
A TREATISE ON CONCRETE 

the concrete it may be termed reinforcement. In this case the steel is 
figured in the same way as vertical bars and the stresses determined from 
formula (60), page 49r. If, for example, the allowable stress on the con
crete is 450 pounds per square inch and a ratio of 15 is used, the steel can 
be figured only for a compressive stress of 6750 pounds per square inch. 

To utilize the full working strength of the steel, the plan has sometimes 
been followed of separating the structural steel core from the concrete so 
that they will work independently, and designing the columns in the lower 
stories so that the steel will take the entire weight of the upper stories while 
the concrete surrounding the steel supports the weight of the lower stories. 

Structural steel reinforcement is sometimes in the form of a cross in the 
center of the column, or, as in the case of the McGraw building,* channels 
coi..l.Ilected by riveted latticing are placed and concrete poured within the 
reinforcement as well as providing a protective layer around it. Stresses for 
this type are suggested on page 528. 

Testst of columns reinforced with structural steel shapes frequently 
show lower ultimate strength thaa similar columns reinforced with the 
same quantity of steel in the form of vertical round bars. This probably 
is due in part to the difficulty in properly placiug the concrete around 
the structural steel. 

COLUMN EXAMPLES. 

Example 15: What size of square column .reinforced with 2 per cent of 
longitudinal bars without bands will be required to support a load of 94 ooo 
pounds? 

Solution: By para¡p-aph (a) , page 527, the allowable compression on 2000 
pounds concrete is linuted to 450 pounds per squareinch. Forthisallowable 
stress, using 2% of longitudinal reinforcement and a ratio of moduli of 
elasticity of 15, the area of column from formula (62), page 491, is 

94 000 • A- - --
- 450(1+14xo.02) 

= 163 square inches, corresponding to 12.8 inches square. The denominato1 
of this expression may be obtained directly from table on page 492. Allow
ing 2 in ches for protective covering gives 14.8 inches, or, say, 15 in ches square. 

Exampl,e 16: Find the diameter of a round column reinforced by 1 per 
cent of hooping only, designed to support a load of r 20 ooo pounds. Assume 
the allowable pressure on plain concrete as 450 pounds anda ratio of moduli 
of elasticity, n = 15. 

SoluJion: The allowable unit compression on hooped columns may be 
increased 20 per centoverthat on plain concrete (see paragraph (b), page 527), 

* William H. Burr, Transactions American Socicty of Civil Enginec • Vo . LX, 1()08, p. 441· 
tM. O. Withcy in Enginccnng Record, July 10, 1909, p. 41 
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hence f = 450 + 2oo/, = 540. The area of section from formula (63) is 

A= 120 ooo 
540 

= 222 square inches, giving an effective diameter of 16.8 inches. Adding 3 
inches for protective covering gives a total diameter of 20 inches. 

Exampl,e 17: What sectional area of vertical steel will be required for a 
square column limited to 36 inches diameter, which has to bear 1 ooo ooo 
pounds with pressure in plain concrete limited to 450 pounds per square inch? 

Solution: By paragraph (c), page 528, in a columnreinforced with vertical 
bars and 1% of bands or hoops, the allowable press.ure on the concrete may 
be increased 45% over that on plain concrete, hence fe = 450 + 45% = 652 
pounds per square inch. Considering the area within hooping equal to 332 = 
1090 square inches as effective, the unit pressure from page 491, will be 

= 918 pounds per square inch. Assume n =15, then from formula (61), 
page 491, 

918 - 652 
p = · 14 X 652 

= 0.029, and area of steel, A = 1090 X 0.029 = 31.6 square inches. From 
table on page 507, it is found that 18 round rods 1½ inches diameter will give 
the required area. 

Example 18: What should be the area of a column 10 feet high supporting 
1 ooo ooo pounds, reinforced with 3.5 % of longitudinal reinforcement and 
1% of hooping for n = 15 andan allowable compression in plain concrete 
limited to 450 pounds? 

Solution: Since the column is reinforced with longitudinal and hooping 
reinforcement, the unit compression on concrete may be taken as fe= 450 
+ 45% = 652 pounds per square inch (paragraph c, page 528). Thenfrom 
formula (62), page 491. the column area is 

A _ l 000 ºº-º-
- 652 (1 + 14 X 0.035) 

= 1030 square inches. The denominator of this expression may be ob
tained directly from table on page 492. 

