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Preface 

For t h e  p a s t  twenty some yea r s ,  t h e  s t r u c t u r a l  engineering profess ion  has 

been gradual ly  adopting t h e  s t r e n g t h  design approach i n  l i e u  of working 

s t r e s s  design.  This t echn ica l  r e l e a s e  p re sen t s  c r i t e r i a  and procedures f o r  

design of  r e in fo rced  concre te  s t r u c t u r e s  and s t r u c t u r a l  elements by t h e  

s t r e n g t h  design method. Working s t r e s s  design i s  continued a s  an acceptab le  

a l t e r n a t e  f o r  an in t e r im  per iod .  

Design philosophy holds t h a t  a t  every s e c t i o n ,  design s t r e n g t h  must equal o r  

exceed requi red  s t r eng th .  Design provis ions  at tempt  t o  ensure d u c t i l e  be- 

havior  a t  u l t ima te  load and adequate s e r v i c e a b i l i t y  a t  working load.  The 

American Concrete I n s t i t u t e  Standard ACI (318-77) i s  taken a s  t h e  b a s i c  r e f e r -  

ence. The ACI i s  o r i en t ed  toward t h e  design of bu i ld ings .  Adjustments and 

modif icat ions a r e  made he re in  t o  r e f l e c t  t h e  more d i f f i c u l t  environment en- 

countered by Serv ice  hydraul ic  s t r u c t u r e s .  The i n t e n t  of  t hese  adjustments 

and modi f ica t ions  i s  t o  provide c r i t e r i a  t h a t  w i l l  y i e l d  design sec t ions  t h a t  

a r e  i n  e s s e n t i a l  agreement with s e c t i o n s  obtained from cu r ren t  Serv ice  work- 

ing s t r e s s  design.  With time, experience with s t r e n g t h  design w i l l  i n d i c a t e  

f u r t h e r  changes a r e  warranted. 

A d r a f t  of t h e  t e x t  po r t ion  of t h e  sub jec t  t echn ica l  r e l e a s e  da ted  August, 1979 

was c i r c u l a t e d  through t h e  Engineering Divis ion and was sen t  t o  t h e  Technical 

Serv ice  Center Design Engineers f o r  t h e i r  review and comment. 

This t echn ica l  r e l e a s e  was prepared by Edwin S. Al l ing ,  Head, Design Unit ,  

National Engineering S t a f f ,  Glenn Dale, Maryland. Mrs. Joan Robison cont r ibu-  

t e d  much t o  t h e  layout  and p repa ra t ion  of  t h e  ES-drawings. Mrs. Dorothy A .  

Stewart typed t h e  t echn ica l  r e l e a s e .  
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NOMENCLATURE 

A Z in crack control, the effective tension area of concrete per bar 

Ab E area of individual reinforcing bar 

A E gross concrete area of section 
g - - 

AQ area of longitudinal reinforcement resisting torsion 

A E area of tension reinforcement 
S 

- 
A: 

= area of compression reinforcement 
- ASf = area of reinforcement required to develop compressive strength of 
overhanging flanges 

- 
Ast = total area of longitudinal reinforcement 

At 
E area of one leg of a closed stirrup resisting torsion within a 
distance s 

A E area of shear reinforcement in a distance s 
v 

- a = depth of equivalent rectangular stress block 
- 

ab 
= depth of equivalent rectangular stress block at balanced strain 
conditions 

b E width of compression face of member 

b width of web 
W 

C : any combination of loads, except dead, giving a maximum requirement 
- 

Ct 
= a factor relating torsion and shear forces to torsion and shear stresses 
- c = distance from extreme compression fiber to neutral axis 
- 

Cb 
= distance from extreme compression fiber to neutral axis at balanced 
strain conditions 

D - dead load 
d E distance from extreme compression fiber to centroid of tension rein- 

forcement 

d' : distance from extreme compression fiber to centroid of compression 
steel 

d" E distance from mid-depth of section to centroid of tension reinforcement 
d III - distance from plastic centroid of section to centroid of tension rein- 

f orcement 
- 

db = nominal diameter of bar 

d thickness of concrete cover measured from the extreme tension fiber to 
C 

the center of the longitudinal bar located closest to the extreme fiber 
- dmjn= minimum depth, d, for which the compression steel can reach yield 
stress 

E 5 modulus of elasticity of concrete 
C 

- 
eb = eccentricity, at balanced strain conditions, of the direct force 

measured from the plastic centroid of the section 

f' 5 compressive strength of concrete 
C 

fh 5 tensile stress developed by standard hook 



f r  5 modulus of rup tu re  of  concre te  

f S  ' s t r e s s  i n  reinforcement a t  s e r v i c e  loads 

f  : y i e l d  s t r e n g t h  of  reinforcement 
Y 

h  = th ickness  of  two-way s l a b  

J Z po la r  moment of  i n e r t i a  of  s e c t i o n  

I Z moment of i n e r t i a  of  cracked sec t ion ,  transformed t o  concre te  
c r  

I E e f f e c t i v e  moment of  i n e r t i a  of s e c t i o n  f o r  computation of  d e f l e c t i o n s  
e  
I E moment o f  i n e r t i a  of  gross  concre te  s ec t ion  about cen t ro ida l  a x i s  and 

neglec t ing  reinforcement  

LF = load f a c t o r  

R r span length  of beam o r  s l a b  

'a E add i t i ona l  embedment length  a t  support o r  a t  p o i n t  of  i n f l e c t i o n  

% E b a s i c  development length  

I! z development length  
d  

R Z equivalent  embedment length  of a  hook e  
R : c l e a r  span i n  long d i r e c t i o n  of  s l a b  n 
M ! maximum moment i n  member a t  loading f o r  which d e f l e c t i o n  i s  computed 

a  

M,, Z nominal moment s t r e n g t h  a t  balanced s t r a i n  condi t ions ,  moments taken 
about p l a s t i c  cen t ro id  

M 5 s e r v i c e  combined load moment 
C 

M r cracking moment of s e c t i o n  
c r  

Md s e r v i c e  dead load moment 

M 5 nominal moment s t r e n g t h  n 
M E equivalent  nominal moment s t r e n g t h  about t h e  t e n s i l e  s t e e l  ns 
M E nominal moment s t r e n g t h  i n  pure f l exu re ,  moments taken about t h e  p l a s t i c  
0 

cen t ro id  

M = fac tored  moment, o r  requi red  s t r e n g t h  i n  terms of moment 
U 

N r requi red  d i r e c t  f o r c e  s t r e n g t h  a c t i n g  s imultaneously wi th  V taken 
u  p o s i t i v e  f o r  compression and negat ive  f o r  t ens ion  

u  ' 

n modular r a t i o  of  e l a s t i c i t y  

P '  E smal le r  of  0.10 f '  A o r  P 
c R b  - 

Pb 
E nominal d i r e c t  f o r c e  s t r e n g t h  a t  balanced s t r a i n  condi t ions  

P E nominal d i r e c t  f o r c e  s t r e n g t h  
n  

Po 
E nominal compressive d i r e c t  f o r c e  s t r e n g t h  i n  pure  d i r e c t  loading,  moments 

taken about t h e  p l a s t i c  cen t ro id  

P - requi red  d i r e c t  fo rce  s t r e n g t h  
U 

r E i n  e l a s t i c  t o r s i o n a l  theory  f o r  c i r c u l a r  c ros s  s e c t i o n s ,  t h e  d i s t ance  
from t h e  cen t ro id  o f  s e c t i o n  

s E spacing o f  shear  o r  t o r s i o n  reinforcement i n  d i r e c t i o n  p a r a l l e l  t o  longi-  
t ud ina l  reinforcement 



torque or torsional moment 

E nominal torsional moment strength provided by the concrete 

= - nominal torsional moment strength 

E nominal torsional moment strength provided by the torsional reinforce- 
ment 

E required torsional moment strength 

E thickness of compression flange, slab thickness 

r required strength to resist factored loads 

E nominal shear strength provided by the concrete 

E nominal shear strength 

E nominal shear strength provided by the shear reinforcement 

! required shear strength 

torsional shear stress 

r unit weight of concrete 

= - service uniform combined load 

= - service uniform dead load 

r factored uniform dead load 

z shorter dimension of a rectangular component of the cross section 

G shorter center-to-center distance of the closed rectangular stirrup 
under consideration 

E longer dimension of a rectangular component of the cross section 

E longer center-to-center distance of the closed rectangular stirrup 
under consideration 

eccentricity of the direct force measured from the centroid of the 
tensile reinforcement 

E a torsional coefficient as a function of yl/xl 

E ratio of area of reinforcement cut off to total area of tension 
reinforcement at the section 

E ratio of depth of equivalent rectangular stress block to the distance 
from the extreme compression fiber to the neutral axis 

E coefficient for tensile stress developed by standard hook 

tension steel ratio, A /bd 
S 

: compression steel ratio, A1/bd 
s 

z tension steel ratio producing balanced strain conditions 
E tension steel ratio producing balanced strain conditions in a rectangu- 
lar section with tension steel only under flexure without direct force 

i minimum tension steel ratio for flexural members except slabs 

E steel ratio of reinforcement required to develop compressive strength 
of overhanging flanges 

Pmax E maximum tension steel ratio permitted under flexure without direct 
force 



maximum tension steel ratio permitted for Service hydraulic structures 
in a rectangular section with tension steel only under flexure without 
direct force 

Pt 
E temperature and shrinkage steel ratio, As/bt - strength reduction factor 
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REINFORCED CONCRETE STRENGTH DESIGN 

General 

This t echn ica l  r e l e a s e  conta ins  minimum c r i t e r i a  and procedures f o r  use  i n  

re inforced  concre te  design p r a c t i c e  i n  t h e  S o i l  Conservation Serv ice .  The 

American Concrete I n s t i t u t e  Standard,  "Building Code Requirements f o r  Rein- 

forced Concrete," ACI(318-77) s e rves  a s  t h e  b a s i c  r e f e rence .  I t s  p rovis ions  

apply a s  t h e  general  design code f o r  t h e  Serv ice  except a s  modified o r  o the r -  

wise s t a t e d  he re in ,  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y .  This t echn ica l  r e l e a s e  

supplements, expands on, and/or emphasizes sub jec t  mat te r  p a r t i c u l a r l y  p e r t i -  

nent t o  Serv ice  requirements.  The r e l e a s e  i s  d i r e c t e d  toward nonpres t ressed ,  

ca s t - in -p l ace  cons t ruc t ion .  I t  t r e a t s  n e i t h e r  p r e c a s t  concre te  nor p re s t r e s sed  

concrete  al though some a spec t s  of t h e  design of  each do apply.  References t o  

ACI(318-773, he re in  r e f e r r e d  t o  a s  t h e  Code, a r e  by code chapter  and s e c t i o n  

numbers, f o r  example (8 .3 .1) .  

The s t r e n g t h  design method presented  he re in ,  i s  recommended f o r  use .  A l t e r -  

@ n a t i v e l y ,  t h e  working s t r e s s  design method contained i n  National Engineering 

Handbook, Sec t ion  6, t l S t r u c t u r a l  Design,It subsec t ion  4 . ,  "Reinforced Concrete" 

may be appl ied  us ing  s e r v i c e  loads.  

The s t r e n g t h  design method r e q u i r e s  t h a t  s e r v i c e  loads o r  r e l a t e d  moments and 

fo rces  be increased  by s p e c i f i e d  load f a c t o r s  and t h a t  computed nominal 

s t r e n g t h s  be reduced by s p e c i f i e d  s t r e n g t h  reduct ion  f a c t o r s .  The b a s i c  r e -  

quirement f o r  s t r e n g t h  design may thus  be expressed a s :  

Design s t r e n g t h  2 Required s t r eng th .  

The "required s t r e n g t h f t  i s  computed by mul t ip ly ing  t h e  s e r v i c e  loads by load 

f a c t o r s .  Load f a c t o r s  provide f o r  excess load e f f e c t s  from sources such a s  

overloads and s imp l i f i ed  s t r u c t u r a l  a n a l y s i s  assumptions. 

The "design s t rength"  of  an  element i s  computed by mul t ip ly ing  t h e  "nominal 

(or i d e a l )  s t rength"  by a  s t r e n g t h  reduct ion  f a c t o r ,  $. The s t r e n g t h  reduc- 

t i o n  f a c t o r  provides  f o r  t h e  p o s s i b i l i t y  t h a t  small  adverse v a r i a t i o n s  i n  



m a t e r i a l  s t r eng ths ,  workmanship, and dimensions may combine t o  r e s u l t  i n  under- 

s t r eng th .  

The s t r e n g t h  design method no t  only provides f o r  adequate s t r e n g t h  t o  support 

t h e  a n t i c i p a t e d  f ac to red  loads,  it a l s o  inc ludes  provis ions  t o  a s su re  adequate 

performance a t  s e r v i c e  load l e v e l s .  S e r v i c e a b i l i t y  provis ions  inc lude  consid- 

e r a t i o n  of d e f l e c t i o n s ,  crack con t ro l ,  d i s t r i b u t i o n  of  reinforcement ,  and develop- 

ment of  reinforcement .  

The word "service" a s  used he re in  has s eve ra l  connotat ions.  When used wi th  upper 

case ,  it r e f e r s  t o  t h e  S o i l  Conservation Service.  When used with lower case ,  t h e  

r e f e rence  i s  t o  e i t h e r  design l i f e  o r  working loads, f o r c e s ,  moments, o r  s t r e s s e s .  

I n  some usages,  s e r v i c e  s t r e s s e s  a r e  i n  excess  of  normal Serv ice  working s t r e s s  

values.  



Structure Environment Class 

For purposes of reinforced concrete structural design, the concept of structure 

environment class, based on the type of environment encountered, is introduced. 

Two classes are defined herein. These are "Service hydraulic structure" and 

"other structures." These two classes are not all inclusive. That is, addi- 

tional classes might be defined for structures subjected to environments that 

are even more harsh than that of normal hydraulic structures. 

A Service hydraulic structure is defined to be any structure subjected to hy- 

drostatic or hydrodynamic pressures, either externally or internally. 

Most Service structures are hydraulic structures. As such they are subjected 

to relatively severe environments. This includes not only hydraulic flows, 

wave action, and submergence; but also associated combinations of wet/dry and 

freeze/thaw cycles, and general exposure to the elements. These conditions 

vary considerably from, and are harsher than, those encountered in the normal 

building frames envisioned by the Code. Hence not only are structural exter- 

nal stability and internal strength of prime importance, but these hydraulic 

structures must also have satisfactory durability, adequate crack control, 

and generally good serviceability characteristics. Because of these require- 

ments, it is essential that design be performed with great care. As noted, the 

criteria and procedures contained herein are minimums. On occasion it will be 

desirable to follow more conservative approaches. 

Waste treatment works that require a relatively long service life, provide 

valid examples of structures warranting special considerations to ensure ade- 

quate durability in their difficult environments. Other special structures 

exist that involve unique site, design, and/or construction problems which are 

not covered by the provisions of this technical release. 



Materials 

The choice of concrete strength and grade of reinforcing steel to be used in any 

specific job should be based on a study of the job requirements including 

strength, durability, service requirements, costs, and the availability of 

materials, work-force, and equipment. Many factors affect the quality of 

reinforced concrete. The best materials and design do not produce excellent 

concrete without high quality methods of construction. 

Concrete 

The general shapes of stress-strain curves for concrete cylinders and for com- 

pression faces of beams are essentially identical. The first part of the curve 

is nearly straight with appreciable curvature beginning at a unit stress of 

about half the maximum value. Curvature increases with increasing stress until 

the peak stress, fh, is reached at a compressive strain between 0.0015 and 0.002. 

At strains beyond the peak value of stress, considerable strength remains. The 

stress-strain curve descends from the peak stress to an ultimate strain of from 

0.003 to about 0.0045. The maximum usable strain for design is set at 0.003. 

Nine classes of concrete are currently estabilished. They cover the various 

conditions of design and construction normally encountered by the Soil Conserva- 

tion Service. The number associated with the class is, f;, the specified com- 

pressive strength of the concrete in psi. For Class 5000, Class 4000, Class 3000, 

and Class 2500 concrete the contractor is responsible for the design of the con- 

crete mix. For Class 5000X, Class 4000X, Class 3000X, Class 3000M, and Class 

2500X concrete the engineer is responsible for the design of the concrete mix. 

The following is a general guide to these concrete classes and their use. 

Class 5000 or 5000X concrete -- for special structures, for precast or 
prestressed construction, for extreme exposure conditions. 

Class 4000 or 4000X concrete -- for standard types and sizes of structures, 
for moderate exposure conditions. 

Class 3000 or 3000X concrete -- for small simple structures, for mass 
foundations. 

Class 3000M -- for minor concrete structures in which the quantity of 
concrete is less than 5 yards and where the location of the concrete will 

permit'easy maintenance or replacement. 

Class 2500 or 25OOX concrete -- for small structures built by unskilled 
labor, for plain concrete construction. 



Guide Construct ion S p e c i f i c a t i o n s  31. Concrete - and 32. Concrete f o r  Minor S t ruc-  

t u r e s  s t a t e  t h e  t echn ica l  and workmanship requirements f o r  t h e  opera t ions  r e -  

qu i red  i n  concre te  cons t ruc t ion .  These s p e c i f i c a t i o n s  inc lude  such items a s :  

A i r  Content and Consistency 

Design of Concrete Mix 

Inspec t ion  and Tes t ing  

Mixing, Conveying, Placing,  Consol idat ing,  and Curing Concrete 

Prepara t ion  and Removal of Forms 

Measurement and Payment. 

Guide Mater ia l  Spec i f i ca t ions  531. Port land Cement, 522. Aggregate f o r  Port land 

Cement Concrete, and o t h e r s  s t a t e  t h e  q u a l i t y  of m a t e r i a l s  t o  be incorporated i n  

t h e  cons t ruc t ion .  

