
Symbols 

in 
inz 

in 

in 

lbf 
in 
ft 
iii 

psi 
psi 
psi 
psi 
psi 
in 
in4  

— 
in 
in 

in-lbf 

psi 
lbf 
in 
psi 
in 

in 
lbf 
psi 
lbf 
pcf or 

lbf/in 
kips/in 

a ratio of column to footing area 
/3 	ratio of long side to short side 	— 
Pi a factor 

unit weight 	 pcf 

ö 	magnification factor 
€ 	fraction eccentricity 

timespan factor 
p 	reinforcement ratio 
A 	long term deflection factor 
0 	angle from the horizontal 
0 	capacity reduction factor 

Subscripts 

A active 
b 	base, bar, bending, or bearing 
c 	concrete, column, cover, or core 
cr cracked 
D dead 
e 	effective 
f 	footing or flexure 
g 	gross 
h horizontal 

initial 
L live 
n nominal or clear 
o zero eccentricity 
p 	prestress 
✓ rupture 
s 	stem or spiral 
st 	steel 
t 	tension 
u ultimate 
✓ shear 
w service load 
y 	yield 

REINFORCED 
CONCRETE 
D 

Nomenclature 

a 	short side length, or 
height of stress block 

A area 
b 	long side length, or width 
c 	distance from neutral axis to extreme 

compression fiber 
C compressive force 
d depth or diameter 
D depth of footing 
e 	eccentricity 
E modulus of elasticity 
f 	stress or strength 

compressive strength of concrete 
fr modulus of rupture 
fy  yield strength of steel 
h height 
I 	moment of inertia 

a fraction 
k 	a fraction, or end condition factor 
1 	length 
ld development length 
m a factor 
M moment 
n modular ratio (Est /E,) 
p 	factored soil pressure 
P load or force 
✓ radius of gyration 
R. coefficient of resistance 
S spacing 
SR slenderness ratio 
t 	thickness 
T tensile force 
✓ shear stress 
✓ shear, or shear strength 
w density, or load per unit length 

z 	crack parameter 

This chapter is no substitute for the ACI code, and covers only 
a fraction of the relevant material. 



1 CONVERSIONS 

multiply by to obtain 

ft-kips 1.356 kN-m 
ft-lbf 1.356 N-m 
in-lbf 0.113 N-m 
kips 4.448 kN 
kips 1000 lbf 
kips/ft 14.59 kN/m 
kips/ft 2  47.88 kN/m2  
kN 0.2248 kips 
kNirn 0.06852 kips/ft 
kPa 1000 Pa 
ksi 6.895 EE6 Pa 
lbf 0.001 kips 
lbf 4.448 N 
N-rn 0.7376 ft-lbf 
N-m 8.851 in-lbf 
N-m2  1.0 Pa 
Pa 1.0 N/m2  
Pa EE-6 MPa 
Pa 0.001 Ir_Pa 
Pa 1.45 EE-7 ksi 
Pa 1.45 EE-4 psi 
Pa 0.02089 psf 
psf 47.88 Pa 
psi 6.895 EE3 Pa 

2 DEFINITIONS 

Absorption: The process by which a liquid is drawn 
into and tends to fill permeable pores in a porous 
body. Also, the increase in weight of a porous solid 
body resulting from the penetration of liquid into its 
permeable pores. 

Admixture: A material other than water, aggregates, 
and portland cement that is used as an ingredient 
in concrete and is added to the batch immediately 
before or during its mixing. 

Aggregate: Inert material which is mixed with portland 
cement and water to produce concrete. 

Aggregate, coarse: Aggregate which is retained on a #4 
sieve. 

Aggregate, fine: Aggregate passing the #4 sieve and 
retained on the #200 sieve. 

Aggregate, lightweight: Aggregate having a dry density 
of 70 pounds per cubic foot or less. 

Bleeding: The autogenous flow of mixing water within, 
or its emergence from, recently placed concrete. 

Cement factor: The number of bags or cubic feet of 
cement per cubic yard of concrete. 
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Column: An upright compression member, the length of 
which exceeds three times its least lateral dimension. 

Combination column: A column in which a structural 
steel member, designed to carry the principal part 
of the load, is encased in concrete which carries the 
remainder of the load. 

Composite column: A column in which a steel struc- 
tural member is completely encased in concrete con- 
tabling spiral and longitudinal reinforcement. 

Composite concrete flexural construction: 	A precast 
concrete member and cast-in-place reinforced con- 
crete so interconnected that the component elements 
act together as a flexural member. 

Concrete: A mixture of portland cement, fine aggre- 
gate, coarse aggregate, and water. 

Concrete, normal weight: Concrete having a hardened 
density of approximately 150 pcf which is made from 
aggregate of approximately the same density. 

Concrete, plain: Concrete that is not reinforced with 
steel. 

Concrete, precast: A plain or reinforced concrete ele- 
ment cast in other than its final position in the struc- 
ture. 

Concrete, prestressed: 	Reinforced concrete in which 
there have been introduced internal stresses of such 
magnitude and distribution that the stresses result- 
ing from service loads are counteracted to a desired 
degree. 

Concrete, reinforced: 	Concrete containing steel rein- 
forcement. 

Concrete, structural lightweight: A concrete containing 
lightweight aggregate. 

Crushed gravel: The product resulting from artificial 
crushing of gravel with substantially all fragments 
having at least one fracture face. 

Crushed stone: The product resulting from the artificial 
crushing of rocks where substantially all faces have 
resulted from the crushing operation. 

Deformed bar: A reinforcing bar with ridges to increase 
bonding with the concrete. 

Double reinforcement: A concrete beam with steel on 
both sides of the neutral axis to resist tension and 
compression. 

Fineness modulus: 	An empirical factor obtained by 
adding the total percentages of a sample of the ag- 
gregate retained on each of a specified series of sieves, 
and dividing the sum by 100. 

Formwork: The wood molds used to hold concrete dur- 
ing the curing and pouring processes. 

Gravel: Granular material retained on a #4 sieve which 
is the result of crushing or natural disintegration of 
rock. 

Heat of hydration: The heat evolved as a result of an 
exothermic reaction between cement and water. 

Hydration: The exothermic reaction between cement 
constituents and water, resulting in hydrated corn- 
pounds (i.e., compounds bound to water molecules.) 

Monolithic construction: Constructed as one piece. 

Pedestal: 	An upright compression member whose 
height does not exceed three times its average least 
lateral dimension. 

Plain bar: Reinforcement that does not conform to the 
definition of a deformed bar. That is, reinforcing 
bars without raised ridges. 

Rebar: Steel reinforcing bar. 

Sand: Granular material passing through a #4 sieve 
but predominantly retained on a #200 sieve. 

Saturated Surface Dry: A condition of an aggregate 
which holds as much water as it can without having 
any free surface water between the aggregate parti- 
des. 

Slab: A cast concrete member of uniform thickness. 

Slump: The decrease in height of wet concrete when a 
supporting mold is removed. 

Spiral column: A column with a continuous spiral of 
wire around the longitudinal steel. 

SSD: See 'Saturated Surface Dry.' 

Surface water: Water carried by an aggregate in addi- 
tion to that held by absorption within the aggregate 
particles themselves. Water in addition to SSD wa-
ter. 

Tied column: A column which has individual loops of 
wire around the longitudinal steel, 

Two-way: Construction with steel reinforcing running 
in two perpendicular directions. 

Water-cement ratio: The ratio of water weight to ce- 
ment weight. Alternatively, the number of gallons of 
water per 94 pound sack of cement. 

ment: This type develops its strength quickly. It  

normal strength concrete 
 

3 CONCRETE MIXING 

A. TYPES OF CONCRETE 

Concrete is a mixture of mineral aggregates locked into 
a solid structure by a binding material. The concrete is 
produced by adding water to the aggregate and binder, 
and then casting the mixture in place. The semi-fluid 
mixture hardens by chemical action.  , 

The usual binding material is portland cement, which 
is manufactured from lime, silica, and alumina (with 
a small amount of plaster of paris) in the appropriate 
amounts. There are five types of portland cement, and 
the choice is dependent on the application. 

• Type I: Normal portland cement: This is 
a general-purpose cement used whenever sulfate 
hazards are absent and when the heat of hydra-
tion will not produce objectionable rises in tern-
perature. 	Typical uses are sidewalks, pavement, 
beams, columns, and culverts. 

• Type II: Modified portland cement: This ce-
ment has a moderate sulfate resistance, but is gen-
erally used in hot weather in the construction of 
large concrete structures. Its heat rate and total 
heat generation are lower than for normal portland 
cement. 

• Type III: High-early strength portland ce- 

is suitable for use when the structure must be put 
into early use or when long-term protection against 
cold temperatures is not feasible. Its shrinkage 
rate, however, is higher than for types I and II; 
and extensive cracking may result.  . , 

• Type IV: Low-heat portland cement: For ex-
tensive concrete structures, such as gravity dams, 
low-heat cement is required to minimize the cur-
ing heat. The ultimate strength also develops more 
slowly than for the other types. 

• Type V: Sulfate-resistant portland cement: 
This type of cement is applicable when exposure to 
severe sulfate concentration is expected. This typ-
ically occurs in states having highly alkaline soils. 

Table 14.1 
Relative Strengths of Concrete Types 

compressive strength, % of 
 

3 days 28 days 3 months  
type I 	100 	100 	100 
type II 	80 	85 	100 
type III 	190 	130 	115 
type IV 	50 	65 	90 
type V 	65 	65 	85 
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(a) The solution can be tabulated as follows: 

./ 

B. AGGREGATES 

The bulk of concrete consists of sand and rock parti-
cles that have been added to the cement-water mixture 
to increase the weight and volume. These sand and 
rock particles are known as aggregate. Sand and other 
particles that will pass through a #4 sieve (less than 
0.25") are known as fine aggregate. Any particles that 
are larger than this are known as coarse aggregate. 

Aggregate having a density of 70 pcf or less is known 
as lightweight aggregate. This type is used in the pro-
duction of lightweight concrete. Lightweight concrete in 
which only the coarse aggregate is lightweight is known 
as sand-lightweight concrete. If both the coarse and fine 
aggregates are lightweight, it is known as all-lightweight 
concrete. Unless noted otherwise, concrete in this chap-
ter is assumed to be normal weight concrete. 

C. ADMIXTURES 

Anything added to the concrete to improve its worka-
bility, hardening, or strength characteristics is known 
as an admixture. Hydrated lime, diatomaceous silica, 
fly ash, and bentonite are added to concrete which has 
too little fine aggregate. These admixtures separate the 
coarse aggregate and reduce the friction of the mixture. 
Calcium chloride can be added as a curing accelerator. 
It is also an anti-freeze, but its use as such is not rec-
ornmended. 2  

Sulfonated soaps and oils, as well as natural resins, in-
crease air entrainment. This increases the durability of 
the concrete while decreasing the strength and weight 
only slightly. 

Styrofoam can be added to increase the insu lating 
values of the concrete. 

A 	N 

D. PROPORTIONING CONCRETE 

The proportions of a concrete mixture are usually des-
ignated as a ratio of cement, fine aggregate, and coarse 
aggregate, in that order. For example, 1 : 2 : 3 means 
that one part of cement, two parts of fine aggregate, 
and three parts of coarse aggregate are to be combined. 
The ratio can be either in terms of weight or volume. 
W ht ratios rnmon. 

2 The ACI code does not allow chloride to be added to concrete 
used in prestressed construction or in concrete with aluminum 
embedments. Natural chloride ions are also limited. 

The amount of water used is called out in terms of gal-
lons of water per 94 pound sack of cement. This is 
known as the water-cement ratio.3  

The problem may be complicated by air entrainment 
and/or the water content of the aggregate. The follow-
ing guidelines should be observed, 

• The yield is increased by the addition of air. This 
can be accounted for by dividing the solid yield by 
(1 - air percentage). 

• Any water content in the aggregate above the sat-
urated surface dry (SSD) water content must be 
subtracted from the water requirements. 

• Any porosity (water affinity) below the SSD water 
content must be added to the water requirement. 

• The densities used in the calculation of yield 
should be the SSD densities. 

Example 14.1 

A mix is designed as 1:1.9:2.8 by weight. The water-
cement ratio is 7 gallons of water per sack of cement. 
(a) What is the concrete yield in cubic feet per sack of 
cement? (b) How much of each constituent is needed to 
make 45 cubic yards of concrete? 

3  Alternatively, the water-cement ratio may be given in pounds 
of water to pounds of cement. 

50 cubic feet of 1:4:4 (by weight) concrete are to be 
produced. The constituents have the following proper-
ties: 

moisture 
(dry basis 
from SSD) 

5% excess 
2% deficit 

What are the required order quantities if the design calls 
for 5.5 gallons of water per sack and 6% entrained air? 

c, 	< 
1, 4, " 	weight  . - ' .., 	per sack 	SSD 	absolute k ( 

constituent ratio cement density volume 
avcii lA 

 cement 	1.0 	94 Vto 	197 	0.4771:A 	/ 
sand 	2.5 1 2315 	164 	1.433 ..------... 
coarse 	4.0 	j.74- ' 	168 	2.2383/V1(4 
water 	'' 	5.541-.T8 	=0.735 

4.883 ft 3/sack 

The yield with 6% air is 

14-5 

The required sand weight (ordered as is, not SSD) is 
,t 	r,/ 

(9.63)(1.05)(94)(2.0  
= 1.19 tons • 

2000 

The required coarse aggregate weight (ordered as is, not 
SSD) is  

(9.63)(0.98)(94)(4)  
= 1.77 tons 

2000 

The water needed to bring the coarse aggregate to SSD 
conditions is 	 . 

(1.77) ()- (239.7) gal/ton = 8.66 gallons 
0.98 

The total water needed is 

(5.5)(9.63) -I- 8.66 - 13.58 = 48.0 gallons 

4 PROPERTIES OF CONCRETE 

A. SLUMP 

The slump test is a measure of consistency of the plastic 
concrete mass prior to hardening. This test consists of 
filling a slump cone in three layers of about one-third 
of the mold volume. Each layer is rodded with a round 
rod. The mold is then removed by raising it carefully 
in the vertical direction. The slump is the difference in 
the mold height and the resulting concrete pile height. 

Concrete mixtures that do not slump appreciably are 
known as stiff mixtures. Stiff mixtures are inexpensive 
because of the large amount of coarse aggregate. How-
ever, placing time and workability are impaired. Mix-
tures with large slumps are known as wet or watery 
mixtures. Such mixtures are needed for thin castings 
and structures with extensive reinforcing. 

Recommended slumps for concrete that is hand vi-
brated are given in table 14.2. If high-frequency vi-
brators are used, the values given should be reduced by 
about one-third. 

E. IN-PLACE VOLUME 

The amount of concrete that can be made from mixing 
known quantities of ingredients can be found from the 
absolute or solid volume method. This assumes that 
there will be no voids in the placed concrete. Therefore, 
the .amount of concrete is the sum of the solid volumes 
of the cement, sand, coarse aggregate, and water. 

To use the absolute volume method, it is necessary to .-___.----,-- 
know the solid densities of the constituents. In the ab-
sence of other information, the following data ---Ori be 
used for solid densities: cement ,195 pcf; fine aggregate, 
165 pct_coarse_aggregate, 165 p -c-f; wateZ-6274-0. A 
sack  of  cement  weighs  94 pounds, and 748 -ollons of 
wat-e-i-m-SYe-a-able foot. Alternatively, there are 239.7 ._ 
gallons per ton of water. 

If the mix proportions are volumetric, it will be neces- 
sary to multiply the ratio values by the bulk densities 
to get the weights of the constituents. Then, weight To- 
tios may be calculated and the absolute volume method 
applied directly. 

/ 
/ 

' 

`,  

i ' 
) 

( 
i 

(/ 

, 

	

Pr 	weight 	 //a_b_sca_g_it , 

	

per sack 	solid 	vol 

	

material ratio 	cement 	density 	( t /sack) 

cement 	1.0 	1 x 94 = 	94 111  1/95 	94/195 = 0.48 
sand 	1.9 1.9 x 94 = 170 165 	179/165 = 1.08 

' coarse 	2.8 2.8 x 94 = 263Ib 	65 	263/165 = 1.60 
water 	 7/7.48 = 0.94 

4.10 

The yield is 4.1 cubic feet of concrete per sack cement. 