REINFORCEMENT FOR TEMPERATURE AND SHRINKAGE 
STRESSES 

Ali masonry is subject to temperature cracks, but when they are distrib
uted in. the many joints between bricks or stones they do not show so plainly 
as on the smooth surface of concrete. 

Expansion from a rise in temperature rarely causes trouble except at 
angles where the lengthening of the surface may produce a buckling ora 
sliding of one portion of the wall past the end of the other. In a building, 
the walls and floors are generally so well bonded together and free to move 
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as a unit, that no provision need be made for expansion. In a structure 
like a square reservoir, the effect of expansion must be taken into account 
in the design to prevent failure at the corners. 

Contraction is o~ten more serious, although cracks are by no means neces
sarily dangerous. To prevent cracking due to the shrink.age of the concrete 
in hardening (see p. 287) orto the lowering of the temperature, reinforce
ment should be inserted or joints formed to localize the cracks. (See p. 

285.) 
Reinforcement properly placed clistributes the contraction stresses so 

as to make the cracks very small, practically invisible, but it does not prevent 

them entirely. ' 
The steel must be sufficient in quantity, and should be of small diameter 

and placed as close as practicable to the surfaces to distribute the ·cracks 
and thus make them very fine. Deformed bars, that is, bars with irregular 
surfaces which provide a mechanical bond with the concrete, are more 
effective than smooth bars, and steel of high elastic limit also is advan

tageous. 
In practice, from T2TJ of 1% to fo" of r% (a ratio of 0.002 to 0.004) of 

steel, based on the cross-section of the concrete, is commonly used as tem

perature or shrinkage reinforcement. 
The tensile strength of concrete is so low that a small change in tempera

ture will crack it. For example, the coefficient of expansion of concrete 

is 0.0000055 (see p. 287) and the modulus of elasticity is generally assumed 
as 2 ooo ooo; therefore, the stress (see p. 404) per degree Fahrenheit is 

0.0000055 X 2 000009 = npoundspersquareinch,andafallintempera
ture of W = 27º is suffi.cient to crack a concrete the tensile strength of 

which is 300 pounds per square inch. 
It is evident, and it has been proved by experience, that there is less 

cracking in concrete laid in cold th ... n in warm weather. 
Longitudinal reinforcement is especially necessary in conduits which 

must be water-tight. 
Shrinkage cracks due to the hardening of the concrete may be prevented 

by keeping the concrete wet. (See p. 287.) 
It has been suggested by Mr. Charles M. Milis that the relation between 

the tensile strength of the concrete and the bond with the bars is an impor
tant factor in governing the size of the cracks, and the following analysis, 
based on his suggestions, gives a means of estimating the size and dis
tance apart of the cracks so as to forro a basis for judgment as to the sizes 

and percentages of steel to use. 
The tensile stress in the steel at a crack tends to pull out the bars from 
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tht concrete, and referring to Fig. 154, the bond stress of the bar in the 
length ab must equal the tensile stress in the whole cross-section of the con
crete at b caused by the contraction of the concrete. 

Let 

x = distance apart of cracks. 

D = diameter of round bar or side of square bar. 
P = ratio of cross-section of steel to cross section of concrete. 

Then,* if, as is sufficiently accurate for practica! purposes, the strength 
of concrete in tension is assumed to be equal to the bond between plain 
steel bars and concrete, the clistance apart of cracks is 

D 
x = 

2
P for square or round bars. 

The distance apart is inversely proporcional to the unit bond*, so that a 
deformed bar having twice the bond strength would space the cracks 
one-half as far apart and allow them to be only one-half as wide. 

Fw. r54. Reinforcement for Temperature Stresses. (See p. 501.) 

. 1t is evident that the distance apart of the cracks is proportional to the 
d1ameter of the reinforcing bars, and inversely proportioual to the percent
age of s te el. 

From this formula is tabulated the estimated percentage of reinforcement 
for d_ifferent spacing of cracks and different sizes of bars, assurning the 
bondmg strength of the steel to the concrete to equal the tensile strength 
of the concrete. 

* In addition to above notation, let 

A e = area of section of concrete. u = unit bond betwcen plain steel and concrete. 

