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Shrinkage Stresses in Concrete*

By GERALD PICKETTf

Member American Concrete Institute

SYNOPSIS

Theoretical expressions for deformations of concrete beams and slabs
that occur during the course of drying and expressions for distribution
of the accompanying shrinkage stresses are derived in Part 1. These
expressions are derived on the assumption that the laws governing
the development of shrinkage stresses in concrete during drying are
analogous to those governing the development of thermal stresses in
an ideal body during cooling. Three cases are considered:

(a) slab or beam drying from one face only;

(b) slab or beam drying from two opposite faces; and

(c) prism drying from four faces.

The applicability of the equations to concrete is considered in Part
2 (to appear ACI Journar, February 1949). It is shown that the
course of shortening of prisms is in very good agreement with the
theoretical equations and that from a test on one prism the shortening
versus period of drying of other prisms of the same material differing in
size and number of sides exposed to drying can be predicted with fair
accuracy if the differences in size arc not too great. However, it is shown
that the theory must be modified to take into account inelastic deforma-
tion and to permit the supposed constants of the material to vary with
moisture content and size of specimen if the theory is to be in agree-
ment with all results on all types of specimen of a given concrete.

Various tests are described which, when used in conjunction with
the theory, provide a means for studying some of the more fundamental
properties of concrete and for predicting the performance of concrete
under some conditions in the field.

INTRODUCTION

Concrete, like many other materials, gains or loses water with changes

in ambient conditions. W ith each change in water content the concrete
*Received by the Institute, April 30, 1945.

1Professor of Applied Mechanics, Kansas State College, Manhattan, Kans.; formerly Portland Cement
Association Research Laboratory, Chicago.
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tends to shrink or swell. As a result of these changes in volume, stresses
are produced that may affect the performance of the concrete structure
concerned.

In the design of concrete structures some consideration is usually given
to the possibility of subsequent shrinkage or swelling, but the computa-
tions for stresses usually include only the stresses produced by loads. | he
computations are made by means of formulas taken from the science of
mechanics of materials and the computed stresses so obtained are com-
pared with allowable stresses, considering the type of structure and
location of the concrete in the structure. The basic assumptions for
the formulas are that the material is homogeneous, isotropic, free from
self-strain and obeys Hooke’s law.

Concrete is not homogeneous; by nature it is heterogeneous, even
including the binding medium itself, hardened cement paste. It is not
isotropic. Factors such as sedimentation before hardening tend to de-
stroy what isotropy there might have been. It does not obey Hooke’s
law except perhaps under instantaneous strains. It is not free from self-
strain at any time; the hardened paste may be shrinking while the
aggregate may be resisting a change in volume; the regions near the
surface may be fairly dry and tending to shrink whereas those farther
inward may be much wetter and tending to resist a reduction in volume.
In addition, concrete may change with time, becoming stronger and
more rigid if conditions are such as to promote additional hydration.

Not only is concrete a much different material from that assumed in
the derivations of elementary formulas but the conditions of loading,
the tendencjr toward redundancy (statically indeterminate), and the
structural shapes of concrete members are often such as to make the
elementary formulas only rough approximations compared with what
the same formulas would be for the usual conditions of loading and
structural shapes of steel structures which are usually less redundant.

It is not to be inferred that concrete would necessarily be a better
material were all of its properties like those assumed by the design
formulas. On the contrary, its ability to relieve stress by creep or plastic
flow, for example, partly compensates for its inherently low tensile
strength and for uncertainties arising from redundancy. To be remem-
bered also is the fact that, in spite of the deficiencies of design-formulas,
concrete structures on the whole perform their intended function’
Nevertheless, it should be evident that concrete cannot be used as in-
telhgent’y as it might be and cannot be studied effectively without a
better knowledge as to the magnitude and distribution of stresses within it.

The purpose of this paper may be stated as follows:

First, to derive on the basis of simplifying assumptions in regard to
the properties of concrete—expressions for: (a) deformations of, and (b)
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the distribution of shrinkage stresses in, concrete beams and slabs during
the course of drying.

Second, to show by means of data from specimens under controlled
conditions the manner and degree to which the equations apply to con-
crete.

Third, to suggest methods for studying some of the more fundamental
properties of drying concrete.

No attempt will be made here to give a complete analysis of stresses in
concrete. In particular, the effect of aggregate particles on the stresses
within the hardened paste will not be considered.

Before expressions for shrinkage stresses in concrete can be derived,
assumptions must be made in regard to the relation between shrinkage
and moisture content and the laws controlling the flow of moisture in
concrete as well as the relation between stress and strain.

The actual relationships are not as simple as could be desired. If the
flow of water were entirely by vapor diffusion, if the vapor pressure of the
water in the concrete were proportional to the moisture-content, and if
permeability were independent of the moisture-content, then the differ-
ential equation for the flow of water would be a partial-differential
equation known in physics and mathematics either as the diffusion
equation or as the equation of heat conduction. Carlson,1* in a study of
distribution of moisture in concrete, assumed that this equation applies.
If the flow of water could be expressed by the diffusion equation and if the
shrinkage (or swelling) tendencyf of each elemental volume were
linearly related to the moisture-content, the unrestrained shrinkage (or
swelling) could also be expressed by the diffusion equation. This possi-
bility was also considered by Carlson.1 But the flow of water is different
from that indicated by the diffusion equation, and the relationship
between the change in moisture-content and unrestrained shrinkage is not
linear as required by these equations. Moreover, satisfactory expressions
for either the flow of water or the moisture-shrinkage relation have not
been found.

It is believed that moisture in concrete flows partly as liquid in capillar-
ies, partly as vapor, and partly as adsorbed liquid on the surface of the
colloidal products of hydration. While drying progresses, the vapor
pressure of the water remaining in the region losing water decreases
progressively with the moisture content. This change in vapor pressure
with change in moisture content is not linear with respect to moisture

*See references at end of text of Part 1.

fBy shrinkage (or swelling) tendency is meant the unit linear deformation due to any cause other than
stress that would occur in an infinitesimal element if the element were unrestrained by neighboring elements.
It is not to be confused with the average unit deformation, commonly called shrinkage, of a so-called un-
restrained specimen, nor with the resultant linear unit deformation which for the x-direction will be de-
signated ex. Hereinafter, the linear unit shrinkage tendency will be referred to either as unrestrained
shrinkage, for clarity, or merely as shrinkage, for brevity.
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content. Neither is the rate of flow proportional to the gradient in aapoi
pressure. The shapes and relative proportions of the spaces occupied by
liquid and by vapor change as drying proceeds. This fact, as well as the
non-uniformity of the spaces, is believed to be partly responsible lor the
way in which vapor pressure depends on moisture content and the \ay in
which rate of flow depends on gradient of vapor pressure.

The volume-change-vs.-weight-loss relation is different for different
concretes depending on the composition of the concrete and the conditions
of curing. For the same concrete it is different during first shrinkage from
what it is during the second or subsequent volume changes. If a saturated
prism of concrete is allowed to dry, the ratio of change of length to loss of
water increases as drying proceeds. At first, comparatively small changes
of volume occur per unit loss of weight. The higher the water-cement
ratio and the shorter the period of curing the smaller the change during
the initial stages of drying. Later the ratio becomes much larger and
remains almost constant for some time, after which it may either increase
or decrease as the specimen approaches its final weight. It is believed that
this ratio, at any stage of drying, depends upon (a) the shape, size, and
degree of uniformity of the spaces that hold the water; (b) the shape, size,
rigidity, and spacing of the solid particles; and (c) the strength of the
bonds between particles.

The relations between stress and strain must be considered in any study
of volume changes resulting from moisture changes in concrete because
any tendency for a change in volume that progresses from the surface
inward always develops stresses. The stresses in turn, through the stress-
strain relation, modify the resultant deformations. For low stresses both
the elastic and inelastic strain produced by stress are approximately
proportional to the stress, permitting Hooke’s law to be assumed, but
under most conditions of drying the shrinkage stresses, either alone or in
combination with stresses from other sources, may be large enough to
cause cracks and structural damage within the concrete and for such
stresses the proportionality does not hold. Moreover, the apparent
plasticity of an element* is greater during the time the element is drying
for the first time than at any other time. The relative positions of the
colloidal gel particles are no doubt changed by drying and while the
changes are taking place small resultant stresses on an element will pro-
duce relatively large inelastic deformations.

In spite of the apparent difficulties of obtaining a satisfactory solution
to the problem of deformations and stresses in concrete exposed to
changes in ambient conditions, a relatively simple procedure has proved
to be rather successful. The procedure is to assume as Carlson did that

th*T a6teeferenCe 'S t0 an element of hydrated Paste of Just sufficient size to be a representative sample of
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the diffusion equation applies to shrinkage even though the simple rela-
tions that are implied by that assumption are contrary to fact. It is fur-
ther assumed that concrete follows Hooke’s law. The derivations given
in Part 1 are based upon these assumptions.

Since in Part 1the derivations for deformations and stresses are based
on the assumptions that shrinkage follows the diffusion equation and the
material follows Hooke’s law, the equations are even more applicable to
thermal stresses in metals than to shrinkage stresses in concrete. In fact,
much of the mathematical work given here was taken from the literature
on diffusion of heat and on thermal stresses, as the references will show.
However, certain corresponding coefficients in the two problems are of an
entirely different order of magnitude. For example, the numerical value
of the thermal diffusivity for steel expressed in square inches per second
is approximately the same as the numerical value of the shrinkage diffu-
sivity of concrete expressed in square inches per day. Because of the
relatively slow diffusion of shrinkage the application of the hypothesis to
the shrinkage of concrete necessitates the study of early transient condi-
tions (usually ignored in the treatment of heat).

PART 1—SHRINKING (OR SWELLING), ITS EFFECT UPON DISPLACEMENTS AND
STRESSES IN SLABS AND BEAMS OF HOMOGENEOUS, ISOTROPIC, ELASTIC
MATERIAL

Notation

S = free, unrestrained unit linear shrinkage-strain

—S = free, unrestrained unit linear swelling-strain

So, = final shrinkage-strain under fixed ambient conditions, value of S when t = ¢

Sav — average shrinkage over the volume of the specimen, the same as average shorten-
ing per unit length if the material follows Hooke’s law

t = time in days

k = diffusivity coefficient of shrinkage in sq. in. per day
| = surface factor, characteristic of the material and the boundary conditions, in in. per
day

a, b, ¢, d, | = distances related to the dimensions of the specimen in inches

B = fb/k, a non-dimensional parameter

T = kt/b2 a non-dimensional parameter

Bcand Tc non-dimensional parameters corresponding to B and T and used when a
second characteristic dimension of the specimen must be considered

X, ¥, z = rectangular coordinates

p,, = nth root of ptanp = B

pm = same as p,, except used in connection with ¢, whereas pnis used in connection
with b

An — Fourier coefficient

2B 2Bc
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\a»A. 2 ) ]

«, §v, az= normal components of stress parallel to i-, y— and 2—axes positive i

tensile, negative if compressive.
ex, ev, ez = elongations in x — y — and 2—directions
Txy, Txz, tvz = shearing-stress components
yXv, "Yig, yyx = shearing-strain components
E = Young’s modulus in psi.
n — Poisson’s ratio
v = deflection in inches, displacement of the elastic line in the y-direction
N = the normal to the surface directed outward

Pr) — — '~ dx, the probability integral

(x) vTo e X, the probability integra
2 & -x2

*(*) = -yﬂt%" e dx = 1- P{x)

« -T&I  OBfin~

B=1—2 ¢ Fn —
1 cosJ(3,

2

@M -Tc&h s 0~

Oe= 1 2e fra -
1 cos Om

/.= 1 2e Hm

Equation for diffusion of unrestrained shrinkage

The diffusion equation is a mathematical statement of the fact that for
each infinitesimal volume of a body the excess of the substance in question
flowing in over that flowing out per unit of time is equal to the rate of
increase of the substance in that volume. When similar assumptions are
made in regard to shrinkage, shrinkage thus being treated as if it were a
“substance” just as heat is so treated, the result is2

~dV5 d*s 3*5 " ds
_dx2 dy2 dz2 ) dt n
where k is the diffusivity of shrinkage.

The equation becomes

* 1 - /& --*> (2)
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at exposed boundaries and

AdN: O A3)

at sealed boundaries
where
N is the normal to the surface, directed away from the body
/ is the surface factor
Sco is the value that S will eventually reach under fixed ambient
conditions.

Equations 2 and 3 correspond, respectively, to Newton’s law of cooling
at exposed boundaries and to no flow of heat past perfectly insulated
boundaries in the analogous problem of flow of heat.

If the boundaries of the body are not parallel planes, a transformation
of Equation 1 from an expression in rectangular coordinates to some
other form is usually desirable. For example, if the body is a circular
cylinder, Equation 1 is best transformed to

fcf— + I~ +
Ldr2 r dr r2d92 dz2l dt
where r, 9, and z are cylindrical coordinates. Frequently, the condition
ds = 0 at some boundaries or some other conditions will make S inde-

pendent of certain coordinates and thereby simplify Equation 1.

Since the form of the solution for S depends upon the form of the
differential equation, the form of the solution is dependent upon the
boundary condition and the shape of the body under investigation. The
initial conditions (values of S at t = 0) and any variation in boundary
conditions with time wall also affect the form of the solution.

Assumptions as to elastic properties

After a satisfactory solution for S has been obtained, then displace-
ments and stresses will be found by the application of certain funda-
mentals of the theory of elasticity. The solutions for stresses are here
restricted to homogeneous isotropic solids that follow Hooke’s law.
Also, as will be brought out below, the effect of Poisson’s ratio will be
neglected in some cases.

Effect of shape of body on relative values of principal stresses

The state of stress at any point in a body is defined by the directions
and magnitudes of the three principal stresses. The three principal
stresses in wide slabs and in narrow beams will be in the directions of
length, width, and depth, respectively, if the bodies are under uniform
exposure either from one or from two opposite faces and are without
external restraint. The principal stress in the direction of depth (normal
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to the exposed face) will be zero. The other two principal stresses will be
equal in a wide slab (width large compared to depth) if the slab is either
not restrained or is restrained equally in the directions of length and
width ; but in a narrow beam (width small compared to depth) the princi-
pal stress in the direction of width will be negligible, and the stress in the
direction of length will be (1 — g) times the corresponding stress in a
corresponding slab. A corresponding slab differs from the beam just
described primarily only in the matter of width. Beams whose widths are
not small compared to their depths will have longitudinal stresses inter-
mediate between those of slabs and narrow beams. Corresponding slabs
and beams would, of course, have the same longitudinal stresses regard-
less of widths if Poisson’s ratio were zero. Mathematical analyses will be
made for the three cases shown in Fig. 1.*

To simplify the mathematical work the effects of Poisson’s ratio will
be neglected in most of the derivations for Cases | and Il. When these
effects are neglected, the results will be strictly correct only if Poisson’s
ratio is zero or if the beam is very narrow.

CASE |—SLAB OR BEAM DRYING FROM ONE FACE ONLY
Shrinkage

Solution by Fourier series. The exposed face of the slab or beam will be
taken as the plane y =b, and theopposite facewill betaken as the
plane y= 0 as shown in Fig. 1for Case I.For this case thediffusion
equation reduces to

..................................................................................... la
dy- dt (12)
The equation becomes
— T E (SO 5 ) e 2a
ok ( ) (22)
at the exposed boundary y = b and
]:jy 0 e (3a)
at the sealed boundary y — 0.
A general solution for S satisfying Equations la and 3a is
w th2
<~ b2 n oy
S=Sm "~ Ane COS D i (O]

1

*Al1 figures and tables pertaining to Part | will be found on pages 196 to 204.
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Equation 2a is also satisfied if B, is the nth root of

ie> dn tan pn= ||<: ...................................................................... (20)

The above statements may be verified by substituting S from Equation
4 into Equations la, 2a and 3a.

For time t= °°, Equation 4 reduces to S = S which is in accord with
the definition of S & An infinite series of terms such as the trigonometric
series in Equation 4 is necessary to give an arbitrary distribution of
shrinkage at time t = 0.

If the initial conditions are such that S = 0 when t = 0, then the
Fourier coefficients A nare given by*

S w 2fp
cos n (fbVv fb .
\k / k
It therefore follows that
COSs —
S _ A - ~TPn b
« = 1- > e Fn cos a ®)

where
m  kt
th=__
B-+ B + ,
B _fb
k

Equation 5 (in slightly different form) and similar equations for other
shapes and other conditions, applied to analogous phenomena, may be
found in the literature of mathematical physics such as the textbooks
of Byerly, Carslaw, and Ingersoll and Zobel. Various tables and diagrams
have been prepared from which the numerical relationship of the four
non-dimensional quantities S/S*,, y/b, B, and T may be found, such as
Fig. 4, page 841 of Perry’s Chemical Engineer’s Handbook (1934).

*The general procedure of obtaining Fourier coefficients to satisfy initial conditions somewhat analogous

to the present problem is given in Articles 66 to 68 of Byerly’s Fourier Series and Spherical Harmonics
Boston: Ginn & Co., 1893).
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To use more than a few of the terms in Equation 5 for the evaluation of
S/S » is very laborious because of the difficulty in evaluating /3, and Fn.
The number of terms required for a given degree of precision will depend
somewhat upon the parameters B and y/b but is chiefly controlled by the
parameter T. Computations show that very little error is introduced by
neglecting all terms in the series except the first if T is more than about
0.2; but many terms are needed for the usually desired precision if T is less
than 0.02,—the smaller the value of T the greater the number of terms
needed. Very precise values of S/S ¢ for small values of T may be found
without the tedious computation indicated in Equation 5 by using
another expression which will now be derived.

Solution in terms of the probability integral. As long as the shrinkage at
the sealed surface remains negligible, the distribution of shrinkage from
the exposed surface inward will be nearly independent of the distance
between the two surfaces. Suppose that instead of considering the surface
aty = 0to be sealed, the body is considered to be extended to infinity in a

negative «/-direction. Then instead of the boundary condition 3—5 =0aty

= 0, the requirement will be
S T 0 e (6)
aty = — co.
The solution* satisfying Equations la, 2a and 6 and giving S 0 when
i'=0is

y
S 1_% ¢r'n 5(1 b)+52T

7

Sc 2 VT 2 - =)
£2 . _ : kt
where €>(x) is -1= fe dx and T is again used in place of —.
VX J 02

The quantity 1 —4>(x), or — f dx, is known as the proba-

V X gl

bility integral. Values of €>(x) may be readily found by using a table of
the probability integral.

Numerical calculations show that Equation 7 gives values that differ
from those given by Equation 5 by an amount less than the value of
S/Sc aty =0; therefore, Equation 7 may be used in place of Equation 5
whenever T is so small that S/Sc at y = Ois less than the permissible
error.

*This solution is very similar to that given for an analogous problem by Carslaw in Article 25 of The
Conduction of Heat, (Macmillan & Co., Ltd., 2d ed., 1921).



SHRINKAGE STRESSES IN CONCRETE 175

Table 2 and Fig. 7, showing S/S ®in terms of y/b, kt/b2 and/6é//c, were
prepared from Equations 5 and 7.

Stresses and strains

Continuity, Hooke’s law and equilibrium. As stated previously, the
solutions for stresses are here restricted to homogeneous, isotropic solids
that follow Hooke’s law. Equations for the stresses that would be pro-
duced in such a body by the shrinkages given by Equations 5 or 7 will
now be derived.

The shrinkage S has been defined as the linear unit deformation that
would occur if each infinitesimal element were unrestrained. However,
the properties of a continuous solid will not permit an arbitrary distribu-
tion of deformations; therefore, unless the distribution of shrinkage given
by Equation 5 happens to be compatible with the conditions of continuity,
stresses will be produced that will modify the deformations so as to make
them compatible. Although in general six partial differential equations
are required for a complete mathematical statement of the conditions of
compatibility,3these are reduced to

a% -0 (8)
dy2
for either long narrow beams (plane stress) or slabs (plane strain) if the
stresses are considered to be independent of the longitudinal coordinate x.
The term exis defined as the resultant unit deformation in the x-direc-
tion (the direction of length). It is therefore the algebraic sum of shrink-
age, S, and the strain produced by stresses. <, is obviously zero; and if
Poisson’s ratio is zero or if the discussion is confined to narrow beams, az
is negligible. Therefore,

« = e S ettt bere s 9
or, solving for stress,
D E 8 F S i (10)

where E is Young’s modulus.

The restriction imposed by Equation 8 requiring that the expression
for longitudinal deformation contain no terms in y other than the first
power (second derivative equal to zero) is equivalent to the assumption
usually made in the elementary theory of beams that “plane cross-sections
remain plane.” If longitudinal restraint is complete, then exis zero and it
follows from Equation 10 that <x = ES. If, however, longitudinal short-
ening is permitted but complete restraint against bending is provided,
then exis not zero but is still independent of y. If the beam has no external
restraint, the non-symmetrical distribution of shrinkage causes it to warp,
making exa linear function of y. For no external restraint the equations of
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equilibrium (summation of forces in the x-direction equal to zero and
summation of moments about the z-axis equal to zero) become

b
AXAY T 0 i (12)
/ *
0
and
I Y AY = 0 e s (12)
0

It may be shown by substituting Equation 10 into both Equations 11 and
12 that if shrinkage (S) is either independent of or a linear functionof y,
an unrestrained beam will be free of stress (e&x = — S and € = 0). For
any other variation of shrinkage a stressed condition must result because
the restriction on ez (Equation 8) will not permit it to be equal and oppo-
site to S if shrinkage is a non-linear function of y.

The only solution for exthat satisfies Equations 8, 10, 11 and 12 is
b b

e"-(“|~4)i0| de+(6“12)i 0| SydMm

When this value of exis substituted into Equation 10, the result is

r h h "
ax=E S+ (6f- 4)yf Sdy+ (g - 12y JSy dy (14)
0 0 J

Finally, S from Equation 5 may be substituted into Equation 14, thus
giving stress in an unrestrained beam as a function of the parameters
y/b, kt/b2 fb/k, S <and of Young’s modulus. This substitution will not
be made until later, because it seems advisable at this time to consider
another approach.

Solution by superposition. Although the above derivation is short and
is in the simplest form for checking the mathematical correctness of the
equation, a derivation in which elementary solutions are superposed is also
desirable because it will be easier in general to understand and because the
final expressions are in more usable forms. In this second derivation the
resultant stress axis considered as consisting of three parts. The first part
is that stress which would be produced by complete restraint against
longitudinal deformation; the second part is a uniform stress equal to and
opposite in sign to the average of the first part; the third part is a stress
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resulting from a simple moment that is equal to and opposite in sign to
the moment produced by the sum of the first two parts. That is, the first
part alone aj would result from complete restraint, the sum of the first
and second parts a" would result from restraint against warping only;
the sum of all three parts, i.e., 5 would result if no external restraint were
applied during shrinkage.

Although in this derivation an expression for ax appears to be the
ultimate goal, expressions for aj and for <" are also desirable. The stress
<« may be representative of the stress in pavement slabs or building
walls that are restrained from shortening and the stress a" is representa-
tive of an unrestrained wall drying equally from two opposite sides (Case
Il discussed later).

Since for complete longitudinal restraint ex = 0, it follows from Equa-
tion 10 that the first part of the stress is

Since the average value of §x is L Ir aj dy, the second part of
0

. E

ax is I S dy; therefore, the sum of the first and second parts

0
") is given by

s f o a9
0

The moment produced by <" is the moment necessary to prevent warp-
ing. This moment per unit width of beam is found by multiplying Equa-
tion 16 by y dy and integrating. This gives

b r- b b
M ydy =E J sydy- "Msdy ... 17)
*() o .
For no external restraint this moment must be removed by superposing

an equal and opposite moment. The stress resulting from a moment —M
is given by the elementary theory of beams as

M (y - 5/2)
1/12
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This becomes

<6 12) If

when M from Equation 17 is substituted. When this stress, the third part
of &is added to the sum of the first and second parts of Equation 16,
the result is Equation 14 previously derived.

Stresses in terms of shortening and warping. The shortening of the beam
can be considered as due to the second part of the stress since it is the
addition of this part that removes longitudinal restraint and thereby per-
mits the shortening of the beam. From these considerations it follows that

b

unit shortening = Sa U t dy. (18)

0
where Savis the average value of S.

The bending (warping) of the beam can be considered as due to the
third part of the stress since it is the addition of this part that removes
the remaining external restraint and thereby permits warping of the
beam. The deflection v caused by the moment —M is given by the elemen-

tary theory of the bending of beams as v = ——where lis the

span and v is the deflection of points within the span with respect to either
of the end points x = 0and x = I. The maximum deflection vmex (warp-
ing) that occurs at x = 1/2 is therefore

r b n
6M /1N 2 32 1 C 1 C
Eb3\27 =2p O SYdy - = (19)
-0 0
E . )
By writing the second part of o S dy, in terms of the unit
0
shortening Savit produces, and by writing the third part of o,,
r b b

E(6" 2V) hf Sydy~ Kk fsdf

*The part in the brackets is numerically equal to one-sixth of the unit strain e that would be produced
in either the top or the bottom of the beam by a moment just sufficient to straighten it. That is,

~W~
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in terms of the deflection vmaxit produces, the expressions for the stresses
are put into more usable forms. When this is done, the following equations
for stresses are obtained.

For complete longitudinal restraint (first part of ax),
0] T E S o (15)
For restraint against warping only (sum of first and second parts of
0X),

0]" = E (S = S@) oot (20)
For no external restraint (sum of all three parts of <),

_ 2bv,,

=E S —Sa+ - (21)

Evaluation of the parameters — and *n e When Equation 5 for
So ws*.

S/ISm is substituted in Equation 18 for shortening andinEquation 19
for warping and the indicated integrations areperformed, the result is

i ™ LT fr

Sax r S
Sc~bJ) Scdi=1" z_e Hu..... @
0 1

Py 1 f S Sav ~ .
wse =X} SZyd/l~2Z=2z. e n @
0 1
where
Hn = 2B 2
ft (B + B + ft)
and
Gn:( *

veosft 2 /ft

If T, the non-dimensional time-factor, is small, the series in Equations
22 and 23 converge rather slowly, and in that case it is convenient to use
the following equations obtained by substituting Equation 7 into Equa-
tions 18 and 19, respectively.*

Sa
Sc eB2T <KBVT) - 1+ ~ «(24)
v T

*The lower integration limit for each integral is decreased from 0 to — »,



180 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE January 1946

2bvm 1 R2rr - 2BVT
-~ e 1 <KBVT) - 1° - -(25)
2B + B2 VT
Furthermore, if the parameter B ~ T is very small, it is still better to
use the following equations obtained by expanding the expressions in the
brackets of Equations 24 and 25.

=BT 1- B AT+ ~(B VT)2 (5vrys+.. (243)
' 2t BvT

=1l

-A
3V

2bv,, BT

.(25a)
=)

Ingeneral the following rules willbe foundapplicablefor rapid evalua-

S 2b
tion oftheparameters— and v to afair degreeof accuracy.

If r is more than about 0.05, use Equations 22 and 23.

If T is less than about 0.05 and B is more than about 5, use Equations
24 and 25.

If T is less than about 0.05 and B is less than about 5, use Equations
24a and 25a.

