


Class Notes from Hardy Cross’s Last Course

Hardy Cross should need little introduction. He was born February 10, 1885 in Nansemaond, Virginia,
received B.A. and B.S. degrees from Hampden-Sydney College at the ages of 17 and 18, and taught
briefly at Norfolk Academy before receiving a B.S. in Civil Engineering from MIT in 2 years. Following
another short stint of teaching at Norfolk Academy and work with the Missouri and Pacific railroads, he
received an M.S. from Harvard. He then taught at Brown University for 7 years and worked
professionally in New York and Boston before joining the faculty at the University of Illinois in 1921. He
left lllinois for Yale in 1937 where he stayed until his retirement in 1953.

He authored many important technical papers on column analogy, moment distribution, network
theory, the civil engineering curriculum and the relation of analysis to structural design. He received
numerous awards, the most notable of which may be the Gold Medal of the Institution of Structural
Engineers of Great Britain. He was the first American and only the fifth recipient of the award in the first
50 years of the institute. Hardy Cross died in 1959.

| first saw these notes in 1980 when | began work with Robert A. Heller, PE in Westport, Connecticut. At
that time Bob’s practice was geotechnical engineering including the design of bulkheads and timber pile
foundations. In the early 1950’s many engineers felt that soils and foundation engineering was simply
another subject that a structural engineer should learn and practice. So Bob obtained two Master’s
degrees — one in structural engineering from Yale and one in soils and foundation from Princeton.
Within a few years of graduation he concluded that the fields were becoming too complicated for an
engineer to master both and he decided to focus on soils and foundation engineering.

Bob remained very proud of these notes. He told me that he typed and drafted his notes after each class
with the intention of some day publishing them as a book. Sadly, he passed away unexpectedly in 1995
before he could achieve his goal.

| wish to thank Professor Emeritus William J. Hall for his thoughtful review comments and
encouragement.

Lawrence F. Johnsen

Heller and Johnsen

Foot of Broad Street
Stratford, Connecticut 06615
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The purpose of this first meeting of graduvate students was tc
present a "broad picture"™ of civil engineering, and more precisely
structural engineering as it will be presented this year. This broad
picture should be kept in mind throughout the course. Reference
will often be made to it.

There are three obvious phases into which any civil engineering
project may be divided:

l. Planning
Consideration is given here to locating railread and
highway connections, to determining need and positioning of
bridges, buildings, and the like.

2. Building
This can be divided into three phases:
1. Design or layout
2+ Dimensions
. 3. Proper Structure

These will be discussed further below.

3. Operating
Self-explanatory

Number 1, above, Planning, cannot be considered a separate entity
but must be combined with 2 and 3 above. To plan one must know how
to operate, and what difficulties may arise in dimensioning, and so on.

As stated above, "Building" can be divided into three phases.

1. Design
In this phase the building is laid out or, if a bridge is con-
sidered, its length determined.

2. Dimensions
(The following refers to a bridge, but similar examples may
be used for building.) If a span is a certain length will
the pieces be too large?--can it be erected in a reasonable
time at a reasonable cost? These questions will be answered
in this phase, :

3. Proper Structure
This phase will determine if the building has satisfied the
following three conditions:
a. otrength and Stability
b. Stiffness
We know very little about this. We may be able to
estimate how much it will deflect but we do not know if
it is too much or not. This is an excellent research
problem.
c. catisfactoriness
Even though the other two points are satisfied, there
are many other considerations. For example, ceilings
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may crack, plastics and certain concrete have bad reputa-
tions and may deteriorate without warning some years after
the building has been constructed.

The following questions summarize the above:

1. What do you want?
The answer may be a bridge, or a bridge 1000 feet long,
or a bridge with three spans 1000 feet long.
2. Can you get it?
This answer requires the services of a structural
engineer.
3. Have you got it?
We will have it if we have carried dimensioning so far
so that we know it can be built with available labor and
material and if it is assured it is a "proper structure."

"Strength™ will be discussed separately now. This phase is not
over-emphasized but rather the other phases are under-emphasized.
Failure does not necessarily mean that the structure will fall down,
but, more likely, that it will break, bust, or crack. Determining
strength involves generally a computation of stress assuming that a
proportionality exists between stress and strain. Ideally, there-
fore, stress can be computed exactly. This is accomplished by mul-
tiplying strain by the ratio of stress to strain (E) and getting an
equivalent stress. However, it should be noted that when adding
strains, because the ratio E changes after the yield point is ‘
reached, it is possible for the sum 20 KSI and 30KSI to equal 35KSI,
However, if stresses are added 20KSI and 30KSI will equal 50KSI.

The reason for the above computation is to determine quickly
and easily if there is a possibility of failure, if the size of the
members are practicable, and if the structure can be laid out and
erected. These standard methods of analysis are probably not right
but, nevertheless, their purpose served by obtaining the scale (the
size of the forces, and of the members) quickly and easily.

These standard methods are written into codes which often become
laws or conditions in contracts. Codes serve to protect the public
and to reduce strife caused by competition between these standard
methods. OSince codes vary from one locale to another, ultimately it
is required that figures be put down that can be checked anywhere.
This is also protection against lawsuits and the like., It is good
practice to compute first, using standard methods and then to run
an analysis in the lab and measure the result. The two generally will
not agree. It may then pay to investigate the cause of the dis-
agreement, to go into more precise theory to find what is wrong.
Therefore, compute; measurej; and investigate conflicting results.

Other sources of evidence to compute strength will be discussed
Thursday.
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This lecture is a continuation of the lecture of September 23,
1952 in which a "broad picture" was presented. It is essential we
do not become bogged down in computations. As mentioned before,
there are three phases into which a project may be divided: Plan,
Build, and Operate. Using house building as an illustration, we
layout the house, build the house, and live in the house.

In each of these phases use caution so as not to offend the pub-
lie, '

Although the relative order of importance varies, the following
are the elements of building:

Construction
Appearance
Use
Structural
Economny

Appearance and-architecture may be used synonymously. The
structural element can be subdivided into:

1. Strength and stability
2. Stiffness
3. Struectural satisfactoriness

A stress and strain on a material may cause a failure. Evidence
is required to show how a stress and a strain will cause the failure.
The following are sources of evidence:

1. Analysis
Models, which are a mechanical means of making an analysis,
are often used. They do not, however, have the validity of
reality.

2. Experiments
. Laboratory
« Field

3. Experience
This as often includes information obtained from failures
as from successful ventures. However, after failure it is
difficult to get data. Experience acquired secondhand is as
reliable as the person or perons through whom the experience
is transmitted.

L. Commonsense
Although intuitive, it can be increased or suppressed.

5. Authority
Engineers (good ones!) do not follow blindly what they read.
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Analysis is the most common source of evidence because it is the
quickest and the easiest. Sometimes it is only necessary to figure
simple stresses and strains. However, experiments may take years.
There are two reasons for making analyses:

1. To quickly and easily obtain the scale.
It is important to know how big a member will be, how many
bars will be in a concrete beam...107...100??

2. Because it involves a common and routine procedure.
Bach field has their own particular custom. So, for ordinary
highway and railroad bridges, buildings, etc., standard
specifications are used.

There are three types of specifications:

1. Building codes
These are laws.

2. General Specifications
Special groups in most fields correlate available knowledge
and make specifications. These are not law but, nevertheless,
are usually adhered to very closely.

3. General Recommendations
This is a European custom coming about because there is no
separation between contractor and designer as there is in
this country.

Codes tell:

1., What loads or conditions to assume.
H-15 truck loadings and E-60 locomotive loadings do not really
occur, but are satisfactory assumptions.

2., What assumptions to make in analysis.
A usual one is the assumption that Hooke's law applies.

3. What stresses to permit for the above assumptions.
Assuming greater loads and higher permissible stresses will
produce the same result as small loads and smaller permissible
stresses.

L. What details are to be regulated.
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deadload, live load, deforma-

tion, parasitic, locked, and additional. The following explains these
stresses:

1.

2,

3.

be

5e

6.

a.)

Dead Loads

Live Loads

Deformation

This is not a standard term. This
stress will occur as a result of the
motion of an adjoining member.

Parasitic

. This is a common term. Something
preys on the structure causing
stresses without a useful contribu-
tion.

Locked

This is caused by an inequality
of internal stresses.

Additienal

(Self
(Superimposed

(static
Dynamic

Impact is used synonymously
(with dynamic

(Temperature change
(Settlement of supports

( This is the main objection
(to continuous structures.

(Unintentional

As a result of welding,
the yield point stress is
put in. Due to the differ-
{ence of thickness of the web
of a girder and its flange,
(the web will cool quicker
and cause a locked in stress.
In reinforced concrete, the
(concrete will shrink but the
(steel will not.

(Intentional

Stresses, opposite to
those expected are locked
into a member or structure
deliberately. This is called
often prestressing.

This is not a standard term. In most cases
these stresses are very small. The following

diagrams will illustrate this stress

®

Simple truss.
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b.) ¢
Y
[}
‘ Buckling of a column.
]
)
]
!
/
¢
c.) ‘ One set of forces tend to
g R straighten out the member while
"-- e --;? the other set tends to bend it.

We have outlined here in this lecture and in the preceding one a
broad picture of one phase of civil engineering. We should not, how-

ever, belittle the other phases. For example, consider water. Rivers

have undermined bridge abutments, wave action has destroyed concrete,
etc.
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As stated in the previous lectures, any project may be divided
into three phases: Planning, Building, and Operating. The same man
or organization will probably never do all these operations. However,
the engineer doing the planning must know how to build and how to
operate. He cannot help but be thrown into contact with all the
phases. :

2

Building may also be divided into three obvious phases as was
covered in the previous lectures: Design, Dimension, Construction.
Design here refers to the layout, or length of span, or type of truss,
etc. Design necessarily depends upon the kind of dimensions en-
countered., :

This lecture will be devoted to the second phase of building,
dimensioning. Dimensioning may in turn be divided into three phases:

l. Kind and approximate size of member to use.
As much duplication withgg& undue waste is a good rule. It
may be more economical tOsthe same size members throughout.

2+ Preliminary computations to see whether stresses are too high
or too low.
If the stress is too high, the question to ask is what is to
be done about it. There are a great many answers, but the
best one must be selected from them. If the stresses are too
low, the question arises as to whether advantage can be made
of it. If not it may not matter il you want the same size
member originally selected.

There are four essentials of approximate computations:

1. Obvious

2. Easy to learn
3. Basy to do

4. Hard to forget

Examples of approximate solutions will be shown below.
3. Final computations that someone else can duplicate.

These will be performed on the member that already has been
laid out and dimensioned. -

An outstanding characteristic of the engineer is that he tries
to get the scale as quickly as he can. He must know how big it is in
comparison. Scale! scalel scale! must be continually emphasiszed.

So, all sketches should be drawn to scale.

The following pages are examples of how preliminary computations
are made. This will show how to get approximate sizes, and how to
know at once the number of bars in concrete or the maximum stress in

the stesl.
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As an illustration, a cantilever beam, which is very uncommon,
will be used. The beam will have concentrated loads coming from a
floor system.

10K 1ive load
10K dead load

When the deflected beam is drawn, it cannot be drawn to scale
because the movements are very small.

F lm" live load
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Addition of
Dead Load and Live

Load

EERa / B A IR e,

-
{liMax. pos. moment -
liiMax. neg. moment ~

f 7 \Iﬁ ! il .._é..__._ | . o0
| :;_.,\\ & //_-.L..— I 7 1) PR i "ag%o

. Add up live load shears. Add up dead load shears. Add the two
together. Do the same thing for reactions. See appendixy pg..J.

The moments of a cantilever beam, such as was just computed, are
very different from that of a simply supported beam. However, the
reactions and shears will only be slightly different.

The following illustration will show how a completely continuous

beam is

1.

2.

3.
L

load of

The bﬁam in the -feitowins :'Ll:!.ustr-at,3'.01‘;';,l

guickly analized. The method is as follows:

Draw deflected structure.
The deflected structure is continuous.
There are no sharp breaks.

Draw moments for the deflections.

Curvature must agree with the moments. The bigger the moments,
the sharper the curvature. Therefore, moments follow from
deflected structure. :

Check moments by moment distribution.

If it does not check and your calculations are correct, there
is likely to be an error in judgement in drawing deflected
structure. With practice these errors will be minimized.
Therefore, the first thing to do is draw the deflected struc-
ture, and the last thing to do is draw the deflected structure.
In any case, you must be able to draw a deflected structure

at the end.

" Pﬁa & : A .

wkll have a uniform live
/TGy

1 */ft, and a uniform dead load of 2
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ye. Continuous beam with uniform live load of 1 K1P per Lt
o gnlform dead load of 2 Kips per fo.
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Continuous beam... bv moment distribution.
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DEFLECTED STRUCTURES

The first thing to do is to draw the deflected structure. It
may be necessary to break up the structure to make it less complicated.
After making all the necessary calculations, the last thing to do is
to draw a deflected structure. If the calculator cannot draw a de-
flected structure then he does not know what he is talking about.

Somet ime next spring we will get a problem in an exam that re-
quires only the drawing of a deflected structure for the solution.

When drawing a deflected structure, draw it as a cartoon, that is,
exaggerate the vertical scale. Caution: where it is necessary to
exaggerate in two or even three directions, be careful to know what
you are about.

The reason for drawing deflected structures is to get the gscale
quickly and easily. Forget about precision. If it is not apparent
how the structure is deflected, it is wise to draw the deflected
- Structure even incorrectly. The following illustration will uhﬁn

how to go ahoat_draw1ng a deflected structure. Ll

- TRIA L__J.

= PP : ' |
g Ll g L 3
| R e B e s o
\ | ‘ ‘ | ‘ |
} | s s st el 1
=t _,____T Rt C| | | | BENEE | o — | _i._J._“l_f,
i R T ot 41 {idy
. 1 i - T . B, . ’ B
i | | | | | |
. : T | | T
{ |

= The deflected structure 1nd10abes there is bendmng in eve?y- g
Yet, because of the location of the peints of inflection, or points
of zero moment or curvature, only zero bending moments can be drawn
in the unloaded span. This is an lmp0531b1e situation and, therefore,
the aolutian is na good, .

TT?HRL.Z

- _?_ __z‘

|

G

The Mlmmn dlagram shows that the curvature under the load
is much greater than the curvature at any other point on the beam.
The moment diagram, therefore, is not possible since the moment under
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the load should be greater than the moment at the support. The in-
flection point needs to be cleser to the support. The location of
the inflection points cannot be determined exactly by this method.
Curvature depends upon the depth ef the beam and the stiffness, etc.

| L] [ [,

[ e =L
H’k?t’“ |
N ——Lptsof flectio

The above diagram is not strictly accurate_%ﬁtiit is all right
for our purposes.

The following illustration shows how to tackle a concrete beam
problem.

Bemember that structures act in three dimensions. Assume columns
have no effect.

LOADS: Uniform Live Load = 1 KIP Per Ft.
Uniform Dead Load = 2 KIP Per Ft.
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Although knowledge of the end shears may be of value, the in-
termediate shears rarely are worth fussing about. At a later date
influence lines will be sketched and used.

How is the depth of beam obtained? The depth may be selected
by assuming it to be 1/20th or 1/18th as deep as it is long. On the
other hand, the depth may have been predetermined by making it fill
the space between the top of a window to the floor above. The car-
pentry or ease of fitting things together may dictate the depth of
the beam. Also, the depth may be chosen so as to make duplication
possible.

The width of beam may be selected by assuming it to be about one
half of the depth. Carpentry and duplication are important here, too.

The slab thickness was chosen before the beam was designed. It
may be four, six, eight inches. Four inches is usually too thin, and
likely to shatter if a heavy load is dropped on it.

The following formula will determine the number of bars needed.
M

Jd Ay Ts

Number of bars =

Big bars have an advantage over small bars in that fewer are needed.
However, the number of small bars can be selected so as to more nearly
approach the area desired. A compromise is usually required.

It is important to keep in mind the order in which the steel
will be put into the forms since it will have an effect on the loca-
tion of the center of gravity of the steel, and, therefore, on d. In
ordinary construction with most concrete it is not necessary to figure

Joe
It is good practice to always put in positive steel for continuity
as well as safety. Because of the relatively small cost of concrete,

it is not wise to fuss with varying the width of a concrete beam in
the hope of saving concrete. '

It is "complete nonsense" to compute the compressive strength
in concrete. Rather, it is wise to ask the [ollowing questions:

a; Is the concrete overstressed? 2

b) If it is understressed, can you take advantage of it? Since
the beam must be of the size selected so that the bgars will
fit and for other reasons, it is not likely advantage can be
made of it. :

¢) If it is overstressed, what can be done? Many things can be

done although not all of them are very good.

1. Make the beam deeper.

2. Make the beam wider.

3. Put in compression steel.

L. Extend tension steel. This is the most practical operation.
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Although there is seldom trouble with bond nowadays, the only
trouble will be if the stress is too high. Then, it will be necessary
to change the size of the bars and to have more of them.

Diagonal tensile stress is largely "monkey business." However,
there will be a tendency to crack on every 459 line starting from the
edge of the support towards the center. As suggested, this was veri-
fied in Dunham. There must be, therefore, enough vertical stirrups
to carry the total shear less the shear carried by the concrete. The
following illustration shows how the stirrups work. {“TTW

S+irrups o
7z 7
L

b !

=

Stirrups spaced farther apart than jd do not resist shear. The
mum stirrup size is 5/8" while the minimum is 3/8". 1/4" bars are too
flimsy, while 3/4" bars are too difficult to bend into shape. In-
clined stirrups cross the 45° crack so that their vertical componeht
will resist the shear.

In the illustration in this lecture, the action of the columns
were neglected. The deflected structure looks something like the

following illustration:

e e e et s

i g

#he above is what would happen.
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This lecture, and that of October 9, 1952 will continue with the
discussion of deflected structures. This is of the greatest possible
importance. The ability to draw deflected, and, later, deformed and
displaced structures must be acquired. These drawings give a picture.
From this picture it can be seen which side to put reinforcement. At
this time, the scale of moments can quickly and easily be determined.
Later, the same will be done for the scale of deflections.

As were listed before, there are six kinds of stresses: dead
load; live load; deformation; parasitic; locked; and additiomal. It
would rarely be worthwhile or time always be available to get exact
figures on all these stresses. Even if we did, they would most cer-
tainly be in error. However, by using a deflected structure diagram,
the scale can be obtained to see what effect these stresses will
have. If the stresses seem serious, then it may be necessary to have
exact computations. The question is not how big the stresses are, but
how to get rid of them. The answer is not necessarily to make the
structure stronger. The function of the structure is to support the
load.

The gravity loads include live loads and dead loads. Although
the loads may be concentrated loads, like locomotive wheel loads on
a bridge, an equivalent uniform load can be used. It must have the
same reactions and shears at the support and the same bending moment
at the center.

Later in this course, the concept of influence lines will be
introduced. When this phase is reached, the ability to draw deflected
diagrams is enormously valuable., This is true, also, when analyzing
parasitic stresses.

The following page illustrates a solution for a continuous con-
crete structure. The effect of the columns bending while the beam
bends was neglected. The effect of the columns will be discussed
later. Also, the concrete was of a constant depth. It is not neces-
sary that it be constant at all unless because of architectural re-
gquirements. An increase of depth would reduce the curvature, as the
following diagram illustrates, and, therefore, reduce the moment since
the bending moments are proportional to the curvature.

ler Degth~ More¢ Curvature Z by = ' S

e ___.n_tn-_._bcpﬂ;- Less Corvature ™ .
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The load on the structure consists of dead load and live load.
The dead load includes the self-imposed load, i.e., the weight ol the
beam, and the super-imposed load. When dealing with long-span bridges
and big structures, one method is used to reduce the self-imposed
load, and another to reduce the super-imposed load.

After the moments have been quickly determined as have been done
in the sample problem, the number of bars are calculated. The size
of the beam and the size of the bars should have already been determined.

STIRRUPS
Stirrups d¢ not stop cracks, which is a common misconception;

they stop the cracks from opening., The following diagram shows the
stirrups resisting the chunk of concrete which is tending to fall

out.
o L "*‘"”‘Q:':'.“."”w”f:'."m"“

It should be remembered that the stirrups must be tied at both ends.

