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ABSTRACT

The purpose of this study is to determine the limit-
ations of the plastic behavior of reinforced concrete beams
with varying percentages of high strength steel (ASTM-A-432)
cutoff in the compression region d distance beyond the point
of infledtion. Comparison was made with the derived
equations.

Steel was placed symmetrically in order to obtain like
action at critical sections. The members tested were of a
propped beam nature having a total clear span of 5'6" with a
6" overhang on one end and 1'6" overhang on the other. Con-
centrated loads were appolied so as to obtain midspan loading
and fixed end conditions at only one end. Beam sections were
3" X 6" with a 54" depth to steel. Reinforcing cover
requirements were not met (American Concrete Institute) due
to the limited size of sections. Shear reinforcing con-
sisted of closed loop stirrups made from no. 9 gage wire.
Electric Sr-4 strain gages were applied to the steel and
concrete at all critical sections in order to obtain moment-
curvature relationships. Dial gages were used to obtain the
deflection at midspan.

Of the eight speciments tested, three had shear-bond
failures at or near the point of inflection, thus limiting
the plastic design theory for reinforcing that is symmet-
rically placed in beams of this kind. The moment and load
deflection curves compared favorably with theory except for

.the high percentages of'steel.
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LIST OF SYMBOLS

This list of symbols is presented for convenience and
all symbols will be ‘defined as they first appear in the text.

a = Depth of compression block for ultimate strength

Ag = Area of reinforcing bars

Ag' = Area of reinforcing bars in compression
b = Width of cross-section

¢ = Depth to neutral axis

d = Depth to center of steel

d' = Depth to center of compression steel

E, = Secant modulus of elasticity of concrete

=

c' = w1'5(33){gg? = ACI modulus of elasticity

Eg = Modulus of elasticity of steel

Esp = Modulus of elasticity of steel in elasto—piastic region
o' = Concrete cylinder strength on day of test

fs' = Compression stress of steel

fqy = Steel stress at failure of section for high strength
steels

P—h
1}

¥ Yield stress of steel

Hy = Hinge length

I = Moment of inertia based on transformed net section
k = Ratio indicating relative depth to neutral axis

kq = 0.85 for f,' = 4000 psi and .05 less for every 1000 psi
; greater than 4000 psi

K = Ratio indicating relative depth to neutral axis for
beams reinforced in compression

L = Span length

M = Moment



xi

M4 = Elastic moment at section 1
Mo = Elastic moment at section 2
Men1 = Elastic-plastic moment at section 1
Mep2 = Elastic-plastic moment at section 2
My = Yield moment for high strength steels
Mult = Ultimate resisting moment

Ultimate resisting moment at section 1

=
o
|._!
L‘l‘
]

1l

Mult2 Ultimate resisting moment at section 2
My = Yield moment for low strength steels

My1 = Yield moment at section 1

My2 = Yield moment at section 2

n = Eg/E¢ = Modular ratio

p = Ag/bd = Tension steel ratio

p! = ﬁs'/ﬁd = Compression steel ratio

P = Load acting on bean

, Py1 = Load causing section 1 to yield

Py2 = Load causing section 2 to yield

Pult = Ultimate load the structure can sunport
€u = Maxirmum concrete strain

€s = Maximum steel strain

@ep = Curvature in elastic-plastic range

Pep2 = Curvature in elastic-plastic range at section 2

@i = 262/H1 = Incremental curvature at section 2 over that
' at first yield

Pmech = Total curvature at section 2 once section 1 begins
yielding ’

Pmech/@y2 = Required rotation at section 2

@y2 = Curvature at first yield
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@y1t = Ultimate curvature at a section

Bult/Py2 = Rotation capacity at section 2 (the critical
section)

6o = Angle occuring at simple support when mechanism forms

O1 = Angle formed at section 1 as a result of mechanism
formation

@2 = Angle occuring at section 2 when section 1 begins
yielding

44 = Deflection at section 1
A; = Incremental deflection

Apech = Deflection at section 1 at formation of mechanism



I. INTRODUCTION

1.1 General Remarks

Unlike the strict elastic theory used for many years
or the more recent ultimate strength theory, which recog-
nizes the post-yield behavior of concrete, the author feels
that a more realistic theory for indeterminate structures
would be the plastic theory of behavior. Most concrete
research in the past few years in America has been involved
with the ultimate strength theory (defined internal stress
block), a very important step toward the plastic theory in
reinforced concrete. Plastic analysis of reinforced concrete
would not only be a much easier and simpler solution of inde-
terminate structures but more realistic.

The plastic theory is a theory that recognizes both the
inelastic stress behavior at a critical section and moment
redistribution in an indeterminate system. After a section
begins to yield (yield of the reinforcing steel), strain or
rotation will incréase more rapicly with little or no in-
crease In stress or resisting moment. If the section was
considered to form a rusty or plastic hinge at yield, the
hinge would rotate at a relatively constant moment, unlike
the simple hinge which rotates with zero moment. After a
critical section yields and more lcad is applied to the
structure, the section rotates at a relatively constant
moment and less critical sections begin taking additional

moment. At collapse load a sufficient number of critical



sections have yielded to form a collapse mechanism or an
unstable structure.

Because of steel's ductility and rotation ability,
under normal circumstances, the actual strain of any one
section for steel structures need not be considered since
the ultimate strain is greater than 15% and it far exceeds
the strains needed to develop moment redistribution (23).%

Concrete, unlike steel, is very brittle in tension and
must develop its ductility from the reinforcing steel ap-
plied. It has been found by Charles S. Whitney and others
that ultimate strain in flexural compression is between 0.3
and 0.7 percent while the ultimate strains in the tension
steel can be 0.5% to over 2% depending on the amount of rein-
forcement used (22). Since the ductility of concrete sections
is 1limited, rotation capacity must be considered in any
derived theory. Knowing the rotation capacity (based on a
feasonable assumption) and the required rotation to cause
plastic development the structure may be designed provided
bond, shear, and compression failures do not develop.

It is the author's helief that ductility may be changed
by changing the percent of reinforcing steel and/or the
amount and tyoe of web reinforcing. In order tc develop an
economical structure it is desirable to have the critical
sections to yield simultaneously.