Is = unit tensile stress in steel. A8 = arca of section of steel. 

o = perimeter of steel bar. D = diametcr of bar. 
!'e = tensile stress in concrete. 

Then Ac fe' = ½ uox, or x = 2A ~ 2hc ~ 
- - . If /'e = u, x = - , and since p ~ 

u o o Ac 

As D D 
Also, - = - for both round and square bars, hence x = ½ - , 

o 4 p 
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Estimated Percentagc of Reinf orcement for Different Spacing 0~ Cracks . 

D181ANCE APART 0F CRACKS WITB 

PLAIN BARS ••••••••• • •• • • • • • • • • • • • • • • • • 12• 18" 24• 36" 48' 60' 

DEF0RMED BARS * .. · . • • • • • • • • • • • · · • • · • · s• 12• 16• 24' 32• 40• 

% % % % % % 
( ¼" 1.04 0.70 0.52 o.35 0.26 0.21 

i" 1.56 1.04 0.78 0.52 0.39 0.31 

Diameter of round or side of ½" 2.08 1. 39 I. 04 0.69 0.52 0.41 

square bar ........ •.••• - t" 2.60 1. 74 1.30 0.87 0.65 o. 52 

i" 3.12 2.08 1.56 1.04 0.78 0.62 

¼" 3.65 2.44 1.82 I. 22 0.91 0.73 
1" 4- 17 2.78 2.08 r.39 1.04 0.83 

NOTE: To expr;ss the steel as the ratio of area of cross-section of steel to 
cross-section of concrete, divide the percentages by roo; thus 1.04 becomes 

p - 0.0104. 1 . 
* Assuming the bond of deforrned bars to be 50% greater than P am. 

The size of the crack is governed by the amount of shrinkage and for 
cracks due to temperature changes may be estimated as the product of 
the coefficient of contraction (0.0000055) by the number of degrees fall 
in temperature by the distance between cracks. 

Estimated Widtli of Cracks for Different Distances Apart 

D.18TANC!l APART 

WIDTH F0R Dll'FER!lNT TEMPJIR- 1 
12• 18' ATURE CHAN0E8 ••••••• • •••• • 

24• 36' 48' oo• 

30º Fahr ..... • • • • · • · · · · · · 0.0020 0.0030 0.0040 0.0059 0.0079 0.0099 
0.0066 0.0099 0.0132 o. 0165 50º " ............... 0.0033 0.0050 

o. 0046· o. 0069 0.0092 0.0139 0.0185 0.0232 70º " ............. . . 
-

From this, if it can be determined how large a crack will be allowable, 
the corresponding spacing can be obtained. 

To avoid large cracks it may be necessary to use enough steel to prevent 
its passing its elastic limit. If the bars ar~ continuous !º: such a length 
that the ends are practically immovable, as m a long retammg wall, a drop 

* JOºcorrespondstoashrinkageof 0.017%; 50º to o.oz8%; 7oº to o.o3S%. 

' 
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in temperature, tending to shorten them, produces a tensile stress which 
is independent of the distance between the restrained ends. Assuming 
the coefficient of expansion of steel the same as concrete and the modulus 
of elasticity of steel as 30 ooo ooo, this stress is 30 ooo ooo X 0.0000055 
= 165 pounds per square inch ~l' degree of temperature, or for 5oºFahr. 
is 8250 pounds per square inch. This is well within the elastic limit of the 
steel and would not, of itself, cause the steel to take a permanent set. How
ever, since the concrete surrounding the steel will be continuous except at 
certain cracks, the stretch in the steel may be unevenly distributed and 
largely confined to the immediate vicinity of the cracks. If cracks occur 
while steel is unstressed, through the ccncrete shrinking, the steel tends to 
resist the shrinkage by tension at the crack and compression at the center of 
the block of concrete, and the ten,;ile stress will be equal to the compressive 
and each equal to one-half the tensile strength of the concrete. This may be 
expressed by the following formula, using the foregoing notation:* 

, r r 
f, = 

2
plc 

Since the tensile stress in the concrete is liable to be low at the time 
shrinkage cracks are formed, it may be assumed, for illustration, as 200 
pounds per square inch making 