The cracks are assumed to be in a 45° plane. Therefore, stirrups
theoretically should be placed at a maximum spacing of jd. By custom
or law, stirrups are placed somewhat closer, 3/4 d, 2/3 d, or 1/2 d.
However, because the beam has no respect for education, custom, or
law, ehe—epacks-are—not-at-—a 559 angle-or-+an, the cracks are not at
a 45° angle and even 1/2 d spacing may not be adequate.
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Only common sense will dictate where to place the stirrups. Here, as
in other phases of structural engineering, it is important to form a
clear visual picture of what is happening.

Phe methods of teaching in preparatory school have the student
doing the problem first and then looking at the answer in the back of
the book. On the other hand, in engineering it is far better practice
to find the answer if you can and then to do the problem. The illus-
tration in this lecture is an example of how to get an answer quickly.
If the results indicate a serious condition exists, or should calcu=-
lations which may be duplicated be required, the beam should be
checked by moment distributiom. If the moment distribution does not
check, there is either an error in calculations, the most likely
situation, or, an error in judgement. The results by the approximate
method of drawing deflected structures is as good or better than
results gotten any other way. However, because of the need of dupli-~
cating calculations, the Mexact™ figures usually must be put down.

COLUMNS

Up to this point the effect of columns has been neglected. This
has the same effect as assuming thecolumns to be infinitely flexural.
The moment diagrams for that case are drawn in the illustrative prob-
lem in this lecture. However, the same problem can be quickly solved
if the columns were infinitely stiff as will be shown. If you compare
the results if the column were infinitely stiff with the results if
the column were infinitely flexible you would be able to see if the
difference is major. You may then decide if you need to stiffen the
columns or, perhaps, to let them be more flexible. There is no way
known to estimate relative stiffmess, but there are methods to arrive
at a figure of relative stiffness that can be duplicated.

Is there justification in reducing moment by taking centerline
of column to draw deflected structure? Don't hang around too long
making a decisionli!

e ol
1

Haunches tend to increase the nanenﬁ of the centerline of the column
and reduce the moment at midspan. The moment is less at the edge of
the haunch than at the centerline of the column.
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The following example illustrates why tests results should not be
applied indiscriminately to actual structures.

TesT | [ A o
o May 0 Moment
Max 0 Max Shear
/. 3 i Tt a1
Max Moment
Mox May Shear

N
N
D
p__—

May Moment
flex Max May JShear
3 SN B it A O R P (5, o o e e | =y
| Mox Moment
Hod May Max Shear
i 5 A R Ede
Max’* M oment
May May Max
e [——hl _,]3 S RS L WS T IR i 1
Max = Moment
Max Max Max Shear

In {, 2,¢3 above the moximum moment arid
Mmayimum shear occur gt the same /oa,'né.
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DEFLECTION OF STRUCTURES

Although we need a guardian probably to help us with deflected
structures, we will not be able to pull out a professor like a pack

of cigarettes.

When columns deflect they will remain at right angles to the
girder if constructed in a proper manner. This is not always done
and should be given consideration. The following diagrams will illus-
trate the way columns must act and the way in which they would be

unstable.
- K r9ART wWrerq

T —,

ince +he earth resists +he movement of +he column, +he
"‘f-ea.'Hon of +he reaction 18 krrewnr.

L

Curvafyre must charge di rection

g.
l
|

i\

i
i eparn_@ |

i -}

{ 7 —» B8olancing famer ]
ZR#o Althowh it /s #nown that the
e 5 sff-uc fure /s not free #o pore
f : 4( Since the Slab or same:"/:i'nj will

keqp it there, we will gssvme i T
/5 fru +o move.
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Dse +o0 load H }

.1 Increase here

Dearcas€
here

—
ﬁ Increase here

EFFECTS OF STIFFNESS ;

& H

7 Columns and girder of samé relatsye

/ h stiffness.
SRR -z‘-{ Moments af & arxd C ore #he Somée .
' As for reactions, divide the load ezm”
The movement is also egual.

Moment= 4 x b, Hh

z7T %
| H !
1 ] Girder much sfifer than column. l |
=1/ |
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&irder more flex\ble Fhan colvmn

As girder becomes mare flexible.
relative fa the coflumn the
inflection points move vp
the colvmns uth| +he moment 1

IS Rero.
Fann e " e R
| A WA
:j Mdlﬂen.t . -
x|
Z
~ . H
, {lt é“;-; Grovnd weak, girder and
7 column equally stiff or
/] girder stifferthan colvrmn.
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/ ' "'/ G irder flexible, grovnd weale -
/é,/; ///} A flexible girder tends +o

move +he inflection poi nts up
wbi_lg the wealegravnd +ends
+°":,"H1¢ inflection points down. l
Resvlt: instablity - will fall
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If the girder is stiff it can be assumed although without
agsurance that the moment is distributed equally between the columns.

I77 77

Making line diagrams results in uncertainties. The full figure above
illustrates how the moment may vary because the outside edge would
start to bend first. It is fairly obvious that such lack of exact-
ness in our analysis is rarely worth worrying about. Other uncer-
tainties like the connection between the column and the girder, etc.,
are usually of no concern. However, the scale of these will show

if these complications may be serious.

revity
Wind _,)T s L 3 :
|

The problem illustrated here is
impossible. Wind and maximum
gravity will not occur at precisely
L the same time., It is important to

' establish the origin of loads. In-
= 7 vestigation may disclose the ad-
visability of increasing the working
stress by 1/3 or even 50% when combining the effects of wind and gravity
loads. In the tropics where wind storms occur often and wind pressures
are intense, this may not be advisable.

1
1
i

i

RN
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There is a great deal more uncertainty in center moments than
in end moments. We must decide if it is worth bothering with. Most

likely it is.

It is important to note that a great deal of information is
being obtained very rapidly by drawing these figures. At a later
time it may be suggested that figures be put down that can be dupli-
cated based on certain assumptions that these approximate methods may

advise.

What appears in codes is not always right. For example, the
vdues in ACl codes for haunches are not right. The sections they
are based on rectangular. They are in error two ways:

VL i
e Sy st SR ETER L e
: ‘ e Cj_ad | ; I

. Therefore, although tables are apparently preeise they really are not.
It is obvious that a judgement must be based om a quick method to
decide if it is worthwhile to consider the discrepancies above.
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N

Comparison of stiff and flexible
beams give a clear idea of
effects. The effect of stiffen-
ing the member may be very slight
as 1s illustrated in 4. The
changes in end shear is not
very great. This calls for
judgement to decide if it is
worthwhile to consider in
analyzing a problem. Physical
data is never under control in
our field or in others. The E
of concrete may vary 30 percent
or more over the length of a
baamo

RN

Deflected beam of 4 similar to
3 above.

The moment this end exactly one
half the’other end.

The above diagrams lead to moment distribution and carry over factors.
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It is not advisable to make long spans continuous with short
spans. The reactions of the center span is increased drastically
while the reactions of the outside columns are reduced or even reversed.
It has the effect of a crow bar.

UPLIET
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There are two purposes of analysis. This will be a repetition
of what has been said many times in many other lectures,

l. To get the scale of the structure.

We will see if the structure is satisfactory, if the elements
of strength and stability, and stiffness are met. To obtain
the scale the loads and working stress must be more or less
assumed. These assumptions are made on some basis or evidence
which will be looked into later. When the scale is obtained, it
will be shown if there is danger of a column crushing or a girder
fracturing, etc. The classic question of the "practical man® is
how does the structure? It will act differently on wet days
than on dry days, after it has been cracked than before cracking,
when the structure is new than when it is old, etc., etc. Don't
ask how does it act, but under certain conditions what happense.

2. For psychological reasons.

a.) Figures can be put down here today that can be duplicated
a month from now in Los Angeles by a different person. -
Difference will occur because of a corresponding differ-
ence in "the rules of the game™ between here and there.

b.) The desire we all have for a "scientific,"™ "precise®
procedure makes exact computation seem important. We like
to take out of our pocket a professor and squeeze him and
"poof" we can put down exacti??! figures. These may,
however, give some light to a problem.

In the above problem the action of the column can vary the moment
diagram. Further, slabs and other contingencies will alter the
position of the points of inflection. Of course, it may be very
small, but it may be necessary to satisfy "some old lady of either
sex." A systematic procedure can be developed which will give the
old lady figures to twenty decimal places.
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To obtain "exact®™ figures three
things must be known:

l. Fixed End Moment - FEM
How to find FEM another matter.

2. Carry-Over Factor - C.@.F.
Moment produced at end of
beam that cannot rotate by a
rotation qi the other end.

3. Stiffness, S
What is the ratio of positive
and negative moments, or how
much is distributed over
supports? If one end is fixed
how much moment is needed to
bend the other end?

Stifness o M/4

% is +he momendt
per wwit retation.

FIXED END MOMENTS

If it is assumed that the beam is of uniform thickness, a constant
section, throughout its length (it gay very likely not bel) the fixed

end moment with a uniform load is 13 WL,

The following diagram will illustrate the fixed end moments under
similar conditions but with a single concentrated load.

f - 17 Y For more than one load work each
Ff B S B m g load out separately and add them
il } { i 5]
/ {4 brn pe /7 2 3

%%44*&*

Total

!

@~
h’ﬁ.

7;;01
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STIFFNESS
Stiffness = A4EIL

Beam rotated
a unit angle.

CARRY-OVER FACTOR
C.0.F. = 1/2

If we assume the following things:

1. The joints do not move.
If they do an allowance can be made for them.

2. The members are of constant section.
3. We can compute I.
L. That the carry-over factor is 1/2.

. And we have evidence to support everything else.
The illustration on page 2 can be solved.
,f Pesso & L=1/&

FEM =/00

/00

30
J [ 4 P

Jo 60 ¢o
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| g, i ifﬂo The distribution should
5 S i o be continued until the
oy § ~ - precision that is required
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There are two conventions, the structural engineer®s convention
and the mechanics' method. In the structural engineer's method,
negative is » and positive is o« This is particularly messy
with columns. With the mechanics' method, positive tends to rotate
the joint clockwise, negative tends to rotate the joint counter-clock-
wise.

Structural Engineerts Method Mechanics ' Method
P e P - T
- - -+
~:_ —— *T“‘_r“ Structural Engineer’s
|+ + Mechanics’
e .
| i EA \\T\“;, with +he mechanics’

2 u,ﬁ“(

method Moment diagrams
cCavge eh'ffir.ul'l'r.
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If a problem is complicated, use the mechanics' convention. A
joint is balanced when the total moment is zero (£ and -)

ROUTINE:

1. Find the F.E.M.

2. Balance all the joints.

3. Carry;over.

Lo Balance all the joints.

5. Carry;over, etc.

There are three possibilities for mistakes:

1. Forget something
F.,E.M., C.O.F.

2. Decimals wrong
Omit a zero

3, Signs

+‘°°§ Both sides go the same way.
- 200

—is0ti50
-s'oi- Y il 33" T
A2 @ | 4 g
pa iy
Bl — ~~ ~
-EMQ‘ - f00|=20(C 200
| “;/337" 66 O e 180|120 s
T17 i B et OO 8 s - +60
..;'3 +;}f —f fll.':‘,m .-/;; =
& M P a B B T [
|7 =7 =15 +-7
=314 e 10 =3 4
TR =i e B il A . ™4
.—-2 +—5 e
e T
e [~ | "M
T S .--, PRy B
lli.‘_ /5= 3 /$217/41

A correction can be made if the joints move.
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, ~ MOMENT DISTRIBUTION
l. Write moments that exist if the joints could not rotate.
2. Distribute at each joint one by one the unbalanced moment
to the members connecting to that joint in proportion to their
stiffness. i
3. Carry-over one half.
L. Repeat, again and again.

5. Add up the moments.

- Distrrbvt-e tArce Lo
AW Ll
e ~ Jrj - |
s 00 e j
_.‘-m*] =
| 7777

SRR

In doing the above problem we assume the joints do not move.
They move but is it of a serious nature. Get the scale. Probably
only one partin a million.

' 4{ T Inelvqe forsienas s;‘,ﬂc’

4 o ey o

hn S
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The following problem is practically never worth working. How-
ever, it is worthwhile to know how to work it and to have a reason
why it is not worth working. Notice how the figures are kept. It
is a matter of good bookkeeping. o

Assume equal stiffness of all members.

&
=
[

. 7 | 4 2
=,  apitse . 4
— # > l\___ B
| | -
AT B

There are short cuts which will be commented upon later.

Generally speaking, problems such as these will not be worked
out every day. If we are engaged in work that requires much of this,
we still, probably, will not be called upon to do moment distribution
more than once or twice a week. Since we are going to use them but
not often moment distribution must satisfy the criteria that it be
easy to learn and hard to forget. However, we should be able by
deflected structures or some approximate method to know the answer
before the calculations are started. In this manner many errors
will be avoided or can be corrected when discovered.
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First, we will briefly summarize what was said in the last lec-
ture. We did not talk then about what would happen if the joints
move. We knew that they did move, and we saw what happened when they
did not move. Undoubtedly, the matter would be greatly complicated .
if the effects of lateral loads were analyzed. Assuming the joints
do not move, the moments were found that would exist at the ends of
the member if the ends were not free to rotate. These are fixed end
moments (F.E.M.). How to get them will be discussed later. Next,
the unbalanced moment at that joint is distributed successively to
the joint on each member, if the members are continuous, that frames
into the joimt in proportion to how hard the member resists rotation
if one end is fixed. A fraction of the moment is carried over to the
end that is not free to rotate. This is repeated over and over again
until the "precision" satisfies you, the design, or "some old lady".

What we are after is a structure, not an analysis. If our in-
terest is reinforced concrete, then where the most bars are needed,
and how many bars will we need is what we are after. It can be, as
far as the concrete is concerned, a matter of looking and seeing if
the stresses in the concrete are exceeded or not. If they are then
how to get out of trouble is the next problem. It may be better not
to build out of concrete but with another material, or, perhaps,
better not to build at all. The purpose of this method is to see
all the stresses by which the structure may be proportioned all in
one picture.

In using F.E.M. it is customary to assume certain things. Pri-
marily, that the beam is at constant cross-section. Further, that
the point of rotation is kmown. Diagram (1) shows this: diagram
(2) where it is unknown. This is not of immediate concern.

H i

T et s A A YA S5

20
i v TR AR N MRS S 1 B,

L S R % L '

(1) (2)
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Theorem will be derived later

Effect of Havnching

. I
I%? . I" y/ | Ha ¢ I vories os the
ol 0 P AN 0 t cobe of the depth
Sl oead ||




L-8 of 3
Prof. Cross
Oct . 16, 1952

The following problems should be attempted to see the effect
stiffness has on the maximum moment.

W) 7 @ @
M R L G R W N N @ 74e curre of
R _ . et rmuin modmen
3 e | | @ | @ | | \mot very differcnl
a / p—— / #w 3"
£ o i L R0 (r0 4. mich more.
|
40 | @0 | (10
g @ @ @ @| 7he effect on
+£he Colmmn 1S
much qreater
| | #han the effect
(/6 9| | | | | (m | | | on!thegirdem
6)’ f@ *’:@ @ /o
@ @ | @ |
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There is not much tendency for joint to move if loaded on both
It will not make much difference if the last span is loaded,

Spans.
too., A quick approximation is that it is near fixed ended.

400
el T e
f——a—

2%
{2 (2

Moment will vary I’A?/e
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INFLUENCE LINES

Now we will enter a new phase. Influence lines are an artifi-
cial idea. They tell, if drawn to scale, when to load for maximum.
Although this can be scaled off, Prof. Cross does not favor this
practice. Nevertheless, it shows other things very quickly, particu-
larly when several influence lines are compared, the effects of cer-
tain variations between members or beams can be observed.

It has been proven that if a model is made of a structure and it
is assumed the deformation is proportional to the stress then an in-
fluence line can be drawn. However, while "some Yankee™ said let's
make a model of bakelite or some other material and deform it, we
will make only a mental model. An influence line can be drawn for
any stress effect, bending moment, shear, reactions. In the structure
the deformation will be unity. This is an entirely artificial concept.

"The principle may be summarized with a general statement. If
any stress function of an indeterminate structure--reaction, thrust,
tension, bending moment, shear, fibre stress, (for an assumed posi-
tion of the neutral axis) produce freely and alone a unit corresponding
displacement, the structure remaining otherwise as before, then the
displacements of the deflected structure are, to scale, ordinates
for loads in the direction of these displacements, of one influence
line for the stress function. Rotations either across or around the
axis of the structure (change of slope or torsional rotation) at
various points represent ordinates to influence lines for moments or
torques applied at these points.

"That is any stress function whatever in any structure, whether
simple or complex, will draw to some scale, its own influence lines,
this being the deflected load line due to a unit distortion corres-
ponding to this stress function."
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First, the influence line for a beam with a fixed end moment
and constant cross-section is drawn as follows. At the point on the
beam for which the influence line is desired break the beam, put in
a hinge, and put a unit rotation at the hinge.

Influence Line of Moments

There are three ways to get the scale. No one way is good all
the time, so it may be necessary to combine some or all of the three.

l. Produce a unit angle.

The moment at P due to a 1#

load at the center of the span
is the influence ordinate at

the point the 1# load is applied.

arEn= L4

{2
AVGP&?‘ ordirnate = -7’*,',

L
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INFLUENCE LINES
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DEFLECTED STRUCTURE

i

INFLUENCE LINE FOR MOMENT @ A.

- Positive moment
i | "’-“ T ‘
l i m\"*!' i I
¢ 1 A E e R —— 1
INFLUENCE LINE FOR MOMENT @ B. :
LA | S 5 |
T i BE
z 8 | 'é‘fﬁ ﬁ‘ t’é
Ve

Negative moment

INFLUENCE LINE FOR MOMENT @ C.
P i

! yi

|

7o AR " g? i "
o o O S (R : ' Zero moment

C is the fixed point
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To obtain a maximum at the support either load the whole span
or none of it. The same thing is true in the middle span but nowhere
else.

Although it is a matter of no importance, the fixed point of the
span which is about the 2/10 point of the span should be recognized.
The "maximum, absolute, theoretical®™ is slightly greater if the span
is not fully loaded.

Even though it is artifieial, the concept of influence lines is
extremely useful. It will be used a great deal as a short cut. It
is, as in most other cases, more easily done by breaking into simple
steps. How to load may be seen by drawing either deflected structures
or drawing influence lines. It is not too common to compute maximum
loads from influence lines.

Later lectures will further instruct how to draw and interpret
influence lines.
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The preceding lecture was concerned with influence lines. How-
ever, the discussion was premature because much of it should have been
introduced in a lecture with Prof. Looney first.

"Research" is highly recommended for us. We should do intense
experimenting with many structures trying to draw deflected structures
and check by moment distribution. When this is first undertaken, com-
parisons may not be close, but after some practice the quick method
will give the same results as moment distribution. This is not an ar-
gument against so-called "exact™ analysis but, as has been emphasized
often, the scale is what is wanted, and quickly. Once you have the
structure it can be analyzed, then, hire a "routine man." He does not
have to think since he uses standard assumptions or regulations.

Our job while at Yale is to get to the point where we can form
our own judgement. There are a great many things that progress in
structural engineering will create, thinner floors, longer spans, etcC.
This progress will be attained by dreaming up what is wanted, and
seeing how to get these things. The main objective of analysis is
not primarily economy of material, a little less steel or concrete.
Nevertheless, it is a powerful sales argument. The agencies of the
various industries, P.C.A., U.S.S., etc. are concerned with selling
steel or concrete. A competitive system is excellent, but an engineer
should remember he is representing a client who is entitled to
impartial judgement.

By experimenting, it will be found out quickly what trouble will
be gotten into with ordinary concrete frames. The same answer will be
attained by drawing either a deflected structure or by any other method
because they are based on three assumptions:

l. The statics must balance.

2. There is continuity so the deformations must be consistent.

3, There is a relationship between the curvature (rate of rota-
tion or 2nd differential) and the moments.