(b) The number of one-sack batches is 
,---, ` 

145k,/d3 (27) ft3 /yd3  
296.3 	 297}- = 	sacks 	(say 

(4.1) ft 3 /sack 
I 	vo 

Order 297 sacks_of--e6iiient. 
(297)(0)(94) 

26.5 tons = 	of san‹- 
2000 

(297)(63(94) 
= 39.1 tons of coarse aggregat.--- 

2000 
(297)(7) = 2079 gallons of water<----- -  

1 
Example 14.2 

• SSD density 
constituent 	(Pcf) 

cement 	 197 
sand 	 164 
coarse aggregate 	168 

4.883 

1-
0M6 5.19 ft3 /sack 

4  Don't round down ,  -

.06 

or the volume will be short. 

tuatk:  46, 33 \ 
w' 

The excess water contained in the sand is 

0 05 
(1.19) ( 	(239.7) gal/ton = 13.58 gallons 

1.05 

The number of one sack bkres is 

. 	50 	- 	cravve 1 0 Seitft-S 
 	9.63 
5.19 = 
	

6. • . .,fl-  e.41,w_.4-4` • 
'V 

(In practice, this would be rounded up.) 
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standard hook 

velded stirrup steel 

Figure 14.2 Beam Reinforcement 
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Table 14.2 
Recommended Slumps 

application 
slumps, inch 

maximum minimum 

reinforced foundations 
and footings .3 1 

plain footings and 
substructure walls 3 1 

slabs, beams, and reinforced 
walls 4 1 

columns, reinforced 4 1 
pavement and slabs 3 1 
heavy mass construction 2 1 

B. COMPRESSIVE STRENGTH 

Cylinders of the concrete are cast for each mixture ratio 
to be tested. After curing, the cylinders are placed in 
a compressive tester. A load is applied at a constant 
rate. The compressive strength is found by dividing the 
maximum load carried (at failure) by the area. Typical 
compressive strengths, f,, vary from 2000 psi to 8000 
psi at 28 days, although 6000 psi is a common upper 
limit. 

Since the strength of concrete increases with time, all 
values of f  should be referenced to the age. If no age 
is given, a standard 28 day age is assumed. 

The ultimate compressive strength is highly dependent 
on the water/cement ratio, and it is fairly indepen-
dent of the proportion of the mixes. The compres-
sive strength of concrete varies directly with the ce-
ment/water ratio, provided that the mix is of a work-
able consistency. 5  

C. TENSILE STRENGTH 

Because concrete is not used to resist tension, tensile 
tests are seldom performed on normal weight concrete. 
However, the ACI code does specify a splitting tensile 
test for structural lightweight concrete. The ultimate 
tensile strength usually varies between 7% and 10% of 
the ultimate compressive strength. 

D. SHEAR STRENGTH 

The shear strength of concrete can be determined by 
torsion tests. Such tests vary widely in method and 
results. The shear strength will be between one-sixth 
and one-quarter of the ultimate compressive strength. 

5  This is Abram's strength law, named after Dr. Duff Abrams 
who formulated it in 1918. 

E. DENSITY 

The weight density (also known as unit weight) of con-
crete can vary from 100 pcf to 160 pcf, depending on 
the mixture ratios and the specific gravities of the con-
stituents. Generally, the range will be 140 pcf to 160 
pcf. Steel reinforced concrete will be between 3% and 
5% higher than similar plain concrete. An average of 
150 pcf can be used in most calculations. 

F. MODULUS OF ELASTICITY 

Typical results of a standard compressive test are shown 
in figure 14.1. The slope of the stress-strain line varies 
with the applied stress, and there are several ways of 
evaluating the modulus of elasticity. These methods 
give the initial tangent modulus, actual tangent modu-
lus, and secant modulus. The secant modulus is most 
frequently used in design work. 

actual tangent 

i modulus 

7 

modulus / 

 

initial --•-/ 	, 
tangent 	/ 	." 

/ 	■ 
/ 	..•secant modulus 
/ r 

." 
.' 

r 
./ 

strain 

Figure 14.1 Compressive Test Results 

The ACT code calculates the secant modulus of elasticity 
based on the compressive strength. Equation 14.1 is for 
normal weight concrete only, with a density of w = 90 
to 155 pd. [ACI 318 8.5.1] 

E, = w1.5  (33) Arf', 57,00007 	14.1 

The modulus of elasticity is greatly dependent on age, 
quality, and proportions. It can vary from 1 EE6 to 
5 EE6 psi at 28 days. 

5 STEEL REINFORCING 

Since concrete is essentially incapable of resisting ten-
sion, steel reinforcing is used. Figure 14.2 shows typical 
reinforcing in concrete beams. 

Straight bars resist flexural tension in the central part 
of the beam. Since the bending moment is smaller near 
the ends of the beam, less reinforcing is necessary. Some 
of the bar may be bent up to resist diagonal shear near 

the beam ends. (In continuous beams, the horizontal 
upper parts of the bent-up bars are continued on to the 
next span.) 

Stirrups are used to resist the diagonal tension resulting 
from shear stress. These pass underneath the bottom 
steel for anchoring or, much less frequently, are welded 
to the bottom steel. 

The horizontal steel is supported on bolsters (chairs), 
of which there are a variety of designs. 

Reinforcing steel, known as rebar, is available in a num-
ber of sizes, as well as in the form of wire for spiral 
wrapping, and wire mesh for shrinkage and thermal ex-
pansion control. 

Steel grade is specified by its yield strength. Grade 60 
is most common, although grade 40 was widely used 
in the past, and grades 50 and 80 are also available. 
However, not all sizes may be available in every grade. 

Table 14.3 
ASTM Standard Reinforcing Bars 6  

weight diameter area perimeter 
size (1b/ft) (in) 	(in2 ) (in) 

#2 0.167 0.250 0.05 0.786 
#3 0.376 0.375 0.11 1.178 
#4 0.668 0.500 0.20 1.571 
#5 1.043 0.625 0.31 1.963 
#6 1.502 0.750 0.44 2.356 
#7 2.044 0.875 0.60 2.749 
#8 2.670 1.000 0.79 3.142 
#9 3.400 1.128 1.00 3.544 
#10 4.303 1.270 1.27 3.990 
#11 5.313 1.410 1.56 4.430 
#14 7.65 1.693 2.25 5.32 
#18 13.60 2.257 4.00 7.09 

6 There is no difference between ACI and ASTM sizes and grades. 

6 DEVELOPMENT LENGTH 

The bond between the concrete and the reinforcement 
must be sufficient to keep the reinforcement from being 
pulled or pushed through the concrete. This is accom-
plished, in the ACT code, by specifying the minimum 
length of bar required to develop the full strength. This 
minimum length is known as the development length. 

The basic development length for unhooked bars in ten-
sion with sizes up to and including #11 is7  [ACT 318 
12.2.1] 

0.04Abfy  
ld = max / 	 14.2 

12" 

If at least 2.5db of cover is provided, and if the. spac-
ing is 5db or more, the'basic development length may 
be multiplied by 0.8. [ACI 12.2.3.4] If more steel rein-
forcing is used than is required, the development length 
may also be reduced. [ACT 318 12.2.51 

i rd  = 1d  Ast,required  14.3 
Ast,actual 

If standard hooks are used, the basic development 
length is [ACT 318 12.5] 

1200dbly  
60,000 \LE 

/d = max 
8db 	

14.4 

6" 

7 Different rules apply for larger bars. The basic development 
length given in equation 14.2 must be modified for use with top 
steel, lightweight concrete, epoxy-coated bars, and steel yield 
strengths in excess of 60,000 psi. 

stress 



Table 14.5 
Minimum Beam Widths 

(with #3 stirrups) 

size 
of 

bars 2 

number of bars in single layer 
of reinforcement 

3 	4 	5 	6 	7 
#4 6.1 7.6 9.1 10.6 12.1 13.6 
#5 6.3 7.9 9.6 11.2 12.8 14.4 
#6 6.5 8.3 10.0 11.8 13.5 15.3 
#7 6.7 8.6 10.5 12.4 14.2 16.1 
#8 6.9 8.9 10.9 12.9 14.9 16.9 
#9 7.3 9.5 11.8 14.0 16.3 18.6 

#10 7.7 10.2 12.8 15.3 17.8 20.4 
#11 8.0 10.8 13.7 16.5 19.3 22.1 
#14 8.9 12.3 15.6 19.0 22.4 25.8 
#18 10.5 15.0 19.5 24.0 28.6 33.1 

add for 
each 

added 
8 
	

bar 

15.1 1.50 
16.1 1.63 
17.0 1.75 
18.0 1.88 
18.9 2.00 
20.8 2.26 
22.9 2.54 
24.9 2.82 
29.2 3.39 
37.6 4.51 
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If the cover on the hook is at least 21" (normal to hook 
plane) and 2" (behind the hook), the basic development 
length may be multiplied by 0.7. [ACI 318 12.5.3.2] 
Equation 14.3 is also applicable. 8  

The basic development length for bars in compression 
is [ACI 318 12.3.2] 

0.02db  fy  

d  = max 	 14.5 
0.0003db f 

8" 

Equation 14.3 applies. However, hooks are not consid-
ered effective in reducing development length for bars 
in compression. 

7 ULTIMATE STRENGTH DESIGN 

The ultimate strength design method is known as the 
strength design method in the ACT code. The actual 
(i.e., service) loads are increased by multiplicative safety 
factors. These factored loads are compared to the loads 
that would cause failure.' 

The ultimate strength is also multiplied by a capacity 
reduction  factor,  cb, to account for workmanship and 
understrength in the materials. Values of 4, are given 
in table 14.4. 

Table 14.4 
Strength Reduction Factors 

type of stress 4) 
flexure 0.90 
axial tension 0.90 
shear 0.85 
torsion 0.85 
axial compression with 

spiral reinforcement 0.75 
axial compression with 

tied reinforcement 0.70 
bearing on concrete 0.70 

8  Other rules apply for hooks enclosed by ties or stirrups and 
lightweight concrete. 

Actually, the AM code determines beam size and dimensions 
on the basis of ultimate strength, but calculates the moments on 
beams based on elastic theory. Redistribution of moments, which 
is taken into account in plastic steel design, is not considered in 
concrete design.  

8 BEAMS 

A. INTRODUCTION 

Figure 14.3 illustrates several types of beams. The nor-
mal beam shown in figure 14.3(a) defines the beam 
width and depth. Notice that the depth is measured 
to the centroid of the steel group. If the ratio of beam 
length to depth is less than 5 (i.e., lid  < 5), the beam 
is defined as a deep beam. Special shear provisions apply 
to the design of deep beams. 

(c) 	 (d) 
tee 	 doubly- 

reinforced 

Figure 14.3 Types of Beams 

The I-beam shown in figure 14.3(c) is usually a por-
tion of a larger monolithic slab-and-girder system. The 
doubly -reinforced beam shown in figure 14.3(d) is needed 
in continuous construction where the moment near sup-
ports is negative. Not shown are beams of prestressed 
concrete construction. 

B. FACTORED LOADS 

The ultimate strength multipliers (i.e., overload factors) 
of 1.4 and 1.7 are used for dead and live loads, respec-
tively. Thus, the factored moment and factored shear 
at a particular point are 

= 1.4MD + 1.7ML 	 14.6 
Vi, 1.4VD + 	 14.7  

C. GENERAL PROVISIONS OF BEAM DESIGN 

• The reinforcement ratio, p, is defined by equation 
14.8. 

Agt A8t = = - 	 14.8 
r 	A, 	bd 

The ACI code places limits on the reinforcement 
ratio, as defined by equation 14.9 (ACT sections 
[10.3.3] and [10.5.1]). 1°  

200 
< p < 0.75Pbalanced 	 14.9 

fy  
The balanced steel ratio represents a design such 
that the steel and concrete yield simultaneously. 
By limiting the steel ratio to 75% of the balanced 
value, a ductile failure of the steel is assured. The 
steel will, by design, gradually yield before the on-
set of a sudden brittle concrete failure. 

The balanced reinforcement ratio is given by equa-
tion 14.10. 

(0.85))31fci  r  87,000 
Pbalanced = 	 14.10 

fy 	1. 87,000 + fy  

The factor 01  is defined by equations 14.11 and 
14.12. 01 may not be less than 0.65 [ACT 318 
10.2.7.3] 

0.05 - 01 = 0.85 4000 < fc' < 8000 - 4000) 
1000 

14.11 

01 = 0.85 f< 4000 14.12 

• b and d can take on any reasonable values. How-
ever, small values of d will produce small moments 

iu  Actually, it is possible to have flexural reinforcement ratios 
less than 200/fy  as long as the reinforcement provided is one-
third more than is required for strength. 

of inertia, leading to large deflections. Since large 
deflections produce cracks, most beams are de-
signed to satisfy equation 14.13." 

1.75 < -
b 

< 2 	 14.13 

• All steel, including shear reinforcement, inust be 
adequately covered by concrete. Appendik A lists 
the cover on reinforcing steel in detail. However, a 
minimum of 11 of cover is generally required. 

• The clear distance between bars is the maximum 
of one bar diameter or 1". 

▪ The minimum clear distance between layers is 1". 

D. SPACING OF REINFORCEMENT IN BEAMS 

Table 14.5 is easily derived from the clear spacing and 
depth of cover requirements of the ACI code. 12  The 
table assumes that #3 stirrups will be used, and cover is 
provided for them. If no stirrups are used, deduct 3/4" 
from the table values. For additional bars horizontally, 
increase the beam width by adding the value in the last 
column. 

E. LOCATING THE NEUTRAL AXIS 

Figure 14.4 shows a simple concrete beam. The neutral 
axis is located a distance c down from the top of the 
beam. 13  To determine c, it is necessary to balance the 
areas above and below the neutral axis. 

11  However, this is not an ACT code requirement.  7 . 

12  See appendix A for spacing and cover requirements. 

13  With the older working stress method, it was common to refer 
to the distance c as kd. 
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The "strength" of the concrete compressive block is 
Eccb. The centroid of the compressive block is c/2 from 
the neutral axis. 

Similarly, the "strength" of the steel tensile area is 
EatA st , and the steel's centroid is located d - c from 
the neutral axis. 

It is necessary to equate these two strengths and solve 
for c to find the neutral axis. 

	

Ercb(
-
c
) = EstA st (d - c) 	14.14 2 

If the modular ratio is known, it can be incorporated 
into equation 14.14. n is typically 8 for non-prestressed 
construction. 

1 

	

-
2 

bc2  = nA st (d - 	 14.15 

E8 
14.16 

n 	Efl  

As an alternative, equation 14.17 can be used to solve 
for c directly. 

nAat   / 	2bd  [ 	 
14.17 

c=-T-  V i+  nilst 

C 

 c/2 0Prz A  I  neutral  
axis 

d - c 

• • • ' 	 

Figure 14.4 The Neutral Axis 

F. INTRODUCTION TO STRENGTH THEORY 14  

Failure of concrete beams does not occur when steel 
reaches its yield point. Therefore, inelastic effects must 
be considered to predict the ultimate strength of beams. 
Since the location of the neutral axis shifts as the beam 
is stressed inelastically, much of the strength design the-
ory is empirically derived. 

The ACT code permits the assumption that the com- 
pressive stress distribution in the concrete is any shape 

14 T-beams and doubly-reinforced beams are not covered in this 
section. 

that produces results in agreement with tests. It is com-
monly assumed that the distribution is rectangular with 
a value of 0.85f at failure. 15  

31-cl 	
a/2  

neutral 
	 0 axis 	 .85  

jd 

T T 

Figure 14.5 Ultimate Strength Stress Distribution 

In figure 14.5, the tensile and compressive forces are 
equal. It follows from C = T that the height of the 
compressive block is 

A8tf y 	pfd 

	

a - 	 14.18 
0.85fgo 	0.85f 

A8 	A3
P A c  = bd 
	 14.19 

The nominal moment carrying ability of the beam is 

Mn =Tjd=Cjd 14.20 

In equation 14.20, jd is easily calculated from d and a 
(see figure 14.5). The steel is assumed to be stressed to 
yielding at failure. That is, 

T = Astf y 	 14.21 

C = 0.85fab 	 14.22 

	

jd=d-a 	 14.23 

The nominal strength of the beam can be rewritten as 

	

Mn= Astf y (d - 	= 0.85,*tb(d - la) 	14.24 

Substituting equation 14.18 into 14.24, 

Mn = ilstfy  [d - 0.59 A8t4 1 
fg) 

= pbd2  fy 
 [1 0.59pfy1 

14.25 J 
15  This is known as the Whitney assumption. The rectangular 
block is an approximation to a parabolic block that extends over 
the entire distance, c. Equations 14.11 and 14.12 give the factor 
A. used in figure 14.5. 