S t e e l  Reinforcement 

Reinforcing ba r s  a r e  manufactured from b i l l e t  s t e e l ,  r a i l  s t e e l ,  and ax le  s t e e l .  

S t r e s s - s t r a i n  curves f o r  reinforcement t y p i c a l l y  c o n s i s t  of fou r  po r t ions .  These 

a r e :  f i r s t ,  an i n i t i a l ,  e s s e n t i a l l y  s t r a i g h t - l i n e  po r t ion  where s t r e s s  i s  propor- 

t i o n a l  t o  s t r a i n  up t o  t h e  y i e l d  s t r e n g t h ,  f - second, a  ho r i zon ta l  po r t ion  where 
Y' 

s t r e s s  i s  independent of s t r a i n  up t o  t h e  beginning of s t ra in-hardening;  t h i r d ,  

another  po r t ion  where s t r e s s  again inc reases  with s t r a i n ,  bu t  a t  a  slow r a t e  with 

t h e  curve f l a t t e n i n g  out  a s  t h e  t e n s i l e  s t r e n g t h  i s  reached; and f o u r t h ,  a l a s t  

po r t ion  where t h e  curve t u r n s  down u n t i l  f r a c t u r e  occurs .  The length  of t h e  h o r i -  

zontal  po r t ion  decreases  wi th  t h e  h igher  s t r e n g t h  s t e e l s .  Thus s t e e l  d u c t i l i t y  

tends t o  decrease with inc reas ing  s t r e n g t h .  

For design,  t h e  s t r e s s - s t r a i n  curves a r e  i dea l i zed  a s  cons i s t i ng  of two s t r a i g h t  

l i n e s .  S t r e s s  i s  p ropor t iona l  t o  s t r a i n  below the  y i e l d  s t r e n g t h .  S t r e s s  i s  i n -  

dependent of s t r a i n  a t  s t r a i n s  exceeding t h e  y i e l d  s t r a i n .  Any inc rease  i n  

s t r e n g t h  due t o  t h e  e f f e c t  of s t ra in-hardening  i s  neglec ted  i n  s t r e n g t h  computations. 

Three grades of  deformed r e in fo rc ing  ba r s  a r e  c u r r e n t l y  e s t ab l i shed .  These a r e  

Grade 40, Grade 50, and Grade 60. The number a s soc i a t ed  wi th  t h e  grade is ,  f  
Y' 

t h e  s p e c i f i e d  y i e l d  s t r e n g t h  of  reinforcement i n  k s i .  Deformed b a r s  with a  y i e l d  

s t r e n g t h  exceeding 60,000 p s i  a r e  no t  permi t ted .  Guide Construct ion Spec i f ica-  

t i o n  34, S t e e l  Reinforcement s t a t e s  t h e  t echn ica l  and workmanship requirements f o r  

f a b r i c a t i n g  and p lac ing  reinforcement .  Guide Mater ia l  Spec i f i ca t ion  539. S t e e l  

Reinforcement s t a t e s  t h e  q u a l i t y  of ma te r i a l  requi red .  ASTM Spec i f i ca t ions  A615, 

A616, and A617 a r e  re ferenced  i n  Spec i f i ca t ion  539. 



General Requirements and Assum~tions 

Requirements 

Except as already noted, the strength design method shall be used. All struc- 

tures and structural members shall be proportioned for adequate strength in 

accordance with the provisions contained herein, using load factors and strength 

reduction factors as specified. All sections are to have design strengths at 

least equal to their required strengths. Members shall also meet all other re- 

quirements contained herein to ensure adequate performance at service load levels. 

All members and/or elements of statically indeterminate structures shall be de- 

signed for the maximum effects of factored loads as determined by the theory of 

elastic analysis; the only exception is the limitation on the maximum torsional 

moment that need be developed. Factored loads are service loads multiplied by 

appropriate load factors. Normal simplifying assumptions as to relative stiff- 

nesses, span lengths, arrangements of live loads, etc. may be used. 

Assumptions 

The strength of a member or element computed by the strength design method re- 

quires that two basic conditions be satisfied: (1) static equilibrium and (2) 

compatibility of strains. Equilibrium between the internal stresses and external 

forces acting on a free body must be satisfied for the nominal strength condition. 

Compatibility between stress and strain for the concrete and for the reinforce- 

ment must also be established within the design assumptions that follow. 

Strain in the reinforcing steel and in the concrete shall be assumed directly 

proportional to the distance from the neutral axis except that for deep flexural 

members a nonlinear distribution of strain is appropriate. 

Strictly speaking, concrete has no fixed modulus of elasticity. The secant modu- 

lus definition of modulus of elasticity is generally used in service load level 

stress or deflection calculations. The modulus of elasticity of concrete, Ec ' 
may be taken in psi as 

where 

w E unit weight of concrete, pcf 

f1 E compressive strength of concrete, psi 
C 

For normal weight concrete, 
Ec' 

may be taken as 



The maximum usable strain at the extreme concrete compression fiber shall be 

assumed equal to 0.003. 

Tensile strength of concrete shall be neglected in flexural calculations of 

reinforced concrete. 

The relation between the concrete compressive stress distribution and concrete 

strain, for sections subjected to flexure or flexure plus direct load, shall 

be assumed satisfied by an equivalent rectangular concrete stress distribution. 

The rectangular stress distribution is defined by the following. A concrete 

stress of 0.85 f; shall be assumed uniformly distributed over an equivalent com- 

pression zone bounded by the edges of the cross section and a straight line lo- 

cated parallel to the neutral axis at a distance 

a = Blc 

from the fiber of maximum compressive strain. The distance, c, from the fiber 

of maximum strain to the neutral axis shall be measured perpendicular to that 

axis. The factor, B,, shall be taken as follows. 

For f; 2 4000 

B, = 0.85 

For 4000 5 f; ( 6000 
f '  - 4000 
C B, = 0.85 - 0.05( 
1000 1 

The rectangular stress distribution does not duplicate the actual stress dis- 

tribution in the compression zone at ultimate, but it does provide predictions 

of ultimate strength that are essentially the same as obtained from comprehen- 

sive tests. 

Balanced strain conditions exist at a cross section when the tensile reinforce- 

ment farthest from the compression face, reaches the strain corresponding to its 

specified yield strength, f just as the concrete in compression reaches its 
Y' 

assumed ultimate strain of 0.003. 



Load Fac tors  

The s e r v i c e  loads a r e  mu l t ip l i ed  by load f a c t o r s  t o  obta in  t h e  requi red  s t r e n g t h .  

Two b a s i c  s e t s  of load f a c t o r s  a r e  given. Let t h e  requi red  s t r e n g t h  be U ,  t h e  

s e r v i c e  dead load be D ,  and t h e  s e r v i c e  combined load be C; where C i s  any com- 

b ina t ion  of loads ,  except D,  g iving a  maximum requirement.  Then 

U = 1.8D + 1.8C (6) 

o r  

U = 0.9D + 1.8C (7) 

Due regard must be giveh t o  s ign  i n  determining U f o r  combinations of loadings,  

a s  one type  o f  loading may produce e f f e c t s  of oppos i te  sense t o  t h a t  produced by 

another  type.  The loading with 0.9D i s  s p e c i f i c a l l y  included f o r  t h e  case  where 

dead load reduces t h e  e f f e c t s  of  o the r  loads.  Consideration must be given t o  

var ious  combinations of loadings t o  determine t h e  most c r i t i c a l  design condi t ion .  

Note t h a t  some load producers genera te  both D and C loadings.  For example, e a r t h  

loading on a  c a n t i l e v e r  r e t a i n i n g  wall  genera tes  l a t e r a l  e a r t h  p re s su res  a s  C 

loading and v e r t i c a l  e a r t h  weight a s  D loading.  

Required s t r e n g t h  may be expressed i n  s eve ra l  d i f f e r e n t  ways. The des igner  has  

t h e  choice of  mul t ip ly ing  t h e  s e r v i c e  loads by t h e  load f a c t o r s  before  comput- 

ing  t h e  f ac to red  load e f f e c t s ,  o r  computing t h e  e f f e c t s  of t h e  unfactored loads 

and mul t ip ly ing  t h e s e  e f f e c t s  by t h e  load f a c t o r s .  For example, i n  t h e  compu- 

t a t i o n  of  moment f o r  dead and combined load,  r epea t ing  equat ion 7, 

U = 0.9D + 1..8C (7) 

t h e  des igner  may determine 

w = 0 . 9 ~  + 1 . 8 ~  
u d c 

where 

w = f ac to red  uniform load 
U 

w = s e r v i c e  uniform dead load 
d 

w = s e r v i c e  uniform combined load 
C 

and then  compute t h e  f ac to red  moment, MU, us ing  w o r ,  compute t h e  dead and corn- 
U 

bined s e r v i c e  moments and then  determine t h e  f ac to red  moment a s  

MU = 0.9Md + 1.8M 
C (91 

where 

M r f ac to red  moment, o r  requi red  s t r e n g t h  i n  terms of moment 
U 

Md s e r v i c e  dead load moment 

M 5 s e r v i c e  combined load moment. 
C 



Strength  Reduction Fac to r s  

Nominal (or i d e a l )  s t r e n g t h s  a r e  mu l t ip l i ed  by s t r e n g t h  reduct ion  f a c t o r s  t o  

ob ta in  reasonably dependable o r  design s t r e n g t h s .  The s t r e n g t h  reduct ion  

f a c t o r ,  4,  r ep re sen t s  an at tempt  t o  t a k e  account of  s eve ra l  f a c e t s .  These 

a r e :  t o  allow f o r  unders t rength  due t o  v a r i a t i o n s  i n  ma te r i a l  s t r e n g t h s  and 

dimensions; t o  allow f o r  inaccurac ies  i n  design equat ions;  t o  r e f l e c t  t he  

d u c t i l i t y  and f a i l u r e  mode of t h e  member under t h e  type  of loads under con- 

s i d e r a t i o n ;  and t o  r e f l e c t  t h e  importance of  t h e  member i n  t h e  s t r u c t u r e .  

S t rength  reduct ion  f a c t o r s ,  I$, s h a l l  be: 

pure f l e x u r e  @ = 0.90 

d i r e c t  t ens ion  4 = 0.90 

f l e x u r e  p l u s  d i r e c t  t ens ion  4 = 0.90 

d i r e c t  compression $I = 0.70 

f l e x u r e  p lus  d i r e c t  compression 4 = 0.70 
except s ee  below f o r  low va lues  
of  d i r e c t  compression 

f l e x u r e  p l u s  low d i r e c t  compression 4 = v a r i e s  

l e t  

P1 - smal le r  of  0.10 f 1  A o r  0.7 P  
c  g  b 

then  

@ = 0.90 - 0.20 PU/P1 2 0.70 

where 

A E gross  a r e a  of  s e c t i o n ,  sq.  i n .  
g 

Pb E nominal d i r e c t  fo rce  s t r e n g t h  a t  balanced s t r a i n  condi t ion  

P E requi red  d i r e c t  f o r c e  s t r e n g t h  a t  given e c c e n t r i c i t y  
U 

bearing on concre te  4 = 0.70 

beam shear  $I = 0.85 

t o r s i o n a l  shear  6 = 0.85 



F 1 exure 

General 

Expressions for the nominal strength of rectangular and flanged members are ob- 

tained using the assumption of an equivalent rectangular stress distribution and 

the requirements of static equilibrium and compatibility of strains. 

Rectangular Section with Tension Reinforcement Only 

For rectangular sections, the nominal moment strength, M may be computed as: n ' 
M = f A (d - a/2) 
n Y S  

where 

in which 

M : nominal moment strength, inches-lbs n 
f E yield strength of reinforcement, psi 
Y 

A area of tension reinforcement, sq. in. 
S 
d : effective depth of section, distance from extreme compression 

fiber to centroid of tension reinforcement, inches 

a depth of equivalent rectangular stress block, inches 

f t  : compressive strength of concrete, psi 
C 

b E width of rectangular member, inches 

The design moment strength is $Mn, and the required moment strength is M . There- 
u 

fore the necessary nominal moment strength is 

M n = MU/@ (14) 

The steel ratio producing balanced strain conditions in these sections is 

- 
p is defined here, for future reference, as the steel ratio producing balanced b 
strain conditions in a rectangular section with tension steel only. 

The maximum steel ratio permitted for these sections for other structures is one- 

half the steel ratio producing balanced strain conditions or 



Limiting the maximum steel ratio to this value ensures ductile behavior of 

flexure members. Failure, if it occurs, will be accompanied by large de- 

flections giving ample warning of distress. This value is also sufficiently 

low to permit redistribution of moments in continuous members, see (8.4.1 - 
8.4.3). 

The Service has a good experience recora with hydraulic structures designed 

by its working stress design criteria. This criteria has evolved over the 

years and represents a considerable experience investment. Designs based on 

balanced allowable working stresses result in relatively deep sections and 

low steel ratios as compared to strength design which tends to permit higher 

steel ratios based on balanced strain conditions. Deep sections imply small 

deflections and small cracks. Small cracks aid durability through increased 

resistance to deterioration. Therefore, the maximum steel ratio permitted 

for Service hydraulic structures is related to maximum steel ratios allowed 

by Service working stress design criteria and is given by 

in which n = 503.3/@ 
C (18) 

where 

n E ratio of modulus of elasticity of steel to that of concrete. 

Rectangular Sections with Compression Reinforcement 

For rectangular sections, assuming the compressive steel reaches the yield 

strength, the nominal moment strength, Mn, may be computed by: 

Mn = f (A - A;)(d - a/2) + f A' (d - d') 
Y s Y s 

where 

- fy (As - A;) a - 

0.85 f'b 
C 

in which 

A' = area of compression steel, sq. inches 
S 

d' = distance from extreme compression fiber to centroid of 
compression steel, inches. 

Note that the equation for nominal moment strength does not include a 

correction for concrete displacement by the compression steel. Usually 

the correction is neglected. The correction can be included by substituting 

'fY 
- 0.85 f') for f in the second term of the equation. 

C Y 



The steel ratio producing balanced strain conditions in these sections is: 

- As - Pb - b d =  Pb + P' 

in which, by definition 

- 
and, as defined earlier, p is the steel ratio producing balanced strain condi- b 
tions in a rectangular section with tension steel only. 

The compression steel and its associated tension steel do not contribute to brit- 

tle failure. They form a ductile auxiliary couple. Therefore dectile behavior 

is entirely ensured if the maximum steel ratio for other structures is limited so 

that : 

The maximum steel ratio for Service hydraulic structures is limited so that 

(P - p1Imax = Pshy (25) 

The assumption that the compressive steel reaches yield strength at nominal mo- 

ment is only valid when 

When (p - pl) is less than the above amount, or when d is less than dmin, the 
compression steel stress is less than the yield strength. In this case, the 

effects of compression steel may be neglected and the nominal moment may be 

computed by the expression for rectangular sections with tension steel only. If 

this is done, the steel ratio limits for rectangular sections with tension steel 

only apply. 

Compression steel may be used to increase load carrying capacity when a member 

is limited in cross section. However, strength design will show that this is 

not efficient use of steel. The use of compression steel does however have a 

marked effect on long-time deflections of flexural members. 



Flanged Sections with Tension Reinforcement Only 

If the depth of the equivalent rectangular stress block, a, does not exceed 

the thickness of the compression flange, t, then design may proceed using the 

relations for a rectangular section with tension steel only. The width, b, 

of the section is the distance out to out of the flange. 

If the depth of the equivalent rectangular stress block, a, exceeds the com- 

pression flange thickness, t, then the nominal moment strength, Mn, may be 

computed by 

M = f (A - AS,) (d - a/2) + fy Asf (d - t/2) 
n Y S  

(28) 

Where A is the steel area necessary to develop the compressive strength of sf 
the overhanging flanges. It is given by 

and here 
fy(As - Asf) 

a = 
0.85 f: bw 

where 

t E compression flange thickness, inches 

b Z width of the compression flange, inches 

b width of the web, inches 
W 

As : total area of tensile reinforcement, sq. inches 

The steel ratio producing balanced strain conditions in these sections is ob- 

tained by summing forces, or 

so that 
A b  

- W 

- b (Pb+ of) bd 

Note that pb is written as a function of b, but pb and pf are written as 
functions of b . p is the steel ratio producing balanced strain conditions w b  
in a rectangular section of width b with tension steel only. 

W 

The compression concrete of the overhanging flanges and its associated tension 

steel form an auxiliary couple which could contribute to brittle failure of 

the section. Therefore to ensure ductile behavior, the maximum steel ratio for 

other structures is limited to one-half the steel ratio producing balanced 

strain conditions. 



That is 
h 

The maximum steel ratio for Service hydraulic structures is similarly lim- 

ited. Thus 

b 'shy w = - -  
'max - ,, (Fb + pf) 

Pb 

note that p as used here is a function of bw. 
shy 



Flexure and Direc t  Force 

The provis ions  he re in  a r e  l imi t ed  t o  r ec t angu la r  s e c t i o n s  and, i n  t h e  case  of 

compressive d i r e c t  fo rce ,  t o  s h o r t  members. Since members a r e  s h o r t ,  column 

s lenderness  e f f e c t s  a r e  neglec ted .  See (10.10 and 10.11) when s lenderness  

e f f e c t s  must be included.  

Design of members sub jec t  t o  f l e x u r e  and d i r e c t  f o r c e s  i s  based on t h e  equa- 

t i o n s  of equi l ibr ium and s t r a i n  compat ib i l i ty .  The equiva len t  r ec t angu la r  

concre te  compression s t r e s s  block i s  assumed. Design s t r e n g t h  must equal o r  

exceed requi red  s t r e n g t h .  Therefore t h e  necessary nominal moment s t r eng th  

and simultaneously necessary nominal d i r e c t  fo rce  s t r e n g t h  a r e  both determined 

by d iv id ing  t h e  requi red  moment s t r e n g t h  and t h e  requi red  d i r e c t  fo rce  

s t r e n g t h  by t h e  app ropr i a t e  s t r e n g t h  reduct ion  f a c t o r ,  @. 