We are not concerned with what rotation is produced by a moment,
but what is the variation if there is a change of moments. In the
plastic state, the relationship between curvature and moment is not
proportional and must be found.

In the preceding lecture are certain constants for loadings in
the case where the flexibility is constant throughout the beam. The
stiffness is 4EI/L. Although E is considered constant in most books,
it is not at all constant in the structure., The carry-over factor
equals 1/2.
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This problem has many variations. The depth of haunch relative
to the depth of beam, and the length of haunch relative to the length
of beam on both sides can be varied. There are a limitless amount of
answers possible. There are numerous tabulations eof these constants
which are largely worthless. Since all the tabulations assume rectangu-
lar section anyway, they are not at all precise as they appear to be.
Some of these constants can be estimated as accurately by influence
lines. However, they are not duplicable.

i

, / e \\\L

NoNaNa

o
.

|

|

| |
J i
A

NN



L-9 of 3
Prof. Cross
Oct. 21, 1952

)
z

=..t.,_ﬁg/ — Point Ti/.iﬂf/ecai'iom

TNFLUENCE LINE

Y

From the influence line,
F,E.M. and carry-over Fac-
tors can be obtained.

Experimenting in moment distribution, it can be seen that it does mdt
matter if the carry-over factor is not 1/2 but 0.4 or 0.6, but it will
make a large difference if the carry-over factor is 0.9.

Assvme this part The influence ordinstes
of beam will not and carry-over factors due
curve. to haunching can be com-
, A, pared with those obtained
T e e !‘ if the beam were of the
: ; -h-‘; same cross-section through-
~ cut.




L-9 of 4
Prof. Cross
Oct. 21, 1952

Hinge in the Middle.

— Uniform Section

— tHaunched Beamn

Since the angle changes are the
same the moment areas are the
same. However, it takes a greater
moment to produce the angle
change in the haunched beam.

If the moments are the same,
the moment area of the haunched
beam is smaller than the moment
area of the uniform beam.
Stiffness e qg— . The rotation
and stiffness” are greater in a
uniform beam than in a haunched
beam,
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By the method described a good estimate of relative stiffness
can be had. Research will indicate it does not make a difference how
stiff thecolumns are to the girder, but it makes a large difference to
the column how stiff the girder is. Much published research is poor
because experimenters are in the habit of assuming a straight line
where there is none.

Y

7
e

/ PG g

-

x
o
|

There is a danger of extrapolating data beyond the range of the experi-
ment. ‘ : ‘

In summary, make some estimate of the relative stiffness of beams
and columns by drawing deflected structures, or by the concept of in-
fluence lines.

The next question to be answered is how much steel is going to
be needed and where should it be put. Almost all concrete books
emphasize that the stresses in concrete are found. It is not neces-
sary to find the stresses in concrete. We want to know if the stresses
are too high, and if so what to do about it, or, if too low, can ad=-
vantage be made of it. It does not matter one bit should the stress
be too low if no advantage can be made of it. Later, to satisfy the
nold lady" (boss, building commissioner, etc.,) figures must be put down.

There are three questions to be answered:
A, Compression in concrete -- fc
B. Tendency of bar to slip in concrete (Bond Stress). -- u

C. Maximum shear -- fv
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COMPRESSION IN CONCRETE

Invariably, the question of compression in concrete is only of
interest when there are negative moments.

coloo _/—6}")5/0)’? -

! | | Co mpresis s W)
20,000
ooleet ¢ [ L T ‘;5_{/6,:)@@__"
el A
3 il I
’EfiJJ L
_f {/aoo
fh—ﬁ% e e 2.0 C
! 2 HIII.li ‘ IL;oo
Strai fs by definition
rain = : i
¢ ’
Eg = 30 million psi approximately
: 3 fe
Strain = The ratio of stress to strain of concrete is not
E¢ known. It will vary with the intensity of stress,

with the duration of stress, and with the age of the
concrete. Figure the strains as though they were
linear across the section.

Multiply both straimns by Eg

fs

x E =
8 S
Es
; - Es
id x Eg == fc — - fecn
Ec E¢

Some sources say fcn = 12000 psi.

Tin steel = fs As

Cip concrete = 1/2-fcebkd = (in the above case) 1/2:1000+b. 3/8 d

IfFT = 1504 C = 100 IfT = 150 & C = 200
Overstressed Understressed
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There is little advantage to balancing C & T. If steel were in-
expensive and concrete expensive, it would be a great saving to use
steel and conserve on concrete. So, relative cost is a great factor.
A criterian can be set up for under and over stress.

When '
T = f3 A8 =2 B = 172 K Acfe,
we will have balanced reinforcement.
Therefore,
48 = 1/2 R fec fc and fs are given,K is known
Ac fs from simple proportioning

Let Pc be the critical ratio
. which will be called a critical
.percentage.

Then

k-3

= 88 & Pc = fe
Pc e 1/2 K =
Pe will be about 1-1/4 or 1-1/2 or maybe 1-3/4. If the percen-
tage is higher than the concrete is overstressed.

WHAT TO DO IF CONCRETE IS OVERSTRESSED

1. Make the beam wider.
Since the bars have already been properly spaced, and the
cover is just enmough so that the bars will not corrode {cover
depends on conditions of exposure), it does not appear proper
to make the beam wider.

2. Make the beam deeper.
Although less steel would be required, since the depth of
beam may have been selected for reasons of architecture, it
may not be advisable to alter the depth of beam.

3, Put bars in compression.

+—0a-0-0-

ol 0 Compressigr
Steel  —————t 1

SFrass frﬁ‘COnnpreSSi0r><5+@eJ = //2 éZé = /é' Of-eress
: ol Helosh s $ Feal |
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Most regulations are inconsistent and forget about proportioning and

just pick a value for compression steel.

The compression in concrete plus the compression in compressive
steel equals the tension in tensile steel, or:

Coome = Toteel ~ Csteel
T L) CS = Cc

If Cg = 10,000 then G5 - 4/,

T

and Ag - 1/2 Asl
A

£
2 P,
C

AS = area tension steel

Asl ® area compression steel

re
This method is very good, but, since therg.bars top and bottom,
it is not necessary to add new bars, just to extend the bars so that
they run through and anchor on the other side. Then, the question is
resolved to whether running the bars through is enough. It usually is.

BOND

This was first written up at the turn of the century by Talbert

in the Western Society of Engineers Journal.

The bond formula, one of our "sacred cows":

u:mL_—
2 ojd
Let n = number of bars

v 2 ojd-u

Vmax = 9P D.n.j-d-u

M capacity = Asfsjd = ¥ D x % x nfsid
a T™D:n+j+d-u
M capacity = EE . D ). fs

is about 25 or 30.
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With equal spans and uniform load
M = 1/12WL & V = 1/2.W

so that $ = 1/60.

and 30D = 1/62 or D < 1/6 1
, 30
1

< o

With 1" bars a span of 15 feet or less would be necessary for bond to
be critical. Generally, it is not necessary to worry about bond in
other than very short spans. Just look at structure and make a mental
computation to see if there is trouble. If there is use smaller bars
and more of them.

However, we do not have an allowable value for bond. About all
that can be done is to make some beams and find out when the bars slip.
Then, set up some criterian of danger. Put loads on the beam and place
values in a formula. OSuppose there are two formulas, A, and B.

A. B.
gt im N n = 2

o ~ 5
Assume u is found by formula A Assume u is found by formula
to be 200 psi B to be 400 psi
In our real structure we know In our real structure
V and compute by formula A. u to we know V and compute by
be 100 psi formula B.u to be 200 psi

It is obvious that it does not make any difference if the wrong
formula is employed since the same material will be used regardless.
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Today the discussion of proportioning of concrete will be con-
tinued. We will use only orthodox methods that are presented in texts
and used by industry today. The orthodox method is a little bit absurd,
but it does not matter as will be seen later.

If we worked out the formula for bond stress and found it to be,
v = V it would not be worth five cents unless an engineer can
$ ojd
determine héw much bond stress is allowable. Bond cannot be measured.
Therefore, a criterion must be selected that will show when the limiting
value of shear is reached. Then, substitute in formula w = _V__ , :

Obtain w and divide by a factor of safety. Imagine the ans%%gj%o be
200. Then, assuming formula u = V is not right, but u = 2V

Z ojd $ oid
is right, make the same test and substitute into the new formula and

divide by the same factor of safety. Then, u will be 400 if it were
200 the first time. ,

Since the same formula as was used to compute the allowable stress
will be used in the real structure, the amount of material used will
be the same regardless if the right or the wrong formula is used.

In computing concrete stress we will stick exactly to textbooks
or the existing theories of computing stress. This is a repetition of
what was said in the last lecture. Knowing allowable steel stress,
knowing allowable concrete stress, and knowing the ratio of steel to
concrete, a critical percentage can be set up for steel.

The following diagram shows the effect of adding steel:
Effect of

— T odding stee). {4

w_,_ér ~{”“§;_“
7/

nfe

fo revise a building code costs a great deal of money. It involves
having a large commission to revise the code, advertising in newspapers,
public hearings and the. That is why the New Haven code has not been
revised for thirty or more years. Under this code fs = 16,000 psi,
n = 15 and fc = 600. Therefore, nfc = 9000

and T = 16000 As
c = 600 x
> | %5 bd
Ae 160

The critical percentage is very low.
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A new ratio must be found if compressive reinforcement is used.
0ld codes do their figuring according to the theory of proportionality:

Stress in compressive steel = i% x 16000 = 7000.

codes a fixed stress is specified, of 12,000, or 14,000.

tension 7 A compression
: o T A o
A
e
With A, = bd
& Pe = 000075
BOND
2
R = number of bars Ay = & ki
= fs ] AS . ,j'd
V =u 2 ojd
' 2
" = D
Dl T tes el P e
= B T

un.Tr-D-jd

fs D must be greater than My 4o we
o in trevble in bond.

Taking a simple case

M /12wl & v= 1/12 W

4= u

v

In later

so that M is primarily a variation in span length.



L-10 of 3
Prof. Cross
Oct. 23, 1952

There may be trouble with bond where the ratio of bar size to

length gets large, i.e., only in short spans.
if the moment is small and the shear large.
With a uniform load on a cantilever

short use more and smaller bars.

beam and 1 the length of the beam,
M = 1/2QwW
M
o Ol R T
K=t

There will be trouble
Therefore, if the beam is

then
&

v W

There is, therefore, more likelihood of failure with a cantilever

beam.
a good idea to use many small bars.
bars.

Bond is of importance also in spread footings where it is not

The alternative is to anchor the

COMPRESSIVE STRENGTH IN CONCRETE

Let n number of bars in a row.
N = number of rows.
Nl = number of rows not "balanced" by compressive reinforcement.
e n = kL Assume
6000 N = 1 20,000 in tension and
o & " Nl = 3/4 10,000 in compression
i nNt = 3 so that 1 bar on the
| ‘ bottom equals 1/2 bars
! on top.
o o
0006 © -
°o0 n < 4
SRy &3 - N = 11/2
| o= 11/
E an: 5
L.
%m_ﬁ; L = rr p?
& | As L&A, = orpd
' N
Al _ onk TT p? N
BTN R
b~ TEal T™T n Dd
Asl
< R

Trouble can be expected when
the diameter of the bars is small,
be trouble if there is a large N%,

the ratio of the depth of beam to
unless b2>Tno Also, there will
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SUMMARY

1. Look for trouble in bond where the shear is high compared to the
bending moment. This usuvally means short beams or cantilevers.

2. Look for trouble in compression in concrete on short spans with
shallow beams.

We should learn how to proportion a structure and foresee what
trouble is expected and know how to get out of trouble. Later we can
put down calculations so as to satisfy "granma®. Before analyzing
a structure, it must be obtained first. The span, load, reinforce-
ment, and width must be decided upon first by someone before the com-
pressive strength is computed. Also, someone had to select an allowable
compressive stress, too. ‘

SHEAR OR DIAGONAL TENSION

Sometimes specifications say in a long-winded way what can be
said very quickly. Both ways will arrive at the same answer, but since
the long~winded way has been used for many years it would cause too
much confusionif the wording were changed.

In most American codes shear and stirrups are handled in a round-

about waye. V%gx shall be limited. If 1/3 the maximum shear that the
3

concrete can resist is not exceeded, stirrups are not required. If
this 1limit is exceeded but the maximum is not, i.e., it lies between
the two limits, stirrups are required, but the amount of shear the con-
crete can resist is deducted and the stirrups resists the remainder.
However, the allowable stress in the stirrups is reduced.

In Britain, more sensibly, if the shear the concrete can resist
"as above is exceeded, stirrups must be used, but if they are used they
must resist all the shear. However, the same stress as in the main
reinforcement is used in the stirrups.

S e e — S—

4,
A

' i,
1 \‘Y‘
tj | SRS S L e i (] T PO T 2 // e e

| _//

Every 45 degree crack must have enough stirrups to take residual
stress. In inclined bars, stirrups must take vertical components.

M = fg Ag.jd

a = any distance along beam
v} = shear not carried by concrete.

vha =0 fv. Avjid.
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The "grandmas"™ in engineering.are the many organizations and
individuals which establish many rules and customs for engineers to
follow. These include the following and many more:

Local building codes :
fﬁgggifications and recommendations of the Bureau of Public Roads
o AASHO
fJoint Committee
ASCE
ATA
ACI
ASTM & Others
Employer
Architect
To make up something like the ACI building code, several men,
representatives of the different phases of the reinforced concrete
industry, meet and contribute towards the making of a code. These men
include contractors who are not theorists but know what can be built,
manufacturers of reinforcing bars, gravel and stone interests, and
manufacturers of cement. Should one of these introduce a new clause
it may very well seriously affect another. The chances are it will be
successfully opposed but it may slip by if someone sleeps and so put
some group out of business. These codes cannot be analyzed on a
blackboard.

Engineers build things even if they know nothing about it. Occa-
sionally something falls down and a law suit follows.This is usually
when rules get changed.

Back before the First World War they were building reinforced
concrete without knowing what they were doing. Steel tonage varied
100 percent. Engineers in competitive bidding can say they can build
a project with half as much steel. We could do it too and invent
stuff to justify it. Fortunately, in our country the engineer and the
contractor are separate which is not so in European countries; to
cougteract this dangerous competition the Joint Committee met about
1906.

During the First World War someone got the idea of building ships
out of concrete. In Norway where steel was difficult to obtain these
boats were successful, and they were not an utter failure here. Be-
cause of this, a high-powered government sponsored research lab was set
up at Lehigh. If the current regulations wé¥8 used, the boat would
probably sink. So, much higher allowable stresses were permitted.
After the war a second Joint Committee met and issued a relatively poor
report. About the same time Frank McMullen, who has been associated
with Turner Construction Co., University of Minnesota, and the Portland
Cement Association, made studies of concrete and recognized that con-
crete shrinks as it sets. He noticed that if a load is applied to
concrete and the deformation at the end of one year is one inch, then
at the end of two years it may be three inches. This is a time-yield
effect. Also, he saw that if a one pound load causes a deformation of
one inch it did not follow that a two pound load results in two inch
deformation. In concrete, therefore, there is yield due to plasticity,
a time-yield effect, and, to further complicate the matter, shrinkage.
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While the modulus of elasticity of steel, E_, can be found with
a reasonable amount of certainty, it is complete®nonsense to believe

there is an E; and, therefore, an n. In the old specifications
columns were handled in this manner.

P"—'{aﬂg ‘f‘M}ceﬁs
bt if ness and fo< oo

there nfy = 9000

However, the new specifications say:
Pef R + K4

For beams, as has been stated earlier, it is handled this way:

Returning to the first Joint Committee, we see they did a re-
markable job with what little they knew. No one at that time could
figure a continuous concrete beam. However, they came up with a
useful specification. In ordinary cases, in which the span lengths
are nearly alike and the ratio of the dead load to the live load is
not greater.than 3 to 1 or 1 to 3, the negative moment at the interior
support is T3? at the end support is %%, and the positive moment at the
center of the span is WL. The L here is measured center to center.

In ordinary buildings Ege ratio of dead load to live load is usually
only 2 to 1 or 1 to 2. In these specifications the stiffness of the
columns were ignored. However, some accounting was made for the .
effect of haunches. When there were haunches the clear span for which
the structure would be designed would be measured from a point of the
haunch where the thickness of the haunch was 1-1/3 times deeper than
the depth of the beam. However, from that point towards the center of
the span the concrete would be designed as if it all were of uniform

thickness.

The second Joint Committee, consisting of college professors,
began to vary the column stiffness. Of some humor, is that the first
committee said if the structure were not ordinary to make special
investigations. At that time an investigation would take years.
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The third Joint Committee began to treat structures as rigid
frames. ' '

The existing ACI code says that if the structure is to be
treated as a rigid frame, ie., bending in the column, you can choose
any relative stiffness you like provided you figure the stress on the
basis of the same stiffness.

A column in a rigid frame structure is partly a column and
partly a beam., It was attempted to work out a specification that would
have a rule for proportioning one such structure that would cover the
range from all beam, no column to no beam, all column. This was not

‘entirely successful. The n was left in the beam and left out of the
column. An p was assumed somewhere between the n in the beam and the
equivalent n in the column.

| P.‘:‘ FcA +‘Fs A"
het fe =¢o00 and fs = 16,000
Therefore, the equiva lent m = 30

Pl

Here is an excellent way to handle beam-columns, although it is
not @xactly what codes say. Although for rectangular columns, it is
all right for circular, too. '

s e AR i P
S (0 SIS '14‘" PEETRR oLt
2 means arial |
b means bending
: jf;,=‘A A }?a
£ |

.
A+ A =A% 2 for mAs
' where _y;- ;s ‘the aab'w'l-ed valve .

nTA* +néAl
At

N a
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SPIRAL COLUMNS

Our "grandma" has had certain prejudices., One of them has been
the spiral column. Seeing that the high strength spiral steel keeps
the column that is beginning to crush from spreading out, she has
permitted higher allowable stress for spiral columns. There is a ten-
dency, much more so in spiral columns, for the concrete outside the
reinforcing bars to come off. The question is then whether to use the
whole area or just the area of the concrete within the spiral.

M

AR d, dy ~ Errer

0 ! | . :

\ S g O 30‘ 32" ncleSIble-
| REVIEW

Bond is of special concern in short spans. If there is trouble,
put in a greater number of bars. Compression in concrete is important
if the beam is relatively shallow, ie., relative to the diameter of
the bar.  If there is trouble in compression, put in more compression
bars. : : -
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The next several lectures will be spent on what the
codes and specifications have dictated in the past and what is
said today, and on what evidence this is based.

Codes for the dimensioning of reinforced concrete are
made up of three parts:

1. Loadings: This is not what will be discussed in this
and following lectures. Codes specify live load, impact, wind,
temperature change and earthquake effects. (See what has been
done on earthquakes.) Codes specify for highway bridges the
weight of trucks, and for railway bridges the weight of trains.
These loadings have changed constantly over the last seventy
years. The sources of authority or-information are for the
railway bridges, the AREA, for the highway bridges, the AASHO,
for buildings, the various bgilding codes.

2. Assumptions used in analysis: This part of the code

specifies how the stresses should be computed., If a different,
so-called better, analysis is used, different working stresses
must be used.

3. What stresses are allowed.

L. Limitations on construction: This part specifies

methods of placing bars, etc.

A seemingly logical way to find out something about
something is to test that something in a laboratory. However,

a concrete bridge cannot be brought into a laboratory. Another
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way is to go.into the field and test. This is not satisfactory
because proper controls cannot be had in the field. However,
many structures fail in the field. This is fortunate for
everyone but the designer or builder. In recent years there
have not been many failures. Where failures have occurred in
concrete structures everyone has been at fault, poor contracting,
poor engineering, and poor control. When resulting lawsuits
occur they may be for many hundreds of thousand dollars.

In referring to specifications and codes in an earlier

lecture, three types of documents were mentioned:

1. Recommendations: This is a general statement of

general principles. It is used most advantageously in Europe
where the engineer and the contractor are one and the same, It

is dangerous to interpret European type recommendations for Ameri-
can use.