Forces and moments necessary for complete restraint. The force neces-
sary for longitudinal restraint is f<rx' dA. Therefore, the average force
b
per unit area is L For dy. From Equations 15, 5, and 22 this becomes
0

-T ft

force per unit area = ES < . I e H, (26)

From Equations 17, 5, and 23, the moment per unit width necessary
for restraint against warping is found to be
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Simplification by taking B as equal to infinity. The principal equa-
tions derived above reduce to simpler forms and the computation of
numerical values is less tedious if the assumption is made that B, i.e.,
fb/k, equals infinity. If B is large, say 100 or more, the error introduced
by assuming it to be infinity is negligible. However, if B is less than
about 5, the error introduced by considering it to be infinity may be
appreciable as is shown, for example, by Fig. 8, 9, and 14. W hether
justifiable or not, the assumption that B = is frequently made in anal-
ogous problems to which the diffusion equation applies. This assump-
tion was made by Terzaghi and Frohlich4 in developing the theory of
settlement of foundations due to consolidation of underlying material, by
Glover6in a study of distribution of temperature in concrete dams, and
by Carlsonlin a study of distribution of moisture and shrinkage in con-
crete. The more important of the above equations for the special case
of B =  are given below:

Equation 5 becomes
S N4 (-1)-0 -(2»-1)it T
-1- 2. asj@
1

Equation 7 becomes

S Vot
Equation 22 becomes
__8 " 1 —@n — 1)2(ir24) T
Sc 1 R 2- (20 - 1Hze
1
Equation 24 becomes
$av 2 o~
Sm VT

Equation 23 becomes

dovmei KT- 4 (_1)-i 4 @n - D2 T
31S¢c m@n - 12 w2t 1) 1
1
Equation 25 becomes
2bvmex _ VT _ T
3128 c
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Tables, curves, and computations.* Tables and diagrams such as those
by Newman6are available from which values of S/Sw and Sa/S « may
be determined. However, such published tables are in general not ade-
quate for the present problem. The smallest value of the parameter 7
used by Newman in his computations was 0.1, whereas the stresses in
concrete may be desired for a much earlier period, the tables gilen
here were prepared for T as low as 0.001. Moreover, so far as is kncmn,

the parameter Vhex had not previously been evaluated for this or any
3BS®

analogous problem and its evaluation is necessary for the problem here
considered.
A step in the evaluation of Equations 15, 20, and 21 for the theoreti-
cal stresses in a beam drying from one side under the different modes of
S | . = . S Sa dj282[mjx
restraint is the evaluation of the three quantities —, — an - .
Om Uco

The first quantity S/S was a function of the three parameters y/b, B and
T, is given in Table 2 and shown graphically in Fig. 7. The second quan-
tity Sav/S ® as a function of B and T is given in Table 3 and shown

graphicallv in Fig. 8.f The third quantity g;‘g\slrmxas a function of B and
®

T is given in Table 4 and shown graphically in Fig. 9. Tables 5 and 6
giving the stresses a" and ax (Equations 20 and 21) as functions of the
three parameters y/b, B, and T, were readily prepared after the three
primary quantities had been evaluated (Tables 2, 3, and 4). Results for
B = 5 are shown graphically in Fig. 10, 11, 12, and 13. Fig. 14 shows

maximum values of and and of &)\hex versus the parameter B.
S » ES « 3Is A

The computations made for the preparation of the tables and diagrams
are explained in part below.

If the parameter T is so small that the equations based upon the
assumption that the body extends to infinity may be used instead of the
theoretically correct equations, no difficulty isencountered. For example,
lety/b = 0.8, B = 5 and T = 0.01. Equation 7 then becomes

A =1 - *(_°4_ +5x0.A ,5X02+ 25 X 0.01
iS . \2 X 0.1/ \2 X 01 /
lor

(1) - #(L5) e

*The values of /3n given in Table 1 differ slightly from those given by Newman in some instances. The
values in Table 1are believed to be accurate to the number of places given. The tables other than Table 1
have not been checked by duplicate computations. But, except for the last digit, which may be inaccurate
by a point or two, these tables are believed to be reasonably accurate.

tin Fig. 8 and 9, where shortening and warping were the dependent variables, the square root of T for
the abscissas was found to be better than T, because a considerable part of such graphs were approximately
straight lines. For this reason the square root of T rather than T was used for the abscissas in the con-
struction of other diagrams.
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From mathematical tables

&(1) = 0.15730; ¢(1.5) = 0.03389; ¢ 125 = 3.4903
Therefore S/S » = 0.1573 - 0.03389 X 3.4903 = 0.0390.

Note that this is the value given in Table 2 for the above values of
B, T, and y/b. Also note that for the same B and T the table gives zero
for y/b = 0, showing that it was permissible to use Equation 7 instead
of Equation 5.

When the theoretically correct equations are used, the computations
are more involved. For instance, let T = 0.1 instead of 0.01 in the
above example. T will then be so large that S/S < will have an appreci-
able value at y/b = 0. Therefore, Equation 7 will not be applicable and
Equation 5, the exact equation, must be used. A substitution of values
for T and y/b into Equation 5 gives

0 o ifl2

A =i \Y CS°'83n
2 6 Fn cos

The first step in evaluating the above expression is to determine j3,
which Equation 2c shows to be a function of fb/k and n, i.e., B, and the
integer n. The determination of j3, by interpolation is simplified by the
introduction of anwhere andepends on B and n. The equation for /3 is
then written

B = (N — 1 -\-anir i (28)

Curves of an versus B for the first six values of n and for n = 21 are
shown in Fig. 2. By means of Fig. 2 and Equation 28 any desired /3,
may be found with reasonable accuracy for any value of B. The first six
values of /3n for several different values of B are given in Table 1

After finding /3, for the given values of B and n, the factors Fn,
cos pn, cos H ) and e T (inare determined. Fnand cos as func-

tions of B are shown in Fig. 3 and 4, respectively, for the first six values

of n. The functions cos and e " @ are readily obtained from

mathematical tables after the products \-t/)and T @3 have been deter-

mined. When the proper values of the four factors listed above are sub-

. . S
stituted, the above equation for — becomes

S w
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S 0.84147 X 0.3152 X 0.4966  0.1965 X 0.2161 X 0.9963
se 0.2541 0.6277
0.00844 X 0.1286 X 0.7280
0.8101
This reduces to — = 1 —0.5183 —0.0674  0.0009 — 0.4134

The values for S/S given in Table 2 were computed by one or the
other of the methods illustrated above.

In preparing Table 3 from which Fig. 8 was constructed (Fig. 8 shows
shortening as a function of V T for various values of B), values of Hnin
Equation 22 were needed. Values of Hn as a function of B for the first
six values of n are shown in Fig. 5. In like manner, Fig. 6 showing Gn
as a function of B, served in the preparation of Table 4 from which Fig.
9 was constructed. Of course, for small values of T, Fig. 5 and 6 are not
necessary since either Equation 24 or Equation 24a is used instead of
Equation 22 and either Equation 25 or Equation 25a is used instead of
Equation 23, depending on the value of B.

Application to beams or slabs of any width-to-depth ratio when Poisson’s
ratio is not zero. The effect of Poisson’s ratio was neglected in the pre-
ceding derivations. Its effect stated in general terms in the introductory
remarks in regard to Case | will now be analyzed in more detail. |If
Poisson’s ratio is not zero, Equation 9 for exand Equation 10 for ax will
be modified to include the effect of az. That is,

(9a)

K — Bz =E (ex+ S) (10a)
However, if the ratio of width to depth is small, azwill be negligible and
Equation 10a reduces to Equation 10. On the other hand, if the ratio of
width to depth is very large (a slab), the width being comparable with
the length, then <z will be equal to «x. If ax = <, then Equation 10a
reduces to

ax = . (ex+ S) (10b)

The only difference between Equation 10b for a wide slab and Equa-
tion 10 for a narrow beam is the factor 44 which occurs in Equation 10b
but not in Equation 10. Therefore, for stresses in a slab, E in Equations

E
15, 20, and 21 is replaced by PR . The stresses in beams whose width-
p

to-depth ratio is intermediate will have stresses intermediate between
those of narrow beams and of slabs. Since E does not appear in Equa-
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tion 22 for average shrinkage nor in Equation 23 for warping, these
quantities are the same for narrow beams and wide slabs.

CASE II—SLAB OR BEAM DRYING FROM TWO OPPOSITE SURFACES

Equations taken from those derived for Case I. Since the flow of mois-
ture in a slab drying from only one surface is believed to be the same
as that in either half of a slab of twice the depth drying from two op-
posite surfaces, it will be assumed that the theoretical equations de-
rived for shrinkage of a beam or slab drying from only one surface will
apply equally well for either half of a beam or slab drying from two
opposite surfaces. The plane midway between the drying surfaces Vill
be taken as the plane y — 0 as shown in Fig. 1 for Case Il. Since the
two halves of the beam will mutually restrain each other from warping,
the equations for stresses, strains, and shortening in each half will be the
same as those given previously in Case | for a beam restrained against
warping and drying from one surface.

CASE Ill—RECTANGULAR PRISM DRYING FROM FOUR FACES
Shrinkage

The differential equation and boundary conditions. For a prism drying
from four faces but not from the ends the diffusion equation reduces to

<43 ds\ _ ds

k Ib
%N dz2) dt (1)
The exposed faces of the prism will be taken as the planes y = ==p,
z = =tc, as shown in Fig. 1 for Case IlIl. The boundary conditions then
become
as = *C<s, S) (2a)
dy
at the boundaries y = ==b and
(3b)
dz k

at the boundaries z = ==c¢.

The solution satisfying Equations Ib, 2a, 3b, and giving S = 0 at
t= 0and S = So, att = <o is the following:

S -Tpl  cos mt" -Tepl  cospm&L
= 1- DO S b N c o (5a)
COS Pn COS pm

where pm, Fm, and Tccorrespond to pn, Fn, and T, respectively, the differ-
ence being that the dimension b has been replaced by c.
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Shrinkage expressed in terms of the solutions given for a prism diying
from one face or two opposite faces. Since the infinite series in the first
bracket in Equation 5a is identical with the one given in Equation 5 and
the infinite series in the second bracket is like the first except that y is
replaced by z, h by c, etc., and since Equation 5 applies to either half of
a slab exposed on two opposite surfaces (Case Il), it follows that the
brackets have the following values:

-TB* COSPnI

2e iPnFn - D (29)
COS fir.
° YA
mpn cos fim
2e Fm T L - 0C (30)
cos fim
where 4bis the value S/S ® would have if only the surfaces y = ==

were exposed and 0Cis the value S/S mwould have if only the surfaces
Z = * c were exposed.
A substitution of Equations 29 and 30 into Equation 5a gives

S
T 06 + 0C = 060C....c.cciiiriririesieieienieere e (5b)

co

Equation 5b shows that the evaluation of shrinkage for a prism dry-
ing from four surfaces becomes a problem of adding the independent
effects of drying from surfaces that are perpendicular to each other and
then subtracting a term proportional to the product of the separate
effects.

For example, consider the shrinkage tendency at the pointy = 0.46,
z = 0.8cin a prism for which ¢ = 26 (width equal to twice the thickness).
Let/, k, and t be such that/6/fc = 5.0 and kt/b2 = 0.20; then fc/k =
10.0 and kt/c2 = 0.05. 06is found in Table 2 or from Fig. 7 to be 0.2398.
Since Table 2 was prepared for B equal to 0.1, 1.0, 5.0, and m only, and
since fc/k = 10, 0Ccan be found from Table 2 only by interpolation.
However, examination of Table 2 indicates that for kt/c2 equal to 0.05
Equation 7 can be used instead of Equation 5 without appreciable error
and therefore the equation rather than the table will be used to obtain
0C From Equation 7

/02 \ / 0.2 '
Oc=0(m:= 1—01 -+ 10 V0.05 e
\

2 V0.05/ \2 VO05%
From tables giving probability integrals and the exponential function
4e = 0.5273 - 0.000156 X 1097 = 0.355.
Therefore aty = 0.46,z = 0.8c, and t = 0.20 b2k,

2+5

= 0.2398 + 0.355 - 0.2398 X 0.355 = 0.510.

w

co
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Shortening expressed in terms of the shortening of a prism drying from
one face orfrom two opposite faces. The average shrinkage Savis given by

b ¢

S=h ff SAYAZeooiooins e, (189)

0 0
From Equations 5a and 18a
Tft 1)) -T .ff.
=1 Hn 7 e Hm (22a)
1
or

= Hb+ Hc- /1,0, e (22b)

AO CD

ewhere Hbis the value Sa/S mwould have ifonly thesurface?/==*=& were
exposedand Hc is the value Sa/S @& would have if only the surfaces
z = = c were exposed*. Therefore, the average shrinkage, and conse-
quently the shortening, if the body is elastic, of a prism drying from four
sides may be found by considering the separate effects of drying from
opposite sides in pairs.

For example, consider the shortening of the prism discussed above.
H bis found in Table 3 to be 0.3510 and Hcis found to be 0.1753. Therefore,

9

A= 0.3510 + 0.1753 - 0.3510 X 0.1753 = 0.4647. '
& CD
Stresses and strains

Nature of the problem and the method to be used to obtain a solution. In
Cases | and Il previously discussed, where shrinkage was a function of
time tand only one space coordinate y and where the problem wa,s further
simplified by neglecting the effects of the length and the width of the
specimen on the distribution of stresses, a solution for the one stress
involved was readily obtained. However, in the problem now under con-
sideration, a prism drying from four surfaces, shrinkage varies with an
additional coordinate z. As a result stresses vary with this additional
coordinate also, and more than one stress will be involved. The problem
will be somewFat simplified by neglecting the effect of the length on the
distribution of stresses, i.e., the assumption will be made that stresses do
not vary along the length. The distribution of stresses given by the
solution based on this assumption will deviate a negligible amount from
*If a prism were drying from all six surfaces, the corresponding equation would be Sav/Sm = Ha + Hb

4-He — HaHb — HiHc — HcHa + HaHbHc. Another way of expressing these relations is given by Glover
(Ref. 7).
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the theoretically correct distribution when stresses in the central portion
of a long prism are under consideration (principle of Saint Venant8).

The solution for shrinkage in terms of two space coordinates was almost
as simple as when only one coordinate was involved (Equation 5a for
Case |1l compared with Equation 5 for Cases | and 11), because tendency
to shrink is considered to be a scalar quantity. On the other hand, since
stresses are tensor quantities, the solution for stresses usually becomes
much more complicated whenever more than one coordinate is involved.
In fact, elasticians have obtained exact solutions meeting all boundary
conditions for only a relatively few problems in which stresses were func-
tions of at least two coordinates and then only by considering the body
to be infinite in the direction of one of these coordinates. The difficulty
is that since stresses are tensors, boundary forces are vectors, and in
two-dimensional problems two components of force must be satisfied at
each boundary. The specified conditions of stress at any two opposite
boundaries can be satisfied by superposing particular solutions of the
differential equations in accordance with the usual methods of Fourier
analysis. But, in general, solutions satisfying rigorously the boundary
requirements at two pairs of opposite boundaries simultaneously cannot
be found by the usual methods.

A method of solving such problems after the appropriate differential
equations have been derived was explained by the author in a recent
paperd That method will be used here. It is about the same as that used
previously by Taylorl0and by Timoshenkollin analogous problems.

Derivation of the differential equations relating stresses to shrinkage. By
neglecting the variation of stresses and strains along the length of a body
the problem becomes a two-dimensional problem in plane strain. The

following equations taken from the theory of elasticity are then applica-
ble12

Equations of Equilibrium:
day j ¢Tyvz_ Q

dy dz
d<z drn
dz dy

Condition of Compatibility:

@h +
dz2 dy2 dydz

Hooke’s Law Modified to Include Isotropic Shrinkage:

ex= ~\<rv ~ |y — — S = — Savin this problem
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"= E [—mx+ & —yorz] —S

Ve= A= ~ My+ Q] —S

2 (1 +
7yz ~ (" m) Tyz

The above seven equations giving relations between the eight unknown
stresses and strains can be reduced to the following two equations by
eliminating the four strains and the shear stress:

&« =n (ffy+ €@ + E (S — S&) coorreriirire e (31)

V 20 + 8) = —— VB oo (32)
1—M

where V2is written for 12 + d—2 .
dy2 dy2
These two equations together with the two equations of equilibrium
and the boundary conditions that

yand ryz = 0aty = +6
(tand Tz = 0atz = =+c

and Equation 5a for S constitute the mathematical statement of the
problem.

Solution for stresses. In general the stress cxwillbe larger than either
v or a.- The stress tvzz will be relativelysmall inall cases. Ifonly the
value of the theoretical maximum stress is desired, a fairly good approxi-
mation can be obtained by the following simplified formula:

K= E (S — Sa) QPPIOX e (31a)

where S is given by Equation 5a and Savis given by Equation 22a. If,
however, an accurate theoretical value of all stresses is desired, a complete
solution must be obtained and this is given below:

The solution for @, s¢, and twzmeeting all of the above requirements is
as follows:*

- g0®%- %2240 8T 'irr‘ cos aty cos y,-z
126¢ c — i
¢=1j=1

*Equations 33, 34, and 35 for stresses and Equations 36 and 37 for the coefficients Bj and Qagiven here are
almost the same as Equations 1, 2, and 3 for stresses and Equations 6 and 7 for the coefficients Bn and An
respectively given in Ref. 9. The A i-series and the A,-terms enter into the equations given here in place
of the terms in the stress S given there; otherwise, except for slight differences in notation, the correspond-
ing equations are identical and the equations given here may be derived by the procedures given there.

Equation 38 for A,, and Equation 39 for AOmay be verified by substituting Equations 33, 34, and 5a in-
to Equation 32 and then proving the equality of the two sides of the resulting equation within the domain
under consideration by the usual Fourier analysis.
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o\ B. cos Ly Sink 7ijy— (I + 7)" c°th 7/&) cos™ OyZ]
4— ' cosA 7jb
3=1

cos a,y jaZsinAaz+ (1 aficoth afi) cosh afi]..(33)

cosh cue
2- 1
& - 3y2 4 f g — cos a(y cos 7,2
126¢ b j2
1=1 j=1
_ 'X"™ B- cos7j_ [N2/SinAT7,7 + (1 - 7,&C0iA7,6) cosA 7T#]
CosA 76
1= 1
N ¢ _cosjx&_ |-"2 aiZz _ (! | aiCcoth ai€) cosA a,z] (34)
COSA a-C
¢= 1
= A A A sin «7/ sin 7,z
(=1 ¢-1 'y

. sinv72 . )
+ A Bj cosh A A [7jb coth y,b sinh 7# - y,y cosh yjy\

3=1
sin d'y ) o . . .
+ > Ci--—-———— \afi coth afi sinh afi — afi cosh afi]............. (35)
cosh afi
i= 1
where a= 7j= 7
c
tanh —
c AO(-1)" b , VAN .
+ ,
b M2 € - 7 JITjb
B =
1+ coth — —ianA .
e 4" )

(36)
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tank —
cAO(-1)i

b irtH2 b (Fy—- Yy (LyH; or

TTIC 1+(ST

o

i 1 3=1
<=
1 i7TC ~ _ tank
(37)
As =
Pi- + ) -Tpl -ToelH H
I I (38)
n=I1I m—1
e -Tfile-T q)l Hnlim. (39)
n=1m=1

The above equations, together with Equation 31 for ax, constitute a
complete solution on the basis of the given assumptions.

In general, if both the parameters T and Tcare equal to or greater than
0.1, the series given above converge very rapidly so that only a few terms
need be taken for a good approximation. The example given below will
demonstrate the use of the above equations.

Example: Stress at the middle of one side of a square prism for which B
equals 5 and at a timefor which T equals 0.1. If only one term in each series
is used, the following values are obtained: From Equations 38 and 39
and Table 1

ES<

AO0= - (fl + 00 e “01 # e ~01 # Hi

1—P

ES ©
A, = - (1.31382 + 1.31382 0.84152 X 0.91302

1—P

ESc
AO0= - 2.0377
ES<* (1.31382 + 1.31382 0.84152 X 0.91302

An =

L —p T C g
ﬁ' 1.3)3382}/
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ES»
An= ~ 0.0093

When these values are substituted into Equation 36, the result is

® tanh i
.0376 + 0.009%; 1_ anh it c

B1l=
1+ 7 (coth # —tanh %)

or since Ci = B x(square prism),

Ci = Bx= —0.1472 55
When the above values and z = ¢,y = 0 are substituted into Equation

33, the result is

ESjb

60377 + 0.0093 - 0.1472 X 0.3583 + 0.1472 X 0.9773 J’I_I ’

= [+ 0.3396 + 0.0093 - 0.0527 + 0.1439 ES? = 0.4401 »
1—M 1—M
Z= C
2=0
When the summation of each series is carried to two terms, the result is

0.4214 Ii_Sg and when the summation is carried to four terms in each

ES< .
series the result is 0.4221 1 for this stress.

The above shows that the series converge very rapidly for this example.

The stresses jzand Tyzare obviously zero at the point under considera-
tion.

From Equations 31, 5b, and 22b, Tables 2 and 3, and the above result
for «u

| —-—0.4221 + (0.0221 + 0.6913 - 0.0221 X 0.6913)

LI —fi
;fg - (0.2186 + 0.2186 - 0.2186 X 0.2186)] BS«,
0.4221 + 0.3087" ESc
1M
Z=C
y=0

For all values of Poisson’s ratio juless than 0.212, the above expressions
will give larger values for €«ythan for cx. This fact is of interest because,
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in the similar problem of a long cylinder drying or cooling from the curved
surface the two corresponding stresses are equal regardless of Poisson’s
ratiold

OTHER METHODS

A paper of this kind would not be complete without calling attention to
the possibilities of using a difference equation instead of Equation 1. The
difference equation that would replace Equation 1 would be a statement
of the relation between the values of S at the point (x, vy, z) at the time t
and what the values of S were at this point and at points distant * Ax,
+Ay and ==Azin the x-, y-, and z-directions, At units of time previously.
In the limit as Ax, Ay, Az and At are made smaller, the difference equation
becomes Equation 1. Although methods based upon the substitution
of a difference equation for the differential equation usually necessitate
considerable work to obtain the desired results, they have the advantage
of being applicable to any shape of body, any assumption in regard to
boundary conditions, or any variation in the coefficient of diffusivity.

Methods of procedure for solving the difference equation, usually for
the analogous problem of heat-flow, may be found in the literature*.

After a solution for the distribution of shrinkage tendency at a given
time has been obtained to the desired accuracy, there still remains the
problem of solving for stresses. This may be done by graphical analysis,
as illustrated by Buchanan and Schroeder®if the problem is one-dimen-
sional or by more elaborate means if the problem is two- or three-dimen-
sional. f

SUMMARY OF THE THEORETICAL DEVELOPMENT

The theoretical equations for the flow of heat are used for the unre-
strained shrinkage of concrete. Unrestrained shrinkage is defined as
the unit linear contraction that would occur in an element if it were
unrestrained by neighboring elements. This isnot the same as unit short-
ening (commonly called shrinkage) of a so-called unrestrained specimen.
Having developed expressions for unrestrained shrinkage for each of three
different conditions (Cases I, Il and Il1), equations for shortening, warp-
ing, and stresses were derived.

The equations for two conditions—slab or beam drying from one face
only, Case I, and slab or beam drying from two opposite faces, Case I1—
were found to be very much alike in form. However, the equation for
shrinkage stress in the slab or beam drying from one surface contains an

additional term, (\6 — 12 ib\/" ~ Vmexf that is not in the corresponding
3R

*See, for example, References 14 and 15.
tSee, for example, References 17, 18, and 19
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equation for a slab or beam drying from two opposite surfaces. Com-
putations show that the equation with the added term gives much less
stress for the same size of body and the same period of drying. Compare
Tables 6 and 5.

Equations are given for all the stresses in a prism drying from all four
surfaces, the third condition treated. These equations, though rather
complicated in appearance, can be readily evaluated if the desired accur-
acy is such that only a few terms in each series need be considered. For a
rather rough approximation of the stress that is usually the most impor-
tant in this third condition, the comparatively simple equation ax =
E(S — Sav) is recommended.

Tables and curves are given from which the theoretical shrinkages,
stresses, etc., may be obtained, at any point in the specimen after any
period of drying, for various values of the physical properties, diffusivity,
surface factor, ultimate shrinkage, and dimensions of the specimen.

Examples are given shoving how numerical values may be computed
from the equations and how the tables and curves may be used.
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Fig. 1— Illustrations of the con-
ditions treated. Shading indi-
cates sealed surfaces. Case |
— Beam (or slab) drying from

one face only. Case Il— Beam
(or slab) drying from two op-
posite faces. Case Ill— Prism

drying from four faces. The
ends of the prismatx ==t a
are sealed.

Fig. 2— Curves for the determination of fin

Fig. 3—Relationship between F, and B
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Fig. 4— Relationship between cos /3, and B

Fig. 5— Relationship between H, and B

Fig. 6— Relationship between G, and B
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root of the

Theoretical curves showing warping Vs. square
tire parameter for a pian drying fran oe side
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Fig. 14— Maximum stress (maximum value of stress at exposed surface) and
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S
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1.55525
w2

m
3.1731
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TABLE 1—0On
Ontan On = B

03

27
6.2991
6.3615
6.4372
6.5783
6.9097
7.2281
7.7760

5u/2

maximum warping vs. the parameter B

04

3jt
9.4354
9.4774
9.5292
9.6296
9.8927

10.200

10.887

7rr/2

03
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12.722
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13.213
13.998

orr/2

5ir
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15.740
15.771
15.834
16.010
16.260
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TABLE 2—RATIO OF SHRINKAGE (OR SWELLING) TO ULTIMATE SHRINKAGE

SHSNNAWNRR OO0
oo

coowmoooouvioNUI~

N o

0.30

PWONRROOCO
coouvio~NUIR
moo

JL =
S »

(OR SWELLING)

1_y-TOI
cos/3,
)é 0.8 y =10 -=0 Y2 0.2
b b b
0 0 0 0
.0002 .0080 0000 .0000
.0009 .0112 0000 .0000
.0021  .0135 0000 .0000
.0033 .0158 0000 .0000
.0057 .0192 .0000 .0001
0080 .0222 .0001 .0003
.0100 .0247 .0003 .0010
.0146  .0302 .0021  .0050
0188  .0347 0068 .0121
.0260 .0423 .0244 0333
.0319  .0486 .0499  .0609
0.426 .0594 1036  .1164
.0523  .0690 1691 1811
.0616 .0782 2274 .23S7
0841  .1004 .3575 3670
.1060 .1219 4662 4741
.1484 1634 .6312 6367
.1885 .2028 7453 7490
2634 2764 .8785  .8803
3313 .3432 9420 9429
3929 4037 9724 9728
.5234 5318
.6356  .6421
7693 7734
.8578  .8603
0 0 0 0
.0000 1559 .0000 .0000
.0001  .2095 .0000 .0000
.0072  .3019 .0000 .0000
0390 .3843 .0000 .0000
0770 .4378 .0000 .0000
1132 4769 .0000 .0001
1762 5332 .0001 .0010
2291 5724 .0008 .0047
.2723  .6026 .0031  .0115
.3544 6557 .0198  .0407
4134 6913 .0410 .0717
4947 7379 .1358 1726
.5506  .7685 2276 2637
6304  .8106 3933 4227
.6907  .8417 5256 5487
.7401  .8670 6294 6475
.8312  .9136 .8000 .8098
8904  .9439 .8920 .8972
.9538  .9763 .9686  .9700
.9805  .9900 .9908 9913
9965  .9982 19992 9993
19994 9997

=0.4 L 0.6
b

B =10

0 0
.0000 .0000
.0000 .0002
0000 .0012
.0005 .0033
.0013  .0095
.0033 .0182
.0065 .0274
.0178  .0516
.0317  .0749
.0623 .1168
.0950 .1545
.1534 2153
2169 2757
2725  .3276
.3953 4413
4975 5358
.6528  .6793
7603  .7785
.8856  .8943
9454  .9496
9740  .9760

—®

0 0
.0000 .0000
.0000 .0000
.0000 .0001
.0002  .0060
.0005 .0209
.0027 0455
.0144 1025
.0339 1573
0578 2059
1216 3017
1735 .3657
.2839  .4687
.3710  .5384
.5085  .6425
6161 7210
7001  .7821
.8382  .8824
9126  .9365
9746 9815
19926  .9946
19994 9995
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TABLE 3—UNIT SHORTENING—AVERAGE UNIT SHRINKAGE )