I n t e r a c t i o n  Diagrams 

An i n t e r a c t i o n  diagram i s  very he lp fu l  i n  descr ib ing ,  i n t e r p r e t i n g ,  and under- 

s tanding  t h e  behavior of s e c t i o n s  subjec ted  t o  combined f l e x u r e  and d i r e c t  

fo rce .  Di rec t  fo rces  a r e  p l o t t e d  a s  o rd ina t e s  and moments a s  absc i s sa s .  Dia- 

grams may be cons t ruc ted  i n  terms of  design s t r e n g t h s  o r  i n  terms of  nominal 

s t r e n g t h s .  Often t h e  l a t t e r  i s  p re fe r r ed .  Moments may be given a s :  moments 

about t h e  mid-depth of t h e  s e c t i o n  (as  u sua l ly  determined from s t r u c t u r a l  

a n a l y s i s ) ,  moments about t h e  p l a s t i c  cen t ro id  of  t h e  s e c t i o n  (convenient s i n c e  

moments a r e  zero a t  maximum compressive d i r e c t  f o r c e ) ,  o r  moments about t h e  

cen t ro id  of t h e  t ens ion  s t e e l  ( i n s t r u c t i v e  i n  understanding behavior ) .  Care 

must be used t o  recognize o r  s p e c i f y  t h e  re ference  moment cen te r  being used. 

Thinking i n  terms of compressive d i r e c t  fo rces  and moments about t h e  p l a s t i c  

cen t ro id ,  any loading which p l o t s  wi th in  t h e  enclosed a rea  i s  a  s a f e  loading;  

any loading which p l o t s  on t h e  curve r ep re sen t s  a  loading t h a t  w i l l  j u s t  f a i l  

t h e  member; and any combination p l o t t i n g  o u t s i d e  t h e  a r e a  i s  a  f a i l u r e  combina- 

t i o n .  Any r a d i a l  l i n e  from t h e  o r i g i n  r ep re sen t s  a  cons tan t  e c c e n t r i c i t y  of 

t h e  load.  Three p o i n t s  a long t h e  i n t e r a c t i o n  curve a r e  of s ign i f i cance .  These 

a r e :  (1) pure compression, loading i s  P . ( 2 )  balanced s t r a i n  condi t ion ,  load- 
0 ' 

ing  i s  P and Mb; and (3)  pure f l exu re ,  loading i s  M . The po r t ion  of t h e  b 0 

curve from P t o  P p e r t a i n s  t o  t h e  range of  e c c e n t r i c i t i e s  i n  which f a i l u r e  
0 b 

i s  i n i t i a t e d  by crushing of t h e  concrete .  The po r t ion  of t h e  curve from Mb t o  

M p e r t a i n s  t o  t h e  range of  e c c e n t r i c i t i e s  i n  which f a i l u r e  i s  i n i t i a t e d  by 
0 

y i e ld ing  of t h e  t ens ion  s t e e l .  
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Balanced S t r a i n  Condition 

The balanced s t r a i n  condi t ion  was def ined  previous ly .  The d i s t ance  from t h e  

extreme compression f i b e r  t o  t h e  a x i s  o f  zero s t r a i n ,  
Cb ' i s  

J 

The depth of  t h e  s t r e s s  block,  ab, i s  

With reinforcement i n  one o r  two f aces ,  each p a r a l l e l  t o  t h e  a x i s  of  bending 

and a l l  t h e  s t e e l  i n  any one f a c e  loca ted  a t  c l o s e l y  t h e  same d i s t ance  from t h e  

a x i s  of  bending, t h e  balanced nominal compressive d i r e c t  f o r c e  s t r e n g t h ,  Pb, i s :  

This expression does no t  inc lude  a  c o r r e c t i o n  f o r  concre te  d isp laced  by t h e  com- 

p re s s ion  s t e e l .  A co r r ec t ion  may be included a s  i nd ica t ed  previous ly ,  i f  f e l t  

d e s i r a b l e .  Also t h e  expression a s  w r i t t e n  assumes t h e  compression s t e e l  i s  a t  

y i e l d  s t r eng th .  I f  t h e  s t r e s s  i n  t h e  compression s t e e l  i s  l e s s  than  y i e l d  

s t r eng th ,  then e i t h e r ,  t h e  compression s t e e l  may be neglec ted ,  o r  t h e  s t r e s s  

i n  t h e  compression s t e e l  may be evaluated by s t r a i n  p r o p o r t i o n a l i t y  r e l a t i o n s  

and t h e  expression modified accordingly.  

The balanced nominal moment s t r e n g t h ,  Mb, moments taken about t h e  p l a s t i c  

t r o i d  i s :  

M = P e  = 0.85 f 1  ab b  (d - d"' - ab/2) + 
b b b  c 

f A '  (d - dl - dl1')  + f A d"' 
Y s Y s  

where 

eb 5 e c c e n t r i c i t y ,  a t  balanced s t r a i n  condi t ions ,  of t h e  d i r e c t  

measured from t h e  p l a s t i c  cen t ro id  of  t h e  sec t ion ,  inches 

cen- 

(42) 

fo rce  

d"'! d i s t ance  from p l a s t i c  cen t ro id  of s e c t i o n  t o  cen t ro id  of t ens ion  

reinforcement ,  inches 

F a i l u r e  Control led by Tension 

For t h e  same s e c t i o n  defined above f o r  balanced s t r a i n  condi t ions ,  t h e  nominal 

compressive d i r e c t  f o r c e  s t r e n g t h ,  Pn, i s  

P  = 0 . 8 5 f ; a b + f  A ' - f  A n Y S  Y S  
(43) 

and t h e  nominal moment s t r e n g t h ,  Mn,  moments taken about t h e  cen t ro id  of  t h e  

t ens ion  s t e e l ,  i s :  



where 

z E e c c e n t r i c i t y  of  t h e  d i r e c t  f o r c e  measured from t h e  cen t ro id  of  

t h e  t e n s i l e  reinforcement ,  inches .  

Usual comments about co r r ec t ion  f o r  d i sp laced  concre te  apply.  Also s t r a i n  com- 

p a t i b i l i t y  c a l c u l a t i o n s  a r e  r equ i r ed  t o  check t h a t  t h e  compression s t e e l  w i l l  

a c t u a l l y  y i e l d  a t  t h e  nominal moment s t r e n g t h  of t h e  s e c t i o n .  

The d i r e c t  fo rce  equat ion may be used t o  ob ta in  t h e  depth of  t h e  s t r e s s  block, 

a ,  a s :  

0.85 f: b  

With t h e  depth,  a ,  known, t h e  moment s t r e n g t h  may be determined. 

The concept i nd ica t ed  above f o r  s ec t ions  con t ro l l ed  by t ens ion  i s  q u i t e  general  

and may always be used. An a l t e r n a t e  formulat ion i s  p o s s i b l e  however which s i m -  

p l i f i e s  design f o r  combined f l e x u r e  and d i r e c t  fo rce .  

Transfer  t h e  f o r c e  system on t h e  sec t ion  from t h a t  of a  d i r e c t  f o r c e  a c t i n g  a t  I 

mid-depth and a moment taken about t h e  mid-depth t o  a  d i r e c t  f o r c e  a c t i n g  along 

t h e  c e n t r o i d a l  a x i s  of t h e  t e n s i l e  s t e e l  and a  moment about t h e  cen t ro id  o f  t h e  

t e n s i l e  s t e e l .  I f  t h e  nominal moment s t r e n g t h  about t h e  mid-depth i s  M then  
n  ' 

t h e  r e s u l t a n t  equivalent  nominal moment s t r e n g t h  about t h e  t ens ion  s t e e l ,  M,,, 

i s  

where 

dl1 5 d i s t a n c e  from mid-depth of  s e c t i o n  t o  cen t ro id  o f  t ens ion  

reinforcement ,  inches .  

A s e c t i o n  loaded wi th  t h e  equivalent  nominal moment s t r e n g t h ,  MnS, and r e i n -  

forced with an equivalent  t e n s i l e  s t e e l  a r ea ,  A,  where 

w i l l  have t h e  same compressive concre te  s t r e s s  block and same concre te  and 

s t e e l  s t r a i n s  as a sec t ion  r e in fo rced  with t e n s i l e  s t e e l ,  
As ' and loaded with 

t h e  nominal moment s t r eng th ,  
Mn ' and nominal d i r e c t  f o r c e  s t r e n g t h ,  Pn. There- 

f o r e  t h e  requi red  t e n s i l e  s t e e l  a r e a ,  As,  may be determined a s  

AS = A - Pn/f 
Y (481 

where 

A - equiva len t  t e n s i l e  s t e e l  a r e a  requi red  by f l e x u r e  only due 

t o  t h e  moment, Mns, sq.  inches .  



In the above relations, compressive direct force is positive and tensile direct 

force is negative. The only restrictions on the formulation are that neither 

AS nor Mns may be negative quantities. 

The maximum steel ratio for sections controlled by tension for other structures 

is limited so that 

The maximum steel ratio for sections controlled by tension for Service hydraulic 

structures is limited so that 

When sections are subjected to combined flexure and low compressive direct force, 

failure is controlled by yielding of the tension steel. The value of the 

strength reduction factor varies and depends on the cross section and material 

properties. The design procedure is not direct. Some form of guess and check 

approach is necessary. One approach is to assume 4 = 0.70 for all combinations 

of flexure and direct compressive force. This is conservative but penalizes de- 

sign as the compressive direct force approaches zero. An alternate approach is 

to assume an initial @ = 0.70, obtain the resulting section, recompute @ which 

might exceed 0.70,  obtain a new, reduced, trial section, and recycle the steps 

as necessary until a stable design is reached. 

Failure Controlled by Compression 

Statics and strain compatibility relations may be used to determine nominal mo- 

ment strength and nominal compressive direct force strength for sections when 

failure is controlled by compression of the concrete. The shape of the inter- 

action diagram in the region between the maximum possible nominal compressive 

direct force strength, Po' and the nominal compressive direct force strength at 

balanced strain conditions, Pb, may be defined by the determination of a suffi- 

cient number of nominal load combinations. 

As an alternate to the procedure indicated above, the nominal compressive direct 

force strength, Pn, may be assumed to decrease linearly from P to Pb as the 
0 

nominal moment strength increases from zero to Mb.  The nominal compressive 

direct force strength at zero eccentricity, Po ' is 



where 

A - gross  a r e a  of s e c t i o n ,  sq.  inches 
g 

A S t  
t o t a l  s t e e l  a r e a  of s e c t i o n ,  sq.  inches 

Thus P f o r  an a s soc i a t ed  nominal moment s t r e n g t h ,  I$, t h e  moment taken n  
about t h e  p l a s t i c  cen t ro id ,  i s  

P n  = P o - (Po - Pb) (Mn/Mb) 

The maximum usable  nominal compressive d i r e c t  f o r c e  s t r e n g t h  f o r  rectangu- 

l a r  s ec t ions  i s  a r b i t r a r i l y  l imi t ed  t o  

The l i m i t a t i o n  i s  intended t o  account f o r  acc iden ta l  e c c e n t r i c i t i e s  on t h e  

s e c t i o n  t h a t  a r e  not  accounted f o r  i n  t h e  design a n a l y s i s .  



Beam Shear 

F lexura l ,  o r  beam, shear  and t o r s i o n a l  shear  a r e  i n t ima te ly  r e l a t e d .  Nominal 

shear  s t r e n g t h  provided by concre te  and nominal t o r s i o n a l  moment s t r e n g t h  pro- 

vided by concre te  a r e  func t ions  one of  t h e  o the r .  Requirements f o r  shear  r e i n -  

forcement and requirements f o r  t o r s i o n  reinforcement a r e  a d d i t i v e .  For con- 

venience, beam shear  i s  presented f i r s t .  

The r e l a t i v e l y  abrupt  n a t u r e  of  a shear  f a i l u r e  i n  a member wi th  an unreinforced 

web, a s  compared t o  a d u c t i l e  f l e x u r a l  f a i l u r e ,  makes it d e s i r a b l e  t o  design 

members so t h a t  s t r e n g t h  i n  shear  is  a t  l e a s t  a s  g r e a t  a s  s t r e n g t h  i n  f l e x u r e .  

To ensure t h a t  f a i l u r e  i s  by d u c t i l e  f l e x u r a l  mode, t h e  Code l i m i t s ,  t h e  maxi- 

mum amount of l ong i tud ina l  reinforcement and, except f o r  c e r t a i n  types  of  s t r u c -  

t u r a l  components, r e q u i r e s  t h a t  a t  l e a s t  a minimum amount of web reinforcement 

be provided i n  a l l  f l e x u r a l  members. 

Most so-ca l led  shear  f a i l u r e s  a r e  r e a l l y  diagonal t ens ion  f a i l u r e s .  Computed 

shear  s t r e s s e s  a r e  r e a l l y  j u s t  s t r e s s  i nd ices ,  only s l i g h t l y  r e l a t e d  t o  a c t u a l  

s t r e s s e s .  

Shear s t r e n g t h  i s  t h e r e f o r e  based on t h e  average shear  s t r e s s  on t h e  f u l l  e f f e c -  

t i v e  c r o s s  s ec t ion ,  bwd, where b i s  t h e  web width of t h e  member. Permissible  
w- 

shear  s t r e s s e s  a r e  func t ions  of  J f ' .  Uni t s  of  f i  a r e  p s i ,  where f '  i s  i n  p s i .  
C C C 

The provis ions  he re in  only h i g h l i g h t  t h e  Code requirements.  The Code should be 

re ferenced  f o r  completeness. 

Shear S t rength  

The design shear  s t r e n g t h ,  4 Vn, must equal  o r  exceed t h e  requi red  shear  s t r e n g t h  

VU, a t  t h e  s ec t ion  under cons idera t ion .  Therefore necessary  nominal shear  

s t r eng th ,  Vn, i s  given by 
(54) 

v n = vu/$ 

The nominal shear  s t r e n g t h ,  'n 
inc ludes  t h e  nominal shear  s t r e n g t h  provided by 

t h e  concrete ,  vc ' and t h e  nominal shear  s t r e n g t h  provided by t h e  shear  r e i n -  

forcement, Vs ,  o r  



When t h e  r e a c t i o n  in t roduces  compression i n t o  t h e  end reg ions  of a  member, 

shear  s t r e n g t h  i s  increased .  Accordingly, design may be based on t h e  maxi- 

mum requi red  shear  s t r eng th ,  vu, 
a t  a  d i s t ance ,  d ,  from t h e  f a c e  of t h e  sup- 

p o r t .  For many o the r  s i t u a t i o n s ,  t h e  c r i t i c a l  s ec t ion  f o r  shear  should be 

taken a t  t h e  f ace  of t h e  suppor t .  

Shear S t r ene th  Provided bv Concrete 

More d e t a i l e d  r e l a t i o n s  a r e  a v a i l a b l e  from which t h e  nominal shear  s t r e n g t h  

provided by t h e  concre te  may be computed; however f o r  most des igns ,  t h e  follow- 

ing expressions a r e  convenient and s a t i s f a c t o r y .  For members sub jec t  t o  shear  

and f l e x u r e  only:  

For members sub jec t  t o  d i r e c t  compression i n  add i t i on  t o  shear  and f l exu re :  

where 

N 5 requi red  compressive d i r e c t  fo rce  s t r e n g t h  a c t i n g  simultaneously 
U 

with V taken p o s i t i v e  f o r  compression, l b s .  
u ' 

For members sub jec t  t o  d i r e c t  t ens ion  i n  add i t i on  t o  shear  and f l e x u r e ,  web 

reinforcement should be designed t o  c a r r y  t h e  t o t a l  shear  un le s s  an a n a l y s i s  

is  made using 

g  
where 

N : requi red  t e n s i l e  d i r e c t  fo rce  s t r e n g t h  a c t i n g  simultaneously 
U 

with V taken negat ive  f o r  t ens ion ,  l b s .  
u ' 

Shear s t r e n g t h  t h a t  can be provided by concre te  decreases  with t h e  amount of 

t o r s i o n  present  a t  a  s ec t ion .  The e f f e c t  of t o r s i o n  can be neglec ted  i f  t h e  

requi red  t o r s i o n a l  moment s t r e n g t h ,  TU, i s  l e s s  than  

where 

T  E requi red  t o r s i o n a l  moment s t r e n g t h  a t  s e c t i o n  considered,  
u  

inches- lbs  

x 5 s h o r t e r  dimension of a  r ec t angu la r  component o f  t h e  c r o s s  

s ec t ion ,  inches 

y E longer dimension of a  r ec t angu la r  component of t h e  c ros s  

s ec t ion ,  inches 



If the required torsional moment strength, 
TU , is greater than the above 

amount, then the nominal concrete shear sTrength, 
vc ' available is a function 

of an interaction relation and is given by 

C = 
bwd 

t , a factor relating torsion and shear forces to torsion 
C (x2y> 

and shear stresses. 

Shear Strength Provided by Shear Reinforcement 

Shear reinforcement restrains the growth of inclined cracking. It therefore 

increases ductility and provides a warning of distress. A minimum area of 

shear reinforcement is required in all flexural members wherever the required 

shear strength, V exceeds one-half the design shear strength provided by the u , 
concrete, @Vc. Three types of members are excluded from the minimum shear 

reinforcement requirement. These are slabs and footings, floor joists, and 

relatively wide, shallow beams. Where shear reinforcement is required, either 

by strength computations or by provision of the minimum amount, and torsion is 

negligible in accordance with equation 59, the minimum shear reinforcement area 

is 

Av = 50 bws/f 
Y 

(61) 

where 

s =spacing of shear reinforcement in the direction parallel to 

the longitudinal reinforcement, inches 

A Earea of shear reinforcement within the distance, s, for v 
example, area of two legs when closed stirrups are used, 

sq. inches. 