2. Specifications: Take as an example the AREA specifi-

cations. The railroads are not under obligation to follow the
specifications but usually do unless there is good reason not
tO.

3, Building Codes: These are laws. Theoretically, then,

work has to be just as it states. However, in practice it would
be fantastic to follow some things that are in these codes.
It is advisable to look at the following codes:

1. First Joint Committee, 1916: This is an unusually

valuable worke. Nute the type or tone of document. It is really
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recommendations and was written primarily with buildings in
mind. Even though written so long ago modern codes have never

gotten away from it, but have merely modified it.

2. Second Joint Committee, 1924: This work is not

very important.

3. Third Joint Committee, 1941: While the First Joint

Committee was a recommendation, this attempts to be a specifica-
tion.
L. Continuing work of the building code committee, ACI,

1951,

5. Building Codes: While some of these codes follow

other codes, in many big cities they are quite different.

When locking at codes it is not necessary to take
notes. It is much better to go into codes with a question
then to try to read through them.

1. Look at the composition of the committee and see who
_each member represents. Engineering is a business. Men working
on committees are representing some industry and are looking
out for that industry's own interests. As a result the code is
a compromise document.

2. Compare what the codes say about the methods of

{inding -
ddpame- moments and shears in rigid frames.
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The First Joint Committee simplified most things very
much. Some phases were, perhaps, oversimplified. For one thing
they lumped together live load and dead load. The coefficients,
1/10, 1/12 are not comparable to rigid frame M"exact" analysis.
While saying that the negative moment at the support is the same
as the positive moment at the center, they neglected the negative
moment at the center. They were talking exclusively about equal
spans. If the spans were not equal they suggested that a special
analysis should be made. This was meaningless at that time
because no one knew how to make such an analysis.

The First Joint Committee accounted for the effect of
haunching by measuring the clear span from a point on haunch
where the depth is 1.33 times the depth of the girder.  Ten per-
cent loss in length means twenty percent loss in moment.

The ACI building code specifies that the negative moment
2

of the first interior support be equal to & » and the negative

/0

moment at the other faces of the interior support be equal to
wi
/H

« If a three span beam;pe loaded fully the moment at the

; 5 ; w 5 2
first interior supports is —— . However, if only two adjacent
2

spans are loaded the moment will be “E%T- .

The following diagram shows the loading for ma ximum

moment when there are many spans,
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The column stiffness would have a considerable effect. If

adjacent spans were loaded the stiffness of the end column would

have a great effect. , =

i
The First Joint Committee did not consider the effect
of bending in a column, With them, the column was only a
column with its sole function being the support of the load.
The Third Joint Committee took the effect of the column into
account and treated it like a flexural member. The ACI com-
promises between the two.
The First Joint Committee said that if the spans
were equal or near equal and if the L.L. and O.L ratio was
anywhere from 1:3 or 3:1 the analysis could be made as pre-
scribed. However, in the case of unequal spans a special analy-
sis would have to be made., That at that time was meaningless.
The Fhird Joint Committee became overexcited about equal spans
and so tried to pin down what assumptions to make in analysis.
They, for example, specified how to compute the moment of inertia
of beams and columns. However, the ACI sidesteps this and sim-
plifies it by suggesting that the designer go ahead and assume

something reasonable for stiffness.
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Since the first buildings built of reinforced concrete

were industrial buildings like warehouses, the spans were equal.
However, schools and apartment houses were soon being built of
concrete. These had a narrow passageway running through them.
As a result that middle span had little positive moment but an
appreciable negative moment. Since the First Joint Committee
said nothing about negative moment, no steel was put in the

top and much cracking resulted.
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It is not the intention of this series of lectures to promote
memorization of the various codes or even mastering of them. However,
it is to our advantage to familiarize ourselves with them. The New Haven
building code and others still use 650 psi working stress for concrete.
This dates back to the First Joint Committee. Our purpose is to look
somewhat critically into the codes and have a basis for a comparison, $o
as to find out what is in one code and not in others. In the last sec-
ture a comparison was made on the basis of computation of stress. This
‘ecture a comparison will be made on the basis of allowable stresses,
i.ee, the stresses permissible after the stresses have been computed,.
Therefore, the following comparison will be made:
1. Compare (between codes) the length which will be permissible
if the bond stress is not to be exceeded. What limitations does the bond
have on the length of beam,
m  F
> 2 D
v 7 F.
Assume 7/8" bars and 3000 1b. concrete.
Sample calculations:
1st Joint Committee -.End Span
/ 2
m 'O‘QL /
__..-—- eE———— :.—-L
v A 5
3.&06

/é 000
-fb— D = A %% s 23, .9 Aw,
fu $£ ¢/50

L= Tk 4 ,:nws or 9.7 A)‘--l.l-'t
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2as Compare the size and number of bars to the width of beam. Refer
to "Theory of Reinforced Concrete™ by Dunham.

The minimum width of a beam is M- It is apparent from the
graph below that in practice beams are made wider. The graph based on

Table 8 of the Appendix in reference indicated above is for 3/4 in.

aggregate.
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Determine the minimum depth without exceeding the allowable com-

»
where # " is the number of uncompensated rows of

fc z /950 f:‘ /’. < 20 o2 0O /’s"
27 =’ >~ = o000
é Z: @
. ¢ " e
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i P Relate the bond stress’ 4, to the shearing stress, v .

The difference in stress anywhere along a beam is represented by
the bonde Since the periphery of all the bars, 20 , is m7 ) and ~e
is the bond stress,then the bond equals A 7se .

Bond on the bar must pass through the section, as shown, as shear.

If the approximate width of the beam equals /7@ , and since the unit

v
shearing stress equals =7, and the

by o
unit bond stress equals ___.V_. where & ©
£ g)d
X X equals T»d , then solving for . v
® & ¢ o :
N in both cases

Y= v (a17714)‘fab
and _ "
V= e ( mIT 0),)4'

or U;,a,' for one layer of bars. For two layers
of bars, Y224 .
Le Compare the carrying capacity of the two columns pictured below
for axial load for the First Joint Committee) ¥he Third Joint Committee,

and the ACI code.

- g

QM_M_JJ '\‘ * o

TIED SPIRALED
20" 127

No general conclusions can be drawn from these two columns since
they are fairly small columns. Attention will be given to the difference

between figuring the column as an elastic column and as an inelastic
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column, whether to consider the steel or not, and, if a spiraled column is
used, whether the shell can be counted.
A1l bars will be 7/8" diameter and the concrete cover will be
1-1/2 inches.

First Joint Committee

The effective area will be the core of the concrete within the
hoop. According to this committee, under compressive stress the steel

and concrete are stressed in proportion to their moduli of elasticity.

3
c
fe g ok
T
¥% :‘prb‘Fc /}’4
As = IQEL # (=, =
s Ag - ‘lsq*',b
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TIED N SPIRAL "
4 - As+Re= 2.478/= 834" Fg = 2.4 ¢ n':/ = 66
= 0. , = 675 psi { 5 ; = s08 8 pse
fp = 0 225fe> 6725 p | te /f-"’gr/&'o
i
i

Ps 615 (83.4+ f")(f-“j: 708" | p.so4s (cc +[4)(z.4-)_7 = 978"

Third Joint Committee

In the preceding analysis, the stress in the steel does not
exceed nfc. However, results of test by the ACI performed at Lehigh and
the University of Illinois showed that steel reinforcement was capable
of withstanding higher stresses without the bond between the steel and
concrete being destroyed. The strength of a column is the sum of the
strength of the concrete and the strength of the reinforcement regardless
of the ratio of their moduli of elasticity. Included in the calculations
is the full gross area of the concrete. For the spirally reinforced

column the code specifies the safe axial load to be:

Pz 0225 fg Ay * s As

P= (a_z,_,—-)(gaoo) (//:s.z) t (20 aod)(2-4‘)

Pz 76 400 r #8000 = /2% . ol

Columns without spirals develop lower stresses in both concrete
and steel so the Third Joint Committee specifies the safe axial load

for the tied column to be 0.8 that of the spirally reinforced columns or
. Pzol8f." Ay +o0.8 #sfs
Pz (0.18)(3000) (144) +(o.8) (2.4)(20,77°)
p= 77800738 400 = 1/6,200 %

P
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Code PeSpiral Column P-Tied Column
¥ ge - 98" 0.8 <
K
/2 4.4

2" >

/.2 %

Az /24 4% /76,2 %
L

Much information upon which the codes are based was obtained from
testing. Testing began very early, probably in France in the 1890s by
Considere. Gemmany continued investigations past the twenties. In this
country Talbot of the University of Illinois, and Teaurneure of the Uni-
versity of Wisconsin and later MIT contributed a great amount of informa-
tion much of which is the basis of working stresses today. Much of the
early Illinois work 1s under criticism today because the tests were made
by college seniors who were not trained observérs and the concrete was
not a "modern concrete."

Investigation of Bond .Stress

Referring to Lecture 10, page 1, it can be seen it does not matter
what formula is used since a wrong formula will yield to same amount of

material,.

v

__________._—-—
A = S0 jd,
How are we to determine the ultimate bond stress as used in concrete

beams? A bar can be buried in a concrete block and pulled until some-

thing happense.

Hﬂ = bond
B varees
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This something that happens can be a movement 1/1000 of an inch or 1/6000
of an inch or even 1/10000 of an inch. The peripheral area of the bar
in the concrete and the pull when something happens can be recorded, but
it should be remembered that bond cannot be measured. The bond varies
but just how cannot be determined. It is the average bond that is deter-
mined.

In order to more nearly approéch reality a beam can be made and

since the loading, P, is known and

M=

Fo 1:¢i

it is possible to determine the bond. However, there are further diffi-

culties. The effect of overrun must be determined.

s'd vqr run

|
|
TN

“

If the bars are too close there will be splitting and the results of the

tests will be invalid.

| @

h
!
/
\ |
ik

Further, the beams act differently after cracks open up.

The trouble is that beams are not built simply supported but are
continuous. In a continuous beam, where the movement is a maximum the
shear is a maximum so that the cracks open up because of moment and

spread by shear,
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In this and most tests we are on the outside looking in. One way
of overcoming this is to hollow out the bars and put in strain gages to
measure deformation. In so doing this you get inside., Duff A. Abrams
at Illinois did this when testing bond‘between concrete and steel. He was
able to trace out the different stages.
1. Concrete uncracked
2. Concrete begins to crack
3« Concrete cracks so much the bars give in bond
Le Steel yields
He observed that the sliding resistance reached a maximum value for plain
bars at a slip of 0.0l inch and that this figure was consistant for a
wide range of mixes, ages, sizes of bars, and condition of storage.

The bond formula is not difficult to derive.

' ¢
F 3 I

i - " .
M T =8 sbpess in bar
Ajd T A

My Me | A o &
Ad'd - ﬂi'g ., Bﬂﬂd /”M

The rate of change of moment per inch is V. The bond stress then is

Vv
Fojd -

However, can there be bond where there is a crack in the concrete?

This was investigated by Millray at Illinois,.
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With a continuous beam there is a tendency for the beam to crack earlier
than with a simple beam. What is measured is average bond. There are
many variations. This matter is not as simple as it appears to the
novice,

This matter has been pointed out so that we will not be naive.

It is important sometimes to be able to recognize differences. It is
true that concrete structures are built perfectly well., There is é
danger in graduate work in that the student can argue anything but can
not decide anythinge.

Another factor which is important to note is that concrete when
poured will settle around bars when the bars are at the bottom but if the
beam were upside down, i.e., the bars on top, there may be water under the
barse With deep beams, because of the shrinkage, the concrete goes down
while the steel does not which results in no coﬁcrete under the bars.

The seriousness of this depends on concrete shrinka ge, moisture, and
depth of beam. It is difficult to get uniformity in tests.

One must be a skilled observor to see cracks in concrete. They
can be detected by water and reflected light. The distribution of bond

depends on the distribution of the cracks. If the cracks are very close
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together the beam will fall aﬁay.

Generally there will not be a bond failure as we have found out.
Nevertheless, there are certain limits put on the "idiots™ to be limited
by, but there is no cure for idiots who will, anyway, misinterpret the
limits if they are left there,

It is almost impossible to get failure in compression in a beam,

Concrete beams just do not fail in compressione.
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As has been said before, it is not necessary or advisable to
plow through the vast literature of testing in reinforced concrete,
Although the literature is very voluminous, some of it should be looked
over so as to become familiar with it., When trying to find out some-
thing be careful not to accept conclusions of bulletins without verify-
ing it by seeing that the evidence is there, Often data is recorded
in bulletins by plotting on two axes, The line drawn to represent the
many points is usuwally the author's conclusion. The following three
diagrams illustrate mistakes often made in drawing conclusions,
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In the above, the circled points are thrown out but may be right,

Q@ 88

It is really impossible to draw a line through as many points
as above, Yet, the psychological effect of the line leads the reader

to accept the line as correct,
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There is always a tendency to draw simple curves rather than
real curves. So, in the above diagram some authors would choose to
disregard the last point and to draw a straight line through the other

points,

FLAT SLARS
At one time flat slabs were patented., If tests were made on

them, through necessity they were made in the field. However, because
they were tested in the field there was poor control and they could

not be tested to failure., Therefore, the tests were made at relatively
low loads. The diagram below shows how the results of thé tests were
interpreted, From the theory of proportionality one conclusion could
be drawn. By extrapolating the short range of field tesf results
another conclusion could be made, However, the structure behaved ih

a manner as indicated in the diagram,
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BEAMS

Over several years many men made tests on beams. Bulletins by
Richart are based on these tests.

It can be seen that formulas indicate that at every 45 degree
crack in the beam there must be enough steel crossing that section to
resist shear., However, the cracks do not cross at 45 degrees which
can be seen by observing the photos in the bulletins., Further, they
are rarely straight. The web steel does not prevent cracks but pre-
vents the cracks from opening up,.

It is more economical to run the steel vertically. If the
steel is running diagonally more bars will cross the crack, but there
will be a smaller vertical component to resist the shear., Therefore,

its effect would be the same as the vertical but more steel would be

required.
The theory of flexure, {-? % , is based on a homogenious

rectangular beam which will follow the theory of proportionality. If
the deflections are due solely to the longitudinal deformations, the
line of deflection, as can be seen by the deformed structure, is a
straight line, Therefore, stress is proportional to strain, and the
beam formula,_q%%' holds. The difference of stress by statics is the
longitudinal shear,

‘The curvature must be the same throughout the depth of beam or

the beam would tend to pull apart.
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The -following diagram indicates that the theory of flexure was

not intended for a situation like that.
conc,en‘trﬂ'l' ed |oad

no shear on Bkc;

\.5 hear

stress disteibetion

-

The flexure theory applies only to timber., Timber is rectangular
but not isotropic. Instead of using the formula in the form usually
Mm
g , it is more likely to be used in the form, .‘_M.. .
I Adq
Although concrete beams are rectangular, they are never homogeneous,

seen,

Steel, on the other hand, is never rectangular and, therefore, the

shear distribution is almost rectangular,

mp—— o
b= Shaar
distribution

P

The formula is usually used for steel in the form, = x
in which Z is tabulated in many manuals.
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The above diagram illustrates an unusual beam, rHere it is
possible to be mislead by the beam formula. The fibers under the con-
centrated load are being squeezed together. The intensity of the stress
diminishes and becomes more uniform away from the point of application
of thé load., This action results in contraction and lateral elongation

so that bending is distorted. For one thing, plane sections will not
remain plane sections. .The curvature-is not the same for all the layers
throughout the depth. In the ordinary situation the usual starting
point was longitudinal shear, In this case it is necessary to work
from vertical stress to vertical shear to longitudinal shear. Remem-
ber not to push theories too far where they have no applic;tion.

Textbooks speak about rectangular simply supported beams,
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They say that there will be cracks below the neutral axis, It
is not that they say there is no resistaﬁce to tension in concrete but
. that the concrete cannot be counted on to resist tension. Computation
will verify that below a certain percentage of steel in concrete when

the concrete cracks, the steel will flash above the yield. That is
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why the codes specify a minimum percentage of steel,

The following diagram shows what occurs when a beam is cracked,
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When using the theory of flexure for concrete beams in flexure
the computations are .very hazy. Take, for example, the overhang where

there is shear, some bond, but no moment,

Steel Stress
h"
\

What is the shearing strength of concrete? The First Joint

- Committee made reference to punching shear. However, it has dropped
out. There is some doubt if you can get a shear failure in concrete.
It seems to break in tension., You will not get a compression failure
if the material has no place to go., Although reference is made to com-
pressive strength all the time in concrete, actualiy the real thing

seems to be tension. In a so-called "compressive failure" the pieces

break loose like a tensile failure.
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FOOTINGS
This lecture will discuss two bulletins, one by Arthur N, Talbot,
and the other by Frank E. Richart,

"Reinforced Concrete Wall Footings and Column Footings"
by Arthur N, Talbot

University of Illineis Bulletin, No, 67, March 31, 1913,

The history of this bulletin illustrates what experimenters
can drift into in testing, Richart became interested in thick slabs
of steel put under columns to distribute the loads. Talbot, while a
young man, made tests on concrete, Later he transformed these to
steel plates. |

Wall footings fail in bond. The concrete strips away from the
bar. The bond formula, however, does not express this clearly. From
the end towards the center, the bar begins to pick up the stress quite
rapidly.,

The purpose of a spread footing is to distribute fhe column
load over the soil. Talbot uséd square footings of roughly the same
dimensions but with some variation of depth, He was interested in
three things:

1. Failure due to moment., |

2., Failure due to shear (diagonal tension).

3, Failure due to "punching shear."

"Punching shear" is no longer a part of reinforced concrete design but

it is being revived for prestressed concrete, Shear is obtained but
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the crack runs on the tension_ side.
The following diagram shows the conditions of Talbot's tests,
The size of column and depth of footing varied. The pressure on

thebottom of the footing was kept constant.

All of the above footingsfillustrated will work equally well if
the same steel is in each,

It was made evident in the tests run that the column tended to
punch out a cone in the footing.p If a crack started directiy under
the column face on the underside of the footing it would have no place
to run except through the column, If the M to V ratio is small,
failure is threatened. Failures were observed‘by Talbot to be in
bending, diagonal tension, and in bond.

Footings are not a very expensive part of construction., A little
less steel or a little less concrete does not make much difference in

the cost of the footing,
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The bending moment is the product of the pressure and the dis-

tance of the center of pressure from the section A-A, The bending moment

i

3

theﬁ, is ‘the tendency to turning, about a straight axis. This tendency
is resisted by a couple, éhe concrete in compression and the steel in
tension. Divide this couple by the distance between, jd, and get the
stress in the steel, This is no different from any other case,
If cracks occur where the moﬁent is maximum, the concrete there
becomes less stiff so the moment tends to even out., It does not matter
then where the steel is put as long as there is enough steel,
It was deduced by investigators at that time that the bending
moment was due to loading on a trapizoid. On a plane, they divided
the trapizoid into two triangles and a rectangle, They took the cen-
troid of triangle as 0.6 the distance from the column edge instead of
the 2/3 it should have been, Then, equally mysteriously, they took
the effective width to resist the bending moment to be the column

width, plus, on each side, 1/2 the column width, plus 1/2 the remaining

distance,
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This idea remained in books and specifications for thirty years.
Although the results of tests run verified calculations by this method
if the dimensions were changed the results would bedifferent.

If you consider the whole rectangle instead of the trapezoid
and the whole width as effective you will get the same results on the
dimensions used in testing. What was bqthering people was that the

load seemed to be taken twice as illustrated below,
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Modern specifications scrapped finally the complicated trape-
zoidal method and used the whole rectangle. However, the ACI specifies
that only 85% of the bending moment on that section be accounted for,

On flat slabs the ACI code' says the moment to be resisted should be

. 2 2
-0.09 " op 72% ofé— WA~ . 157 of that may be accounted for

by the fact that concrete takes a good deal of the tension in a slab
as indicated by the cracks in the slab which run zig-zag, The steel
strains in the slab are eradict, At the time of Talbot thestrain
gage had not been invented,

The tests brought out that since cracks run parallel to the bar
be conservative in bond. Howevef, it is not possible.to find data in
thebulletins to support this conclusion, This brings us to another
point, It is wise to go under the assumption that the man who wrote
the bulletin did not know what he was télking about, Then say "Smith
states his tests show,.." However, if you say "Smith's tests indicate
the following..." you had better realize it becomes four responsibility.