T B =0.1 B =05 B = 1.0 B =2.0 B = 5.0 B = 10.0 B =
0.001 0.0001 0.0005 0.0010 0.0019 0.0045 0.0080 0.0357
0.002 0.0002 0.0010 0.0019 0.0037 0.0085 0.0147 0.0506
0.003 0.0003 0.0015 0.0029 0.0055 0.0124 0.0206 0.0619
0.005 0.0005 0.0024 0.0047 0.0090 0.0196 0.0323 0.0800"
0.010 0.0010 0.0048 0.0093 0.0173 0.0370 0.0556 0.1129
0 015 0.0015 0.0072 0.0137 0.0252 0.0515 0.0755 0.1383
0.02 0.0020 0.0095 0.0181 0.0317 0.0649 0.0932 0.1596
0.03 0.0030 0.0141 0.0265 0.0473 0.0891 0.1242 0.1954
0.04 0.0039 0.0185 0.0347 0.0611 0.1115 0.1512 0.2257
0.05 0.0049 0.0231 0.0426 0.0742 0.1319 0.1753 0.2523
0.075 0.0074 0.0340 0.0620 0.1050 0.1779 0.2282 0.3090
0.10 0.0098 0.0446 0.0803 0.1336 0.2186 0.2739 0.3506
0.15 0.0146 0.0653 0.1154 0.1860 0.2895 0.3510 0.4370
0.20 0.0193 0.0854 0.1489 0.2327 0.3510 0.4167 0.5041
0.30 0.0288 0.1239 0.2064 0.3190 0.4555 0.5258 0.6133
0.40 0.0382 0.1606 0.2666 0.3939 0.5422 0.6136 0.6979
0.50 0.0474 0.1957 0.3188 0.4604 0.6148 0.6849 0.7641
0.75 0.0702 0.2771 0.4339 0.5962 0.7498 0.8109 0.8726
1.0 0.0924 0.3502 0.5296 0.6979 0.8375 0.8865 0.9313
1.5 0.1353 0.4751 0.6751 0.8306 0.9315 0.9591 0.9800
2.0 0.1761 0.5767 0.7756 0.9052 0.9711 0.9857 0.9942
3.0 0.2521 0.7233 0.8930 0.9625 0.9949 0.9981 0.9995
4.0 0.3211 0.8182 0.9489 0.9907 0.9991 0.9998 1.0000
5.0 0.3837 0.8821 0.9756 0.9971 0.9998 1.0000
7.5 0.5161 0.9594 0.9962 0.9998 1.0000
10.0 0.6301 0.9860 0.9994 1.0000
15.0 0.7658 0.9983 1.0000
20.0 0.8556 0.9998

TABLE 4— WARPING in thousandths)

T B =0.1 B =0.5 B = 1.0 B =2.0 B = 5.0 B = 10.0 B = o
0 0 0 0 0 0 0
0.0010 0.048 0.235 0.46 0.91 2.13 3.82 16.83
0.0015 0.071 0.348 0.68 1.33 3.08 5.43 19.79
0.0020 0.093 0.458 0.90 1.73 3.99 6.89 23722
0.0030 0.137 0.674 1.32 2.54 5.73 9.61 27.90
0.0040 0.180 0.883 1.72 3.31 7.23 12.03 31.66
0.0050 0.222 1.008 2 12 4.03 8.69 14.27 34.89
0.0075 0.324 1.579 3706 5.74 13.6S 19.16 21.36
0.010 0.421 2.045 3.94 7.35 15.18 2335 46.42
0.015 0.606 2.920 5.59 10.25 20.45 30.38 54.12
0.020 0.778 3.735 7.08 12.92 24.97 35.92 59.78
0.030 1.092 5.415 9.74 17.34 32.63 44.71 67.67
0.040 1.375 6.518 12.05 21.07 38.32 50.93 7280
0.050 1.628 7.832 14.03 24.21 42.70 5533 76.15
0.075 2.161 10.138 17.96 30.08 49.98 627222 7976
0.10 2.568 11.846 20.75 33.87 53.81 65.16 8040
0.15 3.126 14.017 23.96 37.56 55.70 64.50 7418
0.20 3.457 15.128 25.29 38.32 53.89 60.56 66.85
0.30 3.757 15.773 25.61 36.28 47.03 5052 5274
0.40 3.843 15.546 24.14 32.88 39.90 41.38 41.27
0.50 3.851 15.043 22.59 29.43 33.64 33.77 3225
0.75 3.782 13.588 18.85 22.07 21.86 20.27 17.40
1.0 3.694 12.217 15.67 16.52 14.20 12.17 9.39
1.5 3.519 9.869 10.82 9.2 5.99 4.38 2.74
2.0 3.353 7.959 7.47 5.18 2.53 1.58 0.80
3.0 3.044 5.203 3.57 2.05 0.45 0.20 0.07
4.0 2.763 3.417 1.70 0.51 0.08 0.03 0.01
50 2.508 2.216 0.81 0.16 0.01 0.00 0.00
75 1.969 0.763 0.13 0.01 0.00

10.0 1.506 0.262 0.02 0.00
15.0 0.953 0.031 0.00
20.0 0.587 0.004
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TABLE 5—RATIO OF STRESS «XIN AN UNRESTRAINED BEAM DRYING FROM
TWO OPPOSITE SIDES (OR IN A BEAM DRYING FROM ONLY ONE SIDE
AND RESTRAINED AGAINST WARPING) TO THE ULTIMATE STRESS
FOR COMPLETE RESTRAINT ES~

o'x S Say

ES»
\ \Y
T -=0  -=0.2 -=0.4 ).I:oe l=0.8 Yzlo ,y_\=° }_’_:02§'=04 S=0.6 :=0.8 Y;lg
b b b b b b b
B =01 B =1.0
0.0 0 0 0 0 0 0 0 0 0 0 0 0
0.005  -.0005 -.0005 -.0005 -.0005 -.0003 .0075 -.0047 -.0047 -.0047 -.0047 -.0040 .0703

0.010 -.0010 -.0010 -.0010 -.0010 -.0001 .0102 -.0093 -.0093 -.0093 -.0091 .0000 .0942
0.015 -.0015 -0015 -.0015 -0014 .0006 .0120 -.0137 -.0137 -.0137 -.0125 .0059 .1101
0.020 -.0020 -.0020 -.0020 -.0017 .0013 .0138 -.0181 -.0181 -.0176 -.0148 .0124 .1235
0.030 -.0030 -.0030 -.0029 -.0019 .0027 .0162 -.0265 -.0264 -.0252 -.0170 .0246 .1425
0.040 -.0039 -.0039 -0036 -.0019 .0041 .0183 -.0346 -.0344 -0314 -0165 .0353 .1563
0.050 -.0049 -.0048 -.0042 -0019 .0051 .0198 -.0423 -0416 -.0361 -.0152 0444 .1670
0.0/5 -.0072 -.0069 -.0054 -.0014 .0072 .0228 -.0599 -.0570 -.0442 -.0104 0616 .1851

0.10 -.0090 -.0084 -.0061 -.0009 .0090 .0249 -.0735 -.0682 -.0486 -.0054 0735 .1961
0.15 -.0117 -.0106 -.0069 .0000 .0114 .0277 -.0910 -.0821 -0531 .0014 0871 2064
0.20 -.0133 -.0119 -.0074 .0005 .0126 .0293 -.0990 -.0880 -.0539 .0056 .0929 2081
0.30 -.0149 -0132 -.0079 .0010 .0138 .0306 -.1028 -.0900 -.0530 .0089 .0948 2027
0.40 -.0154 -.0136 -.0081 .0011 .0141 .0308 -.0975 -.0855 -.0497 .0091 .0894 .1893
0.50 -.0154 -.0135 -.0080 .0013 .0142 .0311 -.0914 -0801 -.0463 .0088 .0838 .1766
0.75 -.0152 -.0133 -.0079 .0013 .0139 .0302 -.0764 -.0669 -0386 .0074 .0699 .1471
1.0 -.0148 -.0130 -.0077 .0012 .0136 .0295 -.0634 -.0555 -.0321 .0062 .0582 .1222
15 -.0140 -.0123 -.0072 0011 .0131 .0281 -.0439 -.0384 -.0223 .0042 0401 0844
2.0 -0134 -0118 -.0070 .0011 .0124 .0267 -.0303 -.0266 -.0153 .0029 .0277 0583
3.0 -.0122 -.0107 -.0063 .0010 .0113 .0243 -.0145 -.0127 -.0074 0013 .0131 .0277
4.0 -.0111 -.0097 -.0057 .0009 .0102 .0221 -.0069 -.0060 -.0035 .0007 .0063 .0133
5.0 -0101 -.0089 -.0052 .0008 .0092 .0200 -.0032 -.0028 -0016 .0004 .0030 .0064
7.5 -.0079 -.0069 -.0041 .0006 .0073 .0157

10.0 -.0061 -.0055 -.0033 .0005 .0055 .0120

15.0 -.0038 *.0033 -.0020 .0003 .0035 .0076

20.0 -.0023 -.0021 -.0012 .0002 .0022 .0047

B =5.0 B

0.0 0 0 0 0 0 0 0 0 0 0 0 0

0.001 -.0045 -.0045 -.0045 -.0045 -.0045 .1514 -0357 -.0357 -.0357 -.0357 -.0357 .9743

0.002 -.0085 -.0085 -.0085 -.0085 -.0084 .2010 -.0506 -.0506 -.0506 -.0506 -.
0.005 -.0196 -.0196 -.0196 -.0196 -.0124 .2823 -.0800 -.0800 -.0800 -.0799 -.0345 9200
0.010 -.0370 -.0370 -.0370 -.0362 .0020 .3473 -.1129 -1129 -.1127 -1069 .0412 .8871
0.015 -.0515 -.0515 -.0515 -.0467 .0255 .3863 -.1383 -.1383 -.1378 -.1174 .1100 .8617
0.020 -.0649 -.0646 -.0645 -.0523 .0483 4120 -.1596 -.1595 -.1569 -.1141 1577 .8404
0.030 -.0890 -.0881 -.0848 -.0538 .0871 .4441 -.1953 -.1944 -1810 -.0929 .2188 .8046
0.040 -1109 -.1098 -.0998 -.0481 .1176 .4609 -.2249 -2210 -.1918 -.0684 .2538 .7743
0.050 -1299 -.1277 -.1094 -0401 .1404 4707 -.2492 -2408 -.1945 -.0464 2748 7477
0.075 -1709 -.1604 -1207 -0200 .1765 .4778 -.2892 -.2683 -.1874 -0073 2966 .6910

o
S
o
o
©
=
©
S

0.10 -.1965 -.1796 -.1230 -.0044 .1948 4727 -.3096 -.2789 -.1771 .0151 .3011 .6494
0.15 -.2169 -.1969 -.1189 -.0130 .2052 .4484 -.3012 -.2644 -.1531 .0317 2790 .5630
0.20 -.2164 -.1897 -.1112 -.0199 .1996 4175 -.2765 -.2404 -.1331 .0343 2517 .4959
0.30 -.1918 -.1671 -.0948 .0216 .1749 .3551 -.2200 -.1906 -.1048 .0292 .1986 .3867

0.40 -.1634 -.1422 -.0801 .0191 .1485 .2995 -.1723 -.1492 -.0818 .0231 .1554 .3021
0.50 -.1379 -.1193 -.0674 .0163 .1253 .2522 -.1347 -.1166 -.0640 .0180 .1214 .2359
0.75 -.0896 -.0779 -.0437 .0106 .0814 .1638 -.0727 -.0629 -.0345 .0097 .0655 .1273
1.0 -.0582 -.0506 -.0284 .0069 .0529 .1064 -.0393 -.0341 -.0187 .0052 .0353 .0687
1.5 -.0246 -.0214 -.0170 .0029 .0223 .0448 -.0114 -.0100 -.0054 .0015 .0103 .0200
2.0 -.0104 -.0090 -.0051 .0012 .0094 .0189 -.0034 -.0029 -.0016 .0004 .0030 .0058
3.0 -.0019 -.0016 -.0009 .0002 .0016 .0033
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TABLE 6-RATIO OF STRESS «, IN AN UNRESTRAINED BEAM DRYING FROM
ONLY ONE SIDE TO ULTIMATE STRESS FOR COMPLETE RESTRAINT ES=

=S Sw+(@ 19 i

ES® b 315«
v v
T Vo Yoo Y=04 Y-06 V=08 Y=10 Y=0 -=0.2 =04 -=0.6 Yoos V=10
b b b b b b b b b
B = 0.1 B = 1.0

0.0 0 0 0 0 0 0 u0 0 0 0 0 0
0.005 0008 .0003 -.0002 -.0008 -.0011 .0062 .0080 .0029 -.0022 -.0072 -.0116 .0576
0.010 0015 .0005 -.0005 -.0015 -.0016 .0078 0143 .0049 -.0046 -.0138 -.0142 .0706
0.015 0021 .0007 -.0008 -.0021 -.0016 .0084 .0198 .0064 -.0070 -.0192 -.0142 .0766
0.020 0027 .0008 -.0011 -.0026 -.0015 .0091 .0243 .0074 -.0091 -.0233 -.0131 .0811
0.030 0036 .0009 -.0016 -.0032 -.0012 .0096 0319 .0087 -.0135 -.0287 -.0105 .0841
0.040 0044 0011 -.0019 -.0036 -.0009 .0100 0377 .0090 -.0169 -.0310 -.0081 .0840
0.050 0048 .0011 -.0022 -.0039 -.0008 .0100 0419 .0089 -.0193 -.0320 -.0061 .0828
0.075 0058 .0009 -.0028 -.0040 -.0006 .0098 0479 0077 -.0226 -.0320 -.0031 .0773

0.10 0064 .0008 -.0031 -.0040 -.0002 .0095 0510 .0065 -.0237 -.0303 -.0012 .0716
0.15 0071 .0007 -.0031 -.0038 .0001 .0089 0528 .0042 -.0243 -.0274 .0008 .0626
0.20 0074 .0005 -.0033 -.0036 .0002 .0085 .0527 .0030 -.0236 -.0247 .0019 .0564
0.30 0076 .0003 -.0034 -.0035 .0003 .0080 0509 .0022 -.0223 -.0218 .0026 .0490
0.40 0077 .0002 -.0035 -.0035 .0003 .0077 0473 .0014 -.0207 -.0199 .0025 .0445
0.50 0077 .0004 -.0034 -.0033 .0002 .0077 0441 0012 -.0192 -.0183 .0025 .0318
0.75 0075 .0003 -.0034 -.0032 .0003 .0075 0367 .0010 -.0160 -.0152 .0020 .0340
1.0 0074 .0003 -.0033 -.0032 .0003 .0073 0306 .0009 -.0133 -.0126 .0018 .0282
1.5 0071 .0004 -.0030 -.0031 .0004 .0070 .0210 .0006 -.0093 -.0088 .0011 .0195
2.0 0067 .0003 -.0030 -.0029 .0003 .0066 .0145 .0003 -.0063 -.0061 .0008 .0135
3.0 0061 .0003 -.0026 -.0027 .0003 .0060 .0069 .0002 -.0031 -.0030 .0002 .0063
4.0 0055 .0002 -.0025 -.0024 .0003 .0055 .0033 .0001 -.0015 -.0013 .0002 .0031
5.0 0049 .0001 -.0022 -.0022 .0002 .0050 .0017 .0001 -.0006 -.0006 .0001 .0015
7.5 0039 .0001 -.0017 -.0020 .0002 .0039

10.0 0030 .0001 -.0014 -.0014 .0001 .0030

15.0 .0019 .0001 -.0009 -.0008 .0001 .0019

20.0 0012 .0000 -.0005 -.0005 .0001 .0012

0
0083 .0032 -.0019 -.0071 -.0122 .1386 .0653 .0249 .0155 -.0559 -0963 .8733
‘0154 0059 -.0037 -.0133 -.0288 .1771  .0887 .0330 -.0227 -.0785 -.1326 .8101
‘0325 0117 -.0092 -.0300 -.0437 .2302 .1293 .0456 -.0381 -.1218 -1601 .7107
‘0541 0176 -.0188 -.0544 -.0526 .2562  .1656 .0542 -.0570 -.1626 ~-.1259 .6086
‘0712 0221 -.0270 -.0712 -.0481 .2636 .1864 .0565 -.0729 -.1823 -.0848 .5370
‘0849 0250 -.0345 -.0822 -.0413 .2622  .1991  .0557 -.0852 -1858 -.0575 .4817
‘1068 0294 -.0456 -.0930 -.0304 .2483 2109 .0493 -.0998 -.1741 -.0249 .3984
‘1190 0282 -.0538 -.0941 -.0204 .2310 .2119  .0411 -1044 -.1558 -.0083 .3375
1263 .0260 -.0582 -.0913 -.0133 .2145 .2080 .0335 -1031 -1378 .0005 .2905
‘1290 0195 -.0607 -.0800 -.0034 .1779  .1896 .0190 -.0916 -.1031 .0093 .2122
‘1264 0141 -.0584 -.0690 .0011 .1498 .1728 .0105 -.0806 -.0814 .0117 .1670
‘1173 0072 -.0521 -.0538 .0047 .1142 1439 .0027 -.0641 -.0573 .0119 .1179
‘1069 0043 -.0465 -.0448 .0056 .0942 1233 .0001 -.0529 -.0459 .0112 .0951
‘0904 0022 -.0384 -.0348 .0056 .0729  .0962 -.0009 -.0416 -.0340 .0089 .0705
‘0760 0014 -.0322 -.0288 .0049 .0601 .0753 -.0006 -.0323 -0264 .0068 .0545
‘0639 .0011 -.0270 -.0241 .0042 .0534 .0588 -.0006 -.0253 -.0207 .0053 .0424
‘0416 .0008 -.0175 -.0156 .0027 .0326  .0318 -.0002 -0135 -o0111 .0029 .0230
0270 .0005 -.0114 -0101 .0018 0212 .0170 -.0002 -.0074 -0061 .0015 .0124
0113 %882 &.ﬁ’[ -0043 .0007 .0089 .0050 0000 -.0021 -.0018 .0004 .0036

. 1 -0018 .0003 .0037 .0014 .0000 -.0006 -.0006 .0001 .oo10
0008 .0000 -.0004 -.0003 .0000 .0006
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Floating Block Theory in Structural Analysis*
By STANLEY U. BENSCOTERt

SYNOPSIS

A process of reaction distribution is developed for the purpose of cal-
culating reactions beneath hinged floating blocks. Application to
hinged base slabs is illustrated. The analogous correspondence to the
process of moment distribution is explained by using the column analogy.

INTRODUCTION

Structures such as retaining walls, gravity dams, piers or column foot-
ings are designed on the assumption that the base reaction has a linear
distribution. The reaction diagram is considered to be of trapezoidal
shape (triangular and rectangular diagrams being special cases). Actu-
ally a linear base reaction diagram could be valid only if the structure
were floating in a very dense liquid. If the foundation material possesses
shearing strength and rigidity, which does not break down and disappear
with time, the base reaction must be nonlinear. Justification of this
statement may be found both in the theory of elasticity and laboratory
and field measurements of base pressures.

Another important requirement for the validity of linear reaction
diagrams is that the structure must not have a flexible base slab. A
flexible base slab will have a non-linear reaction diagram, even when
floating in a liquid, if loaded with any distribution of loading other than
uniform. Thus it is seen that floating block theory is now in common
usage in the analysis of individual, isolated structures. The present paper
presents a method of calculating the base reaction distribution for several
floating blocks attached by hinges. The computation method may be
called “reaction distribution” since it is performed in the same manner as
“moment distribution” for the analysis of continuous beams.

+Received bE the Institute July 10, 1945. i
tStructural Engineer, Bureau of Aeronautics, Navy Dept., Washington, D. C.
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REACTIONS FOR INDIVIDUAL BLOCKS

The reactions for a gravity dam or a cantilever retaining wall, as
shown in Fig. 1, are readily calculated by considering a slice of the
structure one foot thick and using the flexure formula. Considering the
origin of coordinates to be at the center of the base, the toe and heel
pressures, waand wh, are given by,

wa = ¢ Mxa (la)
A |
M xb
wh i (Ib)
L T
where P = total vertical load on foundation (positive downwards)

M moment of P about origin

A — area of base of one foot slice (equals length L)
I = moment of inertia of base area (equals L312)
xa = -L/2, xb=1L1j2

Fig. 1— Linear reaction
diagrams

The trapezoidal reaction diagrams would be strictly correct only if the
structures were floating in a dense liquid. Thus the flexure formula may
be considered as a formula for the reaction distribution of a floating block
acted upon by forces and moments. The weight of the floating block may
be neglected and the flexure formula will then give the reactions caused
by the applied loads.

A more general type of floating block is one having a planform which
is not rectangular, such as the one shown'in Fig. 2. For the purpose of
describing the planform of the floating block and the loading distribu-
tion, it is convenient to borrow several words from the terminology
which is used by the aeronautical engineer in describing the planform
and loading distribution of an airplane wing. The width of the plan-
form is called the chord and the length is called the span. The chord
¢ may be variable as shown in Fig. 2. The distribution of loading across
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the planform may be described as the chordwise distribution and the dis-

tribution along the planform may be described as the spanwise distribu-
tion.

Fig. 2— Floating
block with variable
chord

pa=i

(a) (b)

Throughout this paper the planform of the floating block is considered
to be symmetrical about a center line running in the spanwise direction.
When the planform has a variable chord, the area and moment of inertia
to be used in the flexure formula for calculating reactions may be com-
puted from the integral formulas,

A T L O X ot r e rn (2a)

T LRSS (2b)

where the coordinate x is measured from the centroid of the planform.
The chordwise distribution of applied loads and reactions will be con-
sidered to be uniform at all sections and such chordwise distribution
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diagrams will not be shown. A spanwise distribution diagram and the
planform dimensions will serve to define completely the loading magnitude
and distribution. The reader who is familiar with the column analogy, as
developed by Hardy Cross*, will recognize the similarity in physical con-
cepts between the analogous column and the floating block. Certain
fundamental physical properties of an isolated block must be developed
for use in the reaction distribution process, just as similar properties of
an isolated span of a continuous beam are developed with the aid of the
column analogy for use in the moment distribution procedure.

In Fig. 2(a) a floating block is shown with a unit load at the right end.
A concentrated load will always be considered as acting on the center
line of the planform so that the chordwise distribution of the reaction
will always be uniform. The right end reaction ordinate is Kband the-
left end reaction ordinate is -R. The reaction diagram may be regarded
as an influence line for reaction at point b at the right end of the block.
Consequently the quantities Kband R may be called influence numbers.
They may be converted to true deflection influence numbers by dividing
by the density of the liquid. However, the actual density of the liquid
does not enter into any of the analyses of this paper. In Fig. 2(a) there
is also shown a unit load acting at point a at the left end of the block.
The left end reaction ordinate is indicated as Kaand the right end re-
action ordinate is -R. The value R arises in both cases in agreement with
Maxwell’s law of reciprocal deflections.

The quantities Kaand Kbmay be called primary influence numbers

and R may be called the secondary influence number. The values of the
influence numbers may be computed by using Eqgs. (1).

K, - (3a)
R T N SO (3b)
irj 1. qub

-R N TSP (3¢)

In these equations I is the centroidal moment of inertia and xa and xb
are the distances of points a and b from the centroid of the planform. It
may prove to be convenient to express the influence numbers in terms
of the planform area thus,

e T PKDBZ=J "R = A w

The values of °ca <band /? can be readily expressed by introducing the
radius of gyration p of the planform.

*“The Column Analogy,” by Hardy Cross, Bull. No. 215, Eng. Expt. Sta., 1932, Univ. of 111
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In Fig. 2(b) the same block is shown carrying a continuously distributed
load as well as concentrated loads Paand Pbat either end. Only the
spanwise distribution of the loading is shown since the chordwise dis-
tribution is uniform at all points along the span. The reaction is shown
as consisting of three parts which may be added, or superposed. The
first part is a trapezoidal distribution, having end ordinates w'aand w'kt
and is due to the continuously distributed load. The ordinates w'aand
w'bare computed from the flexure formula as given by Eq. (1). If p isthe
applied load per unit of area, the magnitude of the distributed load and
its moment about the center of gravity of the planform, are given by,

The second and third parts of the reaction are due to the loads Pa and
Pb. They are proportional to the reaction influence diagrams of Fig.
2(a). Since the chordwise distribution of the reactions is uniform, only
the spanwise distribution is shown. When the three parts of the reaction
are added, the resultant reaction has a trapezoidal spanwise distribution
with end reaction ordinates given by,

wa= wa+ Kaa- RPb
wb = w\ — RPa+ KoPb

These equations may be called the reaction-shear equations and may be
recognized as having direct analogous correspondence to the slope-de-
flection equations for a single span of a continuous beam.

VALIDITY OF THE FLEXURE FORMULA

The flexure formula, as used for the stress analysis of beam-columns,
has been given as Eqs. (1) for calculating the reaction distribution. Al-
though the formula is known to be valid for this purpose, a simple proof
is of interest. Consider a block with a distributed load p and a linearly
distributed reaction w, both in Ib. per sq. ft. The net load acting on the
block is the difference (p-w). The load and reaction together must
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satisfy the equation of equilibrium of vertical forces and the equation of
equilibrium of moments about any point in the plane of symmetry of the
block, say the center of gravity of the planform. These two conditions
give the following equations,

Sltp-w)c OX T 0 et (8a)

These integral equations of equihbrium have direct analogous corres-
pondence to the integral equations of continuity which govern the bend-
ing moments in a fixed-ended beam. By separating the integrals into two
parts and transposing, Eqgs. (8) become,

J'wex dx = § pexdx = M L et areearaere s 9b
) Op (9b)

The formulas of Eqs. (6) have been substituted into Egs. (9). Since the
structural deformation of the floating block is regarded as being negligible,
it is known that the reaction w has a linear distribution and may be
assumed in the form,

This formula for w may be substituted into Eqs. (9) to obtain two linear
algebraic equations which may be solved for a and b. The reader should
carry out this suggested procedure*. Another approach is to assume
values for a and b, substitute in Eqs. (9), and thus show the assumption
to be correct. This procedure will be illustrated. Assume w to be given
by the flexure formula according to Eq. (1).

wo o= 2 + (/)" (11)

This assumption is seen to be a linear function of x in agreement with
Eq. (10). Substituting rhisinto Eqgs. (9) gives,

/ N G T [ L O T (12a)
0 L —=*
J Z + XNOXOK =M e (12b)
0 L -J

*The procedure is illustrated for the more general ease of unsymmetrical bending in “The Column
Analogy, *p. 10.
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Separating the integrals into two parts and taking the constants outside
of the integral signs gives,

pyfly, o myrk

CXAX = P ot (13a)
0 0
b, Cchdx + ) r!:‘x-dx Y [ (13b)
(0] 0

Since the origin of coordinates is the center of gravity of the planform,
one of the integrals in the equations vanishes.

J X OX T 0. i et ren 14
3 (14)

Dropping out the terms containing this integral and substituting the
formulas of Eqgs. (2), the Eqgs. (13) reduce to identities. Since the solution
is known to be linear, and is also known to be unique, the assumed solu-
tion must be the correct solution. A proof, similar to the above, serves
to demonstrate the validity of the column analogy in a simple and con-
venient manner.

ELEMENTARY EXAMPLES

In Fig. 3 there is shown a number of different loads and reactions
acting on a floating block with a rectangular planform. The distributed
loadings have a maximum ordinate of pmlb. per sq. ft. The end ordi-
nates of the reaction diagrams may be expressed in terms of pm. D. B.
Steinman has recently pointed out* a convenient way of remembering the
end reaction ordinates for the case of triangular loading. These end ordi-
nates may be computed as the reactions on a simple beam of span L
which is loaded with a concentrated load of magnitude pmacting at the
same point as the location of pmon the floating block.

Several examples are shown in Fig. 3 of reactions due to a concen-
trated load P acting at one end or both ends of the block. In the case of a
concentrated load the area A of the planform enters into the reaction
calculations. One of the examples shows P at the right end while the
left end of the block is attached by a hinge to a rigid wall. This wall may
be thought of as the sidewall of a reservoir containing the liquid in which
the block is floating. The hinge prevents the block from sinking at the
left end and, hence, the reaction ordinate must be zero at that end. For

this case the right end reaction ordinate is found from statics to be ; P.

»“Graphic Methods for Engineers,” by D. B. Steinman, Eng. News-Rec. V. 132, No. 18, May 4, 1944, pp.
659-661.
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Fig. 3— Floating block

P with constant chord
p P
=) ‘T jfe)p
(O
I T O O R I Ijp
(@)
-P
(f)p
A ft)

The coefficient 3/A may be called a modified influence number. It is
three-fourths of the standard influence number for a block with a rec-
tangular planform.

In Fig. 4 two blocks are shown with variable chords. The block of
Fig. 4(a) has a planform with a chord which varies linearly. The cal-
culated location of the center of gravity is shown. The block is acted
upon by a unit load at the right end and, consequently, the reaction
ordinates are influence numbers. The area and section moduli are shown
with the calculations for the reactions. The block of Fig. 4(b) has a
parabolic variation of the chord. It is symmetrical about the center of
the span and, hence, the center of gravity is at mid-span. Due to this
symmetry the two section moduli are of equal magnitude but of opposite
signs.