Where shear reinforcement is required and torsion is not negligible, the mini- 

mum area of closed stirrups is 

A + 2A = 50 bws/f v t Y 
where 

A E area of one leg of a 
t 

within the distance, 

closed stirrup resisting torsion 

s, sq. inches. 



Shear reinforcement i s  r equ i r ed  whenever t h e  necessary nominal shear  s t r e n g t h ,  

Vn, exceeds t h e  nominal shear  s t r e n g t h ,  V c ,  provided by t h e  concre te .  When 

shear  reinforcement i s  provided by v e r t i c a l  s t i r r u p s ,  ( s t i r r u p s  placed per-  

pendicular  t o  t h e  member a x i s ) ,  t h e  nominal shear  s t r e n g t h  provided by shear  

reinforcement ,  Vs ,  i s  

A f d  
v =VY 

S S 

Spacing of  v e r t i c a l  s t i r r u p s  may not  exceed t h e  d i s t ance ,  d /2 .  Whenever V 
S 

exceeds 4 fl b d,  t h e  maximum spacing of  v e r t i c a l  s t i r r u p s  i s  decreased t o  
C W  

t h e  d i s t ance ,  d/4.  Nominal shear  s t r e n g t h  provided by shear  reinforcement ,  

vs ' s h a l l  not  exceed 8 bwd. 



Torsion 

Torsion can be important i n  members a c t i n g  a s  spandrel  beams, i n  curved beams, 

and wherever members c a r r y  t r a n s v e r s e  loads e c c e n t r i c  t o  t h e  member a x i s .  

E l a s t i c  theory  f o r  members wi th  c i r c u l a r  c ros s  s e c t i o n s ,  r e s u l t s  i n  t a n g e n t i a l  

shear ing  s t r e s s e s  varying with d i s t a n c e  from t h e  cen te r  of  t h e  c i r c l e .  These 

s t r e s s e s  a r e  given by 

ar = Tr/J  
t (65) 

where 
- 
- t o r s i o n a l  shear  s t r e s s  

t -  
T torque  o r  t o r s i o n a l  moment 

r E d i s t a n c e  from cen t ro id  of s ec t ion  

J Z p o l a r  moment of  i n e r t i a  of  t h e  s e c t i o n  

P l a s t i c  theory  f o r  members wi th  c i r c u l a r  c ros s  s e c t i o n s  r e s u l t s  i n  t angen t i a l  

shear ing  s t r e s s e s  which a r e  uniform throughout t h e  c ros s  s e c t i o n .  

E l a s t i c  theory  f o r  s i n g l e  r ec t angu la r  s e c t i o n s ,  shows maximum t o r s i o n a l  shear  

s t r e s s  occurs  a t  t h e  c e n t e r  of t h e  long s i d e  and p a r a l l e l  t o  i t .  For s ec t ions  

cons i s t i ng  of mu l t ip l e  r ec t ang le s ,  t h e  maximum shear  occurs  a t  t h e  cen te r  of  

t h e  long s i d e  of t h e  r ec t ang le  having t h e  g r e a t e s t  th ickness .  Neither e l a s t i c  

nor p l a s t i c  theory  i s  d i r e c t l y  app l i cab le  t o  r e in fo rced  concre te  because of 

t h e  na tu re  of t h e  ma te r i a l  and because t h e  concre te  w i l l  be cracked a t  s i g n i f -  

i c a n t  loading.  

An approximate s t r e s s  r e l a t i o n  i s  used f o r  r e in fo rced  concrete .  The r e l a t i o n  

a p p l i e s  t o  c ros s  s e c t i o n s  cons i s t i ng  of e i t h e r  s i n g l e  o r  mu l t ip l e  r e c t a n g l e s .  

The r c l a t i o n  i s  

where 
- 

x = s h o r t e r  dimension of  a r ec t angu la r  component of t h e  

c ros s  s e c t i o n ,  inches 

y  E longer  dimension of a  r ec t angu la r  component of  t h e  

c ros s  s ec t ion ,  inches 

The c a l c u l a t i o n  of  ~ ( x ~ ~ )  depends on t h e  s e l e c t i o n  of t h e  component r e c t a n g l e s .  

The r ec t ang le s  may not  over lap .  They may be taken so a s  t o  r e s u l t  i n  t h e  maxi- 

mum poss ib l e  summation. 

The provis ions  he re in  only  h i g h l i g h t  t h e  Code requirements .  The Code should be 

re ferenced  f o r  completeness. 



Torsion effects may be neglected when the maximum torsional stress does not ex- 

ceed a limiting value of 1.5 < psi. This stress corresponds to approximately 

one-fourth the pure torsional strength of a member without torsional reinforce- 

ment. Thus in terms of required torsional moment strength, TU, torsion may be 

neglected if: 

where all terms have been defined previously. If torsion exceeds 

amount, then torsion effects must be included with beam shear and 

(67) 

the above 

flexure. 

In designing for torsion, two states of structural behavior should be recog- 

nized, based upon whether or not redistribution of internal forces is possible. 

If the required torsional moment strength, 
TU, 

is required to maintain equilib- 

rium, as in a statically determinate structure, then the torsional moment can- 

not be reduced by redistribution of internal forces. In this case the member 

must be designed for the full required torsional moment strength. This state 

of torsion is referred to as "equilibrium torsion." 

In a statically indeterminate structure, redistribution of internal forces will 

occur as the loading reaches and exceeds the loading corresponding to some lim- 

iting strength value in the structure. Therefore, when torsional moments exist 

in a statically indeterminate structure, the magnitude of the torsional moment 

is dependent on whether or not redistribution of loads between the member under 

consideration and the remaining interacting elements occurs. If the computed 

elastic torsional moment before redistribution is greater than 

then torsional cracking is assumed. At torsional cracking, a large twist 

occurs under essentially constant torque. A significant redistribution of 

forces within the structure results. This state of torsion is referred to as 

"compatibility torsion." Thus, when the computed elastic torsional moment ex- 

ceeds the cracking torque, redistribution is assumed. A maximum necessary 

nominal torsional moment strength, taken equal to the cracking torque given by 

equation 68, maybe assumed at the critical sections. This reduced torsional 

moment must then be used to determine adjusted shears and moments in the ad- 

joining structural elements. 

If, in a statically indeterminate structure, the torsional moment calculated 

by elastic analysis is less than the cracking moment given by equation 68, 

then torsional cracking and hence redistribution will not occur. In this 

case, the actual computed torsional moment should be used in design. 



Torsional  Moment S t rength  

The design t o r s i o n a l  moment s t r e n g t h ,  @T must equal o r  exceed t h e  requi red  n  ' 
t o r s i o n a l  moment s t r e n g t h ,  

TU, 
a t  t he  s e c t i o n  under 

necessary nominal t o r s i o n a l  momenf s t r e n g t h ,  
Tn ' i s  

The nominal t o r s i o n a l  moment s t r e n g t h ,  Tn, inc ludes  

ment s t r e n g t h  provided by t h e  concre te ,  Tc, and t h e  

s t r e n g t h  provided by t h e  t o r s i o n  reinforcement ,  Ts ' 

cons idera t ion .  Therefore 

given by 

( 6 9 )  

t h e  nominal t o r s i o n a l  mo- 

nominal t o r s i o n a l  moment 

o r  

(70) 

Sec t ions  loca ted  l e s s  than  a  d i s t ance ,  d ,  from t h e  f a c e  of  a  support may be 

designed f o r  t h e  same t o r s i o n a l  moment a s  t h a t  computed a t  a  d i s t ance ,  d .  

Torsional  Moment S t rength  Provided by Concrete 

Torsional  moment s t r e n g t h  provided by concre te  depends on t h e  beam shear  pre-  

s en t  a t  t h e  s ec t ion .  The i n t e r a c t i o n  r e l a t i o n  i s  

For members sub jec t  t o  s i g n i f i c a n t  d i r e c t  t ens ion ,  t o r s i o n  reinforcement should 

be designed t o  c a r r y  t h e  t o t a l  to rque  un le s s  an a n a l y s i s  i s  made i n  which T  
C 

given by equat ion 71, and V given by equat ion 60, a r e  both mul t ip l i ed  by t h e  
C 

f a c t o r  (1 + N /SO0 A ) of  equat ion 58, where N i s  negat ive  f o r  d i r e c t  t ens ion .  
U g u  

Torsional  Moment S t rength  Provided by Torsion Reinforcement 

Reinforcement requi red  t o  r e s i s t  t o r s i o n  i s  added t o  t h a t  requi red  t o  r e s i s t  

shear ,  f l e x u r e ,  and d i r e c t  f o r c e s .  Both c losed  t r a n s v e r s e  reinforcement and 

long i tud ina l  reinforcement a r e  requi red  t o  r e s i s t  t h e  diagonal t ens ion  s t r e s s e s  

due t o  t o r s i o n .  S t i r r u p s  must be c losed  s i n c e  i n c l i n e d  t o r s i o n a l  cracking,  de- 

pending on c ros s  s ec t ion  propor t ions ,  may appear on any f a c e  of a  member. Tor- 

s i o n a l  diagonal  c racks  develop i n  a  h e l i c a l  p a t t e r n ,  t h e r e f o r e  t o r s i o n  r e i n -  

forcement should be provided a t  l e a s t  a  d i s t ance ,  (d + b) beyond t h e  t h e o r e t i -  

c a l l y  requi red  po in t .  

Spacing of c losed  s t i r r u p s  s h a l l  no t  exceed t h e  smal le r  of (x, + y1) /4  o r  

1 2  inches,  where 



x, : shorter center-to-center distance of the closed 

rectangular stirrup under consideration, inches 

yl E longer center-to-center distance of the closed 

rectangular stirrup under consideration, inches 

Spacing of longitudinal reinforcement, distributed around the inside peri- 

meter of the closed stirrups, shall not exceed 12 inches. At least one 

longitudinal bar shall be placed in each corner of the closed stirrups. 

Torsion reinforcement is required whenever the necessary nominal torsional 

moment strength, Tn, exceeds the nominal torsional moment strength, Tcy Pro- 

vided by the concrete. Nominal torsional moment strength provided by tor- 

sion reinforcement, Ts, is computed by 

. . 

where 

a = 0.66 + 0.33y,/xl 5 1.50 
t 

and 

A = area of one leg of a closed stirrup resisting torsion 
t 

within the distance, s, sq. inches 

s E spacing of torsion reinforcement in the direction 

parallel to the longitudinal reinforcement, inches. 

Where torsion reinforcement is required, the minimum area of closed stirrups 

is given by equation 62. 

In flanged sections, closed stirrups may be placed in either the largest or 

in all component rectangles. In the first, x and y refer to the stirrup 

dimensions in the largest rectangle. In the second case, equations 72, 73, 

and 74 may be applied separately to each component rectangle using xl and 

yl  for the rectangle under consideration. The nominal torsional moment 

strength provided by the torsion reinforcement in the component rectangles 

must sum to the total T needed. Thus, 
S 

If all stirrups are the same bar size and spacing, then 



As members reach their maximum torsional strength, a' 

(77) 

dditional stress moves 

into the longitudinal steel. A torsion stirrup cannot develop its full 

strength unless sufficient longitudinal steel is present. The action may 

be visualized as a kind of truss system where the longitudinal steel pro- 

vides the tension chord while the stirrup provides the tension vertical. 

Required area of longitudinal bars, A distributed around the perimeter of 
R ' 

the closed stirrup corresponding to At, is given by the larger of 

where < is the larger of 2 At or 50 b s/f and x is the shorter side of the 
W Y  

component rectangle under consideration. The first relation sets the volume 

of the longitudinal reinforcement in the distance s equal to the volume of 

the closed stirrup. The second relation recognizes that required longitudi- 

nal steel decreases with the amount of closed transverse steel provided and 

also decreases with beam shear. 

The provisions for torsion reinforcement design depend on the development of 

yield stress in torsion reinforcement prior to ultimate load, that is, be- 

bore the compression concrete crushes. Pure torsion tests indicate that to 

ensure torsion reinforcement yielding, the nominal torsional stress should 

not exceed 12 JfT . This translates, for torsion combined with beam shear 
C 

and flexure, when written in terms of torsional moment, to 



Control of Def lec t ions  

To se rve  i t s  intended func t ion  a  s t r u c t u r e  must be s a f e  and se rv i ceab le  

throughout i t s  design l i f e .  S e r v i c e a b i l i t y  and d u r a b i l i t y  r e q u i r e  t h a t  de- 

f l e c t i o n s  and a t t endan t  cracking be kept unobject ionably small .  With 

s t r e n g t h  design and t h e  use  of high s t r e n g t h  s t e e l s ,  t h e r e  i s  a  tendency t o -  

ward shallow s e c t i o n s .  Shallow sec t ions  produce l a r g e  d e f l e c t i o n s .  Hence 

de f l ec t ions  assume increased  importance i n  s t r e n g t h  design procedures .  

The d e f l e c t i o n s  of  i n t e r e s t  a r e  those  t h a t  occur a t  s e r v i c e  load l e v e l s .  They 

may be d e f l e c t i o n s  t h a t  occur immediately on a p p l i c a t i o n  of  load o r  they  may 

be long-time d e f l e c t i o n s  caused by shrinkage and by creep under sus ta ined  load.  

Under s e r v i c e  loads t h e  s t e e l  and concre te  s t r e s s e s  a r e  e s s e n t i a l l y  wi th in  

t h e i r  e l a s t i c  ranges so t h a t  d e f l e c t i o n s  t h a t  occur immediately may be calcu-  

l a t e d  by methods based on e l a s t i c  behavior .  

Two approaches a r e  provided f o r  c o n t r o l l i n g  d e f l e c t i o n s .  Def lec t ion  r equ i r e -  

ments a r e  considered s a t i s f i e d  i f  a t  l e a s t  a  s p e c i f i e d  minimum th ickness  f o r  

t h e  type  of member i s  used. For members t h a t  do not  meet t h e  minimum th i ck -  

ness  c r i t e r i a ,  d e f l e c t i o n s  must be ca l cu la t ed .  

Minimum Thicknesses 

For one-way s l a b s ,  f o r  two-way s l a b s  having a  r a t i o  of long t o  s h o r t  span ex- 

ceeding two, and f o r  beams, t h e  minimum th icknesses ,  un le s s  d e f l e c t i o n s  a r e  

computed, s h a l l  be: 

( I )  f o r  simply supported spans 

f o r  s l a b s  2/20, f o r  beams R/16 

(2 )  f o r  one end continuous - 

f o r  s l a b s  2/24, f o r  beams R/18.5 

(3)  f o r  both ends continuous - 

f o r  s l a b s  2/28, f o r  beams R / 2 1  

(4)  f o r  c a n t i l e v e r  spans - 

f o r  s l a b s  2/10, f o r  beams R/8. 

Note t h a t  both th i ckness  and span length  a r e  i n  t h e  same u n i t s .  The a fo re -  

mentioned two-way s l a b s  a c t  e s s e n t i a l l y  a s  one-way, hence t h e  re ference  span 

length ,  R ,  i s  t h e  sho r t  span length .  For f < 60000 p s i ,  t h e  above va lues  
Y 

may be mul t ip l i ed  by (0.4 + f  /100,000).  
Y 



For two-way s l a b s  having a  r a t i o  of  long t o  s h o r t  span not  exceeding two, t h e  

minimum th ickness ,  h, s h a l l  be given i n  inches ,  by: 

h  = kn(800 + 0.005 f  )I36000 
Y 

(82) 

where 

R I c l e a r  span i n  long d i r e c t i o n ,  inches 
n  

but h  need not exceed minimum th ickness  r equ i r ed  a s  a  one-way s l a b .  

Def lec t ion  Computations 

When d e f l e c t i o n s  a r e  computed, d e f l e c t i o n s  t h a t  occur immediately on app l i ca -  

t i o n  of Joad s h a l l  be computed by usual  methods f o r  e l a s t i c  displacements .  

Immediate d e f l e c t i o n s  a r e  s e n s i t i v e  t o  t h e  amount of cracking along t h e  span. 

For p r i sma t i c  members, t h e  e f f e c t i v e  moment of i n e r t i a ,  
I e  ' s h a l l  be computed 

by: 

i n  which 

L 

and 

where: 

I E moment of i n e r t i a  of gross  concre te  s ec t ion  about 
g  

cen t ro id  a x i s  and neg lec t ing  reinforcement ,  i nches4 .  

I s moment of i n e r t i a  of cracked sec t ion ,  transformed t o  
C r 

concrete ,  inches 4 .  

M E cracking moment, i n - l b s .  
c r  

M maximum moment i n  member, o r  po r t ion  of  member, foi. 
a  

loading f o r  which d e f l e c t i o n  i s  computed, i n - l b s .  

f Z modulus of rup tu re  of concre te ,  p s i .  r 
- 

yt = d i s t ance  from cen t ro ida l  a x i s  o f  gross  s e c t i o n ,  

neglec t ing  reinforcement ,  t o  extreme f i b e r  i n  

tens ion ,  inches.  

Note t h a t  I  cannot be taken g r e a t e r  than  I . The modulus of  e l a s t i c i t y  of 
e  g  

concrete ,  Ec, i s  given by equat ion 1 o r  2 .  

For p r i sma t i c  continuous spans, t h e  e f f e c t i v e  moment o f  i n e r t i a  may be 

taken a s  t h e  average of  va lues  obtained from equat ion 80 f o r  t h e  c r i t i c a l  

p o s i t i v e  and negat ive  moment s e c t i o n s .  A l t e rna t e ly ,  t h e  e f f e c t i v e  moment 

of  i n e r t i a  may be obtained by weighing t h e  p o s i t i v e  and negat ive  moment 



I values in proportion to the lengths of the span in positive moment and in 
e 

negative moment. 