Slater pointed out that no concrete beam has long survived the
yield of the steel. As soon as the steel yields, the steel draws
downand the bond loosens, This may not apply to drawn wire but it does

not matter because it is not used in reinforced concrete.

Because of its simplicity reinforced concrete will remain with
us for a long time, Prestressing requires expert field technique;

If.the slab is not square it does not matter, Figure the moments
about the long axis., The analysis for shear is the same as for the
square slab, Actually, the shear is not so uniform but it is not

necessary to fuss about it,



L-15 (p.6)
Prof. Cross
Dec. 11, 1952

"Reinforced Concrete Wall and Column Focotings"
By Frank E, Richart

American Iron and Steel Institute
(Reprinted from Journal of ACI, Oct., and Nov,, 1948.)

The Iron and Steel Institute is an association of steel
manufacturers who were not particularly interested in details of how

to construct, It was known that bond was largely a wedging action,

o [ e~

These deformed bars were patented. However, the patents ran out, These
people who rolled the bars and the warehouse operators realized it was
expensive to maintain stock of all these kind of bars, They thought it
would be a good idea to adopt and force the adoption of one or at least
fewer bars. There are now three types. They brought pressure on the
various committees to force the adoption of these bars by raising the
allowable bond., Any other bar was termed a plain bar and did not have
any bond at all, Actually, doing this, theoretically, condemned many
buildings that were twenty years old. In order to sell these new bars
to the profession, the Iron and Steel Ipstitute developed an interest in

research, As a result they had many tests made, some good and some
bad,

Richart did neot like the tests performed by Talbot. Therefore,

e ran them again using deformed bars,
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The deflection of the footing is insignificant in comparison to
the settlement of soil due to a uniform pressure,

In footings of varying size with the same design load, the moment
in ft. 1b, per ft, width is independent of the area of the footing,.
Therefore, the percentage of steel will be the same no matter what the
size of footing. The shear will be the same, too, How then will the
footing fail? If the footing were made very wide, the deflection would

no longer be insignificant.
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The classical algebraic approach to slabs will be presented by

Prof. Looney,

vast literature of this field.

Here we will becomefamiliar with methods used in the

Analysis of the deflected structure startswith a deflected

structure,

Slope

Rate of change of slope

Moments that produce

curvature

S is the stiffness

Shear in

Shear in
due to

Shear in

X direction

X direction
shearin Y direction

Y direction

Shear in Y direction
due to shear in X direction

Deflections are represented by the letter Z.

dy
d*>
Cir'z‘
d"z s
dy*
5

d’z

ax?d =

2 2 g
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Rate of change of shear in load per ft,
_ 2 4 2 - 3

s| at= 1_ 3z 3z 3z 1~_§'5.7-§“§ |
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Lagrange's Equation

2%z Yz 3z .3 t2

o =S| —sp + 2 — — T
9 X¥ éxz 33‘ QY*
First differential --==-- Slope
Second differential =—===- Curvature
Third differential -—=—=—= Shear
Fourth differential -=-==- Load

The classical method tries to do in slabs what is almost impossible

for beams.

The stiffness which is the ratio of the curvature to the momentmay not
be the same in both directions,
In the time ofTalbot's investigations people were thinking in

terms of grids not slabs,
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GRIDS

The steel slab acts the same way as a grid but a concrete slab does
not because either the concrete cracks or the steel is not working.
After the slab'cracks the matter may be very different. How does the

cracking in one direction effect the moment in theother direction?

1. Moment, stiffness, and strain in steel 1,

2, Moment, stiffness, and strain in steel 2.

It was necessary for the investigators to swallow that the
material is isotropic, i.e., it acts the samein both directions., There-
fore, it would need the same amount of steel in both directions. The

same thing can' be sa%d for continuous beams,
curvature

_Sstrain . o
p—— i + p— '
™ )
e ) Qurvature AN

Strain
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By following this ;hrough it can be seen that the same amount
of steel is needed in both places.

A slab is probably in pretty bad shape if the cracks #re
straight, In the early days of testing they tried to find out about
the strain in the steel in the field, However, it is hard to make
measurements outdoors, Further,and most important,conditions can not
be brought about to cause failure because it would endanger people and
the rest of the building. Tests run on the Western Newspaper Building

by Talbot produced results as indicated below. (See, also, Lecture 14,)

. X¢
%-Favlur-e onc.‘;'_'-‘o"}_ o pe™

He measured the strain and multiplied by E to get the stress,
Making measurements in the field is one way of getting at data, Another
way is to build a model slab and test it in the laboratory. Itis true
that this method may not be worthwhile, but any test shows sometbihg.
However, the experimenter has to be smart enough to see what it shows,

The following are the problems encountered in slabs,

1. One way slabs

2, Flat slabs

Thefe were figured first and then theorized later, First these

flat slabs rested on round columns, later on capitols or drop panels.,
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Construction was relatively simple, Further, they were very simple

architecturally,

TWO WAY SLAB REINFORCEMENT FOUR WAY SLAB REINFORCEMENT

 CIRCULAR SYSTEM | SPIRAL SYSTEM

,f{ STEEL GRID
There is a tendency to get circular crack with the circular

system, As a result, there was much disagreement as to its satisfactori-

ness, The steel grid formed cracks from the corners.,
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3. Two way slabs.

These two way slabs ran up to 30 ft. by 30 ft, They make
a very convenient system, However, there are all sorts of complications
(because the slab does not have to be square, and because it can be

simple supported or continuous in one or two directions.,

. "4, Miscellaneous slabs P

A, Octagonal

JJES needed, All the steel was straight. However, trouble occurred in

the flat sléb.
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5. Bins, Bunkers, Tanks.
When slabs are used for these purposes, many complications
arise., What happens when there is a concentrated load in one way slabs?

What beam takes how much?

6. Roadways and Railways.

The problem of skew complicates the matter in slabs of this

type.

7. Footings,

Rules and regulations can be written to cover all cases of
slabs, but slabs are very irregular. In some cases a hole is required
in the slab for an elevator or a stairway, or it may necessarily be con-

'

structed as illustra;ed below,
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It is not necessary to become familiar with all the rules and
regulations in the codes. In the codes there are limitations put on
slabs without regard to analysis,

1, Limitation on depth:
Example: 1/30th of the span.

2, Limitation on minimum reinforcement
Example: 1/2 of 1%

3, Limitation on maximum spacing of bars :
Example: three times the depth of the slab,

Specifications reflect the fact that flat slab construction was
a highly coﬁpetitive field, The First Joint Committee had many different
distri@utions of moment; IFor the middle and at the end \it said the
moment was 0,09 W12 or 72% of 1/8 W12. At about the same time a paper
of Nicols sﬁid it‘was 1/8 w12. The tension in the concrete accounts
for some of fhe reduction to 72% but not all, However, it is quite
difficult to exblain such a thing by pure theory or logic,

In modern specifications the moment is distributed so that the
column strip takes about two-thirds of the moment, two-thirds of
which is neggtive, one-third positive, and the middle strip takes about
one-third of the moment, one-half of which is negative, one-half posi-
tive, the coefficient of the total mément is 0.09, However, thellimits
on reinforcement, on depth of the slab, and on deflection of therslab
may make the question of momenﬁhnimportant.

~— When analyzing two way‘slabs there are many uncertainties, In

the first}:ase, as illustrated below, the distribution of the shear

along the lower and upper edge would be uncertain,
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The second case as illustrated below : The total moment across the

diagonal would be known but not the distribution of the moment,

%
3
% #

If there‘is sufficient steei in the slab itwill take the moment
no matter how the moment may distribute, The engineer could find the
answer to slab problems by judgement but because of competition it was
necessary tqlay down rules in codes., However, because in slab construc-
tionfthefe is a possibility of most anything, a mess resulted, The
two way slab was penalized with regards to the flat slab, Bunkers and
tanks are generally neglected in literature. It usually can be easily
handled but caution should be exercised if the codes should step in,

As soon as rules are set down, things get chaotic.,
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CIVIL ENGINEERING

Civil Engineering meant originally non-military engineering,
Now it is difficult to draw the line., There is no fundamental differ-
ence between the architect and the civil engiheer, or the architect
and the builder, As has been said in earlier lectures, civil engineer-
ing means those branches which involve: Planning; Building; Operating
(see lectures L-2 and L-3),

Not really engineering, but essential to engineering as are most
sciences is the field of research and development, and the field of
mechanics which includes Statics, Dynamics, Theory of Elasticity,
Strength of Materials, Fluid Mechanics, Soil Mechanics, and Thermo-
dynamics,

Our work is dominated by nature. The earliest cave men tackled
the problems of shelter, walks to cave entrances,\sanitation, drainage,
etc,

The most common way of breaking down the field of civil engin-
eering is as follows:

1. Structural and Architectural

2. Use and Control of Water

3. Transportation

Structures include buildings, bridges, dams, tunnels, structures
supporting earth, and containers such as tanks.,

A better way of separating the field of civil engineering is

as follows:



C.

D.
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Hydroelectric Power Development
(Steam power and gas power must be
considered, too,.)

Control of Rivers

(This is a specialty of the Army Engineers and includes
erosion problems, bank collapse, cut offs, etc, Erosion
and drifting concerning harbors is a similar phase,

Also in this phase is the building of industrial

plants on bottom land of river basins.

Sanitary Engineering
1, Obtaining, purifying, and distributing water.
2, Disposing of refuse,
Transportation
1. Local Transportation
2. Long distance transportation
a) Railways (Steam, Deisel, Electric)
b) Highways (Trucking industry)
c) Airways

d) Maritime
e) Pipelines

Who wants to get something where and how?

1.

2.

3.

Something

a) People
b) Products of the soil (Lumber)
¢) Products of the ground (coal)

Where

a) Port terminal

b) Warehouse

¢) Ultimate destination
How

a) Equipment

b) Power
c) Ways (bridges, etc.)
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There are many organizations dealing with these specialties,

1.

2,

3.

4,

ASCE

Although a source of information, there is still much
"poppycock' that should be filtered out,

ACI

AREA

Although its publications are written from a railroad view
point, they deal with everything including highways,
sanitation, bridges, and buildings.

ASTM

ASME

Although this may not seem related, in that it deals with
heating and ventilating, elevators, and cranes, itis useful
to the civil engineer,

Others

Portland Cement Association, PCA,

American I,stitute of Steel Construction, AISC
American Reinforcing Bar Association, AASHO

Bureau of Public Roads

The literature in our field can be divided into three parts:

1.

2.

3.

Newspapers
(Example: Engineering News Record)

University Bulletins
Textbooks

(Textbooks are published for the use of the college and are
usually dated,)

Foreign engineers have an influence here. The Italians are

excellent engineers, The French are also good, but not aggressive,
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The Germans are not so good, but, being aggressive, they have thrust
their work on the world and largely have become dominant,
Civil Engineers should become patient with geologists.
The accuracy of the geologist is good if within 50 or 100 feet. On
the other hand, the accuracy of the engineer is very bad if he is 50
or 100 feet off,
Other phases that are relevant to engineering include:
1. Natural Phenomena
a) Climate
b) Weather
c) Wind
d) Wave
e) Earthquake
f) Fire, rot, and rust
2, Law and Customs
a) Real Property
b) Contracts
c) Agency
d) Liability
3. Cost and Value

a) Finance
b) Economics

4, Human Relations

While we often hear of engineers being criticized for their in-
ability to write, actually they are equally poor at reading. It takes
a great deal of experience to be able to glance through a book and pick

out the highlights,



L-18 (p. 1)

Prof's Cross

Jan. 6, 1953

Prof. Cross has watched the literature of the field of

soil mechanics grow from a wide scattering of information to
enormous volumes., The subject is not new but, because it has
only recently been coordinated and organized, it seems new. In
dealing with soils it should be recognized that there will not
be as much uniformity as in concrete or steel., Actually, "soils"
is a misnomer because soil to ordinary people means the layer on
the top of the ground.

The origin of the earth is worth some study. One should

be able to differentiate between igneous rocks, those that have

solidified from a molten solution, metamorphic rocks, those

changed by heart or pressure, and, finally, sedimentary rock,

those which have been carried and deposited by lakes and rivers.
Much of all engineering work is near rivers because of
the needs of manufacturing, transportation, and water supply
and disposal of waste. Development is also likely in valleys.
The term rock can be misleading. Shale is often called
a rock because when dry it appears to be a rock. However, it
becomes a clay when weathered or if it be subjected to water
under pressure. In river work this has disastrous consequences.
The best place to study earth is from a hole in the
ground. At one time personal experience was the only guide to
follow in soils. About thirty years ago an Austrian, Karl
Terzaghi came to America. He was a geologist but he set up

courses in MIT which were the first courses in this new field,
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soil mechanics. Of course, Terzaghi has received innumerable
awards for his outstanding work. The subject was taken up
initially by the highway departments, notably the Bureau of
Public Roads, and, later, by the Army Engineers.
Soil mechanics may be divided into two catagories:

1. Identification of materials; If a material can be

identified to be the same as a material found elsewhere, for
which the properties are well established, the properties of
this new material can be assumed to be the same.

2. Prediction of what the mgterial will do under certain -

conditions: Typical questions are as follows: What is the earth

pressure against a retaining wall? What is the tendency of soil
to flow when unconfined? What are the properties of soils when

frozen? Etc.,

The following are methods for predicting how a material
will act under certain conditions:

1. Experiments: Experiments are not at all conclusive.

When making experiments it is important to be able to imagine
what may happen and the probability of it happening, but one
does not say "this or that will happen."

2. Observation: It is good to form judgement from seeing

what happens on actual structures.

3. Analysis of Models: There is not as much tendency

to make models in foundation and soils engineering as there is
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/in structures. This is probably very good.

L. Authority: Soils differ in this phase radically from
concrete in that information from old literature is just as good
information as that from new literature because soil has not
dhanged through the years. So, although the evidence is there
it must be transcribed into modern terminology.

5, Common Sense: Common sense is more important in the

foundation field than in any others.

The whole subject of soils is closely affected by the
action of water because almost every engineering project is on
or near some water source such as a river, lake, or ocean.

Water affects foundations in two ways: (1) water action on the
properties of the soil, and (2) erosion and constant sliding
as a result of water.

It should follow from the preceding paragraph that it
would be wise to become fémiliar with hydrology, i.e., where
water comes from. It is well to develop a scale on hydrology.
What constitutes a big river or a little river? It is advisable
to get some idea of the river system in the United States and
its extent. It seems true that people from the coast regions
of the East and West have very little knowledge of the Mississippi
Valley and the rivers of the Great Plains. These rivers can
wash away a 1000 acre farm overnight and dump it on the other

side of the stream. Further, the river may rise 40O or 50 feet.
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These rivers have enormous flood valleys for storage. To improve
marginal lands these storage areas may have been diked off, rising
the flood crest of the river a great amount.

Suppose a bridge is to be built over a river such as the

Red River. Books advise rather generally to build the bridge
normal to the river., What, however, is the course of the river?
At low water it is one way, at high another. Low water is
there for a long time and causes the erosion. The sketch below

illustrates some of this., The green represents high water, the

blue low water.
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The river picks up at A and deposits at B. There is, there-

fore, a tendency for the slope at A to slide. This tendency

is the greatest at falling water. A hydraulic condition results

which pushes the soil out.

R

Rivers form natural levees into which they overflow at

high water,
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It is traditional in America for the rivers to be run by
the Army Engineers.

Schools should have a course in how rivers run down hill,
In so doing they would be answering the question of erosion and
deposition of soil. Why does soil erode? It is true that the
effect on the element is dynamic, i.e., it is pushed along, but,
there seems to be something else. When the water flows at high
velocity the soil is lifted to the top, spread out, and carried
downstream. (For a good description of the building of bars on
the inside of curves read "Life on the Mississippi" by Mark
Twain.) John B. Eves walked on the bottom of the river and
described how the whole bottom of the river is being carried
along.

Surprisingyenough a bridge pier is not going to fall
down stream but upstream because eddy currents form where the
current splits. These eddy currents pick up the soil.

Eighty percent of all bridges are small, i.e., under 80
feet. The following diagram illustrates what might happen to

one of these bridges.




L-18 (p. 7)
Prof. Cross
Jan. 6, 1953

When dealing with culverts instead of theorizing on how
much water will flow through it, it is more advisable to go down
and look at the site. That is the cheapest and best way and it
applies equally well for bridges, too. It is the only way to
form judgement on the danger of foreign matter piling up. The
danger may be ice or drift, such as lumber and wheat shocks,
which came down the river during fléods. A solution to the
problem may be obtained if piles are driven upstream.

Our libraries contain a large amount of material on it,
but it is scattered. The material is not at all out of our
field. Structurally speaking, the expense of river erosion is
greater than the expense of structural inaccuracies. In about
1922 this field became more systematized. Credit goes to

Freeman who built dams and similar structures. He did work in

Europe.
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Soils
It is hard to get information on soils. It is harder yet
td evaluate the information. Soil is a material formed by nature
and, therefore, it is quite variable. Since it is such a mater-
ial,‘there is no control of its manufacture (except a little
in special cases of grouting, etc.). There is, however, some
control pf steel and concrete. It is natural that in the case
of soils it is desirable to know something about its manufacture.
This is hard to come by. It depends largely on geology. The
character of the earth can change, too, by erosion, or, perhaps,
in some way a change in the strength properties over a period
of time can occur. The earth may have been deposited by a
glacier, river, wind (amlian), or erosion. Salt water and fresh
water have different effects on earth, too. It is advantageous
to know the limits of uniformity, or non-uniformity of the soils.
The following are different types of solil conditions:

I. Surface Soil

Roots and the like grow in it,. It is subject to the effects
of climate (wind, water, etc.), and fluctuations of the water

2. Deep Soil
Since it is below the water table it is not affected by
changes in the water table. Although more dependable than
surface soil, it will change when a building is placed on it.

3. Deeper Earth

This strata may be consolidated. Because of excavation
the pressure may be removed and swelling result.
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4. Rocks

5« Fill
Generally, fill is material placed by man. It has not had
an opportunity to become compact.

The following are problems found in soil mechanics:

1. Stability of the earth itgelf,

This is a problem of motion. Will an earth slope shift or
stay where it is? Will a river bank stay put? If a building
is placed on an earth mag§, will it move?

2. Ability of earth to resist pressures imposed on it.

Can the earth be depended on to resist movement? This may
not mean instability if it cannot but unsuitability.

3. Pressure of earth on a structure.

Retaining walls, tunnels, and culverts are problems of this
type.
For any material investigations are made to determine the
following:
1. Strength

2. Deformation Properties

How much will it move and where will it move when pressure
is applied to it?

3. Satisfactoriness

Some materials change characteristics when exposed to moisture
or air.
In soils, tests are made for two purposes: (1) to iden-
tify the material, and (2) to predict the action of the material

under certain conditions. From tests theories can be developed
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to predict how the soil will act under certain conditions. If
you can identify and classify the material, and if you can ob-
serve how the material acts for hundreds of structures, then it
becomes a matter of bookkeeping to design structures.
It is good to go into literature with a classification
system since it assists in selecting what to read.
An outline in brief:
Le Physical Conditions
A. Type of Structure
B. Type of Foundation

Ce. Location of Structure
D. Earth and state of site

IJ. Statics and Geometry
A. Forces Acting *
B. Movement, Forces Produce,and Causes of Movement
C. Sources of Evidence of Movement

III. Corrective Conditions
A, Earth (as a material)
B. Structure
E. Site

IV. Construction Method

T Physical Conditions

A. Type of Structure and
B. Type of Foundation

l. Roadways, Railways, and Runways
The force is applied directly to the earth. A
foundation is not added since the structure forms
its own foundation.

2. Buildings
The types of foundation used include individual
footings, wall or continuous footings, mats, piles
and any combination of these types. The structure
exerts a force on the earth.
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Bridges

Bridges have piers and abutments which in turn have
foundations of their own such as mats and piles.
The structure exerts a force on the earth.

