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PREFACE

This volume on reinforced-concrete construction treats of the
design and the construction of retaining walls and buildings. It
has been prepared to meet the needs of students having varying
qualifications, and on this account is more comprehensive in
some respects than the ordinary text-book dealing with these
subjects. The designing work is given in detail and an effort has
been made to gain clearness by the selection and arrangement of
the subject matter and by numerous drawings and photographs.

Volume I, which treats of the fundamental principles of rein-
forced-concrete construction, has been adopted as a text-book in
a number of technical schools and it is quite probable that the
present volume will be considered for the same purpose. Since
engineering courses are commonly subject to severe time limita-
tions, it is hardly to be expected that the entire book can be
covered in class-work. The experienced instructor, however,
will recognize at once that many parts of the text may be omitted
without seriously interfering with the continuity of the subject.

The author desires to acknowledge his indebtedness to Mr.
Leslie H. Allen of the Aberthaw Construction Company for the
chapters on ‘Estimating”’; and to Mr. A. W. Ransome, Vice-
President of the Ransome Concrete Machinery Company, for
the chapter on ‘Construction Plant.” These chapters should
prove valuable, not only to engineering students, but to engineers
in general practice. The author also wishes to express his appre-
ciation of the excellent work of Mr. Frank C. Thiessen who made
all the drawings for illustrations with the exception of those
pertaining to construction plant.

The author is under obligation to Mr. A. B. MacMillan of the
Aberthaw Construction Company and to Mr. H. Russell Smith
of the Otis Elevator Company for critical reading of portions of
the text and for many valuable suggestions. Grateful acknowl-
edgments are due to the Universal Portland Cement Co.,
Turner Construction Co., Atlas Portland Cement Co., Ferro-
Concrete Construction Co., Concrete Engineering Co., (. A. P.
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Turner Construction Co., Aberthaw Construction Co., Otis
Elevator Co., Unit Construction Co., Raymond Concrete Pile
Co., Simplex Foundation Co., Densmore and LeClear, Mr.
Arthur Peabody, Mr. Benjamin Fox, Mr. Allen Brett, Mr. Harry
F. Porter, and Mr. A. C. Chenoweth for the use of plans and
photographs.
G. A. H.
THE UNIVERSITY OF WISCONSIN,

MabisoN, WISCONSIN,
Oclober 1, 1913.
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REINFORCED
CONCRETE CONSTRUCTION

PART I
RETAINING WALLS

A retaining wall is a wall of masonry built to sustain the lateral
pressure of earth or of other material possessing more or less
frictional stability.

A reinforced-concrete retaining wall is nearly always more
economical than a retaining wall of gravity section, either of
stone masonry or plain concreteg In stone masonry and plain
concrete walls the section must be made heavy enough so that
the weight of the structure will prevent overturning, while in
reinforced-concrete walls the weight of a considerable part of
the sustained material is utilized and, in addition, the sections
may be designed to more nearly develop the full strength of the
concrete.

CHAPTER 1
THEORY OF STABILITY

1. Earth Pressure.—To determine the effect of the thrust of
a bank of earth against a wall, it is necessary to know (1) the
magnitude of the pressure, (2) its point of application, and (3)
its line of action. We have little exact knowledge, however,
concerning these three elements of the thrust.

In Fig. 1, let AB represent the back of a retaining wall, and
AC the surface of the ground. The earth has a tendency to
break away and come down some line, as CB, thus producing

pressure on the wall. The weight of the earth tends to cause
1
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this breaking away while the resisting forces are the friction
and the cohesion along the line BC, and the resistance of the
wall. Unfortunately there is a lack of adequate experimental
data concerning the constants of weight, friction, and cohesion
of any particular ground, and this lack of information on the
subject has led to some extent to the use of formulas based
almost wholly upon purely theoretical considerations.

Earth pressure theories neglect cohesion of the filling and a
number of experiments have been made to check up the theo-
retical deductions, using material approaching as nearly as possible
to the ideal condition of a granular mass, Clean, dry sand has
been used extensively in such experiments inasmuch as it has

Fic. 2.

little cohesion and is about as good as any material for the
purpose. However, the experiments that have been made are
of little value, due principally to the difficulty of devising a
measuring apparatus that will give the true pressures. Some
_ -experiments have also been made on cohesive material, but the
problem here is even a much more difficult one than the deter-
mination of the pressures of granular materials and the results
do not help appreciably in the determination of earth pressures
for the conditions found in practice. Most of the tests on re-
taining walls have been made with material of limited extent,
so that the results are not comparable. .

2. Earth Ptessure Theories.—All earth pressure theories
assume (1) that the surface of rupture, BC, Fig. 1, is a plane,
(2) that the point of application of the resultant pressure is at
one-third of the height of the wall from the bottom, and (3) that
the resultant pressure makes a definite angle with the horizontal.
Each of these three assumptions has been seriously questioned.
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Assuming that the surface of rupture is a plane, is equivalent
to assuming that the soil is devoid of cohesion, and that it is -
homogeneous and non-compressible. Consider for a moment
a material which is so thoroughly pulverized that all cohesion
between its particles is destroyed. If this material were
poured vertically upon a horizontal surface, the surface slope
would make an angle with the horizontal whose tangent would
be equal to the coefficient of friction—called the angle of repose
of the material. The particles on such a slope would be held in
equilibrium by the force of gravity and by friction. Now
consider this material placed behind a retaining wall, as in
Fig. 2. If BC is the plane of rupture, the prism ABC is what is
called the sliding wedge and the resultant pressure on BC makes
an angle with the normal to BC equal to the coefficient of friction
of the material. This angle is called the angle of internal
friction and experiments show that this angle differs materially
from the angle of surface slope. The resistance of particles
moving on an exposed slope is probably rolling friction rather
than sliding, while the resistance involved in the lateral pressure
of earth is sliding friction. There seems to be no constant
relation between the values obtained from these two kinds of
friction. The angle of internal friction seems to depend upon
the size of the particles and to increase with the pressure and the
moisture, but additional experiments are needed to determine
the law of its variation.

In a granular mass of earth we have seen that there is a limit
to the angle which the direction of the pressure on a plane can
make with the normal to that plane. But suppose the earth is
not a granular mass. Then its cohesion (meaning the force
uniting the particles of the earth, whether that force be adhesion
or true cohesion) acts like the cohesion of a solid body and the
angle of internal friction may be 90° or even greater than 90°;
that is, the earth may be cut to stand vertically, or even over-
hanging. Cohesion, however, is influenced greatly by the effect
of moisture and the vibration of moving loads and is partialy,
if not entirely, destroyed when earth is removed from its original
location. Thus, earth pressure theories, based on a perfectly
dry granular mass, tend to give maximum conditions and this
is an argument advanced for their usc.

In a liquid like water, the pressure at any point is exerted in
all directions with equal intensity, acts normal to any given
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surface, and depends only upon the depth below the surface, or
the head as it is called. Let h be the head and w the weight of a
cubic unit of the liquid. Then at the depth h, one horizontal
square unit sustains a pressure equal to the weight of a column
of liquid whose height is A, and whose cross-section is one square
unit, or wh. Now, since fluid pressure is exerted in all directions
with equal intensity, the unit pressure on a wall which prevents
the flow of a liquid will increase directly as the depth, and the
unit pressures may be graphically represented by arrows which
form a triangle, as in Fig. 3. If a force P equal to the total
pressure be applied at the center of gravity of the traingle, or
4h above the base of wall, it will have an effect identical to that

A surface of /iguid

Fic. 3.

of all the unit-pressures on the wall. Thus, the total pressure
on a wall due to a liquid may be obtained by finding the area
of triangle ABD, Fig. 3, or

P =wh.}h=}wh?

The fluid pressure P and the weight of wall W, Fig. 4, cause a
force B (which is the resultant of P and W) to act upon the base
of wall. Now since in all earth-pressure theories, the amount
of the lateral pressure varies as h2—that is, as the square of the
vertical height of the wall—it is always assumed that carth
pressure follows the law of liquid pressure and that therefore
the point of application is 3k from the bottom of the wall. The
argument advanced against this assumption is that it has not
been proved beyond question that the lateral pressure of earth
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varies as the square of the height, and hence that it cannot be
concluded that the point of application is certainly at one-third
the height; also, that the prism of earth between the plane of
rupture and the back of the wall has been assumed, in deducing
the formula for the amount of pressure, to act as a solid wedge
sliding on the plane of rupture and there is thus no reason for
claiming that the pressure will be applied at one-third the height
any more than at the center of the height. Since earth is
neither a liquid nor a solid, it is quite probable that the true
point of application of the resultant pressure is somewhere
hetween these two extremes, and experiments tend to show
some basis for this belief. L

The results by the different earth-pressure theories differ con-
siderably and this difference is due principally to the different
assumptions as to the direction of the resultant earth pressure.
For a level earth surface and a verti-
cal back to the retaining wall (the
common case) the ordinary theories
do not differ greatly and it is gener-
ally conceded that all give results that
are considerably on the .safe side.
But if the theories are applied to
other than common cases, inconsis-
tencies crop out first in one theory g
and then in another, which shows that
the underlying assumptions are incon-
sistent. In fact, most of the theories Fia. 5.
are at variance with experiments and
experience, and they all contain logical contradictions.

A working knowledge of Rankine’s Theory will be given and,
since this theory considers both active and passive earth pressures,
an explanation of what is meant by these terms may serve to
give the student a better grasp of the subject. With a fluid
like water, the resultant pressure on any plane is normal to that
plane due to a lack of friction between the particles. With a
mas of granular material, on the other hand, friction does
st between the particles and the resultant pressure may make
@ angle with the normal less than or equal to the angle of
#ternal friction, and hence its magnitude consistent with

gilibrium may vary considerably. In Fig. 5 let rs represent

8 earth surface, and let the mass of earth be divided by the

A
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plane ab; also consider the left-hand portion removed. Now,
if the total pressure on ab before the earth mass was divided
be designated by P, this force if applied to ab at the center of
pressure will clearly hold the earth to theright of abin equilibrium.
Let W equal the weight of a prism such as abc. It is evident
that the pressure on the plane bc will be R, the resultant of P
and W, and the angle 8 which it makes with the normal to bc
must be less than the angle of internal friction if the earth does
not slide on bc. This must be true for any plane bc passing
through b, and there will be one of these planes on which the
tendency to slide will be the greatest—that is, on the plane of
rupture—which will require the largest value of P in order that
B may just equal the angle of internal friction. This is the
minimum value of P which will hold the earth in equilibrium,
and it is the pressure which any retaining wall with back ab
must be capable of resisting. This pressure is called the active
earth pressure, because the earth is active in pressing against
the wall, and the wall simply prevents the earth from sliding
down. If now P is increased in any way, as by letting an arch
abut against the wall, the angle 3 will be reduced and, if the
magnitude of P is increased sufficiently, this angle will become
negative. When the value of P is such that the resultant pressure
- on some plane bc makes an angle above the normal equal to the
angle of internal friction, the earth is on the point of sliding
upward. This will occur on the plane having the greatest
tendency to slide; that is, it will occur on the plane requiring
the smallest value P in order to cause the resultant to make
the limiting angle with the normal to bc. This value of P is
called the passive earth pressure because there is an active force
existing to force the earth up, instead of passively resisting its
tendency to slide down. In the case of a retaining wall we
usually need to deal only with active earth pressure, but in
some cases passive earth pressure must be considered.

3. Rankine’s Earth-pressure Theory.—Rankine’s Theory is
based upon the principles governing the distribution of stress in
a rigid body. It is assumed that the filling consists of an incom-
pressible, homogeneous, granular mass, without cohesion; that
the mass is of indefinite extent; that the upper surface is a plane;
and that on no plane passing through a riven point does the ob-
liquity of stress exceed the angle of irii/rual friction, while on
one plane it just equals it.
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The general formulas evolved by Mr. Rankine from the as-
sumptions given above apply to both gravity walls and reinforced
walls.

Let P =resultant earth pressure in pounds on a vertical surface
for a length of wall equal to 1 ft., Fig. 6.
h=total height of surface in feet.
w=weight of earth per cubic foot.
0=angle of inclination of earth behind the wall.
¢=angle of internal friction of the earth.

Then .
0F A/ cos? O—cos? ¢
P=1 wh? cos cos 9+ ‘\/gqs‘_ )—cos q:S
cos 0+4/cos? 6—cos? ¢
In this equation the negative sign in the numerator should be
used with the positive sign in the denominator to give the active
pressure. For passive pressure the signs should be reversed.

The pressure is assumed to act parallel to the slope of the sur-
face of the earth, and for walls with no load upon the filling it
acts at one-third the height of the wall from the base.
When the earth surface is horizontal, we have
1¥sin ¢
= 2 PO Y
P=} wh 1+sin ¢>

and the pressure is horizontal.
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The general expression for P which will apply to both cases
is as follows:

P=3%wh2C

in which C is a coefficient.

The above formulas enable us to find the pressure on a vertical
plane. If the back of the retaining wall is not vertical, as AB,
Fig. 7, it is necessary to compute the pressure on the vertical
plane BV passing through the back corner of the wall and com-
bine this pressure with the weight of the prism of earth ABV
(see Fig. 7).

" The weight of earth and the angle of internal friction of earth
to be used as filling should be known as accurately as possible
when employing the above formulas. Taylor and Thompson
give the following weights per cubic foot of dry material before
excavation. As fills will eventually assume much the same
character as earth in original excavation, the figures may be
employed for either natural earth or filled material.

WEIGHTS PER CUBIC FOOT OF DRY MATERIAL BEFORE EXCA-

VATION
Sand....... ... .. 105
Gravel...... ... ... ... .. 135
Gravellyclay............ .. ... ... ... 130
Loam........ ... .. 90
Hardpan............ ... ... .. ... ... i, 130
Drymuck............ ... .o i 40

Wet material in original excavation may weigh considerably
more than dry. Gravel containing ordinary moisture weighs
only about 2 per cent more than dry gravel, but wet sand if
very fine may weigh as much as 10 per cent more than dry sand.
If a soil is not adequately drained, it will become saturated with
water and in this condition its weight may be 20 to 50 per cent
greater than in a dry condition, depending upoh the character
of the material. ' '

The following table gives various values of 'he’angle of in-
ternal friction:
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COEFFICIENTS OF INTERNAL FRICTION!
Tangent of Approxin:fte
Kind of material fmgle of gorresponding Authority
i mterpal -
l friction Angle : S]ope J
| ‘ |
Coal, shingle, ballast, etc .. 1.423 54° | 0.7to1 Ba.ker
Banksand............... 1.423 54° 0.7 to 1 ! Goodrich
Riprap.................... 1.097 48° ' 0.9to1l  Goodrich
Earth... ................. 1.097 48° | 0.9to1 Baker

Quicksand, 100-up......... 0.895 42° 1.1to1 Goodrich
Clay..................... 0.895 42° | 1.1to1 ; Baker
Quicksand, 50-100......... 0.750 37° 1.3to1 Goodrich
Earth.................. .. 0.750 37° 1.3to1 Steel
Banksand............... 0.750 37° ' 1.3to1  Wilson
Sand, 50-100............. 0.549 29° 1.8to1 Goodrich
Banksand............... 0.549 29° 1.8 to 1 . Goodrich
Clay..................... 0.474 25° « 2.1to1 ' Goodrich
Cinders.................. 0.474  25° | 2.1tol Goodrlch
Gravel, 3-in............... 0.474 | 25° ‘ 2.1to1 Goodnch
Gravel, }-ln ............. 0.350 19° 2.9 to 1 ' Goodrich
Banksand............... 0.350 ' 19° 2.9to1 Goodrich
Sand, 30-50.............. 0.258 14° 3.9to1 Goodrich
Sand, 20-30.............. 0.179 10° 5.6 to 1 | Goodrich

Illustrative Problem.—Determine the active earth pressure on the sur-
face AB of the wall shown in Fig. 8. Assume weight of earth =100 Ib. per
cubic foot and the weight of the masonry =150 Ib. per cubic foot. Assume
¢ =35°

cos 0=0.866 cos? 6=0.750
cos ¢ =0.819 cos? ¢=0.671
A/cos? 6 — cos? ¢=0.281
$wh? cos 0 =4(100)(22.31)%(0.866) =21,550

0.866—0.281
P =21, 5500 86640, 281_11 000 ]b
0 s? § — cos?
P=iwh’cos0cos FA/cos? 60— cos?

cos 0 £~/ cost 0 — cos? ¢

This pressure P acts on the vertical plane BV and is parallel to the earth
surface. To determine the pressure on AB, the force P should be combined
with the weight of the prism ABV. Since the resultant pressure on BV
acts as § BV above the base of wall, the resultant of this and the weight

of the prism intersect at the wall surface.
The weight of prism 4BV =023 _ 69,

VE. P. Goodrich, Trans. Amer. Soc. of C. E., vol. 53, p. 301.
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The horizgontal and vertical components of the force of 11,000 lb. are
9530 1b. and 5500 lb. respectively; hence the H and ¥ components of the
resultant pressure on AB are as indicated in Fig. 9.

When the earth behind a wall is loaded in any way—for ex-
ample, when the embankment is used as a storage of material

=« 5500 + 4460 =
9960 /b.

H=9530 /b.

8 D
Fic. 10.

or when a railroad track runs along the wall—the additional
pressure may be provided for by replacing the load by an equiva-
lent surcharge of earth. The height of this surcharge may be
determined by dividing the extra load per square foot by the

.
o

*
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weight of a cubic foot of earth. This height is shown in Figs. 10
and 11 as h;. Let h4-h;=H. Then the resultant pressure on a
vertical plane for a wall with height H will be

P,=43wH?*C

e
7

(4
v
R
N

et

Fia. 12.

and the resultant pressure for a wall with height &, will be
- Py=3%wh?,C
The pressure on the vertical wall AB is the difference of these,

or P=P2~P1=}W(H’—h’1)c
=3wh(h+2h,)C
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and the distance of the point of application of this force from the
base of wall

_ h*+3hh,
T=3(h+2h,)

P acts through the center of gravity of ABDE.

For a wall with an inclined back and with a load on the filling,

the pressure (as in the case of a wall with inclined back without
any additional loading) is the resultant of P and the weight of
the prism of earth 1 ft. in length, the cross-section of which is a
trapezoid—for example, A BFG, Fig. 12.
\ 4. Objections to Earth Pressure Theories.—The theoretical
formulas for earth pressure are considered by many engineers
as of little value in designing retaining walls except, perhaps,
in special cases. The problem of the retaining wall does not
admit of an exact mathematical solution and, since something
must be assumed in any case, these engineers would rather
assume the thickness at the start than derive this thickness from
equations based upon a number of uncertain assumptions. It
is pointed out, for example, that all formulas for earth pressure
assume that the material to be supported is clean, d1y sand—a
material that is seldom found in practice—while it is known
that all other soils possess considerable cohesion and that they
are subject to extensive variation due to moisture, frost, shock,
etc., which cannot be included in any formula. Another argu-
ment for abandoning earth-pressure formulas is shown in the
number of wall failures which have occurred after the walls
had stood many years with seeming stability.

6. Methods of Determining Stability of Reinforced-concrete
Walls.—The stability of a reinforced-concrete wall as regards
overturning may be determined in either of two ways, namely:
(1) by using a theoretical formula for the thrust of the earth; or
(2) by making the stability against rotation equal to that of a
gravity wall that is known to be safe. For reasons already given,
the results from the first method may be very misleading unless
carefully controlled by the results of experience, while the
second method is probably the more satisfactory when a gravity
wall has been known to be safe under exactly the same conditions
as proposed for the reinforced wall In the second method
the overturning resistance of the lightest gravity wall which
experience has shown to be safe under the given conditions mayv

Aﬁ-‘- .
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be considered the maximum overturning moment of the earth,
and the reinforced-concrete wall may be designed to have an
equal stability.

A reinforced-concrete retaining wall must have stability
against sliding as well as against overturning. There is very little
danger from sliding in gravity walls but, in the case of the
reinforced type, the wall is often so light that, unless vertical
projections of the base are employed, there is a lack of frictional
resistance to withstand the horizontal component of the re-
sultant pressure on the foundation. The resistance offered by
the soil in friont of the wall increases the stability against sliding,
but this amount is usually disregirded as a matter of safety.
The friction along the bottom of the wall is equal to the vertical
pressure multiplied by the coefficient of friction of concrete on
earth. The following values for the coefficient of friction may
be safely employed: :

COEFFICIENTS OF FRICTION OF CONCRETE ON
FOUNDATION MATERIALS

Dryclay......ccooiviiiii 0.50
Wetormoistclay.............................. 0.33
Sand........ ... 0.40
Gravel......... ... ... .. . . 0.60
Wood (with thegrain).......................... 0.60
Wood (across the grain)........................ 0.50

For clayey soil it is best to use the value given for wet clay,
unless it is reasonably certain that water cannot reach the bottom
of the footing.