For nonprismatic members, that is, members whose depth or other dimension 

varies along the span, effective moments of inertia may be computed for criti- 

cal locations or discrete distances as necessary to define the variation 

across the span. 

Shrinkage and creep due to those loads that are sustained for long durations 

cause deflections to increase over time. The additional long-time deflection 

(in addition to the deflection that occurs immediately on application of 

load) caused by that portion of the load that is sustained, is obtained by 

multiplying the immediate deflection, caused by the sustained loads, by a 

factor, A , given by 
A = (2 - 1.2 AA/As) 2 0.6 (86) 

The long-time deflections thus calculated are those that might be expected 

after loads are sustained for about three years. Note that the multiplication 

factor indicates the effectiveness of compression steel in reducing long-time 

deflections. 

Unless it is determined that the larger displacements associated with lesser 

thicknesses will not cause adverse structural or servicability effects, the 

following limit shall apply. The maximum deflection under any combination of 

immediate or sustained loading, shall not exceed R/240. 



Control of  F lexura l  crack in^ 

Large crack widths a r e  uns igh t ly  and r e s u l t  i n  poor r e s i s t a n c e  t o  cor ros ion .  

To a s su re  p r o t e c t i o n  of  t h e  reinforcement aga ins t  cor ros ion ,  many f i n e  cracks 

a r e  p r e f e r a b l e  t o  few wide cracks.  When r e in fo rc ing  i s  used a t  high s e r v i c e  

load s t r e s s e s ,  excess ive  f l e x u r a l  crack widths may be expected unless  ade- 

qua te  precaut ions  a r e  taken i n  d e t a i l i n g  t h e  reinforcement .  

S i ze  and spacing of  f l e x u r a l  cracks a r e  func t ions  of s t e e l  s t r e s s  a t  s e r v i c e  

load l e v e l s ,  amount of  concre te  cover,  and t h e  a rea  of  concre te  surrounding 

and t r i b u t a r y  t o  each ind iv idua l  r e in fo rc ing  ba r .  The importance of  con t ro l -  

l i n g  cracking inc reases  with t h e  exposure o r  environment c l a s s  of  t h e  s t r u c -  

t u r a l  component. 

Cross s ec t ions  a t  both maximum p o s i t i v e  and maximum negat ive  moment l oca t ions ,  

i n  beams and one-way s l a b s ,  s h a l l  be proport ioned so t h a t  t h e  quan t i t y ,  Z ,  

given by, 

does not  exceed 130 f o r  Serv ice  hydraul ic  s t r u c t u r e s ,  nor 145 f o r  o t h e r  s t r u c t u r e s .  

For information,  maximum values  of  Z o f  95 and 115 a r e  commonly s p e c i f i e d  f o r  t h e  

design of  waste t reatment  works r equ i r ing  long s e r v i c e  l i f e .  In  t h e  expression of  

ca l cu la t ed  s t r e s s  i n  reinforcement a t  s e r v i c e  loads ,  k s i  

th ickness  of  concre te  cover measured from t h e  extreme t en -  

s ion  f i b e r  t o  t h e  cen te r  of  t h e  long i tud ina l  ba r  loca ted  

c l o s e s t  t o  t h e  extreme f i b e r ,  inches 

e f f e c t i v e  t ens ion  a r e a  of  concre te  pe r  ba r ;  determined 

a s  t h e  t ens ion  a r e a  of  concre te  surrounding t h e  f l e x u r a l  

t ens ion  reinforcement and having t h e  same cen t ro id  a s  t h e  

reinforcement ,  d iv ided  by t h e  number of ba r s ,  sq .  inches.  

The ca l cu la t ed  s t r e s s ,  f S ,  i n  t h e  reinforcement a t  s e r v i c e  load s h a l l  be com- 

puted assuming e l a s t i c  (working s t r e s s )  ac t ion .  In  l i e u  of such c a l c u l a t i o n s ,  

t h e  va lue  of  f may be taken a s  0.60 f  . 
S Y 

The maximum bar  spacing, s, f o r  one-way s l a b s  wi th  t e n s i l e  reinforcement i n  

a  s i n g l e  l a y e r  a t  t h e  s e c t i o n ,  i s  given i n  inches by 



Note t h a t  t h e  permiss ib le  spacing decreases  a s  concre te  cover increases ,  a s  

s t e e l  s t r e s s  a t  s e r v i c e  loads inc reases ,  and a s  environment c l a s s  becomes 

more severe.  

F lexura l  cracking behavior of  two-way s l a b s ,  wi th  r a t i o  of  long t o  s h o r t  span 

not exceeding two, i s  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  i n  one-way members. 

For t h e  same t o t a l  load, t h e  crack widths i n  two-way a c t i o n  w i l l  u sua l ly  be 

l e s s  than those  experienced i n  one-way a c t i o n .  The Code i s  s i l e n t  on crack 

width r e l a t i o n s  i n  two-way s l a b  systems, t hus  s t e e l  spacing i s  con t ro l l ed  by 

s t r e n g t h  requirements,  temperature and shrinkage requirements ,  o r  l i m i t a t i o n s  

on maximum spacing of  reinforcement .  



Development of  Reinforcement 

The ca l cu la t ed  t ens ion  o r  compression i n  any bar  a t  any s e c t i o n  must be de- 

veloped on each s i d e  of  t h a t  s ec t ion  by proper  embedment length ,  end anchor- 

age, o r  hooks. Hooks may be used i n  developing bars  i n  t ens ion .  Hooks a r e  

not e f f e c t i v e  i n  developing bars  i n  compression. 

The s t r e n g t h  reduct ion  f a c t o r  i s  not  used i n  development computations. The 

spec i f i ed  development lengths  a l r eady  inc lude  an allowance f o r  unders t rength .  

The development length  concept i s  based on t h e  a t t a i n a b l e  average bond r e s i s -  

t ance  over t h e  length  of embedment of t h e  reinforcement .  If a  r e in fo rc ing  

bar  i n  a  member has enough embedment i n  concre te ,  i t  cannot be pu l l ed  out of  

t h e  concre te  before  t h e  ba r  f a i l s  by y i e ld ing  of t h e  s t e e l .  

F lexura l  bond s t r e s s e s  a r e  not  addressed d i r e c t l y .  Limitat ions p e r t a i n i n g  t o  

ba r  s i z e s  permi t ted  i n  p o s i t i v e  moment reinforcement a t  simple suppor ts  and 

a t  p o i n t s  of  i n f l e c t i o n  a c t u a l l y  r e f l e c t  cons idera t ion  of  f l e x u r a l  bond and 

requi red  s t e e l  per imeter  a t  t h e s e  loca t ions .  

Development Lengths 

Required development length ,  R d ,  i n  inches ,  i s  t h e  product of  t h e  b a s i c  develop- 

ment length  and app l i cab le  m u l t i p l i e r s .  The b a s i c  development length ,  Qb, f o r  

deformed ba r s  i n  t ens ion ,  f o r  ba r s  #11 and smal le r ,  i s  t h e  l a r g e r  of 

0 .04  A f  /q o r  0.0004 d f  where 
b Y b  Y 

Ab C a rea  of an ind iv idua l  ba r ,  sq.  inches 

db F nominal diameter o f  a  b a r ,  inches .  

M u l t i p l i e r s  of  ba r s  i n  t ens ion  a r e :  

Top reinforcement . . . . . . . . . . . . .  1 .4  

Bars spaced l a t e r a l l y  not  l e s s  than  6 inches 

on cen te r ,  and ba r s  with a t  l e a s t  3 inches 

c l e a r  from f a c e  of  member t o  f i r s t  ba r  . . 0 . 8  

When excess l ong i tud ina l  re inforcement  i s  
A requi red  provided . . . . . . . . . . . . . . . . .  s  
As provided 

Fur ther ,  t h e  development length ,  Qd, f o r  t ens ion  ba r s  s h a l l  not  be l e s s  than  

1 2  inches,  except i n  computations of  e i t h e r  l a p  s p l i c e  lengths  o r  development 

lengths  of web reinforcement .  Top reinforcement  i s  ho r i zon ta l  reinforcement 



so placed t h a t  more than  12 inches  o f  concre te  i s  c a s t  i n  t h e  member below 

t h e  reinforcement .  

The bas i c  development length,  !$, f o r  deformed ba r s  i n  compression i s  t h e  

l a r g e r  of 0.02 d f  /&? o r  0.0003 d f  . The m u l t i p l i e r  f o r  excess  longi -  
b y  c  b Y 

t ud ina l  reinforcement given above f o r  t ens ion  bars  a l s o  a p p l i e s  t o  compres- 

s ion  bars .  The development length ,  Rd,  f o r  compression b a r s  s h a l l  not be 

l e s s  than  8 inches .  

Standard hooks i n  t ens ion  may be considered t o  develop a  maximum t e n s i l e  

s t r e s s ,  f h ,  a t  t h e  po in t  of tangency given by 

where 

5 E f a c t o r  f o r  s tandard  hook, given by Table 12.5.1 of  t h e  Code. 

An equiva len t  embedment length ,  Re ,  o f  a  s tandard hook may be computed a s  t h e  

l a r g e r  of  0.04 A f /m o r  0.0004 d f  t imes any app l i cab le  m u l t i p l i e r s .  
b h  c  b h  

The development length ,  
%d' 

i n  t e n s i o n  may c o n s i s t  o f  a  combination of  

equiva len t  embedment length ,  R e ,  p l u s  a d d i t i o n a l  embedment length  o f  r e i n -  

forcement (R - R ) This a d d i t i o n a l  length  must be provided between t h e  
d . e  

p o i n t  of  tangency of t h e  hook and t h e  c r i t i c a l  s e c t i o n ,  t h a t  i s ,  t h e  addi-  

t i o n a l  embedment length  may not  be ba r  extension beyond t h e  s tandard hook. 

Development of F lexura l  Reinforcement 

C r i t i c a l  s ec t ions  f o r  development o f  reinforcement a r e  a t  p o i n t s  of maximum 

s t r e s s  and a t  p o i n t s  where ad jacent  reinforcement te rmina tes .  

Except a t  suppor ts  o f  simple spans and a t  t h e  f r e e  end of  c a n t i l e v e r s ,  every 

r e in fo rc ing  bar  s h a l l  be extended beyond t h e  po in t  a t  which i t  i s  no longer 

needed t o  r e s i s t  f l e x u r a l  s t r e s s ,  f o r  a  d i s t a n c e  equal  t o  t h e  e f f e c t i v e  depth 

o f  t h e  member o r  12 ba r  diameters ,  whichever i s  g r e a t e r .  

Continuing reinforcement s h a l l  have an embedment length  not  l e s s  than  t h e  de- 

velopment length,  Ed,  beyond t h e  po in t  where bent o r  terminated tens ion  r e i n -  

forcement i s  no longer  needed t o  r e s i s t  f l e x u r a l  s t r e s s .  

F lexura l  reinforcement s h a l l  no t  be terminated i n  a  t ens ion  zone unless  one of 

t h e  fol lowing condi t ions  i s  s a t i s f i e d :  



(i) Shear a t  t h e  cu tof f  po in t  does not exceed two-thirds  of  

t h a t  permi t ted .  

( i i )  S t i r r u p  a r e a  i n  excess  of t h a t  r equ i r ed  f o r  shear  and t o r s i o n  

i s  provided along each terminated ba r  over a d i s t a n c e  from 

t h e  te rmina t ion  po in t  equal t o  t h ree - fou r ths  t h e  e f f e c t i v e  

depth. The excess  s t i r r u p  a r e a  s h a l l  no t  be l e s s  than  

60 bws/f The spacing,  s ,  s h a l l  no t  exceed (d/8)/Bb where 
Y' 

Bb i s  t h e  r a t i o  of a r e a  terminated t o  t o t a l  a r ea  of  t ens ion  

reinforcement a t  t h e  s ec t ion .  

( i i i )  For #11 b a r s  and smal le r ,  cont inuing reinforcement provides 

a t  l e a s t  double t h e  a r e a  r equ i r ed  f o r  f l e x u r e  a t  t h e  cu to f f  

po in t  and shear  does not  exceed th ree - fou r ths  t h a t  permi t ted .  

A t  l e a s t  one- th i rd  t h e  p o s i t i v e  moment reinforcement i n  simple spans and one- 

f o u r t h  t h e  p o s i t i v e  moment reinforcement i n  continuous spans s h a l l  extend 

along t h e  same f a c e  of t h e  span i n t o  t h e  support  a t  l e a s t  6 inches .  

A t  simple supports  and a t  p o i n t s  of i n f l e c t i o n ,  p o s i t i v e  moment t ens ion  r e i n -  

forcement s h a l l  be l imi t ed  t o  a ba r  diameter  such t h a t  t h e  development length ,  

Qd, s a t i s f i e s  t h e  r e l a t i o n  
M 

where 

M nominal moment s t r e n g t h  assuming a l l  reinforcement a t  t h e  n 
s e c t i o n  t o  be s t r e s s e d  t o  f  i n - l b s  

Y' 
V r equ i r ed  shear  s t r e n g t h  a t  t h e  s e c t i o n ,  l b s  

U 

R a t  a support ,  t h e  sum o f  t h e  embedment length  beyond t h e  a 
c e n t e r  of  t h e  support and t h e  equivalent  embedment length  

of any hook; a t  a po in t  of  i n f l e c t i o n ,  t h e  e f f e c t i v e  depth 

of  t h e  member o r  12 ba r  diameters ,  whichever i s  g r e a t e r .  

The va lue  of  M /V may be increased  30 percent  when t h e  ends of reinforcement 
n u 

a r e  confined by a compressive r e a c t i o n .  

A t  l e a s t  one- th i rd  t h e  negat ive  moment reinforcement  a t  a support s h a l l  extend 

beyond t h e  extreme p o s i t i o n  of  t h e  po in t  o f  i n f l e c t i o n  a d i s t a n c e  not  l e s s  than 

t h e  e f f e c t i v e  depth of  t h e  member, 1 2  ba r  diameters ,  o r  one-s ix teenth  t h e  c l e a r  

span, whichever i s  g r e a t e r .  



Development o f  Web Reinforcement 

Ends o f  s i n g l e  l e g ,  s imple  o r  m u l t i p l e  U - s t i r r u p s  s h a l l  be anchored by one o f  

t h e  fo l lowing  means: 

(i) A s t a n d a r d  hook p l u s  an embedment o f  0 . 5  L The 0 . 5  Qd 
d  ' 

embedment o f  a  s t i r r u p  l e g  s h a l l  be t a k e n  a s  t h e  d i s t a n c e  

between middepth o f  a  member and t h e  p o i n t  o f  tangency o f  

t h e  hook. 

(ii) Embedment d/2  above o r  below middepth on t h e  compression 

s i d e  o f  t h e  member f o r  a  f u l l  development l e n g t h ,  Qd,  but  

n o t  l e s s  t h a n  24 b a r  d i a m e t e r s ,  o r  1 2  i n c h e s .  

(iii) For #5  b a r  and s m a l l e r ,  bending around a  l o n g i t u d i n a l  b a r  

th rough  a t  l e a s t  135 degrees  p l u s ,  f o r  s t i r r u p s  w i t h  a  

des ign  s t r e s s  g r e a t e r  t h a n  40,000 p s i ,  an embedment o f  

0 .33  Pd. The 0 .33  Qd embedment s h a l l  be t aken  a s  t h e  d i s -  

t a n c e  between middepth o f  t h e  member and t h e  p o i n t  o f  

tangency o f  t h e  hook. 

Between anchored ends ,  each bend i n  t h e  cont inuous  p o r t i o n  o f  a  s t i r r u p  s h a l l  

e n c l o s e  a  l o n g i t u d i n a l  b a r .  

P a i r s  o f  U - s t i r r u p s  s o  p laced  a s  t o  form a  c l o s e d  u n i t  s h a l l  be cons idered  

p r o p e r l y  s p l i c e d  when l e n g t h  o f  l a p s  a r e  1 . 7  Ld .  I n  members a t  l e a s t  18 i n -  

ches  deep,  such s t i r r u p s  w i t h  A f < 9000 l b s  p e r  l e g  may be  cons idered  
b  Y -  

a d e q u a t e l y  s p l i c e d  i f  t h e  s t i r r u p  l e g s  extend t h e  f u l l  a v a i l a b l e  dep th  o f  

member. 



Lap Sp l i ce s  i n  Reinforcement 

General 

To ensure d u c t i l e  behavior,  l ap  s p l i c e s  should be adequate t o  develop more 

than t h e  y i e l d  s t r e n g t h  of  t h e  reinforcement .  Sp l i ce s  should, i f  poss ib l e ,  

be loca ted  away from p o i n t s  of  maximum t e n s i l e  s t r e s s .  Sp l i ce s  should be 

made a t  o r  c lo se  t o  p o i n t s  of i n f l e c t i o n  i f  it i s  p r a c t i c a l  t o  do so. 

Lap s p l i c e s  s h a l l  not  be used f o r  ba r s  l a r g e r  than  #11. Lap s p l i c e s  need 

not be i n  con tac t .  Bars i n  a  noncontact s p l i c e  s h a l l  not  be f a r t h e r  a p a r t  

than 1/5 t h e  requi red  length  o f  l ap  nor 6 inches .  

Lap s p l i c e  lengths a r e  i n  terms of t h e  f u l l  y i e l d  s t r e s s  of t h e  ba r .  That 

i s ,  requi red  lengths a r e  not  func t ions  of computed s t r e s s  i n  t h e  ba r .  

Tension Lap Sp l i ce s  

Three c l a s s e s  of  t ens ion  l ap  s p l i c e s  a r e  e s t ab l i shed .  The minimum length  of  

lap  i s  determined a s  a  m u l t i p l i e r  f o r  t h e  c l a s s  t imes the  development length ,  

Rd' 
but  not  l e s s  than 30 ba r  diameters .  The c l a s s e s  and minimum lengths  a r e :  

Class A s p l i c e  . . . . . . . . .  1 . 0  Rd 

Class  B s p l i c e  . . . . . . . . .  1 . 3  kd 

Class C s p l i c e  . . . . . . . . .  1 .7  R d .  