BLOCKS CONNECTED BY HINGES

The next step in the development of floating block theory is to con-
sider two blocks joined together by a hinge as shown in Fig. 5. Both
blocks have the same constant chord but are of unequal spans. The left
block has no load but the right block has a load with the spanwise dis-
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Fig. 4— Calculation of L =\z
influence numbers

b
-.0778 .06430 ~
1143
A =30 ft. A = 40 ft.
Sa=-40 f+.3 -Sa=sb=67.z ft.
Sh=+50 ft3 P | —
A~ 40 = .0250
5 50 = 0333 M 6 _
Sa 67 7 =-.0893
M 4.44
nu
Sa -40 M —
67.2 = .0893
M 4.44
S =-50" = 0888

tribution as shown. Consider, temporarily, that the pin of the hinge has
been removed so that each block is free to move alone into an equilibrium
position. The right block will be displaced downward by the load and
will develop a trapezoidal reaction as shown. The left end ordinate w'a
is seen to be two-thirds of pmand the right end ordinate is one-third of
pm The values of 10 and 5 Ib. per sq. ft. may be called “free end re-
actions” in analogous correspondence to the “fixed end moments” which
enter into a moment distribution analysis.

Consider, now, that a concentrated force P is applied downward on the
hinged end of the left block and a force P of equal magnitude is applied
upward on the hinged end of the right block. If the magnitude of these
artificial forces is gradually increased, the hinge will become realigned at
some particular value of P and the pin of the hinge can be replaced.
The artificial forces may then be removed and a shear of magnitude P
will be transferred through the hinge. In the final equilibrium position
of the hinged blocks the left end and right end shears will be,

Left (P Az Pl = 0 e (15a)
Block I1Pb=P, =P

Right {Pa=-Pi =
Block {Pb=P<= 0
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Fig 5— Two hinged blocks
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The reaction ordinates for the left block in the final position may be in-
dicated as w:. and wn, while the reaction ordinates for the right block
will be w.s and w3 The use of double subscripts becomes necessary in
dealing with more than one block. The influence numbers may also be
indicated with double numerical subscripts. The reaction-shear equa-
tions for the blocks become (see Eqs. 7),

Left IWW = = TENP Z s (16a)
BIOCK  1TWN = K 2tP i it (16b)
nght I Wozs = WZ - K2sPoa e (16C)
BIoCK  IWsz = Wsz 4+ RszP2 i (1ed)

The quantities w.s and ws. are the free end reactions. They are the
values of w.s and ws. when P2 = P3= 0.

In the final position of the blocks, each block will have the same dis-
placement at the hinge. Hence, the reactions w2l and w2 must be
equal. Equating the right sides of Eqs. (16b) and (16c) gives, "

KAP2 = WB — K 2P 2ooooooooooeeeeeeeeeeeeooeoesssseooossosssoessoeeessesessssss (17a)

2 KN K23 e (17b)
Substituting into Eqgs. (16) gives,

/ Ru V , =
Wn \Kn+ K 2) w3 " " (18a)
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° (AV 21 |+ 1YK 23)/\/ .................................................................. (le)
™3 = W Z— W e e (18C)
V21 + Koasf
Wi = Wi, + R B N IB (18d)
A2 £ K/

The following fractions may be defined as distribution factors,

da= -- Kn?* - dB = KB - s (19)
K2I+ K723 K21 + K23

The first subscript of the distribution factor indicates the joint and the
second subscript indicates the block. The distribution factors are pro-
portional to the influence numbers of the blocks adjacent to the hinge.
It is only necessary to know the relative values of the influence numbers
K. and K2 in order to compute ¢21 and d2. |If both blocks have
rectangular planforms with the same chord c, the numerical value of c
need not be known.If the values of c are unequal, it isonlynecessary to
know their relative values. With equal chords, asin Fig. 5, the distribu-
tion factors are inversely proportional to the lengths of the spans.

The following fractions may be 'defined as carry-over factors,

m = R2: _ _R_!z ™ _R23 - 532 (88\

A2l A2 023 023
The carry-over factors are calculated as the ratio of the secondary in-
fluence numbers to the primary influence numbers. Thus it is only
necessary to know relative values of the influence numbers. In the case of
rectangular planforms, all carry-over factors have the value ). The
distribution and carry-over factors, as defined, have direct analogous
correspondence to the same factors in moment distribution.

Eqgs. 18) become,

WN = -r2002IW23 = =12 0WoT e (21a)
Wai — B2\WMEZ i (21b)
Wos — Wos — dZBUS2B . (21c)
VYRRV T S 1 & S (1d)

From these equations it is seen that the complete spanwise distribution of
the reaction can be determined from a knowledge of the free end reac-
tions. The chord of the planform does not need to be known. The shear
Pt which is transmitted through the hinge, is not determined. In order
to calculate Pi, it is first necessary to know the numerical value of the
chord. From the calculated reactions the force P2can then be com-
puted from statics.
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The reaction distribution calculations are shown in Fig. 5. The dis-
tribution factors for the hinged joint are shown in parentheses. The free
end reactions are written first at each end of each block. The unbalanced
reaction at the center joint is distributed to the blocks in accord with the
values of the distribution factors. The changes in reaction thus brought
about at the center joint are multiplied by the carry-over factors, with a
negative sign prefixed, to give the change in reaction at the outer ends of
the blocks. Addition at each joint gives the three reaction ordinates re-
quired to determine the reaction distribution. These computations will
readily be seen to be in agreement with Eqs. (21). The negative value
of reaction at the left end of the left block may be regarded as being
physically possible if it is assumed that the block has sufficient dead
weight that it does not lift out of the liquid.

An analysis of three hinged blocks is shown in Fig. 6. The blocks are
assumed to have rectangular planforms with equal chords and spans.
Consequently the distribution factors and carry-over factors are all
equal to The spanwise loading distributions are shown with numeri-
cal values of the maximum ordinates. The free end reactions are also
shown.

The numerical computations consist of a series of cycles which must
be repeated until the desired accuracy is attained. In the example of
Fig. 5 the complete solution was obtained from one cycle of computa-
tions. A cycle consists of two steps. In the first step the joints are
balanced and in the second step the carry-over is performed in all spans.
In the example of Fig. 6, two and one-half cycles have been performed to
obtain two significant figure accuracy. As each joint is balanced in the
first step of a cycle, a horizontal line is drawn to indicate that the joint
has been balanced. At the end of the first cycle the hinged joints are
out of balance and hence additional cycles are required. The final re-
action diagram is illustrated.

HINGED BLOCKS WITH NON-RECTANGULAR PLANFORMS

Fig. 7 illustrates a solution for reactions beneath three hinged blocks
with non-rectangular planforms. The blocks have a common center
line about which they are all symmetrical. The outer blocks have a chord
with linear variation while that of the center block has parabolic varia-
tion. The first two blocks have a spanwdse load distribution as shown
in Fig. 7(a). The first block has a parabolic loading while the second
block has a triangular loading. The maximum ordinate of the loading
diagrams is at mid-span in both cases.

By using calculus, in accord with Eqgs. (9), the magnitude and line of
action of each block load may be computed to be as shown in Fig. 7(b).
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This type of problem could well be used in sophmore calculus courses for
engineers to illustrate the application of calculus. It requires the in-
tegration of polynomials. The numerical values of the areas and section
moduli of these planforms have been given in Fig. 4. From the flexure
formula the free end reactions mav be computed to be as shown in Fig.
7(b).

The influence numbers which are needed have been computed in Fig. 4.
From these influence numbers the distribution and carry-over factors
may be computed by using Eqgs. (19) and (20). The reaction distribution
is shown in Fig. 7(c) with a diagram of the final reaction.

PRACTICAL APPLICATION

An obvious application of reaction distribution is the analysis of a
floating bridge which consists of units joined together by hinges. This
type of bridge has been used occasionally for both war time and peace
time services.

The application which will be illustrated is of more common occurr-
ence. The method of anah'sis will be applied to concrete structures with
hinged base slabs resting on soil. A cross section of a single channel
sewage digestion tank is shown in Fig. S. It is assumed that any rein-
forcement which crosses the base slab joints is placed at the center of the
slab depth and serves only to tie the structure together at these points.
Many such structures were built during the war program with no base
slab reinforcement at all.

The dimensions of the structure are shown and the magnitudes of the
forces have been calculated assuming the concrete to weigh 150 Ib per
cu. ft. The reaction is first computed for the dead load weight of the
concrete alone. A slice of the structure one foot thick is considered in the
analysis so that the floating blocks have rectangular planforms with a
unit chord.

The eccentricity of the resultant force on either of the outer blocks
may be computed to be 0.722 ft. From the flexure formula the free end
reactions may be computed to be as shown in Fig. 8(b). Advantage may
be taken of the symmetry of the structure about its center line. If a re-
duced influence number for the center block is used in calculating the
distribution factors, no carry-over will be required in the center span and
the solution will be obtained from one cycle of distribution computations
performed in one end span. The standard influence numbers for the
spans are inversely proportional to their lengths. The reduced influence
number for the center span is one-half of the standard number as illus-
trated in Fig. 3(f). The distribution calculations are shown in Fig. 7(c)
with the final dead load reaction diagram.
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Fig. 8—Sewage tank—analy-
sis for dead load
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In Fig. 9 the reaction is calculated for the effect of earth loading only.
The soil is assumed to weigh 100 Ib. per cu. ft. A triangular wedge of
soil on the back of each sidewall weighs 0.75 kips and this force has an
eccentricity of 2 ft. The horizontal pressure is assumed to have a “rest”
value equal to that of an equivalent liquid weighing 50 Ib. per cu. ft.
The horizontal thrust in the base slab is assumed to act at mid-depth,
giving a moment arm of the horizontal earth pressure of 3.83 ft. The
outer floating blocks are acted upon by a thrust and moment from the
weight of the soil on the back of the walls and by a pure moment due to the
horizontal forces. From the flexure formula the free end reactions due to
these loads may be computed to be as shown in Fig. 9(b). The distribu-
tion calculations and reaction diagram are shown in Fig. 9(c). The re-
action due to earth loads may be added to the dead load reaction to ob-
tain the reaction diagram shown in Fig. 9(d). Internal water loading
may be treated in a similar manner. The weight of the water will exert
thrusts on each of the blocks and the horizontal water pressure on the
walls will exert moments on the outer blocks.



220 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE January 1946

Fig. 9— Sewage tank—
analysis for earth loads
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In Fig. 10 is shown a section of a spillway channel which is symmetrical
about its center line. The channel floor is constructed of four 25 foot
slabs joined by keyed construction joints which act as hinges. The
structure rests on soil and does not have reinforcement to carry bending
moment across the joints. Concrete and soil weights are assumed as be-

fore. The total reaction due to both horizontal and vertical loads is also
shown in Fig. 10.

The total reaction has been determined by calculating the effects of
the vertical and horizontal loads separately. The reaction is first cal
culated in Fig. 11 for the dead weight of the concrete and the weight of the
soil fill on the heel of the sidewall. The total load on the first block is 30
kips with an eccentricity of 2.36 ft. The free end reactions are shown
in Fig. 11(a) as given by the flexure formula. The distribution computa-
tions and final reactions are shown in Fig. 11(b) and (c). All influence
numbers are inversely proportional to the span lengths and the carry-
over factors are all one-half. It is only necessary to perform the dig-
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Fig. 10— Spillway channel
loads and reaction
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tribution computations on half of the structure since the center joint will
always be balanced and will not transmit any shear.
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Fig. 12— Analysis for hor- -3.84 f\
izontaljoads * —~i —
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(b) Reaction Distribution

-.37
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(c) Reaction

The horizontal earth pressure on the sidewalls is again assumed to
have a value equal to that of a liquid weighing 50 Ib per cu. ft. Acting
over a height of 24 ft. the total force is 14.4 kips per ft. The moment
arm of the horizontal force about the center of the floor slab is 10 ft.,
giving a moment on the end block of 144 ft. kips. From the flexure
formula the free end reactions are + 3.84 kips per sq. ft. The reaction
distribution for the effect of the horizontal earth pressure is shown in Fig.
12. The total reaction diagram due to vertical and horizontal loads is
obtained by adding the reaction diagrams of Fig. 11 and 12.

Considering the trapezoid of reaction beneath the sidewall itself, the
resultant force represented by the trapezoid may be calculated to be
21.75 kips, or 73% of the weight of the sidewall and fill on its heel. This
means that 27% of the weigh.t of the sidewall and fill is transmitted
through the first hinged joint. The joint key must be designed to trans-
mit this shear. 1t has been common, but wasteful, practice to neglect this
shear force in the past.

CONTINUOUS BEAM ANALYSIS

In developing the process of reaction distribution a number of in_
stances have been specifically noted in which there is a direct analogous
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correspondence with the analysis of continuous beams. In order to
analyze a continuous beam it is first necessary to consider each span in-
dividually. The primary and secondary stiffness values must be com-
puted. If the method of moment distribution is to be employed, the
fixed end moments must be computed. These individual span quantities
may readily be computed by using the concepts of the column analogy.
For each span there is an analogous column which may also be regarded
as a floating block. The chord of the planform of the analogous column,
or floating block, is equal to the value of 1/EI for the beam. The span-
wise distribution of loading on the blocks corresponds to the simple
beam bending moment diagrams for the beam spans. If these blocks are
joined by hinges, the calculation of reactions corresponds to the process
of moment distribution. The correspondence between hinged block, or
analogous column, analysis and continuous beam analysis was noted by

Prof. Hardy Cross*. The various elements of correspondence are as fol-
lows:

(1) Reaction distribution----------- ------ Moment distribution

(2) Floating Block - Analogous column

(3 span Span

(4) Cordc 1/EI

(5) Spanwise load distribution Simple beam moment diagram
(6) Free end reactions Fixed end moments

(7) Hinge shear Joint rotation

(8) Influence numbers Stiffness values

(9) Distribution factors Distribution factors

(10) Carry-over factors Carry-over factors

(11) Reaction-shear equations Slope-deflection equations
(12) Joint reaction ordinate Joint moment
(13) Hinge Simple support
(14) Free end Fixed end
(15) Integral equations of equilibrium Integral equations of continuity

By substituting the above correspondence the development of reaction
distribution as given in this paper becomes a development of moment
distribution and the column analogy as applied to beams. The develop-
ment of hinged block analysis requires only the concept of equilibrium of
forces while the development of continuous beam anlysis requires, in
addition, the more difficult concept of continuity. Consqeuently it may
be possible that the structural engineering student could profitably be
introduced to reaction distribution as a prelude to the study of con-
tinuous beam analysis.

A few examples of continous beams and the analogous floating blocks
will be shown. In Fig. 13 a continuous beam of constant section over
three spans is shown. The analogous hinged blocks are also shown
with a planform cord of 1/EI. The spans and loads are so chosen that
the simple beam moment diagrams will be the same as the spanwise dis-
tribution diagrams of the example of Fig. 6. Consequently the reaction

“The Column Analogy,” p. 55.
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3 10 Fig. j1 3— Continuous beam and
analogous floating_block

distribution calculations of Fig. 6 may be regarded as moment distribu-
tion for the beam of Fig. 13.

In Fig. 14(a) is shown a prismatic three span beam with four simple
supports. Thus there are four hinges on the three floating blocks as
shown in Fig. 14(b). The outer hinges are attached to fixed sidewalls of
the channel of liquid. The blocks are loaded with simple beam moment
diagrams. The free end reaction for the center block is shown by solid
lines and for the end blocks is indicated by dotted lines. All four pins
must be removed from the four hinges to allow the blocks to move down-
wards and develop the free end reactions. It is convenient, before the
reaction distribution is performed, to lift the outer ends of the outer
blocks until the outer hinges become realigned and insert these two pins
so that a shear is transferred into the sidewalls. This reduces the re-
action ordinates at these two points to zero. The change from free end
value to zero causes a change of half as much as the other end of the
block, since the cany-over factor is one-half. The calculations for
determining the maximum ordinate of the triangular reaction diagrams
of the outer blocks are shown in Fig. 14(b). The computations of Fig.
14(c) may be regarded either as moment distribution for the continuous
beam or reaction distribution for the floating blocks. A modified influ-
ence number is used for the end spans in computing the distribution fac-
tors. This influence number is three-fourths of the standard value as
shown in Fig. 3(e). The calculated floating block reaction diagram is
also shown in Fig. 14(c). This diagram gives the negative moment
diagram to be superimposed on the simple beam moment diagrams to
obtain the solution of the continuous beam.

An example of a non-prismatic beam is shown in Fig. 15 with the
associated floating blocks. The chord of the planform of each block is
proportional to I/El of the beam at corresponding points. On the
assumption that cross sections of the beam are rectangular, it is only
necessary to know the relative depths of the beam at various points The
bending moments can be completely calculated without knowing the
actual beam dimensions if the relative values are known.
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Fig, 14— Prismatic beam on simple j.* 4 |~ U 4 —I*
supports
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SIGN CONVENTION

In order to study the algebra of hinged floating blocks it is desirable
to use a different sign convention for the hinge shear than that which was
used in wiriting the reaction-shear equations. It is convenient in dealing
with hinged blocks to define the end shears, or hinge shears, to be positive
when they act as shown in Fig. 16 for joint 3 and block number 34. The
reaction-shear equations for block 34 will appear as,

Wee = Wae — KauPs — RUP™ e (223)
it« : WA3 + R.P3+ KusP
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Fig. 15— Non-prismaHc
girder

sl H H H

f f

Fig. 16— Positive hinge shears

Join+ No. 3 Block No. 34

This sign convention, and form of the equations, is in agreement with a
bending moment sign convention for continuous beams if the secondary
stiffness R (or influence number) is regarded as a positive constant.

CONCLUSION

Using the well known formulas for linear base reaction diagrams as a
basis, a method of analysis has been developed for hinged base slabs or
hinged floating bridges. The numerical distribution process may be
called reaction distribution. Its analogous correspondence to moment
distribution and the column analogy has been explained. Since the
process involves only the simple concept of equilibrium of forces, it may
serve usefully as an introduction to a study of continuous beam analysis
by moment distribution.
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Shrinkage and Plastic Flow of Pre-Stressed Concrete*

By HOWARD R STALEY and DEAN PEABODY, Jr.f

Members American Concrete Institute

SYNOPSIS

This paper presents the results of shrinkage and plastic flow measure-
ments on pre-stressed and unstressed specimens for the duration of a
year. Stored at 70 F and 50 per cent relative humidity the shrinkage
of unstressed specimens reached maximum s.train values of 8.7x104in.
per in. for the concrete and 6.5x10-4 for gunite. After the age of 10 days
the gunite shrinkage was about 75 per cent of the concrete strains.

The loaded specimens were stressed to approximately 930 psi (low),
1500 psi (intermediate), and 2400 psi (high) for concrete and gunite
whose ultimate compressive strengths were 4900 psi and 4500 psi re-
spectively. As shrinkage and plastic flow occurred these stresses de-
creased until, at the age of 1 year, the stresses in the concrete were 25 to
33 per cent their initial values and the stresses in the gunite were about
43 per cent of the initial. Plastic flow is defined as the difference be-
tween the total strain of the loaded specimen and the shrinkage strain
of the unstressed specimen during the same time interval. Plastic flow
is assumed equal to the stress multiplied by a flow coefficient c. At 380
days the flow coefficients varied from 64x10'8to 79x10'8for the concrete
and from 50x10 8to 61xI0*8for the gunite. For the low stress specimens
the gunite coefficient is 90 per cent of the concrete; for the other two
stresses the gunite coefficient is about 75 per cent that of the concrete.

During the period of plastic flow the shrinkage of the unstressed con-
crete specimens relative to the total deformation of the loaded specimens
was 83 percent for low stress, 64 percent for intermediate, and 50 per-
cent for high stress. The corresponding ratios for the gunite were 65
percent for low stress, 59 percent for intermediate, and 53 percent for
the high stressed specimens.

INTRODUCTION

A large number of tests have been reported on the deformation of
concrete under constant loading conditions but very little information is

#+Received by the Institute Oct. 4, 1945. . .
t Assistant Professor of Building Construction and Associate Professor of Structural Design, Massa-
chusetts Institute of Technology.

(229)
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available regarding the behavior of prestressed specimens for which the
load is not constant but varies with time and conditions of exposure and
use. To evaluate the effect of all of the variables that might enter into
consideration in the application of pre-stressed concrete would be a
tremendous task. However, it is possible to study the behavior of pre-
stressed specimens under conditions that are probably the worst that
could be conceived for field usage and thereby obtain information that
would be valuable for use in design.

The purpose of the work reported was twofold, (1) the determination
of the rate and probable total amount of stress decrease in the concrete
and (2) the contribution made by shrinkage to the decrease in prestress.
Accordingly measurements of deformation were made on both stressed
and unstressed specimens. Specimens of both concrete and gunite were
used.

PROCEDURE IN MAKING TEST SPECIMENS

The gunite was “shot” on the job as a 1:4 mixture using standard
equipment for this work. The concrete was mixed in the laboratory with
the following quantities of materials per cu. yd., 600 Ib. cement, 1260 Ib.
sand, 1920 Ib. of %-in. gravel and 36 gal. of water. The compressive
strength at 28 days of 4 in. x 8 in. gunite cylinders was 4900 psi and for 6
in. x 12in. concrete cylinders was 4500 psi.

Gunite specimens were made by “shooting” the material on to 12 in.
planks, 16 ft. long, in a thickness of about 5in. The test bars were then
cut out of this column of material, using cutters devised for the purpose.
Brass insert bars had been secured to the plank in proper location and
position before shooting started and holes were drilled in proper locations
on the other three sides of the bars, before the gunite became completely
hardened, for the easy placement of other gage point insert bars after the
sections were removed to the laboratory. Twenty four hours after the
bars were fabricated, they were placed in damp sand and removed to the
laboratory where they were fitted with inserts and gage points for reading
of deformations.

The concrete specimens were cast in the laboratory in watertight
molds, the gage point inserts being cast into the specimen. These speci-
mens were removed from the molds at 24 hours. Both the gunite and
concrete specimens were stored in the damp room at 70 F and 95+ per
cent relative humidity until removal to the constant temperature room.
It Tvas thought desirable to have a period of storage in the constant
temperature room before and during loading as the specimens would
then have a water content at the time ol loading more consistent with
that of similar material in the field. After removal to the constant tem-
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perature room, maintained at 70 F and 50 per cent relative humidity, the
specimens remained there for the balance of the time of reading.

Specimens were loaded to the stresses indicated by means of plates
and rods as shown in Fig. 1. A two-day period for application of the
load was chosen arbitrarily as being representative of the time for the
average prestressing operation in the field, where bars are used. Gage
points were provided in the rods used for prestressing, with the same 10-
inch gage length used for the concrete and gunite bars. At the end of two
days the full prestress was restored by a second tightening of the nuts.
This corresponds to the final tightening operation in the field. The rods
were stressed by tightening the nuts, care being taken not to twist the rod
during tightening. Readings were taken with a Whittemore fulcrum-
plate strain gage, values being estimated to hundred thousandths. Read-
ings were taken on four sides of the bar and on all rods for each specimen
at variable times, but sufficiently often to have an ample number of
readings to fully identify the curves.

Shrinkage readings were taken on unstressed specimens, of the same
size, that Avere subjected to the same storage conditions as the stressed
specimens. As with the stressed specimens, readings were made on four
sides of the specimen.

RESULTS
Shrinkage of unstressed specimens.
The average shrinkage strains of the unloaded specimens are recorded
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TABLE 1—DATA ON SHRINKAGE SPECIMENS

CONCRETE SPECIMENS SIZE 4X4X24 GUNITE SPECIMENS SIZE4'X4~X 24’
DAYS LOC. AVE. AL REVISED SHRINKAGE AL  CAYS LOC AVE. AL REVISED SHRINKAGE AL
AGE Low INTER'D HIGH AGE Low INTER'D HIGH

| LAB. 000000  — - - 5 Lai3. 0.0C300 — _ _

5 MR. 0.003056 —- — -— 6 MR. 0.00*0056  — — —

9. CTH 0.000077 0.00000 — — 9 CT.H 0.000040 0.00000 - -
12 CTH 0000r/7 0.00000 000000 — 12 CTH 0.000R29 0000089 QOOOCO —

16 CTH 0000257 0000180 0000080 0.00000 17 CTH 0.000200 0.000160 000007 10.00000
19 CTH 0000335 0000257 QOOOIS7 0 000077 21 CTH 0.000255 0.000215 0000I26 0000055
27 CTH 0.000467 0000390 0.000290 0000210 28 CTH 0.000326 0000263 0.000197 000016
34 CTH 0000536 0.000459 0.000358 0000279 35 CTH 0000383 0000343 0000254 0000183
41 CTH 0.000597 0.0005200000419 0.000340 43 CTH C€000422 0000382 0.0002910000222
248 ctH 0006637 0.0005600000460 Q000380 50 CTH 0.000462 0.000422 0000333 0000262
55 CTH 0.000664 0000586 0.000486 0.000406 64 CTH 0.000519 0000479 0.000390 0000319
69 CTH 0.000709 0000632 0.00053 | 0.000452 79 CTH 0.000553 0.000513 0000424 0000353
97 CTH 0.000764 0.000687 0000586 0000507 92 CTH 0.000572 00005 32 0000443 0000372
119 CTH 0.000785 0000708 0000607 0.000528 113 CTH 0000582 0000542 0000453 0000382
140 CTH 0.006801 0000723 0000623 0000554 140 CTH 0.000601 0.0005610000472 0000401

200 CTH. 0000817 0.000740 0000639 0000550 2c0 CTH 0000623 0.000583 0000494 0.00042 3
28 0 CTH. 0000845 0000768 0000667 0 CO0588 280 CTH 0000638 0000596 0.000509 0000438
400 CTH 0.000872 0000795 0000694 0000615 400 CT H 000 0654 0.000614 0000525 0000454

Note—Revised shrinkage values are determined from the shrinkage average data using reloading dates
of stressed specimens of low-intermediate-high loads to determine zero values.

LOC. = Place of reading AL is expressed in inches perinch

STRAIN

SHRINKAGE

Fig. 2—Shrinkage of unstressed specimens
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in Table 1 and plotted in Fig. 2. The initial (zero) reading was taken
at the age of 1 day for the concrete and at 5 days for the gunite. Both
showed an immediate expansion which was rapidly reduced as the
specimens dried out in the 50 per cent relative humidity of the storage
room. The rate of shrinkage was the same for both types of concrete
for 3 or 4 days; thereafter the concrete decreased in length much more
rapidly. At the end of 400 days the total shrinkage of the gunite was 75
per cent of that of the concrete.

The shrinkage of the stressed specimens subsequent to loading is
assumed to be the same as the unstressed specimens in the same time
interval. The bases from which these shrinkages are computed are
indicated in Fig. 2.

The maximum shrinkage strains of 8.7 x 10'4 for the concrete and
6.5 x 10'4 for the gunite appear to be reasonable values for the rather
high cement content and the relatively low humidity.

Deformation of loaded specimens.

The average strains recorded for about 15 specimens of each load are
listed in Table 2 and are plotted in Fig. 3 to 5. The concrete strains
record shrinkage to the time of loading, the elastic strain due to applica-
tion of the load and the subsequent deformations in the two-day interval
before the reloading. At “reloading” the full prestress is restored by
additional tightening of the nuts. The reloading elastic strain is given
and the additional strains up to 400 days while the concrete stress de-
creased. The steel strain readings were commenced when the bars were
tightened to give the initial loading. These strains determined the total
force in the steel bars and, hence, the stress in the concrete. The modulus
of elasticity of the steel was determined by test to be 29.3 x 106psi for the
A8-in. round bars and 28.4 x 106psi for the J*-in. round bars.

These loaded specimens experienced only shrinkage strains until the
loads were applied. The concrete shrinkages, both expansion and con-
traction, closely paralleled those recorded for the unstressed specimens.
Upon application of the load, or upon reloading, elastic strains took
place immediately. The elastic strains have been used to compute the
secant Moduli of Elasticity, which are tabulated below. For comparison
the table also includes the tangent Modulus of Elasticity obtained by
sonic tests of the specimens immediately prior to critical loading. The
tangent moduli are, of course, higher values than the secant moduli.