As with all other structures, a retaining wall should be de-
signed so that the maximum pressure on the soil is within the
allowable. This is a much more simple matter with reinforced
walls than with the heavy walls of giavity section. There is no
likelihood that the concrete will fail by crushing, but an adequate
consideration of the maximum pressure on the soil under the
foundation should not be neglected on this account. The safe
bearing capacity of soils is given approximately in the following
table:
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SAFE BEARING CAPACITY OF SOILS IN SHORT TONS PER
SQUARE FOOT

Kind of material Minimum Maximum

Rock, the hardest, in thick layers in native bed b1, |

Rock equal to best ashlar masonry.......... 25 30
Rock equal to best brick masonry........... 15 20
Rock equal to poor brick masonry.......... 5 10
Clay in thick beds, always dry.............. 6 8
Clay in thick beds, moderately dry.......... 4 (]
Clay,soft............... ... ............. 1 2
Gravel and coarse sand, well cemented. . ..... 8 10
Sand, dry, compact and well cemented. ... ... 4 6
Sand, clean, dry.......................... 2 4
Quicksand, alluvial soils,ete................ 0.5 1

The factor of safety of a retaining wall is the ratio of the weight
of a filling having an angle of internal friction which will just

Qgo-mmmmemsy

Fig. 13. Fic. 14.

cause failure to the actual weigut of the filling. There are two
factors to be considered, mmy-ly (1) for overturning; .and (2)
for sliding.

In Fig. 13, let P be the resultant pressure of the earth, and let
W be the weight of the wall. Then Ob will be the resultant
pressure R tending to overturn the wall. Draw Oa through the
point B. For the resultant to pass through B, the wall would
be on the point of overturning, and the factor of safety again -
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overturning would be unity. Denote the factor of safety for
the resultant pressure Ob as fop. Then
_ac
f or— be
In Fig. 14 construct the angle nOr equal to ¢’, the angle of
friction of the masonry on the foundation. Now if R should
pass through m, and take the direction Or, the wall would be on
the point of sliding, and the factor of safety against sliding would
be unity. Denote the factor of safety for the resultant pressure
Ob as fs;. Then -
JsL= ?n
6. Walls of Gravity Section.—Trautwine’s “Civil Engineer’s
Pocket-book” gives a table of empirical values which may be
used in designing retaining walls of gravity section for average
conditions. The values were obtained from a set of experiments .
on small wooden models and have been used with good results
in engineering practice. There are no values given for plain
conciete walls but they may safely be assumed equivalent to
those of cut stone laid in mortar. In the following table (taken
from the book above mentioned) for cut-stone masonry, the earth
is assumed to slope up from the top of the wall till it reaches a
level at the height indicated by the ratio is the first column.

Ratio of height  Ratio of thick- | poi ¢ poighe + Ratio of thick-

of earth to height 1998 of Pase o of garg, go - mese of base to
of wall above tota helg:xt o height of wall total height of

ground wall = h above ground wall=i

1.0 035 2.0 0.58
1.1 ‘ 0.42 2.5 1 0.60
1.2 | 0.46 3.0 0.62
1.3 ‘ 0.49 4.0 | 0.63
1.4 0.51 "6.0 ! 0.64
1.5 0.52 20 - ‘ 0.65
1.6 0.54 14.¢ 0.66
1.7 0.55 25.0 0.68
1.8 0.56 or more

Trautwine recommends that when the backing is somewhat
consolidated in horizontal layeis, each of these thicknesses may be
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reduced, but that no rule can be given for this. He also states
that since sand and gravel have no cohesion, the full dimensions
as above should be used with these materials, even though the
backing be deposited in layers. "A mixture of sand, or earth
with a large proportion of pebbles, bowlders, etc., will exert a
greater pressure against the wall than the materials ordinarily
used for backing; and hence when such backing has to be used,
the above thicknesses should be increased, say,about } to 4 part.

The values in the above table apply especially when the
batter of the face of the retaining wall is limited (as is customary)

a s b s to 13 in. to the foot, and when. the back is

71 vertical. Mr. Trautwine says—‘“After a

¢ wall abco, Fig. 15, with a vertical back has

i i been proportioned by the above rule, it may

i l-: Dbe converted into one with an offsetted back,

i iYii as aino. This will present greater resistance

to overturning, and yet contain no more

material. Thus, through the center ¢ of the

:\] back, draw any line in; from n draw ns verti-

) cal; divide 7s into any even number of equal

Fig. 15. parts (in the figure there are 4); and divide sn

into one more equal parts (in the figure there

are 5). From the points of division draw horizontal and vertical
lines, for forming the offsets, as in the figure.”

7. Equivalent Fluid Pressure for Gravity Walls.—In order to
make the stability of a reinforced-concrete wall, as regards over-
turning, equal to that of a gravity wall, it will be convenient to
determine the fluid pressure under which an equivalent gravity
wall will be stable and then apply this pressure to the reinforced
type. Since the magnitude, point of application, and line of
action of fluid pressure is much more accurately known than
that of earth, results by this method are likely to be in most
cases a great deal nearer the truth than if use is made of the
theoretical formulas.

As shown in Art. 2, the total pressure on a wall due to a liquid
is given by the formula

P =3}wh?

4

The fluid pressure P and the weight of wall W, Fig. 4, cause a
force R to act upon the base of wall. The distribution of pres-
sure on the base due to the resultant acting at different points
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will be explained. Consider the base represented in projection
by EF, Fig. 16. When R acts at the center of gravity O, the
intensity of pressure is uniform over the section and is equal
to the vertical component of R divided by the area of section,

or }17 - If R acts at any other point, as N, the force W is equiva-

lent to an equal W at O and a couple whose moment is Wx,.
At any point distant £ from O the intensity of the pressure due

Fia. 16.

to this moment is (by the common flexure formula for homo-
geneous beams) WIa: °%, in which I is the moment of inertia of
the section about an axis through O at right angles to the plane
of the paper. At the edges E and F this intensity = W'?;@-' .

The intensity of pressure at edge E is
W Wazez,

pl=A + I (1)
and at edge F it is
W W
Py @

In gravity walls it is necessary to limit the value of z, in order
to ensure that at no horizontal section near the base will part of
the stress be tensile as, without the aid of steel, masonry can-
not be depended upon to resist tension. This limiting value of
To is found by equating p. in the second equation to zero, or
W Wzer,
A 1
I

To=
° A:cl

=0
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If ¢ is taken as the width of the base and ! the length at right
angles to the plane of the paper, then

t 1
A=lt, :c;=§’ I= 1—2
o 10 t '
and the limiting value of zo=—————— =_- As z, may be on
ty 6
(12 (3)

either side of O, it follows that the resultant thrust must fall
within the middle third of the base in order that there may be
no tensile stress on any section near the

>
“base. When zo= (t;’ the value of the in-

E'T Wy -
tensity of stress varies from 2(:4--> at
Y

the edge nearest the resultant to zero at
the opposite edge (Fig. 17).

In view of the above, it would seem
practicable to determine the fluid pres-
sure under which a gravity wall will be stable by considering
the resultant of all forces above the base to intersect the base at
the outer edge of the middle third. If, then, the reinforced
wall is designed so that it will be equally stable, the two walls
will be practically equivalent.

Paiwh?
[

R

Form(a) Form(b) Form (c)

Fia. 18.

Calculations will now be given for the three principal fi"ms
of gravity walls which are represented in Flg 18. Form W

is used for relatively low walls. el
Form (a). The batter of the front face will be taken 31 1 n

-
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per foot, or 1:12. The weight of the masonry will be assumed
at 150 1b. per cubic foot. Let P denote the resultant fluid pres-
sure per linear foot of wall acting at a distance 4k above the base.
Let w denote the weight per cubic foot of such fluid. Then
P=%wh?. Let W, denote the weight of masonry per linear foot.

Assume that the resultant of P and W, intersects the base
at the edge of the middle third. Then, equating moments
about this point, we have

ot 5) =

2 11 1
or =150 ;2+15 1~ 144) (3)

Foim (b). Taking moments as before about the edge of the
middle third '

t!
w=150 ,, @

Form (c). The weight of the earth will be assumed at 100 1b.
per cubic foot. The batter of the front face will be taken at
1:12 and the top width at one-sixth of the bottom width. It
will be assumed that the fluid pressure acts against a vertical
plane AB and the stability of volume to the left of this plane,
including the weight of the earth, needs to be considered.
Equating moments as before,

7312 5t 1
w=150 (1504 541~ 216) ®)

To show the relative stability of the three forms, the follawing

values have been determined for w, or equivalent fluid weight,

.
by substituting various values of ; in the above equations:

h w
> ST, 19.8

Form (a) e 28.0
[ oo 42.7

l S 16.7

Form (b) "146 ............ 24.0
S 37.5
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It should be noted that the fluid pressures as above determined
are not necessarily the actual earth pressures, but may be used
in the design of reinforced-concrete walls to secure stability
practically equivalent to corresponding walls of gravity section.
The formulas derived may be used for all the usual or more
common types of retaining walls since considerable variation in
dimensions produces only a slight effect on the resultant fluid
pressure. A fluid weight of 25 Ib. per square foot may be taken
as a basis of design under average conditions.




CHAPTER 11
DESIGN

8. Principal Types of Reinforced-concrete Walls.—There
are two principal types of reinforced-concrete retaining walls,
namely: (1) the cantilever type; and (2) the counterforted type.
Fig. 19 represents in outline the usual or cantilever type which
is suitable for low walls. It consists of a vertical stem AC
attached to a footing BD. The upright portion resists the thrust
of the earth by virtue of its strength as a cantilever beam, and
the parts BK and CD act in a like manner. For larger walls
the counterforted type is employed, the part AC being tied to
CD at intervals by back walls ACD in

In buildings, basement walls to retain \
earth may consist of light walls rein- _ .
forced vertically from basement floor to _« \ i
y N

the form of narrow transverse walls with [i«'—;—;—;
tension reinforcement called counter- (IO
forts. Sometimes the portion BK is \ l A N
connected to the vertical wall AC by Y o
means of buttresses. \ < <

-

I

the first floor, or reinforced horizontally d %
from column to column. Such walls are zJ d J
designed as simply supported slabs—the e e
reactions being taken by the basement " Fic. 19.

and first floors, or by the columns.

These walls may be reinforced to carry themselves from footing
to footing, thus requiring no foundations of their own. This
type of wall will be treated under Buildings and will receive no
further consideration here.

9. General MetLod of Procedure.—The general method of
procedure in th~ design of reinforced-concrete retaining walls is
very much the same whether the stability against rotation is
determined by using a theoretical formula for the thrust of the
earth, wi whether, by employing an equivalent fluid pressure,
e stability is made equal to that of a gravity wall that is known

21

J
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to be safe. The procedure will be outlined only for the latter
method of determining stability, but what is given below will
also apply when the earth pressure formulas are used, except
that, where the earth thrust does not act horizontally, the
vertical component of the thrust must be considered when de-
termining the resultant pressure on the base of wall. A design
of a retaining wall using Rankine’s formula for earth pressure
will be given later. This will be done so as to leave no doubt
in the mind of the student as to the method to be followed in
such cases.

An investigation of the two types of reinforced-concrete re-
taining walls shows that a minimum amount of material is re-
quired when the middle-third point is approximately under the
center of the vertical wall—namely, at T, Fig. 19. This mini-
mum, however, does not show a great saving over the material

required with lengths of BT other than ; An investigation

also shows that the stability' of the reinforced wall for a given

t. . .

value of 18 about the same as a solid wall of form (¢) (Fig. 18),
having the same value of ,i

Investigation also shows that minimum soil pressure occurs
when the stem AC is in the center of BD, and that maximum
pressure occurs when BK is zero. On the other hand, sliding
" stability is found to decrease as BK jncreases.

From the above facts, it appears the best plan, if the position
of the stem with respect to the base is not rigidly fixed, and if

ers . . t
other conditions do not control, to start a design with a value A

for the reinforced wall identical to that of a solid wall of form
(c), which withstands the same fluid pressure as required for
the reinforced type, and to make the diztance BT about equal

to ; A complete table for form (c) of gravity walls, giving

. t . . .
values of w for various values of s convenient if the above-

mentioned method of design is followed. Such a talle is given
below, based on a level back-fill, the values being ieriv~d from
cquation (5) of Art. 7 in a similar manner to the © .1t table
previously given. In a wall with sloping back-fill, » -« what

- greater trial value of }: should be taken thanis given by ble.—-
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that is, of course, considering h as the height of ma,sonry< "For
a loaded back-fill, a trial value of 75 may be determined by

considering the height & in the table to include the height of an
equivalent surcharge of earth .

¢

|
H
S —_— — i - ___..___,_..____." S ——
©0.30 I 12.6 \J . 0.50 ' 31.6
0.35 16.6 ' 0.55 37.6
0.40 21.1 0.60 ' 44.1
0.45 26.1 I

0.65 51.2

After trial values for the length of base and length of projec-
- tion BC are decided upon (generally after rough computations
are made for stability), the thickness of footing should be
assumed. The forces to be considered upon the three parts of
the wall—namely, AC, BK, and CD—should next be deter-
mined. The resultant force on the wall AC may be taken as a
horizontal force equal to P,= } wh?; and applied a distance % &,
above the top of footing. On any length h; from the top of wall,
the resultant force is likewise 3 wh 2; and is applied at a distance
% h: below the top. The pressure per square foot at any point
on the wall a distance k; below the top is equal to wh,.

If we let W, denote the weight of masonry per linear foot and
W the weight of earth per linear foot above the floor CD, Fig.
19, then the total pressure on the base will equal the total weight
W1i+W, and it will be applied at a distance 4t from point B if
the resultant of all forces intersects the base as planned—that

is, at the outer edge of the middle third. The average unit
pressure will be Wit 13, and the maximum pressure at B will
be twice this value. The pressure at D will be zero. The maxi-
mum unit pressure on' the base should be within the safe bearing
power of the soil beneath, otherwise the length of the base should
beincreased. The length should also be increased if the tendency
to slide is too great or if the resultant pressure on the base does
not come within the middle third.

When determining the point of application of the resultant
force on the base, or when determining the tendency of the wall
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to slide, the total fluid pressure P=3wh? (Fig. 19) should be
considered. If this resultant of all forces intersects the base
within the third point, the exact distribution of earth pressure
along the base should be determined. Formulas (1) and (2) of
Art. 7 give the intensity of pressure at each end of the base if
the proper values are substituted.

t us
A=lt, Il=2, I=12, l=lft,
and the equations above mentioned reduce to the following:
W 6Io
Pr= (H' t )

S

Referring to Fig. 20, it is clear that a trapezoid of pressure
acts upward against the cantilever BK. The center of gravity
of the trapezoid should be found and the resultant applied at
that point. The only downward force to consider is the weight
of the cantilever itself, since the earth back of the wall may be

B .1 r ..... B
B &K ic o

aomprmz) | 0 HUAL7 IR
* 7

T 2(WrWel . (-5)
7 7
F1g. 20.

put in place before the outer footing is covered. In addition
to its own dead weight, there are two forces acting on CD;
namely, the weight of the earth W, above the floor and the up-
ward pressure against the base. This latter pressure varies as
shown in Fig. 20.

The complete wall (includiig the counterforts in the counter-
forted type) may now b.e proportioned. When a radical change
is made in the shape of tiv footing from that assumed, good
judgment should be exe. cised as to whether or not if is n-ce ssary
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to determine the new intersection of the resultant pressure on
the base. Of course, the intersection should lie within the middle
third for the final design.

It is customary to build retaining walls of plain concrete with
vertical contraction joints 40 to 50 ft. apart, this distance vary-
ing according to the thickness of the wall. In reinforced walls,
however, if sufficient reinforcement (0.2 to 0.4 per cent) is
employed and placed near the surface, contraction cracks may
be forced to take place at such frequent intervals as to be quite
invisible—at least for considerable length of wall. There seems
to be a difference of opinion as to whether or not shrinkage
joints are ever needed in reinforced-concrete structures. The
report of the Joint Committee (see Appendix) should be read in
this connection. ,

10. Required Thickness of Concrete Covering for Steel.—
Experimental tests have proved conclusively that 13 to 2 in. of
well-mixed concrete, made in ordinary proportions and mixed
wet, will effectively prevent the corrosion of steel under extra-
ordinary conditions—conditions much more severe than occur
in the ordinary retaining wall or building. For example, steel
protected by an inch or more of sound concrete has been found
unaffected when subjected continuously to the action of steam,
air, and carbon dioxide for a period of three weeks. Unprotected
pieces of steel exposed to the same test “were found to consist
of rather more rust than steel.”” Tests have been made on
loaded beams as well as on concrete unstressed, and it has been
proved that there is no danger of rusting the steel through the
cracks formed in the concrete under tension, until nearly the
breaking point of the steel is reached. No rust has been found
even on steel stressed to its elastic limit.

Since we have the knowledge derived from the tests above men-
tioned, there would seem to be no good reason for allowing more
than 1} to 2 in. as a protective covering for the steel in retain-
ing-wall design—especially when the wall is to be well drained,
and the concrete operations well superintended. In the designs
which follow, this condition of affairs will be assumed. In cases
where close inspection of the work is not expected, a greater
depth of covering should be provided—say, 2 to 4 in.—depending
on the part of wall under consideration. Where steel is to be
placed near the base of footing 2 in. should be considered the
minimum thickness of covering for the very best soil conditions.
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In designs where conditions are not accurately known, at least
3 in. should be allowed.

11. Design of Cantilever Type.—The design of the cantilever
type of reinforced-concrete retaining walls resolves itself into
the design of three cantilevers, each cantilever acted upon by
approximately a uniformly varying load. This type of rein-
forced wall is not economical for heights greater than about
20 ft.
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The notation which will be employed is essentially that recom-
mended by the Joint Committee. (See Appendix.)

Design a retaining wall to restrain a sevel
earth bank 12 ft. in height. Assume the base of f1oting to be
embedded 4 ft.; in other words, assume that this« "\ will pro-
tect the foundation from the effects of frost. M. allow-
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able pressure on the soil is 2 short tons per square foot. Coef-
ficient of friction of concrete on earth=0.40 (angle of friction
corresponding, 22° approximately). Assume earth to weigh
100 1b. per cubic foot and the concrete 150 lb. per cubic foot.
A 2000-lb. concrete with proportions 1:2:4 will be employed
with the same working stresses as recommended by the Joint
Committee. Plain round rods of medium steel will be as-
sumed.

It will also be assumed that the position of the stem with
respect to the base is not rigidly fixed, that Trautwine’s empirical
rules have been previously followed in plain concrete wall de-
sign under similar conditions to those at hand, and that these
rules have given satisfactory results. In Art. 6 we find that

Trautwine recommends @ as the ratio ,—: for a level backfill

and for a form of wall designated as (a) in Fig. 18. Referring
to the table in Art. 7, a value of w=21.9, say 22, s found to

correspond to the given ratio of ;: for the (a) form of wall. This

value of w corresponds to a value of -—0 41 for the (c¢) form,

which we have found is a form of grav1ty wall that we may use
for comparison with the reinforced type. Since h=16 ft., ¢
will be tried at (0.41) (16)=6.56 ft., say 6} ft. (See Fig. 21.)
BT will be made }¢ or 2 ft. 2 in. The thickness of the footing
cannot be determined in advance but for the present it will be
assumed at 15 in.

Vertical Wall—Assuming a 15-in. thickness for the footmg
gives a height of wall above the top of footing of 14 ft. 9 in.»
The total pressure on this vertical stem =3w(14.75)*=%(22)
(14.75)2=2400 1h?and is applied at a distance }(14.75)=4.92 ft/
above the bottom of the stem. (See Fig. 21a.) Thus the
bending moment at the top of the footing, M= (2400)(4.92)
(12)=141,700"n.-lb. From Table 2 of Volume I for f.=650

- and f,= 16,000, we obtain K=107.4. Then,

141,700

bd*= " 0v.4

=1320
‘ ,. ?in,, the resulting thickness of vertical slab at the
o noplus 14 in. (as a minimum to properly imbed
, tal thickness of 12in. Table 2 shows p=0.0077; ~/
?
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hence, area of steel a.=(0.0077)(12)(10.5)=0.97 sq. in. per
linear foot of wall. Table 4 shows that $-in. round rods spaced
5% in. on centers will give the required area. These rods, of
course, should be placed vertically along the back of the
wall.

The bending moments in the vertical beam vary as the cubes
of the distances below the top while the resisting moments vary
as the squares of the thickness of the beam. Thus, if a beam
should have the required thickness at the top of the footing and
should taper uniformly to zero thickness at the top of wall,
it would have more than the required strength at intermediate
points. However, considerable thickness is needed at the top
to resist shocks, frost, etc., and for convenience in placing the
concrete. For simplicity the top thickness in this design will
be taken as 12 in., although 10 in. may be quite sufficient.

At a point 10 ft. below the top of wall, the bending moment is

: 5 @102 (%) (12)=14,000 intb., and at 5 ft. below it is

2 (22)(5)’( )(12) 5500 in.-lb. The corresponding values of

(13;(?805), 33.3 and 4.2. Referring to Table 3, it will
be seen that less than 1 and } of the reinforcement used at the
footing (p=0.0077) will be sufficient at these points respectively.
For example, the p corresponding to K=33.3 is 0.0023, while
3 of 0.0077=0.0026. Although the table does not include a
value for K as low as 4.2, it can be readily shown that using a

K are

rough value for j in the formula p=ij’ a value of p will be

obtained which will be considerably smaller than } of 0.0077 =
0.0013. Thus if every third rod is carried up to within 5 ft.
of the top and one out of every six to the top of the w»ll. the
vertical wall is sure to be safely designed.

