading,
theallowablebearing stresson theloaded area, including
any increase due to the supporting surface being larger
thantheloaded area, shall bemultiplied by afactor of 0.75.
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8.16.8 Serviceability Requirements
8.16.8.1 Application

For flexural members designed with referenceto load
factors and strengths by Strength Design Method,
stresses at service load shall be limited to satisfy the
requirementsfor fatiguein Article8.16.8.3, andfor distri-
bution of reinforcementin Article8.16.8.4. Therequire-
mentsfor control of deflectionsin Article8.9shall a'sobe
satisfied.

8.16.8.2 Service Load Stresses

For investigation of stressesat serviceloadsto satisfy
the requirements of Articles 8.16.8.3 and 8.16.8.4, the
straight-linetheory of stressand strainin flexure shall be
used and the assumptions given in Article 8.15.3 shall

apply.

8.16.8.3 Fatigue Stress Limits

Therangebetween amaximumtensilestressand mini-

mum stressin straight reinforcement caused by live load
plusimpact at service load shall not exceed:

f, =21-033f +8(%]

(8-60)
where:
f = stressrangein kips per square inch;
fmin = d@gebracminimumstresslevel, (tensionposi-
tive, compressionnegative) inkipsper square
r inch;
noe ratio of base radius to height of rolled-on

transverse deformations; when the actual
valueisnot known, use 0.3.

Bends in primary reinforcement shall be avoided in
regions of high stress range.

Fatigue stress limits need not be considered for con-
cretedeck slabswith primary reinforcement perpendicul ar
totrafficand designedinaccordancewiththeapproximate
methods given under Article 3.24.3 Case A.
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8.16.8.4 Distribution of Flexural
Reinfor cement

To control flexural cracking of the concrete, tension
reinforcement shall be well distributed within maximum
flexural zones. When the design yield strength, fy, for
tensionreinforcement exceeds40,000 psi, thebar sizesand
spacing at maximum positive and negative moment sec-
tions shall be chosen so that the calculated stressin the
reinforcement at serviceload, fs, inks doesnot exceedthe
value computed by:

fs = <0.6fy

z
(dc A)]/3 (8-61)

| but shall not be lessthan 0.4
InEquation(8-61),

A = effectivetension area, in square inches, of
concrete surrounding the flexural tension
reinforcement and having the same centroid as
that reinforcement, divided by the number of
barsor wires. When theflexural reinforcement
consistsof several bar or wiresizes, the number
of bars or wires shall be computed as the total
areaof reinforcement divided by the area of the
largest bar or wire used.

d. = distancemeasured fromextremetensionfiber to
the center of the closest bar or wire in inches.
For calculation purposes, the thickness of
clear concrete cover used to compute d. shall
not be taken greater than 2 inches.

z = afactor related totheexposure conditionsof the
structure and based on the maximum crack
width permitted. Valuesfor various exposure
conditions are:

(@ 100 Kips/inch for structures in direct
contact with sea water or subjected to sea
water spray.

(b) 130 Kips/inch for structures not in di-
rect contact with seawater or subjectedto sea
water spray but located within 1,000 feet of
ocean or tidal water and for bridge decks
locatedinenvironmental Arealll (severecli-
mate).
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() 170Kips/inchforall casesotherthanas
listed above.

Where membersare exposed to very aggressive expo-
sureor corrosiveenvironmentsasspecifiedin Article8.22,
protection shouldbeprovided asdiscussedin Article8.22
and Table 8.22.1, or by furnishing other methods of pro-
tection such as a waterproofing system, in addition to
satisfying Equation (8-61).

Part D
Reinforcement

8.17 REINFORCEMENT OF FLEXURAL
MEMBERS

8.17.1 Minimum Reinforcement

8.17.1.1 At any section of a flexural member
where tension reinforcement is required by analysis, the
reinforcement provided shall be adequate to develop a
moment at least 1.2 timesthecracking moment cal cul ated
on the basis of the modulus of rupture for normal weight
concretespecifiedinArticle8.15.2.1.1.

8.17.1.2 The requirements of Article 8.17.1.1
may be waived if the area of reinforcement provided at a
section is at |east one-third greater than that required by
analysis based on the loading combinations specified in
Article3.22.

8.17.2 Distribution of Reinforcement

8.17.2.1 Flexural Tension
Reinfor cement in Zones of
Maximum Tension

8.17.2.1.1 Where flanges of T-girders and box-
girders are in tension, tension reinforcement shall be
distributed over an effectivetension flangewidth equal to
/1o thegirder span length or awidth asdefined in Article
8.10.1, whicheverissmaller. If theactua dabwidth, center-
to-center of girder webs, exceeds the effective tension
flange width, and for excess portions of the deck slab
overhang, additional longitudinal reinforcement witharea
not less than 0.4 percent of the excess slab area shall be
provided in the excess portions of the slab.
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8.17.2.1.2 For integra bent caps of T-girder and
box-girder construction, tension reinforcement shall be
placed withinawidth not to exceed theweb width plusan
overhanging slab width on each side of the bent cap web
equal to one-fourth the average spacing of the intersect-
inggirder websor awidthasdefinedinArticle8.10.1.4for
integral bent caps, whichever issmaller.

8.17.2.1.3 Forthedistributionof negativemoment
tensile reinforcement continuous over a support, the
effective tension flange width shall be computed sepa-
rately on each side of the support in accordance with
paragraph8.17.2.1.1and8.17.2.1.2. Thelarger of thetwo
effective flange widths shall be used for the uniform
distribution of the reinforcement into both spans.

8.17.2.1.4 |fthedepthof thesidefaceof amember
exceeds 2 feet, longitudinal reinforcement having atotal
areaat least equal to 10 percent of the area of theflexural
tension reinforcement shall be placed near the side faces
of the member and distributed in the zone of flexura
tension with a spacing not more than theweb width or 12
inches.

For continuous structures, the area of flexural tension
reinforcement shall betaken asthemaximumat any single
section, either positive or negative. Minimum size of the
sidefacereinforcement shall be No. 4.

Such reinforcement may beincluded in computing the
flexural capacity only if astress and strain compatibility
analysis is made to determine stresses in the individual
barsor wires.

8.17.2.1.5 Forgirders,thetopsidefacebar oneach
face of the girder web shall beaNo. 8 bar.

8.17.2.1.6 In bent caps, reinforcement shall be
placed approximately threeinchesbel ow theconstruction
joint between the deck and cap, or lower if necessary to
clear prestressing ducts. This reinforcement shall be
designed by L oad Factor methodstaking M, as 1.3 times
the dead | oad negative moment of that portion of the cap
and superstructure | ocated beneath the construction joint
andwithin10feet of each sidefaceof thecap. Serviceload
checks and shear design are not required for this condi-
tion. Thisreinforcement may beincludedincomputingthe
flexural capacity of the cap only if a stress and strain
compatibility analysisis made to determine the stressin
the bars.

8-32 Section 8  ReINFORCED CONCRETE

BRrIDGE DesiGN SpeciFicaTions ¢ JuLy 2000

8.17.2.2 Transverse Deck Sab
Reinforcement in T-Girders
and Box-Girders

At least one-third of the bottom layer of thetransverse
reinforcement in the deck slab shall extend to the exterior
face of the outside girder web in each group and be
anchored by a standard 90-degree hook. If the slab
extends beyond the last girder web, such reinforcement
shall extend into the slab overhang and shall have an
anchorage beyond the exterior face of the girder web not
less than that provided by a standard hook.

8.17.2.3 Bottom Slab Reinforcement for
Box-Girders

8.17.2.3.1 Minimumdistributedreinforcement of
0.4 percent of theflangeareashall beplacedinthebottom
dabparallel tothegirder span. A singlelayer of reinforce-
ment may beprovided. Thespacing of such reinforcement
shall not exceed 18 inches.

8.17.2.3.2 Minimumdistributedreinforcement of
0.5 percent of the cross-sectional area of the slab, based
on the least slab thickness, shall be placed in the bottom
dlab transverse to the girder span. Such reinforcement
shall be distributed over both surfaces with a maximum
spacing of 18inches. All transversereinforcement inthe
bottom slab shall extend to the exterior face of theoutside
girder web in each group and be anchored by a standard
90-degree hook or equal .

8.17.3 Lateral Reinforcement of
Flexural Members
8.17.3.1 Compressionreinforcement usedtoin-

creasethestrength of flexural membersshall beenclosed
by tiesor stirrups which shall be at least No. 3in sizefor
longitudinal barsthat areNo. 10or smaller,and at least No.
4insizeforNo. 11, No. 14,No. 18, andbundledlongitudinal
bars. Welded wirefabric of equivalent areamay be used
instead of bars. The spacing of ties shall not exceed 16
longitudinal bar diameters. Such stirrups or ties shall be
provided throughout the distance where the compression
reinforcement isrequired. Thisparagraph doesnot apply
toreinforcement located inacompression zonewhich has
not been considered as compression reinforcement inthe
design of the member.
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8.17.3.2  Torsion reinforcement, where required,
shall consist of closed stirrups, closed ties, or spirals,
combinedwithlongitudinal bars. SeeArticle8.15.5.1.1or
8.16.6.1.1.