The following investigation involved cutting off all

*Numbers in parenthesis refer to entries in the bibliography.



reinforcing bars past the point of inflection as determined
by plastic analysis and studying i1ts effect on the plastic
theory developed herein. Theoretically cutting off{ the bars
should have no effect, however the Amercian Concrete
Institute (ACI) does not allow cutting off all bars. ACI
requires a designer to extend 1 of the positive moment steel
into the support of a continuous beamn.

It is the author's belief that cutoff limitations can
be reduced thus allowing more flexibility in steel placement.

The following study involved propped cantilever beams
simulating a single span continuous beam with one fixed end
and one free end. The primary variable was the percentage of
reinforcing steel. Reinforcing steel was symmetrically
placed (critical sections equally reinforced) wiﬁh an
ASTM-A-432 grade high strength steel and was cutoff in the
compression region in all cases. A preliminary beam was
studied having a low strength steel (ASTNM-A-15).and cutoff in
the compression region. Web reinforcing consisted of closed
loop stirrups (no. 9 gage wire) nlaced in an unricht position.
Moment-curvature and load-deflection relationshins were es-
tablished at each critical section for all heams tested.
Moments, loads, curvatures, and deflections were compared

with the developed theory at yleld in all cases.



ITI. REVIEW OF LITERATURE

The development of design methods based on inelastic
behavior for redundant steel structures preceded that for
concrete. A great deal can be learned from the methods used
in steel, however one must recognize that concrete rotation
capacity must be studied unlike that of steel. Lynn S.
Beedle in his book, Plastic Design of Steel Frames, shows the
rotation and deflection ability of steel structures (3).

In the past decade the inelastic stress behavior of
structural concrete has been a major concern of investigators
in the United States. It appears that Charles S. Yhitney's
empirically simplified stress block initiated the ultimate
strength idea in the United States (22). Until 1956, the
ACI code redognized only the straight line theory for pro-
portioning members. At the recommendation of the Joint ACI-
ASCE Committee, the ultimate strength theory became an al-
ternate approach and later in 1963 it became the accepted
approach for proportioning. As shown in their report,
"Ultimate Strength Theory", the ACI-ASCE Committee made
recommendations.as to the best aporoach to take (1).

In his renort "Comparison of Measured and Calculated
Stiffnesses for Beams Reinforced in Tension Only" Bill
G. Eppes subjected simply supported underreinforced beams
to pure moment (6). He showed that the measured stiffness
decreased with increasing measured moment and that larger
measured values of stiffness compared reasonably well with

the calculated values of stiffness of the gross section of a



reinforced ¢concrete beam while the lower values compared
fairly well with the vaiues of the stiffness of the net
section of the reinforced beam with the transformed area of
steel included. The same general conclusions were drawn by
Carl Berwanger in his theéis, "Aoplication of Plastic Design
Theory to Reinforced Concrete Beams'". Mr. Berawanger's
tests were concerned with two-span beams having concentrated
loads at varying locations. The plastic theory developed by
Mr. Berwanger was shown to be valid for the beams tested (4).

Moment distribution methods, comparisons of plastic
rotations, and deflections for certain specific cases were
given by G.C. Ernest in his report, "Ultimate Loads and
Deflections from Limit Design of Continuous Structural
Concrete" (7). In order to have a complete picture of
research done to date, a review of limit design for concrete
structures must be made, as C.W. Yu and Eivind Hognestad
have done in their reoort, "Review of Limit Design for
Structural Concrete" (23).

In their report, "Concrete stress Distribution in
Ultimate Strength Design', Eivind Hognestad, N.W. Hanson,
and Douglas McHenery verified from their series of tests
that stress-strain relationshios of concrete obtained from
concentric cylinder tests can be made applicable to flexure
(13). A. Mattock verified that limit design can be ascplied
to structural concrete by a series of tests on structural
concrete frames (19).

In his report, "Plastic Hinging at the Intersection of



Beams and Columns", G.C. Lrnest concluded that concentrated
plastic rotations at concrete crushing and at maximum moment
are markedly reduced when the steel ratio exceeds .001, and
are also decreased by increasing the loading rate. At con-
crete crushing for .05 steel ratios under fast loading, con-
centrated plastic rotations were virtually negligible (8).
Herbert A. Sawyer presented an elastic-plastic theory for the
development of 1limit design and applied it to tests run at
the University of Connecticut (17).

The summary of investigations regarding the unpublished
material (20,21) shows that confining action of ties can be
very profitable in 1imit design thus giving added ductility.
It was also felt that bond could be a problem if the stir-

rups were put in a vertical position.



IITI. THEORY

A propped cantilever beam with a single concentrated
load at midspan was considered in this investigation. The

elastic theory for critical moments applies until yielding

occurs (Fig. 1). The so called critical elastic moments are:

M1 = 5PL M2 = 3PL Egqs. 1-2
32 16
Where M = Moment
P = Load
L = Span Length

In the following derivation, section 2 is assumed to be
the critical section in all cases. Rearranging the above
expressions in terms of moments and yield loads results in

the following equations:

Poo = 16Mys_ P~ = 32M Eqs. 3-4
va = ¥ v2 = 35

First yield moment (My) means that the moment at g
critical section has reached a value where initial yielding
of the tension reinforcement has occured. Pyp is the load
causing yielding at section 2. The tension reinforcement
continues to yield under increased load. The neutral axis
rises, and there is a slight increase in moment resistance.
The moment reached when the concrete crushes at the compres-
sion face of the cross section is called the ultimate re-
sisting moment (M;;7¢). For beams reinforced in compression,
it 1s assumed that compression steel buckles as the concrete
crushes. This is a reasonable assumption since most web
reinforcing or ties are not spaced close enough to give the

lateral support needed to prévent buckling.
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In order for beams to have the ductility needed, they
must be limited to underreinforced sections. Shear, bond ,
and compression failures (over-reinforced) are considered
as undesirable modes of failure due to the sudden failures
which may occur.

3.1 Low Strength Steels

The following assumptions are valid until the section
being studied yields (straight line theory).

1. Plane sections before bending remain plane after
bending.

2. The stress-strain relation for concrete is con-
sidered linear up to yield. Stresses vary linearly
as the distance from the neutral axis.

3. The steel takes all of the teinsion due to flexure.
The tension reinforcement is replaced in design
computations with a concrete tension area equal to
n times that of the reinforcing steel.