The ACI code builds on this theory. It adds the capacity 

reduction factor, 0, and restricts p. 1- 6  (See equation 
14.9.) The ultimate moment is calculated according to 
equation 14.26. 

= 1.4MD 1.7ML 	14.26 

The strength requirement for flexure is 

Mn 1.4MD +1.7ML 
Mn 	= 	14.27 

- 
Example 14.3 	 - 

Based solely on flexural requirements, what is the maxi-
mum uniform live load that the beam shown can carry? 
The span is 120 inches long, and the ends are built-in. 
Use f = 3500 psi and fy  -=` 40,000 psi. (The cross 
section of the beam shown is near the ends. Near the 
mid-span, steel will be required near the bottom.) 

; 12" 

• • 
01 A

t 
 = 0.62 in

2 
s 

Near the ends, the beam is bent in reverse curvature, 

and d = 6". Frono, equation 14.19, the reinforcement 
ratio is 

0.62  
A S 	p =  

(12)(6) 
= 0.00861 

64 
From equation 14.18, 	Cc r 

0 5 4-e 

= 
(0.00861)(40,000)(6)  - 695 inch a 

	

(0.85)(3500) 	
0. 

 

From equation 14.24, the nominal strength of the beam 
is 	- A 	- 4.6 7  - A 	( 	0.695  

Mn = (0.62)(40,000) 6 2 } - 
= 140,200 in-lbf 

For a beam fixed at both ends, the maximum moment 
occurs at the ends. 

WL 2  
Mmax = 12 

16 =0.90 for flexure.  

Solving for the total factored unit loading, 

12A-flax 	(12)(140,200) 

	

Wtotal =  	
L2 = 
	 = 116.8 lbf/in 

00)2  

= 1402 lbf/ft 

Assuming 150 pcf concrete and ignoring the steel 
weight, the dead load per foot of beam length is 

WD 	
(12)(8)(150) 	- 

= 	 - 1001bf/ft 
(144)(1) 

°- • 
From equation 14.6, GI ve 	d 

wtota - 1.4wD 
w = 

1. I 

(1402)(O.90)- (1.4)(100)  
- 660 lbf /ft 

1.7 

G. STRENGTH DESIGN OF BEAMS 

The following procedure can be used to design a rectan- 
gular beam with tension reinforcement (only). 

step 1: Select a tension reinforcement ratio, p, ac-
cording to equation 14.9. Cracking will be 
minimized by keeping p to less than half the 
maximum allowable (i.e., 0.375 of Pbalanced)) 
particularly when grade 40 or higher steel 
is used. A general rule used to design eco-
nomical beams is to try to satisfy. equation 
14.28. 

P f 	0.18 (beams only) 	14.28 

step 2: Calculate the coefficient of resistance, R u , 

defined as Ma/bd2 . 

	

Ru  = Pfy(1-  1Pm) 	14.29 

	

fy 	 14.30 
m = 0.85f 

step 3: Calculate the required value of bd2  from 
equation 14.31. Ma  is the factored moment 
from equation 14.6. i = 0.90 for flexure. Be 
sure to use consistent units. 

	

bd2  = Mu  = Mn 	 14.31 
&tt 

step 4: Size the member so that bd2  is approxi-
mately equal to the value calculated from 
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equation 14.31. A good choice is to keep dlb 
between 1.75 and 2.0. Size the beam to the 
nearest 1 " 17  4 ' 

step 5: If the actual bd2  quantity is greatly differ-
ent from the be value calculated in step 3, 
recalculate p. 18  

Mu Mu 
Ru 	 14.32 ,revised = bd2  = Obd2  

(Ru,revised  
Prevised 	PoId 	 14.33 

Ru,old 

step 8: Specify the concrete cover thickness for steel 
protection to satisfy the ACI code. (See Ap-
pendix A, "Minimum Cover," in this chap-
ter.) Cover thickness should be measured 
from the lowest stirrup surface. Note that 
concrete protection and cover depth, de , are 
different. 

step 9: Design shear reinforcement (stirrups). 

step 10: Verify the capacity of the beam. (See exam-
ple 14.3.) 

step 11: Check for cracking. 

step 7: Select the reinforcement steel bars to satisfy 
the distribution and placement requirements 
of the ACI code. Refer to tables 14.5 and 
14.6. 

17  Actually, final beam dimensions (b and h) are usually rounded 
to the nearest whole inch (slabs to the nearest half-inch). Re-
gardless of the choice of b and d, the section must ultimately be 
checked for excessive cracking and deflection. 

rk 
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,r. - T (dr& 4' 6' 
The maximum and minimum reinforcement 	step 7: Select 3 #8 bars (2.37 in2 ). r- 	poN-ae 14-1 L ti 
ratios (from equation 14.9) are 	• 

(t7 , 7 () ,J7; ' '' ' 	' 	 step 8: Use 1.5" of concrete protection. The cover 

p 	= 0.75 x 0.0433 0.0325 
depth (using #3 stirrups and measuring 

max 	 =  
from the center of the steel layer) is 

_- 2 	
200 

W.-.  ' 
' 	/2 	- 	 ."''''*-'4 	

Plnin = 	 
40,000 = 0,005 	 1.00 

i 1 lq-ii 	 dc  = -
2 

+ 0.375 + 1.5 = 2.375 
/ , 

- (7, 
( 	 From equation 14.28, choose an approximate 	 , 

, 	 reinforcement ratio. 	 The total beam depth will be 

, 

= 	 0.0158 (ok) 
(0.18)(3500) 	 h = d+ (lc = 16.25 + 2.375 

P 	 =  
40,000 	 = 18.625 (say 19") 

step 6: Calculate the required steel area. 	 step 12: Check deflection. 

Ast = Previsedbd 	14.34 
Example 14.4 

Design a rectangular beam with tension reinforcement 
(only) to carry service moments of 34,300 ft-lbf (dead) 
and 30,000 ft-lbf (live). Use f = 3500 psi and A i  = 
40,000 psi. #3 bars are available for shear reinforcing. 
(Do not design stirrup placement.) 

step 1: From equation 14.10, the balanced reinforce-
ment ratio is 

18  The relationship between Ru  and p is linear only over small 
variations in either variable. However, it is not difficult to extract 
p from equation 14.29 and obtain an exact value of the revised \ i  

i,  'II C\J 
reinforcement ratio. See equation 14.142. 	

) 
 

I ( n 

V / ' 

nominal 
bar diameter weight 
size 	(in.) 	(lbm/ft) 	1 	2 	3  

#3 0.375 0.376 0.11 0.22 0.33 0.44 0.55 0.66 0.77 0.88 0.99 1.10 
#4 0.500 0.668 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 
#5 0.625 1.043 0.31 0.62 0.93 1.24 1.55 1.86 2.17 2.48 2.79 3.10 
#6 0.750 1.502 0.44 0.88 1.32 1.76 2.20 2.64 3.08 3.52 3.96 4.40 
#7 0.875 2.044 0.60 1.20 1.80 2.40 3.00 3.60 4.20 4.80 5.40 6.00 
#8 1.000 2.670 0.79 1.58 2.37 3.16 3.95 4.74 5.53 6.32 7.11 7.90 
#9 1.128 3.400 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 

#10 1.270 4.303 1.27 2.54 3.81 5.08 6.35 7.62 8.89 10.16 11.43 12.70 
#11 1.410 5.313 1.56 3.12 4.68 6.24 7.80 9.36 10.92 12.48 14.04 15.60 
#14 1.693 7.65 2.25 4.50 6.75 9.00 11.25 13.50 15.75 18.00 20.25 22.50 
#18 2.257 13.60 4.00 8.00 12.00 16.00 20.00 24.00 28.00 32.00 36.00 40.00 

19  #14 and #18 bars are typically used in columns only. 

step 2: The coefficient of resistance is 
H. CRACK CHECKING 

/ 
40,000 C. 	 When the ultimate strength design method is used with 

711 = 	  = 13.45 
(0.85)(3500) 	 steels having a yield strength in excess of 40,000 psi, 

= (0.0158)(40,000) 
(0.0158)(13.45)) 	cracking can be a problem. The ACI code provides a 

	

(1 	 simplified method of determining if cracking will be a 
A )", 	 2 

significant factor in a beam's performance. 20 

= 564.8 
The check is performed by calculating the limiting pa- 
rameter, z, from equation 14.35. If z exceeds 145 

step 3: The factored moment is ei)1(c  7.-:. I ' 'I 	' ' ' ' , kips/in (exterior service) or 175 kips/in (interior ser- 
-----5q-IQ ' f°  vice), cracking will be significant and the beam should 

Mu = [(1.4)(34,300) + (1.7)(30,000)] x 12 	be redesigned. [ACI 318 10.6.4] 

= 1.19 EE6 in lbf 

bd2  = (9)(16.25) 2  = 2377 

1.19 EE6 
Ru revised = 	  = 556.3 

' 	(0.90)(237'0 	 If z is acceptable using fat as defined in equation 14.37, 
no further checking will be required. However, if z ex- 

(0.0158)(556.3) _ 
Prevised = 	 0.0156 	ceeds the limits specified, it may still be possible that 

	

564.8 	 the beam is adequate, and fat should be properly cal- 
culated. 

	

step 6: The required steel area is 	20 	  
Actually, this method checks to see if the steel is sufficiently 

distributed throughout the tension region of the beam, rather 

	

A gt  = (0.0156)(9)(16.25) = 2.28 in 2 	than being clustered in one spot. 

Table 14.6 
Total Steel Areas for Various 

Numbers of Barsi9 

(0.85)(0.85)(3500) ( 	87,000 
Pbalanced 

40,000 	87,000 + 40,000j 

1,RAT. t4= 0.0433 

7 av fbalttme.A 

5\ 

L•17))C3' number of bars 

4 	5 	6 	7 	8 	9 	10 

111  be 	(1.19 EE6) -
234F in3  

(4A
(0.90)(564.8) 

00,, I 	 c4.  
step .4: Choose a ratio of d/b = 1.8. 

d = -d bd2  = V(1.8)(2341) 

-=- 16.15 (say 16.25") 

16.15 • 
b = 	 = 8.97 (say 9") 

1.8 

step 5: The revised reinforcement ratio will not be 
significantly different. 

tb) 

	

z = fst1,fileAe = fst 3 	s 	14.35 
# of bars 

dc  is the cover depth-the distance from the center of 
the bottom steel layer to the bottom of the beam, For a 
beam with 1 I n  of cover over a stirrup, the cover depth 
would be 

	

dc  =1.5" + dstirrup 	+ db 	1436 

Ae  in equation 14.35 is the effective concrete area in the 
tension block, divided by the total number of steel bars. 

fat  in equation 14.35 is the steel stress at the service 
level. It may be found in one of two ways. The first 
method is an obvious simplification. 

	

fat = 0.60f, 	 14.37 
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Figure 14.6 Parameters in Crack Checking 

In order to calculate the steel service stress accurately, 
it is necessary to know the location of the neutral axis. 
./14, in equation 14.38 is the service moment (i.e., the 
actual moment on the beam at the location being in-
vestigated, not the factored moment). 

Mu, 
.fst =  	14.38 

Aet  x moment arm 

The moment arm in equation 14.38 is the distance be-
tween the tension and compression resultants. The mo-
ment arm can be derived from the location of the neu-
tral axis. 

moment arm = d - 	 14.39 
3 

If it is concluded that unacceptable cracking will oc-
cur, then smaller reinforcement bars must be used to 
redistribute the steel around a greater area. 

I. BEAM DEFLECTIONS 

The ACI code controls beam deflections only in general 
terms. If deflections are not calculated at all, the limits 
on beam thickness in table 14.7 apply. If the deflections 
are calculated by appropriate methods, the limits in ap-
pendix A apply. These limits are presented as a fraction 
of the beam length between supports, and are designed 
to avoid the appearance of excessive deflection. 

Beam deflections are calculated for concrete beams in 
the same way as for any beam-with the standard beam 
equations. Beam deflection equations contain two im-
portant parameters: E and I. The modulus of elas-
ticity, E, is the secant modulus specified by equation 
14.1. The moment of inertia is calculated by consid-
ering only the portion of the beam which is uncracked 
and contributes to bending strength. 

Table 14.7 
Minimum Beam Thicknesses 21  

[ACI 318 Table 9.5(a)] 
(deflections not computed) 

(fy  = 60,000 psi) 

minimum h 
construction 	(fraction of span length) 

simply supported 	 1/16 
one end continuous 	 1/18.5 
both ends continuous 	1/21 
cantilever 	 1/8 

(For A, other than 60,000 psi, multiply the minimum 
thicknesses by 0.4+4/100,000.) 

The uncracked portion of the beam varies along the 
beam's length. Near supports in continuous beams, 
the cracks are above the neutral axis. Near beam cen-
ters, the cracks are below the neutral axis. At inflec-
tion points where there is no moment, there are no 
cracks. To circumvent the problem of deciding what 
the uncracked moment of inertia should be, the ACI 
codes specifies an effective moment of inertia, as de-
fined by equation 14.40, to be used with the maximum 
moment and the standard beam deflection equations. 22  
[ACI 318 9.5.2.3] 

3 

= (7,„mcr 	)

3 

-1.9 +  
Iv,  max 	 Illimax 

14.40 

frig  
M„ = 	= 1.25bh2 	 14.41 

Yt 

fr = 7.5 	 14.42 

The cracked transformed moment of inertia, 1,, is the 
moment of inertia neglecting the concrete below the 
neutral axis of the service section, but including the 
transformed steel. As equation 14.40 indicates, / e  must 
be less than the gross moment of inertia, .1g , ignoring 
reinforcing. 

19 
 = ---

14.43 
12 

M, is the cracking moment. Mm ax  is the maximum un-
factored service moment on the beam. fi. is the modulus 
of rupture. yt  is the distance from the neutral axis of the 
gross section to the extreme concrete fiber in tension. 
That is, 

1 
yt = -

2
h 	 14.44 

The same limits apply to ribbed one-way slabs. However, 
different limits apply to solid one-way slabs. See Appendix A. 

22 Refer to the ACI code if lightweight concrete is used. 

neutral axis of 	 neutral axis of 
servie section & h 1  limit of cracking gross section 	 c 

\I t 

• fib 

Figure 14.7 Parameters for Calculating the 
Effective Moment of Inertia 

The deflection calculated from and the secant modu-
lus gives the instantaneous deflection (due to sustained 
loads). The additional long-term deflection resulting 
from creep and shrinkage .effects can be calculated from 
equation 14.45. [ACI 318 9.5.2.5] 

Slong term = Minstantaneous 	 14.45 

A =  	 14.46 
1 +50, I 

Ast,compreseion 
P = 	 14.47 

bd 

In equation 14.46, depends on the timespan being 
considered, and has values of 1.0 (3 months), 1.2 (6 
months), 1.4 (12 months), and 2.0 (5 years or more). p' 
is the reinforcement ratio for compression steel only. 
[ACI 318 9.5.2.5] 

The total deflection is the sum of the instantaneous and 
long term deflections. 

Example 14.5 

Determine the gross, cracked, and effective moments of 
inertia for the beam shown. The service moment is 100 
ft-kips. Use f = 4000 psi and n = 8. 1 	, 20" 

26" 

8 #9 bars 

(8 in 2 ) • • • • ,  
	 • • • • 

13"  

The gross moment of inertia is 

= (
13)( 26 ) 3  = 19,041 in4  is 	12 

To find the cracked moment of inertia, it is necessary 
to locate the neutral axis. Tension cracks are expected 
below the neutral axis, and the concrete in the ten-
sion region should be disregarded when calculating the 
cracked moment of inertia. Equation 14.17 can be used 
to quickly locate the neutral axis. 