8.17.3.3  Closed stirrupsor tiesmay beformedin
one piece by overlapping the standard end hooks of ties
or stirrupsaround alongitudinal bar, or may beformedin
one or two pieces by splicing with Class C splices (lap of
1.71g).

8.17.3.4 In seismic areas, where an earthquake
that could cause major damageto construction hasahigh
probability of occurrence, lateral reinforcement shall be
designed and detailed to provide adequate strength and
ductility to resist expected seismic movements.

8.17.4 Reinforcement for Hollow
Rectangular Compression
Members

8.17.4.1 Theareaof longitudinal reinforcementin
thecrosssectionshall not belessthan 0.01 timesthegross
area of concrete in the cross section.

8.17.4.2 Twolayersof reinforcement shall bepro-
videdineachwall of thecrosssection, onelayer near each
face of thewall. The areas of reinforcement in the two
layersshall beapproximately equal .

8.17.4.3  The center-to-center lateral spacing of
longitudinal reinforcing bars shall be no greater than 1.5
timesthewall thickness, or 18 inches, whichever isless.

8.17.4.4  The center-to-center longitudinal spac-
ing of lateral reinforcing barsshall beno greater than 1.25
timesthewall thickness, or 12 inches, whichever isless.

8.17.4.5 Cross ties shall be provided between
layersof reinforcement in eachwall. The crosstiesshall
include a standard 135 degree hook at one end, and a
standard 90 degree hook at the other end. Crosstiesshall
belocated at bar gridintersections, andthehooksof all ties
shall enclose both lateral and longitudinal bars at the
intersections. Eachlongitudinal reinforcing bar and each
lateral reinforcing bar shall be enclosed by the hook of a
crosstie at a spacing not to exceed 24 inches.

8.17.4.6  For segmentally constructed members,
additional crossties shall be provided along the top and
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bottom edges of each segment. The cross ties shall be
placed so asto link the ends of each pair of internal and
external longitudinal reinforcing barsin the walls of the
Cross section.

8.17.4.7 Lateral reinforcing barsmay bejoinedat
the cornersof the cross section by overlapping 90-degree
bends. Straight lap splicesof lateral reinforcing barsare
not permitted unless the overlapping bars are enclosed
over the length of the splice by the hooks of at least four
cross ties located at intersections of the lateral bars and
longitudinal bars.

8.17.4.8 When details permit, the longitudinal
reinforcing barsinthecornersof thecrosssection shall be
enclosed by closed hoops. If closed hoops cannot be
provided, then pairsof "U" shaped barswith legsat |east
twiceaslongasthewall thickness, and oriented 90 degrees
to one another, may be substituted.

8.17.4.9 Post-tensioning ducts located in the
corners of the cross section shall be anchored into the
corner regionswith closed hoops, or by stirrups having a
90-degree bend at each end which encloses at least one
longitudinal bar near the outer face of the cross section.

8.18 REINFORCEMENT OF
COMPRESSION MEMBERS

8.18.1 Maximum and Minimum
Longitudinal Reinforcement
8.18.1.1 The areaof longitudinal reinforcement

for compression membersshall not exceed 0.08 timesthe
gross area, Ay, of the section.

8.18.1.2  Theminimum areaof longitudinal rein-
forcement shall not belessthan 0.01 timesthegrossarea,
Ay, of the section. When the cross section is larger than
that required by consideration of loading, a reduced
effective area may be used. The reduced effective area
shall not belessthan that whichwould requireonepercent
of longitudinal reinforcement to carry the loading. The
minimum number of longitudinal reinforcingbarsshall be
six for barsinacircular arrangement and four for barsina
rectangular arrangement. Theminimumsizeof barsshall
beNo. 5.
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8.18.1.4 The center-to-center spacing of inter-
locking spiralsor hoop cagesin oblong columnsshall not
be greater than 0.75 times the diameter of the cage. The
overlaps shall beinterlocked by aminimum of four bars.

8.18.1.5 Theminimum vertical shear reinforce-
mentratio pn, inapierwall shall not belessthan0.0025. The
reinforcement determined by p,, shall bespaced uniformly
along both faces at a spacing not exceeding 12 inches. py
shall not belessthan p, (Article8.18.2.1.6).

8.18.2 Lateral Reinforcement

8.18.2.1 General

8.18.2.1.1 Lateral reinforcement for compression
members shall consist of either spiral reinforcement,
hoops, or of a combination of lateral ties and cross ties.
Tiesshall only beused whenitisnot practical to provide
spiral or hoopreinforcement. Wherelongitudinal barsare
required outside the spiral or hoop reinforcement, they
shall have lateral support provided by bars spaced and
hooked as required for crossties. The hooked bars shall
extend into the core of the spiral or hoop by afull devel-
opment length.

8.18.2.1.2 Reinforcement required for Article
8.18.2.1.1 may be used to satisfy shear requirements of
Article8.16.6.9.

8.18.2.1.3 Latera reinforcement shall extendatthe
same spacing into the footing to the point of tangency of
the column bar hooks but may be discontinuousat thetop
footing reinforcement.

8.18.2.1.4 Lateral reinforcement for compression
members shall be continued into the cap adistance equal
to the lesser of:

(@ one-half the maximum dimension of the confined
core section of the compression member at the cap
soffit;

(b) the development length of straight main reinforce-
ment from compression members;

(c) thestraight portion of hooked main reinforcement
from compression members.

Thislateral reinforcement may bediscontinuousat the
bottom flexural reinforcement of the cap.
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8.18.2.1.5 In a compression member that has a
larger cross section than that required by conditions of
loading, the lateral reinforcement requirements may be
waived where structural analysis or tests show adequate
strength and feasibility of construction.

8.18.2.1.6 In pier walls, the minimum horizontal
shear reinforcement ratio py, shall not belessthan 0.0025.
For pier wallsdesigned as columns, provisionsin Article
8.18.2.3.1shall apply.

8.18.2.1.7 The vertical spacing of horizontal
shear reinforcement (ties) in pier wallsshall not exceed
theleast dimension of thewall or 12 inches, whichever
issmaller.

When vertical reinforcement is comprised of bars
larger than No. 10 bundled together with morethan two
barsin any one bundle, the maximum spacing of hori-
zontal reinforcement shall be one-half of that specified
above.

8.18.2.1.8 In plastic hinge zones, the maximum
spacing of horizontal shear reinforcement shall be one-
half of that specifiedinArticle8.18.2.1.7.

8.18.2.1.9 Crossties and horizontal shear rein-
forcementinpierwallsshall conformtoArticles8.18.2.3.3
and8.18.2.34.

8.18.2.2 Spiral or Hoops

Spiral or hoop reinforcement for compression members
shall conformto thefollowing:

8.18.2.2.1 Spirasor hoopsshall consist of evenly
spaced continuousbar or wire, withaminimumdiameter of
0.20inchfor membershaving aminimum dimension of 20
inches or less, and 0.348 inch for members having a
minimum dimension greater than 20 inches.

8.18.2.2.2 Ratioof spiral or hoopreinforcement ps
shall not be less than the value given by:

fe
Ps = 0-45(% - lj 1, (8-62)

where fy is the specified yield strength of spiral or hoop
reinforcement but not more than 60,000 psi.

In potential plastic hinge zone, as defined in Article
3.21.8, psshall not belessthan:
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' )
Ps = 0.45(i —1\i(o.5+ 1.25R

A, A, (862A)

for columnslessthan or equal to 3feet indiameter or least
dimension,

or

' )
ps =0.121¢ (o.5+ 1.25F
fy feAg

for columnslarger than 3feetindiameter or least dimension

(8-62B)

However, psshall not be not lessthan that required by
Equation (8-62).

If thecover over thecoreinaplastic hingezoneexceeds
two inches at any point, the val ue of Ayused to determine
psfor the plastic hinge zone shall belimited to the area of
a reduced section having not more than two inches of
cover. The reduced section used to calculate Ay shall be
adequate for all applied |oads associated with the plastic
hinge.

8.18.2.2.3 Deleted

8.18.2.2.4 Deleted
8.18.2.2.5 Deleted

8.18.2.2.6 Splicesinspiral or hoopreinforcement
shall beaccomplished by welding or mechanical couplers.

8.18.2.2.7 Spirals or hoops shall be of such size
and so assembled as to permit handling and placing
without distortion from designed dimensions.

8.18.2.2.8 Spirasor hoopsshall beheld firmlyin
placeby attachment tothelongitudinal reinforcement and
trueto line by vertical spacers.