Based on the above assumptions, singly reinforced beam sec-

tion properties is found by the following equations (Figs. Y

and 5):
>
k ={2pn + (pn) - »pn BEq. 5
' 3
Where k = ratio indicatine relative depth to neutral axis.
d = depth to center of steel
Ags= area of reinforcing stecl
Hg= modulus of elasticity of steel
Be= modulus of elasticity of concrete
n = Kg/Bec = modular ratio
p = Ag/bd = tension steel ratio
fy= yield point stress of the steel

Based on the above assumptions, the stress distribution
shown in Fig. 4 for the doubly reinforced section was used

to develop the following equations.
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2‘!
K ={2[pn+p'(n-1)gj]+ [pn+p‘(n—1ﬂ - pn+p'(n-1) Bq. 7
d
- o ) 1 1(qd 1 8
My = febld (1-K) + Ag'fgt(d-d') Ea.
3
DU
Where As' = area of compression steel
d' = depth to comonression steel
fo = concrete stress at outermost fiber
fg' = compression steel stress
K = ratio indicating relative deoth to neutral axis
for beams reinforced in compression.
p' = Ag'/bd = compression stecl ratio

The ultimate resisting moment occurs when the concrete
begins crushing at the critical section. The assumed and
accepted rectangular stress block (ACI) will be used for both
singly and doubly reinforced sections (Fig. 4) as shown

below by the following expressions:

Myt = Asfy(d-a) Eq. 10
2
Singly
Reinforced a = Agf BEa. 11
0..5Tx"D
Where a = depth of comnression stress block
fe' = concrete strength on day of test
My1t = ultimate resisting moment
Myl1t = (AS—AS'%SL)fY(d-%) + Ag'fg'(d-d')  Fa. 12
Y
Doubly
Reinforced a = (Ag-Ag'fs!)fy/0.65F "D BEg. 13
Ty

The true factor of safety in an indeterminate system is
the ratio of the ultimate load the structure can withstand
to the working load that the structure will have to sunport.
The expressions for loading conditions beyond first yield
are largely dependent on what assumptions are made for the

‘moment-curvature relationship used in the derivation. The
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idealized curve shown in Fig. 3 is used.

In order to determine the load the structure will
support beyond first yielding, the principal of virtual work,
which gives an upper bound solution, is used. Depending on
the rotation capacity of the critical section, the moment at

formation of a collapse mechanism may be either M (Moment

ep
in elastic-plastic range) or M;1t. Expressions for the
ultimate load in terms of the above moments (Fig. 1) devel-
oped by equating the energy absorbed at the hinges and

external work are as follows:

Case I WOrk in = Work out
Py1(a) = M (92) + My1(01)
y1 Mep2 y1 (91
Pyq(a) = Meu2(2€) + hy1(_%)
L
Case ITI _ Work in = WWork out

P 1(3) = My1£2(02) + Myq(69)
v - 1?2mu1t2 B N§1)

L=l

q. 15

In all cases the ultimate moment depends upon the stress-
strain characteristics of the steel. 1In the derivation pre-
sented here it is assumed that the stecl has a definite
yield stress (fy).

In order for a structure to attain the computed ulti-
mate load, it is necessary for redistribution of moment to
occur. As pointed out earlier, the necessary transfer of
moment is possible only if the rotation capacity of the
critical section is sufficient. Since sections were assumed
to act elastically up to yield of the section, curvature may

be expressed as follows:
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@y2 = My __ 16

mel

=i
ks

Whére @y2 = Curvature

Ec = Secant modulus of elasticity for concrete

I = Moment of inertia based on transformed net section

As can be seen from the above expression, the curvature

is definitely a function of the flexural rigidity of the
section. Thus the limitations of these curvature relation-
ships are subject to the assumptions used for flexural
rigidity. Uvon formation of the collapse mechanism which
occurs when section 1 yields, the beam deflection increases
much more rapidly and therefore increases the curvature at
section 2 markedly. Beam sections between hinges will
behave elastically. Thus the beam will act as a simply
supported beam with an incremental load (Py1 - Pyg) acting
and an incremental moment (Mgno - Myp) acting at section 2.
In order to predict the curvature at section 2, it must be
realized that concrete, unlike steel, must have a definite
hinge length (Hy). Assuming H] = d (2,5,13), the incremental

curvature at section 2 (Fig. 2) is:

B = 285 Bq. 17
H

Realizineg that any increnental moment tends to reduce
the deflection at section 1 and the rotation at section 2,
the incremental load (Py1 - Pyg) superimoosed on the bean
with the incremental moment (Mgpy - Myg) develons an angle of
discontinuity at section 2 which can be expressed as

follows (&):
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2
0o = (Pyq=Py2)L™ = (Mepo=Myo)L . Eq. 18
' YIBE roped

Combining equations 17 and 18 results in the following
expression for incremental curvature:

2
Bi = 3(Py1=Py2)L - 16(Mepo=My2)L Eg. 19
SLH1E ol

The following expression (total ‘curvature at mechanism
formation) is the result of the curvature at first yield

plus any incremental curvature:

Bmech = Dyo + 3L2y1'PyglL - 16(Mg MyZlL Eq. 20
2GH1E o

The curvature may also be expressed by combining equations
(3,14,&20) giving the following expression:

Qmech = Qy2 + (=10M 5 % 12My1L_ Eq. 21
SR EoT

The curvature beyond first yield may be obtained by vpro-

portions'from the assumed moment-curvature diagram (Fig. 3):

Bep = QyLult—P yl* (Bult=By) Mep=My) Eq. 22
Mult-My

It may be convenient to express the curvature at a section

as Pmech/Py2 which is the required rotation ratio (eliminat-
ing the flexural rigidity-relationship) for the mechanism to
form (3,4). The required rotation at a section is expressed

by the following equation:

Bmech/Py2 = 1 + 3(Pyq -Pyg)EII_JI = 16 (Mepo=Myo)L Eq. 23
1My2

Four cases of failure may occur when a structure reaches
ultimate load. Depending on the rotation capacity of the
critical sections, one or all of the sections will reach

ultimate moment as expressed below:
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Case T Puit Q) = Multzg%éi + My1g%%g_ Eq. 24
Case II Py1t(8) = MuthL%QQ + Mep1i%él Eq. 25
Case III Pyit(@) = Il”fult2£']_-‘2_‘3‘)- + Mulﬂ%é)_ Eq. 26
Case IV Pu1t(d) = Mepai%él + Mu1t1i%él Eq. 27

Case four failure will occur only if there is additional
rotation capacity, or where the ductility at section 2 is
greater than that at section 1. The ultimate curvature
‘that the concrete can withstand at any one section is

expressed by the following relation, shown by Fig. 7:

Where €4 = maximum strain in steel
€, = maximum concrete strain
€g = (d=-c)€, Eq. 29
c
Where ¢ = a/k
kq= 0. 85 for fo' = 4000 psi and .05 less for every

1000 psi greater than 4000 psi.
Combining equations 28 and 29 results in the following

ultimate curvature relationship:

Buit = Eu Eq. 30
C

Since the beam behaves eiastically up to the first yield, the
deflection at section 1 may be found by elastic methods as

shown by the following expression:

L3

Eq.'31
76§ECI

A1 =

When the mechanism forms, the beam will act as a simply

supported beam undergoing continued deformation. The incre-
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mental deflection caused by (Pyq - Pyp) results in the

following expression:

1 = Lt {ﬁ— .