Maximum shear on the vertical stem occurs -~ -« . .
footing and equals 2400 1b. The corresponding m

: 2400 22 1b. per s Ce
“bjd” (12)(0.874)(10.5) — per squa i
which may easily be carried by the concret~ »~ fh S

are needed. .
Since bond stress varies as shear, the m- <

also occurs at the bottom of the vertical st '\n. x
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we Vo 2400
= Jojd= 712
(5. 5) (2.36)(0.874)(10.5)

=51 lb. per square inch

and thus the bond stress is within the allowable.

Each vertical rod should have a length sufficient to prevent
pulling out and Table 16 shows this length to be 50X $=37} in.
(The Joint Committee recommends a distance somewhat
greater than this. See report at end of this volume.) "Thus,
the vertical rods must extend at least about 38 in. into the
footing, or be anchored in a substantial manner. The anchorage
may be provided by bent ends; by looping the rods around
anchor-bars near the bottom of the footing; or, when a projec-
tion is needed below the footing to prevent sliding, this projec-
tion may be so placed as to aid materially in providing length of
grip for the vertical rods. Rods up to 1 in. in size are readily
bent to any desired angle and it is common design to obtain the
" grip of the vertical rods by bending them into the outer cantilever
where they may serve as horizontal reinforcement.

Longitudinal rods should be inserted in the vertical wall to
prevent large cracks. Cracking is more liable to occur near the
top and on the outside, so these parts should be the more heavily
reinforced against shrinkage and temperature stresses. About
0.4 of 1 per cent of horizontal steel will be employed, based on
the total cross-section of the concrete and approximately two-
thirds of this will be placed on the front wall. (See Art. 27 of
Volume I.) The Joint Committee recommends an amount of
reinforcement generally not less than one-third of 1 per cent.

as=(0.004)(12)(12) =0.58 sq. in.

Table 4 shows a 4-in. spacing sufficient for }-in. round rods.
This average will be maintained if the spacing be 6 in. in front
and 12 in. at the back of the wall.

Footing—Before the trial footing can be investigated in order
to determine whether or not it has a length sufficient to give
satisfactory stability to the wall, the total pressure acting upon
the bottom of the footing should be computed—also the point of
application of this pressure. Referring to Fig. 21, let

W, denote weight of concrete represented by area abed.
W. der ote weirht of earth represented by area cfed.
W' denote weight of concrete in footing.
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Then,
W, =(14.75)(150)=2210 Ib.
W = (3.83)(14.75)(100) = 5650 Ib
W' = (6.5)(1.25) (150) = 1220 Ib.

Now the distance from the toe B to the line of action of the resul-
tant vertical force W (considering the weight of the earth above
the outer cantilever as negligible) may be found by multiplying
the distance from B to the center of gravity of each area by the
respective weight and dividing the sum of such moments by the
sum of the weights. Thus

(2210) (2.17)+(5650) (4.59) +(1220)(3.25) _ 34,710
221045650+ 1220 ~ 9080

and W=9080 lb. The line of pressure drawn for P and W
intersects the base practically at the middle third point as
planned.

Fig. 21(b) shows that the factor of safety against overtummg '
(see Art. 5) .

=3.82 ft.

B¢’ 3.82
fOT ‘b< _23 OrfOT "’bl r= 1 65—23

A factor of 1.5 to 2 may usually be considered as ample for
reinforced walls because the stability of wall is increased by the
resistance of earth to shear along the line ¢f (Fig. 21) and by the
passive pressure of the filling in front of the wall when -this
earth is put in place before that behind the wall.

The average pressure per square foot on the foundation is

9g85-0=1460 lb., and the maximum pressure at B is twice this

value, or 2800 lb., which is within the allowable. The pressure
at Diszero. Fig.21(c)shows the distribution of pressure through-
out the length of the base.

Fig. 21(d) shows the factor of safety against sliding (see
Art. 5) to be

TSR
fSL= £§= 13, or fSL'_' (Qoeﬂ" Qf.g_lcn,o'n A W)
_0.4)9080) __ ,
- 2800

It should be remembered that this factor of =aic . does not take
into account the fact that resistance is offc ~d ayninst sliding
nor the fact that if the wall <iides, the cohesioi. <+ “iic eartl al iy
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the line ef (Fig. 21) must be destroyed. For the above reasons
the wall will be considered safe against a sliding failure.

Inner Cantilever—Fig. 21 shows the length of this cantilever
to be 3.83 ft. There are three forces acting—the upward pressure
of the soil and the downward weights of the cantilever and
earth filling. At C the shear ,

1650,

V =5650+ (3.83)(1.25)(150) -~ (3.83)
=5650+720—3160 =3210 Ib.

and the moment at the same section
3.83 3.83
M= (5650+720) () - (3160) (=5°) |12
=(12,200—4030) (12) =98,000 in.-1b.
and is negative. i
The minimum depth to steel by moment is (Table 2)
98,000 _ .
_ @79 -’ .
This depth is undoubtedly too small to satisfy the bond stress
which is considered below.
The approximate depth to satisty bond stress may always be
obtained by using the average value § for j. From the formula

u= Sojd” we have d= Souj Taking -in round rods, same size

as employed in the vertical stem, and assuming an 8}-in. spacing
(1% times the spacing of the vertical rods), we have as the approxi-
mate depth to satisfy bond stress

d= 3210 _i34in.

(5.25) 230,800
0.442

If we use d=13} in. (totai depth 15 in.), then p= (8.25)(13.5)

0.0040 and Table 3 gives j=0.903. The resulting bond stress
3210

U= oy - - =77 Ib. per square inch
(i 25) (2-36)(0.903)(13.5)
which is less than the allowable.

3210 .
V= (12)(6903)(135) =22 lb. per square inch

and no stirrups are necessary. Rather than use stirrups which
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are troublesome in construction, it is better in nearly every case
to increase the thickness.
The stress in the steel
M _ 98000
J+= piba™ (0.0040)(0.903)(12)(13. 5)*
and the length of embedment necessary to prevent slipping
fi_(12,400)(})
4u”  (4)(80)

The stress in the concrete is clearly less than the allowable since
the moment depends upon the steel.

It is seen from the above computations that bond is the
controlling element. Since bond varies as shear, a shear diagram
may be used to determine how much the footing may be tapered
toward the inner end. Fig. 22 is such a diagram, with ordinates
plotted at 1-ft. intervals. The end of the footing cantilevers

=12,400 Ib. per sq. in.

=30 in.
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should have a minimum practical thickness of at least 12 in.,
since inequalities in the character of the soil may increase the
unit pressures at some points. The problem, then, is to deter-
mine whether the footing may be tapered to this thickness at the
end; if not, a greater end depth must be taken. The amount of
shear needed at each end of the cantilever to cause u to equal its
allowable value should next be determined, and the ordinates
representing these values should be plotted to the same scale as
the rest of the diagram. A straight line joining the upper ends
of these ordinates represents the allowable shear throughout the
beam considering the amount of steel as constant.




DESIGN 33

The ordinates to the allowable shear curve may be found by
transposing the bond formula u= ;‘;. d into the form V =uZl0jd,

and substituting for u its allowable value. Thus the ordinate
at the left in Fig. 22 is found, accurately enough, as follows:

V= (80) (8 25) (2.36)(3)(13.5) = 3240 Ib.

Outer Cantilever.—The computatlons for the outer cantilever
are similar to those for the inner cantilever. Fig. 21 shows the
length of this cantilever to be 1.7 ft. Since the earth back of
the wall may be put in place before the outer footing is covered,
the weight of earth above this part of the footing will be neg-
lected. The downward weight is that of the cantilever itself
and the upward pressure is represented by the trapezoid ghij in
Fig. 21(c).

The downward weight is (1.25)(1.7)(150) =319 lb. with a lever
arm about the front of the vertical wall of 0.85 ft.; moment corre-
sponding = (319)(0.85)(12) =3250 in.-lb. The moment of the
upward forces about the same section is

[coroya.7 (*7) +@30) () () (1.1]12=44,300 in.-1b.

The total moment .
M =44,300— 3250 =41,050 in.-1b.

Referring to Table 2, the minimum depth to steel (for moment)
at the front of the vertical wall should be

M \ 41,050

bK |(12)(107 4)
and the area of steel a, = (0.0077) (12) (6.0)=0.55 sq. in. The
depth to satisfy bond stress or shear will undoubtedly control.
It is common design to bend the vertical rods into the horizontal
to form the reinforcement of the outer cantilever. If all the
steel in the vertical wall is used in this way, we should have 0.97
sq. in., which is more than sufficient as regards moment.

28002070

=y (1.7) — 319= 3820 Ib.

Assuming  for j, we have as the approximate depth to satisfy
bond stress

=6 in.

d= 3820 =11 in.

(12) secn®
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If we use d=13 in. with a total depth of 15 in. (2 in. protective

covering at the bottom of footing should be considered a mini-

mum), then p=-(ig—3§()—'17~3-)=0.0062 and Table 3 shows j=0.884.

The resulting bond stress
3820
Y="12
(5%) (2:36)(0.884)(13)

which is satisfactory. The stress in the steel
M _ 41,050 - -
Jo= pibd® ™ (0.0062)(0.884)(12)(13)? ™~ 3700 Ib. per square inch

=65 lb. per square inch
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and the length of embedment necessary to prevent slipping
fi _G100@ _g
4u (4)(80)

This distance can be easily secured.

The maximum unit shear involving diagonal tension

3820 .
v= (12)(0.884)(13) = 28 b, per square inch .
and no stirrups are needed. -—

Plate 1 gives the complete design of wall. The footiry
poured first and, after this becomes hard, the forms are erc* d
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for the vertical wall. A 2-in. by 4-in. notch should be made in
the footing, as shown in Plate I, so that in case there is no bond
between the vertical wall and the footing, the direct shear may
be properly provided for. Rough computations, using one-half
the allowable compressive strength of the concrete as the allow-
able stress in direct shear, show that the notch is more than
ample even when friction and the bearing value of the rods are
disregarded.

PROBLEM

1. A cantilever reinforced-concrete retaining wall is to be des'igned to have
the same stability as the standard plain-concrete wall of the New York
Central and Hudson River Railroad, shown in Fig. 23. Take 16 ft. as
the height of wall above ground and design the wall assuming all other
data (except w) the same as in the preceding example. Make the ends

.)‘ a I(,...
cerrver of gravity
cernter of of area ¥
gravity of . z ? : x
area
X
Fia. 24. F16. 25.

of the three cantilevers 12 in. in thickness and design the wall proper
with a vertical front face and with a uniform batter at the back. Assume
the trial thickness of base at 18 in. In the design of the reinforced wall
a fluid should be considered which weighs the next larger whole numbér
of pounds than that obtained from the Standard New York Central
wall. In finding weights and centers of gravity in Fig. 23 work about a
vertical plane passing through the rear end of footing. Submit all
computations, also the completed design neatly drawn in ink.

Note.—1t is convenient in retaining wall design to have the following
formulas at hand: -
. . a,z-*-a + 2
Te.g. 1N Flg. 24 = 3(J+b) i
P ¢ 2a+b
Zc.g. In Fig. 25 =g ai-:-b'
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|Design No. 2.| Using Rankine’s formula for earth pressure,
design a retaining wall to be 15 ft. high above the ground and
to support an earth bank whose surface has an upward 30°
slope from the top of wall. Consider the safe bearing power of

" the soil at 3 short tons per square foot. Angle of internal
friction of the earth filling is 35°. Coefficient of friction of the
concrete upon the earth foundation is 0.40. The earth filling
weighs 100 Ib. per cubic foot and the concrete 150 lb. per cubic
foot. A 1:2%:5 concrete is to be employed with f.=500 lb.,
f:=16,000, u=80, and v=30 lb. per square inch; also n=15.
Some type of round deformed bar will be assumed in order to
allow 80 lb. per square inch in bond.

It will also be assumed that the foundation is to be 3 ft. below
the ground surface and that the face of the wall is to be brought
.as close as possible to a given property line.

The length of the base will be tried at 9 ft. 8 in. and the thick-
ness of the footing will be assumed at 30 in.

Vertical Wall.—The height of the vertical wall assuming a
30-in. footing is 154 ft. (See Fig. 26.) Referring to Art. 3 we
find that the total pressure on the vertical stem '

0.866 —0.281 J

P1=34(100) (15.5)* (0.866) g6, 9,281
=5310 Ib.

H,=P, cos 30°=4600 1b.

Thus the bending moment on the vertical wall at the top of the
footing
M = (4600) (5.17) =23,780 ft.-lb.

From Diagram 1 of Volume I for f.=500 and f, =16,000, we
obtain K=71. Then

d=\/23,£80= 18.3 in., say 18} in.
total depth 20 in. The effective depth may, with sufficient
accuracy, be taken equal to the horizontal depth to steel. Dia-
gram 1 shows p=0.0050; hence, area of steel a, =(0.0050)(12)
(18.5) =1.11 sq. in. per linear foot of wall. Diagram 3 shows
2-in. round rods spaced 4} in. on centers will give an area of 1.18
3q. in. The wall will be tapered to 12 in. at the top.
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L

At a point 10 ft. below the top of wall the bending moment is

88,400 in.-lb. and at 5 ft. below it igo 11,000 in.-Ib. The values
; 88,400 _ 11,000

of K which correspond are 12)(7. 16),—-25, and (12)(14.58)*

=4.3. Diagram-1 cannot be used to find the corresponding val-

ues of p, but, using 0.90 as a rough value for j and substituting
in the formula p= fIfi’ we have the values 0.0017 and 0.0003

respectively. The actual values of p, assuming one-third of the

F1a. 26.

total steel at the 10-ft. point and one-sixth at the 5-ft. point,
are one-third of 0.0050=0.0017 and one-sixth of 0.0050=0.0C08.
Thus if every third rod should be carried up to within 5 ft.of
the top and one out of every six to the top of the wall, the design
will be safe.

The shear on the vertical stem is due to the horizontal com-
ponent of the earth pressure P,. The shear is a maximum at
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the top of the footing, and equals 4600 lb.-/ The corresponding
unit shear (j=0.893,Diagram 2)
- 4600
Y= (12)(0.893)(18.5)
which may be easily carried by the concrete.
The bond stress

u= 4600 —— =44 |b. per square inch

( )(2 36)(0.893)(18.5)

=23 Ib. per square inch

and is within the allowable.

Each vertical rod should either extend at least 50X $=374 in.
into the footing or be securely anchored. Approximately the
same percentage of shrinkage and temperature reinforcement
will be employed in the vertical stem as in Design No. 1.

Footing—The resultant pressure on the base of wall and the
point of application of this pressure will need to be determined.
Referring to Fig. 26,

wi=""9%1%7015.5)(150)= 3100 1b.

_(1.0)4(1.0)(1.67)+(1.67)*_
lever arm= 3(1.0+1.67) =0.68 ft. - O
=(2.5) (9.67) (150)=3630 lb.
lever arm=4.83 ft. .

867180045, 5)(100)=12,920 Ib.
o (8. 00_)_’j'(8 00)(8 67)+(8.67)%
lever arm=9.67 3(8.00+8.67)
W' = (8.67) 4(8.67 tan 30°) (100)=2170 lb.
lever arm=1.00+%(8.67)=6.78 ft. /
The weight of the coping will be neglected.

(3100)(0 68)+(3630)(4 83)+(12, 920)(5 50)-{-(217_0)(6 78)
3110+3630+l2 920+2170
105,421

= 2—1',83_0_-‘4'83 ft.

and total weight is 21,830 Ib.
The total earth pressure on the plane ab should now be com-
puted, or .

P=13(100)(23.00)*(0. 866) (5

St

“ -~

W.=
=5.50 ft.”

0.585

- 147) =11,700 Ib.
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The line of pressure drawn for P and the resultant weight inter-
sects the base 3.07 ft. from the toe c.

The factor of safety against overturning is( gte;uter than 4.
27,680(0.4 -

10,130 =1.1. The
tendency of the wall to slide is 10,130 lb., while the frictional
resistance to sliding is 27,680X0.40=11,070 lb. It would
probably be wise to construct a 12-in. projection on the under-
side of the footing, as shown in Plate II, to increase the bearing

The factor of safety against sliding is

Rk

against the soil in front of the_

?

. . | wall. This projection may be
: P placed in the middle of the
13 18 7 . >| NE .
S§ [eF 5y x> base or at either end.
. #"" ' ‘ It should be noticed that the -
e Py o “”;’" £oin?  resultant pressure on the base
strikes just outside the middle

7

f . ' third. This, it should be un-
A derstood, is not serious in a
y U reinforced-concrete wall when

Fig. 27. the earth-pressure theory is
used. However, for this case
formulas (1) and (2) of Art. 7 cannot be employed to give the
intensity of pressure on the soil beneath the footing. Since the
resultant does not cut the middle third, only a part of the base
is under pressure. There is what might be considered a neutral
axis, as shown in Fig. 27. Two equations may be determined.
One equation results from equating the total pressure on the
foundation to W, and the second .from equating the moment
of that pressure about the gravity axis to Wz,. From these
equations we obtain

2 w
37t ‘
(2 - xo)
In the problem at hand z,=4.83—3.07=1.76 ft., t=9 ft. 8 in.
and W=27,680 Ib. Substituting,
x=3(1.76)—4.83=0.45ft. and p;=

.
x=3x0—2 and p;=

2 27,680
3 (4.83—1.76) = 00101V
This value of p, is practically the allowable soil pressure. Very
often in a design of this kind it is more practicable to rest the
wall upon piles than try to increase the length of footing so as
to bring the maximum soil pressure to a safe value.
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Another method of finding the maximum soil pressure when
the resultant strikes outside the middle-third point is as follows:
Determine the distance from the toe of the wall to the point
where the resultant cuts the base. This distance in the case at
hand is 3.07 ft. Now since the center of gravity of the pressure
triangle (shown in Fig. 26) is vertically below the point where
the resultant intersects the base, the length of the base under
pressure is three times the length determined above—in this
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case 9.21 ft. The average pressure may now be found by divid-
ing the total load by the length of effective base. and this multi-

plied by 2 gives the maximum pressure, which occurs at the

toe of the wall. In the problem at hand p,=(27£8291))(—2) =

6010 Ib.
The second method given is much simpler than the first, but

the first method is general and shows the manner of solving for

(3
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pressures on foundations where the part of the base under pressure
is not of a rectangular shape.

When comparison is made with a plain concrete wall by the
equivalent fluid pressure method, the resultant pressure should
strike the base within the middle third, otherwise the reinforced
wall will not have equal stability to the plain wall. This is not
necessary, however, when the earth pressure theory is used;
provided, of course, that the pressure on the soil is not greater
than the allowable and provided that the wall has sufficient
stability against overturning and against sliding.
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Footing Cantilever—Fig. 26 shows the length of this canti-
lever to be 8.00 ft. The forces acting on this part of the footing
are the upward pressure of the soil, the downward weight of the
earth filling, and the vertical component of the earth pressure.

Fig. 29 gives the diagrams for shear and moment which may
be easily obtained if a figure is first constiucted similar to Fig.
28. In Fig. 28 the quantities shown are the amounts of the
forces represented by the respective areas. The arrangement is
such that the foices to consider in finding shear and moment
at any given section may be conveniently determined. The
vertical component of the earth pressure to be taken into consid-
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eration is the vertical component of the pressure P, acting upon
the plane fg. The value of V, is shown at the right of Fig. 28
for convenience.

It is not necessary for the student to construct the moment
diagram, since it is evident from Fig. 29 that the footing is always
sufficiently strong as regards moment if it is tapered from the
required depth at the section de, Fig. 26, to zero at the inner end.
However, this cannot be said in regard to the shear diagram since
it is important that the variation of the shear should be considered
in every case. The shear is not a maximum at the section de
when the cantilever is of any considerable length and much
error could result if the maximum shear were not determined.
Fig. 29 illustrates this.

The minimum depth to steel for moment is (Diagram 1)

(52,270) (12) .
an a2 27 in.
or a total depth of 29 in.
as = (0.0050) (12) (27)=1.62 sq. in. per linear foot of wall.
The footing, however, will need to be deepened at the vertical
stem to a total depth of 38 in. (d =36 in.) to provide for shear.
The effective depth may, with sufficient accuracy, be taken
equal to the vertical depth to steel.
Then

(52,270 (12)
K="12) @3g): =403

and Diagram 1 gives p=0.0027.

a.=(0027) (12) (36)=1.17 sq. in. per linear foot of wall.
Thus the same size and spacing of rods may be employed as in
the vertical stem. Fig. 29 shows that the shear is satisfactory
if a uniform taper is given to the footing to a depth of 14 in.
(12 in. to steel) at the end. (See Plate II.)

The rods in the footing should extend at least 37} in. to the
left of the point d, Fig. 26, in order to obtain sufficient grip on
the concrete. To the right of d, it is proposed to stop off every
other rod at the half-way point; namely, at h, Fig. 26. This
arrangement would give sufficient grip for all rods in the footing.
Maximum bond stress, however, should be investigated before
the design is accepted.

The critical bond stress will occur at the section hk, Figs. 26
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and 29, since at this section the shear is a maximum and only
every other rod can be taken into consideration.

U=" 1o\ w0 107 Ib. per square inch.
(g.0) 236 (B (255

This stress is above the allowable and all the rods must be
carried through to the end of footing.

The complete design is shown in Plate II.

12. Design of Counterforted Type.—In a counterforted type
of wall the vertical slab is supported at intervals by vertical ribs
or counterforts. These counterforts act as cantilevers and are

securely tied to both the vertical A i
]

wall and the footing. The project-
ing toe of the footing is a cantilever
while the inner portion is a slab sup-
ported by the counterforts.