8.18.2.3 Ties

Tiereinforcement for compressionmembersshall con-
formtothefollowing:

8.18.2.3.1 All barsshall beenclosedby lateral ties
whichareat|eastNo. 3insizeforlongitudinal barsthat are
No. 100r smaller,and atleast No. 4insizefor No. 11, No.
14, No. 18 and bundled longitudinal bars.
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Thetotal crosssectional area(Ag,) of tiereinforcement
for arectangular column shall not be less than:

f )
Ay, = 0.30sh, f—y(% -1 (8-62C)

In plastic hinge zones, Ag, shall not be less than either

~ £ ( Ay \( 1.25P, )
A§1—0.303thcf—y(x—l 0.5+ fC'Ag (8-62D)

or

f (0_5+ 1.25P,)

Ag, = 0.125h, :
fy fcAg

(8-62E)

whichever is greater, but not less than that required by
Equation (8-62C). s shall not belessthan 2 inches. Use
area Ay for plastic hinge zones as defined in Article
818222

8.18.2.3.2 Deleted

8.18.2.3.3 Tiesshall belocatedvertically not more
than half atie spacing above the footing or other support
and shall be spaced as provided herein to not more than
half atie spacing below the lowest horizontal reinforce-
ment in members supported above.

8.18.2.3.4 Lateral tiereinforcement, shall be pro-
vided by single or overlapping closed ties, or a single
closed tie combined with cross ties.

Ties shall be so arranged that every corner and alter-
nate longitudinal bar or bundle of bars shall have lateral
support, but nointermediate bar or bundleshall befarther
than 6 inches clear on either side from such a laterally
supported bar or bundle. Corner barsshall be considered
laterally supportedif theincluded angleof thetiedoesnot
exceed 135 degrees.

Closedtiesshall beterminated with 135 degree hooks.
Thehook extensionsshall bethelarger of 10tiediameters
or 6 inches.

Cross ties shall be hooked at both ends and placed
normal acrosscore section h.. Each hook will engagethe
perimeter tieat alongitudinal bar on opposite face of the
column. Hook extensions shall bethe sameasfor closed
ties. Hook detailsshall beinaccordancewith either of the
following:
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(@ Continuoustieswith 135 degree hook on oneend
and 90 degree hook on the other. Crossties shall
be alternated so that hooks of the same degreeare
not adjacent to each other both vertically and
horizontally.

(b) Lap spliced tiewith 180 degree hook at each end.

8.18.2.4 Deleted

8.19 LIMITS FOR SHEAR
REINFORCEMENT

8.19.1 Minimum Shear Reinforcement

8.19.1.1 A minimum areaof shear reinforcement

shall beprovidedinall flexural members, except slabsand
footings, where:

(@ For design by Strength Design, factored shear
force V, exceeds one-half the shear strength pro-
vided by concrete fV.

(b) For design by Service Load Design, design shear
stress v exceeds one-half the permissible shear
stress carried by concrete ve.

8.19.1.2 Where shear reinforcement isrequired
by Article8.19.1.1, or by analysis, theareaprovided shall
not be less than:

_ 50b,s

A

(8-63)
y

where b, and sarein inches.
8.19.1.3 Minimum shear reinforcement require-
mentsmay bewaivedif itisshownby test that therequired

ultimate flexural and shear capacity can be developed
when shear reinforcement is omitted.

8.19.2 Types of Shear Reinforcement
8.19.2.1 Shear reinforcement may consist of:

(@ Stirrupsperpendicular totheaxisof themember or
making an angle of 45 degrees or more with the
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longitudinal tension reinforcement.
(b) Weldedwirefabricwithwireslocated perpendicu-
lar to the axis of the member.

(¢) Longitudinal reinforcement with a bent portion
making an angle of 30 degrees or more with the
longitudinal tension reinforcement.

(d) Combinations of stirrups and bent longitudinal
reinforcement.

(e Spirds.

8.19.2.2  Shear reinforcement shall be developed
at both ends in accordance with the requirements of
Article8.27.

8.19.3 Spacing of Shear Reinforcement

Spacing of shear reinforcement placed perpendicul ar to
the axis of the member shall not exceed d/2 or 24 inches.
Inclined stirrupsand bent longitudinal reinforcement shall
be so spaced that every 45-degree line extending toward
thereaction from the mid-depth of the member, d/2, tothe
longitudinal tension reinforcement shall be crossed by at
least one line of shear reinforcement.

8.20 SHRINKAGE AND TEMPERATURE
REINFORCEMENT

8.20.1 Reinforcement for shrinkage and temperature
stresses shall be provided near exposed surfaces of walls
and slabs not otherwise reinforced. The total area of
reinforcement provided shall beat |east 1/g squareinch per
foot in each direction.

8.20.2 The spacing of shrinkage and temperaturerein-
forcement shall not exceed three times the wall or slab
thickness, or 18 inches.

8.21 SPACING LIMITS FOR

REINFORCEMENT

8.21.1 For cast-in-place concrete, the clear distance
between parallel bars in a layer shall not be less than
1%/, bar diameters, 1/, timesthemaximumsizeof thecoarse
aggregate, or 11/, inches.
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8.21.1.1 The maximum spacing of lateral rein-
forcement in compression members shall not exceed the
smaller of one-fifth of the least dimension of the cross-
section, 6timesthenominal diameter of thelongitudinal
reinforcement, or 8inches.

8.21.1.2 The maximum spacing of longitudinal
reinforcement in compression membersshall be8inches.
Themaximum spacing of theinner circleor row of concen-
tric longitudinal reinforcement enclosed in lateral rein-
forcement may be increased to 16 inchesif confinement
does not control the spacing of the lateral reinforcement.

8.21.2 For precast concrete (manufactured under plant
control conditions) the clear distance between parallel
barsinalayer shall be not lessthan 1 bar diameter, or 11/3
timesthemaximum sizeof thecoarseaggregate, or 1inch.

8.21.3 Where positive or negative reinforcement is
placedintwo or morelayers, barsintheupper layersshall
beplaceddirectly abovethoseinthebottom layer withthe
clear distance between layers not less than 1 inch.

8.21.4 Theclear distancelimitation between bars shall
also apply to the clear distance between a contact lap
splice and adjacent splices or bars.

8.21.5 Groups of parallel reinforcing bars bundled in
contact to act as a unit shall be limited to 4 in any one
bundle. Barslarger than No. 11 shall belimitedtotwoin
any one bundle in beams. Bundled bars shall belocated
withinstirrupsor ties. Individual barsin abundle cut off
within the span of a member shall terminate at points at
least 40 bar diametersapart. Wherespacing limitationsare
based on bar diameter, a unit of bundled bars shall be
treated as a single bar of a diameter derived from the
equivalent total area.

8.21.6 Inwallsandslabs, theprimary flexural reinforce-
ment shall be spaced not farther apart than 1%/, timesthe
wall or slab thickness, or 18 inches.

8.21.7 For cast-in-place concrete piling, the entire
length of piles 24 inches and greater in diameter and the
portion below 15 feet from the top of piles less than 24
inches in diameter, the clear distance between parallel
longitudinal and transverse reinforcing bars shall not be
lessthan 5timesthe maximum aggregatesizeor 5inches.

8.22 PROTECTION AGAINST

CORROSION

8.22.1 The minimum concrete cover for protection of
reinforcement against corrosion dueto chlorides shall be
as provided in Table 8.22.1. "Corrosive" water or soil
containsmorethan 500 partsper million (ppm) of chlorides.
Sites that are considered corrosive due solely to sulfate
content greater than 2,000 ppmand/or apH of lessthan 5.5
shall be considered non-corrosive in determining mini-
mum cover from Table 8.22.1, but shall conform to the
reguirementsof Article8.22.6.

M arineatmosphereincludesboth theatmosphere over
land within 1,000 feet of ocean or tidal water, and the
atmosphere above the splash zone. Tida water, from
corrosion considerations, is any body of water having a
chloride content greater than or equal to 500 ppm. The
splash zoneisdefined astheregionfromthe Mean Lower
Low Water (MLLW) elevationto 20 feet abovetheMean
Higher HighWater (MHHW) elevationand/or ahorizontal
distance of 20 feet from the edge of water. The concrete
cover instructural elementsthat arein direct contact with
ocean spray shall be based on the requirements for a
chloride concentration greater than 10,000 ppm in the
corrosive splash zone.

8.22.2 Forbundledbars, theminimumconcretecoverin
non-corrosiveatmosphereshall beequal totheequivalent
diameter of the bundle, but need not be greater than 2
inches. For concretein contact with non-corrosive soil or
water, the minimum cover shall be3inches. Incorrosive
environments, thecover shall bethesameasthat specified
inTable8.22.1, except that it shall not belessthanthecover
specifiedfor bundled barsinnon-corrosiveenvironments.

8.22.3 The minimum concrete cover for protection of
ductsin corrosive environments shall be the same asthat
specifiedfor reinforcement in Table8.22.1, except that:

(@ the concrete cover over the duct shall not be less
than one-half the diameter of the duct; and,

(b) whenepoxy-coated reinforcementisrequired, the
minimum concrete cover over the duct shall be
increased by 1/, inch beyond that specified for
reinforcementin Table 8.22.1, but shall not be less
than that specified in (a).
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8.22.4 In corrosive environments, the minimum con-
crete cover to prestressing steel not placed within ducts,
shall bethesameasthat specifiedfor reinforcement (Table
8.22.1), except that when epoxy-coated reinforcement is
required per Table8.22.1, theprestressing steel shall either
be epoxy-coated or the minimum concrete cover to the
prestressing steel shall beincreased by 1inch beyond that
specifiedinTable8.22.1.