18

32

The following expression for total deflection is a result of

the combination of equations 31 and 32 and the superimposed

incremental moment-

Amech = 23§2L + S‘yug_YZI“ L_ggz“Myzl__ Eq.

Internally @y1t can be expressed by combining equations
11 and 30:

Buit = §u$%?§551icll Eq.
Ply

Combining equations 16 and 34 results in the following

expression for the rotation capacity of a section:

Buit/Py2 = &ul0. 85k1_c )E.I Eq.
pfydMyo

By combining equation 6 with equation 35, the rotation

capacity can be expressed in terms of the sectional pro-

perties of the beam as shown by equation 36.

/ = €3(0.89% £ )BT Eq.
Purt/Py2 = & dfydé§?1-k q

3.2 High Strength Steels

The primary difference concerning these steels is the

assumption made regarding the internal resisting moment at

yield. In the following derivation, the internal yield
moment was assumed to be M, developed by the ultimate

strength approach (equations 10 and 13) rather than My

(straight line theory). The straight line theory is unre-

33

34

35

36
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‘alistic at yield since f, must be very high to balance the
tension force (Asfy) therefore the ultimate momént devel-
opment would more closely approximate the second case. The
ultimate resisting moment is found by the same approach as
that for the low strength steels except recognition is made
of the stress-strain behavior of the reinforcement beyond
yield as shown in Fig. 6. With the aid of Fig..6 an equation
for the steel strain beyond yield is expressed as shown by
eQuation 37.

€g = isuiﬁﬁlﬁf_iylﬂszﬂspl - Eq. 37
sEsp .

Combining equations 11,29, and 37 with fgy in place of fy in
equation 11, results in equation 38 for the reinforcement

steel stress at failure of the section.

2
fsu = 1 Esp€ul0.85k1fc!) "'[J..{Espeu-fy“-ﬁs.p-)}]
| p 2 Es

i .

- 1)Egp(€n)-fy(1-E ' Eq. 38
5{ sp(€u)-fy Egpl} dq. 3

The ultimate resisting moment can then be expressed by
replacing fy with fsu ih equation 10. These same principles
are followed for doubly reinforced sections.

See Fig. 8 for the moment-curvature relationships used.
Again the beam loads are elastically determined up to first

yield and are expressed as follows:

Py2 = 16Muo_ Py2 = 32M1_ Egs. 39-40
Sl I

‘The relationships for load at mechanism formation
depend upon the assumptions made regarding the moment-

curvature relationship (Fig. 8). The moment-curvature



20

relation beyond first yield depends upon the stress-strain
characteristics of the reinforcement and the percent steel.
Most high strength steels such as those used in the following
investigation have little or no yield plateau, therefore the
moment-curvature relatioh beyond yield can be expressed by
defining a necessary elastic-plastic modulus (Egp) which.
recognizes the yield stress is increasing (Figs. 6 and 8)
and recognizing the beam sectional behavior bejond yield.
The load the structure will support at mechanism for-
mation can be obtained in a manner similar to the deriva-
tions for low strength steels, shown by equations 14 and 159.

The equations shown below were developed by these principals:

Case I Pyl = (2Mep2 + Wu1) Eq. 41
L

Case II Pyl = (2M 1o * “Mep1l Eq. 42
L

The curvature at first yield is exnressed (similar to Eq. 16)

elastically by the following exnression:

Byo = M, Eq. 43
y2 ~ Eol

The equation for the curvature at section 2 beyond first

yield at mechanism formation is:

gmech 2 + 31—Y1 — y2lEH1‘ = 16 reDP‘I\‘qu-- Eq. Mk

..\_JCI
The expression for curvature obtained from the moment-

-curvature relationship (Fig. 8) is expressed as follows:
Bep = LMult:Meﬁ%@y:ifiMepZMu)Qult - Eq. 45
1t7™u

The required rotation for a mechanism to develop can be

expressed- by the following equation (similar to Eq. 23):



21

2
Bmech/Py2 = 1 + 3(Py1=Pyo)L H-M16(Mep2-MuglL Eq. 46
12

The mechanism that forms depends on the rotation capacity

and the required rotation at the critical section. Four
cases of failure may occur, the case depending on the

rotation capacity. The cases that may occur are given

below:

Case T Pu1t(Q) = Multgg%él + Mu11%gg Eq. 47
Case IT Py1t(4) = Mult2£%¥§.+ Mepji%él Eq. 48
Case III Pyt () = Multgg%gl +'Mu1t1g%él Eq. 49
Case IV Pyt (4) = Mep2i%£i + Mﬁlt1j%£Q Eq. 50

The ultimate rotation for a section is expressed by
equation 3% with fy replaced by fy; similar to the expression
for the low strength steels. The rotation capacity for
individual sections may be determined by combining equations
34 and 43 with fy again replaced by fgy.

The deflection at section can be expressed by equation
33 with Myp replaced by Myp when section 1 occurs. The
following expression is a relationship for deflection at the

formation of the mechanism:

_ 3 3 2
A = 7Pyl + 3(Pyq1=Pyo)L” - (Mopo=M,o)L Eq. 51
mech 56 %;T 31E%%5Ty2 S,eggﬁi%2



IV. LABORATORY PROCEDURE

4.1 Materials
(a) Cement

A high early strength cement was used for all tests.
It was purchased in bags of one lot from a nearby dealer
and stdred in a dry place.