= (8)(8) 	(2)(13)(20)  
1 + 

13 	 (8)(8) 	
1 

= 9.95 in 

From the parallel axis theorem with the 8 in 2  steel ex-
panded by n (8), the moment of inertia considering the 
compression concrete above the neutral axis and the 
transformed steel below the neutral axis is 

(13)(9.95) 3  
Icr = 	 + (8)(8)(20 - 9.95) 2  

3 
= 10,733 in4  

The modulus of rupture is 

fr = 7.5.V4( = 474 psi 

Yt is half of the beam thickness, 13". The cracking 
moment is 

(474)(19,044f 
MC7' = 

(13)(12)(1000) - 57 `9.ft-iciPs  

57 9 l 3  ( 	)3 
= 

\ Mm ax ) 	 100 ) 	
0.194 

From equation 14.40, the effective moment of inertia to 
be used in calculating deflections is 

/, = (0.194)(19,041) + [1 - 0.194] (10,733) 

= 12,345 in4  

J. SHEAR REINFORCEMENT IN BEAMS 

Consider a simply-supported, single-span beam. The 
moment will be close to zero near the supports, while 
the shear will be maximum. Where the moment is zero, 
the flexural stress is also zero. Near the beam ends, 
a diagonal tension stress equal to the shear stress and 
inclined at 45° exists. 23  The stress on the beam at those 
points is in a state of nearly pure shear (tension). 

23 	• • 	• This is easily shown with the combined stress equation using 
rrz  = 0 and ery  = 0. 



Figure 14.8 shows a concrete beam with cracks that 
have formed below the neutral axis due to the diagonal 
shear. To reduce crack propagation, shear reinforce-
ment in the form of stirrups attached to the longitudi-
nal reinforcement and extending into the compression 
region are used. 24  This reinforcement is also known as 
web reinforcement and diagonal reinforcement. 

neutral 

N\ -\\ axis  

(a) 

Li 
	

I I 1\/45°  

Figure 14.8 Shear Cracking and Reinforcement 

Shear reinforcement can take on several forms. Vertical 
stirrups are used most often, but stirrups inclined as 
little as 45 0  from the horizontal are occasionally seen, as 
is the use of welded wire fabric. Longitudinal steel that 
is bent up at 30° or more and enters the compression 
zone also contributes to shear reinforcement. 25  

If stirrups in the shape of a U are used, each bent stirrup 
contributes twice the stirrup bar area. 

For the purpose of designing shear reinforcement, the 
live load should be considered variable in location, and 
should be moved to positions which will maximize the 
shear on the beam. An approximate shear envelope 
can be drawn. This envelope is a straight line drawn 
between the maximum possible shear at the midpoint 
of the support (determined by placing the live load to 
maximize the support reaction) and the maximum pos-
sible shear at midspan (determined by placing the live 

load to maximize the midspan shear). 28  Influence di-
agrams are valuable in determining the proper place-
ment. Of course, the dead load shear must be added to 
the live load shear envelope. 

24  Shear reinforcement does not prevent crack formation. It is 
used to limit the length of cracks. 

Concrete has a nominal amount of shear strength of its 
own, even when no shear reinforcement is present. 27  
[ACI 318 11.3.1.1] 

= 2VE bd 	 14.48 

Shear reinforcement is required when the factored shear 
exceeds a fraction of this nominal strength. That is, 
reinforcement should be provided when 28  

OVe  < V, 	 14.49 

Reinforcement is used to make up the difference be-
tween V„ and OK. [ACT 318 11.1.1] The nominal shear 
strength to be provided by the steel is 

Vu 
VstVn Vc Vc 14.50 

If the required shear reinforcement is too great, the 
beam should be redesigned. [ACT 318 11.5.6.8] The max-
imum shear reinforcement is 

Vst,ma, = 8v'7bd 	 14.51 

A minimum amount of shear reinforcement is also re-
quired when29  [ACT 318 11.5.5.1] 

qV > 	> çbVc 	 14.52 

This minimum shear reinforcement is [ACI 318 formula 
11-14] 

A„ = -
50bs 

14.53 
fy  

Equation 14.53 implies that reinforcement must supply 
a minimum of 50 psi of shear strength. The correspond-
ing shear contribution is 

1/3, = 50bd 	 14.54 

To satisfy equation 14.49, checking for critical shear can 
begin a distance d from the support face. 3°  [ACI 318 

27  The ACI code contains an alternate method of calculating the 
nominal concrete shear strength. However, this method is usually 
only used when justifying larger spacings at critical sections than 
would normally be permitted otherwise. 

28 (1, = 0.85 for shear. 

29  Thin slab-like members, such as footings, slabs, and beams 
with a total depth of less than 10" are exempt from this minimum 
requirement. [AC! 318 section 11.5.5] 

30  Care must be taken in applying this concession. The impli-
cation is that there will be no cracks in the compression region 
closer to the support than d. This requires the reaction on the 
beam to induce compression in the end regions of the beams. 
Not all beam supports do so. Beams supported from above are 
particularly suspect. 

section 11.1.3.1] Whatever shear exists at that location 
can be used to design the shear reinforcement and spac-
ing between the support and that point. 31  

For nonprestressed members, the maximum spacing be-
tween stirrups is 32  [ACT 11.5.4] 

s  = min d/2 j f 24" 1 
14.55 

The maximum spacing given by equation 14.55 is to 
be reduced by one-half when the shear reinforcement 
requirement is greater than twice the nominal concrete 
shear strength. [ACT 318 11.5.4.3] Specifically, when 

> 4A/Tbd 14.56 

The actual spacing required decreases towards midspan. 
However, spacing is not varied continuously. Groups of 
stirrups should be evenly spaced based on the maximum 
shear within the region covered by that spacing. Judg-
ment is used to determine when the spacing should be 
decreased. 

If A, is known, equation 14.53 can be used to calculate 
the spacing. 

For shear reinforcement perpendicular to the beam's 
axis and with area A, within the spacing distance s, the 
shear strength contribution is given by equation 14.57. 33  

A, fy d 
Vst =  	 14.57 

For straight stirrups inclined at an angle 0 from the 
horizontal, the shear strength contribution is [ACI 318 
11.5.6.3] 

A, fy  (sin 9. + cos O)d 
Vst = 	 14.58 

If shear reinforcement is provided by a single bar or a 
single group of parallel bars, all bent up at the same dis-
tance from the support, the shear strength contribution 
is [ACI 318 11.5.6.4] 

Vst = A v .& sin 0 < 3ffibd 	14.59 

K. ANCHORAGE OF SHEAR REINFORCEMENT 

In order to develop its full capacity, shear reinforcement 
must be anchored at both ends by one of two means. 34  
31 It is common to place the first stirrup a distance s/2 from the 
face of the support. However, the first stirrup can be placed a 
full space from the face. 

32 Though not specified by the code, the minimum practical 
Spacing is about 3"• If stirrups need to be closer than 3

1! , a 
larger bar size should be used. 

33 
The yield strength of shear reinforcement should not exceed 

60,000 psi. 

34 
The ACI code requires that the shear reinforcement extend 

into the compression and tension regions as far as cover require-
ments and proximity to other bars permit. 

14-17 

In a U-shaped stirrup, one end of the shear reinforce-
ment is bent around the longitudinal steel, anchoring 
that end. For #5 or smaller stirrups, and for stirrups 
constructed of #6, #7, and #8 bars with fy  < 40,000 
psi, the other end may be considered to be developed 
with a standard hook around longitudinal reinforce-
ment. [ACI 318 12.13.2.1] 

For #6, #7, and #8 stirrups with fy  > '40,000 psi, the 
other end may be considered to be developed with a 
standard hook around longitudinal reinforcement plus 
an embedment distance between midheight of the mem-
ber and the outside of the hook given by equation 14.60. 
[ACT 318 12.13.2.2] 

0.14dbfy  
embedment length = 	14.60 

-V7f 

Figure 14.9 illustrates these two cases. 

as close as feasible 
and as permitted by code 

standard hc 

stirn 

(a) 
#5, or #6, #7, #8 stirrups with f y  40,000 psi 

as close as feasible 
and as permitted by code 

(b) 
#5, or #6, #7, #8 stirrups with f y  > 40,000 psi 

Figure 14.9 Anchorage Methods for Shear 
Reinforcement 

35 (This footnote omitted in this edition.) 
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" When inclined stirrups and bent longitudinal bars are used, 
every 45°  line extending downward from depth ld to the ten-
sion reinforcement must be crossed by at least one line of that 
reinforcement. However, only the center three-fourths of the in-
clined sections of longitudinal steel bars are considered effective 
in resisting shear. 

I
' I 	 26  With a uniform live load, the maximum midspan shear typi- 

cally occurs when only one-half of the beam is loaded. 

standard hc 
around longitudf 

reinforceml 
Ii 4d f fIT  b y c 

mid-height 
r  

of member s' 



Table 14.8 
Average Steel Area per Foot of Width 

bar 
size 

nominal 
diameter 

spacing of bars in inches 

number (in.) 2 21 3 31 4 41 5 51 6 7 8 9 10 12 
3 0.375 0.66 0.53 0.44 0.38 0.33 0.29 0.26 0.24 0.22 0.19 0.17 0.15 0.13 0.11 
4 0.500 1.18 0.94 0.78 0.67 0.59 0.52 0.47 0.43 0.39 0.34 0.29 0.26 0.24 0.20 
5 0.625 1.84 1.47 1.23 1.05 0.92 0.82 0.74 0.67 0.61 0.53 0.46 0.41 0.37 0.31 
6 0.750 2.65 2.12 1.77 1.51 1.32 1.18 1.06 0.96 0.88 0.76 0.66 0.59 0.53 0.44 
7 0.875 3.61 2.88 2.40 2.06 1.80 1.60 1.44 1.31 1.20 1.03 0.90 0.80 0.72 0.60 
8 1.000 3.77 3.14 2.69 2.36 2.09 1.88 1.71 1.57 1.35 1.18 1.05 0.94 0.78 
9 1.128 4.80 4.00 3.43 3.00 2.67 2.40 2.18 2.00 1.71 1.50 1.33 1.20 1.00 

10 1.270 5.06 4.34 3.80 3.37 3.04 2.76 2.53 2.17 1.89 1.69 1.52 1.27 
11 1.410 6.25 5.36 4.69 4.17 3.75 3.41 3.12 2.68 2.34 2.08 1.87 1.56 
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9 ONE-WAY FLOOR SLABS 

A floor slab is typically supported on all four sides. If 
the slab length is more than twice the slab width, it 
can be assumed that the primary support will be from 
the beams along the length of the slab, and the slab is 
known as a one-way siab. 38  

One-way slabs can be designed and evaluated as beams. 
The beam width, b, is taken as 12", which fixes one of 
the dimensions. The ultimate moment is computed per 

foot of slab width. Table 14.8 is used to determine the 
steel per foot of slab width. 

If table 14.8 doesn't cover a specific application, equa-
tion 14.61 can be used to calculate the average steel per 
foot of width. 

12Ab  
= 	 14.61 

Although slabs are designed as beams (the procedure 
given for beams can be used), there are some impor-
tant differences. Important ACI code requirements and 
general design guidelines are presented here. 

• Due to thickness limitations, shear reinforcement 
is seldom used. Therefore, shear stress is limited 
to the nominal strength provided by the concrete 
itself (equation 14.48). 

• The cover on the steel may be as low as 3/4". 

• The ACI code specifies minimum slab thicknesses. 
See appendix A. Slab thicknesses are rounded to 
the next higher half-inch. 

• In slabs with several continuous spans, the max-
imum negative moment will occur at the exterior 

36  The primary reinforcement also runs perpendicular to the long 
direction, in one direction. However, this is not why the slabs are 
called one-way. 

face of the first interior support. This moment 
should be used to calculate the slab thickness. 

• Span length is measured from the centers of sup-
ports for the purpose of determining fixed-end mo-
ments and stiffness factors. However, moment and 
shear coefficients may be used to design slabs, in 
which case the clear span (distance between faces 
of integral supporting beams) is used to calculate 
the moment on the slab. 

• To limit deflection, the reinforcement ratio should 
be approximately one-half of the maximum al-
lowed. That is, 

	

P 0 . 375pbalauced 	14.62 

The effective moment of inertia (equation 14.40) is 
used to calculate deflection. 

• Development length may be a factor in parts of the 
reinforcement design. 

• Where the slab is supported by a beam, some of 
the reinforcement is bent up to carry tension in the 
upper half of the slab. (For thin slabs, under 5", 
straight bars are used.) 

• The minimum bar size used is commonly #4. 

• Shrinkage and temperature reinforcement perpen-
dicular to the main reinforcement is required. For 
slabs reinforced in one direction only, the minimum 
reinforcement ratio for shrinkage and temperature 
control is 0.0014 (up to but excluding grade 40 
steel), 0.0020 (grade 40), and 0.0018 (grade 60). 37  
The maximum steel spacing is [ACT 318 7.121 

	

S = min {18" 
x tslab

1 	14.63 5  

37 
The code has other provisions for higher grade steel as well.  

10 T-BEAMS 

A. INTRODUCTION 

Although a t-shaped beam can be constructed individu-
ally, it usually occurs as part of a monolithic beam-slab 
system. Since the flexural stresses in the beam "flange" 
are due to slab action, the slab flexural stresses are at 
right angles to the beam flexural stresses. Any inter-
action between the two stress distributions is ignored, 
and the slab (thickness) design and t-beam design are 
independent. 

Equation 14.64 can be used to determine if a beam is 
rectangular. This equation is based on several approx-
imations (i.e., ,131.  = 0.85 and d - 1a = 0.90d), but is 
sufficiently accurate for most purposes. 38  The beam is 
rectangular if 

1.714, 
t > 	 14.64 

fc'be d 

must be expressed in consistent (inch) units in equa-
tion 14.64. 

Figure 14.10 T-Beam Dimensions 

What appears to be a t-beam may not be a t-beam. 
To be a t-beam, the neutral axis must fall within the 
web, placing part of the web in compression. If the 
neutral axis falls within the flange (i.e., the slab), none 
of the web is in compression. Since concrete in tension 
is 'ignored in the calculation of moment of inertia, and 
since only the steel-to-neutral axis distance is relevant, 
the beam is not t-shaped." 

On the other hand, beams that appear to be odd-shaped 
may, indeed, be t-shaped. Figure 14.11 shows an I-
beam shape that is actually a t-beam. Since all of the 
concrete below the neutral axis is in tension, only the 
steel-to-neutral axis distance is relevant in the design. 

38 
The worst case occurs when the neutral axis is near the bottom 

of the flange. However, in that case, rectangular beam and t-team 
equations produce the same design. 

39 
The beam should be designed as a rectangular beam in this 

instance. 

, 
x  

	  A 
neutral 	Z 	 /  

axis 
0 0 

517 • 71 
(a) 
	

(b) 

	

t-beam 	 t-beam 

neutral 

axis 

(c) 

not a t-beam 

Figure 14.11 T-Beams and Non-T-Beams 

B. FLANGE WIDTH LIMITATIONS 

Although it is assumed that the stress is uniform across 
the entire flange width, the stress actually decreases at 
great distances from the web. Therefore, the ACT code 
limits the width of flanges for the purpose of calculating 
properties of the shape. [ACI 318 8.10.2] The effective 
width is4°  

tibeam 1 	,'. , 	. • 
be  < min b + 16t 	 14.65 

b + In  

C. T-BEAM DESIGN AND ANALYSIS 

Design of T-beams is similar, in many respects, to the 
design of rectangular beams. The moment at ultimate 
strength (see figure 14.10) is 

Mu = 0Iy A5t(d - 1 a) 	14.66 

a  
If c = - is less than t, the neutral axis falls within the 

fit 
flange, and the beam is rectangular. If c is greater than 
t, the neutral axis falls within the web, and the beam 
is T-shaped. Ignoring the small compressive strength 
contributed by the web, the strength of the beam is 

Mu = Ofy Ast(d - 1t) 	14.67 

40 L-shaped beams, such as would occur at the edges of a 
beam-slab system, and isolated t-beams are governed by different 
limitations. 
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In designing a t-beam, it may be desirable to separate 
the moment-carrying abilities of the overhanging por-
tions of the flange and remaining rectangular beam. If 
this approach is taken, the flange's compressive strength 

is calculated, and this strength is used to determine part 
of the steel required. 

	

C1 = 0.85fci (be  - b)t 	14.68 

C f 
-48t f = 

	

fy 	
14.69 

b e  

	

1  flange IN beam 	flange 	 ,  

neutral 
axis 

A total = A st,f + Ast,b 

	I 

b 

Figure 14.12 Dual Beam Approach to 
T-Beam Design 

Next, the design moment which the flange is capable of 
carrying alone is determined. 