Subsequent to the reloading, Fig. 3 and 4 show the additional strains
as time increased and the concrete stresses decreased. These curves are
all similar. If the three concrete curves of Fig. 3 are so placed that their
terminals at 400 days are coincident, they are identical between the
ages of 70 days and 400 days, though the stresses for the three loadings
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SPECIMENS
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Fig. 3— Concrete— strains of loaded specimens
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Fig. 4—Gunite— strains of loaded specimens
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are quite different in the time interval. During the same time interval,
the shrinkage strains of the unstressed specimens was about 70 per cent
as much. When the same procedure is applied to the gunite data, (Fig.
4), the intermediate and high strain curves coincide from 90 to 400 days.
The low-stressed curve coincides with the other two only between 280
and 400 days. Between 90 and 280 days the low-stress contractions are
about two-thirds as much as the others. The shrinkage of the unstressed
specimens was about one-half that of the higher-stressed specimens
between 90 and 400 days.

Deformations subsequent to removal of load.

Table 3 records the average strains of those specimens whose loads
were removed at 90 days, or 200 days, or 400 days. These strains are not
identical with those listed in Table 2, because Table 2 records the cumu-
lative average of 15 to 9 specimens (including those of Table 3). Using
the stress-strain data for the individual specimens, the secant modulus of
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TABLE 2—DATA ON DEFORMATION OF SPECIMENS

CONCRETE ---- LOW STRESS
TIME AVERAGE AL
OF DATS
READ! NG CONCRETE STEEL STRESS
To MR, I * o f o o
M RIC.TH. 5 0.000046 + 0O o
C.TH. 7 0.000075 + O o
CTH-loaD 7 0.000320 40001123 940
C.T. H. 9 -0000479 40.000920 770
CJH RELD 9 0000514 i 0.001118 935
C.TH. 18 -0.000784 40.000850 711
CTH 34 -0.001019 +0.000662 555
C.T.H. 76 -0.0012 67 *0.000494  414.
C.TH 104 -0.001322 +0000455 381
CT.H. 140 -0.001368 +0.000427 358
CTH. 200 -0001409 * 0000403 337
CT.H. 300 -0.001444 40000374 313
C.TH 400 -0001474  0.000348 291
CONCRETE --—— HIGH STRESS
TIME AVERAGE AL
OF DAYS
READI NG CONCRETE STEEL  STRESS
Tomr 1 a4 o *0
WR-toc.m 5 40000065 4 0 0
C.TH 14 -0.000233 t O 0
C.TH.load. 14 -0.001040 +0.001120 2390
CTH. 16 -0.001323 + 0000851  ls1 1
cthreld. 16 -0001451 4 0.001120 2389
C.TH. 27 -0001905 40000768 1955
CT.H. 34 -0002046 +0.000684 1459
C.TH. 62 -0.002302 40000523 1113
C.TH. 83 -0.002380 +0000473 1004
cth.  l11 -0002433 +0000433 926
C.TH. 140 -0.002470 4 00004051 865
C.TH. -0.002504 4 0.000377 803
C.T.H. 280 -0.002533 40000352 750
C.T.H. 400 -0002570 +0000319 680
GUNITE—INTERMEDIATE  STRESS
TIME AVERAGE AL
OF DAYS
READING CONCRETE STEEL  STRESS
TO MR 5 o o 0
MR+0C.TH 6  »0000079 o 0
CT.H- 10 -0.000082 o 0
cthload 10 -0000641 40.001121 1483
C.TH. 12 -0000858 40000901 1191
cth.reld. 12 -0000969 40001171 1550
C.TH. 18 -0001(98 40000992 1310
CTH 31 -0001385 40000826 (092
CTH 63 -0001618 40000662 875
C.TH. 83 -0001672 +0000620 820
C.TH. 111 -0001706 40000591 781
CTH. 140 -Q00I740 +0000572 756
CT.H. 200 -0001786 +0000538 711
CT.H 280 -0001827 40000505 667.
C.TH. 400 -0.001859 40.000490 648

CONCRETE—INTERMEDIATE STRESS

C.TH 10
C-THioaa 10
C.T.H. 12
C.TH.RELD 12
C.TH. 18
CX.H. 31
C.T. H. 66
CT.H. 94
CT.H. 122
CT.H. 140
CTH. 200
CT.H. 280
C.TH. 400
GUNITE
TIME
OF DAYS
READING
TO M.R. 5
MR40CXH. 6
C.T.H. 7
CT hioad. 7
CTH. 9
cthreld. 9
CT.H. 18
CTH. 35
CTH. 64
CT.H. 77
CT H. 105
C.TH 133
CT.H. 200
C.TH. 280
C.TH. 400
GUNITE
TIME
oF DAYS
READING
TO MR 5
MRtoCT.H. 6
C.TH. 15
cthload 15
C.TH. 7
CTH.reld. 17
CT.H. 37
CTH 58
C.TH. 79
CTH. 93
CTH. 128
CT.H. 156
CT.H. 200
C.TH 280
CT.H 400

AVERAGE AL
CONCRETE STEEL STRESS
0 4 0 0]
10.000064 4 o o]
-0.000141 + 0 0
-0.000624 40001090 1550
-0000828 40.000861 1222
-0.000914 40.001090 1550
-0001171 40000870 1238
-0.001470 40.000672 954
-0.001731 40.000462 656
-0001822 +0.000403 572
-0.001867 4 0000371 526
-0.001889 4 0.00Q367 509
-0.001920 + 0.000343i 484
-0001953 4 0000319 454
-0001992 4 0.000289 408
——————— Low STRESS
AVERAGE AL
CONCRETE STEEL STRESS
o] 9 9
-+0.000062 0 0
-0000096 0 0
—Q000280 40.001003 790
-0.000444 40.000825 651
-0000525 -0001162 916
-0000815 0000913 720
-0001002 4-0.000760 598
-0001157 40000646 5(0
-0.00M90 40000623 491
-0.001229 +0000594 469
-0.001256 '+0.000578 455
-0.001279 +0.000564 445
-0001343 +0.000529 418
-0001335 +0.000511 40 4
- HIGH STRESS
AVERAGE AL
CONCRETE STEEL  STRESS
0o 9 9
40.000091 0] 0
-0000195 o 0o
-0000986 40001173 2425
-00011915 +0000956 1981
-0.001282 +0.001158 2390
-0001698 4-0000814 1686
_000185| +0000695 1442
-0.001937 4-0000642 1330
-000(974 +0000616 1279
-0.002022 +0.00058C 1203
-0.002045 +0000568 H77
-0.002075 +0.000547 1134.
-0002115 +0.000516 1072
-0.002143 +0000497 1030.

N ote—Reid = Reloaded; AL =Deformation of specimen expressed in inches per inch; Days—Age of

specimen; Stress = Pounds per square inch, in concrete; M.R- = Moisture room; c.

perature-humidity room.

+1. —Constant tem-
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TABLE 3—DEFORMATION CURVE DATA

Note: These figures represent the average of three specimens for their respective

unloading date.

TIME
OF

SPECIMENS
LOADED
SPECIMENS
RELOADED
BEFORE
UNLOADING
ELASTIC
RECOVERY
ELASTIC

aftereffect.

TIME
OF

READING

end of
CURING
PERIOD
SPECIMENS
L OADED
SPECI MENS
RELOADCD
BEFORE
UNLOADING
ELASTIC
RECOVERY

EL ASTIC

AFTER
EFFECT

TIME

OF
READING

END OF

SPECIMENS
LOADED
SPECIMENS
RELOADED
BEFORE
UNLOADED
ELASTIC
RECOVERY.

ELASTIC
AFTER
EFFECT

CONCRETE
LOW STRESS ---- 935 ps 1
90 DAY 200 DAY 400 DAY
DYs AL DYS AL DYs AL

4 +
S 0.000064 5 0000044 5 0000076

7 0000374 7 0000281 7 0000316

9 0.000595 9 0000472 9 0000503
90 0001441 200 0001264 400 0001509
90 0.001347 200 0001186 400 0001426

104 QOOT327 214 0.001169 414 000141 1

CONCRETE SPECI ME NS

HIGH STRESS --- 2390 PS 1

90 DAY 200 DAY 400 DAY
DYS AL DYS AL DYS AL

- 4
5 0000089 5 0000052 5 0000062
14 0001103 14 0000975 14 QQNI1a
16 0001558 16 0001292 16 000i550
90 0002547 200 0001302 400 0002719

90 0002302 200 0002069 4000002528

o

104 0002252 214 0002030 414 0002499

Each AL, therefore, is calculated from its respective three specimens.

SPECIMENS
INTERMEDIATE STRESS- 550PS 1
90 DAY 200 DAY 400 DAY
DYs AL DYS AL DYS AL
4 + +
5 0000048 5 0000087 5 0000099
10 0000720 10 0000564 10 0.000596
12 0001031 12 0000852 12 0000844

90 0001967 200 0001745 40C 0001880

90 0001795 200 0001591 400 0001774

104 0001739 214 0001564 414 0001752

GU NI TE SPECIMENS
Low STRESS -——- 935 PsS 1
90 DAY 200 DAY 400 DAY
DYs AL DYS AL DYs AL
6 0000065 6 0000056 6 0.000063
7 0000259 7 0000279 7 0000289
9 0000507 9 0000518 9 0000527

105 0.00M88 200 000-264 4000 OBO
90 000TO55 200 000T 14 0 400 0001234

104 0.001023 214 0.001107 4 14 0.0011 71

GU NITE SPECIMENS.
INTERMEDIATE STRESS -1550 PS.I HIGH STRESS — 2390 PS.I.
90 DAY 200 DAY 400 DAY 90 DAY 200 DAY. 400 DAY.
DYs. AL DYS AL DYS AL DYsS AL DYs AL Dys AL

+ + 4
6 0000055 6 0.000085 6 0.000080

10 0000598 10 0000631 10 0.000599
12 0.000932 12 0.000945 12 0.000909
111 0.001699 2000001762 4000001752

90 0001446 200 0.001S39 400 0.001536

o

104 0.001381 214 0.001484 4 140.00Ts 07

4 - +
6 0000088 6 0.000082 6 0000094
15 0000991 15 0.001076 15 0000983
17 0.001198 17 0.001342 17 000318
100 0.001958 200 0.00220? 400 0.002157

90 0.00is90 200 0001852 400 000r 813

104 0.001501 214 0001782 414 00017'66

DYS = Age ofspecimen indays; AL =deformation of specimen in inches per inch.
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SECANT MODULUS OF ELASTICITY
State of Stress

January 1946

CONCRETE Initial Load Low Intermediate High
Stress change, psi 940 1550 2390
E, psi 3.73x106 3.21x10° 2.96x10°
Reload
Stress change psi 165 325 579
E, psi 4.72x106 3.81x10° 4.52x10°
increase, per cent 27 19 53
GUNITE Initial Load
Stress change, psi 790* 1483 2425
E, psi 4.29x10° 2.65x10° 3.07x10°
Reload
Stress change, psi 265 359 409
E, psi 3.27x10° 3.23x10° 4.51x10°
increase, per cent -24* 22 47
TANGENT MODULUS OF ELASTICITY
CONCRETE 4.88x10° 5.95x10° 4.78x10°
GUNITE 5.75x10° 5.74x10° 6.16x10°
*Initial load is 126 psi less than reload stress.
SECANT MODULUS OF ELASTICITY
State of Load CONCRETE GUNITE
Stress Procedure
Age Stress E Age Stress E
days Change psi days Change psi
psi No. xI0° psi No. xI0°
Low Reload 9 172 4.20 9 250 3.39
Removed 104 336 3.68 105 133 3.58
Reload 9 163 2.50 9 240 3.47
Removed 200 386 4.96 200 412 3.32
Reload 9 176 4.09 9 253 3.44
Removed 400 276 3.33 400 381 3.07
Inter- Reload 12 311 3.45 12 389 2.47
mediate Removed 94 563 3.27 111 734 2.89
Reload 12 342 4.37 12 295 2.94
Removed 200 603 3.91 200 731 3.28
Reload 12 321 4.19 12 318 3.25
Removed 400 408 3.85 400 673 3.12
High Reload 16 284 3.83 17 270 5.92
Removed 111 911 3.72 100 1105 3.00
Reload 16 450 4.22 17 387 5.69
Removed 200 820 3.52 200 1002 2.87
Reload 16 601 3.62 17 423 3.79
Removed 400 675 3.54 400 1042 2.99
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elasticity upon removal of the load is shown opposite; and, for the com-
parison, the earlier secant modulus of elasticity of the same three speci-
mens when reloaded.

DISCUSSION OF RESULTS
Correlation of concrete and steel strains.

A test of the consistency of the data is a comparison of the change of
length of the concrete A>»swith that of the steel bars Alc. The two should
be equal. Since the steel strains and modulus of elasticity are known, the
steel stress and the total force in the bars can be ascertained, and also the
concrete stresses. However, at the ends of the bars, the force is reduced
as the threads at the bar ends mesh with the threads of the nuts. It is
not known just how far each nut was tightened, so the total elongation
Ale of the bars cannot be accurately computed.

The concrete strains were measured in the middle of the 24 in. length.
It is probable that the strains at the ends were different due to the con-
tact with the bearing plate, which inhibits free lateral deformation.
Therefore, the true change in length Alcof the concrete or gunite speci-
men cannot be computed. During the loading and reloading of the
specimens the nuts on the bars were tightened and the length of bar
between nuts changed, including the consolidation of nuts on the bearing
plates and the bearing plate on the concrete specimen. So the check of
the accuracy of the readings is applied only to those readings after re-
loading. Adopting the arbitrary assumption that the measured steel
strains times a length equal to the out-to-out distance between bearing
plates plus one inch will give the steel deformation A/, and that the
concrete strain times 22.15 in. gives the concrete deformation Alc a com-
parison of the two deformations subsequent to reloading at the ages of
100, 200 and 400 days is tabulated on the next page.

It would seem that the data are consistent, if one accepts some such
uniform assumption of arbitrary lengths.

SHRINKAGE

The plot of shrinkage strains of non-stressed specimens in Fig. 2 has
the usual shape of such data. The following shrinkage strains (next page)
have been abstracted for comparison of the concrete and gunite shrink-
ages.

It is apparent that the gunite has much less shrinkage after the first
10 days of drying out.

PLASTIC FLOW
Reduction of prestress

The prestressing procedure adopted in these tests consisted of an initial
prestress and a restoration of full prestress at 2 days thereafter. After



240 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE January 1946

CHANGE IN LENGTH OF CONCRETE VERSUS STEEL BARS

State of

Stress 100 days 200 days 400 days

Low Me Al, Me Al Ah Al,
le=22.15 in. Concrete 0.01790 0.01822 0.01982 0.01965 0.02125 0.02116
1,=27.5in. Gunite 0.01560 0.01561 0.1670 0.01644 0.01795 0.01788
Intermediate
Z,=22.15in. Concrete 0.02012 0.01960 0.02250 0.02136 0.02385 0.02285
1=28.5in. Gunite 0.01634 0.01653 0.01810 0.01805 0.01972 0.01940
High
Ic—22.15 in. Concrete 0.02176 0.02060 0.02335 0.02232 0.02476 0.02305
1=30 in. Gunite 0.01534 0.01623 0.01758 0.01830 0.01908 0.01983

SHRINKAGE STRAINS

Strain = jk‘ = No. x 10-4
m.

Age (days) Gunite Strain

After Zero (as percent of

Reading Concrete Gunite Concrete Strain)
Expansion +0.56 +0.56 100
Contraction 10 -1.35 -1.68 124
20 -3.72 -2.91 78
50 -6.47 -4.86 75
100 -8.13 -5.82 72
200 -8.20 -6.25 76
400 -8.72 -6.54 75

reloading the adjustment of the nuts was not changed and the force in the
bars and in the concrete decreased as shrinkage and plastic flow deforma-
tions occurred. This data will differ from many other tests performed
with a constant force on the concrete. A salient fact obtained from these
data is the marked decrease in the concrete and steel stresses as time
elapsed. It indicates, as do other sources, that much of the effect of
prestressing to such stresses as 30,000 to 35,000 psi is lost in a compara-
tively short time. The following tabulation shows the decrease in steel
stresses during the time interval investigated.

The concrete and gunite stresses vary with the steel stress. While the
final gunite stresses are less than 50 per cent of their prestress, they are
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STEEL STRESS (psi)

Concrete Gunite
State of Stress State of Stress
Inter- Inter-
Low mediate High Low mediate High
at reload 32,000 31,000 31,800 34,000 33,300 32,850
380 days later 10,460 8,260 9,020 14,980 13,920 14,050
per cent of reload 32.7 25.6 28.3 44.0 41.8 42.7

markedly higher than the corresponding concrete stresses. The latter
are only  to 3" their initial values.

PLASTIC FLOW COEFFICIENT

The additional strains in concrete or gunite that occur subsequent to
reloading can be read from Fig. 3 or 4. At Zdays after reloading this
strain amounts to et. The additional shrinkage strain ea of the non-
stressed specimens can also be read at Zdays after reloading from Figure 2.
The term plastic flow, as used in this paper, will be defined as the differ-
ence etes = e/. This strain e/ includes flow strains due to the load and
whatever difference there may be between shrinkage of non-stressed and
stressed specimens. W ithin ordinary working stresses the plastic strain
ej is usually assumed to vary directly with the stress fc, so that e/ = fc,
where cis a flow coefficient that is a function of the time t. At some time
I the stress in the concrete isfc;a day or so later at the age (t + At) the
stress in the concrete has decreased an amount Afc. This decrease in
stress corresponds to a tensile stress Afcadded to the compression stress

fcto produce a resultant stress (fc — A/,,). The immediate elastic effect
Al

of the change Afcis an increase of length whose strain is E_ , where Ecis
c

the modulus of elasticity of the stressed specimen at the age t. In addi-
tion, during the time AZthere is plastic flow amounting to a strain /c(Ac),
where Acis the increase of the flow coefficient cin the time AZ This is a
compressive strain. The data indicate that the resultant of elastic and
plastic changes in time AZis an increase of the compressive strain Aef.
Therefore:

Afc
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By use of the test data,fc, Afc, and Aef can be computed. The actual
value of the modulus of elasticity E cof the stressed specimens at any age t
is not known. The discussion on page 238 gives a few values of secant
moduli for specimens unloaded at approximately 100, 200 and 400 days.
The data indicate that Ec may be greater or less than the value at the
time of reloading, usually less. The following tabulation of the flow
coefficient ¢ has been made assuming an average value of Ec = 4.35 x 106
psi for concrete specimens and Ec = 3.67xl06psi for the gunite. These
values are the average Ecat the time of reloading. The value of the flow
coefficient ¢ was obtained by summing up values of Ac for a time in-
terval of 5 days after reloading followed by 10 day intervals for the entire
range of the tests.

Concrete Gunite
Age (days) State of Stress State of Stress
rel?)fz:girng Low Intermediate High Low Intermediate High
50 334 49.1 47.7 35.9 38.2 31.8
100 45.2 63.9 55.0 46.0 44.6 39.7
200 57.9 71.8 62.9 50.0 53.8 45.0
380 64.1 79.3 67.3 57.7 60.8 50.3

If Ec were accurately determined at each age and the method of
analysis were correct, the flow coefficient should be independent of the
state of stress and all values of ¢ at the age t should be the same. The re-
sults given above indicate that this is roughly true, since for both con-
crete and gunite the low and high stress values check fairly well. For
both materials the intermediate values are greater than either low or high
stressed specimens. The tabulation emphasizes again the fact that the
plastic flow is less for the gunite than for the concrete, as is also true for the
shrinkage strains of the unstressed specimens.

SUMMARY

The purpose of prestressing of concrete is to produce initial com-
pressive stresses in the concrete that may balance tensile stresses caused
by application of other loads. The tests described in this report apply
to concrete members with a uniform prestress, such as pipes, tanks and
columns. These tests indicate that moderate prestresses of 30,000 to
35,000 psi do not fulfill the object of prestressing since shrinkage and flow
will reduce this prestress to less than one-half its original value for gunite
and to or }/£ the original value for concrete. That there is a decrease
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has already been understood, but the magnitude of these reductions has
not been generally known. The solution has been to employ high strength
steel wires prestressed to 100,000 or 150,000 psi. A reduction of 20,000
to 30,000 psi due to shrinkage and flow still leaves a satisfactory prestress.

Unstressed specimens stored at 50 percent relative humidity had
shrinkage strains at the end of 1year of 8.7 x 10'4for concrete and 6.5 x 10”4
for the gunite, the gunite shrinkage being about 75 percent of the con-
crete. After the second application of the full prestress to the loaded
specimen (reload) the subsequent strains of the loaded specimens were
greater than the corresponding shrinkage of the unloaded specimens.
The difference, called plastic flow, is roughly proportional to the stress
applied. Subsequent to reloading the shrinkage strains were a con-
siderable part of the total strains of the loaded specimens. At 1year for
the different stress conditions they varied from 83 percent for low stress,
64 percent for intermediate, to 50 percent for the high stress for the con-
crete specimens. For the gunite the ratio of shrinkage to total deforma-
tion was 76 percent at low stress, 59 percent for intermediate, and 53
percent for high stress.
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10. Scope or limits

(@) These minimum standard requirements for precast concrete floor
units, are to be used as a supplement to the ACT “Building Regulations
for Reinforced Concrete” (ACI 318-41)t.

(b) With respect to design for strength, i.e., for bending moment,
bond and shear stresses, all the types referred to in 10 (d) are to be de-
signed in accord with standard reinforced concrete theory and in accord
with (ACI 318-41), except that with respect to cover, there is in some
cases departure therefrom justified by the greater refinement in the
finished product, both as to dimensions and to quality, when made by
factory methods and with factory control. See Section 11.

(c) Section 103(a), ACI 318-41$, recognizes and makes provision
for special systems of reinforced concrete. With reference to precast
floors its provisions may be invoked where necessary by the manu-
facturer, architect, engineer, building inspector, builder or owner, where-
ever this report is silent.

*The Committee's report as published ACl Journal, February 1944, Proceedings V. 40, p. 305, is now

nublished with revisions as released by the ACI Standards Committee for presentation to the 1946 Con-

vention on a motion foradoptionasan Af 1S Ay j~ -
tReferenceishereafter relerred to as ACI 3i»-ii.

JSee appendix hereto.

(245)
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Fig. 2 — Note: The mortise
shall be not less than Xi in.

Imbedment

(d) Two distinct types are now manufactured:
1. I-beam type, with either cast in place or precast slab. (Fig. 1)

See section 50 for definitions. When the slab is cast in place as shown
in Fig. 2 the resultis a Tee beam and may be computed as such.

2. Hollow core type (Fig. 5)

Others are of channel shaped cross section often used as roof slabs,
and the orthodox rectangular beam. Standard reinforced concrete
theory is applicable to all.

11. Concrete protection for reinforcement
(a) Precast floor and roof units made of high quality factory con-

trolled concrete may, when used in locations protected from the weather
or moisture and with minimum fire hazards, be approved with jj*-in.
concrete cover for the reinforcing provided, however, that the concrete
cover in all cases shall be at least equal to the diameter of round bars
and one and one-half times the side dimension of square bars, and pro-
vided that to insure exact final location to the steel, positive and rigid
devices for that purpose are employed in the manufacturing process.
When the precast-members are exposed to weather, moisture or fire
hazard the protective cover shall be increased to conform with section
507, ACI 318-41.f

tSee appendix hereto.
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MATERIALS
20. Cement

(a) High-early strength concrete as produced with Type IIl Port-
land cement or with Type | portland cement and accelerated curing is
recommended. Portland cement shall conform to the “Standard Specifi-
cations for Portland Cement” (A.S.T.M. Serial Designation C150-42)
and shall be Type | or Type III.

21. Aggregate

(@) Concrete aggregates shall conform to the “Standard Specifica-
tions for Concrete Aggregates” (ASTM Serial Designation: C33-44),
provided, however, that aggregates which have been shown by test or
actual service to produce concrete of the required strength, durability,
water-tightness, fire-resistance, and wearing qualities may be used under
Section 302(a) Method 2, ACI 318-41* where authorized by the Com-
missioner of Buildings.

(b) The maximum size of the aggregate for precast joist shall not be
larger than one-third of the narrowest dimension between sides of the
forms of the member in which the unit is cast nor larger than three-
fourths of the minimum clear spacing between reinforcing bars and sides
of the forms except that where the concrete is placed by means of high
frequency vibration the maximum size of the aggregate shall not be
larger than one-half the narrowest dimension between sides of the forms.

(c) Aggregate for floor slabs shall conform to Section 21 (a) and in
addition the combined aggregate shall be so graded from fine to coarse
that not less than one-half nor more than two-thirds by weight of the
total, based on dry materials, is retained on the No. 4 standard sieve,
except that these proportions do not necessarily apply to light weight
aggregates. The maximum size shall not exceed one-third the thickness

of the slab.
22. Sleel

(a) In the unprestressed types, the steel in the joist or floor units
shall be intermediate grades Billet-Steel Concrete Reinforcement Bars
(ASTM Serial Designation. A15-39) or Rail Steel Concrete Reinforce-
ment Bars (ASTM Serial Designation: A16-39) or cold drawn steel wire
for concrete reinforcement (ASTM Serial Designation: A82-34).

() Prestressed steel may be used in any of the types mentioned in
section (10(d). When used, computations for stresses, moments and
allowable loads shall be in accord with the theory outlined in “Pre-
stressed Concrete, Design Principles and Reinforcing Units”, by Herman
Schorerf or in a more condensed article by the same author in Reinforced
Concrete No. 6 (Portland Cement Assn.).

+See appendix hereto

fACl Journan, June 1943; Proceedings V. 39.
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23. Strength of concrete

(@) Concrete for floor units made of sand and gravel, crushed stone,
slag or other heavy aggregate and of a span of 12 ft. or more shall have a
compressive strength of not less than 3750 psi at 28 days when tested in
accordance with the applicable current standards of the A.S.T.M.

(6) For roof slabs or for floor units made of light weight aggregate
lower compressive strengths may be permitted where the unit stresses
used in design for strength and bond will satisfy the requirements of
paragraph 24(a) of these standards.

24. Unit stresses in concrete and reinforcement
(a) The allowable design stresses in the concrete shall conform to the
requirements set forth in Section 305 (a) and Table 305(a), ACI 318-41.f
(6) The allowable stresses in the steel shall conform to the require-
ments set forth in Section 306(a) and 306(b) ACI 318-41f.

MANUFACTURE

30. Workmanship

(@) The finished product shall be free of honeycomb or rock pockets.
The mix, the gradation of the aggregate and the workability shall be
such as to insure complete filling of the form and continuous intimate
bond between the concrete and all steel. To assist in attaining the
latter, vibration is recommended, but any method which will meet the
stated requirements and with the strength as required in unit beams or
slabs or in the finished floor, is acceptable.

(6) Handling and conveying before curing shall be reduced to a
minimum. Machinery for this purpose should be so designed that the
unit will not be subject to bending or shock which will produce incipient
cracks, broken edges or corners.

31. Curing

(a) The minimum amount of curing of precast units shall consist
keeping the concrete moist for at least 7 days, if made of normal portland
cement and for at least 3 days if made of high early strength cement.
For each decrement of 5 degrees below 70 F in the average curing tem-
perature these curing periods shall be increased by four days for units
made of normal portland cement and by two days for units made of high
early strength cement. See Table 1. The average curing temperature
in no case shall be less than 50 F.

(6) Curing by high pressure steam, steam vapor, or other accepted
processes may be emploj*ed to accelerate the hardening of the concrete
and to reduce the time of curing provided, however, the compressive

in

fSee appendix hereto.
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TABLE 1 (see 3la) — MINIMUM CURING TIME IN DAYS IN MOIST ATMOSPHERE

Temperature in Degrees F

70 65 60 55 50
Normal Portland 7 11 15 19 23
High Early Strength. ... 3 5 7 9 11

strength of the concrete is at least equal to that obtained with the curing
specified in Section 31a and that the 28-day strength meets the require-
ments of Sec. 23.

32. Identification and marking

(@) AIll joist, beams, girders and other floor units shall show some
mark plainly indicating the top of the unit and'the size of the bending
moment reinforcement. This mark or symbol shall indicate the length,
size and type of reinforcing and carrying capacity of the unit, and shall
be shown on the placing plans.

33. Transportation

(a) After curing, units shall be so stored, stacked, loaded and trans-
ported, unloaded and placed, that no transverse or longitudinal cracks
will develop. Adequate instructions should be given to handlers and
insofar as possible, only experienced men should be put in charge of this
phase of the work.