(b) Aggregate

The fine aggregate used was the normal laboratory
supply of sand. In order to maintain the same moisture
content from the time trial mixes were made to date of
mixing, the sand was placed in metai containers and cover;
ed with polyethelene. It was found that this kept the
moisture content relatively constant.

A special supply of coarse aggregate had to be obtained
because of the small sizes of the beams and small clearances
around the reinforcing steel. A local supplier was found
with a suitable type of +" gravel meeting gradation require-
ments. The gravel was obtained sufficiently ahead of time
to permit thorough drying in the laboratory storage bins.

(¢) Reinforcing Steel

All reinforcing steel used was ASTM 305-A-432 grade
steel with yield points between 60,000 and 70,000 psi.
- However the bar used for a preliminary beam was ASTM 305-A-15
intermediaté grade steel with a yield point just above.40,000
psi. fﬁ was the author's original intention to obtain all
bars from tﬁe,same‘heat but this became virtually impossible.

.Three bar sizes were used; #3, #ﬁ, and #5. Tension tests
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were run on coupons taken from each bar. Loads and strains
were automatically and graphically recorded. - Tests were

run as slowly as possible at first, to make sure that the
stress-strain behavior was a characteristic of the bars test-
ed rather than of the testing apparatus. It was found that
the #3 bars, ASTM A-432 had no yield point but yielded at a
greatly reduced slope on the stress~strain curve. However
bars #% and #5 had a definite yield plateau for a short
distance. Results of these tests are presented in Figs. 9-13
-in the appendix. Vertical stirrups of one design'were made
from a smooth no. 9 gage wire and bent into a cldsed loop
stirrup with the corners spot welded together. The partic-
ular stirrup design used is shown in Fig. 14,

4,2 Fabrication

The main longitudinal bars were assembled with the
vertical stirrups into a complete unit or cage before being
placed in the.forms, by spot welding when only one bar was
used as reinforcement, and tieing in all other cases as
shown in Fig. 15.

A-1 Sr-4 electric strain gages (gage length = 13/16")
with a minimum trim width of 1/8" were used for measuring
both steel and concrete strains. Since deformed bars leave
much to be desired in providing a good surface for strain
gages, the longitudinal ribs were filed smooth and widened
to fit the gage. Finishing to a smooth surface by the use
of emery clofh and cleaning solvent such as acetone completed

the bar preparation. A liberal coating of Duco Cement was
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applied to both bar and gage, the zage was then applied to
the prepared area and fastened by means of twisted rubber
bands (12).

Waterproofing was accomplished by applying a melted
beeswax over the trimmed gage. After ample drying time,
leads were soldered on and taped back over the beeswax with
an electrical plastic tape to prevent any movement of thé
leads. The final waterproofing was completed by putting a
coat of wax over the tape and previous coat (Fig. 19).
After waterproofing, the gages were put in water for a 24 hr.
period to insure adéquate resistance to moisture. Checking
entailed determining the resistance between gage and ground
(water) by a vacuum tube voltmeter (18).: If no leakage is
present a resistance of infinity should be noted. If how-
ever there is leakage, a minimum gage to ground resistance
of 50 megaohms can be allowed and still have the gage func-
tion properly (16). In all cases, leakage no greater than
500 mégaohms was allowed in a 24 hr. period.

The mix pronortions were selected from a »previously:
determined set of trial mixes established for a 4000 psi
strength and a 44" slump. The laboratory mixer is a small=-
capacity, vertical shaft, rotating norizontal arm mixer
which can be raised from or lowered into the mix which ié
deposited in a stafionary mixing bucket below. The mixing
properties of this mixer are good. In order to maintain the
same ﬁix throughout the investigation, water was sprayed on

.the'entire batching system, allowing everything to become
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saturated, and then drained. Before pouring, six 6" X 12"
cylinder forms and 2-beaﬁ forms were oiled with form oil
before each pour. At the time of pouring a special wire
was placed vertically in the concrete 18" from one end to
act as.a pointer for measuring fixed end moment (zero rota-
tioﬁ for elastic behavior) as shown in Fig. 16. Both beams
and cylinders were removed from their forms the day follow-
ing the pour and moved to the laboratory curing room.
4.3 Specimens

1 (no. 3-A) preliminary and 7 (nos. 1-7) other simi-
continuous beams were designed for testing. The beams were
propped cantilever beams having a clear span of 5'6" with a
total length of-7'6". Single concentrated loads were ap-
plied at midspan in all cases. Beam cross-sections were
3" X 6" deep with reinforcing steel placed symmetrically at
all critical sections. Three cylinder tests were run for
éach beam tested on the day of the tests in order to deter-
mine the stress-strain propertieé of the concrete (13). The
results of these tests are shown in Fig. 25-29.

4.4 Test Apparatus

A specially built loading frame made from bolted steel
I-sections attached together with the vertical loading arms
made from T-sections and a horizontal WF cross beam through
which load is applied as shown in Fig. 17-18 was used_through-
out the investigation. Load was applied to a loading beam,
6WF20, cut to épecified length, by means of a hydraulic ram

in conjunction with a load c¢ell made from aluminum with a
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load sensitivity of 10 microinches/inch of strain equal to
100 pounds of load as shown in Figs. 21, 22, and 23. Dis-
tribution of load was applied through steel bearing platés
2" wide and a 1" roller. These same'bearing plates were
used for reaction distribution with a 12" roller. A transit
was used to sight on the metal wire pointer attached for the
prupose of establishing fixed end moment.

A-1 Sr-L4 strain gages were used throughout the investi-
gation. Concrete gages were attached in pairs of two, #"
from the surface at all critical sections for all beams ex-
cept the preliminary beam.AvOnly one concrete gage at each
critical section at a level of 3/4" from the surface was
applied for the.preliminary beam with an additional gage
placed at d/2 distance from the critical section and at the
same level as the previous gage. Steel strain was measured
with one gage for each beam.