Since the cost of constructing the
forms for this type of wall is greater
than that for the cantilever type,
results show the counterforted wall Cross-section Elevation
to be the more economical when the Fic. 30.
height is greater than about 20 ft.

The economical spacing of counterforts should be determined for
each case. In the designs to follow, this spacing will arbitrarily
be made 8 ft.

In designing, the curtain wall AC, Fig. 30, is usually considered
as made up of a series of horizontal strips and treated as slabs
partly continuous and unifoimly loaded. The pressure against
this wall changes with the height so that the pressure upon the
different strips increases with the depth.

The footing slab marked CD, Fig. 30, may also be considered
as composed of narrow strips uniformly loaded. The loading
consists of the dead weight of the slab, the downward weight
of the earth, and the upward reaction of the soil.

The projecting toe of the footing—namely, BC—should be
treated in the same manner as the corresponding part in the
cantilever type of wall. Itis sometimes more economical when
the projection is large to introduce small buttresses and con-
struct also this part of the footing as a partly continuous slab.

The load on the counterforts comes from the curtain wall

C C

o,



46 REINFORCED CONCRETE CONSTRUCTION

which in turn takes the earth pressure. The thickness of counter-
forts must be sufficient to insure rigidity and give necessary
space for the reinforcing rods.
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[Design No. 1| Design a reinforced-concrete retaining wall
with counterforts to support a level bank of earth and to be
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24 ft. high above the ground. Maximum allowable pressure
on the base is 5000 lb., or 24 short tons per square foot. Coef-
ficient of friction of concrete on the earth foundation is 0.60.
The weight of earth and concrete, and the working stresses for
the concrete, will be taken the same as in the preceding design.
Deformed rods will also be assumed. The equivalent fluid
weight will be taken at 25 lb. per cubic foot. Counterforts
will be made 16 in. in thickness and spaced arbitrarily 8 ft. on
centers.

The base of wall will be placed 4 ft. below the ground level,

making h=24+4+4=28 ft. The trial value of from the table -

of Art. 9 is 0.44, so that t=12 ft. 4 in.” BC, Fxg. 31, will arbi-
trarily be made 4 ft. The tables of Volume I will be used in-
the design.

-Vertical Wall.—The thickness of the footing will be assumed
at 30 in. Then the height of the curtain wall above the top of
the footings will be 254 ft. The pressure at a depth of 25% ft.
is wh=(25) (25.5)=638 lb. per square foot. Considering a
horizontal strip of the curtain wall at thls depth and employing

the formula M = -»l for a partly continuous slab,

(638) (8)

M= a0y =4080 ft.-lb. per foot of width.
Then
d= ;g—%)=7.6 in., say 8 in. (total thickness 10 in.)
and

a, = (0.0050) (12)(7.6) =0.46 sq. in. per foot of width.

Round rods % in. in diameter and spaced 5 in. center to center
will be sufficient. In any design, the vertical wall should have
a thickness of at least 8 in., as it is difficult to properly place
concrete where the wall is very thin.

The bending moment at the counterforts is negative and
numerically equal to the positive moment at the middle of the
span. The moment is negative for about one-fifth of the span
on each side of the counterforts and may be provided for by
introducing short rods or by bending the main slab rods to the
inner edge at these points. The first method will be adopted
in this problem. The short rods should have a length on each
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side of the counterforts of 50 X4 =25 in. for straight bond, and
this length in this case is greater than one-fifth the span.

The thickness of the vertical wall as determined for moment
must now be tested for bond and for shear. From the nature
of the loading and the connection of the slab with the footing,
and also from the fact that the maximum bond and maximum
shear will occur only at the bottom of the lowest strip, the span
of slab, as far as shear and bond is concerned, will be taken as
the clear distance between counterforts. The same span might
be considered for moment, but moment does not control. The
total shear

V =(638) (4.00—0.67) =2130 1b.

Then, assuming the same size and spacing of rods over supports
as at the center of span,

u=- o 2130 =79 Ib. per square inch

( 5) (1.571) (0.894) (8)

which is satisfactory. The unit shear
_ 2130 _
U= (12) (0.894) (8)

which is allowable.

For ease in construction the thickness of the curtain wall will
be made the same throughout and the spacing of the horizontal
rods will be increased with the decreasing pressure toward the
top, as shown in Plate III. As the temperature stresses increase
toward the top, the spacing of the rods for the upper one-half
of the height will be kept uniform. At a point one-fourth the
height of wall above the footing, the required spacing is 5X $=6.7
in., and at one-half the height it is 5X2=10 in.

The wall is fully reinforced for shrinkage and temperature
stresses in a horizontal direction by the main reinforcement.
Round rods % in. in diameter and spaced 24 in. center to center
will be placed vertically to take the temperature stresses in that
direction and also to serve as stress distributors.

Footing—By proceeding as in the previous designs, the re-
sultant weight is found to be 28,010 lb. for 1-ft. length of wall,
and acts at a distance 7.52 ft. from the toe B. The difference
in weight between a counterfort and that of an equal volume
of earth backing is neglected, as this amounts to very little pres-
sure on the base assuming a reasonable distribution along the

25 Ib. per square inch
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length of the wall. The resultant pressure drawn for P and W
cuts the base just inside the middle third point. The distance

from the toe B to this intersection scales 4.26 ft., or analytically,

@ 33;0(&8‘0‘@“4 26 ft. Thus the computations show a slightly

greater safety than the necessary conditions for our design.
The thickness and shape of the footing, however, have not
yet been definitely determined.

The intensity of pressure on the soil at each end of the base
may be found by uting the formulas

= (1+%)

W 6130
P2= (1 T )
of Art. 9. In this design
, 20=1.91 ft., W =28,010 Ib., and £ =12.33 ft.
Substituting,
28,010 6Xx1.91
=253 (I 12,33
P2= 2182031:;) (1_61><215§1) = 160 lb. per square foot.

Fig. 31 shows the distribution of pressure throughout the lengtb
of the base.

The wall is safe against sliding, having a factor of safety of
(28,010)(0.6)

) 4380 Ib. per square foot.

9800 =1.7. The factor of safety against overturning is
7.52
7.52—-4.26~ 2%

Inner Floor Slab.—The loading on the horizontal footing slab
CD, Fig. 31, is the difference between the downward forces and
the upward pressure of the soil. This difference is a maximum
at D and decreases toward C, so a strip of footing at D 1 ft. wide
will be considered.

The upward pressure is 160+-500

2 =330 Ib. and may be con-
sidered as uniformly distributed, while the weights of the earth
and footing are 2550 Ib. and 375 Ib. respectively. Thus the
uniform load on an end strip 12 in. wide is 25504375—330=
2595 1b. per linear foot. The maximum bending moment in this

slab (considering it as partly continuous)
4
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=B _ 16 600 5.,
Then d=+ ’13’19939= 15} in. (total depth 17} in.)

The depth of the slab is generally controlled by shear. The
total shear at the edge of the counterfort is (2595) (4.00—0.67)
=8640 Ib. and the necessary depth for shear, assuming j=1%, is

d=" 8%40'—7 =28 in. (total depth 30 in.)

(12) (g) (30) |
Thus the total thickness of the slab should be made 30 in. instead
of 17} in. as required for moment. It seems reasonable here
(as in the vertical wall) to consider the span of slab for shear and
bond as the clear distance between counterforts. Only the end
strip receives maximum stress and this is strengthened by the
strips adjoining.

Negative bending moment will be provided for by separate
short rods at the top of slab at counterforts. Since maximum
bond stress will occur in these rods, it is the intention to design
the bottom rods simply for the bending moment, giving a sufficient
spacing to the top rods to take care of the bond stress. .

The size and spacing of the bottom rods will now be determined

for moment.
M 16,600

Tbd2” (28)°
Table 3 cannot be used to find the corresponding value of p,
but using 0.93 as a rough value for j and substituting in the

K =21.2

formula p=}<j, we have

21.2 ‘
P= (16,000)(0.93) = 0-0014
Thus a,=(0.0014)(12)(28) =0.47 sq. in.

and 2-in. round rods spaced 11 in. on centers is sufficient for
moment in the bottom fods
Rods of the same size will be used over supports. Bond will

control.
_(B80)(12)(2.36)0.99)(28) _, .
Spacing = 8640 =6.8 in.
A 6-in. spacing at the edge of footing will be considered satis-
factory.

The thickness of the slab will be made uniform and the spacing
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of the rods will be increased as the load decreases toward the
vertical stem. Since bond and moment vary directly with the
load, the spacing for both top and bottom rods will vary in the
same ratio. For each 1-ft. strip along the footing, the unit load

43?3’3;60—342 Ib. At 2 ft. from the end the

unit load is 2250 1b., and the required spacing in the top rods
(6.8)(2595) (11)(2595)
is 2950 =7.8 in. and in the bottom rods 2250 =127
in.; at 4 ft. fiom the end the unit load is 1570 lb., and the
required spacing in the top rods is 11.2 in. and in the bottom rods
18.2°in. As a general rule the spacing of the rods should not
be increased much beyond 18 in. center to center.
The top rods should have a length on each side of the center
of counterfort sufficient to prevent failure by bond.
0.44
p= (6)(28) =0.0026
j=0.919 (from Table 3)

_ (16,600)(12) _ .
fa= (? 002(‘2)(0 919)(12)(28)’—8900 Ib. per square inch
fi_ (8900)(%) .
=" (o) ~2tim

Thus 21 in. on each side of counterfort is sufficient. This
length is practically one-fifth the span.
Using the exact value for j, we have

8640
= (12)(0.919)(28) — 28 Ib- per square inch

is decreased by

which is satisfactory.

Outer Cantilever.—The computations for this part of the
footing are similar to those for the corresponding part of the
cantilever wall footing. Fig. 31 shows the length to be 3.58
ft. The downward weight is that of the cantilever itself and
the upward pressure is represented by the trapezoid abed. The
distance of the center of gravity of this trapezoid from the line
bcis

358 2(3150)+4380

3.58 — 3—1—'50'_'*_-58‘0 =1.89 ft.
The moment close to the vertical wall is
M= (4380‘;-3150) (3.58) (1.89) — (3.58)(2.5)(150) (3 ‘258)
=23,100 ft.-1b.
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The minimum depth to steel for moment should be
23,100 .
71.3 = 18.0 in.
and the area of steel a, = (0.0050)(12)(18.0) =1.08 sq. in. Round
rods { in. in diameter and spaced 4% in. on centers will suffice.
The total shear

v=4380F31%0 5 58— (3.58)(2.5)(150) = 12,160 I

Assuming § for j, the depth to satisfy shearing stress

d=—""2-- 70 = 39 in. (total depth 41 in.)
(12)(30) (g)

For this depth with the same sized rods and same spacing as
required for moment, the approximate bond stress

U= o0 1249077 - =57 Ib. per square inch.
(4.5)(2-30) (g) 39

A 6-in. spacing will be tried. p= ((()5)‘(1.';1:) =0.002 approximately,
hence j=0.928. Then. . .
12,160

19 =72 lb. per square inch
( 6 ) (2.36)(0.928)(39)

U=

which is within the allowable. The unit shear is obviously less
than the allowable since the value of j is greater than §. The
thickness of the footing may be reduced to 12 in. at the outer
end.
The stress in the steel
o GB100G2)
*7(0.0019)(0.928)(12)(39)2
and the length of embedment necessary to prevent slipping
fi_ (8620)(%)
4u  (4)(80)
The rods will have sufficient grip on the concrete if they are not
formed into hooks in front, while more than 21 in. is available in

the rear.
Counterfort.—The total force transmitted to a counterfort is,

=8620 lb. per square inch

=21 in.
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with sufficient accuracy, % (25)(25.5)2(8) =65,000 lb. Since the
resultant force acts at one-third the height, the bending moment

25.5
e
The tension in the counterfort along the edge AD, Fig. 31, will
be carried by rods near this edge and the stress in these rods at
any point may be found accurately enough by an equation of
moments taken about the center of the front wall at the top of
footing. Allowing 2 in. from center of steel to edge of counter-

fort, the moment arm y of the maximum stress in the rods scales
7.80 ft.

M = (65,000) ( ) (12) = 6,630,000 in.-Ib.

M 6,630,000
bd2~ (16)(7.8)2(12)?
Table 3 shows p=0.0032. Thus a,=(7.8)(12)(16)(0.0032) =
4.79 sq. in. and five 1}-in. round rods will be needed. The
thickness of the counterfort is sufficient to properly provide
for these rods if a spacing of 2} diameters is allowed.! At
16 ft. bélow the top the bending is 1,638,400 in.-lb., and at 8 ft.
below the top it is 204,800 in. The effective depths of the
counterfort at these points are 5.00 ft. and 2.60 ft. respectively.
The required values of p approximately corresponding are 0.002
and 0.001. If we consider 3 of the rods to be carried above the
16-ft. point, and 2 above the 8-ft. point, then p= (1((;())(5993(2)8)5)
=0.0031 and 0.0040 respectively. These values are greater
than those required and the rods may be stopped off as planned.
In addition to the inclined bars placed near the edge of the
counterfort, horizontal and vertical bars are necessary to tie
the vertical and horizontal slabs to the counterfort, and to
transfer the stresses. Since concrete is assumed to be incapable
of taking tension, these rods must be considered to take all the
shear along the horizontal and vertical edges of the counterfort.
At the top of the footing the shear on 1 ft. in height is
(25)(25.5)(6.67) =4260 1b. If 3-in. round rods are used, the
tequired number in a foot of height is (0.19‘(13)2((31()6,000)'=1'35'
These rods should be placed in pairs, each hooked around the
outer horizontal 1einforcing bars in order to obtain a satisfactory

K= =47.3

1The Joint Committee in their sccond report recommends 3 diameters; sce report at
the end of this volume.
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12(2)
1.35
=17%in. The spacing of the rods at other points in the vertical
wall may be determined in a similar manner. The arrangement
of the pairs of rods is shown in Plate III.

The spacing of the vertical bonding rods may be determined
in a somewhat similar manner to the above. At D, Fig. 31, the
downward tension on the counterfort caused by the shear from
the floor slab on both sides of the counterfort is (2595)(6.67)

=17,300 lb. on 12 in. of length. On the succeeding 12-in. strips

the tension is decreased by 43183 3;1360(6 67) =2280 Ib. for every

bond. The spacing of these pairs at the footing will be

foot distant from D. The diagonal rods at the extremity of
the footing will be considered to take the tension for only the
first 12 in. For the second foot strip the total tension is 15,020
1b. and two $-in. round rods will be considered sufficient if placed
at the center of this strip—namely, 1} ft. from the end of footing.
The tension coming from the third foot strip is 12,740 Ib. and
two 2-in. round 10ds will also serve here if placed 2} ft. from the
end. Two #-in. round rods will serve the next or fourth strip,
two #-in. round rods the fifth strip, and two {-in. round rods for
the remaining length of 2.92 ft.

The vertical and diagonal rods of the counterfort should be
extended 50 diameters into the footing or, if desired, the vertical
rods may be hooked around the lower reinforcement.

(Lo'mt in thousands of pourds per axke)
| iﬁ5|0 J?ST.’FJZJ’.?S 25 50 50 50 & RS”ST{

LA | || IIII %%:
L L I

( Distance berween /aads n feer)
Fre. 32.

[Design No. 2| Design a counterfort retaining wall to have a
total height of 20 ft., and to carry a sand filling which weighs 100
lb. per cubic foot. The wall is also to carry a surcharge due to
Cooper’s E50 standard train loading (Fig. 32) on each track shown
in Plate IV. The weight of the fluid to give the same pressure
as that of the filling will be taken at 25 lb. per cubic foot. It
will be assumed that the face ot the retaining wall is to be placed
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on the right-of-way line where it is not possible to extend the toe
of the foundation beyond the face of the wall. A pressure of
6000 1b. per square foot is allowable on the soil, and the coefficient
of friction of concrete on the earth toundation is 0.40. The
counterforts will be spaced arbitrarily 8 ft. on centers. The
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working stresses for the concrete will be taken the same as in the
two preceding designs. Round deformed rods will be assumed
as before.

A little investigation will show that maximum -conditions
will occur with a train load on each track and with the drivers

-
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of the locomotives directly opposite each other. It will be
assumed that each track load is distributed laterally over a width
equal to the distance between track centers, namely, 13 ft. If
we consider a distance of 10 ft. in the direction of the rails, the
maximum load on each tiack may be taken 100,000 lb. occurring
under the locomotive drivers. This load is thus assumed to

act over an area of 10X13 =130 sq. ft giving a weight per square
foot of 1;()1)1’3(('))(11—770 Ib., or about 800 1b., considering the weight
of rails and ties. This is equivalent to a surcharge of 8 ft. and
our problem, then, is to design a counterforted wall to sustain a
sand filling and an 8 ft. surcharge of the same material, as shown
in Fig. 33.

Vertical Wall—The thickness of the footing will be assumed
at 30 in., making the height of the curtain wall 174 ft. The
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total force acting upon this slab is represented by the area abed
in Fig. 34. At any given depth the pressure is wh; that is, if A
is taken as the total depth, including surcharge. For ex-
ample, at the top of the footing the pressure per square foot
P=wh=(25)(25.5)=638 Ib.; and, at the top of wall, P=
(25)(8) =200 Ib.

The pressure at the bottom of the vertical slab is the same as
in the preceding design and, since the counterforts have the same
spacing in both designs, the thickness of slab and spacing of
the rods at the bottom may be the same. At a point one-fourth

the height of wall above the footing, the required spacing is

. . 1 i i 2 :
5X§?.'i’=6.0 in., and at one-half the height it is 5X‘1'65.'_7§5

=7.6 in.
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Footing.—The total force P acting upon the retaining wall is
represented by the area efgh, Fig. 35. By referring to Art. 3 it
is clear that P =% wh (h+2h,) =%(25)(20)(36) =9000 lb. and acts
h*+3hhy _ (20)*+3(20)(8)
3(h+2hy) — 3(36)
=8.15 ft. The same distance x may be obtained by finding the
distance from ek to the center of gravity of efgh by the formula
20 _ (2)(200)+700
3 2004700

at a distance above the base z=

employed in the preceding designs, or z=

=8.15 tt.

The resultant weight -is found to be 34,310 lb. for 1-ft.

length of wall, and acts at a distance 6.14 ft. from the toe. The
resultant pressure drawn for P and W cuts the base exactly at
the middle third point.
34310 _28601b., and
the maximum pressure at the toe is twice this value, or 5720 lb.,
which is within the allowable. The pressure at the inner
extremity of the footing is, of course, zero.

The wall is safe against overturning and sliding, the factors of
safety being 2.8 and 1.5 respectively.

Floor Slab.—We have essentially the same forces acting on the
foot strip at the inner extremity as in the preceding design. The
load on this strip determines the thickness of slab and d =28 in.
will be taken as before, with $-in. round rods and the same rod

spacing. The uniform load on the end 1-ft. strip is 25504375
5720

~12)(2) =2685 Ib. as against 2595 lb. of the preceding design.
The total shear at the edge of the counterfort is (2685)(4.00—
0.67) =8940 1b. The resulting bond stress

=- 8940 - =74 1b. per square inch

(162) (2.36)(0.919) (28)

The average unit pressure on the base is

8940 .
v= (12)(0.919) (28) =29 lb. per square inch.
These values are within the allowable.

For each foot strip toward the vertical wall, the unit load is

decreased by 5:30-—477 Ib. The shear changes sign at 6.6 ft.

from the inner edge of the footing. The long rods should be
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placed in the top of slab from this point on and thus interchange
with the short rods. The top and bottom rows of rods should
overlap to some extent because of the approximations in re-
taining wall design.

Counterfort.—The total force transmitted to a counterfort is
(7330)(8) =58,640 1b. (see Fig. 34) and the bending moment

M = (58,640)(7.23)(12) = 5,090,000 in.-Ib.

Assuming a thickness of 16 in. and, allowing 2 in. from center of
gteel to edge of counterfort, the moment arm y of the maximum
stress in the rods scales 9.40 ft.

M _ 5090,000
bd?~ (16)(9.4)2(12)2
Table 3 shows that a value of p somewhat less than 0.0020 may
be used. Five 1-in. round rods will be sufficient.

The size and spacing of the horizontal and vertical bonding
rods may be determined in the manner described in the preceding
design.

Plate IV gives the complete design of this wall.

13. Special Types of Reinforced-concrete Walls.—Fig. 36
shows the cellular type of reinforced-concrete retaining wall.
This wall is formed of two longitudinal curtain walls (A) and
(B), connected by transverse walls (C). The vertical space
between the parallel longitudinal walls and the transverse walls
is filled with earth. This type of wall gives a lower maximum soil
pressure than either the cantilever or counterforted types, but
under average conditions its cost per linear foot is greater. Its
use would seem to be restricted to poor soil with no opportunity
to drive piles and where the wall must be built as close as possible
to a given property line—conditions which often occur in rail-
way work.

Fig. 37 shows a design of wall which gives a maximum soil
pressure even less than the cellular type and which costs approxi-
mately the same per linear foot of wall. This design was
employed by the Chicago, Milwaukee & St. Paul Ry. in a long
retaining wall at Elgin, Ill., and was chosen in preference to the
design shown in Fig. 36 on account of the much lower bearing
pressure on the soil. The wall consists of a footing (Y) which
supports a longitudinal wall (T) and the cross walls (U). The
cross walls at the outer end support the girder (X), which spans

K = = 25-0
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from one cross wall to another. The slabs (V) are supported at
one end by the girder and at the other end by the longitudinal
wall. The great reduction in soil pressure is brought about
- mainly by eliminating the weight of the earth directly above the
footings, the space between the cross walls (U) being an open
and empty space in this design. In this type of wall, and in
the cellular type as well, stability against sliding should be
carefully investigated.