8.22.5 Exposed reinforcement, inserts, and plates in-
tended for bondingwith futureextensions, aswell asother
typesshall be protected from corrosion. All other ferrous
hardware, attachments, installationsetc. shall conformto
therequirementsof Table8.22.1, or shall be protected by
hot-dip galvanizing or an equivalent protective method.
Appropriate reductions in requirements are permitted
depending on the interim conditions and/or exposure
duration.

8.22.6 The durability of concrete may be adversely
affected by contact with acidsand sulfatesinsoil or water.
The minimum requirements for protection of concrete
against acid and sulfate exposure shall conform to the
requirementsinTable8.22.2.

BRrIDGE DesiGN SpeciFicaTions ¢ JuLy 2000

TABLEB22.2 Minimum Requirementsfor
Protection of Reinfor cedand
Unreinfor ced Concr eteagainst Acid
and SulfateExposureConditions
Soil or Sulfate_ .
Water oH concentration | Cement typerequired
&P in soil or water
(Ppm)
Typel-P(MS) modified
7.1to14 0to 1499 or
Typell modified
Typel-P(MS) modified
5.6to7 1500to0 1999 or
Typell modified @
Typell modified
3t05.5©@ [2000to 15000() or
TypeV ©®

General Notes:

1 Recommendations for cement type shall apply
whenthepH shownin Column 1and/or thesulfate
concentration shown in Column 2 exist.

2 Thetablelists soil/water pH and Sulfate concen-
trationinincreasing levelsof severity. If thesoil/
water pH and the sulfate concentration are at
different level sof severity, thentherecommenda-
tion for the more severe level shall apply.

Footnotes:

(@ Maximumwatertocementitiousmaterial ratioshall
not exceed 0.45

(b) Theminimum cementitiousmaterial content shall
be 658 pounds per cubic yard with a25% mineral
admixturereplacement by weight. Maximumwater
tocementitiousmaterial ratioshall not exceed 0.40.

(c) Additional mitigationmeasureswill beneededfor
conditions where pH is less than 3 and/or the
sulfateconcentration exceeds15,000 ppm. Mitiga-
tion measures may include additional concrete
cover and/or protective coatings.
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8.23 HOOKS AND BENDS
8.23.1 Standard Hooks

The term "standard hook™ as used herein, shall mean
one of the following:

(8 180-degbend plus4d, extension, but not lessthan
2.5inches at free end of bar.
(b) 90-degbendplus12d,extensionat freeend of bar.
(¢) For stirrup and tie hooks:
() No. 5 bar and smaller, 90-deg bend plus 6d,
extension at free end of bar, or
(2 No. 6, No. 7and No. 8 bar, 90-deg bend plus
12d,, extension at free end of bar, or
(3 No. 8bar and smaller, 135-deg bend plus 6d,
extension at free end of bar.

8.23.2 Minimum Bend Diameters

8.23.2.1 Forreinforcing bars, thediameter of bend
measured on the inside of the bar, other than for stirrups
and ties, shall not be less than the values given in Table
82321

TABLEB8.23.2.1 Minimum Diameter sof Bend

Bar Size
Nos. 3 through 8
Nos.9,10and 11

Nos. 14 and 18

MinimumDiameter

6 bar diameters

8 bar diameters

10 bar diameters

8.23.2.2 For Grade 40 bars of size No. 3to No. 11
inclusive, with bends not exceeding 180 degrees, the
minimum diameter of bend shall not be less than 5 bar
diameters.

8.23.2.3 The inside diameter of bend for stirrups
andtiesshall not belessthan 4 bar diametersfor sizesNo.
5andsmaller. For barslarger thansizeNo. 5, thediameter
of bend shall bein accordancewith Table8.23.2.1.

8.23.2.4 Theinside diameter of bend in smooth or
deformed welded wirefabricfor stirrupsandtiesshall not
belessthan4-wirediametersfor deformedwirelarger than
D6 and 2-wire diametersfor all other wires. Bendswith
insidediametersof |lessthan 8-wirediametersshall not be
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|essthan 4-wire diametersfrom the nearest welded inter-
section.

8.24 DEVELOPMENT OF FLEXURAL
REINFORCEMENT

8.24.1 General

8.24.1.1 Thecaculated tension or compression in
the reinforcement at each section shall be developed on
each side of that section by embedment length, hook or
mechanical device, or acombinationthereof. Hooksmay
be used in developing bars in tension only.

8.24.1.2 Critical sectionsfor development of rein-
forcement inflexural membersare at points of maximum
stress and at points within the span where adjacent
reinforcement terminates or is bent. The provisions of
Article8.24.2.3must al so be satisfied.

8.24.1.2.1 Reinforcement shall extend beyondthe
point at whichitisnolonger required to resist flexurefor
adistance equal to the effective depth of the member, 15
bar diameters, or Y/, of the clear span, whichever is
greater, except at supportsof simple spansand at thefree
ends of cantilevers.

8.24.1.2.2 Continuingreinforcement shall havean
embedment length not less than the devel opment length
l4 beyond the point where bent or terminated tension
reinforcement isno longer required to resist flexure.

8.24.1.3 Tension reinforcement may be devel oped
by bending acrossthewebinwhichit liesor by making it
continuouswiththereinforcement onthe oppositeface of
themember.

8.24.1.4 Fexurereinforcementwithintheportionof
the member used to calcul ate the shear strength shall not
beterminatedinatensionzoneunlessoneof thefollowing
conditionsis satisfied:

8.24.1.4.1 The shear at the cutoff point does not
exceed two-thirds of that permitted, including the shear
strength of shear reinforcement provided.

8.24.1.4.2 Stirrupareainexcessof that requiredfor
shear is provided along each terminated bar over adis-
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tancefromthetermination point equal tothree-fourthsthe
effectivedepth of themember. Theexcessstirruparea, A,
shall not belessthan 60bys/fy. Spacing, s, shall not exceed
d/(88y,) where 3, istheratio of the area of reinforcement
cutoff to the total area of tension reinforcement at the
section.

8.24.1.4.3 ForNo.11barsandsmaller, thecontinu-
ing barsprovided doublethearearequiredfor flexureat the
cutoff point and the shear does not exceed three-fourths
of that permitted.

8.24.1.5  Adequate end anchorage shall be pro-
videdfortensionreinforcementinflexural memberswhere
reinforcement stress is not directly proportional to mo-
ment, such as: sloped, stepped, or tapered footings,
brackets; deepflexural members; or membersinwhichthe
tension reinforcement is not parallel to the compression
face.

8.24.2 Positive Moment Reinforcement

8.24.2.1 At least one-third the positive moment
reinforcement insimplemembersor at simplesupportsof
continuousmembersand one-fourth the positive moment
reinforcement in continuous members shall extend along
the same face of the member into the support. In beams,
such reinforcement shall extend into the support at least
6 inches.

8.24.2.2 When aflexura member is part of the
lateral load resisting system, the positive moment rein-
forcement required to be extended into the support by
Article8.24.2.1 shall beanchoredto devel opthe specified
yield strength, fy, in tension at the face of the support.

8.24.2.3 At simple supports and at points of in-
flection, positive moment tension reinforcement shall be
limitedtoadiameter suchthat |qcomputedfor fy by Article
8.25 satisfiesEquation (8-64); except Equation (8-64) need
not be satisfied for reinforcement terminating beyond
centerline of simple supports by a standard hook, or a
mechanical anchorage at least equivalent to a standard
hook.

(8-64)

where M is the computed moment capacity assuming all
positivemoment tensionreinforcement at thesectiontobe
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fully stressed. Visthemaximum shear forceat thesection.
l4 @ a support shall be the embedment Iength beyond
center of support. Atapointof inflection, |, shall belimited
totheeffectivedepth of themember or 12d,, whicheveris
greater. Thevalue M/V inthedevel opment lengthlimita-
tion may beincreased by 30 percent when the ends of the
reinforcement are confined by acompressive reaction.

8.24.3 Negative Moment Reinfor cement

8.24.3.1 Negativemomentreinforcementinacon-
tinuous, restrained, or cantilever member, or inany mem-
ber of arigid frame, shall be anchored in or through the
supporting member by embedment length, hooks, or me-
chanical anchorage.

8.24.3.2  Negative moment reinforcement shall
have an embedment length into the span as required by
Article8.24.1.

8.24.3.3 At least one-third of the total tension
reinforcement provided for negative moment at the sup-
port shall have an embedment length beyond the point of
inflection not lessthan the effective depth of the member,
12 bar diameters or /15 of the clear span, whichever is
greater.

8.25 DEVELOPMENT OF DEFORMED
BARS AND DEFORMED WIRE IN
TENSION

The development length, g, in inches shall be com-
puted as the product of the basic development length
defined in Article 8.25.1 and the applicable modification
factor or factorsdefinedin Articles8.25.2 and 8.25.3, but
l4 shall be not lessthan that specified in Article 8.25.4.