Tunnels, also Culverts, Subways

In general these form their own foundations. The
earth exerts a force on the structure as well as the
structure exerting a force on the earth.

Retaining Walls, also Bulkheads, Sheeting, Crlbblng,
and even Tanks and Bunkers

Although they are really their own foundation, it is
of'ten necessary to extend their base.

Cuts and Canals

There is no foundation except the earth below. There
is some relationship between a cut and a retaining
wall,.

Earth Dams and Embankments

These are extensive in river areas. It inveclves

the problem of seepage. Water under pressure can take
material with it.

Masonry Dams

The relationship between masonry dams and retaining
walls are remote. Masonry dams may have spread
footings or piles.

Docks, Wharfs, Piers
Earth and water structures are subjected to forces
that other structures are not subjected to.

Trestles and Causeways
Generally they are supported on piles.

Marine Structures (breakwaters)
In general, nothing is known about the forces on
marine structures.

Fill

C. Location of Structure

Because of the different soil conditions the location of
a structure makes a difference on the structure.



l., Land

a) Upland
This area is subject to slides

b) Lowland
This area is subject to floods

c) Near Water
This area has a maintenance problem

2. In Rivers
It is essential to know:

a) River type
Has it a flood plain or a tide?

b) Location of River
¢) Hydrology of Region
d) Drift
e) Erosion
f) Sedimentation

3. In Lakes

L+ On the Coast
Information is needed on the:
a) Shoreline
b) Toral Current
c) Waves
d) Tides
e) Marine Borems
5. In the Ocean
Earth and Stratification of Earth on Site

The soil can be classified by:

L"lg (P- 5)
Prof. Brennan
Jan. &, 1953
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l. Origin
a) Transported (and how it is transported)
b) Weathered
c) Volecanic
d) Organic
e) Marine
£} Fily
2. S0il Names
a) Sand
b) Clay
¢) Gravel
d) Silt
e) Adobe
f) Gumbo
g) Mud
This method is deceiving because a name like
gumbo means something different elsewhere than
it does here.
3, Identification of Properties

a) Mineral Constitugnts

b) Grain Size
(Gravels and Sands)

¢) Grain Size Distribution

d) Grain Size Shape
(Clays and Silts)

e) Orientation of Grains

f) Density of Soil
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g) Voids Ratio

h) Moisture Content

i) Plastie Limit
(clays)

j) Liquid Limit
k) Permeability
L. Tests
a) Direct Shear
b) Unconfined Compression
¢) Triaxial Compression
d) Consolidation
e) Others
Information can be obtained from the tests above.
Information should also be obtained on natural
modifications by:
l. Erosion
2. Water
3. Frost
4. Drainage
This can be both harmful and good. It depends on
whether drainage can be maintained.
5. Chemicals

6. Compression

7. Shearing

IT. Statics and Geometry

A. Forces Acting
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l. Live Load) Dead load and live load should not be
) combined since dead load is acting night
2. Dead Load) and day while live load is not. It may
. be possible to proportion only for dead
load.
3. Wind
This is important for buildings, bridges, dams and
locks.
L. Water
Water may be either static or dynamic, and it may be
uplift.

5. Ice
This may be drift or frost.

6. Drift
This includes trees, ice, wheat, etc.

7. Earth Pressure
This force acts on tunnels, culverts, retaining
walls, and many others.

8. Vibration
Vibration may be caused by machinery or by earthquake.

B. Movement Forces Produc€.eee
1. Horizontal
2. Vertical

3. Rotational (in any component of the horizontal and
vertical plane).

--=Causes of Movement
1. Force
a) Squeezes out water in earth mass.
b) compacts soil
¢) Compresses particles

d) Causes instability which displaces whole mass.
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2., Water
a) Shrinkage (take water out)
b) Swelling (put water in)
¢) Change in ability of earth mass to resist applied
force,
d) Underground erosion
e) Frost

Frost produces swelling when forming, shri@kage

when thawing. Ice crystals form on top. hese

cause a capillary action which draw water to the
crystal to form ice lenses. When the ice thaws

it melts first at the top. The melted ice is trapped
by the ice beneath.

Ce Sources of Evidence of Movement

l. Theoretical Analysis

2e

3.

a) Determination of stresses on various underlying
strata. (Boussinesg's equations)
b) Deformation Theory...
Theory of Consolidation
1. amount
2. time
¢) S8liding (Shear)...
1. Cuts
2. Embankments
d) Pile Theories
e) Earth Pressure Theories
Experiments (full scale)
Load Test

Model Test (small scale)
This is very poor. Sand particles might act like
boulders when used in models.

Experience
This may be the best.
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5. Intelligence or Common Sense
Intangible

6. Study of Displaced Structure
a) Why
b) How

- ¢) Where
did it move

ITII. Corrective Conditions

A. Earth (as a material)

l. Drainage
Wellpoints, etc.

2. Consolidate
a) Timber piles
b) Sand Piles
3. Compact

L+ Chemical Consolidation
(Turn sand to weak sandstone, etc.)

5. Blectrical Consolidation
(Used to Stiffen Clays)

B. Structure

1. Use a Rigid Foundation
This tends to decrease differential settlement.

2. Put Jacks Under Structure
v This method used for Yankee Stadium.

3. Carry Structure to Firm Strata
This can be done by meams of piles or sandpiles.

4. Corrective Conditions to Structure by means of
Construction Sequence.

C. Site
1. Preload

2. Make Foundations Deeper
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3. Remove Material so as to Reduce Total Load

L. Place Sand Layer on to Distribute Load.

Construction Method

A. How are you going to build it.

i %
2e
3.
Lo
5e
b
7e

Equipment
Caisson'
Cofferdam
Pile Driving
Dredging

Earth Moving

Maintenance



et -

vd ‘vuydippopyd “op Sumsnang lopuyopy  © ySukdon

011 Si1

NUILYG T Ty 73

voneuedxy
arBQ

FIOVTY I IINILXI walqng

o T

-

-
—~——
~

il 06 )

S

FUVANNOY 3LVLS) 'SALV.LS ALINN JHL 9L

o SL o8



L-20 (p. 1)
Prof. Brennan
Jan. 13, 1953
Soil mechanics is a very broad subject and one of the
most important engineers run into. Here we are interested not
so much in theories or tests but whether soil will be satisfac-
tory for use. You cannot talk just soils or site, or, on the
other hand, just structures. What happens to the earth may
effect the structure which in turn may effect the earth. At
the same time we investigate what may happen to the structure
or the soil we must consider the possibility of it happening.
Similar to our work in structures, it is advisable to
go into the literature of soil mechanics with a question. It
will not do to read a book. The following are typical questions:
What soil conditions are suitable for a particular type
of structure under suitable conditions?
If the soil is not suitable or conditions are not
suitable what will happen to the structure?
What can be done to prevent this from happening?
What information can I get on design?
What information can I get on how to classify conditions?
What theories are available that can help predict what
will occur?

What is "soil mechanics?h

There are books on geology, soil mechanics, rivers, and
water control., What can we get from geology? We are, of course,

not interested in petrology. However, geology will shed much
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light on the top surface, the top 100 feet. There is good in-
formation available in the field of geology on selection of site,
what will happen at the site, and on manufacturcems of the
material. There is not much control of soils since they are
manufactured naturally. Mostly, expense and time limits con-
trol. It is hard to refute anything said in geology. They have
been able to get a picture as far as glaciers, erosion, etc.
are concerned. Wg are interested in how the soll got where it
is. This can be obtained from geology.

Geology is very broad. A good geologist can determine
some things very adeptly. He can select the best site from many.
Since he knows something about pre-loading or preconsclidation
he can cleverly predict settlement. By noting weathered rock,
he can estimate the proximity of rock. By looking at a mountain
or hill he can see evidence of sliding which would make the hill
undesirable because it may continue to slide, and the valley
undesirable because the soil there is unconsolidated. He can -~
look at folds and estimate their extent. The same thing applies
to faults. If he finds Jjointing in the rocks he is aware that
water will get through and cause disintegration. Further, he
can recognize drumlins and eskers and so predict the soil they
contain, clayey till for drumlins, sand and gravel from eskers.

He can predict soil and soil properties of valleys that he deter-

mines to be old river beds.

v

E
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Information on colloids can be obtained from ceramic
engineers. However, unfortunately, the civil engineer is not
often in contact with ceramic engineers.

The following is a partial list of books covering the

subjects of geology, soil mechanics, foundations, soil testing,

and water.

Geology

Leggett: OSince hs is a Canadian, he has Canada in mind. He
realizes the application of geology to engineering. In
all, it is the best book for our purposes on geology.

Chamberlain and Salisbury: He is primarily interested in his-
torical geology.

Reese and Watson: This book is a conscientious attempt to in-
terpret geology for engineers,

Longwell:

S0il Mechanics

Terzaghi, "Theoretical Soil Mechanics,": Emphasis is placed
here on soil mechanics as a means of determining how
foundations will act by testing and formulating theories.

Terzaghi and Peck, "Soil Mechanics in Engineering": The emphasis
shifts here to a more practical means of determining soil
action. Peck was a railroader and through his father
gained much practical knowledge. See article by Peck
in the Proceedings of the AREA, 1949, 1950.

Krynine, "Soil Mechanics": He explains what assumptions the
theories are based on. This book is worth looking at.

Capper and Cassie, "The Mechanics of Soil Engineering™: This is
a concise, clear job,

Tschebotarioff, "Foundations of Structures®": G. Tschebotarioff's
background is in erosion and silting in the Nile River.
After he came to this country he did extensive work in
all phases of foundation and earth work.
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Taylor, "Fundamentals of Soil Mechanics¥: This is an excellent
book mostly because he quarrels with theories. The
chapters on design are good.

Spangler, "Soil EngineeringV

Boston Society of Civil Engineers, "Contributions to Soil
Mechanies™: This includes articles by many men. A,
Casagrande article on flow nets is one of them.

"Proceedings of the Second International Conference of Soil
Mechanics™: These volumes cover all phases of soil
mechanics and foundations.

"Proceedings of the AREA."

"Proceedings of the ASCE,"

Highway Research Board: They have published much information
on the use of soil for road beds, and on classifica-
tion, grading, and reworking of soils.

American Road Builders Association.

Foundations

Prentiss and White (Of Spencer, White, and Prentiss), “Under-
pinning."

Anderson, "Substructure Analysis and Design,": This is a very
poor book.

Dunham, "Foundations of Structures™: This is a practical book
which excels in detailing.

Chellis, "Pile Foundations®: This 1s a good job on a special
subject.

Testing

Lambe, T. William, "Test Procedures"™: This volume gives up-to-
date standard soil test procedures.

River Action and Water

Parker, "Control of Water.™

Grover and Harrington, "Stream Flow."
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"Applied Sedimentation," by a group of authors.

Soil identification is perhaps the most important phase

of soil mechanics. If the material is not known it is virtually

impossible to know what difficulties may be encountered. The

following are methods of identification:

I. Classifying by Origin

A. Transported

1,

2a

54

Glacial

With glacial soils it is possible to find most
anything--perhaps material you know about. It is
best to be careful. Glacial materials occur as
moraines, eskers, drumBlins, kames and include

till, drift, boulder clay, glacial sands and
gravels.,

Alluvial

This group includes many soils. It is advisable to
know where the soil came from. Alluvial soils occur
as flood planes, deltas, bars and include sedimen-~
tary clays and silts, alluvial sands and gravels.

Aeolian

These are wind blown deposits, and, therefore, may
be very fine. Aeolian soils include blow sands,
dune sands, loess, adobe.

Lacustrine and Marine

These are off-shore deposit.

Colluvial

These are gravity deposits including cliff debris,
talus, avalanches, masses of rock waste,

B. Weathered

It

i1s important with weathered soils to know where they

come from and from what rock, and whether they are mature
or immature. Weathered soils include wacke, latevite,
podzols, residual sands, clays, and gravels.
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C. Yolcanic
Volcanic deposits include Dakota bentonite, volclay,
volcanic ash, lava.

D. Organic
These oganic accumulations include peat, muck, swamp

soils, muskeg, humus, bog soils. Classifying by origin
is not very good.

II. Classifying by Soil Names

Stones

Gravel

Coarse Sand

Fine Sand (What is fine sand or coarse sand?)

S11t

Clay (What is the difference? What is plastic and non-
plastic?)

Loam (Sandy silt)

Adobe (Sandy ¢lay)

Loess

Gumbo (Fine-grained, highly plastic clay)

TIITI.Classifving by the Senses

A. Visuval (Color)

B. Odor )
Odor is indicative of organic material.

C. Texture (Feel)
Smooth
Sharp
Gritty
Floury

IV. Other Means of Classifying

As Digg‘gncz
water comes to the surface when the soil is shaken and

then disappears when squeezed the soil is said to have
dildfancy. This is a property of silts.

B. Grain Propetties
1. Shape
2e Oize
3. Distribution of size and shape of particles.
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Dry Strength
Pull the specimen apart and see if it has strength or
not.

Voids Ratio

This must be done in the laboratory.

Water Content

This may not mean much because the water content of the
soil may change day by day and as a result of excavation,

Unit Weight and Dry Weight.

Atterberg Limits

Permeability

Laboratory Tests

1, Direct Shear

2. Unconfined Compression
3. Triaxial Compression
L. Consolidation
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The Grain Size Test

This is one of the best tests. It gives the range and
size of particles in the soil. The primary purpose of the test
is to get the percentage of certain size grains in the mass.
Secondly, however, it serves to identify the soil.

l. Sieve Analysis

The grains are put through a series of sieves. A
plot is made of the percent of grains smaller than
the sieve against the size of the openings in the
sieve. However, those grains passing a No. 200
sieve (.003 in.) must be analyzed by a wet analysis.

2. Wet Analysis

This analysis is suitable to 0.,0002 mm. Smaller than
that involves colloids and the cation theory.

The hydrometer test is the most common wet analysis made.

It is based on an interpretation of Stokes Law which was de-
veloped for one sphere falling through a mass.

Stokes Law 2 g=i)

/u.

J

<
n
<|p

nyn is the velocity of the falling particle. The accelera-
tion of gravity, "g," may be assumed to be 980 cm. per sec. per
sec., "r" is the radius of the sphere. The specific gravity,
"G," may be assumed to be 2.65. "u' is the viscosity of the

liquid. Taking all of this into account:

y= o.5¢s D (6-1)
A

where "D" is the diameter of the sphere. Since V= %EL
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where "h" is the height of fgll and "t" the time,

1 ,C:" !

h

The VGEE_ is the only variable. (§;7M—_lw_

However, the'experiment is in error because the particles
stick together; there are different specific gravities in soil
sample, and the formula is based on a sphere while clay particles
are more like slivers. (See Lepper, Lecture 10.)

The grain size classification for which the grain size
is determined is good for sands, gravels, silts, and clays but
it is not useful for combinations of these. It is customary to
use the triangular or grain size distribution scheme. (See
Lepper, Lecture 10, for standard soil triangles.)

There are two main types of group classifications, the
Casagrande group classification which is employed by the Corp of
Engineers and is shown in the table in this lecture, page 8, and
the group classification of the Bureau of Public Roads which
is listed below.

Textural Class
Uniformly Graded Granular Coarse to Fine
Poorly Graded Granular, Coarse, and Fine
Clean Sand or Gravel
S5ilt
Silt, Very Poorly Graded Soils
Plastic Clay

Plastic Clay Loam
Muck and Peat

&
(o]
lg

| I 1] |

3>h>3>:3‘>.’1>:1>12>#1>
CO~3 OV E A po
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Specific Gravity

The specific gravity can be used for classification but
tpis value is used most often in other tests. Although the
technique can be obtained from a testing manual, in general,
cohesionless soils are tested dried, soils with cohesion are put
in suspension.

The dry cohesionless soil after having been accurately
weighed, is placed in a calibrated flask and water added. Air
is removed mechanically, following which the flask, water, and
soil are weighed.

The cohesive soil is put into a suspension by mixing in
a mechanical mixer., Then it is placed in a calibrated flask.
The weight of the flask and an equal volume of water had been
previously determined. Air is removed mechanically. After
weighing the flask, water, and soil, the contents of the flask

are put into an oven and dried, and the dried soil weighed.
weight of solids

weight of water displaced
ws

Ws = (Wo-W,)
= weight of the solid substance, gm.

Specific Gravity =

=
!

= welght of flask with distilled water and with soil, gm.

= E
N
TR

= weight of flask with distilled water only, gm.

Water Content

This test can be important as a means of measuring the

shearing resistance if the water content stays constant.
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The water content, "w", is equal to the ratio of the

weight of water to the weight of solids in a sample of soil.

Density, Void Ratio, Porosity

Y = total volume

VV = volume of wvoids

e ‘””%36 AR i .__L_VA ! ‘!
: % Ve | V,, = volume of solids
W | WATER | .V
w mgw. s »E ?—— : \4v= volume of water
l Ts SoL1D i %-’ : l V4 = volume of air

Wy = weight of air = O

R 5 b~ \' V%v= weight of water
e Yy W = weight of solids
B Vs W = total weight
Y densit
3 ¥
Vv VV = _d_, g
L= = ’b = dry density

€ = void ratio

N = porosity

Atterberg Limits

Plastic Limit

Liquid Limit

Shrinkage Limit

Plasticity Index

(Refer to Lepper, Lecture 10,.)

Permeability

When water flows through a soil material it is for the

most part laminar flow and, therefore, Darcy's Law applies, ¥he-
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the quantity of water per unit of time is equal to the product
of the cross-section area and the velocity of flow:
Q = AV
Let "i" be the hydraulic gradient, i.e., the ratio of the head

loss to length of flow, h/l , and let k be the coefficient of

permeability. Then, since V = ki,
Q Q L
= ¢ omd R=2-— = — =
There are three types of permeameters to measure the

coefficient of permeability, the horizontal flow permeameter,

the constant head permeameter, and the falling head permeameter.

Constant Head Permeability Test

h Y LEL,
o & The volume of water flowing
s h for a specific time, Q,
‘ N ; is measured. h and H are
}43 Kl i it constant and known.
i b i :
'f A
BN B
&
& 25
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(falling head)

In Zime, AT, feve/ Falls Al. The
veolvme off amovrnit of water //owinq

= 4,4l . A}‘Lv
The velocity af -F/aw = ZZ:—

The velotity of flow wr Ehe
speeimen, U, equals 2h A,

i A,
NCEE N3 EY
x.-// W-/?,c-}?/_f
- Ah 4
A= 2 AL
r,q ¢ Az.
/fh. L b 4, minvs becauvse 75
AT | 4t o A gefs swraller dk
Gets [farger
Ao Ll A,
4TI g rdt
—[P2dk _ (T g
— = ‘—'.._E.'..
h, " %, H "4, gz
ha k
—-[,%A_] C= A (6-4)
h, A,
hi = B Aerp g
aeﬂ —-;L—; H A’! (?- l)
’f' é-l-""é/" 7
hi A H
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The last lecture was primarily on classification of
soil. This is of tremendous importance and is by no means com-
plete. Another source, testing work, concerns properties of
soils. It is, of course, undilated by identification. It is
important to know what can be obtained from it.
Tﬁere are two large types or classifications of.soils;

sands and clays. The coarse-grained, non-cohesive soils are

the sands, the fine-grained, cohesive soils the clays.,

Coarse Grained Soil

Coarse grained soils vary from boulders to fine sands.
They have usually a large quartz content. The water in the
soil is either free water or attracted water. Sand is not
cohesive and depends solely on friction. Sand when resisting
load applied pressure derives their shear strength. The shear
strength will be reduced if the load is reduced. Similarly,
when water rises, the pressure decreases on the sand and the
shear strength goes down. .

Loose sand is sensitive to vibration. Vibration may
cause detrimental settlement. The permeability rate of loose
sands is quite high and there is danger of material being
carried away.