CHAPTER III
CONSTRUCTION

14. Back-filling and Drainage.—Quite as much attention
should be paid to the earth filling and to its drainage as to the
design and construction of the retaining wall proper or to the
matter of providing a suitable foundation. If the earth is
deposited in layers inclined from the wall, the pressure will be
small compared to that resulting if the layers are sloped toward
the wall. It is quite often the case that by depositing the back-
filling so as not to slide against the wall, a light wall may be
made to stand where, under the same conditions, if the earth is
dumped so as to slide against the wall, even a heavy wall will
fail.

When placing a back-fill near a steep undisturbed slope of
earth or rock, care should be taken that the ecarth does not
arch, or does not form a wedge. If the proper precautions are
not taken, a heavy lateral thrust will occur near the top of wall.

Water behind a wall is a frequent cause of failure. It adds to
the weight of the backing and softens the material so that the
lateral thrust is increased. Also, undrained back-filling will
freeze and create lateral thrust due to the consequent cxpansion.
To drain the backing, weepers or weep holes should be left through
the wall just above the footing. Tile, 3 or 4 in. in diameter is
generally used and, in the North Central States, placed usually
not more than 10 to 15 ft. apart. The tile should be connected
with a longitudinal drain in front of the wall. If the backing
is retentive of water, a vertical layer of broken stone, coarse
gravel, or cinders should be placed next to the wall to act as a
drain. The filling in front of the wall should also be carefully
drained.

16. Forms.—Form work as applied to buildings will be treated
in detail in Part II, Chapter XIX. Since the method of con-
structing forms and the directions for their removal are very
much the same for different types of structures, very little need
be said under this heading.

) 61
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The lumber used for forms should have a nominal thickness of
at least 1} in. before surfacing and should be of a good quality
of Douglas fir or Southern long-leaf yellow pine. The lumber
for face work should be dressed on one side and on both edges to a
uniform thickness and width. The lumber for backing and
other rough work may be unsurfaced and of an inferior grade of
the kinds above mentioned.
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Forms should be substantial and unyielding, and built so that
the concrete will conform to the dimensions shown on the de-
signer’s plans, and they should also be tight so as to prevent
the leakage of mortar. Forms may be either continuous or
sectional, or a combination of both, depending upon the economy
of the work. The concrete in any given section should be allowed
to harden for 36 hours before the forms are removed and, in
freezing weather, extra care must be taken to make sure that
the concrete has had sufficient time to become thoroughly set.
Material once used for forms should be cleaned before being
used again.

A design of a form for a cantilever wall is shown in Fig. 38.
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This design was made by the engineers of the Isthmian Canal
Commission, Pacific Division, for a reservoir wall and accom-
panies the Commission’s annual report for the fiscal year end-
ing June 30, 1910.

Courtesy of Atlas Portland Cement Co.
Fic. 39.—Reinforcement in place, Buffalo retaining wall.

Fig. 39 shows the method of constructing and reinforcing the
counterforts of a retaining wall at Buffalo, New York. Fig. 40
shows the finished wall.

PROBLEMS

2. Design a cantilever retaining wall to be 18 ft. high above the ground
and to support an earth bank whose surface has an upward 1} to 1 slope
from the top of wall. The face of the wall is to be placed on a property
line and the foundation is to be 4 ft. below the ground surface. Assume
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the same weights for the earth and concrete as in the designs given for
illustration, and take 3 short tons per square foot as the safe bearing
power of the soil. The coefficient of friction of the concrete upon the earth
foundation is 0.40. Assume plain round rods of medium steel. Employ
the working stresses recommended by the Joint Committee for a 2000-lb.
concrete and design by the equivalent fluid-pressure method, using 25
Ib. per cubic foot as the equivalent fluid weight. Take a length of base
which will bring the resultant pressure within the middle third of the base
and assume the thickness of the footing at 30 in. Use tables of Vol.I.

Courtesy of Atlas Portland Cement Co.
F1Gg. 40.—Buffalo retaining wall, D. L. & W. R. R.

. Design the wall of the preceding problem using Rankine’s formula for

earth pressure. Take the angle of internal friction of the earth filling
at 45°.

. Design a counterforted wall to be 30 ft. high above the ground and to

support a level bank of earth. The wall is also to sustain an additional
5-ft. surcharge. Place the vertical slab so as to give a minimum amount
of material in the wall. Space counterforts 8 ft. center to center. All
other data is to be taken the same as in Problem 2.




PART II
BUILDINGS
INTRODUCTION

This treatise will deal principally with reinforced-concrete
buildings of the skeleton type of construction; in other words,
it will be assumed in the discusssions which follow (unless other-
wise stated) that the student has in mind the usual type of con-
crete building (Fig. 41), in which there is an exterior as well as
an interior frame of reinforced concrete and in which the walls

Fig. 41.—Model factory. Bush Terminal Co.’s buildings, Nos. 19 and
20. Total floor area 23 acres. This is the largest reinforced-concrete
building constructed in the East.

(if any) are simply light curtain or panel walls of either concrete

or brick, built at some convenient time after the adjacent frame-

work is completed. Outside bearing walls with few openings are

sometimes employed in reinforced-concrete construction, but it

is in the former type of structure that the present-day builder
5 65
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is particularly interested, because it is the easier to build and the
more economical.

Sometimes only the basement walls of buildings are of the bear-
ing type. In a common form of such construction, described in
Art. 53, the basement wall between any two consecutive piers is
made sufficiently deep to act as a beam and to distribute the
load over the entire bay from column to column.

Courtesy of Turner Construction Co.
Fie. 42.—Candy factory. Wallace & Co., Brooklyn, N. Y. Note
pleasing effect of combined brick and concrete finish, using brick curtain
walls and brick veneer.

The skeleton type of construction is not always apparent in
completed buildings (Fig. 42), especially at first glance, since,
from an architectural standpoint, it sometimes becomes necessary
to cover the exterior columns and walls with brick, terra-cotta,
marble, limestone, or other material. The methods of tying
a br}ck or stone facing to the concrete will receive attention in

Art. 55. .
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Reinforced-concrete slabs are quite often employed in the
floors and roofs of steel-frame buildings. The- different ways
of placing the concrete slab with reference to the steel frame and
the manner of covering the beams and girders for fire protection
will be described in Art. 20.

In order to obtain the fire-proof and sanitary features of con-
crete construction, it is quite common to employ an interior
frame of reinforced concrete with the ordinary brick bearing-
wall structures which are common to every community. The
methods of design given in this text will apply to every part of
this type of construction except the simple details of the brick
walls. '



SECTION I
DESIGN
CHAPTER 1V

FLOORS

16. General Types.—There are four general types of rein-
forced-concrete floors: (1) monolithic beam and girder construc-
tion, (2) flat slab construction, (3) unit construction, and (4)
steel frame construction with concrete slabs. In the fourth
type mentioned, the beams and girders are usually covered
with concrete for fire protection.

17. Monolithic Beam and Girder Construction.—The monoli-
thic beam and girder floors may be divided into two groups—
the first including solid concrete floors, and the second what is
known as terra-cotta hollow-tile floors. The arrangement of
beams and girders in the solid type has been considered in
Art. 58 of Volume I, and much has been said of this type as to
methods of design. This is by far the older of the two types,
but the hollow tile is now used quite entensively for light
buildings such as modern store buildings and office structures.

Fig. 43 shows a typical one-way hollow-tile slab and Fig. 44
a two-way tile construction. No cross-beams are employed in
the one-way type except the small ribs of the floor slab formed
between the rows of hollow tile. In the two-way type, cross-
beams are placed at the columns. The tiles are placed directly.
upon the forms with the reinforcing rods in the spaces between
them, and the concrete is filled in between the tiles and poured
over the top to form the floor. The ribs form a series of com-
paratively light T-beams side by side with flanges usually two
or more inches in thickness. The main beams or girders are also
of T-shape. The flanges of these beams or girders are usually
of the same thickness as the floor slab, but lighter tiles are some-
times used near the stem, in which case the flange becomes
thinner than when the tiles are entirely omitted at this part of
the floor. The function of the tiles is simply to create a void in
the ‘concrete and thus to decrease the dead weight of slab, and
they do not enter into the calculations for strength of floor.

68
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Either hard-burned or semi-porous tile may be used in rein-
forced-concrete floor construction. Hard-burned tile, due to
its density, has a higher crushing strength and will, therefore,
undergo a greater stress without any sign of failure, but it does
not seem to be as good a fire-resisting material as the semiporous.

The following table gives average weights of the common sizes
of hollow tile:
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WEIGHTS OF HOLLOW TILE
AX1I2X12. .. 16 b
SXI2X12. .. e 201b
BXI2X12. ... . 22 1b
TXI2X12. . 27 b
8XI2XI12. ... . 30 1b.
OXI2XI12. .. 33 Ib.
10X12X12. ... 35 Ib.
12XI2X12. .. 40 Ib.

The commercial sizes of tiles are usually 12 in. by 12 in. in
plan and vary in depth from 4 in. to 16 in. The depth of a
tile concrete floor should be designed so as to allow for these
commercigal sizes. The standard sizes manufactured by the
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National Fire Proofing Company are all 12 in. by 12 in. in plan
with the following depths: 4 in., 5 in., 6 in., 7 in., 8 in., 9 in.,
10 in., 12 in., 15 in. Special sizes of tile may be obtained if the
order is of sufficient size to warrant the manufacturing of the same.

Tiles are likely to vary ¢ in. from the dimensions specified so
that the plans should show the full thickness of the floor and
the minimum amount of concrete topping. If the tiles are
small, due to shrinkage in burning, the thickness of floor should
be made up in concrete.
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Unless the tile is thoroughly sprinkled before the floor is poured,
slight depressions will occur over the ribs. This is because the
hollow tile absorbs the moisture in the concrete of the top coat,
causing it to set more quickly than the rib with its greater body
of corncrete and greater shrinkage. Sprinkling of the tile should
be insisted upon, especially in hot weather.

Hollow-tile floors are generally plastered on the underside
as it is only in the roughest kind of work that this is not done.
The surface of the tiles should be deeply scored so that the
plaster will bind firmly.

Ordinary hollow tile is open at both ends and ~annot be used
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when the floor is reinforced in both directions. For such floors
two-way tile should be procured.

Hollow-tile floors are gaining in favor for long span construc-
tion, and where the loads are light and distributed. The reason
for this is the small dead load, the flat ceiling, and the simplicity
of the form work. The cost of the solid type of beam and girder
construction for the conditions of long span and light loads is
generally much greater than for hollow tile.
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FiGc. 45.—System of floor construction used at The University of
Wisconsin.

A system of floor construction which compares favorably with
the hollow tile, if not superior to it under certain conditions,
is that used at The University of Wisconsin (Fig. 45). For the
purpose of forming ribs, inverted wooden boxes covered with
sheet metal are employed @nstead of the usual forms) and these
boxes can generally be used thirty times or more. The boxes
which have slightly flaring sides and ends are laid face down
upon a system of supporting planks upheld by shores and the
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intervals between these boxes or cells, when filled with concrete,
constitute the beams and cross-braces of the floor.

The following is quoted from a paper read by Mr. Arthur
Peabody, Supervising Architect of The University of Wisconsin,
at the third annual convention of the Engineering Society of
Wisconsin:

“QOther systems approach the practical value of this one in some
degree, as for instance that one where hollow tiles are used in place
of the wood cells. Where but one building is to be constructed, the
cost of the cells might excel the cost of the tile. Where the build-
ing is of several stories, or in buildings of large enough area so that
one part can be constructed before another, thus permitting the re-
peated use of a reasonable number of cells, the cost of the tile would
probably exceed the proportionate cost of wood cells. The tiles serve
no useful purpose except as forms between which the beams are cast,
and their weight adds to the dead load of the floor construction.

“There is room for trouble in constructions where a certain beam
supports a considerable area. Such a beam is usually calculated to
do the work intended, with & good margin of safety, but suppose the
casting of the beam proves to be faulty, or in some manner the beam
suffers slight damage. At once the entire area is threatened. This
suggests the arrangement of many beams of small size, each support~
ing a small floor space. To this there arises the objection of increased
cost. Beams of long span and narrow width suggest cross bracing,
and again the comparison with wood construction suffers as regards
expense. The good elements of wood construction are, however, pre-
cisely those of advantage in concrete. Wood beams are of long span,
slight dimensions, and are set closely together. Each beam is braced
to its neighbor by cross bridging. Under the beams all sorts of pip-
ings are extended, and a flat ceiling is placed beneath. Upon the
beams the floor is laid. What could be more reasonable and conven-
ient? Should a pipe fail it requires only the removal of the ceiling for
its repair. Should it be necessary to change the dimensions of rooms,
the necessary readjustments are readily made. Should a beam be
slightly defective, or suffer injury,the beams adjacent will support
the load, or if necessary, a section can be replaced without removing a
large area of the floor. None of these advantages are to be had in
the factory type of reinforced-concrete floor construction. (By the
factory type, Mr. Peabody means the ordinary type of beam-and-girder
construction dealt with in Volume I.)

“The system employed at the University of Wisconsin has been
found practical, economical, and effective, and for buildings intended
for ordinary use more satisfactory than the factory type of construc-
tion. In competition with other systes 's it has been found less expen-
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sive where the requirements of the specification for the steel and other
elements forming a necessary part of good construction have been con-
served. This has been put to proof by obtaining alternate proposi-
tions on the same work, imposing only the requirements that the steel
shall be strained not to exceed a certain amount, that spaces shall be
provided for pipes, etc., and that the ceilings shall be flat.

“By the system described, spans from 12 to 26 ft. have been suc-
cessfully cast at the University during the past two years. It is pro-
posed to cast beams of 28-ft. span this year. These will require joists
8 in. wide on the bottom, 14 in. deep and 10 in. wide on top. With /
a spacing of 3 ft. 4 in. from center to center of joists the amount of con-
crete employed does not seem excessive. The cross braces in the floor,
due to the intervals between the lengths of cells, have not been con-
sidered in the estimated strength of the floor. Their value in holding
the joints against lateral strain is unquestionable and they serve also
to distribute the load upon the floor. The increased width of the beams
at the top, due to the flaring sides of the molds gives increased resist-
ance to crushing, while the narrow bottom, enclosing the steel, is suffi-
cient and economical.

“For attaching the ordinary ceilings to this construction small strips
of wood are cast into the bottom of each joist and secured by bent
nails, thus affording a ready means of applying the furring strips for
the ceiling. These in turn give the needed spaces for pipes, etc. Upon
the furring strips wire lath or plaster board is nailed and the plaster-
ing is applied.

“The most convenient size of cells appears to be 2 ft. 8 in. wide X
6 ft. 6 in. long. Beyond this size they cannot be so easily handled.
Some cells were made 8 ft. long and a few 5 ft. At times it is neces-
sary to build special cells to finish out a span.

““Variation in strength of floors was made by spacing the cells farther
apart, making the concrete joists wider for the heavier floor. The per-
centage of steel was then increased according to rule. The joists were
sometimes left exposed over laboratories, and made a very presentable
appearance.

“The floor sheet, 2} in. thick including the sand finish, seems frag-
ile. Experience, however, shows that except for the mechanical
difficulty of casting, the floor could be thinner. Floors have been
broken during construction, but by blows which would break other
floors considered amply strong. On one instance a scaffold plank fell
about 16 ft., striking on end. At another time a piece of sandstone 3
ft. long, weighing about 450 1b. fell the same distance upon the floor.
Each of these accidents made a break about a foot square, leaving the
steel fabric but little damaged, and the repair of the floor very easy.
Drilling through the floor for extending steam risers or setting anchor

bolts shows the sérength to be ample if not excessive.
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“With the present depth of 14 in. for the cells, there is of course an
economical limit to spans. Deeper cells would bring a new set of cal-
culated values, however, so that there is no reason why long spans
should not be used.”

Fig. 46 is an actual view of the floor construction employed
at the University of Wisconsin. Note the wood cells in the
foreground ready to be removed. Note also the wood strips
in the bottoms of the beams.

Fi1c. 46.—Construction view of the floor system used at the University of
Wisconsin.

Floor-bay designs will now be given for both solid and hollow-

tile constructions.

DEsiGN OF FLOOR BAY—Two INTERMEDIATE BEaMs

Design an interior floor bay to support a live load of 250 lb. per
square foot with the columns spaced 21 ft. by 21 ft. on centers.



FLOORS 75

These floor-bay dimensions make an extra heavy construction but
they will be adopted to bring out some special features in design.
The working stresses recommended by the Joint Committee for
a 2000-1b. concrete will be employed throughout.  (See Appendix.)
Plain round rods of medium steel will be assumed, and the ratio
of the unit cost of steel in place to unit cost of concrete in place,!
r, will be taken at 60.
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Since an interior floor bay has been assumed, the bending
2

wl
moment 12
bay—namely;  the slab, the beam, and the girder. Fig. 47
shows the proposed arrangement of beams and girders.

The floor surface will be given what is called a granolithic

may be employed for the three parts of the floor

1 The cost of concrete need not include form construction since a variation in depth
affects thig but slightly.
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finish, consisting of a layer of 1:2 mortar, 1 in. thick, spread
upon the surface of the concrete slab before it has begun to
set, and troweled to a hard finish. For simplicity, the weight
of finish will be assumed as included in the specified live load of
250 Ib. per square foot. Of course, it should be readily under-
stood that in practice, where a definite live load is required, the
finish should be considered separately as a superimposed dead
load.

The writer is aware that, under certain conditions, the mortar
finish may be considered to act with the slab proper in taking
the stresses under loading. Usually, however, the designer
has no way of finding out whether the finish will be placed at
the same time as the concrete, or run a number 6f hours later,
and this alone should call for caution on the part of the designer
in figuring the finish as a part of the slab. If the superintendent
on the job is known as a careful man and if there is to be very
careful supervision, the floor may be sometimes figured in this
way, but never without putting an underscored note on the draw-
ing to the effect that the finish shall be run immediately after
the pouring of the concrete slab. Also the surface of the floor
should be blocked off only along the center line of columns and
no joint should be made between column lines, as such joints
would affect the needed strength of the slab.

Where care in construction is not assured, or where any ap-
preciable wear on the floor is expected, the finish should properly
not be included in the effective slab thickness. It is also advis- -
able not to figure this way for a winter job under any conditions.

1t is possible, by taking great precautions, to bond a wearing
surface to a concrete slab after the concrete in the slab has set.
This requires special treatment including thorough clearing and
soaking of the old concrete, providing a bond layer of neat
cement mortar, and placing the surface before this neat cement
has begun to harden. Poor joints occur quite frequently, how-
ever, and it is advisable not to figure the finish as a part of the
slab in a case of this kind, cven though considerable care is as-
sured at the time of construction.

If it is deemed advisable in any given design to consider the
finish as an integral part of the slab, the maximum fiber stress
in compression may be determined by the method outlined in
Fig. 48. The distance b is made equal to the maximum allowable
stress on the ordinary concrete, and the distance a which repre-
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sents the maximum stress on the cement finish is then computed
on this ratio. - This later stress, however, should not be in excess
of the maximum allowable stress for cement finish.

Slab.—The main reinforcement will be placed in the direction
AA’ Fig. 47, and the span of slab will be 7 ft. Slab is to be fully
continuous and its total depth will be taken to the nearest % in.

Table 6 of Volume I shows that a 43-in. (d=3% in.) glab with
span of 7 ft. will sustain a load (live plus dead) of (269)(1.2) =

Max. allow-

s)avle fiber
PO V542 e e eomcrere
83 ! T\_Ngurm/ Plane _ 'QAI
89 ;
Sy L o e ;

Y, k=z==== -——-E—-‘*
Fia. 48

323 Ib. per square foot. Corresponding weight of slab is 56 Ib.
per square foot, and the total load per square foot for the slab
to carry is therefore 250456 =306 lb.

For a 4}-in. slab, Table 6 gives a,=0.323 sq. in. Referring
to Table 4, it is evident that $-in. round rods spaced 4 in. on
centers will give -sufficient steel area. Since the depth is taken
somewhat greater than is theoretically necessary, a rod spacing

0.11
P=(4.5)(3.5 = 0-0070.

Using the safe load formula of Table 7, w =296 lb. which is less

of 4} in. will be tried. For this spacing,

N SN N
— e T\ SN N
LN SN N N
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Fic. 49.

than the required load and the proposed 43-in. spacing cannot
safely be employed unless the span is considered less than the
" distance between centers of supports. If desired, the span of
a slab may be taken as the clear span plus the depth of slab.
Four round rods $ in. in diameter will be placed transversely in
each 7-ft. panel to prevent shrinkage and temperature cracks,
and to bind the entire structure together.