(6) To insure the eventual placement of the units in the structure
without cracks, the handling, whether manually or in slings or cradles,
shall be done in such a manner that bending about either the vertical
or horizontal axis of the cross-section will be reduced to a minimum.

TESTS

40. Beams and floors

(a) Where the individual unit is tested as a simple beam, it shall
sustain without complete failure*, a uniformly distributed load of at
least 2.25 times the design live load based on allowable stresses in bend-
ing moment and shear as given in Section and Table 305(a) and Sec-
tion 306(a), ACI 318-41f

(5) When field tests are made they shall be made as required by and
shall meet the requirements of Section 202, ACI 318-41f) making use of
notation used in Section 200, ACI 318-41.f

*Failure in Section 40 is defined as, any behavior of the beam under load which indicates that the yield
_oint of the steel has been exceeded, or that cracking of the concrete is such that it would not be permitted

inastructure in regular service.
fSee appendix hereto.
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I-BEAM TYPE JOISTS
50. Definitions

(a) Floors made of precast joists mortised or embedded into a mono-
lithic floor placed or poured on the job, producing a T-beam are called
Precast joist cast-in-place concrete slab floors, and the resisting moment
may be computed as if the joist and slab form a T-beam. See Section 54.

(5) Floors made of precast joists over which precast slabs are laid
and bonded to produce T-beam action are called precast joist and slab
concrete floors.

(c) Floors made of precast joists over which precast slabs are laid
for flooring and not bonded to the joist to produce T-beam action are
called independent precast joist and slab concrete floors.

51. Sections

(@) The most commonly made joists of I-beam section are as shown
in Fig. 1. Other sizes and shapes meeting the regulations of ACI 318-41
as to resistance to bending moment, shear, deflection and bearing, may
be used.

(b) Since the shear and bending moment resistances are based on
nominal dimensions as well as on area of the steel and allowable working
stresses in concrete and steel, the following tolerances shall not be
exceeded: plus or minus J*-in. as to width and height, and plus or
minus 3" in. as to length.

52. Floor slab thickness

(@) The recommended minimum thickness of cast-in-place reinforced
concrete floor slabs with joist heads embedded not less than Yi in- and
with joist spacing less than 30 in., is 2 in. For joist spacing of 30 to
36 in. the minimum thickness of slab concrete floors should be 2Yi in.
Greater thickness may be required where unusual loads or spans are
encountered. The required thickness of slabs spanning more than 36 in.
shall be determined by accepted design methods.

(b) The recommended minimum thickness of precast slab to be
used with precast joists is 2 in. with joist spacing up to 30 in. and 2Y
in. with joist spacing from 30 in. to 36 in. In the case of slabs of ribbed-
or channel-section, the thickness requirement applies to the portion
thereof containing the tensile reinforcement.

53. Extra or concentrated loads

(a) Where the floor supports partition walls parallel to the joist
or where loads heavier than the uniform load for which the floor is
designed are known to be expected, joists may be placed side by side,
with flanges touching, but under such conditions the joists and cast-in-
place floor slabs are not to be considered as a T-beam unless the shear
reinforcing loops in the joists extend into the slab.
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Fig. 3— Details of joist hangers

Made from 'A'steel f latsA

Fig. 4—Tension bar hanger inserted in joist as cast

(6) Where multiple joists are used, their strength shall be at least
that of a single beam, multiplied by the number used.

54. Design

(@) Floors laid as defined in 50(a) and 50(6) of these standards may be
designed as T-beams, where joists are supported at sufficient intervals
to take out the sag while the cast-in-place or precast slab is being laid,
the support being left in place until the concrete has hardened. Under
this condition the dead load is considered to be the weight of the floor
per joist plus the weight of the joist.*

(b) The resistance to longitudinal shear between floor and joist
where the joists are embedded in. may be taken as equal to the allow-
able shear stress for beams with no web reinforcement, but with special
anchorage of longitudinal steel. Table 305(a), ACI 318-41f.

(c) Where ends of joists cannot be rested on walls, as at stair wells,
etc., metal joist hangers made as in Fig. 3 may be used to provide end
support, or a preformed tension bar hanger may be inserted in the
joist at the time of casting (Fig. 4).

*For further details as to design for Type 1 joists, the Portland Cement Association pahmphlet “How

to Design and Build Precast Joist Concrete Floors’ is at presentthe most complete treatise.
|See appendix hereto.
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55. Holes in web

(a) Because they reduce the shearing resistance, holes in the web
shall be reduced to a minimum. Where found necessary they should
be located as near the center of the beam as possible or at location of
minimum shear. They shall be cast when the beam is made or drilled
on the job (not punched) and be not more than 2 in. in diameter. No
holes should be made by any mechanic on a job except after approval
by and under the supervision of the architect or engineer.

56. Installation and construction details

(@) On every job there will be a need for a joist setting plan; prepared
by an architect or an engineer and approved by the manufacturer. Only
in this way will the owner be assured of unquestionable results. Working
stresses based on maximum strength of the materials used, shall be as
provided in Section 305(a) and Table 305(a), ACI 318-41*, and shall
be given the architect or engineer by the manufacturer. Shears and
bending moments will be properly taken into account by the architect
or engineer and accepted by the manufacturer, f

(6) There is a need for standardization of many installation and
construction details. This does not mean that innovations should be
prohibited or frowned upon, but rather that an acceptable practice in
handling and setting, leveling, shoring of joists, placing forms for floors,
reinforcement for floors, conduits, bulkheads, stairwells, partition bearing
joist, etc., should be approved by the architect, engineer and manu-
facturer and the building contractor informed thereof by properly
drawn plans and through the supervision of the architect or engineer.

HOLLOW CORE TYPE JOISTS
60. Definitions
(a) Floors made of precast concrete units in which some portion
the cross section between top, bottom, and sides is left out at the time
of casting for purposes of reducing dead load and quantity of material
used in their manufacture are called Hollow-Core-Precast Floors.

61. Sections
(a) Sections of hollow units as shown in Fig. 5 are acceptable.

(b) Any other sections which will provide proper protection for the
steel reinforcement, and strength sufficient for handling and for carry-
ing the loads for which they are designed and which meet all other
requirements of this report will be acceptable, provided the computations
for carrying capacity have been verified by a recognized testing labora-
tory.

*See appendix hereto.

tThe manufacturer’ supervision over the placing of the reinforcement and over the factory treatment of

the joist from planning the mixture to delivery on the job, will be stricter, where he is provided with data
on the maximum shear and bending moment stresses as computed by the architect or engineer.

of
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62. Design

(a) Resisting moments and shear resistance of hollow core units shall
be computed by the standard formulas and methods. Allowable unit
stresses in concrete shall conform to the requirements of Section 305(a)
and Table 305(a) ACI 318-41.*

(6) The allowable stresses in the steel shall conform to the require-
ments set forth in Section 306(a) and 306(b) ACI 318-41.*

63. Special conditions—openings known in advance of construction

(a) At stairways or other openings when no wall or girder bearing
is available for one end of a floor unit, the long dimension of the opening
shall be parallel to the length of the unit. Specially designed reinforced
headers or curbs at the short side of such openings shall transfer their
dead and live load to the longitudinal units on the side of the opening
by devices or means satisfactory to the architect or engineer. Units
adjacent to the side of such openings shall be designed to carry the
reaction of the headers in addition to their own specified dead and live
load.

(6) The requirements of unusual conditions, such as those outlined
in 63(a) or others, often may be met by making use of special units,

*See appendix hereto.
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some of which are wider than the standard, some deeper and some more
heavily reinforced.

(c) Holes in the bottom or ceiling sides of units, for conduit or for
hangers should be located below the hollow portion of the unit and
should be cast at the time of manufacture or drilled under the super-
vision of the architect or engineer.

(d) Channeling in the top or floor side, except over the support is
not permissible and channels placed over the supports shall not reduce
the shear resistance below that allowable in this standard.

(¢) Cutting of reinforcement for installation of pipes or conduit is
permitted only upon approval of the architect or engineer and only
after satisfying requirements specified in Section 64(a) (6) and (c).

64. Cutting of holes and channels

(@) No openings or channels not provided for in the structural
design shall be made on the job without the specific approval of the
engineer and in accord with his written, detailed instructions covering
such work.

(6) In some cases the section of and reinforcement in the adjacent
beam are such that when the span is taken into consideration the resist-
ance to bending moment and shear is greater than that required by the
live and dead loads called for by the building code or specifications. In
such a case holes may be cut and curbed providing it is done in a manner
to insure that the stresses on the transversely cut units will be trans-
ferred through the curb or longitudinal key to the adjoining units. In
general, such cutting should be located near the quarter point of the
span.

(¢) Where holes are cut, the load normally carried by the cut units,
and by the cutting transferred laterally to adjacent units may be con-
sidered to be uniformly distributed laterally for three units one foot
wide on either side. With such assumption the computed stresses in
the concrete may not esceed 0.45f'cnor in any case 1500 psi compression;
0.02/'c (for reinforcement without special anchorage) with a maximum
allowable unit stress of 75 psi or 0.03 f'c (for reinforcement with special
anchorage) with a maximum allowable unit stress of 112.5 psi in shear
for units without stirrups; or 20,000 psi tension in the reinforcing steel.

(d) Holes in the bottom or ceiling side for conduit or for hangers
should be below the hollow portion of the unit; should not be less than
1% in. from the longitudinal reinforcement, and may be either cast
at the time of manufacture or drilled under the supervision of the archi-
tect or engineer. Hangers may be placed in the joints between the
units before they are grouted.
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(e) There shall be no channeling in the top or floor side except over
the support. Channels cut over the supports are permissable only when
they do not reduce the shear resistance below that allowable in this
standard, and must be approved by the architect or engineer.

(/) Cutting of reinforcement for installation of pipes or conduit is
permissible only with approval of the architect or engineer and only after
satisfying requirements specified in Section 64 (a) (6) and (c).

65. Installation and construction details

(@) An erection or unit setting plan shall be prepared by the architect
or engineer and approved by the manufacturer for each job. To provide
properly for shear and bending moment stresses, the plan shall indicate
all openings, stairways, etc., together with the location of points, if
any, where loads are in excess of the general floor loading.

APPENDIX
(Excerpts from Standard Building Regulations for Reinforced Concrete— AC| 318-41)

103. Special systems of reinforced concrete

(@) The sponsors of any system of reinforced concrete which has been in successful
use, or the adequacy of which has been shown by test, and the design of which is either
in conflict with, or not covered by these regulations shall have the right to present the
data on which their design is based to a “Board of Examiners for Special Construction”
appointed by the Commissioner of Buildings. This Board shall be composed of com-
petent engineers, architects and builders, and shall have the authority to investigate
the data so submitted and to formulate rules governing the design and construction of
such systems. These rules when approved by the Commissioner of Buildings shall be
of the same force and effect as the provisions of this code.

200. Notation
D = Deflection of a floor member under load test.
L = Span of member under load test.
f The total thickness or depth of a member under load test.

202. Load Tests

(@) When a load test is required, the member or portion of the structure under
consideration shall be subject to a superimposed load equal to one and one-half times
the live load plus one-half of the dead load. This load shall be left in position for a
periodof twenty-four hours before removal. If, during the test, or upon removal of
the load, the member or portion of the structure shows evident failure, such changes
or modifications as are necessary to make the structure adequate for the rated capacity
shall be made; or, where lawful, a lower rating shall be established. The structure shall
be considered to have passed the test if the maximum deflection at the end of the twenty-
four hour period does not exceed the value of D as given in the following:

.001 L2
D~ 12t
all terms expressed in the same units.

If the deflection exceeds the value of D as given in formula (1), the construction shall
be considered to have passed the test if within twenty-four hours after the removal of
the load the member or portion of the structure shows a recovery of at least seventy-
five percent of the observed deflection.
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302. Determination of strength-quality of materials

(@) The determination of the proportions of cement, aggregate and water to attain
the required strengths shall be made by one of the following methods:

Method 1— Concrete made from average materials:

When no preliminary tests of the materials to be used are made, the water-content per sack of cement
shall not exceed the values in Table 302(a). Method 2 shall be employed when artificial aggregates or
admixtures are used.

TABLE 302(a)—ASSUMED STRENGTH OF CONCRETE MIXTURES

W ater-Content U. S. Gallons Assumed Compressive Strength
Per 94-lb. Sack of Cement at 28 Days—psi
2000
6% 2500
6 3000
5 3750

N ote—In interpreting this table, surface water carried by the aggregate must be included as part of
the mixing water in computing the water-content.
Method 2—Controlled Concrete:

W ater-content other than shown in Table 302(a) may be used provided that the strength-quality of the
concrete proposed for use in the structure shall be established by tests which shall be made in advance of
the beginning of operations, using the consistencies suitable for the work and in accordance with the “Stand-
ard Method of Making Compression Tests of Concrete” (A.S.T.M. Serial Designation: C39-39). A curve
representing the relation between the water-content and the average 28-day compressive strength or
earlier strength at which the concrete is to receive its full working load, shail be established for a range of
values including all the compressive strengths called for on the plans.

The curve shall be established by at least three points, each point representing average values from at
least four test specimens. The maximum allowable water-content for the concrete for the structure shall
be as determined from this curve and shall correspond to a strength which is fifteen percent greater than
that called for on the plans. No substitutions shall be made in the materials used on the work without
additional tests in accordance herewith to show that the quality of the concrete is satisfactory.

305. Allowable unit stresses in concrete

(&) The unit stresses in pounds per square inch on concrete to be used in the design
shall not exceed the values of Table 305(a) where f'c equals the minimum specified
ultimate compressive strength at 28 days, or at the earlier age at which the concrete
may be expected to receive its full load.

306. Allowable unit stresses in reinforcement
Unless otherwise provided in these Regulations, steel for concrete reinforcement
shall not be stressed in excess of the following limits:
(a) Tension
(/, = Tensile unit stress in longitudinal reinforcement)
and (fv = Tensile unit stress in web reinforcement)

20.000 psi for Rail-Steel Concrete Reinforcement Bars, Billet-Steel Concrete
Reinforcement Bars (of intermediate and hard grades), Axle-Steel Concrete
Reinforcement Bars (of intermediate and hard grades), and Cold-Drawn Steel
Wire for Concrete Reinforcement.

18.000 psi for Billet-Steel Concrete Reinforcement Bars (of structural grade),
and Axle-Steel Concrete Reinforcement Bars (of structural grade).

507. Concrete protection for reinforcement

@) The reinforcement of footings and other principal structural members in which
the concrete is deposited against the ground shall have not less than three inches of
concrete between it and the ground contact surface. If concrete surfaces after removal
of theforms are to be exposed to the weather or be in contact with theground, the
reinforcement shall be protected with not less than two inches ofconcretefor bars
more than Y inch in diameter and one and one-half inches for bars Y inch or less in
diameter.
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TABLE 305(a)—ALLOWABLE UNIT STRESSES IN CONCRETE

Allowable Unit Stresses

For Any
Strength of When ength of Concrete is Fixed
Concrete as by the ter-Con tent in Accordance

Description Fixed by with Section 302
Test in
Accordance
with Section fC = fc= > - fc =
302 2000 2500 3750
30000 psi psi psi
n=15 n=1 g © n=8
fc
Flexure: fc
Extreme fiber stress in compression............. fe 0.45/'c 900 1125 1350 1688
Shear: V
Beams with no web reinforcement and without
special anchorage of longitudinal steel.......... ve 0.02'c 40 50 60 75
Beams with no web reinforcement but with
special anchorage of longitudinal steel.......... Ve 0.03/'c 60 75 90 113

Beams with properly designed web reinforce-

mentbut without special anchorage of longi-

tudinal steel v 0.06/'c 120 150 180 225
Beams with properly designed web reinforce-

ment and with special anchorage of longi-

tudinal steel v 0.12r 240 300 360
+Flat slabs at distance d from edge of column
capital or drop panel.... Ve 0.03/'c 60 75 90 113
+¢Footings Ve 0.03/« 60 75 75 75
but not
to exceed
75 psi
JBond: u
In beams and slabs and one-way footings:
Plain bars......... u 0.04/'c 80 100 120 150
but not
to exceed
160 psi
Deformed Dars .. e u 0.05/'c 100 125 150 188
but not
to_exceed
psi
In two-way footings:
Plain bars (hooked).....ciiincinie, u 0.045A 90 113 135 160
but not
to exceed
160 psi
Deformed bars (h0OKed)..ooovwwermmrrrreenisnrrnneens u 0.056/'e 12 140 168 200
but not
to_exceed
psi
Bearing: fc
On full area f 0.251¢ 500 625 750 938
On one-third area or 18SSf i fo 0.375A 750 938 1125 1405
*See Section 807. +¢See Section 905 (a) and 808(a).

tThe allowable bearing stress on an area greater than one-third but less than the full area shall be inter-
polated between the values given.

tWhere special anchorage is provided (see Section 903 (a) ), one and one-half times these values in
bond may be used in beams, slabs and one-way footings, but in no case to exceed 200 psi for plain bars
and 250 psi for deformed bars. The values given for two-way footings include an allowance for special

anchorage.

(o) The concrete protective covering for reinforcement at surfaces not exposed
directly to the ground or weather shall be not less than three-fourths inch for slabs
and walls; and not less than one and one-half inches for beams, girders and columns.
In concrete joist floors in which the clear distance between joists is not more than
thirty inches, the protection of metal reinforcement shall be at least three-fourths inch.

(c) If the code of which these regulations form a part specifies, as fire-protective
covering of the reinforcement, thicknesses of concrete greater than those given in this
section, then such greater thicknesses shall be used.
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(d) Concrete protection for reinforcement shall in all cases be at least equal to the
diameter of round bars, and one and one-half times the side dimension of square bars.

(e) Exposed reinforcement bars intended for bonding with future extensions shall
be protected from corrosion by concrete or other adequate covering.
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AS HERE REVISED REPORT IS PRESENTED FOR ADOPTION AS A STANDARD

This constitutes formal notice to the membership of the Institute that
the report of the Committee 714, William W. Gurney, Chairman, pub-
lished p. 189 of the ACIl journa1 January 1944 has been revised by the
originating committee in the light of discussion p. 204-1 of the Novem-
ber 1944 5ourna1 Supplement.

Committee 714 now asks for the adoption of the report as a Standard
of the Institute subject to the following revisions:

Under “2. General Design Recommendations,” sub-section BI).
“Footings” is revised to read as follows:

B. Footings 1) Depth below ground line: The distance from the ground
line to the base of the footing should be at least 24 in. and not less than 36
in. in localities in which the ground freezes to a depth of two feet or more.

Page 192, of the report as originally published, the title of Table 3 is
revised to read “Table 3—Hoop spacing for concrete stave silos designed
for silage with a moisture content not exceeding 75 percent,” (the italicized
words constituting an addition to the previous title).

*The report (published ACl Journan, January 1944; Proceedings V. 40, p. 189) as here revised and

with some contemplated revisions of an editorial nature, has been released by the AC| Standards Commit-
tee for presentation to the Institute s 1946 Convention on a motion foradoption asan ACI Standard.

(261)
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In section “3. Materials,” sub-section “E. Hoops,” p. 193, is revised
to read as follows:

3. Hoop-Spacing: The maximum hoop-spacing for either grass or com
silage should be as given in Table 3. This table does not apply for silage
with a moisture content above 75 percent, as closer spacing will be re-
quired for wetter silage.
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Calculation of raw mixes
Arturo Vera, Jr., Rock Products, V. 48, No. 8, p. 109, Aug. 1945. Reviewed by Rot N. Young

The use of determinants facilitates design of 3-component mixes for specific clinker
compositions in the manufacture of portland cement. A practical example of the method
is given.

Slurry sampling methods
M ark Lintz, Rock Products, V. 48, No. 8, pp. 107-108, Aug. 1945. Reviewed by Roy N. Young

A system for splitting and handling test samples from an automatic sampler is de-
scribed, involving sufficient agitation to insure uniformity. The use of grab samples
from storage tanks gives unreliable results and may cause cyclic errors.

Natural cement blend improves concrete
D. E.Lovewell, Engineering News Record, V. 135, No. 4 (July 26, 1945)

pp- Reviewed by S. J. Chamberlin

Improved properties are claimed for concrete made by substituting one bag of air-
entraining natural cement for a bag of normal cement in a cubic yard mixture. The
mixture is adjusted by decreasing the percentage of sand and the water-content, re-
sulting in comparable strengths and workability. The air-content of the concrete can
be accurately controlled by changing the amount of natural cement used.

Large triaxial testing machine built by Bureau of Reclamation
R. F.Blanks, and Douglas M cHenry, Engineering News Record, V. 135, No. 6 (Aug. 9, 1945)

pp. 113-115 Reviewed by S.J. Chamberlin

Cylindrical specimens, 6 by 12 in., may be tested both axially and laterally under
independent pressures as high as 125,000 psi. The walls of the chamber are 15Ta in-
thick, made of three concentric shrink-fit cylinders of alloy steel with the inner wall
prestressed. Specimens are inserted or removed by unscrewing the smaller of two
concentric threaded plugs. The ram for axial loading may be removed by unscrewing
the plug at the bottom. The machine will be used for determining the shearing strength
of concrete and rock, and the behavior of these materials under loadings simulating those
obtained in large gravity-type dams.

(265)
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Form linings for concrete surfaces
Harrison V.Pittm an, Engineering News Record, V. 135, No. 18 (Nov. 1, 1945),

pp. 92-96 Reviewed, by S. J. Chamberlin

The lining used at Xorfoik Dam was about 0.08 in. thick and consisted of a thin
fabric facing adhesively bonded to an absorptive cardboard back. Total cost of the
lining was about 12 c. per sq. ft. Backing the absorptive material with a non-absorptive
lining, J*-in. hard-surfaced manufactured board or plywood, produced better surfaces
at a savings of 3% c. per sqg. ft. over use directly on wood sheathing, which would have
required frequent reconditioning. During cold weather, when the application of water
for curing was discontinued, the lining was left in place for 21 days as a curing and
protective measure. The lining was effective in minimizing surface pits and voids;
eliminating sand streaking; and in producing an even-textured, dense appearing surface.

Paving for the biggest planes in sight
Engineering News Record, V. 135, No. 2 (July 12, 1945), pp. 96-98 Reviewed by S. J. Chamberlin

Designed for a wheel load of 175,000 Ib., the slabs are 9, 12 and 18 in. thick, and are
supported on a well compacted 24-in. filL The thickest slab is required on portions of
the hangar floor and aprons where there is excessive vibration incidental to warming up
the planes. The 20x20-ft, panels of the thick concrete contain only temperature steel
and 2-in. dowels on 12-in. centers. Dowels were held in place by split headers and by
welded pipe removable jigs. Bayonet-type vibrators were used ahead of the finishing
machine. The surfaces were floated, screeded, floated again, belt finished and then
broomed. The 12- and 18-in. slabs were cured by ponding to help dissipate the heat of
setting.

Portland cement dispersion by adsorption of calcium lignosulfonate
Fred Il. Eensbergeb and W esley G. France (Ohio State University), Industrial and Engineering Chem-

istry, V. 37, p. 598, June, 1945 Authors’Synopsis

The results of turbidity tests on portland cements suspended in an aqueous medium,
with and without addition of calcium lignosulfonate, as obtained with the Wagner
turbidimeter, show that the additional agent disperses the suspended cement particles.
In the tests reported, the degree of increase in turbidity for two types of portland
cement in an aqueous medium is shown to be a function of the amount of adsorbed
dispersing agent. It may be concluded that the mechanism of dispersion involves the
positive adsorption of lignosulfonate anions by the cement particles. The determination
of an adsorption isotherm for calcium lignosulfonate and portland cement suspended
in water is described; data are given for a typical cement.

New method of revetting old man river
Lt. Col. A. B. Pickett. Engineering News Record, V. 135, No. 12

(Sept. 20, 1945), pp. 124-128 Reviewed by S.J. Chambeeux

The reinforced concrete mats, 24 ft. wide, 60 ft. long, and in. thick are flexible
enough to permit their being rolled onto a large timber core at the casting plant. They
are then carried by barge to the site, rerolled on a steel drum and unrolled down the
river bank under water to final position. Light steel angles were tacked across a tem-
pered wallboard platform to serve as chairs for the wire mesh reinforcement and to
serve as spacers for removable metal grid forms. The slotted metal grids, equal in
depth to the thickness of the mat, formed V-shaped cuts and served as guides for the
screed. After initial set, the grids were lifted and moved ahead to the next platform.
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Prefabricated reinforced concrete structures
S™?578’ Beton «m Stahlbetonbau, V. 43, No. 5/6. page 25, i
15, 1944 Reviewed by A rthur V. Theur
This article describes several systems of precast concrete-unit constructions developed
in Germany for barrack or industrial housing purposes. The complete framework as
well as the footings, floors, and roof slabs are precast elements. For the filler walls either
light weight concrete slabs or burned clay units are used. Details of all structural
members as well as methods of jointing are described. The quantities of materials
required are stated to be 1.86 pounds of steel and 149 pounds of cement per square yard
of floor area, or approximately 3.9 pounds of steel and 37 pounds of cement per cubic
yard of covered space.

Temperafure effects on mortars

L. R. Forbrich, Rock Products, V. 48, No. 9, pp. 106-7, Aug. 1945. Reviewed by Rot N. Young

Masonry cement mortar cubes were stored at 70 F., 28 F. or -10 F. during the first
3 days, thereafter in air or water at 70 F. until tested in compression. Strengths of
specimens cured in water at 70 F. were 1850, 2400 and 2800 psi at 3, 7 and 28 days.
Freezing reduced strength, the maximum reductions at 28 days being 15 per cent for
water curing, 53 per cent for air curing. The greatest strength reductions resulted from
-10 F. exposure when specimens were fresh. Storage at 70 F. for 6 or 24 hours before
freezing lessened the effect of freezing on strength. For cold weather work, mortar
having high water retention and relatively rapid hardening is recommended. If freezing
occurs, an adequate supply of curing water after thawing is necessary.

Stresses in beams near supports
Hermann Bay, Beton u. Stahlbetonbau, V. 43, No. 7/8 page 40.

(April 1944) Reviewed by A rthur V. Theur

In this discussion two methods of attacking the involved problem of stresses in a beam
near supports are presented in some detail. The first of these methods is an analytical
study based on the solution of the problem of plane stress distribution in a wedge as
derived by Mitchell in England (London Math. Proc. V. 32, p 35, 1900). The second
method of solution follows by means of an application of difference equations. No
special claims are advanced by the author regarding cither method other than that of
giving the reader a general indication of the nature of the stress distribution.

The stress distribution as derived by the author is shown by means of graphs for
horizontal as well as vertical sections taken at intervals across a short section of beam
near a support. The stress trajectories are then plotted and the resulting diagram is
compared with similar ones derived by means of photo-elastic studies.

Multiple grouting of a dam foundation
T F Harza Engineering News Record, v. 135, No. 10 (Sept. 6, 1945),

pp 103-105 Reviewed by S. J. Chamberlin

The first grouting in the basaltic lava foundation of the Rincon del Bonete Dam
in Uruguay was carried to about 13 ft. below the concrete cut-off. After 8 or 10 hours
the hole was re-drilled to former depth and size and the grouting repeated until the
limiting pressure was again reached. The cycle of re-drilling and re-grouting was
repeated until negligible additional grout could be injected. The hole was then drilled
13 ft. deeper each time into the rock and the process repeated to a depth of 80 ft. with
a rubber “packer” in place to prevent return of the grout above. One group of holes
studied were only approximately one-half grouted the first time. The author believes
that by several repetitions the various communicating cavities might be filled up in
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the order of their resistance of their paths of communication with the grout hole. The
author also raises the question of whether the slow rate of grouting due to the equip-
ment and procedure employed accounts for the large re-grouting ratios.

Effect of heat on portland cements containing Vinsol resin
Technical News Bulletin, National Bureau of Standards,

No. 340, Aug. 1945 Highway Research Abstracts

The use of air-entraining cements is rapidly increasing, principally because of their
superior resistance to freezing and thawing. One agent commonly used to produce air
entrainment is Vinsol resin. Some mills have experienced considerable loss of resin
while grinding the flake or powdered material with clinker. This has occurred most
frequently when high temperatures (around 300 deg. F.) existed. Leonard Bean and
Albert Litvin, of the Bureau, have conducted a study of the effect of heat on Vinsol
resin and on its air-entraining properties. Vinsol resin was found to carbonize on
heating at 300 F. Heating cement containing the resin for 48 hours at that temperature
volatilized as much as two-thirds of the resin and reduced the air entrained by mortars
made from the cement. Also, the methoxyl content of Vinsol resin was found to be re-
duced by heating at 300 F. Heating takes place in the finish grinding of commercial
cements, and temperatures of over 250 F. may be found after many days of storage.
Methods of determining Vinsol resin are discussed.