The s p l i c e  c l a s s  requi red  depends upon t h e  s t r e s s  l e v e l  i n  t h e  reinforcement t o  

bcsp l iced  and t h e  po r t ion  of t h e  t o t a l  reinforcement t o  be sp l i ced  a t  t h e  c ros s  

s ec t ion .  

I f  t h e  a r ea  of t e n s i l e  s t e e l  provided a t  t h e  s p l i c e  l oca t ion  i s  equal t o  o r  more 

than twice t h a t  requi red  by a n a l y s i s  (low t e n s i l e  s t r e s s  i n  t h e  reinforcement) 

and not  more than 75 percent  o f  t h e  ba r s  a r e  t o  be l ap  s p l i c e d  wi th in  t h e  r e -  

qu i red  l ap  s p l i c e  length,  a  Class  A s p l i c e  may be used. I f  more than 75 per-  

cent  of t h e  bars  a r e  t o  be l ap  s p l i c e d  wi th in  t h e  requi red  l ap  s p l i c e  length ,  a  

Class  B s p l i c e  i s  requi red .  

I f  t h e  a r ea  of t e n s i l e  s t e e l  provided a t  t h e  s p l i c e  l oca t ion  i s  l e s s  than twice 

t h a t  requi red  by a n a l y s i s  (high t e n s i l e  s t r e s s  i n  reinforcement) and not  more 

than 50 percent  of t h e  b a r s  a r e  t o  be l ap  sp l i ced  wi th in  t h e  requi red  l ap  s p l i c e  

length ,  a  Class B s p l i c e  may be used. I f  more than 50 percent  of t h e  bars  a r e  



to be lap spliced within the required lap splice length, a Class C splice is 

required. 

Note that the preferred splice layout thus consists of staggered splices all 

located away from sections of maximum tensile stress. 

The development length, Rd, used in the calculation of splice lap must in- 

corporate the multiplier for top bars if applicable, may incorporate the mul- 

tiplier for wide spacing when applicable, and may not incorporate the multi- 

plier for excess longitudinal reinforcement. The effect of excess longitudi- 

nal reinforcement is included in determining the splice class to be used. 

Compression Lap Splices 

The minimum length of lap for compression lap splices is the larger of the de- 

velopment length, R in compression, 0.005 f d 24 bar diameters, or 12 d ' Y by 
inches. For f k  < 3000 psi, the lap length shall be increased by 1/3. 

Special Requirements - Flexure Plus Compressive Direct Force 
Special requirements are imposed when a section is subjected to combined flex- 

ure and direct compressive force. The interaction diagram aids in visualizing 

the requirements. 

Any section where splices are located, a minimum tensile strength shall be pro- 

vided in each face. The minimum strength shall equal at least 1/4 the area of 

longitudinal reinforcement in that face multiplier by the yield strength, f . 
Y 

For conditions where the steel stress in a tension face varies from zero to 

1/2 f a minimum tensile strength at least equal to twice the calculated ten- 
Y' 

sion must be maintained in that face. The tensile strength may be provided by 

a combination of spliced bars and continuing unspliced bars, taken at the yield 

strength, f . 
Y 

For conditions where the tensile steel stress exceeds 1/2 f splice require- 
Y' 

ments are the same as those for a tension lap splice. 



Deta i l s  of Reinforcement 

Concrete Cover f o r  Reinforcement 

The minimum c l e a r  concre te  cover over reinforcement i s  two inches except t h a t  

t h e  minimum c l e a r  cover i s  t h r e e  inches when t h e  concrete  i s  deposi ted on o r  

aga ins t  e a r t h .  In  t h e  s t r u c t u r a l  design of s l a b s  o r  beams without web r e i n -  

forcement, t h e  d i s t ance  from t h e  su r f ace  o f  t h c  concrete  t o  t h e  c e n t e r l i n e  o f  

t h e  nea re s t  r e in fo rc ing  s t e e l  may be taken a s  2 1 1 2  o r  3 1 1 2  inches ,  a s  t h e  

case  may be, t o  s impl i fy  t h e  determinat ion of  t h e  e f f e c t i v e  depth,  f o r  a l l  bars  

one inch  o r  l e s s  i n  diameter .  

Consideration should be given t o  i nc reas ing  t h e  concre te  cover when t h e  su r f ace  

of a  s l a b  w i l l  be  exposed t o  high flow v e l o c i t i e s  and t h e  water c a r r i e s  abras ive  

ma te r i a l s .  

Temperature and Shrinkage Reinforcement 

Reinforcing s t e e l  i s  requi red  i n  both f aces  and i n  both (orthogonal) d i r e c t i o n s  

i n  a l l  concre te  s l a b s  and wa l l s ,  except t h a t  only one g r i d  of r e i n f o r c i n g  i s  r e -  

qu i red  i n  concrete  l i n i n g s  of t r apezo ida l  channels .  The s t e e l  se rves  e i t h e r  a s  

p r i n c i p a l  reinforcement o r  a s  temperature and shrinkage reinforcement .  The 

func t ion  of temperature and shrinkage reinforcement i s  not t o  e l imina te  c racks ,  

it  i s  t o  induce a  s u f f i c i e n t  number of small  c racks  so t h a t  no crack has exces- 

s i v e  width. Well l a i d  out temperature and shrinkage s t e e l  a l s o  serves  t h e  i m -  

po r t an t  a u x i l i a r y  func t ion  of t y i n g  t h e  s t r u c t u r e  toge ther .  

Where p r i n c i p a l  s t e e l  i s  requi red  i n  only one d i r e c t i o n ,  it s h a l l  o r d i n a r i l y  be 

placed nearer  t h e  concre te  su r f ace  than  t h e  temperature s t e e l .  Where p r i n c i p a l  

s t e e l  i s  requi red  i n  both d i r e c t i o n s ,  t h e  s t e e l  t h a t  c a r r i e s  t h e  l a r g e r  moment 

s h a l l  o r d i n a r i l y  be placed nea re r  t h e  concre te  su r f ace .  Where p r i n c i p a l  s t e e l  

i s  requi red  i n  n e i t h e r  d i r e c t i o n ,  t h e  temperature s t e e l  p a r a l l e l  t o  t h e  longer 

dimension of  t he  s l a b  o r  wall w i l l  o r d i n a r i l y  be placed nearer  t h e  concre te  su r -  

f ace .  

The minimum s t e e l  a r e a ,  f o r  s l a b s  and wa l l s  having th ickness  equal t o  o r  l e s s  

than 32 inches,  i n  each face  and i n  each d i r e c t i o n ,  expressed a s  t h e  r a t i o ,  Pt ' 
of  reinforcement a r ea ,  As, t o  gross  concre te  a r e a ,  b t ,  a r e  a s  fol lows:  

S t e e l  i n  t h e  d i r e c t i o n  i n  which t h e  d i s t ance  between expansion 

o r  con t r ac t ion  j o i n t s  does not  exceed t h i r t y  f e e t ,  

pt = 0.002 i n  t h e  exposed f a c e  

O t  
= 0.001 i n  t h e  unexposed f ace .  



S t e e l  i n  t h e  d i r e c t i o n  i n  which t h e  d i s t a n c e  between expansion 

o r  con t r ac t ion  j o i n t s  exceeds t h i r t y  f e e t ,  

Pt 
= 0.003 i n  t h e  exposed f a c e  

Pt 
= 0.002 i n  t h e  unexposed f ace .  

The minimum s t e e l  a r e a  f o r  s l a b s  and wal l s  having th icknesses  g r e a t e r  than  32 

inches s h a l l  be computed a s  though t h e  th ickness  were 32 inches 

When expansion o r  con t r ac t ion  i n  a  member i s  r e s t r a i n e d  along any l i n e ,  t h e  

concept of equiva len t  d i s t a n c e  between expansion o r  con t r ac t ion  j o i n t s  should 

be used t o  determine t h e  r equ i r ed  s t e e l  r a t i o ,  . The equiva len t  d i s t ance  t 
i s  taken a s  double t h e  perpendicular  d i s t ance  from t h e  l i n e  of  r e s t r a i n t  t o  

t h e  f a r  edge o r  l i n e  of support of t h e  member. 

When t h e  su r f ace  of a  wal l  o r  s l a b  w i l l  be exposed f o r  a  cons iderable  per iod 

during cons t ruc t ion ,  t h e  s t e e l  provided should s a t i s f y  requirements f o r  an 

exposed face .  

Where a  s i n g l e  g r i d  of  reinforcement i s  used, a s  permit ted above, t h e  s t e e l  

r a t i o ,  
Pt' 

s h a l l  be t h e  sum of  t h a t  l i s t e d  f o r  both f aces .  

Sp l i ce s  and development lengths  f o r  temperature and shrinkage reinforcement 

s h a l l  be designed f o r  t h e  f u l l  y i e l d  s t r e n g t h ,  f  . 
Y 

Spacing of Reinforcement 

The maximum spacing of p r i n c i p a l  s t e e l  s h a l l  be twice  t h e  th ickness  of t h e  

s l a b  o r  wal l ,  bu t  not  more than 18 inches .  The maximum spacing of temperature 

and shrinkage s t e e l  s h a l l  be t h r e e  t imes t h e  th ickness  of t h e  s l a b  o r  wal l ,  

but not  more than  18 inches .  

The c l e a r  d i s t a n c e  between p a r a l l e l  bars  i n  a  l aye r  s h a l l  no t  be l e s s  than t h e  

bar  diameter ,  1 1 /3  times t h e  maximum s i z e  of t h e  coarse aggregate ,  nor  1 inch .  

Where p a r a l l e l  reinforcement i s  placed i n  two o r  more l aye r s ,  b a r s  i n  t h e  upper 

l aye r s  s h a l l  be placed d i r e c t l y  above b a r s  i n  t h e  bottom l aye r .  The c l e a r  d i s -  

tance  between l a y e r s  s h a l l  not be l e s s  than  1 inch.  

The c l e a r  d i s t a n c e  between ba r s  a l s o  a p p l i e s  t o  t h e  c l e a r  d i s t a n c e  between a  

contac t  l ap  s p l i c e  and ad jacent  s p l i c e s  o r  ba r s .  



Minimum -.- Tens i le  Reinforcement f o r  Beams - 
This provis ion  a p p l i e s  t o  f l e x u r a l  members o t h e r  than s l a b s .  Minimum r e -  

quirements f o r  s l a b s  a r e  s p e c i f i e d  under temperature and shrinkage r equ i r e -  

ment s .  

With s u f f i c i e n t l y  small amounts of  reinforcement ,  f a i l u r e  of  a  s e c t i o n  by 

f l e x u r e  would be very  sudden. This would occur when t h e  moment s t r e n g t h  

computed a s  a  re inforced  concre te  s e c t i o n  i s  l e s s  than t h e  moment s t r e n g t h  

computed a s  a  p l a i n  concre te  s ec t ion .  

To prevent  such f a i l u r e s ,  a  minimum s t e e l  requirement i s  s p e c i f i e d .  A t  any 

sec t ion  where reinforcement i s  requi red  by a n a l y s i s ,  t h e  s t e e l  r a t i o ,  pbm, 

provided s h a l l  no t  be l e s s  than  

'bm = 200/f 
Y 

(91) 

unless  t h e  reinforcement provided a t  t h e  s e c t i o n  i s  a t  l e a s t  one- th i rd  g r e a t e r  

than t h a t  requi red  by t h e  a n a l y s i s .  



S t e e l  i n  t h e  d i r e c t i o n  i n  which t h e  d i s t a n c e  between expansion 

o r  con t r ac t ion  j o i n t s  exceeds t h i r t y  f e e t ,  

Pt 
= 0.003 i n  t h e  exposed f a c e  

pt  
= 0.002 i n  t h e  unexposed f ace .  

The minimum s t e e l  a r e a  f o r  s l a b s  and wal l s  having th icknesses  g r e a t e r  than 32 

inches s h a l l  be computed a s  though t h e  th ickness  were 32 inches 

When expansion o r  con t r ac t ion  i n  a  member i s  r e s t r a i n e d  along any l i n e ,  t h e  

concept of equiva len t  d i s t a n c e  between expansion o r  con t r ac t ion  j o i n t s  should 

be used t o  determine t h e  r equ i r ed  s t e e l  r a t i o ,  pt .  The equiva len t  d i s t ance  

i s  taken a s  double t h e  perpendicular  d i s t ance  from t h e  l i n e  of r e s t r a i n t  t o  

t h e  f a r  edge o r  l i n e  of  support o f  t h e  member. 

When t h e  su r f ace  of  a  wall  o r  s l a b  w i l l  be exposed f o r  a  cons iderable  per iod  

during cons t ruc t ion ,  t h e  s t e e l  provided should s a t i s f y  requirements f o r  an 

exposed face .  

Where a  s i n g l e  g r i d  o f  reinforcement i s  used, a s  permit ted above, t h e  s t e e l  

r a t i o ,  
Pt' 

s h a l l  be t h e  sum of  t h a t  l i s t e d  f o r  both f aces .  

Sp l i ce s  and development lengths  f o r  temperature and shrinkage reinforcement 

s h a l l  be designed f o r  t h e  f u l l  y i e l d  s t r eng th ,  f . 
Y 

Spacing of Reinforcement 

The maximum spacing of p r i n c i p a l  s t e e l  s h a l l  be twice  t h e  th ickness  of t h e  

s l a b  o r  wal l ,  bu t  not  more than  18 inches.  The maximum spacing of temperature 

and shrinkage s t e e l  s h a l l  be t h r e e  t imes t h e  th ickness  of  t h e  s l a b  o r  wal l ,  

but no t  more than  18 inches.  

The c l e a r  d i s t ance  between p a r a l l e l  bars  i n  a  l aye r  s h a l l  no t  be l e s s  than t h e  

ba r  diameter ,  1 1 /3  times t h e  maximum s i z e  of t h e  coarse  aggregate ,  nor  1 inch .  

Where p a r a l l e l  reinforcement i s  placed i n  two o r  more l a y e r s ,  ba r s  i n  t h e  upper 

l a y e r s  s h a l l  be placed d i r e c t l y  above ba r s  i n  t h e  bottom l aye r .  The c l e a r  d i s -  

t ance  between l a y e r s  s h a l l  no t  be l e s s  than  1 inch.  

The c l e a r  d i s t a n c e  between ba r s  a l s o  a p p l i e s  t o  t h e  c l e a r  d i s t a n c e  between a  

contac t  l ap  s p l i c e  and ad jacent  s p l i c e s  o r  ba r s .  



Minimum Tens i le  Reinforcement f o r  Reams 

This provis ion  a p p l i e s  t o  f l e x u r a l  members o t h e r  than s l a b s .  Minimum r e -  

quirements f o r  s l a b s  a r e  s p e c i f i e d  under temperature and shrinkage r equ i r e -  

ments. 

With s u f f i c i e n t l y  small  amounts of  reinforcement ,  f a i l u r e  of  a  s e c t i o n  by 

f l e x u r e  would be very  sudden. This would occur when t h e  moment s t r e n g t h  

computed a s  a  re inforced  concre te  s e c t i o n  i s  l e s s  than t h e  moment s t r e n g t h  

computed as a  p l a i n  concre te  s ec t ion .  

To prevent  such f a i l u r e s ,  a  minimum s t e e l  requirement i s  s p e c i f i e d .  A t  any 

sec t ion  where reinforcement i s  requi red  by a n a l y s i s ,  t h e  s t e e l  r a t i o ,  'bm' 
provided s h a l l  not  be l e s s  than  

Pbm = 200/fy (91 ) 

un less  t h e  reinforcement provided a t  t h e  s ec t ion  i s  a t  l e a s t  one- th i rd  g r e a t e r  

than t h a t  requi red  by t h e  a n a l y s i s .  



Table 1. Flexure steel ratios. 

Grade Class - 
0 f of  Pb 0.5 ,, 

Steel Concrete 
'shy ~ s h ~ ' %  
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STRUCTURAL DESIGN: RE INFORCED CONCRETE DESIGN 
BAR S P A C I N G S  FOR 

T E M P E R A T U R E  AND SHRI NKAGE STEEL 

I j i j  

s = bar spacing, inches - for pt = 0.002 ( ' i i  I :  

s = bar spacing, inches - for pt = 0.003 

A = area of bar, sq in. 

pt = temperature and shrinkage steel ratio 
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Chart l ines  marked ot and pb, give minimum 
values of f a r  s labs  and beams respec t ive ly .  

For momnnt o r  moment m d  compressive d i r e c t  
farce, c h a r t  l i n e s  marked ashy and p,, give 
XUlmum values of % ror hydravlic s t ruc tures  
and other structures respectively. 

STRUCTURAL DESIGN: REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 

M, s nominal moment strength of 
section, ft-kips 

M,, = equivalent nominal moment 
strength, I t -k ips  

N. = nominal  d i r e c t  force 
strength, kips 

d - ef fec t ive  depth, inches 
d" = d - t /2  
t - t o t a l  depth of section, 

inches 
A = equivalent t e n s i l e  s t e e l  

area, sq. i n .  
% - t e n s i l e  s t e e l  area, sq. in.  
Pt - temperature and shrinkage 

s t e e l  r a t i o  
Pbm ' minima3 s t e e l  r a t i o  for 

f lexura l  members except slab 
Pshy I msximum s t e e l  r a t i o  f o r  aer.  

vice hyaraulic structures,  
f c r  singly reinforced sections 
unaer f lexure  v i thaut  d i r e c t  
force 

Pmax - meximum s t e e l  r a t i o  f o r  other 
than hydraulic structures,  f o r  
singly reinforced sec tmns  
under flexure without d i r e c t  
force 

bb z &eel  r a t i o  producing balanced 
s t r a i n  conditions for s i ~ &  
reinforced sections 
flexure without d i r e c t  f o r c e  

ld s Strength r ~ d u c t i o n  f a c t o r  

BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 
SINGLY REINFORCED SECTIONS. 12 INCH WIDTH 

CONDITIONS FOR !+TUCK CHART APPLIES 

Sec t ion6  havine mombnt ~ r l y :  

M,, - M, ; A, = A 

Sections having moment and comyresoivc 
airect sorcc: 

Nn 
M n s = M n + N n $  ; & = A - -  

fY 
Solution does not apply i f  < 0 .  