Fig. 49 shows an arrangement of steel such that there is the
same steel area at the top of slab over the cross-beams as at the
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bottom of the slab midway between these beams. All r)ds ure
bent and are identical in shape—namely, straight at .ne end,
bent up at the center over a beam, and bent over a bexm at the
other end. The required arrangement is effected by shifting
alternate rods 7 ft. ahead. Some designers bend up all the rods
over supports, but a better method is to continue sor. steel at
the bottom of slab and thus make sure that no point i.. tension
is unprovided with steel. The rods arranged as in Fig 4" may
be carried over three spans and still obtain the same amount of

—_— N ST\
Y e VY anah D o D oo N
— N~ /T N\ SN/

Fia. 50.

steel over supports as in the center of span, but the amount of
steel at the bottom of slab near the supporting beams becomes
very small.

Fig. 50 shows another arrangement for the slab steel. Both
straight and bent-up rods are employed, each rod extending over
three slab spans. The joints in the bent rods occur over supports
and the steel is lapped a sufficient distance to provide adequate
bond strength. This lapping is so arranged that two-thirds as
much steel occurs over the supports as in the center of span.

— N S/~

—_—TN T —

' FiG. 51.

Fig. 51 shows an arrangement of steel which gives three-fourths
the center-of-span area over supports. The arrangement is
similar to that shown in Fig. 50 except that the rods extend over
only two spans.

The arrangement shown in Fig. 50 requires the least steel and
that shown in Fig. 49 requires the most. Fig. 49 shows undoubt-
edly the best design for spans over 6 or 7 ft.

[Procedure using Diagrams.—The weight of slab will be assumed
at 56 lb. per square foot making a total weight (live plus d wd) of
306 1h. per square foot. Diagram 5 shows the bending rioment
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2
resulting from 306 1b. for a 7-ft. span (M = Qf;’ scale at bottom

of diagram) to be 15,000 in.-1b.

Diagram 6, Part I shows that a 43}-in. (d=3%-in.) slab
will support a load somewhat larger than that required. The
area of steel is between 0.3 and 0.4 sq. in. per foot of width.
Interpolation gives the value 0.31 sq. in. Diagram 3 shows this
amount of area may be obtained with $-in. round rods spaced
4 in. on centers.]

Cross-beams.—The cross-beams have a span of 21 ft. The
beams and slab will be poured at the same time and thoroughly
tied together so that a T-beam section may be considered. The
distance between beams is 7 ft., and the dead and live loads of
the slab per foot length of beam is equal to 7X306=2140 Ib.
Assume dead load of the stem of beam at 240 lb. per linear foot.
Then the total loading per foot of length equals 2380 1b. The

maximum shear
_ (2380)(21)

14 2 = 25,000 Ib.
and the maximum moment
: 2
b= P8OV _ 1 050,000 in.-1b.
The required cross-section of web as determined by shear=
25,000 .. .
105 = 238 sq. in.

The following formula of Art. 60, Volume I, gives the most
economical depths for various assumed web widths:

rM
7.’ +2
With 7 in this design as 60, then

for ¥’= 9 in. d=23.1 in.

for b’ =10 in. d=22.0 in.

for ¥’ =11 in. d=21.2 in., etc.
In order to provide for most of the diagonal tension by means of
bent-up rods, it is proposed to use 8 rods placed in two rows,
4 rods to a row. A value of b’=10 in. may be satisfactory as
regards rod spacing, but b’ Xd as given above is not great enough
to provide for shear. It will be more economical to deepen the
beam of 10-in. width to a depth of 23% in. than to adopt a width
of 11 in. and a depth of about 21.2in.  Fig. 52 shows the arrange-

d=
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ment of the steel which will be tried in the bottom of ihe !..-am
at the center of span. - This exact atrangement will a’- be t.ied
at the top of beam over supports. It is quite likely th.t ii.ere
will be 8 rods in the girder of about 1-in or 1}-in. disnieter and,
since the cross-beam rods should fit nicely with the girder rods
over supporting columns, the two layers of rods will be placed 2
in. center to center as shown.
(10) (22.5) (150)
144 '
and the weight assumed is thus satisfactory.
The width of the flange of the T-beam is controlled iu this
design (see Art. 59, Volume I) by eight times the thickness of
slab plus the width of stem, or 46 in. Then
M _ 1,050,000
bd?~ (46)(23.5)?
) M t 4.5
For this value of bd? and for =935~ 0.19, Table 9, Part I, shows
p to have a value between 0.002 and 0.004, and f. to have a
satisfactory value somewhere between 297 and 484.

p= 0.002+;;‘ ‘15(0.002) -0.0028

j=0.92
as = (46)(23.5) (0.0028) = 3.03 sq. in.

The weight of the stem is =235 1b. per foot,

=41.3

Four %-in. round rods and four §-in. round rods will be selected
(Fig. 52), having a total area of 3.00 sq. in. (See Table 13.)
Eigbt {}-in. round rods would
-4 do, but the §-in. and §-in. rods
are more likely to be found in
stock. The four $-in. rods
will be placed in the lower row
and it will be sufficiently ac-
curate to consider the center of
gravity of the steel area as
midway between the two rows.
Cross-section of Crossbeam It jis evident now that the
Fia. 52. width of beam for rod spacing
was correctly assur~d. Notes

the rod spacing recommended by the Joint Commit
Four rods will be bent up and lap over the top o: he s« port.
The other four will be continued straight ... ©1 ov . supj.ort at
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the bottom: of beam. (See Fig. 53.) The bond stress along the
8 rods at the top of beam near support
X — -
Y= 2.356)+(4)(1.964)](0.85)(23.5) - Per sq. 1.
which is .isfactory.

(The aveiage value of j is taken in the above equation, see
Art. 62, Volume I.) The allowable bond stress could be increased
50 per cent for the proposed arrangement of rods shown in Fig.
53. (See Arts. 38 and 63, Volume I.)

Elevation orf’ Crossbeam

bada,
[RY

Plan of Crossbeam
(Bent bars nor shown)

Fia. 53.
The rods at the top of beam over supports will have the same

effective depth (d) as the rods at the bottom of beam at the
center of span. (Figs. 53 and 54.) Then,

& 3.5 ‘
d=23.5=0-149
3.00

=- = =7’
P={(10)(23.5) = 0-0128=p

The following values may be obtained from Table 11, Part 2:
L=0.266
K=0.0111

® Then,
1,050,000 _ ) ;
fe= (10)(23.5)2(0. 266) = 715 lb. per square inch.

1,050,000 _ . .
fo= (10)(23.5)2(0.0111) = 17,100 lb. per square inch.

[
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Allowable compression in concrete at the support may be 750 1b

per square inch, and hence no haunch or extra steel is necessary.
(See Art. 40, Volume 1.) The tensile stress in the steel is greater
than the allowable but will be considered as satisfactory here
simply for the purpose of presenting several comparative designs
using different numbers of rods. If a little more than the re-
quired amount of steel had been selected at the center of span—
say 83-in. rounds—the stress in the steel over supports would
not have figured out greater than the allowable. (See Art. 63,
Volume 1.)

Fis. 54.

The formula given in Art. 45 of Volume I, namely,
_ Ly 18my
x2—0r<2<l —\/ em>
may be employed to find the points in the beam where the lower
horizontal rods may be bent up. The first two rods may be
bent at
21 [1_ (8)(2)(0.307)
2 (12)(3.00)
The next two rods may be bent at
21 [1 _ [®®
2 V(12)(8)

(Note.—Areas are used in the first of the two preceding equations instead
of the number of rods, since rods are of two different sizes.)

] 12=79 in. from center of support.

] 12=53 in. from center of support.



FLOORS 83

~ The rods at the top near support should be bent down as
explained in Art. 63 of Volume I; the first two rods at a distance

not less than 2) 1(,’00‘:)42) 3—25 in. from the center of support;

and the next two at a distance } of =42 in. from the same point.

(See Fig. 54.)
The distance from the support to the point where web rein-

forcement is not needed,
_ 21 _(40)(10)(0.92)(23.5)

=5 2380 =6.86 ft.=82 in.

Also,
2 25,000
BC=3 " (0.85)(23.5)

Fig. 54 shows the diagonal-tension triangle. The points A
and D are taken on a center line of beam, considering the depth
of beam as the effective depth. This center line is approxi-
mately midway between the neutral axes for positive and
negative moments.

The points to bend rods at the top of beam control the design,
as shown in Fig. 54. The tensile value of one $-in. rod = (0.4418)
(16,000) =7070 1b. Hence stirrups will be needed to take the
diagonal tension represented in the triangle ABC by the area
beBC, if the area abced is made equal to 7070 1b.! This is due to
the fact that it is not reasonable to suppose that the two rods
acting along da will be of use as regards diagonal tension more
than one-half their value on either side. Diagonal tension near
to the point A will be cared for by the additional stirrups which
will be inserted to secure good T-beam action. The horizontal
distance between bent rods is about the allowable—namely,
about #d. The distance from the center of support to the point
where stirrups are not hecessary scales'27 in. The stirrups will
be looped about the upper rods, and hence will be in an inverted
position to those in a simply supported beam.

Table 15 shows that the maximum diameter of stirrups to use
is (0.012)(23.5)=0.282 in. We shall use U-shaped stirrups
bent at the ends and, on account of this bending, $-in. round rods
will be considered secure against slipping when fuliy stressed.
The minimum spacing of stirrups will occur at the supports,

=830 Ib.

1 Note that the Joint Committee recommends that the stirrups be figured to take all
the disgonal tension.

o e,



84 REINFORCED CONCRETE CONSTRUCTION

and this spacing (average value of j=0.85, see Art. 62, Vol-

ume I)
_3a.j'..jd__(_3)(0.11)(2)(16,00())(0.8_5x23.._5)_4 29 in

2V (2)(25,000) o ’

At a distance ! from the center of support, s=§ (4.22) =5.6 in.

=~ oo

At a distance g 8= (2)(4.22) =8.4 in. A smooth curve through

the points thus determined (Fig. 55) gives the spacing over the
distance required. The first stirrup will be placed 2 in. from
the edge of girder, assuming the girder to have a less width than

[one hatf width
{of girder
L( 73 -’~ 2’1 4'-& 5’)& 5’)(-5 e 7' 7' 7'
¢ ’[ T 1
§ i
N N | \\ N | e
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AN N | "o
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gl 'l
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QU
Ol..... ,.‘-z].63'.....-..,..,.......4................................)
Fic. 55.

the column. In all designs the distance to the first stirrup will
be made 2 in. as this is usually not greater than one-half the
minimum stirrup spacing. In order to secure good T-beam
* action, the web and flange will be tied together with vertical
stirrups placed about 18 in. on centers and looped about the lower
rods for the center half of beam.

The bars bent over the support should run to the third point
of the adjoining span to provide thoroughly for negative moment.
The allowable stress in the compression rods at the support is
715X 15=10,725 lb. per square inch, and the necessary length for

(10,725)(0.75) =25 in. This length

bond of }-in. round rods is (4)(80)

is shown in Fig. 53.
[Procedure using Diagrams.—For the dimensions of T-beams
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chosen, b%{’=41'3 and 2=0.19. Diagram 8 shows f.=370 lb.
per square inch and j=0.92. Then
' _ 1,050,000 ~ _
%= (16,000)(0.92)(23.5) ~
’
At the supports Z-=0. 149 and p=p"'=0.0128. For no com-

. . M 1,050,000 _ .
pressive reinforcement, K = bt = (10)(23.5)* = 190. Diagram 1

3.04 sq. in.

shows the stress in the concrete to be much above 800, and it
will be necessary to employ Diagram 2 and do some computing.
For p=0.0128, j=0.848 and k=0.457. Then
_ 1,050,000
7+= (0.0128)(0.848)(10)(23.5)?
_(2)(17,500)(0.0128)
Je= 0.457
The problem is now to find what stress results in the concrete
after the introduction of 1.28 per cent of compressive steel; also,

what stress results in the tensile steel.
!’

Using Diagram 10 for Z =0.149 and p’ =p=0.0128, the rela-

tive reduction in the stress in the concrete is found to be 27
per cent, or the resulting stress equals (0.73)(982) =716 Ib.
per square inch. Using Diagram 11, the relative reduction in
the stress in the tensile steel is about 2 per cent; that is, the maxi-
mum tension in the steel is 17,100 Ib. per square inch.]

=17,500 Ib. per square inch.

=982 lb. per square inch.

The method of designing the above beam using 6 rods will
now be explained. Four -in. round rods and two §-in. round
rods will give the required area of 3.02 sq. in.
The arrangement shown in Fig. 56 will be
adopted. Z

The 3 rods in the upper row will be bent
up and lap over supports as shown in Fig. 57.
The other 3 will lap over support at the
bottom of beam. The bond stress along the
6 rods at the top of beam near support

w— 25,000
[(4)(2.749)+(2)(1.964)](0.85)(23.5)
The allowable bond stress could be increased about 30 per cent
for the arrangement of rods shown in Fig. 57.

=841b. persquareinch.
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The first $-in. rod may be bent at
21[l _ [(8)(0.307)

2 (12)(3.02)
The next two }-in. rods may be bent at

21[1_ (8)(3)

]12= 93 in. from center of support.

]12= 53 in. from center of support.

2 (12)(6)

: |
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Fia. 57.

The two -in. rods may be bent down at a distance not less

than ) (g ) 3313) of :l,,=33 in. from the center of support, and

the $-in. rod at % of ;=42 in. from the same point.

e X -82!.............. P

Fic. 58.

The points to bend rods at the top of beam control the location
of the bends of the two }-in. rods. The -in. rod will be so
placed as to take the greatest possible amount of diagonal tension.
(See Fig. 58.) The spacing of stirrups, and the distance from
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the center of support to the point where stirrups are not necessary,
may be found in the same manner as before.

If desired, the cross-beam may be designed using only 4
rods. Four Z-in. square rods will give an area of 3.06 sq. in.
which is only slightly more than is required. These rods will
all be placed in one row as shown in Fig. 59.! Fig. 60 shows the
complete design. Stirrups are provided to take all the diagonal
tension—the strengthening action of the bent rods ,
not being considered. The student should be able to
check this design by the method outlined above. It
should be noted, however, that the design is not con- § J
servative with respect to the negative-tension rein- 4- -§"®bars
forcement, since the upper rods run only to the fourth Fia. 59.
point and the curve for negative moment has not been
considered in bending down the rods. (See Page 162, Volume I.)
Nevertheless a design of this kind is generally considered good.
In fact, it is all that is desired under ordinary conditions in roof

"~ design because of the character and amount of the live load.

Of course, the student should realize that some latitude may
generally be allowed in that part of beam design referred to

X7 D
53 > r# point
TPrtd REP AR 4 i R
l |--12-F ’°bars
] ] 1]
f 1 1111 T — o
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1-6 w7V sl e o g2 ) :

F1a. 60.

above, on account of the improbability of obtaining maximum
conditions, but it is a good idea to have some conservative plan
in mind, as suggested in Volume I, and to live up to that plan as
nearly as circumstances will permit. At any rate, designs should
never become so radical as to include rods bent up close to the
support in the computations for negative reinforcement.

Fig. 61 shows a common continuous-beam design using sepa-

1The beam is slightly narrow according to the rod spacing recommended by the
Joint Committee.
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rate straight rods over the supports. All the diagonal tensile
stresses are cared for by vertical stirrups.

Girder—The girder has a span of 21 ft. with concentrated
loads at the third points. The weight of the stem will be as-
sumed at 500 lb. per linear foot. Reaction of concentrated
loads =2 X 25,000 = 50,000 1b.

Fig. 61.

Maximum moment of concentrated loads with ends of beam
simply supported would be
(50,000)(7)(12) = 4,200,000 in.-1b.

wl?

Taking M =12 this moment reduces to

3(4,200,000) =2,800,000 in.-1b.
Moment of dead load= 220,500 in.-lb.

Total moment = 3,020,500 in.-1b.

This moment is fairly exact although the unsymmetrically dis-
tributed weight of a small portion of the floor slab with its live
load which bears directly upon the girder has not been correctly
considered.

By the method suggested in Art. 57 of Volume I, the beam may
(—50'020 10 ) (3)+500 =7640
Ib. per linear foot. The bending moment corresponding equals
3,370,000 less ten per cent. or 3,033,000 in.-lb. This moment
will be employed in the computations which follow.

The total maximum shear

V =50,000+10.5(500) = 55,300 lb.

The cross-section of web as determined by shear=

be considered as uniformly loaded with

55,300
105
sq. in. Using the formula for economical depths, we have

=527
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b’ d b’ Xd
120in. ... ..o 33.1in. 397 sq. in.
M4in.............. 30.8 in. 431 sq. in.
150n.. ... 29.8 in. 447 sq. in.

16in.. ... .o 29.0 in. 464 sq. in.

It is quite probable that a breadth of 12 in. will give proper rod
spacing, but the corresponding depth of 51227=44 in. is likely to

be too great when the cost of columns and walls is taken into
consideration.! Besides, the depth would be great in proportion
to the breadth of stem and would be relatively weak at the junc-
tion of stem and flange. Illumination from windows must also
be considered. The following cross—s\;‘g.tion wiJl be taken as
satisfactory: ke
b’=15 in. d=324 in.

The breadth of the flange of the T-beam is controlled in this
case by eight times the thickness of slab plus the width of stem,
or 51 in. Then

M _ 3,033,000
bd? ™~ (51)(32.5)°

For this value of If‘d[’ and for ‘:=3;:g=0.14, Diagram 8 shows

=56.3

fe=>550 1b. per square inch, and j=0.93. Then

_ 3,033,000 _

%= (16,000)(0.93)(32.5) ~

Eight 1-in. round rods (total area 6.28 sq. in.) will be chosen.

The bond stress along the 8 rods at the top of beam close to the
support,

6.3 =q. in.

_ 55,300 o
“=(8)(3.14)(0.85)(32.5)
which is satisfactory.

80 lb. per square inch

! In order to include the effect of columns and walls in the formula d = \/;}:ll +zl' first
8

determine the total horisontal area covered by the stems of the T-beams under considera-
tion and the total horisontal sectional area of the columns and walls at the level of the
beams. If the cost per cubic foot of the columns and walls is greater or leas than the
cost per cubic foot of the T-beam stems, increase or decrease their urea in proportion to
the difference in cost. Then increase the cost per cubic foot of the T-beam stems in the
ratio which the total corrected area bears to the aren of the T-beam stems in order to
obtain the unit cost ¢ which is used to determine the ratio r.
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Fig. 62 shows sketch of adopted cross-section. The weight of
the stem is
(15)(31.5)(150)
144
and the value assumed is on the safe side.

=492 lb. per linear foot

Cross-section of Girder
Fia. 62.

<7
ke - 187 - -] o

Fic. 63.

The rods at the top of girder over supporting columns will be
placed as shown in Fig. 63 in order to fit in nicely with the cross-
beam rods. It should be noticed that the value of d at the support
is 33.5 in., or 1 in. more than at the center of span. Then

& 25
d=33.5~ 0075
6.28

p= (m:{s') =0.0125

p’'=0.5 p (see Fig. 64)



FLOORS 91

The following values are obtained from Table 11, Part 1:

L=0.244
K=0.0111
Then
3,033,000 .
fe= (15)(33.5)%(0.244) = 740 1b. per square inch.
3,033,000

fo= (15)(33.5)4(0.0111) = 16,200 lb. per square inch.

These values will be considered satisfactory.

It is proposed to have bent rods take as much of the diagonal
tension as possible. The total maximum shear=55,300 1b. The
shear on the support side of the third point = 255,300~ 500 (7) =
51,800 Ib. On the side of the third point toward the center of

-
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Fia. 64.

span, the shear = 51,800 — 50,000 = 1800 lb., or v=4 lb. per square
inch. Thus, web reinforcement is needed only from the sup-
port to the point where the beam intersects the girder.
Horizontal shear (measures diagonal tension) at the support
v_ 55300 _ 1950 Ib li inch
id= (0.85)(33.5) = . per linear inc
and at the third point, it is

() g;ﬁgg 5= 1720 lb. per linear inch.
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The total diagonal tension is represented by a trapezoid, the
parallel sides of which are 1950 Ib. and 1720 lb., and the length
7 ft. Hence, total diagonal tension is

1950-;_1720(7.0)(12) = 154,100 lb. '
Two-thirds of this amount, or 102,700 lb., will be taken by the web
reinforcement. If six rods are to be bent, their tensile value is
(6)(0.785) (16,000)
0.7
which is in excess of the stress to be provided for.

Now shear is nearly uniform between the supports and the
third point, and, as far as diagonal tension is concerned, it would
be sufficiently accurate to give equal spacing to the inclined rods.
Since the size of columns is not given, an 18-in. diameter of column
will be considered. The spacing suggested above, then, would be
taken between a point 9 in. from the center of support (that is,
at the edge of column) and a point where the center of the heam
intersects the girder. The plan proposed is to bend 6 rods, two
at a time, and the points to bend for diagonal tension should be
laid off on a line approximately midway between the neutral axes
for positive and negative moment—sas MM, Fig. 64. These
points (1, 2,and 3) may be determined by dividing the distance
mentioned above into three equal parts and locating a point at
the center of each part.

An investigation must now be made to determine whether or
not the tensile stresses in the beam will permit the bending of the
rods as above suggested. From a study of moment curves of
continuous beams loaded at the third points, for different condi-
tions, it is found sufficiently on the safe side, as regards bending
up rods, to consider the point of zero'moment to occur at a dis-

= 108,000 1b.

tance % of ; from the third point measured toward the support.

(A study of this kind will be presented in Art. 68.) Also, when
considering the bending down of rods, the same distance, or % of

g (56 in. in this case), may be safely taken as the distance out from

the support to the point of zero moment. The curve of bending
moments in each case is to all practical purposes a straight line.