Sand is not plastic, only slightly compressible, and when
it compresses and settles it does so immediately. The slopes on

cuts depends on the water in the sand. ©Sand is less affected
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by weathering than are silts and clays. The bearing capacity
is higher, too. Dry sand has a certain volume, which, when the

moisture content is increased, will increase the volume. As a

result, bulking may be serious.

volvme 7 |

‘.,_,r"p"r i f}n;““

aan,e‘.". = L ] ey
L B .

f? !ﬂ*ax P = ﬁb,,,
! o Ca,.

e I

/0| le

e moisture content, %o

Fine grained soil

Clays which are fine grained soils are cohesive, i.e.,
they stick together. This depends on the water content.
There is little internal friction. Clays are very plastic, and,
therefore, may be molded, and, because so much of it is water,
clays have a high void ratiec. Clays expand when they absorb
moisture and soften up. They lose strength as they soften. On
the other hand, when clays dry they shrink. Clays have high
compressibility but it takes a long time to settle. They also
have low permeability because the pore space is small. The
bearing value is low. It depends on the shearing strength.
Clays are greasy and smooth to the touch and do not exhibit
diligency as silts do. The upper grain size limit for clays

is 0.005 mm.
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When a job begins it is advisable to visit the site

and look around. Observation may reveal whether the site is
suitable for the proposed work. It may reveal what construction
methods will be the best. As far as excavation is concerned,
it is important to know if the sides will need supporting, or
if the material is difficult to remove. Water problems are
common and costly. The water conditions may change after con-
struction perhaps as a result of construction. If the water
table is reached during construction it may mean well points,
sumps, or even re-routing of the water. A visit to the site
may indicate if the soil is suitable, may give information on
what the structure may be expected to do, and may help select
construction methods and construction material,
Site

1. Geology of Region: Many problems can be avoided

by utilizing geology. The limestone problem, i.e., sink
holes, may be avoided. There may be evidence of slides or fills
resulting from slides, and so on. Most of the United States has
been surveyed by the U. S. Geological Survey.

2. 01d Maps: An old map can often give valuable informa-
tion, such as location of old stream beds, etc.

3. History of site: O0ld buildings may have consolidated

part of the site while the remainder may be virtually unconsoli-

dated.
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4. Topography: This may reveal evidence of slides, etc.

5. Trees and Vegetation: The roots of trees often get

into foundation and sewer lines. Further, they absorb moisture

from soils.

6. Streams and lakes: If there is a stream or lake in

the vicinity, information should be gathered on flow, floods,
seasonal variation, debris, ice, scour, Width and height at
high or low state, chemicals in stream, industrial waste, and
borers.

7. Adjacent Structures: Much knowledge can be gained

from adjacent structures: type of structures applicable to

site; loads that are safe; evidence of settlement or deteriation.
If the structure is a building the height should be determined.
If the structure is a bridge, the location of piers should be
determined. Since it is important to build on the same level

s0 as not to cause destruction of the adjacent structure or to
your own, the depth of foundation should be found out.

8. Underground Water: The depth of the water table and

its variation must be determined but may be difficult to obtain.
Information should be obtained also on movement or potential

movement of water, its direction and speed.

9. Frost Line.,

10. Permeabilitvy.

11. Runoff.
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12. Vibrations: Vibration may cause compaction. Adja-

cent buildings, railways, etc. may cause vibrations.

Soil

1. Geology: Information can be obtained about the

history of the region and then the soil characteristics determined.
2. Materials: Previous construction jobs will reveal

much about the material.
3. Records: The records of federal buildings are

usually kept in the building after construction.

The methods used to get soil, discussed extensively in
the literature, is briefly as follows:

1. Sounding rod: This is the cheapest method but also

the most inadequate. It is supposed to determine rock but it
may hit a boulder instead.

2. Hand Auger: This is merely a screw thread turned

into the ground.

3. Wash Boring: Two concentric pipes are used;into the

interior one water is fitted, through the exterior one the
material comes up.

4. Wash Boring and Sampling: At regular intervals

the boring is stopped and a sample taken. However, because of
the water from the jet, it is not a good indication of the

watercondition of the soil.
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5. Test Pits: Test pits are very expensive. After

four or five feet it may be necessary to shore up excavation.

The limit is usually twenty feet.

6. Core Borings: These are the so-called undisturbed

samples.

7. Geophysical Means:

A, Seismic

An explosive charge is set off and the time lag
is recorded at several pick up points. It re=-
quires a special trained crew. It only shows if
rock is there although somewhat where the rock
is, and it is generally of little use.

B. Electrical Resistivity Method
Four electrodes are set in line. The two outer
ones are charged negatively, the two inner ones
positively. The resistance of the soil separating

them is determined and through comparison it is
to a certain extent possible to determine if the

s0il 1s gilt or elay.

Information as to the suitability of the soil can be ob-

tained through field tests.

1. Permeability: Wells are drilled and pumped. From

experience it is possible to tell how water is passing through
the soil and where it is coming from.

2. Small Scale Load Tests:

A. Proctor penetration needle
A plunger forces g needle into the soil. The
load required to advance the needle at a steady
rate of 1/2 inch per minute is compared with a
standard to get the bearing value of the soil.
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B. California Bearing Ratio
This method is used in flexible material construc-
tion and applies to any earth material. The
material used in the subgrade is compacted in a
mold. A plunger, three square inches in area,
is forced in 1/10 inch and the load recorded. The
ratio of this load to the load required to push
the plunger into crushed rock is the California
Bearing Ratio when expressed as a percent. For
the purpose of determining the effect on saturated
conditions on the soil, tests may be made on soaked
samples. As a sideline, the soaked sample may
be put away for four days before the test is run
and the swelling observed. If the swelling is
less than one inch the soil is considered excellent,
etce.

3. Full Scale Load Tests: With tests of this sort, it

is of utmost importance to have full knowledge of what is below
the test area. Generally, all a load test consists of is the
loading of an area at increments and observing the settlements
for each increment. However, interpretation of the results is
difficult. This test is not very good on clays because clays
take a long time to consolidate. However, it does give some
information on sand and gravel. _

The various building codes dictate methods of making a
load test and the interpretation of the test. It is generally
required to excavate to the depth of foundation and there to
build a platform on an area of about 1 ft. x 1 ft. to about
3 ft. x 3 ft., depending on the code. The load iS applied
directly by gravity or by means of a jack. This load is applied
in increments, i.e., when settlement has not taken place for

twenty-four hours the load is increased. Settlements must be
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Field CBR - Complete assembly of apparatus show-
ing extensions, extra surcharge weights, proving
ring for lower loads, and other required equip-
ment .
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Field CBR - Field California Bearing Ratio Test
in operation.
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measured from a reference point but care must be taken so that
the reference point does not settle, too. The contact pressure
and settlement are recorded and a curve drawn. Some codes,

such as the Boston Code, say that the correct bearing pressure
is the one where the curve starts to break. However, with

most load tests the curve seems to break all along. Therefore,
it does not seem to be a good interpretation. Another method
would be to put on a load which is somewhat greater than the
design load. Then, if the curve does not break, the design

load can be used.

N, Y, City Code (Condensed)

| Apply sufficient load uniformly on platform to produce
a center load of four times the proposed design load per square
foot. Read settlement every 24 hours until no settlement occurs
in 24 hours. Add 50% more load and read settlement every 24
hours until no settlement occurs in 24 hours. Settlement under
proposed load should not show more than 3/4 in., or increment
of settlement under 50% overload should not exceed 60% of settle-
ment under propesed load. If the above limitations are not met,

repeat test with reduced load.



Le2h  (ps 31)
Prof. Brennan
Janm, 15, 1953

BuLa oF PRESSVRE
Simeplified -~ bosed on Bovssinesg

/0%

AR AR gt AN SN ATRA ATt

/o I ' ] 3 190 s X T
| ,. \l/ \\
e N \ K o
i it ! * /‘ g /}{‘

W
IR L T 2 K

|

Lines off
same tntensity

Fime W

5 The [imif vs arbi frarily called Vo P . Borings are

brovght fo that depth 5
Load fest r’““‘“ 2 s i i i s . 74his i llustration
} acfval foundation | shows why lead
ol; A +ests are often
ki 1 o. P misleading.

e U



1-22 (p. 1)
Prof. Brennan
Jan. 20, 1953

In the preceding lectures, the basic principles of soil tests
and the standard routine of these tests were discussed. It is impor-
tant to get information on the structure, the design of the structure,
or potential displacements. What forces are acting? How much movement
can be expected? What movement will there be? These and similar
questions need to be answered.

One approach to this problem is to draw pictures on how the
structure can move. These can be called displaced structures so as
to relate it to deflected structures of earlier lectures. The first
thing needed is an idea of how the soil is located under the structure.
This may be a soil profile which will indicate the presence of various
soil strata. Then, since information will be needed on the material
in each soil layer, the soil will need to be classified for identifi-
cation purposes. Also, information must be obtained on water condi-
tions. With the information a decision can be reached as to what
structure and what foundation for the structure to use.

The following questions, when answered, will dictate design
and construction:

1. How can the structure act on this particular stratum? Will
it settle, slip, slide sideways, settle differentially? A structure
can move horizontally, vertically, and can rotate in any plane.

2 How will the movement effect the structure itself?

3+ What caused the movement to take place?

4o How can the structure be designed to resist the effects of

movement 7
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5. What can be done to the earth?

When studying movements usually only a single isolated footing
is considered. However, it is advisable to keep in mind that footings
are seldom isolated,

If the layer in question is sand appreciable movement may occur
only if the entire mass moves. However, very slight movement may occur
if the mass is compacted or if the sand grains are compressed. This
small settlement takes place instantaneously. If, on the other hand,
the layer is clay appreciable movement may occur either because the

whole mass moves or because the water is squeezed out.

!

s “l“ = ;L / Displaces vertically ,Foo.

/| Pushes down |
/ | ond out. | |

]

B R

— =
watg - = i w ﬂ.‘\" \3

One way of getting rid of differential settlement is to make a

rigid structure. On the other hand if the structure is extremely flexible

it will not crack under differential settlement. It is apparent then
tha¥ any degree of stiffness between complete flexibility and complete

rigidity is subject to cracking under differential settlement.
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Stability, i.e., the ability of the structure to stay put may

be more important than plain settlement.

Uneg va
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If stresses are known it is possible to get some indication
of strain even in soils., If the structure is not continuous the stresses
will be greater towards the middle. This will cause a dishing of the

compressible layer and unequal settlement of the footings.
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On a continuous structure the interior supports take more load
than the end supports. Heowever, as the interior supports settle the
reaction on the end support inc;eases. The end supports settle and
the load is thrown back on the interior-supports. Therefore, the
structure may end up with uniform settlement.

In some instances it may be convenient to have the stress the
same on each footing. If the footings are proportioned the same,
settlement may result. On the other hand, if they are proportioned
differently, there may not be settlement.

If cracking takes place the structure will act like a statically
determinate structure.

A rigid structure will settle uniformly.

With a rigid frame structure like a bridgé founded on a soft
compressible material, the abutments will tend to tilt and also to
move out. However, as the footing tilts it picks up non-uniform
pressure which tends to relieve the tilt. However, the movement out
will continue. This movement has a large effect on the moment at the

center of the rigid frame.

sigjsans

B
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After having predicted movement it becomes necessary to arrive
at the magnitude of the movement. There are four sources of evidence.

1. Load Test
This was discussed in Lecture 21. It is probably the worst
method mostly because it is small scale. A stone would
have the effect of a boulder on a full scale structure.
Also, the bullp of pressure extends much deeper on a full
scale structure than on the small scale load test.

2+ Theory of Elasticity

3. Consolidation Test

Le The knowledge of earth material and type of structure so

as to build up a file of information from which settlement
and its extent may be predicted.

The Theory of Elasticity

It is possible to do this very simply by making certain
assumptions. First, assume some line of stress action. Then assume
that the stress is uniform. Finally, assume or obtain in the laboratory

a modulus of elasticity for the soil.
C’a i: {Al +{A:.+1cnl £+c‘
E

Uniform stres

N

—

AN

However, it is common to go farther and use Boussinesq's

equations tec get variation of stress.
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I\n|w
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G! is the vertical stress at any point due to a load P, & the depth
to the point in question, and I the horizontal distance from the
point of application of the load to the point in question.

The equation may also be expressed:

3 p &

e SS—

where R is the distance from the point of application to the point in

question. Derivation of this equation is very long and difficult.

It can, however, be found on pages 362-365 of "Theory of Elasticity" by

Timoshenkoe.
P

Applying a known load to the equation is very simple for one

point, but, for many, it is very arduous. Fortunately, it has been

simplified by Newmark's influence chart.
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What is wanted is an influence surface which will end up with ‘1‘!-.

being unity.

. S BE b 2
Integrating d‘a_ z Ir z* ’+(F/Z=)

over the loaded area will result in:

5 [‘ = ff@"’fﬂ

When F=ze0 , "‘/ /.0, It is possible to determine the ratios /-'!

for which the ratio % 0.8, It is 1.387. By selecting some
definite scale, like 0Q, as shown below, to represent the depth & ,

we obtain the length of the radius 'ro_a which corresponds to 6% = 0.8
by multiplying the dista.nce 0Q by 1.387 and drawing a circle with that
radius. This procedure is repeated for other values of GG/P ’

GG/P-Oé ﬂl"\d ‘i/P -—04

The diagram thus obtained represents an influence chart for

a surface unit load of unity (P= l.o). Thus the vertical stress 6;
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will equal Q0.8 if the entire circular area of radius r;_a is loaded
by P2/.© . If only a ring between the radii Fa e and Ig, is loaded
with pel.0, then b4 ¢ 0.8-0.6 = 0,2 . Each ring on the chart
below is subdivided into 10 equal blocks. Therefore, a load of p=/.0
covering one of these blocks will produce a vertical L¥mit stress of

6a=9-1*0.2=0.02 , Therefore, the influence value of each loaded

block is 0.02.

"8 compy =

Oepth z at
Wwhich press-
ure

+ed.

\ From Tschebotarioff

By taking a plan of the structure, for w;hich the stress caused
by it at a depth # is to be found, drawn to the scale for which Z2=0Q,
and placing this plan on the chart so that a maximum number of blocks
are covered, the stressg at a depth 2 is the number of blocks covered
times the influence valué of the chart times the value of the pressure
per sqs ft. that the structure exerts at the surface of the ground.

There are charts for finding strains directly but Peisson's
ratioc must be known which means that the soil must be homogeneous and

isotropic,
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Theory of Consolidation

The theo‘ry of consolidation in a simplified form has come into

frequent use. A
Sand
g e e R e e
P B ‘ﬁm*m“mmyﬂ_ww 3* e, }} j‘,
| i : Clay ; tonn. P j;
ABRLARARLAAVARAN AR ”??—a. ® A P... NN
Rock . A

The pressure ‘pl and P, are found by means of Boussinesqg's equaticns.
In this analysis we are interested in settlement along the line A-A,

let AH=EH where B is the unit deformation.

£
£=—E—

Ap
The average stress, f, is /H s which is the additional weight of a

structure or fill, so that

A H
AHg__ﬁ-%:A'P-E

H
; . D€ :
Since 6 = T—C 5 £ can be found in the laboratory.

et . Arlre
w_— Hae

qu: +4 - /QP f4 aé

o i
[

H F Ao Ap (i+e) -(H?-) Ap
H o€
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Hae _ Ae
= R and is called the compressibility coefficient
Ap P
and is denoted by ™"a™ so that
Ap
AH = o —
1+ &
";q\v " is known as the "coefficient of volume compressibility" and
[z
My =
Sl -

and

AH = Apm, = Hapm,

To find Ma®™ in the laboratory the void ratio is found when there is
zero surcharge and subtracted to get A € from the void ratio after the

sample is subjected to an increment of pressure.

The field consolidation curve for ordinary clays appears in a
similogarithm diagram as a straight line represented by the equation:

- » - c IO E-—b-_ﬂ'--—-h--"AP
oy = Blhinaniay = "9 g

(from Terzaghi and Peck)

ae = (a lcualo Potdap
P

where CC. (dimensionless) is the compression index and Po is the weight

of the overburden. Then,
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For a clay of medium or low sensitivity

C.== 0.009 (Lw—IO%)

The time it takes to consolidate the soft layer follows from

the computation of the total amount.lq
p

AH =
I+e

At the instant the load is applied the load is carried entirely by
the water in the pores. As the water is forced out of the pores the
soil grains come to bear against each other. Consequently, the grains
begin to take up the stress. At any time, then, p= .lb'f-‘fc where "u't
is the load carried by the water.

In the following diagrams the condition that exists at any
particular time is depicted. Although the time of complete consolida-
tion is different in each of the two cases, the total deformation is

the same. Deformation continues until all the water is squeezed out.
p____Sand P _Sond

ol T ..;Ft +.-, o
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The discharge "Q" during the time "t" through a total cross-

sectional area of soil MA"M is

Q=hkiAt



where "i" is the

will be
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so that q.= ke
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hydraulic gradient. The differential discharge g%

it.: ,!.iaC1j:
e, 5 3 head loss _ dk
L i
dv
h =2 —
d Y.

=_.'_--c'.o‘toc.
Yw

. ___//d;
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When the cross-hatched area

doubles, the deformation doubles.

(Ap):

[+ &

AH-& = a

The percentage of consolidation is expressed:

(an),

J= ——— xJ00
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At any interval of time
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Introducing a designation Cr , the coefficient of consolidation:

Oy = k Ci+e)
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e, t

Ts. = gt
T is termed the "time factor" and is dimensionless. When reaching
a certain percentage consoliciationU , two soil layers of different
thickness H, and Mg , but made of the same material (same value of
Cv ), heve the same value of the time factor. Designating the time

intervals required to reach that percentage consolidation f’-, and

& o
= Cv‘tl - C'.., t"-
o> B

>

so that @
€, H., o
. H,

A, #
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These last lectures have discussed ways of getting an idea on

how the structure is going to act and of putting a scale on the amount

of movement. Last time settlement was studied. Failure may be by in-

stability also. There are means of getting a scale on instability. The

same approach is used for earth dams, cuts, and the like. First, some

factors have to be considered:

1.

2o

3.

liu

56

9.

Stratification of bedding planes.

The situation is very different if the materials are not
homogeneous than if they are. EFach material has a different
tendency to slip.

Weight of soil.

Water in the soil.

Water will change the weight, reduce the cohesion.

Roots and trees.

These give strength to the mass.

Putting additional load on foundation.

Water seepage.

Water may erode material.

Change in material,

Excavation.

This may affect all of the above.

Structure.

The structure may block the flow of water.
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SHEARTNG ALONG PLANE OF FATLURE

There are many ways of finding the shear along a plane of failure
but all of them assume a plane on which the shear takes place called a
critical section. Then, they figure all the forces on that section to
see if it will remain in equilibrium. The forces acting include the
weight of the material and the structure. The resisting forces must be
determined by laboratory analyses.

Two terms are used, cohesion and friction. Cohesion is the
ability of the material to resist being pulled apart. Friction is the
resistance caused by the material being rubbed together.

The shear resistance of sand depends on normal load. This is
not so with cléys. Resistance to deformation in sand increases as the
voids are reduced. The coefficient of friction of sand varies with the

load. Pr.

) iIT e
fﬂ*a ’! P

Assume Fk, remains constant and Fz increases from zero to the
value which will produce sliding. The angle formed by the resultant
with the normal to the plane (with the maximum principle stress) is known
as the Mangle of obliquity"™ and is denoted by the symbol, & . The body
will start sliding along the plane when the force f% reaches a value which

will increase the angle of obliquity to a certain maximum value ¢



1-23 (p. 3)
Prof. Brennan
Jan. 22, 1953

which is termed the angle of friction.

Pf. = £ fm¢ when sliding occurs, or since § is

the frictional stress and &' the normal,

S = g-/-and

_9,4 = FA “+an ¢ and
S ! P,
= )
i T:ﬁ, —
i £ 9 z o
Py | N M- h
sl 4 N
™ ke
T Pv

Consider & differential element under the structure shown above

and loaded normally. If movement occurs it will set up a force Ph, :

e : o when Ph-‘-'O
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Therefore, if R, is known and 4 determined as is often the

case aMohr circle can be drawn from a tangent and a point.

P;._ oc- CbD

-

R e and simce CB=CD= CA
£, oc +C8

oc~-CD
oc+ChD

; AC :
= oc and Sincé oc = SWI-@

I

e = KA’ the coefficient of
¢ active earth pressure.