4,5 Test Procedure

At the end of the 6th day both the beams and cylinders
were removed from the curing room and allowed to dry for an
eight hour period. At this time, the load, reaction, and
gage locations were marked. Gage locations on the concrete
were cleaned of any loose material, and any roughness was
removed by emery cloth. Acetone (cleaning solvent) was then
used to remove any form oil or other contamination. After
this cleaning small holes were evident on the concrete sur--
face. These surface cavities were filled with‘20% epoxy

resin cement (No. EPF-200) having good concrete properties
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and 80% fine sand (12). After seversl hours the surface was
again sanded with emery and cleaned with acetone. Strain
gages were placed on the surface with epoxy resin cement and
an electrical plastic tape placed along the trim width was
used to hold the gage in place until the cement hardened.
Steel bearing plates were placed on the beam at all load and
reaction points by a plaster of paris cushion, thus distribu-
ting the load evenly. A plaster of paris coat was also ap-
plied at the critical sections in the tension region in
order to see visible cracking take place. Cylinders were
capped with sulfur, a good quality capping material. The
cement, plaster of paris, and caps were then allowed to dry
overnight. The-following morning cylinder load-deflection
data was taken as given in Tables V through XIII in the
appendix. Upon completion of the cylinder testing, the re-
action supports were positioned properly both transversely
and longitudinally to the hydraulic ram. The load cell was
then placed into position and connected to the strain in-
‘dicator balancing unit. Leads were then soldered into
place on thé concrete gages and connected to the balancing
unit in conjunction with the proper compensating gage made
strictly for this purpose. Steel gages were also hooked
into the unit with their oroper compensating gage. After
‘everything was in place, the transit was set up and the
hairline centered on the pointer as shown in Fig. 16. A
small load was then applied to the system while any move-

ment of the pointer was noted. Any movement of the pointer
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required removing the load and adjusting the loading beam
until no movement was noted. At this time a fixed end was
developed. Once everything was positioned properly the dial
gage for the measurement of deflections was positioned and
loads applied to the structure. Strain measurements were
taken for the load cell énd all respective strain gages.
Gages were read cyclicly and always in the same order. A
complete set of readings took between one and three hours.
All beam strain data is given in the appendix, Tables V
through XXIII. |
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V. PRESENTATION AND DISCUSSION OF RESULTS

In allltests, the loads and moments at first yield
and mechanism formation, were determined from a study of
the deflections, curvatures, and position of the neutral
axis. The first yield load was determinéd to be the load
causing section 2, the critical section, to rotate as a
result of the reinforcement yielding. The 1Qad causing
section 1 to'yieid, and causing mechanism formation, resulted
from yielding of the reinforcing at this section. The ulti-
mate concrete straln at the extreme fibers,;at any one sec-
tion, was determined by extrapolating the measured strain
for the steel and concrete.

Theoretically, the moments at critical sections (at.
yield) were determined by the straight line theory for the
preliminary beém using a low strength steel with a final
ultimate resisting moment based on the ultimate strength
theory, while the sections for the high strength steels
were proportioned by the ultimate strength theory and rec-
ognizing the elastic-plastic hehavior if no yield ooint
occurred. The flexural rigidity must be studied very close-
1y since all curvature and deflection studies must be based
on this one quantity. The author chose to use the trans-
fdrmed net section method for determining the moment of
inertia throughout. This seems to be in line with conclu-
sions of other investigators (6). The stress-strain proper-
ties of the concrete were determined by concentric cylinder

tests. Results compared to flexural specimens raises some
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question, but has been proven to §ompare closely with tests
performed on flexural specimens (13). The secant modulus
was deterrined from thesec stress-strain curves, Figs. 25-29,
and compared with the present ACI code formula for modulus
of elasticity, Table II. The results of these tests compared
very well with the largest deviation being 2.1%. The primary
variable involved in the study was percentage of reinforce—l
ment, while secondary variables were spacing of web rein-
forcement and concrete strength. However, these secondary
variables were held as constant as possible.
5.1 Beam 3-A

Beam 3-A was designed to check the test procedure. An.
intermediate grade steel having a well defined yield point
of 45.8 ksi (Fig. 9) was used as reinforcing in conjunction
with a concrete strength of 4.6 ksi given in Table II. The
beam was symmetrically reinforced having bnly tension steel
(2-#3) at each section with a steel ratio of .0141 at sec-
tion 2 and .0139 at section 1 (Table I). The bars were cut-
off in the compression region d distance beyond the occur-
rence of the point of inflection (not in accordance with the
ACI code). Twenty-three closed loop stirrups were placed at
24" (d/2) as shown in Fig. 2% throughout each section giving
equal confinement. The plaster of paris on the side of the
‘beam at section 2, was noticed to have vertical tension
cracks at a load of 1.4 kips while cracks at section 1 did
not form until the load was 1.81 kips. The result of these

cracks can be clearly seen on the moment-curvature curve
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shown in Fig. 30. With additional loading, tension yielding
began at section 2 at a load of 4.25 kips and a moment of
52.6 in-kips. The values of load and moment corpared
closely to those by theory, within 8.25% and 8.2% respec-
tively, (Table III). With additional increase in load,
section 1 yielded at a load of 4.70 kips and a moment of
48.9 in-kips. The theory again checked closely, within
0.72% and 0.21% respectively. Once section 2 began yielding
the beam deflected with no additional increase in load untii
strain hardening began as shown in Fig. 30. The beam fi-
nally failed at a load of 4.78 kips and an ultimate moment
at section 1 of 51.4% in-kips, while the moment at section 2
was 61.6 in-kips. The ultimate resisting moment was calcu-
lated according to the present ultimate strength theory to
be 49.2 in-kips assuming the ultimate strain to be .003
in/in. The fallure occurred as a result of crushing of the
éoncrete at the edge of the bearing plate block at section 1,
with the concrete strain at the outer fiber being .00520
in/in. The added rotation'capacity at section 2 allowed the
beam to rotate enough for failure to occur at section 1.

The ultimate strain being higher than normal might be ex-
plained by considering the confining action of the closed
loop stirrups or ties. This seems to be in accordance with
findings of other investigators (2,5,14). A careful study
was made concerning the stress-strain distribution (stress
block) at yield of the concrete as shown in Fig. 25. The
resulﬁing study indicated that the straight line theory was
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a reasonable approach. The moment-curvature relationships,
Fig. 30, indicates that section 2 began yielding at a cur-
vature of 5.60 x 10-% and section 1 at 5.10 x 10-% as shown
in Table IV. These compare within 21.1% and 29.4% respec;
tively of the.theoreticél curvature. The lack of comparison
can be contributed to the assumptions made for the flexural
rigidity of the sections. The load deflecfion behavior, Fig.
31, shows the behavior of the beam at yield‘by'a rapid bend-
ing over of the curve. Comparison was made between theory
and experimental as shown in Table IV. A steel rule (measur-
ing to the .001") limited the accuracy of measurements.
5.2 Beam 1