Thus, the point where the first 2 rods may be bent up, using

(56)(2)
8

the above data, is about = 14 in. from the center of the
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intersection of the cross-beams. Allowing say 4 in. beyond the
theoretical point for bending, this distance becomes 18 in.

As regards diagonal tension, the rod to intersect the center line
at point 1 should be bent at r, as shown by the dotted line.
Since rods cannot be bent at r, stirrups will be employed to take
the diagonal tension between the bent rods and the cross-beam.
(Stirrups will also be placed at occasional intervals throughout
the girder to bind together the web and flange.) Round rods
of }-in. diameter may be used for stirrups if bent at the upper
end. The tensile value of each stirrup (U-shape) is (2)(0.196)
(16,000) =6270 lb. The shear to be provided for in 1-in.
length of beam is 1720 Ib. and it will be necessary to space the
stirrups ?3;—((::3.6 in., say 3% in., apart as shown in Fig. 64,

It should be noticed that in bending up the lower rods attention
should be paid to the points where the upper rods may be bent
down. In the design at hand, using 45 degree angle bends, the
rods may be bent approximately as planned and the design will
be accepted. The horizontal spacing of the bent rods should
not be greater than the distance between points 1 and 2, or
between points 2 and 3, unless stirrups are provided where such
spacing occurs.

The rods at the top of girder should extend each side of the
center of support far enough to obtain their full strength in bond,
which is 50 in.

The maximum stress in the compression rods at the support is
740X 15=11,100 lb. per square inch. The necessary length for
(11,100)

bond of 1-in. rods is (4)(80)

=35 in., say 36 in. This length is

is shown 1in Fig. 64.

The top of the slab over the girder will be reinforced trans-
versely with £-in. rods spaced 12 in. center to center, in order to
provide for the negative bending moment produced with the
bending of the slab next to the girder.

Plates V to VIII inclusive give different complete designs for
the 21-ft. by 21-ft. floor bay in question. If desired, all the
cross-beam and girder reinforcement may be made into frames,
except the cross-beam reinforcement running into columns in
the designs of Plates Vand VII. Even fc
the stirrups may be rigidly spaced if wir
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longitudinal rods of small diameter. After the stirrup steel is
suspended in the forms, the bent rods can then be easily slipped
in place and wired.

Fig. 65 and Plate VI show a girder design such that both
girder and cross-beam reinforcement may be built into frames.
In the arrangement shown, the girder frames (with the exception
of the rods over supports) would be put in place first, then the
cross-beam frames running into columns, next the negative
tension rods of the girders, and finally the two intermediate
cross-beam frames. The arrangement as regards strength is
not as ideal as in the girder design of Plates V, VII, and VIII
since the bent-up rods do not extend over supports, but in the

Fic. 65.

design shown there is a surplus of diagonal-tension reinforce-
ment which offsets this weakness. To be sure the bent rods are
anchored by transverse rods placed between layers of steel, but
the danger lies in the liability of these bars to slip horizontally
when a force inclined to the vertical is exerted upon them. It
scems to the writer, however, that the additional amount of
diagonal-tension reinforcement over and above that figured
will make the design a safe one. The liability to slip applies
more especially to the lower transverse rods, as the upper rods are
long and well anchored in the slab.

If the cross-beam steel in Plate VII could have been placed
over the top of the girder steel at columns, then all reinforcement
shown on this plate could have been made up into frames before
being placed in the forms. The reason why the cross-beam rods
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were not placed above the girder rods in the design in question
was because the cross-beam rods would then interfere with the
main reinforcement of the slab. To prevent this, the girder
rods over supports would need to be lowered and this could not
be accomplished in the design in question because of the com-
pressive stress in the concrete being already a maximum at this
point. It could be accomplished, however, by either forming a
flat haunch, by inserting extra compressive steel, or by deepening
the girder. A similar cross-beam design to that shown on Plate
VII, but where the upper reinforcement passes over the top of
the girder steel at columns, will be given in Art. 38 in connection
with the design of an interior roof bay.

Placing of the reinforcement in the forms in frames insures
accurate location of all steel. If a loose rod method is used,
great care is required in construction to make sure that the steel
is not disturbed during the pouring of the concrete. Usually
small diameter rods are needed to make the frames, in addition
to the main reinforcement.

The placing of inverted stirrups near the supports has not been
considered in the above discussion. These are placed after all
other reinforcement is in its proper position and are slipped
down over the negative-tension steel and wired to it. The
continuous stirrup shown in some of the designs is convenient
for this purpose. In schemes 3 and 4 the continuous stirrup is
also used in place of some of the upright U-stirrups.

Spacing rods should be placed in all beams and girders between
the upper and lower rows of steel. These are plain rods of the
desired size and should be placed transversely not more than
5 ft. on centers. Special frame supports may be provided, if
desired, or U-shaped stirrups may be employed if the length of
hook is made sufficient to permit the stirrups to rest on the slab
form. If special supports are used, they should be spaced about
5 ft. on centers. In the steel schedules given, special frame
supports and spacing rods are omitted for simplicity.

The width of stirrups is given in the bending schedules as
the clear width inside of the outer strands, and the vertical
height is given inside the turns. A little thought will make clear
that these are the dimensions needed in bending.

In the building design to follow, the steel arrangement on
Plate V is employed. As already explained this is not entirely a
frame system, but it is thought that the design is so much
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superior to that shown on Plates VI, VII; and VIII that the
inconvenience of using 8 rods in the cross-beam and placing
some of the rods loose will be more than offset by the ideal
conditions as regards strength obtained in both cross-beam and
girder. The cross-beam reinforcement could be made up into
frames in some such manner as illustrated in Fig. 66. The
girder steel could be arranged in a somewhat similar fashion.

F16. 66.

The writer realizes that the frames employed would be long and
heavy and that they would need to be built close to the forms in
which they would be placed, but it would seem that any in-
convenience in the placing of the frames would also be offset by
the excellence of the design.

PROBLEM

5. Make a complete design of an interior floor bay with a 1-in. granolithic
finish to support a live load of 200 lb. per square foot, columns to be
spaced 18 ft. by 20 ft. on centers. The girders are to span 18 ft. and the
distance between centers of cross-beams is to be made 6 ft. Use work-
ing stresses recommended by the Joint Committee for a 2000-1b. concrete
and arrange details as shown in illustrative designs. Assume plain
round rods of medium steel. Take ratio of unit cost of steel in place to
cost of concrete in place, r=60. The 1-in. finish is not to be included
as a part of the effective slab thickness and its weight is to be added to
the dead load of slab.

DEesigN oF FLoorR BaAYy—ONE-waY HoLrLow TIiLE

Design an interior panel of a one-way hollow tile floor to carry a
live load of 100 Ib. per square foot with the rows of girders spaced
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21 ft. on centers. As in the preceding design, the recommenda-
tions of the Joint Committee will be followed for a 2000-lb. con-
crete. The ratio of the unit cost of steel in place to unit cost of
concrete in place (r) will be taken at 70, with 20 cents as the
cost of concrete per cubic foot.

The finished flooring will consist of -in. maple boards nailed
to 2 X 3-in. sleepers. The sleepers will be placed on the concrete
slab and cinder concrete in proportions 1:3:6 filled in between
them. The following weights will be taken in pounds per square
foot of floor area: wooden floor, 5; sleepers or nailing strips, 2;
concrete filling, 15; plaster, 5.

Ribs 4 in. wide will be assumed making a 16-in. width of flange
for the small T-beams. The concrete topping will be made 2 in.
If a 9-in. tile is assumed, the total load per linear foot of beam will
be 274 1b., made up of the following items:

live load = 100 X ig ~133 b,

wood floor= 5X §= 7 b,
sleepers= 2X ;=. 3 Ib.
concrete filling= 15X §= 20 1b.
concrete topping= 25X g= 33 Ib.
tile = 33 Ib.
stem= (?4(2) (150) = 38 1b.

4

plaster= 5X 3= 7 b,

Total =274 1b.

The bending moment,
M= wl2= (274)(21)(21)(12)

12 12

The economical depth of floor now needs to be determined.
Using the same notation as in Art. 60 of Volume I and, inaddition,
using the term ¢, to represent the variation in cost of tile in place
per 1-in. change in depth, we have

c=crar+ M e
f.(d'+2>

=121,000in.-1b.
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as the total cost of the small T-beams per unit length. The fol-
lowing expression has been deduced from the preceding equation
by the aid of the Calculus and will give the value of d for minimum
cost when the value of b’ is fixed:

d= \/ M 4!
fo(b'c.+144c,) to
The term c. in this formula means the cost of concrete per cubic
foot. A value of 14 cents will be given to ¢c;. Then

(20)(70)(121,000) , 2
d=\/ (16,000)(260) T2~ 7-4im
The effective depth d must be taken so as to provide for a
commercial depth of tile. A 7}-in. effective depth will be tried
with a 1}-in. fireproof covering below the center of steel. This
assumption would permit of a 7-in. tile.
Proceeding with the design, however, we find that
M 121,000 _ 135
bd® (126)(7 .5)r
t -
and d=7.5=0'2('
Diagram 8 shows the stress in the concrete to be above 650 Ib.
per square inch, which cannot be allowed. By trial it is found
that a 9}-in. effective depth is needed to bring the concrete stress
to an allowable value. For this depth,
M 121,000

bd? = (16)(9.5)2~ 53-8
d=9.5=0'21
From Diagram 8, j=0.91. Then
121,000 .
=0.88 =q. in.

%= (16,000)(0.91)(9.5) ,
Two $-in. round rods will be employed in each rib—one will lie
straight and the other will be bent up at both ends and extend
along the top of beam to the quarter point of the adjoining span.
This arrangement will give the same steel over supports as in the
center of span.
The total shear close to support

V= (2742)(21) =2880 Ib.
The bond along the two rods at the top over supports
2880

u= @) . 36)(6:55)@.5)276 Ib. per square inch.
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The distance from the support to where stirrups are unnecessary

21 (40)(4)(0.91)(9.5)
=9~ 274

All the diagonal tension not taken by the concrete will be pro-
vided for by vertical stirrups; in other words, the strengthening
action of the bent rod will not be considered. Round stirrups
1-in. diameter will be employed, bent at the ends. Stirrup spac-
ing near the support
9_3. (0.049)(2)(16,000)(0.85)(9.5) _
T2 2880 -

The spacing adpted is shown in Plate 1X.

The moment, shear, and bond considerations given above do
not take into account the strengthening action of the flange of
the T-shaped girders, and allowance may be made for this when
thought necessary. Itis quite evident that the concrete is not
over-stressed in compression over supports, but the stress at the
edge of girder flange should be investigated. For the width of
girder flange shown in Plate IX, the bending moment may be
taken at § (121,000) =104,000 in.-Ib. This value is obtained by
considering the point of zero moment at the third point.

d 1.5
d 9.5

=5.4ft.=65 in.

6% in.

=0.158

,__ 0.88

P =P= (4)(9.5)

Table 11, Part 2, shows L=0.374 and K=0.0195. Then
104,000

o= (4)(9.5)2(0.374)
B 104,000

= (4)(9.5)*(0.0195)

=0.023

=770 lb. per square inch.

= 14,800 Ib. per square inch.

The load on the floor is (274) (ig) =205 Ib. per square foot, and

the girder therefore carries a load of (205)(21)=4300 Ib. per
linear foot, to which should be added the weight of the girder
itself. This weight will be assumed at 360 1b. making a total
load, which may be considered uniform, of 4660 1b. per linear
foot. The bending moment

_ (4660)(21)(21)(12)
- 12

M =2,055,000 in.-lb.

Assume the total depth of girder to be limited to 36 in., effective
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depth to 323 in. Then 2=;2le; =0.34. Diagram 8 shows that,
t M
for d=0.34 and f. =650, bd2= 107, or
2,055,000 .
b= (35‘5“)3(107) =18.2 in.

An arbitrary value of 24 in. will be adopted for b, which makes

:g,=81. Diagram 8 shows the neutral axis to lie in the flange.

Table 3 or Diagram 1 shows p=0.0057, or
a, =(0.0057)(24)(32.5) =4.4 sq. in.

Eight §-in. round rods will be selected, with a total area of
4.81 sq. in. .The width of stem will be made 14 in. to provide
properly for shear. The remaining computations for stresses
in the steel and concrete at the support, and for shear and bond,
are similar in every way to those given under cross-beam design
in two-intermediate beam construction. In Plate IX an 18-in.
column is assumed for convenience.

Asin solid concrete floors, the proper depth for girders in hollow-
tile construction depends upon the use to which the building is
to be put, and the cost of all columns and walls in the building
per unit increase in height. The cost of form work should also re-
ceive attention. Of course, as regards the materials in the girder
itself, cost decreases with depth. The problem resolves itself
into finding the limiting depth of the girder in view of the many
conditions which must be considered. Very often a perfectly
flat ceiling is desired, and very wide girders must then result.

The following table has been prepared to simplify the computa-
tions in the design of the small T-beams of a hollow-tile floor.
The table shows at a glance, for any given thickness of concrete
topping, the minimum depth of tile needed for any given bending
moment, and the corresponding steel area required. Greater
depths of tile may sometimes prove more economical.

It is quite evident from a study of the table that different
thicknesses of concrete topping should be considered in order to
arrive at the most economical design. When the rib width does
not change in the economical considerations, the ecconomy of the
various designs may be based on the cost per foot length of floor
having a width, the distance center to center of ribs; but when
the steel area is such that the width of rib varies, the cconomy
of the designs should be based on the cost per square foot of
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PROBLEM

6. Design an interior panel of a one-way hollow-tile floor to carry a live
load of 120 Ib. per square foot with the girders spaced 19 ft. on centers.
Use same unit stresses and same floor construction as in the design given
in the text. Make the concrete topping 2} in. thick and use 4-in. ribs for
the small T-beams. Employ an economical stem for the T-girders and
choose an arbitrary value of 36 in. for the breadth of flange.

18. Cantilever Flat-slab Construction.—The cantilever flat-
slab type of floor construction was originally introduced by Mr.
C. A. P. Turner of Minneapolis. The construction consists of
columns and a floor slab, without beams or girders. The loads
are transmitted from the floor slab directly to the columns, the

Diranrnal hand

Hoops
T

Cross band

_Spider
/

Fic. 67.—Mushroom system.

head of the column being curved out at the top to increase the
circumference at the line of maximum stress in the slab. The
floor is usually of uniform thickness throughout.

The reinforcement of the slab consists of bars running in four
directions radially from the column as shown in Figs. 67 and 68.
The vertical reinforcing steel in the column is sometimes bent and
carried into the slab to form what is known as a spider, which aids
in preventing shear and adds to the rigidity of the connection.
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This is the arrangement found in the original mushroom type, as
shown in Fig. 67.

Certain features of flat-slab reinforcement are covered by
Letters Patent Nos. 985,119 and 1,003,384 of C. A. P. Turner.
The following extracts cover the subject matter of these patents:

Turner patent 985,119, granted Feb. 21, 1911: “A flat-slab and
column construction of concrete, including a cantilever head formed
of elbow rods having portions thereof embedded in the slab, and other

Courtesy of Mr. C. A. P. Turner.
Fig. 68.—Cantilever flat-slab construction. John Deere Co.’s warehouse,
Omaha, Nebraska.

portions thereof extending into the columns a distance less than the
height of the columns.”

Turner patent 1,003,384, issued Sept. 12, 1911:  ““ An arrangement of
reinforcement for a column-supported flat-plate floor of concrete, com-
prising a plurality of circumferential cantilever members, respectively
situated in the upper part of the slab at the columns and projecting
therefrom, and reinforcing means extending from member to member.
in multiple directions through the space between said members, and
filling, or substantially filling, such space.

““ An arrangement of reinforcement for a column-supported flat-plate
floor of concrete, comprising a plurality of circumferéntial cantilever
frames, each composed of crossed rods situated in the upper part of the

slab at the columns, respectively, and extending ncross and outward
8
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therefrom, and belts of rods extending from frame to frame in multiple
directions, and filling or substantially filling the space between them.”

The advantages claimed for the flat-slab floor, as stated by
Mr. Turner, are as follows:

“By my construction, wherein a capital or enlargement is formed on
the column, or in one piece therewith, and by the employment of my
reinforcement, I am able to dispense with the use of beams on the under
side of the floor slab. This is an immense advantage in every way. It
is economical in the use of concrete; it is also economical in that it
renders unnecessary the expensive forms for making the beams, and it
means greater rapidity of work. As far as the finished structure is
concerned, the absence of beams on the under side of the floor slab
enables partitions to be placed anywhere that it may be found desirable
to place them. It results in better illumination from the windows, and
there are no dirt-collecting corners, which exist where beams or girders
are employed.

‘‘ Another very important advantage resulting from the provision
of a ceiling that is smooth, or free from beams or projections, is in the
matter of fire protection. In fighting a fire with a stream of water from
a hose, the obstruction offered by ribs or beams is obviously serious,
since a rib may stop short a stream of water, whereas a flat, smooth
surface against which the stream is directed at an angle, will deflect and
spread the water, causing it to descend to the floor over a wide area and
to the best possible advantage. Where sprinkler heads are used in a
ceiling, the cost of equipment by such a system of fire protection is
substantially reduced, because fewer sprinkler heads are required with
a flat or smooth ceiling than one where there are beams or ribs on the
under side of the ceiling. In warehouses, or similar buildings, my in-
vention is of special value because in order to afford aisles or passage-
ways, the load is naturally concentrated around the columns, and it is
at these points, where the load therefore is greatest, that the greatest
strength of the structure exists, by reason of the enlarged capitals of
the columns, and their integral construction or formation with the slabs,
and the heavy reinforcements of the structure immediately at and ad-
jacent to the column. The provision of the capitals on the columns
by gradually increasing the diameter of the columns at the top, and
making them and the slab an integral mass, takes care of the com-
pression of the concrete which is the greatest over the columns.”

The structural action in the flat-slab type of floor is not fully
understood and the several attempts which have been made
at analysis have not met with any general acceptance. Recently,
however, tests have been made of the actual structure in com-

-pleted buildings and in this way considerable information has
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been gained by which at least some of these methods of analysis
may be controlled so as to give safe results. (See Art. 28.)

The student will get a general idea of the direction of the
stresses in a flat-slab floor by referring to Fig. 69. This contour
diagram appears in a pamphlet issued by the Corrugated Bar
Co. of St. Louis and is the result of measurements on the de-
flections of a rubber plate supported by small columns and under
load. The diagram shows the plate bending downward around
the columns, forming contour lines approximately circular in
form. The suspended-span portion of the plate is seen to have

Fia. 69.

an opposite deformation, being concave downward in all direc-
tions about a center formed by the intersection’of the diagonals
of the panel. Fig. 70 shows that with any radial deformation,
a deformation also occurs in a circumferential direction. For
example, if the top fibers around the column head are elongated
an amount 4 R, then the enlargement of the plate on the top
causes a deformation in a circumferential direction of 27 4 R.
Thus it is evident that there are positive deformations in a flat
slab under bending which have certain fixed geometrical ratios
to each other.

It is contended that reinforcing rods in four directions, being
tangent to the circular sections at eight points, are in better
position to resist circular as well as radial stresses over supports
than rods arranged in two directions. Tests, however, do not
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seem to bear out this contention. Some designers advocate
placing a flat spiral form of reinforcement both over the columns
and in the center of panel, and combining this with the four-way
reinforcement. Of course from a theoretical standpoint, suffi-
cient reinforcement could be placed in a hooped or spiral shape
so that the cross and diagonal bars could be dispensed with.
This is not possible, however, in actual practice owing to the fact
that concrete shrinks when setting and would pull away from the
hoops; the hoops would therefore exert no pressure against the
concrete until considerable, and perhaps dangerous, deformation
had taken place.

\

Fia. 70.

A number of methods of analysis have been proposed for the
cantilever type of flat-slab construction. Perhaps the three
methods which have been most generally advocated are as follows:

1. The division of the slab into beams, or beam strips, which
we shall call the beam method of analysis.

2. To consider the slab around the head of the column, out to
the point of inflection, as a flat circular plate supporting a uniform
load over its surface and also supporting a vertical load along its
edge equal to the remaining part of the load tributary to the col-
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umn. In other words, the whole floor is considered as a series of
flat circular slabs concentric with the columns and firmly clamped
to them, and the rest of the floor is considered as supported along
the edges of these circular slabs. The slab between the circular
plates is considered as a square plate supported on all edges.

3. To consider the slab as a homogeneous plate fixed on a sys-
tem of equidistant points.

The division of the slab into beams, or beam strips, is perhaps
the most logical method of analyzing this type of floor. It must
be Tecognized, however, that at least the steel stresses indicated
by this analysis are reduced by slab action and by arch action to a
very considerable degree, the amount of reduction probably
depending upon the depth of the slab and upon the details of the
head and slab reinforcement. Unfortunately, at the present
time, it is not possible to state coefficients for this reduction. It
may safely be concluded, however, that the stresses as found by
this analysis will at least represent maximum values.