8.25.1 The basic development length shall be:

0.04A, T,
No.1lbarlOandsmaller.........ccocoveeenennee. T
y fe
but ot lessthan™............cccceeeeeevereeeennne. 0.0004d, f,
10 The constant has the unit of 1/in.
11 The constant has the unit of in. %/lb.
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NO.LADAISI2.......oecircree e

NO.18DArst2........c.ooeeeeeeeee s
EfOrMEAWITE.......eeeeeeeeeeeeee e T
ormedwire, \/f_c

8.25.2 Thebasicdevelopmentlengthshall bemultiplied
by the following applicable factor or factors:

8.25.2.1 Top reinforcement shall be con-
sidered as only those horizontal
bars or hooks which have more
than 12 inches of concrete cast
in the member below the bar or
hook asa part of the same pour
that encasesthebar..........ccccoveuneeen. 14

8.25.2.2 Lightweight aggregate concrete

whenfgisspecified.........ccoeenee. f—

butnotlessthan...........cccocvveeeiviieccieeene 1.0

6.7y
ct

When f isnot specified “all
lightweight” concrete..........cc.ccccoueee. 133

“sandlightweight” concrete............... 1.18

Linear interpolation may be ap-
plied when partial sand replace-

ment is used.

8.25.2.3 Barscoated with epoxy with cover
less than 3d,, or clear spacing be-
tweenbarslessthan6dp............ccuveee..... 15
All other Cases........coeevercerenirieieneriee 115

The product obtained when com-
bining thefactor for topreinforce-
ment withtheapplicablefactor for
epoxy coated reinforcement need
not be taken greater than 1.7

12 The constant has the unit of in. Z/in.
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8.25.3 The basic development length, modified by the
appropriatefactorsof Article8.25.2, may bemultiplied by
the following factorswhen:

8.25.3.1 Reinforcement being devel oped
in the length under consideration
isspaced lateraly at least 6inches
on center with at least 3 inches
clear cover measuredin thedirec-
tionof thespacing.........ccveeeveeeriencriene, 0.8

8.25.3.2 Anchorage or development for
reinforcement strength is not
specifically requiredor reinforce-
mentinflexural membersisin

excess of that required by analysis

(Asrequired)/(Asprovided)
8.25.3.3 Reinforcementisenclosedwithin
agpiral of not lessthan/4inchin

diameter and not more than 4-inch
PITCN..ee e 0.75

8.25.4 Thedevelopmentlength, l4, shall not belessthan
12 inches except in the computation of lap splices by
Article8.32.3and devel opment of shear reinforcement by
Article8.27.

8.26 DEVELOPMENT OF DEFORMED
BARS IN COMPRESSION

The development length, |, in inches, for deformed
barsin compression shall be computed as the product of
the basic development length of Article 8.26.1 and appli-
cablemodificationfactorsof Article8.26.2, butlq4shall not
be less than 8 inches.

8.26.1 The basic development length
0.02d, f,,
shallbe....eerereen, \/f_c
butnotlessthan®s................... 0.0003d,, f,,
13

The constant has a unit of sguare inches per pound.
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8.26.2 Thebasicdevelopmentlengthmay bemultiplied
by applicable factors when:

8.26.2.1 Anchorage or development for
reinforcement strength is not
specifically required, or reinforce-
ment isin excess of that required
by analysis
(Asrequired)/(As provided)
8.26.2.2 Reinforcementisenclosedina
spiral of not less than 1/, inch

in diameter and not more than
A-iNChPILCN....eceiercrceceee e 0.75

8.27 DEVELOPMENT OF SHEAR
REINFORCEMENT

8.27.1 Shear reinforcement shall extend at least to the
centroid of thetensionreinforcement, and shall becarried
as close to the compression and tension surfaces of the
member ascover requirementsand the proximity of other
reinforcement permit. Shear reinforcement shall be an-
chored at both ends for its design yield strength.

8.27.2 Theendsof singleleg, single U, or multiple U-
stirrups shall beanchored by one of thefollowing means:

8.27.2.1 A standard hook plus an embedment of
the stirrup leg length of at least 0.5 |4 between the mid-
depth of the member d/2 and the point of tangency of the
hook.

8.27.2.2  Anembedment length of |4above or be-
[ow themid-depth of themember onthecompressionside
but not lessthan 24 bar or wirediametersor, for deformed
barsor deformed wire, 12 inches.

8.27.2.3 Bending around the longitudinal rein-
forcement through at least 180 degrees. Hooking or
bending stirrups around the longitudinal reinforcement
shall be considered effective anchorage only when the
stirrups make an angle of at least 45 degrees with the
longitudinal reinforcement.

8.27.2.4  Foreachlegof weldedsmoothwirefabric
formingsingleU-stirrups, either:
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8.27.2.4.1 Twolongitudinal wiresat 2-inch spac-
ing along the member at the top of the U.

8.27.2.4.2 Onelongitudinal wirelocated not more
than d/4 from the compression face and a second wire
closer tothecompressionfaceand spaced at | east 2inches
fromthefirstwire. Thesecondwiremay belocated onthe
stirrup leg beyond a bend or on a bend with an inside
diameter of bend of not lessthan 8-wire diameters.

8.27.2.5 For each end of a single leg stirrup of
welded smooth or wel ded deformedwirefabric, thereshall
betwolongitudinal wiresat aminimum spacing of 2inches
andwiththeinner wireat | east thegreater of d/4 or 2inches
frommid-depth of member d/2. Outer longitudinal wireat
thetension face shall not befarther from thefacethanthe
portion of primary flexural reinforcement closest to the
face.

8.27.3 Pairsof U-tirrupsor tiesso placed astoforma
closed unit shall be considered properly spliced whenthe
lapsare 1.7 | 4.

8.27.4 Between the anchored ends, each bend in the
continuous portion of a single U- or multiple U-stirrup
shall enclose alongitudinal bar.

8.27.5 Longitudinal barsbent to act as shear reinforce-
ment, if extendedinto aregion of tension, shall becontinu-
ouswith thelongitudinal reinforcement and, if extended
into aregion of compression, shall be anchored beyond
themid-depth, d/2, asspecifiedfor devel opment lengthin
Article8.25for that part of the stressinthereinforcement
reguired to satisfy Equation (8-8) or Equation (8-54).

8.28 DEVELOPMENT OF BUNDLED
BARS

The development length of individual bars within a
bundle, in tension or compression, shall be that for the
individual bar, increased by 20 percent for a three-bar
bundle, and 33 percent for afour-bar bundle.

8.29 DEVELOPMENT OF STANDARD
HOOKS IN TENSION

8.29.1 Development length Iy ininches, for deformed
bars in tension terminating in a standard hook (Article
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8.23.1) shall be computed as the product of the basic
devel opment length Iy, of Paragraph 8.29.2 and the appli-
cable modification factor or factors of Paragraph 8.29.3,
but 4, shall not be lessthan 8d,, or 6 inches, whichever is
greater.

8.29.2 Basic development length Iy, for
ahooked bar withfy equel to 60,000
1,200d},
psishalbe.......cccoeiiiiinnninne £l

8.29.3 Basicdevelopmentlengthlyyshall bemultiplied
by applicable modification factor or factorsfor:

8.29.3.1 Bar Yield Strength

Barswith f, other than

8.29.3.2 Concrete Cover

For No. 11 bar and smaller, side

cover (normal to plane of hook)

not less than 21/, inches, and for

90 deg hook, cover on bar exten-

sion beyond hook not less than
2INCHES.....eeeeeree e 0.7

8.29.3.3 Tiesor Stirrups

For No. 11 bar and smaller, hook
enclosed vertically or horizon-

tally within ties or stirrup-ties

spaced dong the full development

length 4y not greater than 3d,
whered,diameter of hookedbar............ 0.8

8.29.3.4 Excess Reinforcement
Where anchorage or development
for fyisnot specifically required,
reinforcement in excess of that
required by analysis
(Asrequired)/(Asprovided)

8.29.3.5 Lightweight aggregateconcrete.......... 13
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8.29.3.6 Epoxy-coatedreinforcement hook-
edbarswithepoxy coating................... 1.2

=
E.
S

l& K1 through 28

4, or 214* min
— |

Scly| &9, #10 and #71

Bd, #14 and #18
—

FIGURE 8.29.1 Hooked Bar Detailsfor Development
of Standar dHooks
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8.29.4 For barsbeing devel oped by astandard hook at
discontinuous ends of memberswith both side cover and
top (or bottom) cover over hook less than 21/, inches,
hooked bar shall beenclosedwithintiesor stirrupsspaced
alongthefull devel opment length 4, not greater than 3dp,
where dy is diameter of hooked bar. For this case, factor
of Article8.29.3.3 shall not apply.

8.29.5 Hooksshall not beconsidered effectiveindevel -
oping bars in compression.

@ Tigs of strrup-hes
o — L

2% inn— : A [ Fpna
O
r | 4 |
i B B R\
= || i - j.l
—l‘-.
Less than | [
24 in, —a- |
- |
Sechion

-8

FIGURE8.29.4 Hooked Bar Tie
Requirements

8.30 DEVELOPMENT OF WELDED
WIRE FABRIC IN TENSION

8.30.1 Deformed Wire Fabric

8.30.1.1 The development length, lg, in inches of
welded deformed wire fabric measured from the point of
critical sectiontotheend of wireshall becomputed asthe
product of thebasi cdevel opment length of Article8.30.1.2
or 8.30.1.3andtheapplicablemodificationfactor or factors
of Articles8.25.2 and 8.25.3, but |4 shall not belessthan 8
inches except in computation of lap splices by Article

8.33.5and devel opment of shear reinforcement by Article
8.27.