0Alu,f = cb[A st,ff y (d - it)] 	14.70 

The "beam" must carry the remaining design load 

Mu,b = Mu - O'Mu,f 	 14.71 

The remainder of the design procedure is the same as 
for any other rectangular beam, including that of deter-
mining the location of the neutral axis, height of stress 
block, and steel requirement, Ast,b• 

The total steel required is 

	

Atotal = A3t,1 Ast,b 	 14.72 

Additional steps required are: checking the reinforce-
ment quantity against the maximum permitted, check-
ing for excessive cracking, and checking required web 
width to meet cover requirements. 

11 DEEP BEAMS 

Deep beams are defined by the ACT code [section 10.7.1] 
to have depth-to-clear span (On ) ratios greater than 
0.4 for continuous spans and 0.8 for simple spans. 41 

Because of the expected orientation of cracks in deep 
beams, shear reinforcement is required horizontally as 
well as vertically. 

P 	

P 

• • 	d 

1 	 WA,  ---- 

I n  

Figure 14.13 A Deep Beam 

The concrete's shear strength is the same as for normal-
depth beams." 

= 2-1-fibd 	 14.73 

The same shear reinforcement spacing is used through-
out the beam. The spacing is determined from the de-
sign shear force, V., located at the critical section, as 
defined by the ACT code. For uniform loading, the crit-
ical section is defined to be located a distance lc  from 
the face of the support. [ACI 318 11.8.5] 

= min  10.151n 1 14.74 
ld 

For concentrated loading, the location of the critical 
section is given by equation 14.75. In equation 14.75, 
a is the shear span, the distance from the face of the 
support to the closest concentrated load. [ACI 318 
11.8.5] 

10.50a1 
14.75 

l.c/ 

If V. is greater than -12-Vc , the ACT code requires a min 
imum amount of shear reinforcement. (Below IV, no 
shear reinforcement is needed.) Two types of reinforce-
ment are used: vertical and horizontal. The following 

41  Actually, special shear reinforcement is required by the code 
if /n /d < 5 (d//,., > 0.2) and the beam is loaded on its com-
pression face. This limit effectively determines when a beam is 
deep. [ACI 318 section 11.8.1] 

42 The Ad I code contains a more detailed method of calculating 
V, for deep beams, as it does for regular depth beams. However, 
these two detailed methods are not the same. A special multiplier 
on the concrete shear strength of normal depth beams is allowed. 
Use of the more detailed procedure is optional. However, its use 
will more than likely reduce the amount of shear reinforcement 
required. 

equations give the minimum reinforcement areas and 
the maximum spacing. In these equations, b is the width 
of the beam at the compression face. 

Tension steel (i.e., flexural steel) for deep beams is de-
signed the same way as for normal depth beams. 

A deep beam's nominal shear strength is computed the 
same as for normal depth beams. 

Vu  
14.76 

However, the maximum shear strength attributable to 
a deep beam is [ACT 318 11.8.4] 

V,,, < 8-‘7,-Pcbd (4,1d _< 2) 	 14.77 

V., 5_ -
2 

(10 + l ) AtTbd (5 > ln ld> 2)14.78 
3 	d 

IA, > 0.0015bs 	 14.79 

	

{ 18" j 

d/5 1 	[ACT 318 11.8.9] 

	

s < min ' i 	 14.80 

1 Avh > 0.0025bs2 	 14.81 

[ACI 318 11.8.10] 

	

s 2  < min 1 (1/3  1 	 14.82 
18" 

If V. is greater than Vc  (i.e., V. > OK), equation 14.83 
is used to calculate the strength contribution of the 
shear reinforcement. Since there are two areas, A t, and 

Avh, different reinforcement arrangements are possible. 

[ACT 318 11.8.8] 

, in 1 7,; 

H 
A (' "

12

) 
1- 	A (11 - 

= 	 + " 	 fy d 14.83 
8 	 s2 	12 

As in equations 14.79 and 14.81, A t, and A v h in equation 
14.83 are the areas of reinforcement within spans of s 
and s2 respectively. 

12 DOUBLY-REINFORCED BEAMS 

A. INTRODUCTION 

Figure 14.14 illustrates a beam which has steel in the 
compression region of the beam. Such steel can be used 
to increase the design strength of the beam or to re-
duce deflection. However, it is frequently used near the 
ends of beams where the expected moment is negative. 

Without compression reinforcement, the upper portion 
of the beam would be in tension, which is not accept-
able." 

In addition, top steel is advisable in construction de-
signed to resist earthquakes, due to the stress reversals 
expected with oscillatory motion. 

spacer 

At 

Ast  

Figure 14.14 Doubly-Reinforced Beam 

In a doubly-reinforced beam, the total steel is made up 
of two components: the compression steel (or top steel) 
and the tension steel. 

A5t = -A7t,1 + 	 14.84 

The need for top steel is easily determined. The maxi- 
mum reinforcement ratio for tension steel is [AC! 10.3.3] 

Pmax = 0.75Pbalanced 	 14.85 

The moment that can be resisted with the quantity of 
tension (bottom) steel is given by equations 14.25 and 
14.86. 

Mn = 
pbdfy[d 0.59pdfy]  

14.86 

If M. > OM., compression steel is needed to carry the 
difference. 

4:1  In monolithic slabs and beams, the beam web (not the slab 
"flange") would be in compression where the moment is negative. 
Depending on the reinforcement ratio, this might result in com-
pression failure in the web before tensile failure in the slab occurs. 
In any case, top steel is the remedy. 
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B. CAPACITY OF DOUBLY-REINFORCED BEAMS 

The ultimate moment which a doubly reinforced beam 
can carry is 

= OA, 

= 0[(Ast — A ist)(fy) (d — 

+ A'„t fy (d — d')] 	 14.87 

The height of the stress block is calculated using the 
tension steel only. 

(A st — A /st)fy a = 	
0.85f 	

14.88 
p) 

C. DESIGN OF DOUBLY-REINFORCED BEAMS 

The following procedure can be used to design a doubly-
reinforced beam. 

step 1: Determine the moment, M„ which a con-
crete beam with p = Pmax = 0 . 75Pbalanced 
can carry. Use equation 14.31. 

step 2: Calculate the moment which the compres-
sion reinforcement must carry. 

	

= Mu — 45Muc 	14.89 

step 3: Assume compression reinforcement yields 
before the concrete." The compression re-
inforcement ratio is 

09  = 	 14.90 
fy (d — dObd 

step 4: The total reinforcement ratio is" 

P = 0.75pbwanced + i 	14.91 

step 5: Calculate the steel areas. 

A'st  = bd 
	

14.92 

	

A8t,1 = (P — PI )bd = 0.75pbalancedbd 	14.93 

44  This is known as condition 1. In condition 1, both the com- 
pression and tension steels yield before the concrete fails (i.e., 
the concrete strain exceeds 0.003). In condition 2, the tension 
steel yields, but the compression steel does not yield before the 
concrete fails. 

45  The Ad I code specifies that, for members with compression 
reinforcement, the portion of Pbalanced  contributed by compres- 
sion reinforcement does not need to be reduced by the 0.75 factor. 

step 6: Check the assumption that the compression 
reinforcement yields. Equation 14.94 must 
be satisfied.' 

Aist 	0.8501.fdi 	87,000  1 
bd 	fy d 	L87,000 — fy i 

14.94 

step 7: Select the reinforcement to meet the A' 8i  and 
requirements. Ast,1 

step 8: Complete the design by checking for flexural 
cracking (the tension steel only), specifying 
depth of cover, checking beam width, and 
designing shear reinforcement. 

13 PRESTRESSED AND POST-TENSIONED 
BEAM DESIGN 

A. INTRODUCTION 

Having a compressive stress in the tension region of a 
beam prior to normal loading produces a stiffer beam 
(i.e., there is less deflection). Alternatively, the decrease 
in expected deflection can be used to design smaller 
sections, thereby reducing both cost and dead weight. 
Most or all of the cracks at service load levels are elim-
inated, which is particularly valuable in corrosive envi-
ronments. The finished beam also has greater impact 
and live loading capacities. 

The disadvantages of prestressed and post-tensioned 
construction are higher cost and increased inspection. 
Materials, accessories, and labor costs are higher than 
for traditional construction. The close inspection and 
stricter quality control also add to the cost. 

The basic approach is to use steel tendons which pass 
through the beam. Two methods are used to apply 
tension to the steel: pretensioning and post-tensioning. 

In pretensioned construction, a form is built between 
two anchors, and steel is tensioned and secured to the 
two anchors. When the concrete poured into the form 
cures, it bonds to the steel. When the ends of the steel 
are cut from the anchors, the load transfers to the con-
crete. 

In post-tensioned construction, the forms are built with 
hollow metal or plastic tubes running the length of the 
beam. (Alternatively, the steel tendons can be coated 
with grease or another release agent to prevent bond-
ing.) The concrete is poured and allowed to cure. If 
46 

If equation 14.94 is not satisfied, there will be a condition 2 
failure. The stress in the steel at failure will be e'st .E i , where E'st  
can be found by elastic assumptions. The completion of condition 
2 calculations is not covered in this chapter. 

a tendon/tube assembly wasn't used, a steel tendon is 
placed in the tube. The tendon is tensioned to apply 
the prestress. Finally, the tubes are either filled with 
pumped grout, or the ends of the tendon are anchored 
in some manner. 

In both pretensioned and post-tensioned construction, 
the tendons are draped to reduce their eccentricity near 
the beam ends. At the beam ends, the dead load mo-
ment is insufficient to counteract the tension prestress. 
Reducing the eccentricity eliminates tension in the con-
crete. 

Several effects tend to reduce the effective prestress, 
including creep in steel and concrete, concrete shrink-
age, elastic compression of the concrete, anchorage seat-
ing movement, and friction between the tendon and 
tube. These losses are significant, averaging 15% to 
2070 . Since this loss amounts to 25,000 or 35,000 psi, 
regular grade steel with a yield strength of 40,000 psi 
(approximately) cannot be used for prestressing. The 
tendons which are used for prestressing are manufac-
tured from steel with an approximate ultimate strength 
(fpu ) of 250,000 psi. 

It is common to use a high early-strength concrete, such 
as type III, with a compressive strength, f,  of 4000 
to 6000 psi. This concrete sets up quickly and suffers 
smaller elastic compression losses. Due to the higher 
quality concrete, the modular ratio, n = Es  I Ec , is some-
what lower than in conventional construction—on the 
order of 6 or 7. 

B. ACI CODE PROVISIONS FOR STRESS 

The maximum tensile stress in the prestressing tendons 
prior to transfer of stress to the concrete is [ACI 318 
18.5.1] 

14.95 ft min  f 0.94 fpy  1 

10.80fpu 

Immediately after the prestress is transferred to the con-
crete, the maximum tensile stress in the tendons is 

ft min  f0.82fpy  1 
14.96 

0.74fpu 

In post-tensioned construction, the maximum tendon 
tensile stress immediately after tendon anchorage is 

ft = 0.70fm, 14.97 

The maximum extreme fiber compressive stress in the 
concrete immediately after prestress transfer (but be-
fore any time-dependent losses) is given by equation 
14.98. f ,  is the compressive strength of the concrete at 
the time of initial prestress. [ACI 318 18.4.1] 

lc= 0.60.ti 	 14.98  

The maximum extreme fiber tensile stress in the con-
crete immediately after prestress transfer is given by 
equation 14.99. For tension at the ends of simply sup-
ported members, the limit is twice that of equation 
14.99. 

	

ft = 3.V.K 	 14.99 

If the tensile stresses exceed the values given by equa-
tions 14.97 and 14.99, the ACI code contains provi-
sions for providing additional reinforthnent in the ten-
sile zone. 

At service loads and after all prestress losses, the max-
imum extreme fiber compression and tension stresses in 
the concrete are47  

	

=0.45f 	 14.100 

	

ft = 6VE 	 14.101 

C. ANALYSIS OF PRESTRESSED CONSTRUCTION 

The procedure which follows is based on a standard 
analysis of a simply-supported, single-span beam. 
There are many ACT code-related provisions which 
could be applied if desired. 

step 1: Calculate or estimate the dead weight per 
foot of the beam, top. 

step 2: Determine the maximum moment on the 
beam due to the dead load. If it is assumed 
that the dead load is a uniform load (as it 
would be for a beam of uniform. construe- ,' 
tion), the moment is 	 , • 

WDL 2  
MD = 8  	(simple supports) 14.102 

step 3: Assume that all of the beam is in compres-
sion. Use the transformed area method to 
locate the neutral axis." 

step 4: Determine the centroidal moment of iner-
tia about the neutral axis. Since the entire 
beam is in compression, all of it contributes 
to I. 

step 5: Calculate the eccentricity, e, of the strands. 

47  The ACI code provides for doubling the limit given by equa-
tion 14.101 if additional deflection analysis is performed 
[Sec. 18.4.2(c)]. 

48 The steel area is transformed only for pretensioned construc-
tion and post-tensioned construction with tendons grouted in 
place. If the tendons are merely anchored at their ends, only 
the plain concrete section is used to calculate the neutral axis 
and moment of inertia. 

cc 

0 
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(a) 	 (b) 

	

original 	 transformed 

Figure 14.15 Transformed Prestressed Beam 

step 6: Calculate the stress (distribution) due to 
prestressing. This will consist of the ba-
sic compressive stress superimposed on the 
bending stress. P is the net prestress act-
ing on the beam, after losses." In equa-
tion 14.103, compressive stresses are nega-
tive, and tensile stresses are positive. 

-P Pec 
jPe r=  A, ± I 	

14.103 

step 7: Calculate the stress distribution due to the 
dead load. 

MDC  
ft = 	 14.104 

step 8: The stress distribution immediately after 
transfer is 

f = fpc + fb 	14.105 

step 9: Check to see that the tensile stress (if any) 
is less than the limit set by equation 14.96. 5°  

step 10: Check to see that the compressive stress is 
less than the limit set by equation 14.98. 

step 11: Calculate the stress distribution due to the 
live loading. 

ML,c A = 	 14.106 

step 12: The service load stress distribution is 

	

ftotai = fpc + ft 	14.107 

step 13: Check the long-term stress against t le limits 
set by equation 14.100 and 14.101. 

The long-term loss is frequently assumed to be 35,000 psi for 
prestressed construction and 25,000 psi for post-tensioned con-
struction. 

50 Ordinarily, there is no need to calculate the steel stress since 
the stresses due to live loads never even make up the original loss 
of prestress. 

Table 14.9 
ASTM Standard Prestressing Tendons 

(strand grade is fpu  in ksi) 

nominal 	nominal nominal 

type 
diameter, 
in. 

area, 
sq in. 

weight, 
lb per ft 

grade 250 1/4 	(0.250) 0.036 0.12 
seven-wire 5/16 (0.313) 0.058 0.20 
strand 3/8 	(0.375) 0.080 0.27 

7/16 (0.438) 0.108 0.37 
1/2 	(0.500) 0.144 0.49 

(0.600) 0.216 0.74 

grade 270 3/8 	(0.375) 0.085 0.29 
seven-wire 7/16 (0.438) 0.115 0.40 
strand 1/2 	(0.500) 0.153 0.53 

(0.600) 0.215 0.74 

prestressing 0.192 0.029 0.098 
wire 0.196 0.030 0.10 

0.250 0.049 0.17 
0.276 0.060 0.20 

smooth 3/4 0.44 1.50 
prestressing 7/8 0.60 2.04 
bars 1 0.78 2.67 

1-1/8 0.99 3.38 
1-1/4 1.23 4.17 
1-3/8 1.48 5.05 

deformed 5/8 0.28 0.98 
prestressing 3/4 0.42 1.49 
bars 1 0.85 3.01 

1-1/4 1.25 4.39 
1-3/8 1.56 5.56 

14 COLUMNS 

A. INTRODUCTION 

Tied and spiral columns are the main vertical load car-
rying members in buildings. 51  Figure 14.16 illustrates 
the reinforcement in tied columns and spiral columns. 

The procedure used to design or evaluate a concrete col-
umn depends on whether the column is long or short (as 
defined by the ACT code) and the amount of eccentricity 
associated with the load. 

" Pedestals and composite columns are not covered in this 
chapter. 