| This particular beam had steel ratios of .0068 and .0066
at sections 1 and 2 (1-#3), respectively, and was reinforced
in tension only (Table I). The percentage of steel used
was less than the deflection limitation set by thg code
p = O.18fé'/fy. The high strength steel used had no definite
vield plateau as snown in Fig. 10 and had a yield stress of
70.0 ksi. Twenty-three stirruvps were used having a spacing
of 24" as shown in Fig. 24, giving equal tieing or confining
action at each section. Upon loading the beam, a character-
istic moment crack was noticed at section 2 at a load of 1.0
*ip and one at section 1 at a load of 1.25 kips. Additional
loading resulted in section 2 yielding at a load of L,25
kips and a moment of 36.5 in-kivs as given in Table III.
These compared within 2% and 3.96%, respectively, of the

theoretical values. Section 1 yielded later at a load of.
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3.50 kips and a moment of 37.5 in-kips which are within
0.52% and 4.26% of the theoretical values. The roment-
curvature relaﬁionship shown in Fig. 32 indicates the char-
acteristic no yield plateau of the reinforcing used. The
curvatures found at first yield of sections 2 and 1 were
6.0 x 10'LF and 7.0 x 10_4 comparing within 25% and 4.75% of
the theoretical curvatures (Table IV). The rotation capac-
ity of section 2 was seen to be géod, allowing section one
to yield and rotate until a failure developed at section 2.
This specimen had more than ample rotation capacity. fail-
ure occurred in an exploéive and brittle manner by the break-
ing of the reinforcing bar at a load of 4.65 kips and a
-moment of 57.5 in-kips. After failure, a diagonal crack de-
veloved at the point of inflection between sections 1 and
2. This particular crack was noticed to begin at the bar
cutoff point and de§elop diagonally as shown in Fig. 20.
The load-deflection behavior of section 1 given in Fig. 33
indicates that there was no rapid change in curvature of the
load-deflection diagram as was the case in the preliminary
beam. This might be due to the nature of the bar used. The
deflections méasured at section 1 with yielding occurring at
section 2 compared within 13.6% of theory and the‘deflection
measured when section 1 yielded compared within 0% of theory
as shown in Table IV.
5.3 Beam 2

Sections 1 and 2 had a steel ratio of .0116 and .0119
(1-#%+) (Table I). The reinforcing was a high strength steel



34

having a definite but short yield plateau (Fig.10) with a
yield stress of 65.8 ksi shown in Table II. Thirty-five
stirrups were used, as shown in Fig. 24, at a spacing of

+" throughout the beam, thus giving equal confining action
at each section. Upon loading of the beam, moment cracks
were noticed at sections 1 and 2 at loads of 1.5 and 1.25
kips, resbectively. The effects of these cracks can be seen
in Fig.. 3% on the moment-curvature curve. With additional
load, section 2 began yielding at a load of %.75 kips and a
moment of 58.2 in-kips comparing within 2.74% and 1.5%,
respectively, with theory. With additional load, section

1 began yielding at a load of 5.50 kips and & moment of 56.5
in-kips comparing within 5.14% and 4.43% of the theoretical
values (Table III). The fact that the moment.at section 2
“at yield was higher than that at section 1 might be due to
the limited accuracy of steel placement, as a 0.10" error in
placement was found to cause a significant change in moment
at a section when yielding occurred. Section 2 rotated with
no increase in moment until a region of strain hardening de-
veloped, while section 1 inc¢reased sligntly in moment before
development of strain hardening as shown in Fig. 3%. The
load-deflection behavior had the characteristic semi-elastic
action up to develovment of yield and then the rapid curva-
ture change of the load-deflection curve occurred similar to
the one observed for the preliminary beam as shown in Fig. 35.
Thé'final failure resulted from a diagonal tension crack de-

veloping in the pure shear region near the point of. inflec-
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‘tion at a load of 6.65 kips. The crack formed at the end of
positive moment steel éﬁd progressed to the cutoff point of
negative moment steel. Thus, the formation of the diagonal
tension crack seems to be associated with bar cutoff. At
total collapse the bars became visible and pulled out of the
concrete for the total embedment length beyond the diagonal
crack (compression region) which seems to indicate that high
bond stress developed at the c:ack. This type of failure

is not unexpected or unreasonable since it has been found by
Fergusoﬁ and others in a rigorous series of tests that cut-
ting off bars in "tension zones" reduced the .shear strength
considerably. It has also been found that bond stress and
diagonal tension act together to bring about reduced strengths
(9,11). Cover is also a problem if bond stress is critical;
this may in itself result in splitting over the bars.

The diagonal crack was found to have no effect on the
formation of the mechanism since it developed after the mech-
anism had formed. By investigating the moment-curvature dia-
gram (FPig. 34) it can be seen that strain hardening had
already developed and at formatibn of the diagonal craclk the
hardening flattened out. This did however, limit the reserve
capacity that would have existed had the beam failed due to
flexure.

5.4 Beam 3

The ratios of tension steel used at sections 1 and g

Qére .013% and .0135 (2-#3) respectively as shown in Table I.

The reinforecing was high strength having no definite yield
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plateau as shown in Fig. 11 with a yield stress of 70.0 ksi as
given in Table II. The web reinforcing consisted of thirty-
five stirruvs placed at 24" throughout the beam giving equai
confinement at both sections. With application of load, mo-
ment cracks began developing at section 2 at a load of 1.75
kips and later, one occurred at section 1 at a load of 3.435
kips which seemed to be a 1itt1é high. Additional load
caused section 2 to yield at a load of 6.0 kips and a moment
of 75.0 in-kips and later, section 1 yielded with a load of
7.20 kips and 73.5 in-kips. The theory is conservatively
under these values by 9.1%.and 9.08%, respectively, for loads
and moments at section 2 and 10.4% and 3.95%, respectively,
for loads and moments at section 1 as shown in Table IIT., Ex-
amining the moment-curvature relationshiﬁ in Pig. 36 shows
that curvature at yield for section 2.occurred at 8.5 x 10~
and for section 1 yield occurred at 8.0 x 10"br which compared
within 12% and 5%, respectively, of the theory. The rotation
capacity of section 2 was good. The load-deflection behavior
in Fig. 37 showed the characteristic round house (continuous
curvature change with moment) curve that would exist for a
beam having steel without a yield plateau. The moment-curva-
ture relationship shows z slight increase in moment as .cur-
vature inereases with a final strain hardening taking place.
The deflection at the develooment of yield at section 2 was
within 33.3% of the theory and within 28.0% of theory when
éeqtion 1 yielded as shown in Table IV. There is no immedi-

ate explanation for the lérge deviation in results for deflec-
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tion. However, a possible explanation could be what was
assumed for flexural rigidity. Failure of the beam resulted
in spalling and crushing of the concrete at section 1 and
with a small additional load complete collapse occurred as a
result of a diagonal tension crack forming at the end of the
bar cutoff point and projecting-as it did for beam 2. The
ultimate concrete fiber strain existing at section 2 on occur-
rence of spalling was .00834 in/in with a moment of 108.3 in-
kips while section 1 had a fiber strain of .00608 in/in.