8.30.1.2 The basic development length of welded
deformedwirefabric, withat|east onecrosswirewithinthe
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development length not less than 2 inches from the point
of critical section, shall be:

0.03d,( f, —20,000) 4
7 (8-65)

but not less than

Al fy
0.20—
e

8.30.1.3 Thebasicdevelopment length of welded
deformed wire fabric, with no cross wires within the
devel opment length, shall be determined asfor deformed
wireinaccordancewith Article8.25.

(8-66)

8.30.2  Smooth Wire Fabric

Theyield strength of welded smooth wirefabric shall
be considered developed by embedment of two cross
wireswiththecloser crosswirenot lessthan2inchesfrom
thepoint of critical section. However, development length
| measured from the point of critical sectionto outermost
cross wire shall not be less than:

0.27ﬂ fy
Sw |/ f¢

modified by (Asrequired)/(Asprovided) for reinforcement
in excess of that required by analysis and by factor of
Article 8.25.2 for lightweight aggregate concrete, but 14
shall not belessthan 6inchesexcept in computation of lap
splicesby Article8.32.6.

(8-67)

8.31 MECHANICAL ANCHORAGE
8.31.1 Any mechanical device shown by tests to be
capabl e of devel oping thestrength of reinforcement with-
out damage to concrete may be used as anchorage.

8.31.2 Development of reinforcement may consist of a
combination of mechanical anchorage plus additional
embedment length of reinforcement between point of
maximum bar stress and the mechanical anchorage.

14 20,000 has units of psi.
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8.32 SPLICES OF REINFORCEMENT

Splices of reinforcement shall be made only as shown
onthedesign drawingsor asspecified, or asauthorized by
the Engineer.

8.32.1 Lap Splices
8.32.1.1 Lapsplicesshall notbeusedfor barslarger

than No. 11, except as provided in Articles 8.32.4.1 and
4497.

8.32.1.2 Lap splices of bundled bars shall be
based onthelap splicelength required for individual bars
withinabundle. Thelengthof lap, asprescribedinArticles
8.32.30r8.32.4, shal beincreased by 20 percent for athree-
bar bundleand 33 percent for afour-bar bundle. Individual
bar splices within the bundle shall not overlap.

8.32.1.3 Bars spliced by noncontact lap splices
in flexura members shall not be spaced transversely
farther apart than /s therequiredlength of lap or 6inches.

8.32.14 Thelength, |4, shall bethedevel opment
lengthfor thespecifiedyieldstrength, fy, asgiveninArticle
8.25.

8.32.1.5 Lapsplicesshall not beusedinlongitu-
dinal reinforcing bars within zones of possible plastic
hinging of the member.

8.32.2 Welded Splices and Mechanical

Connections
8.32.2.1 Welded splicesor other mechanical con-
nections may be used.
8.32.2.2 Deleted
8.32.2.3 Deleted
8.32.2.4 Deleted

8.32.3 Splices of Deformed Bars and
Deformed Wire in Tension

8.32.3.1 Theminimum length of lap for tension
lap splicesshall beasrequiredfor ClassA, B, or C splice,
but not less than 12 inches.
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ClassA Splice...oeinrniriceeie 1.0l4

ClassBplice......ccoorreenerenieenene 1.3l4

ClassCoplice....cocoenrreenerieieenene 1.714
8.32.3.2 Lap splices of deformed bars and de-

formedwireintension shall conformto Table8.32.3.2

TABLEB8.32.3.2 Tension Lap Splices.

Maximum percent of A_ spliced

(As provided)/(Ag required)a within required lap length

50 75 100
Equal to or Greater than 2 | Class A | Class A | Class B
Less than 2 Class B [ClassC | Class C

a Ratio of area of reinforcement provided to area of
reinforcement required by analysis at splicelocation.

8.32.3.3 Deleted
8.32.3.4 Deleted
8.32.3.4.1 Deleted
8.32.3.4.2 Deleted
8.32.3.5 Splicesintension tie membersshall be

madewithafull wel ded spliceor afull mechanical connec-
tion.

8.32.4 Splices of Bars in Compression

8.32.4.1 Lap Splices in Compression

Theminimumlengthof lapfor compressionlap splices
shall be 0.0005 fydy in inches, but not lessthan 12 inches.
When the specified concrete strength, f/, is less than
3,000psi, thelength of lap shall beincreased by one-third.

When barsof different sizearelap spliced in compres-
sion, splice length shall be the larger of: development
length of thelarger bar, or splicelength of smaller bar. Bar
sizesNo. 14 and No. 18 may belap spliced to No. 11and
smaller bars.

In compression members where ties along the splice
havean effectiveareanot |essthan 0.0015hs, thelap splice
length may be multiplied by 0.83, but thelap length shall
not be lessthan 12 inches. The effective area of theties
shall bethe areaof thelegsperpendicular to dimension h.
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In compression members when spirals are used for
lateral restraint along the splice, thelap splicelength may
be multiplied by 0.75, but the lap length shall not be less
than 12 inches.

8.32.4.2 Deleted

8.32.4.3 Deleted
8.32.5 Splices of Welded Deformed Wire
Fabric in Tension

8.32.5.1 Theminimumlengthof lapforlapsplices
of welded deformed wire fabric measured between the
ends of each fabric sheet shall not be lessthan 1.714 or 8
inches, and the overlap measured between the outermost
cross wires of each fabric sheet shall not be less than 2
inches.

8.32.5.2 Lap splices of welded deformed wire
fabric, withno crosswireswithinthelap splicelength, shall
be determined as for deformed wire in accordance with
Article8.32.3.1.

8.32.6  Splices of Welded Smooth Wire
Fabric in Tension

Theminimum lapfor lap splicesof welded smoothwire
fabric shall be such that the overlap between the outer-
most cross wires of each fabric sheet is not less than the
larger of 1.514, 6 inches, or the spacing of the crosswires
plus 2 inches.

8.32.6.1 Deleted

8.32.6.2 Deleted
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Section 8:
Reinforced Concrete Commentary

8.8.2 Research onrectangular columnswith one-way
flares(UCSD report # SSRP—97/06: “ Sel smicperformance
of flared columns) has demonstrated that flared columns
which haveaseparation gap between thebridge soffit and

the top of the flares have better ductility than columns * *

which have flares monolithic with the superstructure. In ‘ )\
the UCSD tests, the monolithic flareswere not fully con-

fined asistypically required of columns.
d

In flared columns with gaps, only the column reinforce-
ment was continued into the superstructure. Theseflares
weretested with various degrees of confinement to mini-
mizecracking and spalling under moderate sei smicevents
as well as to prevent flare separation under stronger
earthquakes.

NEANEANYEA

On the basis of UCSD test results, gapped flares are the

recommended choice. Typical Single Column Bent

FIGURE C.8.15.5.6A Typical SingleColumn Bent

8.12.3 TheonlyrequirementinAASHTOisforinterme-
diatediaphragmsto be spaced at amaximum of 40feet for
curved box-girder bridges having an inside radius of less
than800feet. Caltransrequiresalessstringent spacingfor
bridges on curves of moderate radii from construction
considerations.

8.15.2.2 Thestresslimitationon Grade60rebars
has been imposed in order to maintain the same stress
levelsin deck rebarsthat would be obtained using WSD.

8.15.5.5.5 Ties for Horizontal Shear

(c) AASHTO adoptedto eliminatethisarticlein 1992
to make deck replacement easier. Since such reinforce-
ment improvesthecompositeaction betweenthedeck and
the girder, Caltrans hasretained this article.

8.15.5.6  Special Provisions for Slabs and
Footings

These provisions require the shear section for beam
actionto beat thecolumnfacewhenthereisno compressive
force. Articles8.15.5.1.4and 8.16.6.1.2 definethe” Design
Shear Section” as a point ‘d’ from the face of support if
compression is introduced into the “end region” of the
member. For asingle column bent, wedesign for shear at a
point‘d’ fromthecolumnface(FigureC.8.15.5.6A).
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A pilefootingistobetreatedlikeaninverted‘T'. The
footing then, isthe shear member and the“end region” is
the area where the column joins the footing. If the
combined axial and moment loads produce compression
onthejoint area, the design shear section may betaken at
adistance'd’ fromthecolumnface. Otherwise, thesection
isdesignedfor shear (FigureC.8.15.5.6B).

m
L

1
d (typ) ‘

Design Shear
Location —

Tvoical Footinas

ﬂ/#?
W Tension —
Pile footing only

Design Shear
Location

Typical Footings

FIGURE C.8.15.5.6B Typical Footings
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8.16.1.2 Design Strength

Since ultimate strength is used for flexural design of
footings for seismic forces, ¢ was increased to 1.00 for
flexureinGroupVIl. Thevalueof ¢ for Group VI forces
in columnswasincreased by about 1.3 to take advantage
of the overstrength capacity of well confined column
members.