100 

p 
This represents the stress due to local cracks which is additional to the 

temperature stresses above described. The total stress is, therefore, for 

50º change of temperature 8250 + ¡; or 8250 + roo_ If the elastic limit 
p 

of the steel is 40 ooo pounds per square inch, and we must keep below this, 

roo 
- and p = 0.0031 p 

For steel, the elastic limit of which is 50 ooo pounds per square inch, 

50 000 = 8250 + 100 
and p = 0.0024 p 

These values of p represent the lowest theoretical ratio of area of cross
section of steel to area of cross-section of concrete which can be used with
out the steel passing its elastic limit at certain of the cracks when the ends 
are restrained or the length is so great that intermediate parts are practi
cally restrained. 

* Acf. = A j' j' Ac f, h f, , , or , = A e ence , 
2 2 f 
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In view of the very sligbt stretch required to relieve tbe stress in the bars 
wben the elastic limit is exceeded, and tbe probability of its distribution 
by the restraint to mo\'ement hy tbe mass, it is not always essenlial to 

consider tbe elastic limit. • 

SYSTEMS OF REINFORCEMENT 

One of tbe earliest recorded examples of tbe application of reinforccd 
concrete is a boat of concrete and iron, built by Mr. L. J. Lambot in France, 
and shown at the Paris International Exhibition in 1855.* In 1861 :\-fr. 
Coignet began bis investigations, and in 1866 Mr. Monier, to whom tbe 
invention of reinforced concrete is often attributed, applied tbe combination 
of concrete and iron to various structures, and laid tbe foundation for its 

future widespread applications. 
As long ago as 1877, Mr. W. E. Ward,t at Port Chester, N. Y., built a 

house entirely of concrete, reinforced with iron I-beams and round rods. 
The rapid development of reinforced concrete has resulted in tbe intro

duction of numerous systems, many ef them covered by patents, for arrang
ing the metal in the concrete, or for special forms of metal. These systems 
are fully described in the various French works on reinforced concrete.t 

A few of the systems, representing both the arrangement and tbe form 
of the metal, are described below, and forms of metal extensively used in 

thP FnitPd States are illustrated in Fig. 155. 

Systems o/ Reinforcement 

Bonna. Metal of cruciform cross-section. 
Bertini. Girder Frame. Horizontal tension members with vertical ,dr-

rups shrunk on to them. . 
Chaudy and Degon. Cro3s rods passing under bearing rods, but looped 

up between tbem. 
Coignet. Round bars in top and bottom of beam connected by diagonal 

wire lacing. 
Colmnbian. Vertical steel plates with horizontal ribs. 
Cottacin. Round rods interlaced in the same manner as in wire netting. 
Cummings. Bars of different lengths having their ends bent to an 

incline and formed into a loop to resist interna\ stresses. 
Cup Bar. Special rolled section with longitudinal ribs connected at fre-

quent inten-als by cross ribs forrning c.up depressions. 

* Christophe's Beton Armé, 1902, p. 1. 

t Transactions American Socicty Mechanical Engineers, Vol. IV, p. 388. 
t See among othm Christophl"'s Beton Armé, 1902, pp. 10--71, and '.\forcl's Cimcnt Armé, 1902, 

pp. 88 to 152. 
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De Man Undulatcd Bar. 

FIG . 1 ss.-Types of Reinforcing Stecl. (See pp. so4 and 506_ 

.. 
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De Man. Undulated Bars. (See Fig. 155.) 
Diamond Bar. Bars rolled round with parallel ribs passing along and 

around the bar forming diamond-shaped shoulders on its surface. 
Donath. Inverted !-beams or 1-beams connected by horizontal diagonals 

of light, flat metal on edge. 
Expanded Metal. Sheet steel, slit and expanded, so as to form a diamond 

mesh. (See Fig. 155, p. 505.) 
Ferroinclave. Sheet steel with inversely tapered corrugations to be cov-• 

ered on both sides with concrete. 
Gabriel. Deformed tension members with trussing of hard drawn wire. 
Habrich and Düsing. Flat metal twisted hot. 
Hennebique. A combination of alternate straight bars and bars with ends 

bent up at an angle, with vertical U-bars, or stirrups, of flat iron passing 
around the straight bars and reaching nearly to the top of the beam. 