• • 	/6'4\  
• , • • 

longitudinal 
har, 

pitch 

(a) 	 (b) 

tied column 	 spiral column 

Figure 14.16 Tied and Spiral Columns 

Most column design makes use of ultimate strength con-
cepts. The established procedures are based on ex-
periments and empirical evidence. Thus, stress rela-
tionships are only valid when the column is loaded to 
near its ultimate strength. Since columns should not be 
loaded past their elastic limit, no attempt is made to 
calculate the stresses. The amount of steel used for ties 
or spirals is based on empirical data. 

The ultimate axial load, Pu , which columns are designed 
to support is the factored load calculated from equation 
14.108. 52  

	

Pi, = 1.4 x dead load + 1.7 x live load 	14.108 

In addition to P,,, other load variables are used in col-
umn calculations. P, is the nominal axial load strength 
of a column with zero eccentricity. Pm  is the nominal 
axial load strength with an eccentricity of n. OPn  is the 
design axial load strength which must exceed F. That 
is, equation 14.109 is the design criterion for columns. 

OP u> Pu 	 14.109 

In simple column design, the major assumption made 
about columns at failure is that the steel is stressed to 
fy and the concrete is stressed to 0.85f. Then, the 
maximum load on the column would be 

Po - 0 . 85felAconcrete fy A.t 	14.110 

52 The effects of wind and earthquake loading are not covered in 
this chapter. 

In equation 14.110, Aconcrete  includes all core and cover 
concrete in the column. 

Aconcrete = A g  - Ast 	 14.111 

The reinforcement ratio is 

Aut pg  = - 	 14.112 
A g  

Using the definition of concrete area and reinforcement 
ratio, equation 14.110 can be rewritten. 

Po  = Ag  [0.85f(1 - Pg ) + fy Pg ] 	14.113 

Equation 14.113 is theoretically correct. However, sev-
eral additional factors are added to account for a min-
imum amount of eccentricity and the load transfer to 
core and steel when the outside cover spans. 

B. TIED COLUMNS 

The following construction details are specified by the 
ACT code for tied columns. 

• Longitudinal bars must have a clear distance of at 
least 11 times the bar diameter, but not less than 

1r. [ACI 318 7.6.3] 

• The minimum tie wire size is #3 if the longitudinal 
bars are #10 or smaller. The minimum tie wire 
size is #4 for larger longitudinal bars." [ACT 318 
7.10.5.1] 

• The concrete covering should be at least 4" thick 
over the outermost surface of the tie steel. [ACI 
318 7.7.1] 

• At least 4 longitudinal bars are needed for columns 
with square or circular ties. [ACT 318 section 
10.9.2] 

• The ratio of longitudinal steel area to the gross 

column area must be between 0.01 and 0.08. 54  [ACT 
318 10.9.1] 

0.01 < p9  <0.08 	14.114 

• Center-to-center spacing of the ties must not ex-
ceed the smallest of 16 longitudinal bar diameters, 
48 tie bar diameters, or the least gross (outside) 
column dimension. [ACI 318 7.10.5.2] 

• Every corner and alternating longitudinal bar 
should be supported by a tie corner. 55  [ACT 318 
7.10.5.3] 

" The maximum practical tie size is #5 bar. 

' The lower limit keeps the column from being designed as all-
concrete. The upper limit keeps the column from being too slen-
der. 0.02 or 0.025 is typically chosen as a starting value of pr  

55  Tie corners are not relevant to tied columns with longitudinal 
bars spaced in a circular pattern. 
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• In tied columns, no longitudinal bar can be more 
than 6" away from a tie corner supported longitu-
dinal bar. [ACI 318 7.10.5.3] Figure 14.7 illustrates 
extra ties. 

• Tie corners should not make a bend of more than 
135°. [ACI 318 7.10.5.3] 

Figure 14.17 illustrates several typical tied column re-
inforcement and tie corners. 

' 	
. • 

1-7.7 
, , 	„, , , 	1 	1 i i  

Iii,.. 	__.) 	 .„ 
,..... 

4 bars 	 6 bars 	 8 bars 

a-4 o'-e' WA* 

_31 	 111 	 oimmi 
10 bars 	 12 bars 

Figure 14.17 Ties and Tied Corners 

The design axial load strength for tied columns is given 
by equation 14.115. 0 = 0.70 for tied columns. 56  

	

Pn = (bP„ = 0.80e0 	14.115 

C. SPIRAL COLUMNS 

The following construction details are specified for spi-
ral columns. 

• Longitudinal bars must have a clear distance of at 
least 11 times the bar diameter, but not less than 

1r. [ACI 318 7.6.3] 

• The minimum spiral wire diameter is 3/8". 57  [AC! 
318 7.10.4.2] 

• The clear distance between spirals should not ex-
ceed 3", and it should not be less than 1". [ACI 
318 7.10.4.3] 

• The concrete covering should be at least 1r thick 
over the outermost surface of the spiral steel. [ACT 
318 7.7.1] 

56  Some people find the form of equation 14.115 confusing, since 
0 appears on both sides of the equation. Since the design crite-
rion is Pa  < OP,,, it is only necessary to compare the ultimate 
factored load (Pa , as defined in equation 14.108) against the right-
hand side of equation 14.115. 

57  The maximum practical spiral wire size is 5/8".  

• At least 6 longitudinal bars are to be used for spiral 
columns. [ACI 318 section 10.9.2] 

• The ratio of longitudinal steel area to the gross 
column area must be between 0.01 and 0.08. [ACT 
318 10.9.1] 

The ACT code does not specify spiral wire size. How-
ever, table 14.10 can be used for general guidelines. 

Table 14.10 
Typical Spiral Wire Sizes 

column diameter 	spiral wire size 

up to 15", using #10 bars 
or smaller 	 3/8" 

up to 15", using #11 bars 
or larger 	 1/2" 

16"-22" 	 1/2" 
23" and up 	 5/8" 

The design axial load strength for spiral columns is 
given by equation 14.116. 0 = 0.75 for spiral columns. 

Pu = OPu = 0.850P0 14.116 

The ACT code also requires the ratio of spiral reinforce-
ment volume to column core volume to be greater than 
the value of equation 14.117. [AC! 318 10.9.3] 

ps  > 0.45 (-9A  - 1) 	 14.117 
A, 	fy  

A, and D, are measured to the outside diameter of the 
spiral wire. fy  in equation 14.117 is the spiral steel yield 
point, and may not exceed 60,000 psi. 

If the spiral wire diameter is known, the spiral pitch can 
be found. As  in equation 14.118 is the cross sectional 
area of the spiral wire. 

4As  
^e,  	 14.118 

p,D, 

The clear distance between spirals will be the difference 
between the spiral pitch and the spiral wire diameter. 

clear distance = s - Ds 	14.119 

D. COLUMN ECCENTRICITY 

If the loads are designed to be applied axially to a col-
umn, and if there are no external moments acting on 
the column, the column is said to be a low-eccentricity 
column. Actually, a small amount of eccentricity is per- 

missible. By specifying the strength reduction factors 
of 0.80 and 0.85 in the equations for design strength 
(equations 14.115 and 14.116), the code is compensat-
ing for up to a 5% eccentricity for spiral columns and a 
10% eccentricity for tied columns. Percent eccentricity 

is defined as 

E = 	  x100 	14.120 
column width 

Eccentricity can be introduced by external moments, as 
well as by off-center loading. The eccentricity due to a 
moment on the column is 

Mu C 	 14.121 
Pu 

Equations 14.115 and 14.116 should be used to design 
and evaluate short columns with low eccentricities. 

Example 14.6 

Calculate the design strength of the short spiral column 
shown. Assume low eccentricity loading, fy  = 40,000 
psi, and f = 3500 psi. 

8 #8 bars 

The gross area of the column is 

1 
A g  = -

4
7(22) 2  = 380.1 in2  

Each #8 longitudinal bar contributes 0.79 in2  to the 
steel area, so the total steel area is 

Ast  = 8 x 0.79 = 6.32 in2  

Example 14.7 

Design a spiral column to carry a factored load of 
375,000 pounds. Use 3000 psi concrete and 40,000 psi 
steel. 

Assume pg  = 0.02, which is in the allowable range. 
Larger values will decrease the column gross area. How-
ever, slenderness effects are being neglected, and it is 
desirable to keep the column as heavy as possible. 

From equations 14.113 and 14.116, 

375,000 = A9 (0.85)(0.75)[(0.85)(1 - '0.02)(3000) 

+ (40,000)(0.02)] 

A g  = 178.3 in2  

D9  = .\/4A1  = 
15.07" (say 15.25") 

71-  

With a 1r cover, the core diameter will be 

D, = 15.25 - 3.0 = 12.25" 

The required steel area is 

A st = (0.02)(178.3) = 3.57 in 2  

The ACT code requires at least 6 bars to be used. Some 
possibilities which meet the required steel areas are 6 
#7 bars, 9 #6 bars, or 12 #5 bars. Choose #6 bars 
after checking the clear spacing (not shown here). 

From equation 14.117, substituting D 2  for A, the ratio 
of spiral reinforcement must be greater than 

-- 

0.45 R
115.25 )

2 

 1 
30 00  

] 	
=.-10.0186 

2 .25 	40,000 	 , • 

Assume 3/8" spiral wire (A s  = 0.11 in2 ) with a 1r 
pitch. From equation 14.118, the actual spiral rein-
forcement ratio is 

(4)(0.11)  
PS = (1.5)(12.25) 

 

Since 0.024 > 0.0186, the spiral spacing is adequate. 

The clear space between spirals is 

1.5 - 0.375 = 1.125" 

This is between 1" and 3". 

E. LARGE ECCENTRICITIES 

As a moment carried by a column increases, the axial 
load that the column can support decreases. A graph of 
allowable axial load versus the applied moment is known 
as an interaction diagram. Figure 14.18 illustrates a 
general interaction diagram. 

The reinforcement ratio is 

6.32 

Pg  = 380.1 = 0.0166  

The nominal axial load strength is 

I 	 P0  = 380.1[(0.85)(1 - 0.0166)(3500) 

+ (40,000)(0.0166)] 

= 1.364 EE6 lbf 

From equation 14.116, the design strength is 

(0.85) (0.75) (1.364 EE6) = 8.7 EE5 lbf 



14-28 	 CIVIL ENGINEERING REFERENCE MANUAL 	 REINFORCED CONCRETE DESIGN 	 14-29 

Construction of an interaction diagram for a given col-
umn design is tedious, and requires calculating loads 
and moments for multiple values of eccentricity. 58  The 
diagram boundary represents the envelope of acceptable 
loadings. Inside the boundary, the design is acceptable 
but overdesigned. Outside the boundary, the design is 
unacceptable. 

Radial lines outward from the origin represent different 
values for the percent eccentricity. Point A defines the 
maximum eccentricity that the column can support and 
still be considered a low-eccentricity column. Point C 
is the bending strength of the member. 

Point B defines the eccentricity separating compression 
and tensile failures. Above the line of balanced eccen-
tricity, the column will fail by concrete crushing. Below 
the line, the column will fail by tension steel yielding. 

A 

design 
strength 

(ØP) 

0 
ii 

QJ &. 
6 	 .. — 

	

.. 	e 	 compressive 

	

.. 	 failure 
A.71:7 

m .... 

	

F,ci\- 	 \_„...----- 
-------‘ 
tensile' . failure _...d igillj 

€ = 0,0 
design 

moment 

( 0Pne )  

Figure 14.18 Interaction Diagram for 
Large Eccentricity Column 

To further complicate the design and analysis of large 
eccentricity columns, the strength reduction factor 
varies with the design axial load strength. 

To assist in the design and analysis of large eccentricity 
columns, various sources (including ACT) have produced 
sets of interaction diagrams for common column config-
urations. These charts are primarily analysis aids, and 
design still requires a trial and error approach, since 
the percent eccentricity isn't known until the column is 
sized. 

" Construction of interaction diagrams is not covered in this 
book. 

F. SLENDERNESS EFFECTS 

The effects of slenderness can be disregarded for short 
columns. The ACT code provides for determining when 
a column is short or slender, and for increasing the re-
quired strength of slender columns.° 

The slenderness ratio is defined as 

kL 
SR = 	 14.122 

In equation 14.122, k = 1 for columns braced against 
sidesway, unless analysis shows that a lower value can 
be used. k> 1 for columns not braced against sidesway. 
Li, is the unbraced length, typically taken as the clear 
distance between floor slabs, beams, or other members 
capable of providing lateral support. 

The radius of gyration, when a rigorous analysis is not 
performed, is defined by the ACI code. The column 
dimension in equation 14.124 is the overall dimension 
in the direction stability is being evaluated. [ACI 318 
10.11.3] 

r = 0.25d9  (round) 	14.123 

r = 0.3 x column dimension (rectangular) 14.124 

The effects of slenderness can be disregarded in columns 
not braced against sidesway if the slenderness ratio is 
less than 22. The determination is somewhat more diffi-
cult for columns braced against sidesway, being depen-
dent on the bending moments at both ends of the col-
umn. In equation 14.125, Mib is the value of the smaller 
factored moment at the end of the compression member.° 
It is positive if the column is bent in single curvature, 
and negative if the column is bent in double curvature. 
Alm is the value of the larger factored end moment, and 
is always positive. 

SR„,,= 34 — 12 ( ) 
	

14.125 
M2b 

If it is determined that a column is slender, as defined 
by the ACT code, then the design must consider the fac-
tored axial load, Pu , and a magnified factored moment, 
Me  = SM. The ACT code describes the procedure for 
calculating the magnification factor, 6. 

59  Columns between floors of a building are almost always short 
columns. 

60 If the moments at both ends of the column are zero or the 
same, M1b/M26 = 1, and the maximum slenderness ratio is 22. 

15 FOOTING DESIGN 

A. FAILURE MECHANISMS 

There are two primary failure modes for footings: shear 
and flexure. For square footings, the total shear is used 
to find the unit stress on the critical section, and shear 
is known as two-way shear (punching shear). The crit-
ical section for two-way shear is assumed to be located 
ld from the column face, where d is the depth of the 
reinforcement. 

df  I 	d 1  
I 	' I 

bf 

Figure 14.19 Critical Area for Two-Way Shear 

The critical section for one-way shear (beam-action 
shear), which is applicable to rectangular footings, is 
assumed to be located at distance d from the column 
face. 

critical area 

bo = af 

a f  

ID, 	1 

bf 

Figure 14.20 Critical Area for One-Way Shear 

Footings can also fail in flexure. The critical section for 
bending is at the face of the column.' 
-61 

 

Foot ings supporting masonry walls and footings loaded 
through a steel base plate have different critical sections. 

, 

m , 

Figure 14.21 Critical Area for Flexure 

This factored load is used to calculate the net factored 
soil pressure beneath the footing. 7° 

	

_ 	_ P,5 14.127 Pnet = Pu — —A afbf 

For the purpose of checking shear, the ultimate shear is 

	

Vu  = pu  x critical area 
	 14.128 

=Pu x [a2/ —(bc + d) 2] 
	

(square) 

= pu x 	(bf  ; 	c/)] (rectangular) 

C. NOMINAL SHEAR STRENGTH 

The nominal shear strength in concrete without shear 
reinforcement for single action (i.e., one-way shear) 1662  

= 2 ffc bod = 2N/Teafd 	14.129 

For double action (i.e., two-way shear), the nominal 
shear strength is 

V, = (2 + 	ff iebod [< 4,Nrfbo d] 14.130 

14.131 

In equations 14.129 and 14.130, bo  is the length of the 
critical section. i3e  cannot be less than 2. 
62 The more detailed method of calculating Ve  may be used with 
footings also. 

critical e B. FACTORED LOAD 
critical loaded 	The factored load used to design footings is 
perimeter 

b
o 

= 4(b + d) 

Pu  = 1.4PD + 1.7PL 	 14.126 



REINFORCED CONCRETE DESIGN 
	

14-31 14-30 	 CIVIL ENGINEERING REFERENCE MANUAL 

D. REINFORCEMENT IN FOOTINGS 	 F. BEARING PRESSURE 

Footings are reinforced in both directions. Bars in the 
long direction should be placed uniformly across the 
width a. The ACI code specifies the fraction of steel 
in the short direction that must b concentrated in the 
center band of width a.f. Steel in the long direction is 
not included in Aat,total•  [ACT 318 15.4.4.2] 

Ast,haad = 2 = 	2 
14.132 

Ast,totai 	f 1 	L + 1 
af 

af 

af  

Figure 14.22 Reinforcement in Center Band 

Vertical dowels (i.e., dowel bars) can be used to provide 
horizontal shear resistance and to transfer the column 
load to the footing by bond instead of bearing. Stirrups 
are not usually used, since the allowable shear stress is 
kept low. Hooks are not usually used at the ends of 
bars in footings due to the danger of top cover failure. 

j...............„, dowel 

shear and flexure 
reinforcement ( 

• • 	• 	• 	

. Ild I d
f 

• •  

Figure 14.23 Types of Footing Reinforcement 

E. ACT CODE PROVISIONS FOR FOOTINGS 

The following provisions are applicable to footings de-
signed in accordance with the ACT code. 