8.16.3.5 Flanged Sections with
Compression Reinforcement

These equations are based on compatibility and equi-
librium of crosssections(Ref: Reinforced Concrete Struc-
tures: Park and Paulay).

8.16.4.4 Probable Plastic Moment

Section 3.21.8 definestheforcesresultingfromplastic
hinging (acolumnreachingitsyield moment capacity) in
the columns. The forces are based on the potentia
overstrength capacity of the column materials (probable
strength). The design details must assure that plastic
hinging of the columns can occur. The actual steel yield
strength and confined concrete compressive strength
rather than the minimum specified strengths, should be
used to determinetheforcesrequiredtoyield the column.
Thisdetermination becomesnecessary becausetheearth-
guake forces could take the column to its yield capacity,
(probableplastic moment).

Generally, theprobabl e plastic moment dependsonthe
followingfour factors:

1) The actual size of the column and the actual

amount of reinforcing.

2) Theeffect of increased f, for both over-specifica-
tion and for strain hardening effects.

3 Theeffect of increased  for both over-specifi-
cation and confinement provided by the trans-
versereinforcement. Also, theconcretewill gradu-
ally increasein strength with time.

4) Theeffect of anactual ultimatecompressivestrain
above0.003.

Actual Sze and Reinforcement Configuration

The Design Engineer should select the minimum col-
umn section and reinforcing steel structurally possible.
As these parameters increase, the probable moment in-
creases. That will effect anincreaseinthefoundationsize
and cost. The Engineer must also consider that column
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size will influence whether the column is functioning
above or below Py,. For columns designed above Py, (for
compression), the probableyield moment will usually be
greater than that for the same section designed below Py
(for tension). A size and reinforcement selection which
forcesthedesignbelow Pyispreferable, especially inhigh
seismicareas. However, thesel ection of sizeandreinforce-
ment must meet the aesthetic requirementswhich may be
the controlling factor. The designer should be actively
involved in the aesthetic selection process to encourage
the use of economical members.

Increase in Yield Strength of Reinforcement (fy)

TransL abtest datashowsthat theaverageyield strength
of Grade60reinforcementisabout 67,000 psi or about 12%
over the minimum specified value. Combining thisin-
crease with an estimate of the effect of strain hardening
beyondyield, itisrealistictoassumefy at 75,000 psi or 25%
over minimumyield strength.

Increasein

Ref: Priestly, Park and Potanangaroa; ASCE
STRUCTURAL JOURNAL, Jan. 1981.

= enhanced due to confinement

fe unconfined strength

Ds ratio of volume of spiral
reinforcement to the volume
of the core concrete

fy = gpira stedl yield strength
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Assuming ps=0.013 (ACI 318/SEAOC/
ATC Spec)

3.25(1+2.05* 0.013* 60/3.25)
4.85ks whichis1.49

or
1.5 isaredisticestimate.

Ultimate Compressive Strain (&)

Although tests on unconfined concrete show 0.003 as
a reasonable strain at first crushing, tests on confined
column sections show a marked increase in this value.
Priestly (1981) found 0.0074 asaminimum average with
0.01asanaverage. Blume, Newmark and Corningaswell
asPenzien [(Berkeley) EERC 75-19] also support a0.01
value. Assume0.01 asaredlistic value.

Asaruleof thumb, itisgenerally satisfactory toassume
the probable plastic moment to be 1.3 times the yield |
moment for axial loadsbel ow Py,

As shown on the “Probable Moment Capacity” plot
(FigureC.8.16.4.4), afactor of 1.3may beinconsiderable
error for axial loads above Py,

For computer generated “probable” plastic moments
under high axial load conditions, the Engineer must com-
pute the probable capacity using the increased realistic
vaues(i.e, =4,870psi, fy=75,000ps and=0.01for
corresponding concrete design strength of 3,250 psi and
steel yield strength of 60,000 psi).
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Mn - NOMINAL MOMENT KIP - FT

FIGURE C.8.16.4.4 Plot Showing Development of ProbableM oment Capacity

5feet —6inch diameter round column

=44- No. 11 Bars(2%)

f,=60ksi to 75ks
£ =0.003t00.01

=3,250psi t04,870psi
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8.16.4.5 Special Provisions for Column
and Pier Wall Hinges

Thetraditional method of designinganddetailingapin
connection at thebaseof acolumnistogroup several large
diameter rebars (reinforcing bars) at the center of the

| column. Caltrans' current design criteriaof using elastic
seismic forces or plastic hinging forces results in large
shearforces. Typical rebar (reinforcing bars) clustersmay
have to be replaced by such devices as a cluster of rebar
in a spiral cage, H-beam, cylindrical steel shell, etc., to
develop the required shear capacity.

Oblong columnsmay performaspinned columnsabout
their weak axis, but may perform asfixed columns about
their strong axisif not detailed properly. The Engineer
should ensure that the designed connection matches the
dynamicmodel. Theconnection must befully devel oped
on both sides of the interface between supported and
supporting member. Concrete stress levels must be
checkedif thedesigned pin connection performsasafixed
connection about the strong axis.

When cal culating the design strength for keys, assume
the following conditions:

)] shall bethe concrete strength of the support-
ing or supported member, which ever isless.

2 shall be the contact area at the interface.

3 Ay shall bethearea, or thevertical component of
the area of the longitudinal rebars,
crossing the interface and connecting the
supporting and supported members.

8.16.6.5.5 Ties for Horizontal Shear

(c) Seecommentary for Article8.15.5.5.5.

8.16.6.6  Special Provisions for Slabs and
Footings

Seecommentary for Article8.15.5.6.

8.16.6.7 Special Provisions for Box
Culverts
‘ Caltranshasprovided asimplifiedversion of thecorre-
sponding AASHTO eqguation. In addition to a more
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detailed equation, AASHTO provides a lower bound
value of 3,/(f) for shear strength of slabs which are
monolithicwiththewalls. However, Caltransadoptsthis
lower boundvalueasadefaultfor slabsandwalls. Caltrans
also uses horizontal pressure distribution whose value
exceeds that recommended by AASHTO, and a vertical
pressure distribution whose value corresponds to the
upper bound AASHTO value. Hence, Caltrans’ equation
providesasimpleand conservative approach to the shear
strength equation.

8.16.8.4 Distribution of Flexural
Reinfor cement

Typically, the concrete cover to a reinforcing bar is
increasedtoimprovecorrosionresistanceof thestructure.
However, increasing the cover leadsto anincreasein the
calculated crack widthintheextremetensionfiber. There-
fore, tocomply withtheserviceability requirementsof Eq.
(8-61), theamount of reinforcement hastobeincreased. In
order to eliminate this penalty for providing increased
concrete cover based on other controlling specifications
or practice, ACI committee 224 recommended that the
value of concrete cover used to determined. in Eq.(8-61)
belimitedto 2inches. Additional informationisavailable
inthefollowingreference: “DEBATE: Crack width, cover
and corrosion”, Concrete International, May 1985.

Thecontrolling value of steel stressfsgiven by Eq. (8-
61) need not be less than 0.4*f, to be consistent with
ServicelL oad Design(SLD) practice. Under SLD, service-
ability requirementsof L oad Factor Designaresatisfied by
default, and hence serviceability investigations are not
required.

8.16.6.9 Special Provision for Pier Walls

Theequationsfor determining shear strength arebased
onthecorresponding equationsin ACI-318(1995). How-
ever, equationsfor shear strength based on moredetailed
calculations have been omitted. The upper bound on the
shear strength has been added similar to the guidelinesin
AASHTO.

This specification also assures that pier walls are
reinforced sufficiently toresistlateral forcesinadirection
paralel toitslongdimension. Notethat thefoundationin
this case may be subjected to very large forces. The
foundation for piersin the transverse direction must be
evaluated to assure that its capacity isless than or equal
to the ultimate shear capacity of the pier wall. This
approach will cause the foundation to act as a fuse and
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prevent a catastrophic failure of the pier wall. Thisisan
exceptionto the requirements of 4.3.4.8. Thefoundation
should be stable for large lateral |oads.

Inspecial circumstances, wherethe“fuseaction” of the
footing is limited (Example: Footing anchored in rock),
alternate strategies such as isolation should be consid-
ered.

8.16.6.10 Compression Member
Connection to Caps

See commentary for Article 4.4.9, for applicable por-
tions, and the following comments.

BRrIDGE DesiGN SpeciFicaTions ¢ JuLy 2000

The connection of columnsto bent capsin adirection
paralel to the bent, will generally be satisfied by other
designcriteria. However,in“1” or“T" girder bridges, orin
dropped caps, the shear forcein adirection normal to the
bent must bedevel oped. For “T” girdersor “1” girderswith
integral bent caps, a partial slab or diaphragm may be
necessary to satisfy plastic hinging requirements (Figure
C.8.16.6.10). In many instances, additional shear rein-
forcement and/or an increased cap width will be satisfac-
tory.