This applies mostly to sands.

APPROXTMATE RELATION BETWEEN S AND P

Sz P"'M‘p , valid for cohesionless sands.

3=C+ 'ﬁ»n¢ , valid for moist or dry cohesive soils located
above the water table.

{ -
5279 =C | valid for soft clay (§ =0)

There are three methods of finding ¢ , the angle of internal fric-
tion in the laboratoery.

1. Direct Shear Test
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This test is used primarily on cohesionless sands although

it may be used for moist or dry cohesive soils located above
the water table. Most drainage conditions can be approximated
in the test procedure. Basically, the specimen is loaded
normally and sheared tangentially. The stress due to the
normal load is plotted against the stress due to the tangential
pull. The slope of the straight line portion of the curve is
the angle of internal friction. Generally the line is ex-
tended to intercept the axis of the normal stress and the
intercept is assumed to be the cohesion.

2. Unconfined Compression Test

Clay specimens are loaded and permitted to bulge out. The
stress at failure is called the unconfined compressive strength,

Gy, s> ndif P=0
/
C= v 9,

3. Traxial Shear Test
P

S= FR,'Fﬂﬂx'P + C

it_.._

o
“Pp
::: b " where C is the cohesive force

i o
i ;?;7{
! > "':*’"-m 4
| 7 Y
i g f :
L 34’ I A ’
o] ! o T
L S -
| s
i T
e

SIS ﬂlﬂ 7 -
el |
N W AT e e
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Prandtl Theory.

Prandtl investigated the plastic failure of metals., A special

case (horizontal surface) of his general solution is applicable to founda~

tions and is illustrated below.

B e e

Loy B e

T i e .i - ';_ - ‘!:/ o i -, - -\.&
= S ISR S S A } e f = 3 - p5
: }P"':

T

Krey friction circle method

Given
Te

2
3.
bLe
5e

6.

Te

8.
9.

, ¢, c

Draw footing

Assume a center of slip circle

Draw circle and wedge as shown

Compute C, PF, PC’ W and lay off force polygon as shown

Draw string polygon and position F on diagram. Resultant, R,
must intersect F and Q at a mutual point.

Draw friction circle with a radius, riﬁ, equal to r sin ? as
shown,

Draw R tangent to the friction circle and lay it off on
force polygon

Determine Q

Repeat with a different location of center of circle until
the minimum Q is found,
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FRICTION_ CIRCLE
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Swedish Circle

This is based on field work on slides on railroad embankments in
soft clay sediments along the fjords that line the Swedish coast. This
method of predicting failure is based on the observation that fallure
occurs in a circular arc.

Aséume a %ine of failure. Calculate the factor of safety as

indicated below. Repeat until the minimum F. S. is determined.

)
wi * |

L B ;-
i ! i _ft\-
h i ;. 5
:l 3 R ! Y

<
add
A
>
-
+
P
r

=
2
rl-
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The following are methods of avoiding instability.

1. Sink the structure deeper.

o

7

2. Make the structure wider.

f
5 e B Ry a4, B
ST .J‘:“L“TJ"" T

3. Put in piles, wood or sand.

e

f
L e

4. Replace the soft compressiﬁle layer with sand or gravel.

5. Carry the structure below the soft layer.
6. Consolidate the soft layer

a. With piles N
be With sand piles
c. By preleoading

7. Put on a layer of sand
This spreads out the footing and extends the bulb of pressure.

8., Drain water from soft layer and keep it drained.
(Most methods are expensive)
a. Well points (they tend to clog)
b. Permanent wells
c. Divert water
d. Drain tiles
e. Large conduits
f. Sheet piling
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The following are methods of preventing differential settlement.

1.

2

3.

L

5
6o

Te

In

Build the structure on a rigid foundation.

Set the structure on jacks.
This was done for Yankee Stadiume.

Chemical consolidation

This is a very expensive method and it is only used in

fine sands. It tends to change the sand to a soft sandstone.
Sodium silicate, water glass, is injected into the soft
strata. '

Electrical method

This method is expensive. It is used only on clays which it
tends to solidify. Aluminum is used for the anode and copper
for the cathode.

Control by construction technique

Compaction

a. Sheep~-foot rollers

b. Double acting hammer

Expansion and Contraction Joints

the preceding lectures and this lecture the following three

points were covered:

1. What action takes place.

2o

3.

The scale of movements, settlement and instability.

Corrective measures .
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Rankine, Coulamb, and Terzaghi each produced earth pressure
theories and amazing as it seems they do not agree, This would seem to
mean that we do not know what we are doing. However, factors like the
condition of the mate:ial itself or the loads on the material effect so
greatly the results that variations in theory are perhaps only of
academic interest.
When dealing with retaining walls and bulkhead problems two
questions need to be answered. 1l. How does the earth effect the struc-
ture? 2. How do the earth and the structure itself effect the earth?

l. Slide horizontally

ﬁv-a..,mk"

i A
: e !I
"\
ol Ly
<
3. Rotate clockwise
b 27
C\\L :; ]
T a1
< \:}
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There must be some movement of earth for the refaining wall to

move. The magnitude of pressure depends on the movement. Actually
there is no such thing as pressure. It is one thing at one time and
something else at another time. The answer that is desired is the
maximum. Movement in retaining walls are gradual movement. What then
is the maximum and how is it found? You must stipulate conditions.
The best information on this subject comes from experience. The best

experience comes from the railroad.

Rankine's Method when the Surface is inclined to the Horizomtal.

Consider the equilibrium of an elemental portion of the material
at depth Z. The weight of the soil acts vertically, and the earth pressure
considered is the stress which is conjugate to the vertical weight. The
earth pressure on a vertical plane thus acts parallel to the surface, an
asswapt.ion which leads to some inconsistencies and errors when applied
to retaining walls.

The direction of the maximum principal stress is not known and the
Mohr's Circle diagram cannot be drawn in its correct orientation at the
first attempt. For convenience the principal stress axis is drawn hori-
zontally and OY and QH set off atdg to the line Of ,ﬂ being the
obliquity of. the resultant stresses on the conjugate planes considered.
OV represents the known value of the resultant \/é eos ﬁ , and a
circle passing through V and tangent to the limiting lines OR and OQ
locates the points P, and Py . OH represents the value of the

active pressure and the angle VP, H represents the angle between the
o 3 P
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planes on which YQ— cosﬂ and [ act. When the Mohr's Circle diagram
is in its correct orientation, Va.?,, should be parallel to the surface of

the soil, and GH should be vertical., When the circle is orientated

correctly the directions of the planes of failure P3 R and P;@ will be

indicated properly. (From Capper and Cassie.)
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PILES

Reasons for driving piles

1. Disbribute the load

The Friction Pile

2. Carry load to firm strata

Bearing Piles

§
i

!
!
§
TP PP I ruL' PP A B o
3. Consolidate soil

Pile driving squeezes particles together which gives
greater bearing values for the soil.

L+ Prevent failure under piers due to erosion.

5 As fenders -

6. As a combination éuperstructure and bearing pile.
Trestles

7. As temporary forms
Falsework

8. Furnish lateral support

Batter piles
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Driving in clays causes problems of remolding. The effect this
has on the carrying capacity of clay has been very controversisl. At
first it was thought that driving piles was always useful. Then A.
Casagrande reported in "Contributions to Soil M Mechanics, Journal of the
Boston Society of Civil Engineers, 1932" that driving piles in Boston
clays did more harm than good. However, in 1948 A. E. Cummings, G. D.
Kerkhﬁff, and Re B. Peck reported in the Proc. of the ASCE that pile
driving in cley not only was not harmful but was even beneficial. Their
decision was based on observation of Detroit Blue €lay which showed that
with clays of that type the remolding effect was only temporary. Gener-
ally, it can be concluded that if the sensitivity §f a clay to remolding,
which is determined by means of unconfined compression tests, be just
slightly sensitive the driving of piles should not cause any concern in
respect to a possible weakening of the clay.

Incompletely consolidated and/or remolded clay layers can overload
end-bearing piles, owing to the effects of the so-called "negative fric-
tion." This term is employed to designate frictional forces which are
applied in a downward direction to the pile surface. A dangerous condi-
tion may arise when piles are driven through newly placed fill and through
underlying soft clay to a deeper lying hard layer. As the clay consoli-
dates the entire weight of the fill may then be transmitted through nega-
tive friction to the piles and may crush them. (From Tschebotarioff.,)

There are three ways of determining the bearing capacity of piles:

by theories, by tests, and by experience. Theories are of two kinds--



L“‘21|- (po 6)
Prof. Brennan
Jan. 29, 1953

static and dynamic. Generally, it can bs said of theories that we do
not know what we are talking about. Pile driving formulas are a re-

sult of these theories. The most popular is the so-called Engineering

News Formula.

—F-

h
4’ S R Wh = Rs
IR SR ik

Ro —m

ond So as +o prohibit an

(1 4 answer of JniﬂinH-r:
1 RN P

R - _ wh
R | R-S-H

However, there is evidence of loss of energy as exemplified by

brooming and by heat so that a loss of energy factor, K, must be considered.

kK wh

B eee———

S+ /

For the Engineering News Fornula K = 2 and

2Wh
S+ 1/

R =

This is for a drop hammer. Other hammers are accounted for as

is indicated: R= 2wh

e

S+ | for a single-acting steam hammer.
Although formulas are not to be relied upon for accurate re-

sults, they nevertheless serve a useful purpose because they prevent

overdriving:
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There are many laboratory tests but few of value. The following

are the results of a recent field test:

Steel and Timber Pile Tests

West Atchafalaya Floodway--New Orleans, Texas and Mexico Railway as
reported in Transactions of the AREA, 1951,

n3ingle hollow steel piles, as well as a group of nine hollow steel piles,
were tested to failure or near failure by placing large concrete blocks
one..lozding platforms on top of the piles.

"The stresses were determined in the steel piles at 5-ft. intervals of
length by placing...[;traig7 gages on the inside of the piles, and by
recording the strains during driving by oscillograph recordings on sensi-
tized photographic paper. The strains were recorded during the static
loading of the piles by a2 portable strain indicator.

nSingle timber piles, as well as two groups of nine timber piles each,
were tested to shear failure in the same manner as...the steel piles,

but no effort was made to record the dynamic strains or the strains along
the length of the pile. However, strain gages were used to determine

the distribution of load to the various piles of the group.

n,..The soils are typical of the sedimentary deposits of the locality and
consist principally of clays and silty clays of high plasticity and...
would be generally classed as medium and soft clays. ...By the Casagrande
classification, practically all the soils are MCH"™ clays of high plasti-
citye
"A brief summaryee.

1. The measured dynamic stresses in the top of the pile became
greater as resistance to driving increased. The total stress was about
the same at all sections of the pile above the ground line, but decreased
below the ground line. Only a relatively small percentage of the dynamic
stress was observed at the point of the pile in penetrating the ground,
even in piles driven to refusal.

2. The static weight of the pile driving hammer ram was 5000 lbs.,

but this weight with a 3-ft. stroke developed a measured dynamic force
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during driving of over 20 times that amount in the 65-ft. friction pile
and over 30 times that amount in the 110-ft. end bearing pile.

3. The static load carried by the steel friction piles driven
into clay depended almost entirely upon the shear between the pile and
the penetrated material for transfer to the surrounding material. At the
termination of the test period the center of bearing resistance for
these piles were determined as at about half the penetration of the
pile.

Le The long steel pile driven into a layer of sand to refusal,
after penetrating very deep cley having a high moisture content, continued
to act principally as a friction pile under the short-time loading, which
was, however, considerably longer than any duration of a moving line
load, with only about 16 percent of the total load carried by end
bearingsss

5. The shearing forces between the surfaces of the steel piles
and the penetrated material became quite large for single piles, attain-
ing a value of 1980 lb.per sq. ft. for the 65-ft. friction pile and
3050 lb. per sq. ft. for the 110-ft. fluted pile. The high shear values
occurred for only a relatively short length of the pile and were 2
maximum just below the ground line.

6. The maximum of the shearing forces for the individual piles
of the group was considerably below that occurring for the single 65-ft.
pile,es. The high shearing forces occurred over a much greater length of
the pile than that for the single pile and attained a maximum at a much

greater depth.
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7. (A single tapered steel pile failed at a higherload and
shear value than a straight steel pipe pile.)
8. There was considerable varistion in the magnitude of the
load required to produce shear failure in single timber piles driven in
the same locality. ... It appears thut the number of blows required to
drive a single-timber friction pile the last foot of penetration is a
poof criteria of its ultimate carrying capacity.
9. The distribution of the static load to the various piles of
the group both steel and timber, was fairly uniform, with the center pile
carrying its approximate share of the load. This uniform distribution was

especially true within the usual design loads placed on the piles..."

: STATIC LOAD TESTS c)A
—*'*;;\;;“ grovnd -~y {
X/
. .Y N
< & v
Q N v ~ centerof
\‘b' 3 7 pearing
» resistance
Shearing stress,psf Pile reactions Kip
Friction between pile surface at each section

and earthe.



PILE FOUNDATIONS

"ame and description

Rajmond
standard
Step
Union fluted steel shell

Western -Butten

TYPES OF PILES AND AVAILABLE SIZES

Maximun length Remarks
ft
371" Good friction piles
Taper: 1 in 30
TR
anything Heavy steel shell

72! normal
100" + if required

MacArthur
cased or uncased 401
Shell-lesg types 40! not recommended
Pipe. Open-ended fdercules or anything Un to 250 piles have
Tuba been made
Pre-Cast R.C, 150 40 to 50 f{ cormon
100' exceptional
Befer PCA booklet
Cormposite - woed-concrete 150 ' +
Timber 100! + ) ‘Lefer ASCE lanual# 17
Steel H pile 8" to 14" 175! + Usually in 40' lengths
Jectional pre-cast concrete any 5' to 10' precast
gections in bored
) hole.
Hollow Concrete Piles any - 150! has been used.
Screwpiles Special purnoses
“rilled-in Caissons 2'-6" d. and wp. "Rotinoff Piling"

big diame pipe pile
resembling a pier.



FOUND&TIONS

i

PILE DATA

SPACING AND ALLOWABLE LOADS

( From Seelye -~ Based on the N.Y. Code )

TYPE SPACING LOADS -~Tons
Min. | Remarks Usual | Remarks
WOOD 2' 0" 276" usual 15 fer 6" point
and preferable ag gk
COMPOSITE at - 6" " Same as for wood piledq
CAST-IN-PLACE 21 <6, Increase spacing| 30 T Increase 2 T
CONCRETE 1" per ton for fer each
loads above 30 T4 increase in
Increase to 3'-0Y point diam.
for lengths over cver HEN. O
30'=0", to 40 T max.
and depending
on strata.
FRECAST R.C, 2! 6" Varies with pile 30 Varies with
design design
CONCRETE-FILLED Rock 2'-0O" o.d. 10"+, 2' min. 493-168
PIPE DRIVEN OPEN- 0.,d. 20" 2t-6", '
ENDED
Hardpan 2'-6", 34.7 - 7q Up to 60
boulders, gravel. 30 -~ 50 lengths.
Friction: 2'-6") Same as c-i-p. 30 Special for
longer piles
STEEL H-PILES Roek 2'-0% Also 2 » max. 40 - 65 Lepends en
dimensien size , 40 T
gy Depends also on max. in
Fr vt Lol ERr)
ictien 2'-6 P 30 hardpan and
y when 407! +,
PENETRATION EXPECTANCY FOR FRICTION PILES
Material Penetration in feet Remarks

Clean, compzct sand and gravel

‘Other sands and gravels

‘vandy clay
Plastic clay
Clay and silt
Silt and mud
Glaedial till
Note

20
30
35
45

slight

50 to 100

piles usually jetted

piles cannot be driven

in cohesive soils use %qu for skin frietion -~ ultimate.

and compute penetration by surface area x allowable Priction.

For uplift - use half the allowable bearing load



PPECAST REIVFORCED CONCRETE PILES

No Size
in.
i 18

2 16+
3 16
4 16
5 15
6 15
i 345
8 15
9 14
10 14
AL 14
12 14
13 14
14 14
15 12
Averages

Length
£t
65
60
60

50

60

60

60
5
60
55
50
50
40
35

35

lain bars % Ties
Dia Spacing
No. das. in. in.
ine 5/
4 1% S 16 9
1 5
1 %6 Tls 6
b
1k 203 Plae v

Strength factor

13/

15/16 2.4

13/g 2.7
15/16 2.4
13/8 257
e 50
By 50
11/é 2:0
13/16 243
1% 245
1 1.6
i 2%
2.4%

double #6 wire

at 5" gpacing
4

i 5
double /16 at
5" spacing

& 4%
+ 6
& 6
%16 10
+ 6
: 7
3/16 6
I 6
I 7

TYPICAL DIMENSIONS

Strength
Factor

1
89
Tl
92

153

98

100

89

150

76

129

105

121

180

173

100

ultimate moment of regsistance

W/,

% tie
steel

0.054

0.254

«223

2l

272

» 600

Gihas

«183

0623

s 167

« 157

«103

«183

176

0.2

s head
steel

1,25

1,30

1.11

0.81

0.70

04,50
0.92

0.31

150

assuming concréte 4000 psi and stesl 38 000 psi

O



PRE-CAST REINFORCED-CONCRETE PILES

. . . . A
Maximum lengths for four bars of size given in a square pile of ls'cover

Dia. of round 12" pile 14" 15" o
Bar +ibs
2 39 36 - -
A 44 42 - -
1 50 47 46 45
1% 90, : 52 5d 50
15 58 56 95
: ¥ 63 f1 60
13 66 65
Size -in Dia. ties Spacing of ties
5 1
& s 6
14 = [
3
! ye 9
L
15 2 5%
/16 8%
16 + 5
/16 8
Long piles in Jetties -~ Maximum 1engthlfgr each sigze
Size of pile Maximum length
NB
12
L Lift at the one-
14 i fifth peints.
15 70



PRE-CAST REINFORCED-CONCRETE PILES

ALLOWABLE LOAD = Twice the side in inches and not more than 40 Tons.

TONS
Sige Main steel Istlemndmbionien?nd conditdon:  n3rd Sondiétidarin
8 M%h 20 30 45
L 25 38 56
ot 403 25 38 56
:/e 9 44 65
i 35% 51 5
8 & 2 il 47 69
i 26 54 80
13 4 &7, 8 42 63
‘8
e 5 48 T2
B 3 45 67
8 & & 25% 44 66
Vg 243 52 77
14 4 & 2 z¥ 47 69
?-% 28 53 78
5 S 28% 43 64
;'/8 53 50 T4
= 38 57 85
5 4 & 11 20 45 67
1;:‘ 34 51 76
2 38 57 85
B3 # 27% 41 62



FOUNDAT IONS

No.

S 3
g B
S 8

s 10

5 14

(o RS S ]

,
g ~B -3
1@ = B =3

13 =B <3

Energg per blow Stcecam pressure Total weight

Hhe Lbs psi b,
9 000 80 9 000
16 250 80 12 500
26 000 80 18 300
32 500 80 22 400
37 500 100 31 700
( An exceptional hammer)

1 000
2 500
4 150
8 750

X5 100

i9 150

Spetial 55 000

PILE DRIVING HAMIERS ( MeKiernan - Terry)

Single Acting

Douhle-Acting
100 105
all

sizus 145
343
675

1 500

2 900

5 000

7 000

10 850

14 000

33 000

Wts of ram
il o

3 000
5 000
8 000

10 000

14 000

21

48

68
200
400
800

1 600
3 000
"5 000

10 000

Blows/
min.

65
60
50
55

60

1 000
500
500
400
300
275
@25
145
105

95

Note. Hammers numbered O to 3 are for driving trench sheeting.

Sizes : No S 3 is 30 by 34 by 160 inches

5 10 245 43
0 6 4

L -B -3
26 26

180

25

1334
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RIVERS
In studies of rivers information must be gathered on the
hydrology of the region. The rainfall, high, average, and low values,
runoff, ground water, and evaporation must be determined. The quantity

of flow on large rivers like t