Structural behavior of Fontana Dam revealed by dual-purpose instruments
W. R. Waugh, Engineering News Record, V. 135, No. 20 (Nov. 15, 1945),

pp. 94-98 Reviewed by S.J. Chamberlin

A large number of special measuring instruments were located to determine structural
behavior as well as data required for construction and data for study of long time
behavior-. Electrical instruments, including Carlson strain meters and Carlson stress
meters, have been embedded in three typical blocks of the dam to determine the stresses
and strains near the base of the maximum section and to determine boundary conditions
at the upstream and downstream faces. Joint meters were installed across longitudinal
and transverse joints to determine changes at contraction joints, to observe movements
of adjacent blocks during grouting and to check subsequent changes. Deflection
measurements with long plumb lines have proven valuable in indicating the condition
of the top grout sections in the longitudinal joints. During construction the embedded
electrical instruments which measure temperature were used as the base control for the
cooling operation. Measurements of foundation uplift pressures are being compared
to assumed pressures as a basis for determining whether additional foundation drains or
curtain grouting will be required.

Wintertime concreting at the Soo
Engineering News Record, V. 135, No. 4 (July 26, 1945), pp. 80-85 Reviewed by S. J. Chamberlin

The wall site was completely enclosed by insulating board, supported on 900 lin.
ft. of self-supporting, steel tubular scaffolding about 40 ft. high, to permit concreting
operations at temperatures of to —24 F. and snowfall aggregating some 90 in. The timber
roof, supported by the scaffolding and the undisturbed bank back of the wall, contained
removable panels for installation and removal of the panel forms. Hatches with re-
movable covers were installed to receive the metal hoppers for placing the concrete.
Force-blower steam heaters heated the enclosure to a temperature of 50 F. at the bottom
and 70 F. under the roof. Steam, water and air lines extended the full length in a saw-
dust filled timber box conduit. Transit mix concrete made with air-entraining cement
w-as delivered at a minimum temperature of 60 deg. Dumped into buckets, the concrete
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was lifted by crane to the hoppers which terminated in elephant trunks for placing.
The concrete was cast in alternate monoliths against panel forms lined with an absorp-
tive material consisting of a porous paperboard faced with a ply of light-weight cotton
sheeting.

Special steel forms speed concreting at Chicago's water filtration plant
Engineering News Record, V, 134, No. 26 (June 28, 1945), pp. 76-79 Reviewed by s. J. Chamberlin

Special steel forms were used to build the reinforced concrete washwater troughs
that had to be level and to within ~ in. of the required elevation. Each trough
had a length 25 ft. 9 in. and an inside opening 26 by 17 in. with 3 in. side walls. The
forms consisted basically of four side plates for forming the walls and a bottom plate
bolted to the sides. The side plate assembly carried a heavy steel walkway on each
side and had adjustable ties across the top. Forms were supported on timber frames
through screw jacks. Reinforcement was welded into cages approximately equal in
length to that of the troughs. Concrete was chuted into catch-boxes from a traveling
platform that operated on rollers along the top of the filters and raked into the forms.
Concrete first was placed to a 2-in. depth over the bottom and up about three-fourths
of the wall height. Excess material that flowed out onto the bottom slab was removed
after 30 to 45 min. and the remainder troweled to correct shape and thickness. Addi-
tional concrete brought the side walls up to correct elevation. Finished troughs were
water-cured and rubbed, if necessary with carborundum stone.

Construction practices in South America
Arthur J. Boase, Engineering News Record, V. 135, No. 10 (Sept. 6, 1945),

pp. 96-102 Reviewed by S.J. Chamberlin

The author believes that neither the climate nor methods of construction can account
for the higher working stresses and the use of more slender members in South American
practice. There is some excellent construction and control in individual cases. The
concrete is not as strong, strengths for a given water-cement ratio being about 60 per
cent of those attained in this country. Control tests of aggregate are seldom made.
In general, small, plain bars of structural grade are used. All fabrication is done on
the job, mostly by hand labor. Fabricated accessories, such as bar supports, are not
commonly used. Form lumber is rougher and produces more and larger fins. Concrete
mixtures are generally arbitrary and aggregate is usually measured by volume in wood
boxes. Concrete is sometimes distributed by old-fashioned, long, high chutes. Ex-
cellent, scientifically controlled concrete was being produced by the modern plant at
Volta Redonda, Brazil, for the construction of a steel mill. An interesting feature at
the same site was a traveling form-support of reinforced concrete in the shape of an
inverted truss.

Scientific sampling for accuracy
Hubert Woods, Rock Products, v. 48, No. 8, pp. 102, 103, 110, Aug. 1945 Reviewed by Roy N. Young

Sampling of crushed material for process control is frequently conducted in a manner
which leads to sampling errors many times greater than the analytical error. The
minimum amount of material required for a properly representative sample depends on
the maximum particle size of the material and the degree of precision required in the
test results. Experimental determination of the minimum quantity is possible, and is
well worth while where a material stream is to be sampled periodically. The probable
total error is determined by analyses of at least 10 samples cut from a large sample
by quartering and riffling, the test sample size being small enough to yield results with
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a probable error considerably greater than the desired precision. The probable analy-
tical error is determined by making at least 10 analyses of a single sample. The probable
sampling error is computed from the analytical and total error data. The effect of
maximum particle size on required sample quantity is determined by repeating the
process on portions of the same material crushed to a smaller maximum particle size,
a total set consisting of at least 3 samples of different maximum sizes. Formulas are
given for computing necessary sample quantities from the probable error data.

Aggregate production at Fontana Dam
Jack B. McKamey, Engineering News Record, V. 135, No. 8 (Aug. 23, 1945) n

pp. 88-94 Reviewed by S.J. Chamberlin

More than six million tons of quartzite was quarried from a restricted area between
two heavy slate beds at a site about a mile downstream from the dam. A natural fault
divided the quarry so that it was possible to alternate operations at the two ends. As
quarrying progressed, a second face was developed 250 ft. above the floor to eliminate
hazards and deep drilling. The second face reached a maximum height of 150 ft. Load-
ing proceeded from the two levels. Large boulders were broken by placing a charge of
dynamite on top and covering the charge with plastic clay. Rock was loaded by electric
shovels into 10 cu. yd. trucks which delivered to 42-in. gyratory crushers. The crushed
rock was carried by a 42-in. conveyor belt to primary storage across the river. Coarse
aggregate was prepared in two screening and crushing plants which could be operated
independently or concurrently. Fine aggregate was produced in one operation from
fine stone in rod mills fed from a surge bin. The wet material flowed by gravity to a
hydro-separator and rake classifiers. Finished storage of the four sizes of aggregate
and sand was in a natural ravine. Steam coils were installed at the sand and fine rock
openings of the reclaiming tunnel to prevent freezing and crusting. The material was
conveyed back across the river to the concrete plant by belt.

Vacuum processing of Shasta Dam spillway
C. S. Rippon, Engineering News Record, Y. 134, No. 24  (June 14, 1945)

pp. 93-96 Reviewed by S. J. Chamberlin

The regular form panels for a 5-foot lift were divided into five tiers of five 10-ft.
chambers each by plywood strips, sealed to the form with asphaltic compound. The
air space was formed by a layer of heavy base wire covered with a layer of fly screen and
then a layer of unbleached muslin. A 2-in. pipe extended from the centrally located,
reciprocating type compressor and connected by rubber hose to receiving tanks on the
back of the forms. A section of hose connected the tanks to a pipe manifold which led
off with smaller hose to the vacuum chambers. As soon as enough concrete was com-
pacted against the form to cover one chamber the vacuum was applied. After a short
time the concrete near the face was revibrated with the suction maintained. A vacuum
of 15 to 20 in. of mercury could be maintained with as many as ten of the chambers
operating at one time. An average of 0.58 Ib. of water was extracted from each square
foot of surface processed at a cost of 20 cents. The indicated compressive strength of
the surface was 2.6 times greater, as determined by the “ball impact” test and com-
parative resistance to sand blast, than that of concrete placed against a wooden form.
The vacuum process was also used on the apron floor with movable mats applied to the
surface after it had been shaped to line and grade.

Deck bridge built of precast T-beam units
Engineering News Record, V. 135, No. 16 (Oct. 18, 1945), pp. 96-99 Reviewed by S.J. Chamberlin

Part of the 26-ft. clear roadway bridge consists of thirty-three 40-ft. trestle spans
supported by 5-pile concrete bents. The 7J7-in. thick slab is carried on five lines of
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beams 33 in. deep. Six sections are cast side by side in a row perpendicular to the shore-
line in plywood forms which are supported on heavy falsework timbers resting on con-
crete sills. The forms are stripped rather than lifting the slabs out. Five pairs of
bolts are embedded in each end of the slab to permit the section to be raised by a gantry
crane for loading on barges. Steel bearing plates are laid flat on the bottom near each
end of the beam forms to match 3-in. deep recesses in the caps of the pile bents. The
plates contain holes for extending short M-in. bolts downward through the forms for
the addition of other bearing plates after the slab has been raised. Larger openings
in the plates, and cast the depth of the slab, are provided for %-in. dowels to be placed
from above after the slab has been transferred and aligned over the supporting bents.
The recesses in the bent caps are filled with mortar and the sections lowered into position
by pumping water into the scows. The load is supported on jacks until the mortar
has hardened. The 21-in. square reinforced piles were cast on a 4-in. reinforced con-
crete slab. Alternate piles were cast first, wooden forms being used for this work only.
For the remainder of the piles no forms were used, alternate piles being removed and
those left in place used as forms. Caps for the pile bents were cast in place on the driven
piles.

Pressure grouting
W ilhelm D etig, Beton u. Stahlbetonbau, V. 43, No. 7/8, p. 37.

(Apr. 1944) Reviewed by A rthur V. Theur

The author describes a series of laboratory tests to determine the efficiency of pressure
grouting methods. The apparatus used consisted of two steel I-beams 27 ft. long, each
with one half of one of its flanges removed so that the webs could be brought together.
By means of different thicknesses of spacer plates which could be inserted along the
edges between the two beams and a series of closely drilled bolt holes, a closed channel
of varying thicknesses could be obtained. Near the end of one of the beams which were
laid with webs horizontal, a threaded hole was provided for attaching the grout line.
At several locations along the length of the channels, means for measuring pressures
were provided.

The experiments were made for three different channel thicknesses, 0 or with the
beams bolted together directly, 0.013, and 0.078 inches. Pressures ranged from 280
to 880 psi. For all pressures greater than 590 psi, a peculiar and decided spreading or
bulging of the beams occurred.

Using a neat cement made up with 40 per cent by weight of water, complete filling
of the 0.078 inch channel was obtained along the full length of 27 feet under a pressure of
590 psi. For a complete filling of the 0.013 inch channel using this same mix, a pressure
of 880 psi was required. With a mix consisting of 80 per cent by weight of water, and
with the beams bolted directly together, filling of the channel to a distance of 4.1 feet
from point of entry was obtained with a pressure of 500 psi. The addition of 1 per cent of
plastiment to the several mixes used, increased the distance to which complete filling
of the channel could be obtained in every case.

Additional data relating to the adhesiveness of the hardened grout to the beam
surfaces and its flexural tensile strength are included.

Two-way prestressed concrete water storage tank
T Rotand Carr, Engineering News-Record, V. 135, No. 14 (Oct. 4, 1945),

pp. 108-113 Reviewed by S.J. Chamberlin
The 4,750,000-gal. tank has an average inside diameter of 156 ft., an average water
depth of 33 ft. 3 in. when full and a thin-shell concrete dome rising 24 ft. 9in. above the
walls. The inner wall, s-in. thick at the top and sloping on the inside to a 21-in. thick-
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ness at the bottom, was cast first and the main horizontal bands placed around it. The
outer shell was built to a minimum thickness of 4 in. at the top and stepped out at the
pilasters to a total thickness of 9M in. Both the main wall and the outer shell were
placed in 26 vertical sections with movable forms. The vertical prestressed rods of
ff-in. diam. were placed 4 in. inside of the main hoops at 12-in. centers and 1 in.
outside of the hoops at 24-in. centers. The vertical rods were greased, spirally wrapped
with building paper and hung from outriggers spiked to the top of the timber forms.
The nut and 23”-in. washer at the top of each rod were countersunk below the top of
the wall in a recess formed by attaching a waxed paper cup filled with plaster. After
the concrete had been cast and cured the plaster was removed and the inner rods were
stressed to 32,000 psi. (15000 psi in the outer row) by tightening down the nuts to a
predetermined amount as measured by an ordinary micrometer depth gage. Theoreti-
cally the vertical prestress in the concrete varied from 120 psi on the thinnest section
of the wall to 45 psi at the base. Each of the 81 horizontal hoops was made of 13 rods
joined together with turnbuckles. Rods were not upset at their ends but had cold
rolled threads to develop their tensile strength. The hoops were stressed to 32,000 psi,
as determinedly a 4-ft. job-made extensometer, by adjusting the turnbuckles. At the
end of a 20-day period in which some of the stress had been lost the hoops were re-
tightened to the design stress. Hoops were adjusted in banks of eight, the rods being
prevented from twisting by welding short vertical pieces of J*-in. reinforcing rods to
them. Some 80,000 b. ft. of timber was required for the inside dome form. A beveled
hinged joint was formed between the parapet and dome to permit rotation.

Complete buildings constructed with precast reinforced concrete elements
B. Loesser, Beton u. Stahlbetonbau V. 43, No. 9/10, 11/12, and 13/14

May, June and July, Reviewed by A rthur V. Theur
In this series of three articles Professor Loesser describes recent German activity
in the field of prefabricated reinforced concrete-unit building construction. While
recognizing the considerable number of buildings of this type constructed prior to 1940,
little he states, was accomplished in the way of standardization of the units, their
dimensions, shapes and detailing. It is in this respect that uniqueness is claimed for
the several structures under discussion. For much of the pioneering work in standardiza-
tion credit is assigned to the I. G. Farbenindustrie whose mill-type of building is given
a first rating.

After a discussion of the advantages and disadvantages of the precast unit as against
the monolithic structure, the author presents a detailed analysis of the design of footings
for the precast job. For the type of footing adopted the column is inserted into a hole
provided for the purpose. This hole is slightly larger than the column cross-section
and the column is supported on chairs inserted between the footing and column base.
After the column has been brought up to proper elevation it is wedged into alignment
and the open space around and underneath the column is filled with grout.

Eight different cross-sectional shapes of beams were standardized and nine different
types of roof construction developed. The type of roof construction used depends
largely on the length and number of spans to be covered, and includes all of those types,
—simple beam, tied arch, truss, saw tooth, and cantilevered beam with monitor,—
commonly found in conventional construction. The author touches briefly the subject
of permissible stresses. He also describes the details of various interlocking joints
secured by means of dowels and recesses, and devotes considerable space to the subject
of erection equipment.

In the third article of the series the author includes a large number of photographs
illustrating a number of structures in different stages of erection.
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Brazilian concrete building design compared with United States practice
A rthur J Boase, Engineering News Record, V. 134, No. 26 (June 28, 1945),

pp. »0-88 Reviewed by S.J. Chamberlin

The author makes a quantitative comparative study of the Brazilian code and the
ACI Building regulations by redesigning a 16-story apartment building recently erected
in Rio de Janeiro. As built, the 3.15-in. slab is reinforced with A'in. plain rounds,
interior beams over the partitions are 3.15 or 3.93 in. wide and 22.8 in.. deep, and' front
and rear girders are 8.2 in. wide. Redesigned, the slab would be 4 in. with %-in. rounds,
the interior beams would be 6 by 24 in. and the spandrel beams would be 8 by 32 in.
in front and rear walls and 8 by 24 in. in side walls. Brazilian column design is illus-
trated in two design charts for tied columns with 2500-psi concrete. Data are incor-
porated from the ACI code for comparison. Because of the lower strength cement
used, the Brazilian code does not recognize concrete strengths greater than 2,670 psi
for building construction. Material costs are higher and labor costs are lower than in
the United States. In the relative cost studies the Brazilian costs were computed at
35 c. per cu. ft. for concrete, 15 c. per sqg. ft. for forms and [1j~ c. per Ib. for reinforce-
ment.

The article summarizes the principal points of difference in the two codes:

“American practice, using intermediate grade steel, would require 26 per cent more
reinforcing steel in the floor system than does the Brazilian design, where structural
grade was used. Under these conditions the American design uses slightly less rein-
forcing steel per cubic yard of concrete than does the Brazilian.

“Using the same strength of concrete, the American design requires 32 per cent more
concrete in the floor system than does the Brazilian design.

“For axial load on columns the Brazilian code allows 85 per cent higher stress on
concrete and 66 per cent higher stress on steel.

“The American tied column has about twice as much concrete, and one and one-half
limes as much steel as does the Brazilian tied column. A comparison when bending in
the columns is considered as still more in favor of the Brazilian type.

“Size of columns will change less frequently under the Brazilian code than it will
under American practice, thus permitting large savings in formwork.

“American columns are approximately 60 per cent more costly than are the Brazilian
columns for 2,500-Ib. concrete. American tied columns of 2,500-lb. concrete have
approximately 80 per cent more volume than have the Brazilian columns.”

Rigid type pavement and joint spacing
H. F. Clemmer (in reply to the discussion by Fred Grumm, nghway Research Abstracts, Oct. 1944
Highway Research Abstracts

It is satisfying to know of the general agreement of the California Division of High-
ways with the data presented. It is of interest to report that data obtained during the
year since this report was presented and the performance of the pavements referred to
are in further agreement with the conclusions of the paper.

Mr. Grumm states their experiences has not indicated the need for cutting dummy
groove joints to one-half the depth of the concrete slab as reported by this Department.
It is stated in the paper that “It is desirable to divide the concrete, only enough to cause
cracking, so as to obtain maximum shear value from the irregular edges and to provide
maximum area in contact should the pavement be subjected to a high compressive
stress”. Further discussion explained that this Department had found it necessary to
cut the groove one-half the depth of the slab to be sure of forming the planes of weak-
ness. Where the design depends upon the close spacing of joints it is most improtant



274 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE January 1946

to be sure of producing these planes of weakness and it was desired to caution against
assuming the planes of weakness were properly produced. It is preferable to sacrifice
a small degree of shear value rather than to fail to produce the plane of weakness. A
careful check should be made of the completed pavement slab to determine if separation
has occurred at the designated locations.

Longitudinal planes of weakness are produced with less difficulty because warping
in this direction is not restrained so much as it is transversely; however failure to cut
a deep enough groove to create a center longitudinal joint in one State project, con-
structed during this emergency, resulted in the cracking of the slab some distance from
the groove and at a point directly under traffic loads.

Mr. Grumm suggested that load transfer installations may have had an effect in
prohibiting the formation of the planes of weakness as reported in this paper. The par-
ticular study reported upon as to the depth of the groove required to create planes of
weakness, was of plain concrete, that is without reinforcing or the load transfer devices.
Undoubtedly, there are many conditions affecting requirements for producing dummy
groove joints — such as richness of mix, temperature at time of placing concrete, rate
of setting of the cement, curing conditions, subgrade friction etc.

This Department is not quite in agreement with Mr. Grumm’s statement that be-
cause of the apparent success of the construction of pavement slabs without mesh or bar
reinforcement or the use of load transfer units that the use of these materials has no par-
ticular value. As discussed in the paper it is believed that reinforcement is of par-
ticular value in distributing shrinkage stresses, developed during hydration of the cement,
which tends towards the formation of incipient cracks that may later develop into
structural failures. Concrete pavements constructed during the last ten years in the
District of Columbia show practically no structural failures, that is no cracks or comer
breaks, and it is believed the use of mesh reinforcement and load transfer units has
been an important factor in this result.

The use of reinforcement and load transfer units is evidently considered excellent
insurance by many engineers as indicated by the number of state highway departments
that have adopted this design.

W ith this great improvement in general design, engineers responsible for the plan-
ning and construction of the enormous postwar highway program, should be far more
concerned than before as to whether or not a change in design of pavement will increase
the length of service of the pavement. It is believed that too often design features are
based on satisfactory service for five or ten years rather than on careful study of the
ultimate results that may be obtained. It is believed that the added cost of including
reinforcement and the use of load transfer units in the construction of pavements is
splendid insurance and their use will prove to be a factor in extending the service of
a concrete pavement slab to the maximum.
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42rd ANNUAL ACI CONVENTION
Buffalo— Feb. 18-21, 1946

The program for the Institute’s Forty-second Annual Convention
to be held Hotel Statler, Buffalo, N. Y., February 19, 20 and 21, has
been developed to the point of announcing with a good deal of confi-
dence a promising array of papers on many timely and important
subjects. Not all of this material can at this writing be definitely
announced; in some instances papers now in the making, are still to
be selected. The Publications Committee under the Chairmanship
of Robert F. Blanks, with the responsibilities of the convention pro-
gram, has worked under unusual difficulties—difficulties with the
elements of time and indecision. Much work has been done in a short
period; the program has not completely “jelled”. W hat is reason-
ably assured, however, will in itself make a good convention— what
is just in the offing, and not at the stage of announcement, is due to
strengthen the program by selection from a number of outstanding
items.

Scheduled a year ago for Hotel New Yorker, New York City,
based on the possibility of a full-fledged convention by the removal
of war-time control of meetings, arrangements were confirmed by
the Board of Direction in September last. Late in November, a meet-
ing was called in New York City of a few nembers of the Institute
in that territory who might be of assistance in connection with the
convention, with every expectation of an outstanding meeting in that
city. Almost'immediately after these arrangements, the problems of
transportation and of hotel accommodations raised serious questions,
and after careful consideration of the whole situation, the Executive
Committee of the Board made a change. We were graciously re-
leased from our arrangements at Hotel New Yorker and welcomed
to Hotel Statler in Buffalo, with strong assurances of the ability of
the Statler to take care of all ACI comers.

m CD
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W ith the ballots, mailed to all ACI members, Dec. 19 last, went a
corrected announcement with reference to convention plans. It now
appears that the transportation situation reached a high point of
disorder and uncertainty at the holiday season. As to reservations
of accommodations at the Hotel Statler, see p. 9. Perhaps it is not
necessary to emphasize the importance of making reservation of
transportation accommodations at the earliest possible date under
existing regulations.

As these News Letter pages (the last to go to the printer for the
January sournar) are “made up,” the situation is as follows:

Board and Committee Meetings

Meetings of the Advisory Committee and of the Board of Direc-
tion are scheduled for Monday February 18.

Committee 318, Standard Building Code, A. J. Boase, Chairman,
Roy R. Zipprodt, Secretary, is scheduled to meet for a preliminary
session, 9:30 a. m. Tuesday February 19, with the expectation of
continuing its labors the afternoon of the 21st following the adjourn-
ment of the convention and possibly through Friday, the 22nd.

Committee 711, Precast Floor Systems for Houses, F. N. Menefee,
Chairman, is scheduled to meet the morning of February 19 at 10:30
for possible last minute action in reference to the presentation of the
Committee’s report (published in the Proceedings pages of this
Journar) for adoption as an Institute Standard.

John R. Nichols, chairman Sub-committee 5, of Committee 318,
has called a meeting of that sub-committee at a time and place to
be announced on the convention bulletin board.

Further announcements will be made of technical committee
meetings at convention time as their chairmen decide and notify us.

CONVENTION SESSIONS
General convention registration begins at 9:30 a.m., February 19.

The first general session of the convention will open at 2 o’clock,
Tuesday, February 19, and will cover a variety of subject matter.
(See note of that variety, p. 4).

Air Entrainment in Concrete
Tuesday evening, February 19, will be devoted to a consideration
of the development of rapidly increasing experience with air entrain-
ment in concrete. Frank H. Jackson will lead that session.
The success of the 1944 convention session on air entraining con-
crete has prompted the schedule of another session on this most inter-
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esting and timely subject. The same general procedure «dll be
followed, that is, there will be one major paper covering certain
broad aspects of the problem, followed by a series of short 10-minute
discussions on particular phases. These will be presented by a
selected group of participants, all of whom are familiar with the
latest developments in the particular fields which they will cover.
Subjects include the use of air-entraining concrete in readv-mix con-
crete operations, in the manufacture of concrete products, in highway
and airport runway construction, etc. The comparative merits of
various methods of securing air entrainment—by the use of air-
entraining cements, air-entraining agents added at the mixer, and
air-entraining natural cements blended with portland cement will be
discussed, as well as various methods of field control, including re-
cently developed procedures for determining air content of concrete
by direct volumetric measurement. Opportunity for general
discussion will be provided insofar as possible.

Research

At 9:30 a.m. Wednesday, February 20, the session will be under
the auspices of ACI Committee 115, Research, Morton 0. Withey,
Chairman, S. J. Chamberlin, Secretary. Every year Professor
Chamberlin queries the membership of the large Research Commit-
tee and other sources of information. From the reports made some
research projects are listed for outline presentation. The annual
sessions of this committee have increased in interest and attendance
throughout the years.

Repair and Maintenance of Concrete

Wednesday afternoon, February 20, there will be a session under
the guidance of Roderick B. Young, past president of the Institute,
Chairman ACI Committee Department 800, Repair and Main-
tenance, as the basis for committee studies in Department 800. Mr.
Young, who will lead off with a contribution of his own, has been
successful in developing a series of papers on repair and maintenance
of concrete in a variety of work. One will discuss “Hydraulic Struc-
ture Maintenance in Using Pneumatically Placed Mortar”; another,
“Methods of Repair of Two 175-ft. Concrete Chimneys with Mini-
mum Shutdown” ; others will consider “Maintenance and Repair of
Concrete Pavements”; “Maintenance and Repair of Concrete
Bridges on the Oregon Highway System” by G. S. Paxson. (See
Xov. 1945, 6 urnar.) Still another paper, contrasting workmanship
on two hydraulic structures, will report the repair procedure on one



4 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE January 1946

of them; and there is one in the series which describes some of the
methods used in repair, restoration and stabilization of structures in
need of repair, or strengthening to meet increased use and loads.

Election Returns—Presentation of Honor Awards—R/C Design

At 8 o’clock Wednesday evening, February 20, a general session
will open with a report on the annual election followed by the address
of President Parsons, and presentation of awards, and will continue
with the development of interesting themes in reinforced concrete
design theory and practice under the leadership of A. J. Boase.

A paper by Douglas McHenry will describe a design method for
determining internal stresses in concrete structures by means of a
lattice analogy which is solved by successive approximations in-
volving only simple arithmetic. The theory of the method was
published in a paper by McHenry in the Journal of the Institution
of Civil Engineers (London). The present paper will be concerned
chiefly with examples of the application of the method.

Construction Practice—Emphasis on War

The final convention session, Thursday morning, will take up ex-
amples of construction practice in the field of concrete with some
emphasis on war experience, under the leadership of Lewis H.
Tutliill.

A Variety of Subject Matter Not Yet Placed on Schedule

“Membrane Waterproofing” will be the subject of a paper to
come from Bureau of Reclamation studies.

John R. Nichols will discuss the matter of “radiant heat” in its
relation to reinforced concrete floors, walls, etc.

New design ideas for precast, reinforced concrete members
“welded” with pneumatically placed mortar will be presented and
there will be a report of their war-time application to a ship.

Also: A report on atomic bomb effects on concrete in Japan;
use of coral aggregates at Pacific bases, and other important items.

Committee 711, F. N. Menefee, Chairman, will present its report
on “Proposed Minimum Standard Requirements for Precast
Concrete Floor Units,” on a motion for adoption as an ACI standard.

Committee 714, William W. Gurney, Chairman, will present
“Proposed Recommended Practice for the Construction of Concrete
Farm Silos” for adoption as an ACI Standard.
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WHO’'S WHO

Gerald K. Pickett

(see p. 165) a comparatively new ACI
Member, is nevertheless not new to these
pages. Since 1940 he has been identified
with the basic research division of the
Portland Cement Association Research
Laboratory and only recently (September,
1945) returned to the faculty of Kansas
State College, Manhattan, lvan., where he
is Professor of Applied Mechanics.