Sections having moment and t e n s i l e  
d i r e c t  force: 

Mns = M, - N n12 d" , . & = A + %  
f~ 

Chart does not apply f a r  M,, < 0. 

fy - 40 ksl  

f; -2500 p s ~  

LUUTATIONS 

POI. hydraulic s t ruc tures :  
Solution appl ies  fo? all A not 

e x c e d i n g  pnhy Sor the  A currespondiq given d.  t o  

Solution appl les . for  A grea ter  
than A cor reqbnding  t o  khY, 
say Apsw for  the given d i f  

Nn 2 fy(A - APShy) 

?or other  than hydraulic s t ruc tures :  
Solution appl ies  f o r  all A not 

exceediw A corresponding t o  
om- f o r  the  given d. 
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STRUCTURAL DESIGN: REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 
fy - 40 ~ S I  BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 

.3 v S 

Chtart l ines  marked pt and pbm give mimum 
values of 4 f o r  slabs and beams respectively 

For moment or moment and compressive d i rec t  
force, chart l inea marked ashy and p, give 
maximum values of n, f o r  hydraulic structures 
and other structuree r e e p c t i v e l y .  

M, = nominal moucnt strength of CONDITIONS FOR WBTCH C m T   PLIES 
section, f t -k lps  

%, = equivalent nominal moment Sections having moment o*Y: 
strength, ' f t -k ips  Mns = M, ; 4 = A 

N, =nominal d i rec t  force 
strength, kips Sections having moment and compressive 

d 5 effective depth, Inches d i rec t  force: 

a" = d - t /2  Mne = M, + N ; Nn 
t E t o t a l  depth of section, 

n u  i i S = A - f y  

inches Solution does not apply i f  & < 0. 
A s equivalent t e n s i l e  s t e e l  

area, sq. i n .  
A. a tens i le  s t e e l  area, sq. i n .  
Pt = temperature and shrinkage 

s t e e l  r a t i o  
ohrn 'minimum s t e e l  r a t i o  for  

flexural members except slabs 
Pshy = maximum s t e e l  r a t i o  for  ser- 

vice hydraulic structures,  
f o r  singly reinfarced sections 
under flexwe uithout direct 
force 

Pmau' maximum s t e e l  r a t i o  f o r  other 
than hydraulic s t luc tures ,  for  
singly reinforced sections 
m d e 2  flexure without d i rec t  

Sections having moment and t e n s i l e  
d i r e c t  M n s = ~ n - ~ n s  force: ; 

f~ 

Chart does not apply f o r  M,, < 0 .  

LLMITIITIONS 

For hydraulic structures.  
Solution applies for  all A not 

excredlw A correspondlag t o  
Pshy fq the given d. 

Solution applies for A greater 
t h m  A rorrerjpnding t o  p 
say A ~ , ~ , ,  for ttle given Z% 

force 
1511 - s t e e l  r a t i o  producing bolanccd 

Nn 2 fy(" - Ap,,J 

s t r a i n  conditions for singly FO, other then b b r a d i c  structures: 
reinforced sectlons vnder 
flexure without d i rec t  force 

Solution applies for all A not 

$ E strength reduction fac tor  
exceeding A correspnding t o  
PmBY for the given d. 
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STRUCTURAL DESIGN: REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 
BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 

SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 

ty - 40 ksi 

1; - 4000 psi 

CHART CONSTANTS 

n = 8.0  

NOMINAL .STRENGTHS 

Design strength must equal or exceed 
required strength. Thus nominal ma- 
ment strength and nominal d i r e c t  force 
strength me obtained by dividing re- 
quired moment strength and required 
d i rec t  force strength by the  appro- 
pr ia te  strength reduction l a c t a r ,  @. 

NOMENCLrn 

section, f t -k ips  
%, equivalent nwinal moment Sections havFng moment O ~ Y :  

strengih, f t - k i p  Mns = Mn ; h, = A 
N, I nominal d i r e c t  force 

strength, kips Sections having moment and comyressive 

d - e l fec t ive  depth, lnches d i r e c t  force: 
d" , d - t/? Nn 

M u s = M n + N  ; A 5 - A - f  
t z t a t a  depth o f  section, B. 12 Y 

inches Solution does not apply i f  & c 0. 
A = equivalent t e n s i l e  s t e e l  sections hbvtne moment tensile 

area, sq. i n .  
5 t ens i le  e tee l  area, sq. in .  

d i r e c t  force: 

Pt ' temperature and shri&age Mn,=Mn-Nu$ j & = A + %  
s t e e l  r a t i o  f~ 

pbrn = m i n h  s t e e l  r a t i o  for  
Chart does not apply for M,, < 0. 

flexural members except slabs 

STEEL RATIOS 
Pshy = maximum s t e e l  r a t i a  f o r  ser- LIMITATIONS 

vice ~ d r n u l i c  strvctures 
When using s t e e l  r a t i o  curves, for singly reinforced &ions 

For hydraulic structureo: 

mentally redesignate A ss A,=, thus under flexure without d i rec t  for A not 
force 

exceedlug A corresponding t o  

,=$ and pt=s-+ pmar s maximum s t e e l  r a t i a  for  other 
Pshy car the given d'  

b t - b  d + 2 5 )  than hydraulic structures,  for *Or A greater 

Chart h n e s  mssked pt end pbm give minimum singly reinforced sections than A corrcspondiw t o  pSw 

values of A, for slabs and beems respectively. under flexure without d i rec t  6w APshy, for the given d l f  

f m c e  
For moment or moment and comprrssive d i r e c t  Fb = s t e e l  r a t i o  producing h a l a r e d  

Nn 2 fy(A - AD,,$ 

farce, chart l i n e s  marked pShy m d  pm, give s t r a i n  conditions for  singly hr other than h y b a u l i c  ,,tructures: 
maximum values of 4 for hydraulic structures reinforced sections under 
an& other structures respectively. fie-e without d i rec t  force 

applies far *l A not 

$ I strength reduction factor 
exceeding A correspondine t o  
P,, for the  given d .  
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I Eauivalentsteel area. A. sauare inches 

STRUCTURAL DESIGN : REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 
BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 

SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 

fy = 40 ~ S I  

f: = 5000 psi 





STRUCTURAL DESIGN: REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 
BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 

SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 

fy = 40 k s ~  

f; - 6000 PSI 

. . roree 
For moment or moment and compressive direct Dt - s t e e l  ra t i o  producing balanccd Nn 2 I'y( A - Apswl 

force, chart l ines marks& pshy om, give otrain conditions f o r  alngly FO, .ther th- hydraulic 
aaximm values of 4 f o r  hyiraulic structures reinforced sect ions under 
and other atru&bea respectively.  

%lution anplies for dl A not 
flexure without direct  force exceeding A carrespndiw 

,6 z strength reductmn sector Pmax for the  given d .  

Equwalentsteel area. A, souare Inches 
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force, chart lines marked and p,, give 
maximum values of' 4 for hydraulic structures 
a d  other srructurea respctively. 

STRUCTURAL DESIGN: REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 
BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 

SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 
- 

Nn 'nominal dlrect force 
strength, kips SeeLlons lloving moment and compressive 

d = effective depth, inchel direct l'orce: 

d" z d - t/2 M,, = M, i N d" ; N, 
t = total depth of sectlon, n 1 2  & = A - f y  

inches Solution does not apply if & c 0 

fy = 50 ksi 

f; - 2500 psi 

A z equivalent tensile steel 
area, sq. in. 

4 = tenslle steel area, sq. in. 
Pt ' temperature shrinkege 

steel ratio 
pbm = minimm steel ratio for 

flexural members excent slabs 

Sectlone havine moment and tensile 
direct force: 

M , , = k - N  d" ; & = A + $  
12 Y 

Chart does not apply for M,, < 0. 

~ z - - - ~ -  
Psbu maximum steel ratio for spr. LIMITATIONS 

force 
Fb stecl ratlo producin(: balanced 

Nn 2 fy(A - APShy) 

strain conditions for singly For other t h m  hydraulic structures: 
reinPorced sections under 
flexure nthout direct force 

Solution applies far all A not 

streneth reduction factor 
exceeding A correspnding to 
P- far the given d. 
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STRUCTURAL DESIGN: REINFORCED CONCRETE DESIGN. STRENGTH DESIGN I 

For moment o r  moment and compressive d i r e c t  
force,  char t  l ines  marked pShy and p,, give 
maximum vtilues of & fo r  hydravlic e t ruc tures  
and other s t ruc tures  r e q e c t i v e l y .  

M, a nominal moment strength of 
section,  f t -k ips  

wms z equivalent nominal moment 
strength, i t - k i p s  

Nn - nominal d i r e c t  i'orrp 

- .  A 

d s ef fec t ive  depth, mchcs 
a', l d - t /2  
t I t o t a l  depth o r  wxtlon, 

inches 
A  l equivalent t e n s i l e  s t e e l  

area, sq.  i n .  
ii, - t e n s i l e  s t e e l  area, sq. i n .  
Pt z temperature and shrinkage 

s t e e l  r a t i o  
pbm - minlmum s t e e l  r a t i o  f o r  

f l exura l  members except slabs 
Pshy - maximum s t e e l  r a t i o  f o r  ser- 

vice  h ~ d r a u l r c  atructurea.  

CONDITIONS FOR W C H  CHART APPLIES 

Sections havine moment only: 

M,,=& n, ; = A  

Scctions h a v i w  moment and compressive 
d i r e c t  force: 

M,, - M ~  + N  n i" 12  ; i i , = A - , f y  Nn 

so lu t ion  does no t  apply i f  ii, < 0 

Sectiona having moment and t e n s i l e  
d i r e c t  fo rce :  

M,,=Mn-N i" ; & _ A + %  
12  f y  

Chwt does not apply f o r  M,,, < 0. 

LIMITATIONS 

force 

ijb 2 s t e e l  r a t i o  producing balanced 
Nn 2 fy(A - Ap& 

s t r a i n  conditions fo r  singly PO, other than hydra-ic structures: 
reinforced eectiona under so lu t ion  a p g i e s  f o r  a1 A not 
flexure without d i r e c t  force exceeding A correspnding to 6 = s t reng th  reduction fac to r  Pmax f o r  t h e  given d .  
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Far moment m moment and compressive direct 
force, chut liuesmarknl p and p,, give 
maximm values of & sor h$& structures 
and other structures respectively. 

STRUCTURAL DESIGN: REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 
BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 

SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 

strength, ft-kips %,=% ; & = A  

fy = 50 ksl 

f; - 4000 PSI 

Nn = nominal direct Force 
- - 

strength, kips Sections having moment aod campressi? 

d l eft'ective depth, inches direct force: 
d" . d - t/2 M,, = M, t N, $ ; 

Nn 

t = tots deoth Of scction. k = A - f y  
inches Solution does not apply if & < 0 

A = equivalent tensile steel Sections having moment a d  tensile 
area, sq. in. 

& - tenaile steel area, sq. in. direct force: 
P+ = temperature snd shrinkage 

steel ratio 
pbm a minimm steel ratio for 

flexural members except slabs 
Pshy -maximum steel ratio for ser- 

vice hydraulic structures, 
for singly reinforced sections 
usrler flexure without direct 
force 

h,, a maximum steel ratio for other 
than hydraulic structures, for 
singly reinforced sections 
d e r  flexure without direct 

LlMIThTIONS . 
For hydra*ic structures: 

Solution applies for all A not 
exceeding A corresponding to 
pshy for the given d. 

Solution applies for A greater 
than A carresponding to P+ 
say Akhv, for the given d rf 

force 
5 steel ratio producing balanced Nn fy(A - Ak& 
strain conditions for ably m r  other than  hydraulic structures: 
reinforced sections under 
flexure without direct force 

Solution applies for aLl A not 

,$ z atrength reduction factor 
exceeding A corresponding to 
P,., for the given d. -. 
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STRUCTURAL DESIGN: REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 

Equivalent steel area, A, square inches 

BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 
SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 

J s' S 6 B  .elues of a, for =labs arid beams rcapctively. 

For mmcnt sr moment end compressive d i rec t  
rorcr, i hart  l i nes  marked ashy and pmax ~ i v e  
maxhum vnlues of A. fo r  hydraulic s tructures 
and vther a rue tu rea  respectively.  

f,, = 50 ksi 

f; = 5000 psi 

Mn : naoinal mavent s t r e w t h  of 
section. i ~ - k i o e  , -= 

M.. = cqu1val~lcnt nominal moment 
~ t r e w t h ,  I t -k ips  

N. - nominal a t r cc t  forcc 
slrrneth,  kips 

a 1 effect ive dcpih, inches 
d" = d - t12 
L 5 t o t a l  dellth section. 

inches 
A = equivalent t e n s i l e  steel  

area, sq. i n .  
4 - t ens i l e  s t e e l  area, sn. in. 
p t  5 temperature and elminkage 

s t ee l  r a t i o  
pbm = minimum s t e e l  r a t i o  f o r  

f l exura l  members except slabs 
Pshr a maximum steel r a t i o  for ser- 

vice hydraulic s tructures,  
for  s ingly relnforced aections 
under f lexure without d i r ec t  
force 

pmax = naxlmum s t e e l  r a t i o  fo r  other 
than hydraulic s tructures.  fo r  
stn61;reinforced sect ioas 
u n d r ~  f lexure without d i r ec t  
force 

Pb = s t ee l  r a t i o  producine balanced 
st-ain conditions ior singly 
relnforced sections under 
f l cxwc  vithout direct  force 

fl : strength reduction f ac to r  

CONDITIONS IUR VXIClI CKmT mPLIES 

Scctlona having moment only; 

Mns = Mn ; n, = A 

Sections having moment and compreaalve 
direct M , . ; . % + N ~ ~  farce: 

; k - n - 7  % 
solut ion does not apply i f  4 < 0. 

Sections having m e n t  aod t ens i l e  
d i r ec t  force: 

Mna = M, - N * Nn 
n12 I % = A + %  

Chart does not  apply f o r  Mne < 0. 

WTIITIONS 

For hydravlic s tructures:  
S0lut i)o applies for a l l  A not 

rxceediw A corresponding ta 
P S ~ ~  for  the  given a. 

solut ion thao A eppliee correspnding for A greater t o  P.~,,, 

say Aoeqy, f a r  the given d i f  

Nn * ry(A - Ap& 

For other than hydrod ic  structures:  
Salvt ion applies f o r  kU A not 

exceeding A carreepnding to  
P,, fa r  the  given d.  
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STRUCTURAL DESIGN : REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 
BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 

SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 

fy = 50 ksl 

f; = 6000 PSI 

Eau~valent steel area. A. sauare inches 





I fy =6O ksi I 

strength,  f t -k ips  
Nn a noninal d i rec t  Torue 

-- - - . - -  - . -..-- 
SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 

strength,  kips 
d - ef fec t ive  depth, inches 
d" a d - t /2  
t - t o t a l  depth o r  scc t i an ,  

inches 

fd = 2500 psi 

A = equivalent  t m s i l e  a t c e l  
area, sq. i n .  

& = t e n s i l e  s t e e l  mea, sq. i n .  
Pt ' temperature and shrinksge 

s t e e l  r a t i o  
Dblo - minimum n tee l  r a t i o  for 

f l exura l  members except slabs 
Pshy z -imm s t e e l  r a t i o  f a r  ser- 

vice  hydraulic stlucturee, 
for s ing ly  reinforced sec t ions  
under f lexure without d i r e c t  
force 

P,, = m i m u m  s t e e l  r a t i o  for other  
than hydraulic s t ruc tu res ,  for 
s ing ly  reinforced sec t ions  
under flexme without d i r e c t  

I 

M.. = Mn j % = A 

Section8 having moment and compressive 
d i r e c t  force: 

Solution does not  apply i f  & < 0 .  

Scctions h a v i w  moment aod tensile 
d i r e c t  force: 

d'l 

Chart does not apply f o r  K,,, < 0. 

LIMITATKONS 

W r  hydraulic structures: 
Solution app l i e s  I'or all A no t  

exceeding A corresponding to 
pshy for the  given d. 

solutian app l i es  for A grea te r  
than  A corysponding t o  ps 
say f o r  t h e  eiven d y f  
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Effective depth, d, inches 
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STRUCTURAL DESIGN: REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 

.. . . . 
force, chart  l ines  marked pShy and p,, give 
maximum values oS &for  hydraulic s t ruc tures  
end other structure8 respectively.  

BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 
SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 

- .  
d = eSTcctive depth, inches 
d" e d - t /P 
t : t o t a l  depth of scction, 

fy = 60 k s ~  

f; - 4000 p s ~  

rnchee 
A - equivalent t e n s i l e  s t e e l  

area, sq, i n .  
is - t ens i l e  s t e e l  area, aq.  i n .  
PL = temperature and ahrinkwe 

s t e e l  r a t i o  
Pbm 5 minimum s t e e l  r a t i o  f o r  

f l exura l  a m b e r s  except slabs 
Pshy maxilmum steel r a t i o  for ser- 

vice hydraulic structures,  
m r  singly reinforced sectiano 
under flcxme without d i rec t  
farce 

Pnax ' m a x h  s t e e l  r a t i o  f o r  other 
than singly hydraulic reinforced structuree, sections f o r  

under flexure without d i rec t  
force 

CONDIl1IONS FOH WHICM CURT APPLIES 

Sections having moment only: 

Mns-M, ; % = A  

Sections having moment aod canpess iu  
direcL furce: 

M n s = M , + N n $  ; P , = A - $  

Solution doe0 not apply i f  c 0. 
Zecilona havine msment and t e n s i l e  
d i r e c t  lorce: 

M,,,=M,-N,K ; A , = * + %  
E? 

f~ 

Chart does no t  apply fo r  h, < 0. 