The second method of analysis above mentioned is based upon
Prof. H. T. Eddy’s analysis of stresses! in homogeneous circular
plates. In deriving the formulas of this method, the effect of
lateral stresses has been taken into account, this being expressed
by Poisson’s ratio, which is the ratio of the lateral deformation
to that in the direction of stress. The meaning of this ratio as
applied to a loaded column is the lateral deformation per unit of
width divided by the longitudinal deformation per unit of length.
In a slab supported on columns there is a similar condition of
deformations caused by horizontal stresses at right angles to
each other. But few tests, however, have been made to deter-
mine the value of Poisson’s ratio and even the results which have
been obtained vary considerably. Since Poisson’s ratio has an
important bearing on the value of the computed stresses, it has
been pointed out that this is one objection to using the formulas
of this method. Another objection lies in the fact that the analy-
sis by Eddy assumes certain relations in both shear and moment
curves which do not seem to be applicable to a plate supported
over a considerable area at its center.

The third method of analysis mentioned is based on general
deductions made from Grashof’s analysis of the stresses in a
homogeneous plate supported at rows of points forming squares.
It has been pointed out that the expression found by Grashof is

1 Year Book, Engr's. Soc., Univ. of Minn., 1899.
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indeterminate for other than square panels and also that this
method gives the maximum stress at the center of the cross band,
when actual tests show this is at the support. - We also find, as
in the second method of analysis, that Poisson’s ratio has an
important bearing on the results. It would seem, then, from the
above, that with our present knowledge of flat-slab design, the
expressions derived from Grashof should not be considered of real
practical value. Only the first two methods will receive con-
sideration in this text. It must be understood that various
results may be determined from each method, depending upon
the assumptions made.

Tests and the results obtained by the first two methods of
analysis indicate that the moment is greater over the support than
at the center, and that the critical section is at or near the edge
of the capital. When the column head is flared so that it be-
comes comparatively thin at its outer circumference, then a part
of it is flexible and should be considered as part of the slab. For
ordinary conditions, however, the edge of the capital may well
be considered as the line of maximum bending moment.

It is common practice to maintain the same slab design for all
floors. If this is done, the design should be based on a minimum
size of column capital. The size of the column capital is clearly
a function of the floor slab and not of the column, and should
depend on the floor load and the panel size. Instead of arbi-
trarily assuming the size of capital, this dimension should prefer-
ably be based on computations for diagonal tension. _

The shearing stresses in flat slabs seem exceedingly high, but
there should be a distinction made between the so-called punching
shear, and shear which measures diagonal tension. Punching
shear may properly be figured along the periphery of the capital
and this shear is readily borne by the concrete and steel if the
structure is properly proportioned for diagonal tension. It
should be noted in this connection that the Joint Committee
recommends an allowable value in punching shear of 120 1b. per
square inch for a 2000-1b. concrete.

Shear as measuring the tendency to diagonal tension may be
computed at some distance out from the column capital. From a
~ number of footing tests at the University of Illinois, Prof. A. N.
Talbot concludes that, as an indication of the tendency to diagonal
tension, the intensity of shearing stress should be computed on a
section at a distance out from the pier or column equal to the
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depth of the footing to the steel. The footings tested were of a
uniform depth throughout and reinforced in a similar manner to
the flat slab over a coum n head and it seems reasonable to apply
Prof. Talbot’s conclusion to the case of the flat slab. It may
be pointed out that the portion of the floor slab inside the line of
inflection is in effect an inverted footing with a uniform load
over the base and a concentrated load all along the edge.

By referring to Fig. 67, the student will notice that the rods
in a band do not all pass over the column head. It has been held
that the beam strips in the outer part of a band serve only to
carry load to other strips which they intersect and which pass
over the capital. This contention has been disproved by tests
made at the University of Illinois on wide beams, with the ratio of
depth to width of about 4%, or somewhat in excess of the usual
ratio of depth to steel to width of band in the flat slab. The beams
were 36 in. wide, 4 ft. 10 in. long, and 3 in. deep to the steel.
They were loaded across their full width at the ends and were sup-
ported at the third points, in some cases for their full width, in
others for one-half their width, and in still others for one-fifth of
their width. All the beams had ten $-in. round rods placed longi-
tudinally, and the beams supported for only one-fifth their width
had %-in. round rods 4 in. on centers crosswise of the beam. A
study of the tests shows that there was only a very small falling
off in the load carried when the beam was supported for only one-
fifth its width, as compared to the load carried when the beam was
supported its entire width.  The deflection curves showed also
that the steel at the edges took practically the same stress as did
the rods in the beam supported for its full width. What amounts
to the same result was observed in the footing tests above men-
tioned. Prof. Talbot concluded as a result of these footing tests
that the width of the resisting section, as governing the stress in
the steel, was composed of the width of the pier, plus the depth
to the steel on each side of this, plus one-half of the remaining
width of the footing. If this same conclusion is applied to a flat-
slab floor, the width described includes all the steel in both the
cross and diagonal bands in all ordinary designs. ;,‘Thus it is
evident that all the steel in the bands may be counted on to take
its full resisting moment and not just the steel which passesovera
column head. |Actual tests bear out the same conclusion, the
stress being found nearly constant across the entire band. The
reinforcement in the footings previously mentioned was laid

~—
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sometimes in two bands and sometimes in four bands without
any noticeable effect on the strength or stresses in the footing.

| Tests have indicated that the moment at the center of a band
for uniform loading is somewhat less than one-half that at the
support. ']\_It may be possible, however, that, when only a single
panel is loaded, the stress at the center reached this amount.) It
would seem, then, that this fraction may be considered a maxi-
mum for purposes of design.

Cracks were found in the field tests at a distance of about 2 in.
on the average outside of the edge of the capital. ﬁ[‘his would
seem to indicate that moments may safely be figured about a
section at the edge of capital as giving a maximum condition, ]

The line of inflection has been found by test to lie between
a square (having the column at its center) and its inscribed circle.
Tests have also indicated that the diameter of the inscribed circle
may be taken at 0,56 L; where L is the length of panel side. This
diameter is the least dimension of the line of inflection, and occurs
in the cross band direction. The maximum dimension of the line
of inflection occurs along the diagonal band and was observed in
the test to be about 0.64 L. It would seem from these figures that
the line of inflection may, with sufficient accuracy, be considered
0.56 L-2{-0 .64 L—0.60 L
The variation in this dimension would undoubtedly be small
for the conditions found in practice, and, if columns are not
permitted to have unduly small capitals, the value 0.60 L
may safely be used. If the panel is not square, but nearly
80, it is perhaps safe to consider L as the mean of the §wo panel
dimensions.

| The compression in the concrete at the under face of the slab
surrounding the column is the absolutely vital and critical point
in every flat-slab design.] It is contended, and tests seem to indi-
cate, that the tension in the concrete acts to reduce the tensile
steel stresses over the supports very materially, even at high over-
loads. Arch action, which tests have clearly shown to exist, is
another reason why steel stresses are low in a flat-slab floor. Both
of these factors which reduce steel stresses tend to increase
rather than decrease the compression in the concrete at the
support. Using a method of design which does not call for more
than one-half the amount of steel at the center of span that is
required over support, it would seem from the results of tests that

to lie on a circle with a diameter of
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a value of 750 lb. per square inch in the concrete at this point
may be permitted for a 2000-1b. concrete.

When a spider is employed over the column head, the column
or radial rods should be brought near the top of the slab at their
extremity. It should be clear that hoops fastened to such rods
cannot help in carrymg tensile stress except as they lie above the
neutral plane. jt is the practice to-day to keep these rings and
radials just as high as possible, consistent with allowing the
slab rods to sag to the bottom toward the center of span.;/ This
was made necessary by the numerous slabs that showed circum-

Courtesy of Universal Portland Cement Co.

Fic. 71.—Larkin warehouse, Chicago, Ill. Note the depressed head
design; also the floor sleepers and cinder-concrete fill.

ferential cracks that on investigation could be attributed in a
larger measure to the steel being too low to take care of the nega-
tive bending moments than perhaps to any other cause.

Some buildings have recently been built with what is called a
depressed head design—that is, the slab is deepened for a con-
siderable distance around the column capital. Tests made by
Mr. Arthur R. Lord on a building of this type—the Chicago
warehouse of Larkin Co. (Fig. 71)—tend to show that the critical
stress section may be expected at the edge of the depressed head,
although, with the proportions used in the Larkin warehouse,
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there was little difference between the stresses found at this
point as compared with those found at the edge of the capital.
The deflection readings, compared with those of other tests,
show that a flat-slab floor with a substantial depressed head design
is stiffer and stronger than the straight flat slab as ordinarily
designed, with anywhere near the same amount of materials.

Cracks are liable to occur in flat-slab floors along rectangular
lines between columns unless cross reinforcement of small rods
is placed in the top of the slab. These cracks occur only along
the cross-bands due to the fact that the span is shorter and the
deflection is less than in the center of the slab.

DEsiGN oF INTERIOR FLOOR Bay

Design an interior bay for a flat-slab floor to support a live
load of 200 Ib. per square foot with columns spaced 16 ft. by 16 ft.
on centers. Use working stresses recommended by the Joint
Committee for a 2000-1b. concrete. Assume plain rods of medium
steel.

~

NO

\\O\\ 7*/6 d

/O/"

Fic. 72. Fic. 73.

The width of each set of rods should be at least great enough
so that no portion of the slab will be without reinforcement, as
shown by the triangular areas a, b, ¢, d, in Fig. 72. The arrange-
ment shown in Fig. 73 has no such gaps, and requires that

. o D
sin 45°= L—D 4
or D =0.414L
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It would be better to take a value of D slightly greater than this
in order to assure a slight overlap of the reinforcing rods, say
0.42L.

Beam Method.—The diameter of the column capital will be

assumed 54 in. For a continuous beam of span L, and carrying
a total uniform load of amount W, the moment at the supports
. WL . . .
I8 195 whereas the moment at midspan is one-half this amount,
24L . Assuming that each of the four sets of slab rods carries
one-fourth the total load (which is not far from the truth since
the load at the center of a panel is divided between two diagonal
bands, whereas the load at the center of a cross band is taken by
only one set of rods) the bending moment from which to deter-
mine the thickness of the slab and amount of reinforcement at
the edge of column head becomes

or

w
L WL
12 T 48

For a width D =0.42L, the moment per foot of width, say M), is
therefore

) _ wL W
T 48(0.42L) 20

By a preliminary calculation it is found that the floor slab will
be about 8 in. thick, giving a dead load of 100 Ib. per square foot.
The total live and dead load is therefore 300 lb. per square foot.
Consequently, W = (16)2(300) =76,800 lb. and

76,800

M,= 2'0 =3840 ft.-lb.

3840 .
d= \/ bK~V133.8~5-41n
(The value of K is for f. =16,000 and fc. =750. Sce Table 2 of
Volume 1.)

a, =(0.0097)(12)(5.4) =0.63 sq. in. per foot.

Since the width of bands is assumed as D=0.42L=6.72 ft.,
say 6.75 ft., the total area of steel required for one radial system
i8 (0.63)(6.75) =4.25sq.in.  As previously stated, the moment at

M, ft.-1b.

Thus,
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the center of the slab is one-half as great as at the supports.
Thus, since the slab is to be of the same thickness throughout,
only one-half as much steel is required in the bands at the center
between columns as is required over the column tops. The

. . . 4.
required area of slab rods in one system is ~," =2.13 sq. in.,

equivalent to 11 round rods, }-in. diameter, spaced 8 in. on
centers. Over the columns, the rods should be lapped to double
the area at this part of the floor.

The four sets of rods occur in layers where they cross the column
top, and d=>5.4 in. is the distance from the extreme fiber in com-
pression to the center of the nearest rod. The total thickness of
slab should be d+(3)(3)+$% in.=7% in.

The thickness of the slab at the supports controls the thickness
of slab throughout the floor. It is advisable in many cases to
reduce the depth by using steel in both top and bottom at the
supports, and by employing a rich concrete in the vicinity of the
columns.

/ The area of concrete in shear at a distance out from the cir-
cumference of the column capital equal to the depth of slab to
steel is 7(64.8)(5.4) =1100 sq. in. The total load on one column
=(16)(16)(300) =76,800 lb. Subtracting the load out to the
section in question, which is approximately 6800 Ib., the total

shear to be considered is 70,000 Ib. This gives a shearing stress
on the section of 710 l’gg(;r=64 lb. per square inch. If all the rods
are properly bent up, it would seem that this shear, as measuring
diagonal tension, is not excessive. This value, however, should
be about the maximum allowed.

The floor has more than the necessary strength against punch-
ing shear.

Circular Plate Method.—The analytical processes involved in
the analysis of stresses in homogeneous circular plates are very
complex and only the results of such investigation will be consid-
ered here. The formulas adopted in preparing the diagrams of
Figs. 74 and 75! apply to circular slabs free on their outer edge and
clamped around the column.

Let M,=bending moment, per unit width of section, causing
radial fiber-stress at any distance r.

1 From “Principles of Reinforced Concrete Construction,” by Turne-
aure and Maurer.
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M;=Dbending moment, per unit width of section, causing
circumferential fiber-stress at any distance r.

g=load per unit area.
R,=ordinate to proper solid curve, Fig. 74.
C,=ordinate to proper dotted curve, Fig. 74.
p =load along circumference per unit length.
R.=ordinate to proper solid curve, Fig. 75.
C,;=ordinate to proper dotted curve, Fig. 75.
Then
M,=R:qr,* and M,=R,pr,
M,=C\qro®* and M,=C,pr,

Fig. 74 gives the values of C, and R, for five different ratios
of 7, to ro, or radius of plate to radius of column capital. For
other ratios interpolations may be made. Similarly, Fig. 75
gives the values of C; and R,. In each case the full lines give the
coefficients for the radial bending moments (M,) and the dotted
lines those for the circumferential bending moments (M).

In deriving the above formulas the effect of lateral stresses has
been taken into account, this being expressed by Poisson’s ratio,
which is the ratio of the lateral deformation to that in the direc-
tion of stress. The value of this ratio is taken at 0.1, which has
been shown by experiments to be a fair value for concrete of 1:2:4
proportions.

It should be clear that the load assumed around the circumfer-
ence of each plate, due to the load on the portion of the slab
between these plates, may be determined per unit of length by
dividing the load on the panel minus the load on one plate by the
circumference of one plate.

Referring to Figs. 74 and 75, it is found that the radial maxi-
mum moments occur at the circumference of the enlarged column

where : =1. The circumferential moments at this point are a
[}

minimum and very much smaller than the radial moments,
hence these latter only need be computed for maximum stress and
the circumferential moments may be disregarded. The total
maximum equals the sum of the radial moment at the edge of the
column taken from Figs. 74 and 75 or from the following table
1

for the proper value of :
0
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VALUES OF CONSTANTS R, AND R, BASED ON POISSON’S RATIO
OF 0.1 AND WITH :0=

Values of r:)

202224262830323436'3840!45 5.0

R;.. 1.662.102.553.03 3. 514024545075 606.176. 73 8.12 9.72

In the problem at hand, assuming the dlameter of the column

capital at 02 L, ;=" 6)2“6) ~48 ft., and ro= " 219 _y ¢

ft. The dead load will be assumed at 125 lb. per square foot, mak-
ing the total load 325 Ib. per square foot.
Area of slab (16 X16) =256 sq. ft.
Area of circular plate 4.82X3.14 = 72 sq. ft.
184 sq. ft. area of

slab outside of
assumed circu--

lar plate.
(184)(325) . . . . .
(2)(3.14)(4.8) = 1990 circumferential unit loading in pounds
per foot.
T 4.8
Now, o= 1. 6=3'0' and from the above table

Rl = 337, Rz = 4.02
Employing formulas for maximum moments,
Total M,=(3.37)(325)(1.6)2+ (4.02)(1990)(1.6) =15,600 in.-lb.
per inch of circumference.

Some authorities advise placing only the two diagonal layers of
steel in the top of the slab for tension and the two rectangular
layers in the bottom of the slab to aid in compression. In the
present case 2 per cent of steel will be placed diagonally in two
layers at the top and 1 per cent of steel rectangularly in two layers
at the bottom. It will be assumed that this amount of steel is
economical and the resulting thickne&s,s of slab satisfactory.

Using Table 11 of Volume I assuming‘; =.15

M 15600 g 55
Lb = Y (750)(0.285)(1) ~ °-7°
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We will take d=8.5 in. and a total depth of 10 in. For this
depth the dead load is }g (150) = 125 1b. per square foot, the

’
same as assumed. Also Z =1(1).(5)='15’ the same as assumed.

The corresponding stress in the tensile steel is

15600
Je=(0.017)(8.5)?

Since an increase of reinforcement for a short length over the
columns decreases the thickness of entire slab, several trials should
be made in any given design to determine the most economical
relation of the amount of steel and concrete. A rich concrete
mix, allowing a higher stress in the concrete, would undoubtedly
be of advantage here. It would be well to limit the stress in the
concrete to 800 Ib. per square inch for any mix.

The total amount of steel required in the top of slab over col-
umn is a, = bdp = (2)(3.14)(1.6)(12)(8.5)(0.02) =20.5sq.in. Each
layer is effective on both sides of column and hence must have

2(31'5=5,1 sq. in. of steel. Since the width of band is 6.75 ft.,

-in. round rods spaced 3 in. apart will give sufficient reinforce-
ment. At the bottom of slab at column, the 3-in. round rods will
be placed 6 in. on centers.

If we let I, equal the distance between lines of inflection, it

I 2
would appear amply safe to adopt a value of M =“; 5 at the center

=12,700 Ib. per square inch.

of the cross-bands. For the diagonal reinforcement, the steel
2
runs in two directions and M =w21‘i may be safely employed.
Tests indicate that the moment is even less than this.
The diagonal distance between the circles of inflections is

22.6 —9.6 =13 ft., and the bending moment in the middle of the

. . 2 .
panels, using the conservative formula M =u»;_; ) is

2
M= (325) (;::’) (12) =27,400 in.-1b. per foot of width.

Considering 1% in. of concrete below the center of steel, the
effective thickness of the slab is 8.5 in.
M 27400

bdz~ (12)(8.5)2
In Table 3 for K =31.6, p=0.0022, and thus only 0.22 per cent of

K= =31.6
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steel in each diagonal direction will be necessary, or }-in. round
rods 10 in. apart. As a matter of convenience, the rods would
naturally be placed 9 in. apart. The spacing of the rods in the
rectangular bands may be determined in like manner.

The strength of the slab against diagonal tension may be deter-
mined in the same manner as in the beam method.

PrOBLEM

7. Design an interior bay for a flat-slab floor to support a live load of 150
Ib. per square foot with the columns spaced 18 ft. by 18 ft. on centers.
Design by the two methods described in the text. Use working stresses
recommended by the Joint Committee for a 2000-lb. concrete and
medium steel.

19. Unit Construction.—In the wunit system of reinforced-
concrete construction, all members (except the floor slabs in the
Ransome System) are cast in forms on the ground and set in .
place, when hard, by a derrick (Figs. 76 and 77). The difficulty
of securing rigid connections between girders, beams, and columns
has been the most serious defect in this type of construction,
but much has recently been accomplished in this respect.

Economy can be the only reason for employing the unit type of
construction, as it is not any stronger or better looking than the
monolithic construction; in fact, in these respects its highest
expectation can be but equality. In the matter of cost, however,
considering ordinary cases, it seems to have the better of the
argument for three main reasons: (1) the greatly reduced amount
of falsework required as compared with the monolithic type,
(2) the reduction in the number of men required for the work of
construction, and (3) the chance to carry on the work under cover
in all kinds of weather.

With the exception of structures built by the Ransome Unit
System, each member in a unit floor is designed as an individual
carrying element, quite separate from the superimposed slab,
and receiving no assistance therefrom. This necessitates the
use of extra deep beams or the use of T-beam sections in order to
get the required compressive strength. With the exception of
the Ransome System just noted, the units are tied together by
virtue of bars projecting into pockets or open spaces in which

concrete is poured.
9
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The Ransome Unit System differs principally from the other
unit systems in that the slab is poured in place after the unit
beams, girders, and columns have been erected. If the tests
described in Art. 28 are any criterion, it is possible to so unite
the slab and beam that they may be considered as working as a
unit—thus making possible, where continuity is not considered,
just as economical a design from the standpoint of material as in

Courtesy of Universal Portland Cement Co.

Fia. 76.—Unit construction. Sturges & Burn Mfg. Co.’s building,
Bellwood, Ill.

the monolithic type. In this system the slab serves to tie the
entire building together—a feature lacking in the other unit
gystems.

It should be quite evident that the greatest advantage obtained
from the use of separately molded members occurs when a large
number of the same size of beams, columns, and girders are to be
employed. The same forms can then be used over and over again.
From this it follows that the unit type of construction is not
likely to have universal application due to the multiplicity of
shapes in complex structures. Study of designs, however, should
in most cases reduce the number of shapes to a workable mini-
mum. Restriction in sizes of discontinuous members is also
likely to be a controlling factor and, under some conditions,
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narrow the application of this system to certain layouts governed
by the capacities of the handling apparatus.

Shrinkage cracks do not usually occur in buildings of unit
construction since all the shrinkage has taken place in the
individual units before their incorporation into the structure.
It is probable that unit methods will advance concrete construc-
tion to a par with steel construction in that every element may

Courtesy of Unit Conatruction Co.

F1a. 77.—St. Louis Lead & Iron Works, St. Louis, Mo. Constructed by
the unit method.

be inspected and approved before it is placed, or, if desired, a
given percentage of the units may be tested before erection.
The principles of unit construction are well illustrated in recent
types of structures built by the Unit Construction Company of
St. Louis (Unit-Bilt System), and the Ransome Engineering Co.
of New York—types which will now be describ