Stanley U. Benscoter

structural engineer with the Navy Depart-
ment’s Bureau of Aeronautics, Washing-
ton, though not yet an ACI Member, is
not unknown to ACI readers. To the Feb-
ruary 1943 Journal he contributed “A
Semi-Circular Arched Conduit with Uni-
form Symmetrical Loading.” (See also
News Letter p. 6 of that issue). His present
contribution, “Floating Block Theory in
Structural Analysis” appears p. 205, this
Journal.

Howard R. Staley and Dean Pea-
body, Jr.

contribute “Shrinkage and Plastic Flow
of Prestressed Concrete” to this issue (p.
229).

Howard R. Staley, ACI Member since
1937, is Assistant Professor of Building
Construction in the Department of Build-
ing Engineering and Construction at the
M.I.T. He was born in lowa nad received
the degree of S.B. in 1935 and S.M. in 193/
from M.I.T. Heis a member of Tau Beta
Pi, Chi Epsilon and Sigma Xi. He has
been a member of the instructing staff of
M.L.T. since 1937. For the twelve years
previous to 1932 be was a member of the
building firm of B. S. Staley and Sons.
Centerville, lowR. He has presented pa-
pers to the Designers Section of the Bos-
ton Society of Civil Engineers and to the
American Society for Testing Materials,
of both which organizations he is a mem-

in this JOURNAL

ber. He is a member also of A.S.C.E.,
S.P.EE., AAAS.

Dean Peabody, Jr., AClI Member since
1914, and member of Committee 318,
Standard Building Code, is Associate Pro-
fessor of Structural Design in the Depart-
ment of Building Engineering and Con-
struction at the Massachusetts Institute of
Technology. He was born in Massachu-
setts and received his S. B. degree from
M.I.T. in 1910 and the S.M. degree in
1938. He is a member of Chi Epsilon and
Sigma Xi. He has been a member of the
instructing staff of M.1.T. since 1910, in-
cluding one year as exchange instructor at
the Worcester Polytechnic Institute. Dur-
ing the summers of 1911 to 1916 he worked
in the field or the design offices of the
Aberthaw Construction Co.; New Eng-
land Concrete Construction Co.; Lock-
wood, Greene and Co.; and Stone and
Webster. He is author of “Reinforced
Concrete Structures” and has presented
several papers to the Designer’s Section of
the Boston Society of Civil Engineers of
which he is a member. He is also a mem-
ber of AS.C.EE;; AST.M,; AAAS.

For further convention sub-
ject metter and a convention
time-table see February Jour-
nal — or, about February 1
ask the ACI secretary for an

advance program.
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New Members

The Board of Direction approved 47
applications for Membership (42 Indi-
vidual, 2 Corporation, 1 .Junior, 2 Student)
received in October and November as
follows:

Abel, G. C., 23 View Road, London N. s,
England

Allen, Herbert C., 303 Geneva St., High-
land Park 3, Mich.

Anjel, Anton A., Box 112, Cocoli, Canal
Zone

Booth, John J., 117 Dilworth Bldgs., Cor.
Queen & Customs Sts., Auckland, New
Zealand

Brooks, Samuel H., 326 Center St., East
Pittsburgh, Pa.

Cafaro, Martin, 309 East 28th St., New
York 16, N. Y.

Cameron, L. S., 3428 Ettie St., Oakland s,
Calif.

Campbell, W. E., 319 S. 12th St., New
Castle, Ind.

Cardenas, Victor Moralesy de, Compostela
158, Havana, Cuba

Chang, Wan-chiu, Engineering Dept.,
Central China, Railways Administra-
tion North Station, Shanghai, China

Chen, Manning, c/o Mr. R. A. Kane,
Room 1010 U. P. Headquarters Bldg.,
1416 Dodge St., Omaha 2, Nebr.

Crowe, George F., 2801 Colonial Ave.,
Norfolk 8, Va.

Daymude, Charles A., Dept, of Bldgs. &
Safety Engineering, 555 Clinton St.,
Detroit 26, Mich.

Dayton, Cedric L., 16 Hollywood Ave.,
Tuckahoe 7, N. Y.

Ernst, E. S., Dewey Portland Cement Co.,
Box 749, Davenport, lowa

Flores, Rodrigo, Ramon Nieto 920 of 306,
Santiago, Chile

Fox, Carl, 887 W. Division St., Decatur,
111.

Garing, Athol C., 606 Aspen, Coulee Dam,
Wash.

January 1946

Gundmundsson, Jon Sig., P. O. Box 396;
Reykjavk, Iceland

Haggerty, Francis V. J., c/o Warner Co.,
200 S. Market St., Wilmington, Del.

Harrison, Marc M., 45 Popham Road,
Scarsdale, N. Y.

Holbrook, Albert E., 129 lvanhoe St., S.
W., Washington 20, D. C.

Huerta, Ing. Manuel Castro, Monte Alban
No. 39, Col. Narvarte, Mexico

Jeffers, Paul E., 810 West Fifth St., Los
Angeles 13, Calif.

Knaust, Adam, Marlboro, N. Y.

Kosseim, Emile, 2F Rue Said, Heliopolis,
Egypt

Laboratory of Strength of Materials,

Beaucheff 850, Santiago, Chile (Sr.
Edmundo Thomas)

Ledon, Rolando Castaneda, Edificio
America, Jovellar y N, Dpto 210,

Havana, Cuba

Leduc, Joseph R., Ecole Polytechnique,
1430 St. Denis St., Montreal 18, Que.,
Canada

Lewis, Elbert F.,
N. C.

Lundteigen, A. Jr., Ash Grove Lime &
Portland Cement Co., Louisville, Nebr.

McKean, J. L., 17 Kelvinside Terrace;
Glasgow N. W., Scotland

Mercer Steel Company Inc., 838 N. W.
13th Ave., Portland 9, Ore.

Miles, M. A., c/o Ayres, Lewis, Norris &
May, 506 Wolverine Bldg., Ann Arbor,
Mich.

Oliva, Francisco Santos, Tepeji No. 85,
Mexico D. F., Mexico

Box 573, Greenshoro,

Paredes-Manrique, Luis, Cia de Petroleo
Shell Bogota, Colombia, S. A.

Porter, George W., 6729 Sycamore, Ave.
Seattle 7, Wash.

Rathod, M. P. B. E. (Civil), Jiva Devsi
Bldg. No. 2 Room No. 19, Ranade Road,
Dadar (B. B.) Bombay 14, India

Sara, Allan M., 29 Church St., Parram atta,
N. S. W., Australia
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Spencer, Ernest L., Northeastern Univer-
sity, 360 Huntington Ave., Boston,
Mass.

Staples, Leroy A., 423—15th St., Alexan-
dria, La.

Suarez, Angel Cano, F y 2 La Sierra,
Havana, Cuba

Tajirian, Faraj, M. |. T. Dormitories,
Box 60, Cambridge 39, Mass.

Tobalina, Bernardo Vazquez y, Luz Cabal-
lero Oeste 464 altos, J. del Monte,
Havana, Cuba

Tolley, H. F., U. S. Bureau of Reclamation,
Klamath Falls, Ore.

Valdez, Alberto Andrue, 10 de Octubre
1369, J. del Monte, Havana, Cuba

Winner, Walter 1., 303 Ferry, Coulee
Dam, Wash.
Honor Roll

February 1 to December 31, 1945

Rene Pulidoy Morales, in Havana, Cuba
heads the list with 24 new Members pro-
posed since Feb. 1. The current Honor
Roll closes with applications received by
January 31, 1946.

Rene Pulido y Morales. .24

Roy Zipprodt......... YA
H. F. Gonnerman
Harry B. Dickens..
A. Amirikian
J. A. Croft 3
Ernst Gruenwald
Dean Peabody, Jr
J. H. Spilkin

Charles S. W hitney 3

Francis MacLeay ..., 234
D. E. Parsons . 234
Charles E. Wuerpel 234

C. BlasSChitZ i
H. W. Cormack

J. W. Kelly

Calvin C. Oleson 2
O. G. PatCh i 2

C. H. Scholer
J. M. Wells..

Ben E. Nutter

0. A. Aisher........

J. B. Alexander.....cooiveiieveneceienns 1
Michel Bakhoun.......ccccoevveeiiiicvicnennn, 1
H. C. BrUCE..ccocviiiieceeieie e 1
H. Victor Carman........ccccecevvvevevicnnenn. 1
W. Fisher CasSi€....ccccovrviveienieiirnsinnens 1
A. R. ColliNS oo 1

R. F. Dierking

H. F. Faulkner... !
P. J. Freeman. el
B. F. Friberg ... 1
J. K. Gannett..iniiiecieeeeieie 1
ATtUIr0 GantesS...covvvervieesese e 1
Stanley S. Haendel.......ococooiiiniinnnne 1
W. S, HanNa ..ot 1
G. H. HOAgSON. ..o 1
F. B. HOrnibrook.......cooooevevevevievnene, 1
V. P JENSEN. oo 1
L. I. Johnstone.........

William G. McFarland...

Denis Matthews........

Charles E. Morgan...

H. W. Mundt...... .
Y. G. Patelieeecccce 1
J. R, Pattilo.eiceieiececeen 1
AL F. PENNY e 1
Kenneth POWErS.....cocceivieiirciiinene 1
Guy Richards.....cccoevenieiennnienerce 1
A T. ROQErS i, 1
Simeon Ross..... .

John A. Ruhling.

Herman Schorer.. 1
Byram Steel ... 1
G. W. StOKES..cctveietceieeseccee e 1
H. D. Sullivan......cococeevevveiveciiiiieeenns 1
WM. SUMMErs Jr ..o 1
M. A Timlin. .. 1
J. WL TinKIE e 1

Lewis H. Tuthill..
Maxwell Upson....
Stanton WalKer......cooooevveeieiiicciens 1

The following credits are, in each in-
stance, “50-50” with another Member.

Birger Arneberg P. M. Ferguson
E. E. Bauer Alexander Foster
E. W. Bauman G. L. Freeman
P. G. Bowie Grayson Gill

C. H. Chubb E. A. Gramstorff
J. H. Chubb N. M. Hadley
Arthur P. Clark W. C. Hanna

R. R. Coghlan Carl W. Hunt
R. B. Crepps A. Dovali Jaime
R. A. Crysler W. R. Johnson
Harmer E. Davis Paul A. Jones
J*h Drueke H. J. McGillivray
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R. E. McLaughlin
Adolph Meyer
A. F. Moore

0. F. Moore

E. Nennigar

M. D. Olver

C. E. O’Rourke
Lucien Perrault
Milos Polivka
Jerome Raphael
F. E. Richart
Chas. S. Rippon
D. O. Robinson
Kanwar Sain

OF THE AMERICAN CONCRETE INSTITUTE

Oskar Schreier
A. L. Strong

A. C. Trice

K. Tsutsumi

J. H. de W. Waller
S.J. Warberg
A. R. Waters
David W atstein
H.J. Whitten
George Winter
Harry C. Witter
S. H. Woodard
K. B. Woods

L. Zeevaert

January 1946

J. L. Savage

John J. Earley

John Joseph Earley, past president (1938)
American Concrete Institute, Henry C.
Turner Gold Medalist (1934) for “out-
standing achievement in developing con-
crete as an architectural medium” and one
of the Institute’s 15 members elected to
Honorary membership, died November 25,
1945 at his home 2701 Connecticut Ave.
N. W., Washington, D. C., after a long
illness.

Mr. Earley was an architectural sculp-
tor fifth in a line of such artists, himself a
native of New York. He was an appren-
tice in his father’s studio, specializing
chiefly in ecclesiastical sculpture, at the
age of 17. His death occurred at the age
of 64.

Entering the contracting business, spe-
cializing largely in plaster and stucco,
1906, his work led him to a study of the
possibilities of architectural concrete of the
exposed aggregate type, and from that,
strongly influenced by the lavish color of
Byzantine architecture, he made an ex-
haustive study of the possibilities of what
he called plastic mosaic, which at far less
cost, would achieve some of the effects of
the early mosaics with their employment
of high talents of art and workmanship.
One of the early records of this develop-
ment is to be found in Washington’s
Church of the Sacred Heart, one of a
score of United States churches to which
he gave his decorative talent—the Baha’i
Temple, Evanston, 111, with its white
quartz concrete tracery, perhaps his
greatest work.

To the Earley Studio, Rosslyn, Va., he
brought as materials for his artist “pal-

ette”, crushed aggregates selected for dur-
ability and color—marble, glass, ceramics,
arranged by the Munsell system of color
notation. He used to say: *“lImagine the
day before there was any system of record-
ing musical notes, and you have the present
condition so far as general practice goes, in
the notation of color”.

He gained fame in converting the Lor-
ado Taft “Fountain of Time,” Chicago,
into relatively durable form, when all the
usual media of the sculptor had to be
passed up because of the enormous cost
involved for the symbolic group more than
100 ft. long. Mr. Earley’s paper “Build-
ing the Fountain of Time,” ACI Proceed-
ings Vol. 19, won the Wason medal for
“the most meritorious paper” of the year.

A sketchy, outline record of his contri-
butions to the technology of concrete and
its application to architectural works, will
be found in naming some of Mr. Earley’s
papers published by the Institute:

“Some Problems in Devising A New
Finish for Concrete,” V. 14; “New
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Developments for Surface Treated Con-
crete and Stucco” (as co-author with J. C.
Pearson) V. 16. Then came “Building the
Fountain of Time”, with its description
of the making and use of a 3000-piece
mold for the placing of concrete using
crushed Potomac River gravel as the pre-
dominating aggregate; two papers, each
under the title “Architectural Concrete”
\ .20 and 22: “Time as a Factor in Mak-
ing Portland Cement Stucco”, V. 23; “The
Project of Ornamenting the Baha’i Temple
Dome” V. 29; “Architectural Concrete of
the Exposed Aggregate Type”, V. 30;
“Architectural Concrete Makes Prefabri-
eated Houses Possible” V. 31; “Mosaic
Ceilings, U. S. Department of Justice
Building” V. 31; -“On the Work of the
Committee on Architectural Concrete of
the Exposed Aggregate Type and the
Thomas Alva Edison Memorial Tower,”
V. 34; “The Characteristics of Concrete
for Architectural Use,” V. 35.

These contributions of Mr. Earley to the
work of the Institute, and to the field of
concrete, were unique. Unique though his
contribution was, it brought sharply into
focus the necessity for concrete of very high
quality for all exposed ornament. He had
haunted the Bureau of Standards, and
other sources of data, to find the path that
would lead him to mixes best suited to his
special purposes. At the Bureau he found
atypical plotting of a large number of tests
of quality concrete, with the characteristic
curve, following close to the medial line
among the dots of the individual test
specimens. In these he was not interested,
but he found one dot barely inside the top
margin of the diagram showing a concrete
specimen of unusually high quality, and he
could not be satisfied until he had found the
record of what that concrete was—what
made it so good, neglected as it was in
plotting the curve.

Always dominated by the artistic ap-
proach and with a keen sense of drama, he
could bring himself and endless patience to
the study of the engineering approach to
the entegrity of a material. With that he
was also a salesman of a super type. Be-

cause he maintained that writing was slow
and difficult for him his papers are there-
fore interesting as specimens of English
composition. He insisted that to set down
a principle is sufficient, and only rarely did
he record the details of means to apply the
principle to his particular work. As a
young man he was no mean athlete—he
played handball with the best, was Wash-
ington’s champion fencer (crossed points
with the late President Theodore Roose-
velt), and was a strong swimmer.

He was a member of the Board of Direc-
tion as Director Fourth District, 1924
and 1925 and again 1932 and 1934; he was
elected \ ice-President 1926 and resigned
in shying from election to the Presidency.
Again he was Vice President, 1936 and
1937, and was elected President in 1938;
served as past president member of the
Board from 1939 to 1943.

Convention Hotel Reservations

Following is an announcement of rates
for room accommodations at Hotel Statler,
Buffalo, effective for those attending the
convention of the American Concrete In-
stitute February 18 to 21. Make your
reservations at once. It is well to ask for
a confirmation; it is important to identify
yourself with the American Concrete
Institute. Address: Mr. Theodore
Krueger, Manager, Hotel Statler, Buffalo
5, New York.

Unless requested otherwise, the hotel will hold
your reservation until 9 p.m. of the day of your

arrival. Give date arriving, and hour.

Room and Bath 3.30 4.95 6.05
for One \' 3.85 5.50 6.60
Per Day 4.40

Double-Bed Room ] 550 7.15 8.25

with Bath N 6.05 7.70 8.80

For Two—Per Day J 6.60

Twin-Bed Room 6.60 8.80 9.

with Bath 7.70  9.35 11.%%

For Two—Per Day J 8.25

Three Persons

in One Room 7.70 8.80 9.90

SUITE—Living Room,

Bed Room and Bath
For One—Per Day 12..50
For Two—Double Bed 14.70
—Twin Beds 16.00 19.00

If a room at the rate requested is unavailable, one
at the nearest available rate will be reserved.
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Sources of Equipment, Materials, and Services

/ A reference list of advertisers who participated in the Fourth J

V Annual Technical Progress Issue of the ACI JOURNAL /
the pages indicated will be found in the February 1945 issue \

\ and (when it is completed) in V. 41, ACI| Proceedings. Watch

/ for the 5th Annual Technical Progress Section in the February V

f 1946 JOURNAL. )
Concrete Products Plant Equipment page
Besser Manufacturing Co., 800 45th St., Alpena, Mich..........cccooooiii e 428
—Concrete products plant equipment, production
Stearns Manufacturing Co., Inc., Adrian, MiCh........cccciiiiiiiiii e 387

— Vibration and tamp type block machines, mixers and skip loaders

Construction Equipment

Baily Vibrator Co., 1526 Wood St., Philadelphia 2, Pa......c.cccccceeiviieeiivieciee e 407
—Concrete vibrators

Blaw-Knox Division of Blaw-Knox Co., Farmers Bank Bldg., Pittsburgh, Pa............. 394-5
— Truck mixer loading and bulk cement plants, road building equipment, buckets,
batching plants, steel forms

Butler Bin Co., WaUKESha, WiS...c.uoiiiiiiiiiieeie et e e e e e 421
—Central mix, ready-mix, bulk cement and batching plants, cement handling
equipment
Chain Belt Co. of Milwaukee, Milwaukee, Wis............cooiiiiiiiiiiiiiiiiiiiii e, 418-9

—Mixers, pavers, pumps

Electric Tamper & Equipment Co., Ludington, Mich.........cccoooiiiiiiinee, 410-11
— Concrete vibrators

Flexible Road Joint Machine Co., Warren, Ohio
— Pavement joint and joint installers

Fuller Co., CataSaUQUA, Pa.......iiiiit ittt e e e e e e e e e e ea e eeaens 377
— Unloading and conveying pulverized materials

Heltzel Steel Form & Iron Co., Warren, OhiO ....ccooeiuiiiiiiiiiiieeeee e 378-9
— Pavement expansion joint beams

Jaeger Machine Co., The, Columbus, OhiO ......cocoiuiiiiiiiiii e 392-3
— Concrete paving equipment

C. S. Johnson Co., The, Champaign, Hl.......cooiiiiiii e 429
—Mixing and batching plants, buckets, elevators

Kelley Electric Machine Co., 287 Hinman Ave., Buffalo 17, N. Y .....ccccooeiiiiinnne. 422-3
— Floor finishing equipment

Koehring Co., MIlWaUKeEE, WS ...t e e e e 380
—Tilting and non-tilting construction mixers

Mall Tool Co., 7703 So. Chicago Ave., Chicago 19, Il e, 427

— Concrete vibrators

Master Vibrator Co., Dayton 1, Ohio
— Concrete vibrators
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Ransome Machinery Co., DUNEIEN, N. J ...ccccoiiiiiiieeiiee et eieie e e e be e e 433
— Mixers— paving, truck
Viber Co., 726 So. Flower St., Burbank, Calif.........ccccccccciiiiiiiiiiiiiiiiiiiiiiiiie, 381

— Concrete vibrators

Contractors, Engineers and Special Services

Kalman Floor Co., Inc..110 E. 42nd St., New York 17, N. Y
— Floor finishing methods

Prepakt Concrete Co., The, and Intrusion-Prepakt, Inc., Union Commerce Bldg
Cleveland 14, O NI . et e e et e e e e e e e 397-400
— Pressure filled concrete

Raymond Concrete Pile Co., 140 Cedar St., New York 6, N. Y ..cccooeiviiiniiirniiennns 396
— Pile foundations

Roberts and Schaefer Co., 307 No. Michigan Ave., Chicago 1, Hl....ccccccoeiviirnennnnnns 426
—Thin shell concrete roofs

Scientific Concrete Service Corp., McLachlen Bldg., Washington, D. C.........cc........... 416
— Mix controls and records

Vacuum Concrete, Inc., 4210 Sansom St., Philadelphia 4, Pa.......cccccocuiuiiiiiinennnnnn.n. 409

— Suction control of water in the concrete

Materials and Accessories

Calcium Chloride Assn., The, 4145 Penobscot Bldg., Detroit 26, Mich..................... 420
— Calcium chloride

Concrete Masonry Products Co., 140 W. 65th St., Chicago, ill.......ccc.ccoeiiiiiiiinnnennnn. 385
— Non-shrink metallic aggregate

Dewey and Almy Chemical Co., Cambridge, Mass.........ccccuiiiiiiiiiiiiiiiiiicee s 412-5
— Air-entraining and plasticising agents

Horn Co., A. C., Long Island City 1, N. Y et 417
— Waterproofing

Hunt Process Co., 7012 Stanford Ave., Los Angeles 1, Calif........cccccoiiiiiiniiiiiinnnnnn. 425
— Curing compound

Inland Steel Co., The, 38 So. Dearborn St., Chicago 3, Hl...cc.cccoeuiiiiiiiiiiiiiiiiiciiieneens 384
— Reinforcing bars

Lone Star Cement Corp., 342 Madison Ave., N. Y . 382-3
— Portland cements

Master Builders Co., The, Cleveland, Ohio, Toronto, Ont...........ccceeviiiriiiinieenenenens 402-5
— Cement dispersing and air-entraining agents

Rail Steel Bar ASSOCIATION.....cuuiiiiiii e ee ettt et e e e e e e e e e e e e e eeeanneaees 386
— Reinforcement bars

Richmond Screw Anchor Co., Inc., 816 Liberty Ave., Brooklyn 8N. Y .......c.cco....... 408
— Form tying devices

Sika Chemical Corp., 37 Gregory Ave., Passaic, N. J ......cccoiiiiiiiiiiniiiiiieeeeeeeeaies 434-5
— Waterproofings, plasticizer, and densifier

United States Rubber Co., Rockefeller Center, New York 20, N.Y .ccoiiriiiiinnennnn. 401

— Form lining

Testing Equipment

American Machine &Metals, Inc., East Moline, Hl....ccoooiniiiiiieeeeee e 388
— Riehle hydraulic testing machines
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A C | publications in large current demand

ACI| Standards— 1945

148 pages, 6x9 reprinting ACI current standards: Building Regulations for Reinforced Con
crete (ACI 318-41), three recommended practices: Use of Metal Supports for Reinforcement
(AC1-319-42), Measuring, Mixing and Placing Concrete (ACIl 614-42), design of Concrete
Mixes (AC| 613-44), and two specifications: Concrete Pavements and Bases (AC| ol /-44; ana
Cast Stone (ACI| 704-44)—all between two covers, $1.50 per copy— to ACl Members, $1.UU.

Air Entrainment in Concrete (1944)

92 pages of reports of laboratory data and Reid experience including a 31-page paper by
H. F. Gonnerman, "Tests of Concretes Containing Air-entraining Portland Cements or Air-
entraining Materials Added to Batch at Mixer, and 61 pages of the contributions of 15 parti-
cipants in a 1944 ACI Convention Symposium, "Concretes Containing Air-entraining Agents,
reprinted (in special covers) from the ACI JOURNAL for June, 1944. $1.25 per copy, 75
cents to Members.

ACIl Manual of Concrete Inspection (July 1941)

This 140-page book (pocket size) is the work of ACI Committee 611, Inspection of Con-
crete. It sets up what good practice requires of concrete inspectors and a background of
information on the “why" of such good practice. Price $1.00—to ACI members 75 cents.

"The Joint Committee Report” (June 1940)

The Report of the Joint Committee on Standard Specifications for Concrete and Reinforced
Concrete submitting "Recommended Practice and Standard Specifications for Concrete and
Reinforced Concrete,” represents the ten-year work of the third Joint Committee, consisting
of affiliated committees of the American Concrete Institute, American Institute of Architects,
American Railway Engineering Association, American Society of Civil Engineers, American
Society for Testing Materials, Portland Cement Association. Published June 15, 1940, 140
pages. Price $1.50—to ACI members $1 00.

Reinforced Concrete Design Handbook (Dec. 1939)

This report of ACI Committee 317 is in increasing demand. From the Committee’s Fore-
word: "One of the important objectives of the committee has been to prepare tables covering
as large a range of unit stresses as may be met in general practice. A second and equally
important aim has been to reduce the design of members under combined bending and axial
load to the same simple form as is used in the solution of common flexural problems.” —132
pages, price $2.00— $1.00 to ACI| members.

Concrete Primer (Feb. 1928)

Prepared for ACI by F. R. McMillan, it had five separate printings by the Institute alone
(totalling nearly 70,000 copies). By special arrangement it has been translated and published
abroad in many different languages. It is still going strong. In the Foreword the author said
“This primer is an attempt to develop in simple terms the principles governing concrete mixtures
and to show how a knowledge of these principles and of the properties of cement can be aDnlied
to the production of permanent structures in concrete.” 46 pages, 25 cents (cheaper jn qUgntity)

For further information about ACI Membership and Publications (jncludin
presenting Synopsis of recent ACI| papers and reports) address- DarT,Phlets

AMERICAN CONCRETE INSTITUTE 742 New Center Building Detroit 2, »
9an
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Two M)S your

can grow

N the next few fears

uppose financial matters are con-

stantly on your mind.

Suppose you know that there’s prac-
tically no cash reserve between you and
trouble.

It would be surprising if your face
didn’t show it.

But suppose that you’re putting aside
part ofeverything you earn ... that those
dollars you save are busy earning extra
dollars for you . . . that you have a nest

egg and an emergency fund.

Naturally, your face will show that,
too.

There’s a simple and pretty accurate
way to tell which way your face is going
to go in the next few years:

If you are buying, regularly, and hold-
ing as many U. S. Savings Bonds as you
can, you needn’t worry.

Your face will be among the ones that
wear a smile.

Buyall the Bonds you can... keep all the Bondsyou buy!



THE AMERICAN CONCRETE INSTITUTE

is a non-profit, non-partisan organization of engineers, scientists,
builders, manufacturers and representatives of industries associated
in their technical interest with the field of concrete. The Institute
is dedicated to the public service. Its primary objective is to assist
its members and the engineering profession generally, by gathering
and disseminating information about the properties and applications
of concrete and reinforced concrete and their constituent materials.

For nearly four decades that primary objective has been achieved
by the combined membership effort. Individually and through
committees, and with the cooperation of many public and private
agencies, members have correlated the results of research, from both
field and laboratory, and of practices in design, construction and
manufacture.

The work of the Institute has become available to the engineering
profession in annual volumes of ACI Proceedings since 1905. Be-
ginning 1929 the Proceedings have first appeared periodically in
the Journal of the American Concrete Institute and in many separate
publications.  (Pamphlets presenting brief synopses of Journal
papers and reports of recent years, most of them available at nominal
prices in separate prints, are available for the asking.)

ACIl Construction-Practice Award

A year ago the American Concrete Institute announced the in-
auguration of the ACI Construction-Practice Award, to be given
for a paper of outstanding merit on concrete construction practice.
This award was established to honor the construction man — the man
whose resourcefulness comes in between the paper conception and
the solid fact of a completed structure.

The token of the award is to be a suitable Certificate of Award
accompanied by $300 (maturity value) of United States War Bonds
Series E. The object is the enrichment of the literature of concrete
construction practice. We await word from the Awards Committee
on the first year of this award. The second year is under way.

Y * X

Five cash awards for contributions to the Job Problems and Practice
pages September 1945 to June 1946 ore open to all comers.

For further particulars address Secretary American Concrete
Institute, New Center Building, Detroit 2, Mich.