Y Y

&

Section A-A

|___— Confinement
Diaphragms

Added width
alternative

N2 NN

L

Section B-B

FIGURE C.8.16.6.10 Compr ession M ember/Cap Connection
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8.16.6.11 Special Seismic Provision for
Columns, Pier Walls and Piles

The shear and confinement specificationswere added
to define the shear and confinement reinforcement in
vertical support members, primarily at the location of
plastic hinges. The design shear forcein pile shaftsshall
consider the reduction in shear along the length of the
shaft as the load is transferred to the surrounding soil.

8.17.2.1.5 The additiona reinforcement is pro-
vided to account for any unexpected settlement of
falsework during construction.

8.18.1.4 Interlocking Spirals

When more than one spiral cage isused to confine an
oblong column core, the spiralsmust beinterlocked or the
sei smicdesign must bemodel ed ashaving multiplesingle
columns. The maximum limitation for center-to-center
spacing of the spirals was established by a geometrical
relationship for stability normal to thebent. A minimum
spacing of 0.50timesthespiral diameter isrecommended
to avoid overlaps of more than two spirals. Revise the
column shape, size, number of columns, etc., to avoid a
closer spacing (FigureC.8.18.1.4).

Interlocking Bars

FIGURE C.8.18.1.4 Interlocking Spirals

8.18.2.2 Spiral Reinforcement

These changes have been incorporated (from the
SEAOC recommendationsand the New Zealand codeon
Design of Concrete Structures) to account for the axial
load effectsonthecolumn. Theequationsensurethat axial
load strength is preserved after cover concrete spalls, as
well as to ensure that adequate moment capacity is
maintai ned with further plastic rotation.
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Testing of reinforced columns at the University of
Canterbury, New Zealand has shown that the required
confinement of column reinforcement isdirectly propor-
tional totheaxial load applied. Test resultsinNew Zealand
have shown that satisfactory results are obtained by
multiplying the generally accepted expressionsfor volu-
metric ratio ps given by:

o.45{i—1j fe
A fy

[AASHTO] (C-1)

or
f'

C
0-12f—y [SEAOC] (C-2)
by the expression
P
0.5+1.25—=° .
[ fc'AJ ©9)

Therevised specification providesthat the volumetric
ratio, ps, shall not be less than:

o.45(%—1J:—°'[o.5+1.25 fng ] (C-4)

’
y Cc

for columnslessthan 3 feet in dimension

or

0.12 fe 0.5+1.25 ',De (C-5)
fy feAg
for columnslarger than 3 feet in dimension;
but, not less than
048 2o 1] fe c6
A T, (C6)

Generally,with f. =3250psi, f,=60,000psi, 2inches
of cover, and prismatic sectionslessthan 3feetindiameter,
Equation (C-6) will control; between 3feet and 5feet - 6
inches, either Equation (C-4) or Equation (C-6) will control
depending ontheaxial load; and for sectionsgreater than
5feet-6inches, Equation (C-5) will control. Thefollowing
plotof psvs.Pe/(  Ag) showsthisrelationship (Figure
C.81822).
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Figure8.18.2.2 Spiral (or Hoop) Reinfor cement

The revised specifications are a compromise between the New Zealand recommendation and AASHTO/SEAQOC;
wherethe New Zealand recommendationisbelow AASHTO, the AASHTO specisretained. Forlow axial loadratioon
largecolumns, the New Zealand recommendation usually governs. The Caltransspecificationsensurethat thevolumetric
ratio of spiral reinforcement shall not be less than that required by AASHTO in any case.
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8.18.2.3 Ties

Specifications for ties now include confinement re-
quirements similar to spirals. These requirements were
originally takenfromthe1983 AASHTO SeismicDesign
guidelines and amended for column axial load in accor-
dance with the New Zealand code. The AASHTO cross
tie specifications were modified to generally conform to
ACI guidelines. Thefollowing sketches(Figure8.18.2.3)
identify some acceptabletie arrangements. Itisstrongly
recommended for confinement and construction reasons

< 6"
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that spiralsbeusedin lieu of tieswherever possible. The
labor requirements to assembleties for such acolumnis
enormous. In addition, access for inspection is almost
impossible. Our current experience has shown that the
spiral andinterlocking spiral solutionismoreeconomical.
The sentence on the use of deformed wire or welded
wire fabric instead of bars has been removed from the
correspondingAASHTOarticle. Typically, suchwiresdo
not perform adequately from fatigue considerations and
their usein structural concrete is not recommended.

typ

FIGUREC.8.18.23Ties
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8.21 SPACING LIMITS FOR
REINFORCEMENT
82111 This recommendation is based on the

guidelines in the New Zealand code for the Design of
Concrete Structures as well as SEAOC. The spacing
l[imitation on transverse reinforcement ensures adequate
confinement of core concrete in potential plastic hinge
zones and provides for restraint against buckling of lon-
gitudinal bars.

8.21.1.2 Limitationsareintroducedfor minimum
bar sizesand maximum bar spacingsof longitudinal rein-
forcingbarsto hel pretaintheshapeof thelateral reinforce-
ment andto confinetheconcretecore (FigureC.8.21.1.2).
I'n addition, thisspacing requirement ensuresthat thebars
aredistributed reasonably uniformly around the perimeter
of acolumn in potential plastic hinge zone.

Spiral

Single Spiral Concentric Spirals

FIGURE C.8.21.1.2 Spacingof Reinfor cement

Note: Themaximum spacing betweenlongitudinal rein-
forcement intheinner circleequalstwicethatin
theouter circle. If theinner circleisrequiredfor
confinement, the spacing between longitudinal
bars of the inner circle should not exceed 8
inches. Itisabetter practiceto provide an equal
number of barsin each circle.

8.21.7 TheDesign Specificationisrequiredto
conformto the SSPfor Cast-in-Place concrete piles (SSP
49-310). ThisSSPpermitsthecontractor to construct cast-
in-drilled-hole (CIDH) piles by water or slurry displace-
ment methods for piles with a diameter greater than or
equal to 24 inches, when caving and water cannot be
controlled by temporary casing. CIDH pileswith adiam-
eter greater than or equal to 24 inches require vibration

BRrIDGE DesiGN SpeciFicaTions ¢ JuLy 2000

only intheupper 6 feet of the pilewhen constructedinwet
conditions. CIDH pileswithadiameter less24 inchesand
CIP concrete pilesin steel shellsrequire vibrationin the
upper 15 feet of the pile.

The specifications require an increase in the clear
distancebetween thereinforcement to permit freeflow of
concretearoundthereinforcing bars, and against the steel
shell or earth in areaswhere the concreteis not vibrated.
Therange of allowable nominal penetration for the con-
crete has been increased to achieve this free flow of
concrete. The Standard Specifications require the mini-
mum concrete strength to be 3600 psi, and thisis consid-
ered as concrete designated by compressive strength
(trail batch required). For additional information refer to
thefollowing specifications; 49-310,49CI SS,49CEND and
499 UR.

8.22 PROTECTION AGAINST
CORROSION

Thetable for minimum concrete cover for protection
against corrosion hasbeen devel opedfor a75-year design
life. However, the servicelife of bridge decksand barrier
railsaretypically lessthan 75 years. Therefore, the con-
crete mix design and cover reguirements for corrosion
protection of decks and barrier rails have incorporated
these aspects.
Environmental conditionssuch asproximity to corro-
siveatmosphere, marineenvironment, waveaction, water
table elevation and chloride content have been incorpo-
rated in determining the cover requirements.
Corrosion protection can be improved by increasing
concrete densenessor imperviousnessto water, aswell as
by furnishing other protection methods. Such methods
include:
a areductioninwater-to-cementitiousmaterial ratio;
b) useof 25% minera admixtureconformingtoASTM
Designation C618 TypeF or N;

¢) useof 5% mineral admixtureconformingtoASTM
Designation C1240 with 20% mineral admixture
conformingto ASTM Designation C618 TypeF or
N, inlieuof 25% mineral admixtureconformingto
ASTM Designation C618 TypeF or N.

d) useof different kinds of epoxy coatingsfor rein-

forcing bars;

€) protective concrete coatings;

f)  useof chemical admixtures;

g) cathodic protection, and,

h) useof aternate materials.
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Theminimum concretecover, concretemix and epoxy-
coated reinforcement requirementsfor structural el ements
exposed to deicing salt, snow run-off or snow blower
spray shall beadopted only if the Engineer determinesthat
the structural elements are directly exposed to these
corrosive conditions. For example, when the deck is sub-
jectedtode-icing salt, snow run-off or snow bl ower spray,
itisunlikely that the girders or bent capswill be exposed
to the same harsh conditions, particularly when there are
no deck-joints. Therefore, the girders and the bent caps
may be designed for anon-corrosive exposure condition.

If other considerations, such as a need to reduce the
dead load of a structure, require a further reduction in
concrete cover than those specified in Table 8.22.1, then
areductionin cover should only be done after athorough
investigation and research into existing state-of -practice.

8.29.3.6 Per ACI-318(1995), the20%increasein
development length is provided to account for reduced
bond when reinforcement is epoxy-coated.
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