• The minimum thickness above bottom reinforce-
ment for reinforced concrete on soil is 6 ". For foot-
ings on piles, the minimum depth is 12". [ACT 318 
15.7] 

• The minimum cover below bars is 3". [AC! 318 
7.7] 

• It is standard practice that bars in two layers can 
be in contact, and no clear distance between the 
layers is required. 63  

63 With two layers, the average depth between the two layers is 
typically used for both layer orientations. However, for footings 
less than approximately 15 inches deep, the more conservative 
value of d is appropriate. 

The portion of column load that is not transferred by 
bond (i.e., through dowels or extensions of the column 
steel) must be transferred by bearing. The nominal 
ultimate bearing stress, fb, that the column concrete 
can withstand is 64  

	

fb = 0.85f 	 14.133 

The nominal compressive capacity based on the column 
area is 

Pu 

	

Pn = ibAc = 0.85fcl ac b0  = — 	14.134 

Since the footing area is much larger than the gross 
colurnn area, the redistribution of stresses will permit 
an increase in the allowable bearing stress. [AG! 
10.15.1] 

	

fb == otb0.85f 	 14.135 

f _ 	b f  
ab = min { Ac 	ac t), 	14.136 

2 

In equation 14.136, the Af term is not strictly correct. 
The actual area to be used is the portion of the footing 
that is geometrically similar to and concentric with the 
loaded area. For square footings loaded by concentric 
square columns, this is Af. 

G. DOWEL BARS 

The ACT code requires a minimum amount of dowel bar 
area, even when the bearing pressures are not excessive. 
The following provisions are applicable. [AC! 318 15.8.2] 

• The minimum dowel bar area is 

	

ABt  = 0.005A, = 0.005ac bc 	14.137 

• From standard practice, at least four dowel bars 
should be used. Generally, the number of dowels 
and longitudinal column bars are equal. 

• Dowel bass must be embedded in the footing (and 
extend into the column) a distance exceeding the 
development length. If the footing depth is less 
than the development length, smaller bars must 
be used. If a bent dowel bar (see figure 14.23) 
is used, the development length must be achieved 
over the vertical portion, since bends and hooks 
are not considered effective in compression. 

64  This analysis does not assume that the column and footing are 
constructed from the same concrete. It is possible to construct 
columns with higher-strength concrete than is used in the foot-
ing. In that case, the bearing stress on the footing may control. 
Otherwise, only the column check is needed. 

If dowel bars are required to transfer load to the footing, 
the area of dowel steel is easily calculated.' 

excess Pu = Pu,column Pu,bearing 

= Pu,column — 0.85 ab0fciAc  14.138 

excess Pu  
Ast =  	14.139 

fy 

In equation 14.139, g5 = 0.70 for bearing on concrete. 

11. FOOTING ANALYSIS66  
Shear 

step 1: Determine the effective depth, d, of the re-
inforcement. (This is measured from the top 
footing surface to the centerline of the ten-
sion steel.) 

step 2: Use equation 14.127 to calculate the net fac-
tored earth pressure. 

step 3: Use equation 14.128 to calculate the ulti-
mate shear. Square footings should always 
be checked for both one-way shear and two-
way shear. Square footings are usually con-
trolled by two-way shear. Rectangular foot-
ings are usually controlled by one-way shear, 
but almost-square footings may be excep-
tions. For assurance, always check both. 

step .4: Use equations 14.129 and 14.130 to calculate 
the nominal strength of the concrete without 
reinforcement. 

step 5: Compare the ultimate shear with the nomi-
nal shear. If Va  > OVc , shear reinforcement 
is required. 67  Estimate or specify the footing 
thickness as d + db12 + cover (one steel 
layer). 

Flexure 

step 6: The bending moment based on the loaded 
area shown in figure 14.21 is 

= Puetaf b rn2  
14.140 

2 

step 7: Calculate the required coefficient of resis- 
tance.68  

Mu  
Ru = 	 14.141 

Oa f d2  

65 The minimum area may be sufficient to carry the excess. 

6°  This assumes that the footing dimensions, including depth d, 

are known in advance. For continuous or wall footings, use a 12" 
portion in the analysis. 

67 In a design environment, it may be easier to increase d than 
to add shear reinforcement. (i) = 0.85 in shear. 

68 = 0.90 for bending.  

step 8: Calculate the required reinforcement ratio.' 

p = 	
y 

[1 \/1 
0. 

14.142 
f 	 85f'c  

step 9: Calculate the required steel area. 
Ast  = pda f 	14.143 

step 10: Choose reinforcement to satisfy the required 
area and spacing requirements. Since con-
crete cast next to earth must have a 3" cover 
on steel, all steel must fit within the space 
of a f – 6". 

step 11: Check development length for reinforcement. 
The distance from the column face to the end 
of the reinforcement must exceed the devel-
opment length in tension. 

I. FOOTING DESIGN 

Footing design is similar to footing analysis, although 
the order of the steps is different. The major difference 
is in the need to determine the footing area and depth 
of reinforcement. 

A trial footing area is determined as covered in Chapter 
10 from the loading and allowable soil pressure." The 
loading includes the weight of the footing, its column, 
and any overburden. The density of concrete is usually 
taken as 150 pounds per cubic foot. 

PD PL  4  
Pa > 	

Af 	
Cyconcrete 	 14.144 

After the footing area is established, the footing thi4r 
ness, d, is determined on the basis of the nominal con-
crete shear strength. In most cases, a footing is designed 
such that no steel is required to obtain the necessary 
shear strength. This step is a trial-and-error process 
which starts by assuming a value of d and ensuring that 
the shear strength is sufficient (i.e., that V u  < 011c). 

J. ECCENTRICALLY-LOADED FOOTINGS 

A footing which is loaded eccentrically will carry a mo-
ment in addition to an axial load. The key to analyzing 
such a footing is determining the shape of the soil pres-
sure distribution. Once this is done, the shear on the 
critical area, as well as the bending moment on the foot-
ing, can be determined. Analysis is the same as for a 
concentrically-loaded footing. 

69  The minimum reinforcement ratio of 200/f, may not apply to 
footings. However, the temperature and shrinkage requirement is 
applicable for the short direction of rectangular footings. This 
requirement may govern. 

The ACI code specifies that the load to be carried is not to 
be factored when sizing the footing. [AC 318 15.2.21 



step 4: The nominal concrete strength in shear is 
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step 8: From equation 14.142, the required rein- 	• The toe should project approximately b/3 beyond 
forcement ratio is 	 the stem face. 

  

• The stem thickness should decrease 1:1 " to r per 
vertical foot. 71  

• The minimum stem thickness at the top is approx-
imately 12". 

(0.85)(4000)  [
1 	

\/
1 	

(2)(187)  
P - 	60,000 	 (0.85)(4000) 

= 0.00321 

 

step 7: The coefficient of resistance is , 

.4 
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P  

self-weight 11  
.. . 

pressure 
distribution 

Figure 14.24 Footing with Moment 

Example 14.8 

A 111" x 111" square footing is to support 82,560 
pounds dead load and 75,400 pounds live load. The 
bearing block (column) is 12" x 12", concentric with the 
center of the footing. f = 4000 psi and fy  = 60,000 
psi. Design the footing. 

(The footing analysis procedure is modified for de-
sign.) 

P 
step 1: (d is determined in step 3.)  

step 2: The factored load is 
A 	+ 

= (1.4)(82,560) + (1.7)(75,400) 

= 243,770 lbf 

The net soil pressure is 

243,770 
 

Pnet = 	 = 
(111)2 	

19.78 psi 

step 3: For two-way shear, the critical shear line is 
located Id from the column face. Since d 
is unknown, estimate d = 12". Then, the 
length of the critical perimeter will be (refer 
to the diagram) 

 

1) 0  = (4)(24) = 96" 

The critical area contributing to shear is 

A, = (111) 2  - (24) 2  = 11,745 

The ultimate shear is 

= (19.78)(11,745) = 232,320 lbf 

= 

17c  = 

= 

= 

12/12 = 1 (must be 2 or more) 

4 
(2+ -

2
) (V41:1C7i)(96)(12) 

291,436 
(0.85)(291,436) 	247,720 

105 
= 10.5 (say 11) 

10 

The bar area should be approximately 

A 	4.28 
fib 	11 	

= 0
.
39 in2 

Choose #6 bars (0.44 in2  each) and space 
evenly on 10" centers in both directions 
(since the footing is square). 

The minimum reinforcement ratio from 
equation 14.9 is 

M 	
(19.78)(111)(49.5)2  

u = 2 
= 2.69 EE6 in-lbf 

A. GENERAL DESIGN CHARACTERISTICS 

The following characteristics are typical of retaining 
walls. They are not code requirements, but can be used 
as starting points for subsequent design. 

• The base should be proportioned so that 

0.40 < < 0 65 	14.145 
n 

2.69 EE6 
R. =  

, 	(0.9)(111)(12)2 
= 187 psi 

 

Figure 14.25 Retaining Wall Nomenclature 

• The bottom of the base must be below the frost 
level. 

• To minimize the vertical earth pressure reaction, 
the resultant of the vertical loads should fall in the 
middle third of the base. 

• The base thickness should be approximately equal 
to the thickness of the stem at the base, with a 
minimum of 12". Alternatively, proportion the 
base such that 

tb 
0.07 < 	<0.10 	14.147 

B. GENERAL DESIGN PROCEDURE 

A retaining wall is most likely to fail structurally at its 
base due to the applied moment. 72  In this regard, it is 
similar to a cantilever beam with a non-uniform load. 
The following procedure presents one possible approach 

71  This decrease in stem thickness is known as batter, and is used 

primarily to disguise bending (deflection) that would otherwise 
make it appear as if the wall were failing. It also reduces the 

quantity of concrete at the upper level, which is acceptable from 

a strength consideration and increases the overturning stability. 

Usually, the batter decrement is i n  per foot. 

72  The wall can also fail non-structurally. The subjects of resis-
tance to sliding and overturning are covered in another chapter. 

step 9: The required steel area is 

A8t  = (0.00321)(12)(111) = 4.28 in 2  

step 10: The reinforcement must fit in 111-6 = 105". 
Arbitrarily use 10" bar spacing. The number 
of bars is 

step 5: Since 232,320 < 247,720, no shear rein-
forcement is required. The footing thickness 
could be reduced somewhat. 

The shear strength of the footing depends 
on the footing thickness. Assuming d = 12", 
two bar layers (one in each direction), db = 
1", and cover = 3", the thickness is 

thickness = 12 + + 1 + 3 = 16.5" 

step 6: The bending moment is 

200 
Amin = 60,000 

= 0.00333 

The actual reinforcement ratio is 

(11)(0.44)  
p = 

(111)(12) 
= 0.00363 (ok) 

(See footnote 69.) 

step 11: Check development length. (Not done here.) 

18 RETAINING WALLS 

• The stem thickness at the base should be approx-
imately 

14.146 
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to design. It is assumed that sufficient soil data exists 	step 7: Calculate the required stem thickness at the 
to calculate the active and other soil pressure distribu- 	 base. 74  In equation 14.151, w is the wall 
tions. 	 length, which may be taken as 12" if flexure 

calculations are done on a per foot basis. 
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from the top of the retaining wall down to 	 ment length. The heel reinforcement must 
this critical level to obtain the shear. 	 also extend a distance equal to the devel- 

opment length past the stem reinforcement 
= 1.7 Vcritical section 	14.154 	 into the toe. 

step 1: Choose the height of the wall, h, on the basis 
of frost penetration or other data. Estimate 
a base thickness, tb. 

step 2: Estimate the active earth pressure resultants 
in the horizontal and vertical directions, 
RAA and RA,,, respectively. 

step 3: Determine the base length, b. One analyti-
cal method is to sum moments from active 
distributions and soil weight about point A 
and balance that against the moment from 
the unknown soil weight (in figure 14.26) to 
get the distance x. 73  Once that is obtained, 
calculate the base length as 

RA h 	(soil weight)x 

3 — 	2 

	

b 1.5 x x 	 14.148 

Figure 14.26 Finding the Base Length 

step 4: Select a reinforcement ratio to control deflec-
tions. 

P 	Pmax -=0.375pbalanced 	14.149 

step 5: Calculate the moment at the base of the 
stem due to the active pressure distributions. 
Be sure to include the 1.7 overload factor for 
live loads when calculating M. 

step 6: From the value of p chosen, calculate the co-
efficient of resistance. 

= pfy  (1 	
Pfy  

(2)(0.85).g 	
14.150  

d = \I  Mu  14:151 

The total thickness of the stem at the base 
is 

ta = d -I- 2" cover + 1db 	14.152 

Figure 14.27 Base of Stem Details 

step 8: Choose the batter decrement. 3,1" per foot is 
typical. 

step 9: Calculate the concrete design shear strength 
of one foot of wall without reinforcement. 

cbV = 20-VE(12)t's 	14.153 

In equation 14.153, the factor 12 is the 
width, in inches, of a one-foot section of wall. 
d' is the thickness of the compression portion 
of the stem a distance d (for one-way shear) 
from the bottom of the stem. (The tension 
side is cracked and does not support shear.) 
If the stem does not decrease in thickness, 

= d. Otherwise, d' will depend on the 
batter decrement. 

step 10: Calculate the shear on the stem on the criti-
cal section. As in step 8, the critical section 
is assumed to be located a distance d up from 
the bottom of the stem. It will be necessary 
to integrate the active pressure distributions 

step 11: If Vu  < OK, shear reinforcement will not be 
needed, and the stem can be considered a 
slab. 75  

step 12 76 : Design the heel cantilever as a beam, and 
check for shear. The critical section is lo-
cated approximately at the face of the stem. 
For ease of calculations, consider the pres-
sure distributions of soil, surcharge (if any), 
and footing concrete for a 12" strip of retain-
ing wall. Use an overcapacity factor of 1.4 
for the soil and footing concrete, and use 1.7 
for the surcharge to calculate the ultimate 
moment on the heel. Disregard the upward 
soil pressure distribution as well as any effect 
a key might have on the distributions. 

For shear checking, the critical section is 
taken at the face without considering the 
upward soil pressure distribution. 77  There-
fore, the entire heel contributes to the ulti-
mate shear, V. The concrete design shear 
strength OK is calculated and compared to 
V. If necessary, changes to tb and d can be 
made. 

The new value of tb can be used to recalcu-
late the footing weight, and a second itera-
tion of this procedure will refine the values 
still further. 

Once tb is stable, the new Mn can be used 
to calculate 11,, from which p and A8  can 
be obtained. 78  

Complete the heel reinforcement design by 
calculating the development length. The dis-
tance from face of stem to end of heel rein-
forcement must equal or exceed the develop- 

75 From a practical design standpoint, the thickness should be 
increased rather than supplying shear reinforcement. 

75 Designing the heel and toe cantilevers may change some of the 
assumptions made about the base (e.g., the base thickness, etc.). 
If the base is not of interest, skip steps 12 and 13. 

77  Since tension occurs in the heel, the critical section cannot be 
taken as a distance d from the face of the stem. (See ACI code 
11.1.3.) 

78 The ACI code exempts slabs from the requirement of 200/4 
minimum reinforcement. However, it is arguable that a retaining 
wall is a beam, not a slab, in this situation. Therefore, the mini-
mum reinforcement ratio or alternatively, one-third more than is 
required for strength, may apply. 

pressure distribution from 
soil, surcharge, and concret e  

2" + 1/2d b  
"   	

t b 

- 	 -1 
critical section for 
shear and flexure 

Figure 14.28 Heel Construction Details 

step 13: The design of the toe cantilever is similar 
to the heel design. The loading on the toe 
is assumed to be from the toe weight and 
the upward soil pressure distribution only, 
unless soil above the toe is permanent." For 
flexure, the critical section is at the outer 
face of the wall. For shear (one-way shear), 
the critical section is located a distance d 
from the wall face. 