LIMIT4TIONS 

For hydraulic s t ruc tures :  
%lutioo@pplies f o r  a l l  A not 

exceeding A corresponding t o  
pghy for t h e  glvrn d. 

S l u t i o n  app l ies  Sor A greater 
thao  A corresponding t o  pShy, 
say APBhy, for  the given d ~f 

% 2 fy(A - Ap&J 
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STRUCTURAL DESIGN : REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 
BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 

SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 

US. DEPARTMENT OF AGRICULTURE 

SOIL CONSERVATION SERVICE 
ENGINEERING DIVISION- DESIGN UNIT 

fy = 60 ksi 

fd = 5000 p s ~  
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force, chart lines marked pShy nnd p,- give 
mrrim%values or % ror hyliravlic 3tructures 
and other structures resuectivelv 

STRUCTURAL DESIGN: REINFORCED CONCRETE DESIGN, STRENGTH DESIGN 

U S .  DEPARTMENT OF AGRICULTURE DwG, 
ES-222 SOIL CONSERVATION SERVICE 

0F5 

ENGINEERING DIVISION - DESIGN UNIT DATE 12.7.~ 

BENDING ONLY OR BENDING COMBINED WITH DIRECT FORCE 
SINGLY REINFORCED SECTIONS, 12 INCH WIDTH 

fy = 60 k s ~  

f i  = 6000 PSI 





Design strength muat equal or exceed required 
strength.  Thus nominal moment strength and 
nominal d i rec t  force strength ore obtained by 
dividing required moment streogth and required 
d i rec t  force strength by the  appropriate 
strength reduction fac to r ,  6 .  

For other than hydraulic structures:  
Solution applies f o r  a l l  A for  
the given d.  

f:= 2500 psi 

eq. i n .  
% - nominal moment strength A  corresponding t o  p 

of meetion, i t -k ips  . 'shy f a r  the given d (fo& 
%, 5 equivalent n m i m l  ma- on chart fo r  singly re -  

ment strength, i t - k i p  laforced scctionsl 
N, = nominal i i r c c t  farce- Ap,, . A corresponding t o  p, 

strength, kips fo r  the given d (found 
d a efiective depth, inches 
d" . d - t j 2  

on c h a r t d o r  singly re- 
inforced sectione) 

Pehy s maximum s tee l  r a t i o  for ser- 
vice hydraulic s t r u c t u c s ,  
fo r  8ingly reinforced sections 
under Ilexure without d i r e r t  
force 

0- z maximno s t e e l  r a t i o  fo r  other 
than hydraulic structures,  fo r  
singly reinforced sections 
under flexure vithout d i rec t  
force 

Eb = s t e e l  r a t l o  producing balanccd 
s t ra in  conditions fo r  singly 
reinforced sectione under 
flexure without d i rec t  force 

b - Strength reduction factor 

EFERENCE 

CONDITIONS FOR WHICH CKART APPLIES 

Sections havine moment only: 

% a = % ;  % = A  
Sections having mment and compressive 
d i r e r t  force: 

Solution does not kpplly i f  il, < 0. 
Sections havine moment and t e n s i l e  
d i rec t  force:  

Chart does not apply Sor < 0. 
Chart i 8  drawn for  n constant e t e e l  area 
difference of 

A - G = i - b d  
2 Pb 
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t x tDteil depth of section, 
inches 

A t equivalent t ens i l e  steel  
area, sq.  in .  

ig = t ens i l e  a t ee l  area, sq. in .  
g G cmpressive s t ee l  area, 

0 0 .  in.  
M, - nominal moment strength a A corresponding t o  p 

of section, i t -hips 'ahY for the given d (fo& 
on chart  fo r  singly re- 
inforced sections) 

Nn = nomind direct  force s A corresponding t o  pmax 
strength, kips for the given d (round 

d r effective depth, inches on chart  for  singly re. 
d" a d - t /2 inforced =ctions) 

fL.3000 psi 

LIMITPTIONS 

Far  hydrauiib structures:  
Soliltion applies fo r  all A for 
the given d i f  

' fY(A&mx - %shy) 

NOMTNffi STRENOTE 

Design strength must equal o r  exceed required 
Strength. mu3 nominal moment strength and 
nominal d l rec t  rorce strenath are obtained bv 
dividing required noment strength and required 
d i rec t  force strength h7 thc approp~ia te  
atrength reduction factor,  8. 

For other than hyh-aulic structures:  
Solution applies for a l l  A f a r  
the glvea d. 

pShy + mbxlmum s t e e l  ratlo rm ecr- 
v i c c ~  hydraulic structures,  
for  singly reinforced sections 
under fie-e without d i rec t  
force 

P,, =maximum s t e e l  r a t i o  fo r  other 
than hy&aulic structures,  fo r  
singly reinforced sections 
under f lexure without d i rec t  
force 

pb - s tee l  r a t i o  prodmine balancea 
s t ra in  conditions for singly 
reinforced eections under - - 

flexul-a without d i rec t  force 
6 = strength reduction factor 

CONDITIONS mR WXCH C m T  APPLIES 

Sections having moment only: 

Mn. = Mn ; & = A 
Sections having moment and compressive 
d i rec t  force: 

M n s = M , + N , g ;  i i , = A - %  f.. 

Solution does not apply i f  % < 0 .  

Sectmns having momed and t ens i l e  
direct  force: 

% . = M , - N  9 ;  & = A + %  
0 12 

f~ 

Chwt does not apply for Mas < 0. 

Chart is & a n  for a constant s t e e l  a rea  
a i f i c p c n ~ e  A - 4  = ' p  or  hd 

2 h 
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area, sq. in. 
% . tensile steel area, sq. in 

nomid moment strength 
of section, ft-kips 
eqvivaent nominal 
ment strewth, ft-kip 
nominal direct force 
strength, kip8 
effective depth, inchee 
d - t / 2  

4 i compressive steel area, 
8 0 .  In. 

/b,, - A corresponding to p,, 
for the given d (found 

For hydraulic structures: 
Saiutiori applies for all A for 
the given d if 
rr,Zf(A - 

Y bax 'bshv) 
For other thao hydravlic structures: 
Salution applies for all A for CONDITIONS FE% UMCB CHART APPLDS 

the given d. Sectiona having moment only: 

%.=%; % = A  

Pahy z maximum steel ratio for ser- 
vice hy&aulic structure8 
for singly reinforced scckions 
under flexure without direct 
force 

PmBx 'maximum ateel ratio for other 
than hydraulic structuree, for 
Binply reinforced section8 

Sectluns having moment rrod compessive 
direct force: 

under flexure without direct % , = & - N  '; & = A + %  
farce 

n 12 f" - steel ratlb proaucing balancea Chart does not apply for M,, < 0 .  
strain conditions for singly 
reiaforced sections under 

Chart is drawn for a constant steel area 

flexure Without direct loroc 
difference of 

B - etrenettt reduction iaetor A - A; = $ pbbd 
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t - total depth or section. 
inches 

A - equivalent tensile 
area, aa.  in. 

% - nominal moment strcngth 
or section, ft-kips 

= equivalent -inel ma. 
meat streqth, ft-kips 

Nn - nominal direct mrcc 
rtreqth, kips 

d I effective depth, inches 
d" = d - t/8 

$ = tensile steel area, aq. in. 
G -- compressive steel area. 

sq. in. 

k h y  = &:;yz:;y 
on chart for singly re- 
inforced scctiane) 

'b, - A corresponding to p,, 
ax 

for the givcn d (found 
an chart ror singly re- 
inCorcedrsections) 

NCElINAI. SII(ENd&S 

h n l g n  strength must equal  or exceed required 
strength. Thus m i n u  moment strength and 
n a d n a l  direct force streogth ore obtained by 
dividing required moment strength and required 
direct rorcc strength by the appropriate 
strength reduction factar, $. 

LULITXCIONS 

h ' o l  hyaraulic structures: 
solution amlies for all A for 
the given d if 
N n Z f L 4  - 

Y a, ' b d  
For other then hy&aulic structures: 
Solution appliea for all A for CONDITIONS FOR WMCH C m T  m p m s  

the given d. Sections having mament o a y :  

%.-&; & = A  

Oshy = maxim= steel ratio for scr- 
vice hydraulic structures, 
for singly reinforced ecctions 
under flexure vithout direct 
force 

0- = mluimm steel ratio ror other 
than hydraulic atrvcturee for 
singly reinforced sections 
under flexure without direct 
force 

Sections having moment and compressive 
direct force: 

solution does nothpNy if < 0 .  

Sections having moment and tcmile 
direct force: 

% - M n - N  d"; 
8 -  n 1 z  

f" 

Fb + steel ratio prduclng b d a n c a d  chart h e  not apply for M,, < 0 .  
strain conditions for singly 
reinforced sections under 

C h a r t  1% drawn for a constant steel area 

flexure vithout direct force 
difrerence of 

b - strength reductive ractor ~ - < = h % b d  
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LIMITATIONS e = 
For hydraulic structures:  

Solution applies f o r  all A f a r  
the given d i f  

For othcr than hydravlic structures:  
Solution applies for all A f a r  CONDITIONS mR WBICK C ~ T  ~ P L ~ E S  

the given d. sections havios moment only: 

& = A  

% = nominal moment s t r e m h  
or section, f t-kips 

& hs equva len t  nominal mo- 
ment s t r ewth .  f t-kioe - .  . 

N, = nominal d i rec t  force 
strength, kips 

d = effective depth, inchee 
a', , d - t / 2  

t s t o t a l  depth of section, 
inches 

A -- equivalent t e n s i l e  s t e e l  
area, sq. in .  

$ = teD6ile s t e e l  area, sq. i n .  
= compressive s t e e l  area, 
'9. in. 

%.hy = ;o:EBz$;y ;;:il)r 
on chart  f o r  singly re- 
inforced sections) 

ADmsx= A corresponding t o  D- 
fo r  the given d (found 
on char? f o r  singly re- 
faforced sections) 

oak = maximm s t e e l  r a t i o  fox. eer- 
Sections having moment and compressive 

vice hydraulic structures,  
d i rec t  force:  

for singly reinforced sections 
under flexure without d i rec t  'Y 
force Solution does not apdy i f  A < 0 .. . 

0, -maximum s tee l  r a t i o  for other 
than hydraulic etructurcs,  fo r  

Sections having moment sod t e n s i l e  

sinsly reiniorced sections 
d i rec t  force:  

d e ~ '  f lexure without d i rec t  
+-"""o ."' L= 

Fh z s t e e l  r a t i o  producina balsocea Chart does not apply fo r  %, < 0 

s t ra in  condl&ne fo; singly 
-- 

reinforced sections under 
Chart i e  dram f a r  a constant  s t e e l  a res  

flexure without d i rec t  farce 
difference of 

6 5 strength reduction factor ) , - A '  - h -  
s - 2 Pbbd 
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- 
3rade 

of 
S tee l  
- 

60 

Description 

Bars 
i n  

Tension 

Bars 
i n  

Compression 

Bars 
i n  

Tension 

Bars 
i n  

Compression 

- 

Bars 
i n  

Tension 

Bars 
i n  

Zompression 

Basic Development Length, lb, inches 

Class 
of 

Concrete 

Bar Size 

STRUCTURAL DESIGN: Reinforced Concrete Design 
Strength Design 

Development of Reinforcement, Basic Development Lengths 

- 

- 

I 

I 

- 

- 

- 

- 

- 

 e ens ion deve lopen t  length, jd, s h a l l  not be l e s s  than 12 inches except i n  compu- 
t a t ions  of e i t h e r  l a p  sp l i ce  lengths o r  development of web reinforcement lengths.  

' ~om~ress ion  deve lopen t  lengths, ld, s h a l l  not be l e s s  than 8 inches.  
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STRUCTURAL DESIGN: Reinforced Concrete Design 
Strength Design 

Development of Reinforcement, Standard Hooks in Tension 

Grade 
Description 

S tee l  

I Tension 

Other 
Tension 

Bars 

Tension 
TOP 

Bars 

50 

Other 
Tension 

Bars 

A l l  
40 Tension 

Equivalent Embedment Length, I,, inches 

Class 
o f  

Concrete 

Bar Size 

* 
For consistency, the  value modified s l i g h t l y  from computed. 
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STRUCTURAL DESIGN: Reinforced Concrete Design 
Strength Design 

Develo~ment of Reinforcement, Standard Hooks in Tension 

Developed Tensile Stress, fh  = ( -/lo00 ksi 

Tension 
TOP 
Bars 

Other 
Tension 
Bars 

Grade 
of 

Steel 

Tension 
TOP 
Bars 

Description 

Tension I Other 

All 
40 Tension 

Bars 

Class 
of 

Concrete 

Bas Size 
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STRUCTURAL DESIGN: Reinforced Concrete Design 
Strength Design 

Development of Reinforcement, Standard Hooks in Tension 

Stress Coefficient for Tensile Stress, ( values in fh = ( 

Grade 
of 

Steel 
Description 

Tension 
TOP 
Bars 

Other 
Tension 
Bars 

Tension 
Top 
Bars 

Other 
Tension 
Bars 

All 
Tension 
Bars 

Class 
0 f 

Concrete 

Bar  Size 

- 

- 

- 

- 

- 

- 
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STRUCTURAL DESIGN: Reinforced Concrete Design 
Strength Design 

Development of Reinforcement, Web Reinforcement 

- 
Grade 

of 
Stee l  

Per t inent  Rnbedment Lengths f o r  Web Reinforcement, inches 

CT 1 1 ~ a r s i . 7  
Description Description 

Concrete #3 #4 #5 #6 #7 

5000 
l a rge r  of 12 12 15 18 21 

1 4000 la, 24 db, 12 12 15 18 21 3 1, 
3000 Or l2 12 12 15 18 22 

Note: la i s  taken a s  lb from ES-224 

Bar Size 
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STRUCTURAL DESIGN: Reinforced Concrete Design 
Strength Design 

Lap Splices in Reinforcement 

irade 
of 

k e e l  

Lapped Splice Lengths, inches 

Class Class Bar Size 
Description of of 

Concrete Splice #3 #4 #6 #7 #8 #g #lo #11 

Tension 13 17 21 26 32 42 54 68 83 
TOP 1 0 0  1 I 17 22 28 33 42 55 69 88 108 
BWS 22 29 36 43 55 72 91 115 141 

A 12 15 19 23 27 30 34 44 53 
5000 B 16 16 20 24 28 35 45 57 69 

C 21 21 26 31 36 46 58 74 90 

All 
Other A 12 15 19 23 27 30 38 49 60 

Tension 4000 B 16 16 20 24 30 39 50 63 77 

Bars 
C 21 21 26 31 39 51 65 82 101 

A 12 15 19 23 27 35 44 56 69 
3000 B 16 16 20 26 35 45 57 73 89 

C 21 21 26 33 45 59 75 95 117 

A 12 15 19 23 29 38 48 61 75 
2500 B 16 16 20 28 38 50 63 80 98 

c 21 21 26 36 49 65 82 104 128 

- - 

A l l  
Compression 

Bars 

Tension bars spaced l a t e r a l l y  not l e s s  than 6 inches on center, and bars 
with a t  l e a s t  3 inches c lear  from face of member t o  f i r s t  bar may use 0 .8  
l ap  lengths shown but not l e s s  than 12 inches. 
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STRUCTURAL DESIGN : Reinforced Concrete Design 
Strength Design 

Lap Splices in Reinforcement 

Grade 
0 f 

Steel 
Description 

Tension 
TOP 
Bars 

All 
Other 
Tension 
Bars 

All 
Compression 

Bars 

Lapped Splice Lengths, inches 

Class Class 
of of 

Concrete Splice 

Bar Size 

#3 #4 #5 % #7 #8 #9 #lo #ll 

Tension bars spaced laterally not less than 6 inches on center, and bars 
with at least 3 inches clear from face of member to first bar may use 0.8 
lap Lengths shown but not less than 12 inches. 
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STRUCTURAL DESIGN : Reinforced Concrete Design 
Strength Design 

Lap Splices in Reinforcement 

Jescription 

Tension 
Top 
Bars 

All 
Other 
Tension 
Bars 

All 
Compression 

Bars 

Lapped Splice Lengths, inches 

Class Class 
of 1 of 

:oncrete Splice 

Bar Size 

Tension bars spaced laterally not less than 6 inches on center, and bars 
with at least 3 inches clear from face of member to first bar may use 0.8 
lap lengths shown but not less than 12 inches. 

- - 
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STRUCTURAL DESIGN: Reinforced Concrete Design 
Strength Design 

Control of Flexural Cracking, One-way Slabs 

Maximum Bar Spacing, S, inches 

Bar 
Size 

Clear Cover = 2 inches 

z = 145 
f,, k s i  f ,, k s i  Bar 

s ize  

Bar 
Size  

Clear Cover = 3 inches 

Z = 145 2 = 130 
f ,, k s i  f s ,  k s i  

REFERENCE 

% U . S .  GUVliHNMEN'I' I ' K l N ' l ' l N G  OFFICE: 1990--726-235120773 

- -  

SOIL CONSERVATION SERVICE 

ENGINEERING DIVISION -DESIGN UNIT 

U S .  DEPARTMENT OF AGRICULTURE 

ES - 228 
SHEET 1 OF 1 

DATE 12-79 

STANDARD DWG. NO. 