Herringbone Frame. Horizontal tension member with special attach-

ments for stirrups. 
Holzer. Metal in forro of 1-beams. 
H yatt. Flat plates or bars set on edge and pierced with boles through 

which pass small round rods to forro the cross re1nforcements. 
J ohnson. Corrugated bars. (See Fig. 155, p. 505.) 
Kahn. Horizontal flanged bars _ with flanges sheared up at intervals. 

(See Fig. 155, p. 505.) 
Lock-Woven Steel Fabric. Steel wire mesh, locked at intersections. 
Lug Bars. Twisted bars with projecting lugs at intervals in the surface. 
Melan. Steel ribs, either 1-beam or 4 angles latticed, imbedded in the 

concrete of the arch. 
M onier. Two series of round parallel bars at right angles to each other. 
Mushroom. Flat floor slabs supported by columns with enlarged heads. 
Parmley. Bars with bent ends, to place in the sides of a conduit or the 

haunches of an arch to resist tension. 
Rabitz. Various combinations employing galvanized wire. 
Ranscnne. Square steel rods twisted cold. (See Fig. 155, p. 505.) 
Roebling. Flat steel bars set on edge, clamped to supporting beams, and 

held in alignment by flat bar separators. 
Schülter. Like Monier System except rods are placed diagonally. · 
Scofield. An oval bar with projecting shoulders. 
Thacher. Bulb bars. (See Fig. 155, p. 505.) 
Triangle Mesh. Wrre mesh reinforcement with transverse i;netal placed 

diagonally. 
Trussit. Expanded metal or herringbone lath bent to V-shaped section. 
Visintini. Beams of concrette, cored out so as to forro lattice girders. 
Welded Wire Fabric. Wire mesh reinforcement with wires at right 

angles to each other and welded at intersections. 

l . ' 
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TABLE 1. AREAS, WEIGHTS AND CIRCUMFERENCES OF BARS .. 

A reas and R'eights:of.Square and Romul, Rods and Circumierenccs oj R ozmd Ro~s. 
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BEAM AND SLAB TABLES 

Beam Tables. Tables 2, 3, and 4, pages 509, 5rn and 5u, give the load
ing and reinforcernent for bearns based on 1 inch of width under different 
conditions. For a beam 10 inches wide, for example, both the safe load per 
linear foot and the steel area will be ten times the values given in the tables. 

The tables are for rectangular beams but rnay be used for T-beams 
which have a depth 3 or 4 times the thickness of slab by taking the width 
of flange as the breadth, , b. 

Table 2 is for a simply supported beam and is based on a working com
pressive stress in concrete of 500 po1Jnds per square inch and in steel of 14 ooo 
pounds per square inch-lower values than are custornarily used in con
struction, but required in many building laws. If the cornpression in con
crete is limited to 500 pounds, while 16 ooo pounds is perrnitted in the 
steel, use the same loading but reduce the steel in the ratio of 16 to 14. 

Tables 3 and 4 are for ordinary design, approved by the authors and 
corresponding to recomrnendations of . the J oint Comrnittee. Ali tables 
are based on a ratio of elasticity of n, = 15. (See p. 408.) 

For other working stresses than those given, the loads may be multiplied 

by ratios of the values of the constant C in Table 16, page 519, since C is 
proportional to the load. 

The uses of the tables are illustrated in Examples 12 and 13. As high 
steel is not recommended for ordinary work on a small scale, no table is 
presented for safe loads for concrete reinforced with it. 

Slab Table. Table 5 is for slab design with different working stresses 
in the steel and concrete. Ordinarily, the series at the top of the second 

wl2
• 

page of the table is used. Note that the values are based on - For 
10 

wl2 

-, generally used where the slabs are fully continuous over the supports, 
T2 

add 20% to the foads, leaving the area of steel as given. For square slabs 
fully reinforced in both directions, the loads may be doubled, or if al'lo 

fully continuous, they !llªY be doubled and 20% added also. 
Table 6 is more convenient for review of beams already designed. It 

is computed by using formulas (7) and (8) on page 753, and selecting 
the lower value of M. The most economical ratio of steel for the lirniting 
stresses is p = 0.0077. For ratios lower than this the safe loads on the 
slabs are governed by the tensile strength of the steel, while for larger 
ratios they are limited by the working strength of the concrete in compres

s1on. 
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