When calculating the ultimate moment, Mu , 
and ultimate shear, Vu , an overcapacitY fac-
tor of 1.4 should be used for the concrete 
weight, and 1.7 should be used for the up-
ward soil pressure distribution based on the 
service loads. 80  

It is likely that shear will determine the toe 
thickness. The toe thickness can be differ- 
ent from the heel thickness, although most 
designs maintain a constant base thickness. 

step 14: Calculate the required steel area for flexure 
reinforcement in the stem. (If the base thick- 
ness has been changed from step 7, then h 
will also have changed. In that case, recal- 
culate R from equation 14.155. (The shear 

79  The soil on top of the toe may be removed for later work or 
repair on the retaining wall. Therefore, it cannot be counted on 
to reduce the toe stress. 

80 ACI 9.2.4 specifies that the factor is 1.4 for dead concrete 
and soil weights, and 1.7 for horizontal earth pressure. The toe 
soil pressure distribution is the result of the horizontal active soil 
pressure, so 1.7 is used. 

73 	 74 Include surcharge distributions, if present, but disregard pas- 	Since p was chosen somewhat arbitrarily, d is not unique. Use 
sive distributions, 	 these calculations as guidelines. 4 = 0.90 for flexure. 



	

was checked in step 10. Unless the stem 	 From Ru , obtain p and ,48t . Select reinforce- 

	

thickness at the base has been changed, no 	 ment to meet distribution requirements. 81  
additional shear checking is necessary.) In 

step 15: Check the development length of the stem equation 14.155, w may be taken as 12" if 
reinforcement. The length into the stem all calculations are done per foot of wall. 
itself (above the base) should be adequate 
without checking. However, it may be diffi- 

Ru  = 	14.155 
rku,d2 	 cult to achieve full development in the base. 

The reinforcement may be extended into the 
key, if one is present. Otherwise, hooks, 
bends, or smaller bars should be used. 

step 16: Calculate temperature and shrinkage rein-
forcement from h and w. It is common to 

pressure distribution due allocate 2/3 of this reinforcement to the out- 
to concrete weight ward face of the stem, since that surface is 

alternatively exposed to day and night. The 
remaining 1/3 is placed on the soil side of 

critical 	 i,—critical section 	 the stem, which is maintained at a more con- 
section 	I for flexure 	 stant temperature by the soil insulation. 

3" + 1/2d4 for shear 

step 17: Provide for drainage if the design was based 
on a drained condition. 82  Weep holes should 
be placed regularly (i.e., approximately ev-
ery 10 feet) along the length of the wall. 

81   
ard soil 	

This step only determines flexural reinforcement in the stem 
upw at the base. As the stem goes up, less reinforcement will be pressure distribution 

required. Similar calculations should be performed at one or two 
other locations (up the stem) to obtain a curve of M u  versus 
location. Trial and error can be used to select reinforcement which 
meets the strength requirements. 

82 Unless there is a need to make the retaining wall act as a wa-
Figure 14.29 Toe Construction Details 	 tertight bulkhead, drainage should always be part of the design. 

I 
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Appendix A: 
Miscellaneous ACI Detailing Requirements 

Minimum Cover on Non-prestressed Steel [ACI 318 7.7] 

• Cast against and permanently exposed to earth 	  

• Exposed to earth or weather 

3" 

#5 bars or smaller 	  2 

#6 bars or larger 	  2" 

• Not exposed to weather or ground contact 

Slabs, walls, or joists 

, 	 #11 bars or smaller 	  3/4" 

#14 and #18 bars 	
 

1  2 

Beams, girders, or columns 	  1 1 " 2 

Minimum Horizontal Clear Distance Between Bars in a Layer [ACI 318 7.6] 

• Beams: The maximum of one bar diameter or 	  1"  

• Walls: The maximum of one bar diameter or    	 1" 

Minimum Vertical Clear Distance Between Bars in a Layer 

• Beams. 	  1" 

Maximum Rebar Spacing (center-to-center distance) 

• Walls and Slabs: The minimum of three times the wall or slab thickness, or 	  18" 

, Splices (Ratio of lap length to development length, i4122  [ACI 318 12.15]  

• Tension splices [See ACT 318 section 12.15 for different classes.] 

Class A 	 10  

Class B 	 1 3  

The minimum tension splice lap length is 	  1,2" 

• Compression splices 	exceeds 3000 psi) [ACI 318 12.16] 
The minimum of 12", (0.0005)(fy )(bar diameter), and one development length 

Many other provisions apply to both tension and compression lap splices. Welded splices are butt-welds 
developing an ultimate tensile strength of 125% of the yield strength of the bar. 

Minimum Bend Radii (In bar diameters) 

• #3 to #8 bars 	  6 

• #9, #10, and #11 bars 	  8 

• #14 and #18 bars 	  10 

'#14  and #18 bars may not be lap spliced. [ACI 318 12.14.2] 

2  For 2-bar splices only. Bar bundles require additional lap length. [ACI 318 12.14.2]  

, 



Maximum Aggregate Size [ACI 318 3.3.2] 

1/5 of the narrowest dimension between sides of the forms, or 1/3 of the slab depth, or 3/4 of the clear 
spacing between bars, whichever is greatest. 
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Maximum Deflections [ACI Table 9.5(b)] 
	

Appendix B: 
These limits are fractions of the distance between supports. 	 The Alternate (Working Stress) Method of Design 

element 	when 

is element attached to non- 
structural items likely to be 

damaged by large deflections? limit 
ACT-318 permits the following stresses when the alternate design method is used. 

flat roof immediate 
floor immediate 
roof/floor sustained 
roof/floor sustained 

11, , Minimum Beam and Slab Thickness 

(For use when deflections are not computed.) These thicknesses apply to normal weight concrete 
(density greater than 120 pcf) and grade 60 steel. For other grade steels, multiply the thickness by 

04+ 	Y  
100,000  

CONCRETE  (normal weight)  
flexure 

compressive stress on extreme fiber 
shear 

beams (concrete carries all shear) 

one-way footings and one-way slabs 

two-way footings and two-way slabs 

bearing on loaded area 

no 	 1/180 
no 	 1/360 
no 	 1/240 
yes 	 1/480 

1.1VE 

2.0 /j 
minimum of /  

(1 + 0 \la 

0.3007 

20,000 psi 
24,000 psi 

{ 	0.50 fy minimum of 30,000 psi 

These fractions are the fraction of span length between supports. [ACI 318 Table 9.5(a)] 

solid, one- 

simply 
supported 

one end 
continuous 

both ends 
continuous cantilever 

way slabs 1/20 1/24 1/28 1/10 
beams or ribbed 

one-way slabs 1/16 1/18.5 1/21 1/8 

STEEL (tensile stress) 
beams 

grade 40 or 50 
grade 60 and higher 
one-way slabs, less than 12 foot span, with 
#3 bars or smaller main reinforcement 

The alternate method can be used to design beams if the following assumptions are made: 
• Plane sections remain plane during bending. 
• Steel and concrete both remain in the elastic range. 
• Concrete carries all compressive loads in an area above the neutral axis. 
• Steel carries all tension. 
• Stress in the concrete is proportional to the distance from the neutral axis. 

For maximum stresses in the concrete and steel, define the location of the neutral axis. 

1 
k = 

1+ (f,Inf 
	 = V2np + (n p) 2  — n p 

c ) 

A, 
P  = 

The total compressive force is 
1 

C = — fc bkd 
2 

The total tensile force is 
T = A sh = C 
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Since the compressive force, C, acts one-third down from the top of the beam, 
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Practice Problems: CONCRETE DESIGN 	 concrete and 40,000 psi steel are available. Specify 
values of b, d, and the required steel area. How 

Untirned 	 many layers of steel are needed? Do not check 
cracking or deflection. 

—9  1. 1.5 cubic yards of portland cement concrete are needed. 
Using the specifications below, determine the weight (in 
as-delivered condition) of water, cement, fine aggregate, 
and course aggregate needed. 

cement content: 6.5 bags per cubic yard 
water cement ratio: 5.75 gallons per bag 
cement specific gravity: 3.10 
fine aggregate specific gravity: 2.65 
coarse aggregate specific gravity: 2.00 
aggregate grading: 30% fine, 70% coarse 

by volume 
free moisture: (SSD basis) 1.5% in fine aggregate 
coarse aggregate will absorb: 3% moisture (SSD basis) 
entrained air: 6% 

2. Design a square 2-way footing to carry a live load of 
240,000 pounds which are transmitted through a 16" square 
column. The allowable soil pressure is 4000 psf and the 
top of the footing is level with the surrounding soil sur-
face. Use 3000 psi concrete and 40,000 psi steel. Disre-
gard column dead loading, but include footing dead load. 

3. Design a rectangular beam with tension reinforce-
ment only using the ultimate strength method. The 
dead load moment is 50,000 ft-lb and the live load 
moment is 200,000 ft-lb. Use 3000 psi concrete and 
50,000 psi steel. Do not design for shear, or check 
cracking or deflection. 

4. Design a balanced beam meeting the following 
specifications. Use the working strength design 
method. 

maximum moment: 	50.4 ft-kips 
maximum steel stress: 	20,000 psi 
maximum concrete stress: 1350 psi 
Es/Ec: 	 10 

5. Design a spiral column to carry a dead load of 
175,000 pounds and a live load of 300,000 pounds. 
The loads are axial. Use 3000 psi concrete and 40,000 
psi steel. 

6. Design a short square tied column to carry a 
100,000 pound dead load and a 125,000 pound 
live load. Include specifications for the ties. Use 
No. 5 bars or larger, 3500 psi concrete, and 
40,000 psi steel. 

7. An 18" square column supports 200,000 pounds 
and 145,000 pounds dead and live loads respectively. 
The allowable soil pressure is 4000 psf. Use the ulti-
mate strength design method with 3000 psi concrete 
and 40,000 psi steel to design the footing. The column 
steel consists of 10 #9 bars. 

8. A beam is being designed to withstand an ulti-
mate factored moment of 400,000 ft-lb. 4000 psi 

9. 3000 psi concrete is used in the floor slab shown 
below. The slab must carry 20,000 ft-lb per foot of 
width. Use the transformed area method to evaluate 
the stresses in the concrete and steel. 

10. 100 pounds of aggregate were sieve graded. The 
weights retained on each sieve are shown below. 
What is the fineness modulus of the aggregate? 

sieve weight retained 

4 4 
8 11 

16 21 
30 22 
50 24 

100 17 
dust 1 

Timed 

1. Use the latest ACI code to design the cross section 
and steel for the beam shown. Assume fc  = 4000 psi 
and fy  = 60,000 psi. Only #11 steel is available. n = 8. 
All loads are dead loads. Neglect shear, but check for 
cracking under exterior conditions. 

The maximum moments that the concrete and steel can carry are 

1 
Mc = Cjd = —

2
fcjkbd 2  

Ms  =Tjd = As fsjd = f3jpbd2  

The required steel area is 

A =  Ms 
8  hid 

If the design is balanced, then Me  = Ms . Therefore, 

1 
—

2 

hikbd 2  = isi pbd2  



Ps 

f' = 1500 psi 
ni 

f = 60,000 psi 

4 vertical 
#5 bars 
each arm 

f' = 300 

f = 60 k 

Psoil = 11  

P concret 
K A  = 0.5 

Kp = 2.0 
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1'4" typ 	8" typ 	 from part (b) and #8 steel, what bar spacing is re- 
quired in the heel? 

2. A reinforced concrete beam supporting a roof is 
needed to span 27 feet. It carries a dead load of 1 kip/ 
ft (which includes the beam weight) and a live load of 2 
kips/ft. Assume fo  = 4000 psi, f, = 60,000, and E 
3.6 EE6 psi. The beam is simply supported. Use the 
latest ACI code with the maximum steel percentage 
permitted. (a) Use #11 bars and design a rectangular 
beam with b = 14". Clear cover on the steel must be 
at least 1 1/2". Do not design for shear. (b) Will the esti-
mated crack sizes be within the requirements of the 
code if the member has interior exposure? (c) Calcu-
late the instantaneous and long-term center-line de-
flections according to ACI code provisions. Assume 
30% of the live load is to be sustained. 

3. A pretensioned girder is constructed with 30 bonded 
strands. The girder must span 100 feet on simple sup-
ports and carry a uniform live load of 540 lb/ft as well as 
its own weight of 150 lb/ft. Assume n = 7, f's, = 3800 psi, 

= 5000 psi, f 250 ksi, and Ns  0.144 in2/strand. (a) 
Determine if the stresses in the concrete are acceptable 
immediately after transfer. Assume that only the dead 
weight acts on the beam and that prestress before losses 
is 0.8 times fpu'  the tendon tensile strength. (b) Determine 
if the concrete stresses are acceptable at service loads. 
Assume the effective prestress is 0.6 times f pu . 

)– 
5" 

- 	  

	

33" 	 4.; 

	

4" • .. 	 4" 

48" 

	

r 	 Y." strands 

	

I p 	. • , 	o • 	— I .'• 
'• 	1) . 	' 

	

- , 	11. • 	4; -41 • • 

	

10" 	4" 	: 10  :9' 	bi • 41''' 	'#10,  
4" 	: 51::•'....„  

r 16 spaces@ 3" = 48" 1 

4. A 28' (face-to-face of support) beam with a depth to 
reinforcement of d = 21" is to be designed. (a) Determine 
if shear reinforcement is required in the web. (b) Specify 
the length of beam over which stirrups are required. (c) 
Assuming #3 bars are available, specify the spacing of 
shear reinforcement (stirrups) located from the face of the 
support to a distance 21" from the face. 

DL = 1300 lb/ft 
A ro' 	 (includes beam weight) 

LL = 1900 lb/ft 

A 1_
4. 	28' - face to face  

12" 	.1 

= 3000 psi 
f = 60,000 psi 

21" 

• • • •  	 

SECTION A-A 

5. Given the steel-reinforced concrete combined foot-
ing shown, (a) find the dimension L which will result in 
a uniform soil pressure. (b) Draw complete shear and 
moment diagrams. (c) Should top steel in the pad be 
used? 

18" x 18" 

10' 1 

6. Near the end of the day, a long masonry pier is left 
unsupported at its upper end. (The lower end is firmly 
connected to the foundation.) During the night, a 30 psf 
wind starts blowing. Neglecting axial stresses due to dead 
load, determine the stresses in the steel and masonry. 
Are they acceptable? 

(figure on next page) 

wind 
30 psf 

36' 

7. A 14" square column carries the live loads shown. The 
loads are not the result of wind or earthquake action. 
(Disregard dead loading.) The allowable soil pressure is 
6000 psf. Use f'c  = 3000 psi for the concrete. (a) Size the 
footing. (b) What are the minimum and maximum pres-
sures along the footing base? (c) What thickness of 
footing is required to avoid using shear reinforcement? 
(d) What is the maximum moment the footing must 
resist? (It is not necessary to design the steel reinforce-
ment.) 

8. For the retaining wall shown, (a) what is the factor 
of safety against overturning? (b) What is the mini- 
mum theoretical heel depth? (c) Using the heel depth 

9. A 16" wide beam is simply supported. It carries the 
loads shown. f'c  = 3000 psi. fy  = 60 ksi. (a) Design the 
beam, including the minimum beam depth. (b) Use 
USD and latest ACI code to detail the reinforcing. 
(c) Design any needed shear reinforcing using #3 
bars. 

LL = 13 kips —1 	  
DL = 8 kips 	 1 ,LL = 2 kips/ft 

DL = 1.5 kips/ft 

6' 	I 	6' 	I 	 ' 	6' 

10. A deep concrete beam is to be designed as 
shown. Use fc  = 3000 psi concrete and 60 ksi steel. 
Disregard self-weight, and consider the beam to be 
simply supported at its ends. (a) Find the nominal 
concrete shear strength, v c , as given by the ACI 
codes for deep beams. (b) Find the amount of 
shear reinforcing, A v , required for the loads as 
shown. (c) Determine the extent of this reinforc-
ing. 

(additional figure on next page) 

vertical bar 
spacing typical 

4" I 4" I 4" I 4" 

horizontal 
#4 bars 

SECTION A-A 
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