Both were much higher than assumed by theory. Thgs, the diag-
onal crack forming had no resulting influence in this beam.
5.5 Beam 4 .

The ratios of steel used at section 1 and 2 were .0238
and‘.0238 (2-##5. The reinforcing was a high, strength steel
with a definite yield plateau as shown in Fig.11,’having‘a
yield stress of 65.9 ksi as shown in Table II. The web
reinforcement consisted of fifty-seven stirrups as shown in
Fig. 24 with forty-five.placed at 1+" and twelve at 24"
giving equal confinement at each section. As load was ap-
plied, moment cracks began to form at sections 1 and 2, at
loads of 3.03 kips and 2.5k kips respectively.' When addi-
tional load was applied, section 2 began yielding at a load
of 9.25 kips and a moment of 112.5 in-kips. These compared
within 13.5% and 12.2% of theory. Section 1 bezan yielding
at a load of 9.85 kips and moment of 99.0 in-kips comparing
within 8.64% and 0% of theoretical values as shown in Table

IITI. After examining the moment-curvature relationship for
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the beam studied (Fig. 38), the curvature at yield was seen
to be 10.75 x io_h,for section 2 and 8.75 x 10"LP for section
1. These compare Qithin 37.8% and 23.2%, respectively, of
the theoretical values. A possible explanation for the
large deviation would be that the assumed value for flexural
rigidity is too high. The difference between the theoretical
énd experimental values for deflections is nearly 100%.
Again there is no immediate explanation other than the fact
that they deviate more than curvature does. Investigation
of the load-deflection behavior indicated that the mechanism
had formed before failure but only to a limited extent as
shown in Fig. 39.

Final failure again resulted in collapse by .diagonal
cracking at the point of inflection. The crack formed at
the bar cutoff point and propagated diagonally uop the beam
as indicated in beams 2 and 3. Again, this particular
failure did not limit the plaétic behavior of the beam but
did limit the reserve capacity above plasticity. This par-
ticular beam was desighed to have limited rotation capacity.
Based on the ultimate concrete fiber strain of .003 in/in,
the rotation capacity was (@y14/8yo = 1.5) and the required
rotation was (@mech/@y2 = 2.05), but as can be seen the mech-
anism did form and there was ample rotation capacity. The
‘ultimate load at failure was 10.3 kips with ultimate moments
at section 1 and 2 of 106.2 and 127.5 in-kips, respectively.
The ultimate concrete fiber strains were .00439 in/in at sec-

tion 1, and .00685 in/in at sectibn 2. These fiber strains
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may be distorted somewhat due to the action of the diagonal
crack. |
5.6 Beam 5 |

Sections 1 and 2 had .0185 and .0186 ratios of steel,
and were reinforced in tension only, as shown in Table I.
A high strength steel was used, having the yield properties
shown in Fig. 12 and tabulated in Table II. The average
yleld stress was used for all theoretical work done for
this beam. Web reinforcing entailed the use of forty-four
sfirrups ﬁith nineteen spaced at 1#" and twenty-five at 24"
as seen in Fig. 24. As load was apnlied, tension cracks
were observed for section 2 at a load of 3.01 kips and for
section 1 at a load of 3.80 kivs. With additional load,
yielding began at section 2 at a load of 8.25 kips and a
moment of 102.0 in-kips. These compare within 15.75% and
15.68% of theoretical values, respectively. Examining the
moment-curvature relationship (¥ig. 40) it can be seen that
curvature at section 2 was 8.5 x 10-? comparing within 15.75%
of theory (Table IV). The deflection at yield was 0.148 in.
as given in Table IV. The theoretical values are very wuch
under the;test values. Upon yielding, a diagonal hairline
crack appeared in the same loacation as in the other beams.
Since failure was not explosive in nature, additional load
was added until section 1 yielded. The diagonal crack would
seem to have the effect of increasing the rotation of.sec—
tion 2 and decreasing that existing at section 1. The crach:

would also have the tendency of increasing deflections. Even



40

though the theory no longer holds, the theoretical values
compare closely to those obtained experimentally. Exam-
ining the moment-curvature relationship indicateé that
plasticity still developed even though the assumed .theory
no longer applied. |
5.7 Beam 6

This beam had .0310 and .0314 steel ratios in tension
at sections 1 and 2 with .0067 used in compression for
both sections. The stress-strain propefties of the bars
used are shown in Fig. 12 with the corresponding yield
stress given in Table I. The bars, in order to get the
symmetrical reinforcing desired at each section, had a
limited splice length of d distance which was not in accord-
ance with the code. The web reinforcement consisted of
sixty-two stirrups as shown in Fig. 2% placed at 1, 1%, and
24", respectively. Twenty-four were placed at 1", twenty-
six at-1%ﬂ, and twelve at 23". The beam at section 2 had
1.25 times the confinement as did section 1. No tension
moment cracks were observed to form in the beam. Section 2
began yielding -at a load of 11.64 kips and a moment of 144.0
in-kips as shown in Table III. These compared within 9.95%
and 8.9% of theory, respectively. Investigating the moment-
curvature properties (Fig. 42) indicates that the curvature
at yield, given in Table IV, was 10.0 x 10"LF comparing
within 25.5% of theory and, as seen.from the load-deflection
behaﬁior (Fig.'RE), there was a sudden jog'in the results at
alloadlof 9.78 kips. This is not entirely unexpected as a
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result of the diagonal tension crack forming. Actually the
diagonal tension crack tends to reduce the deflection at.
section 1 (at formation) and tends‘to increase it at the
location of the crack. Then with additional load the deflec-
tion at section 2 begins increasing again. As can be seen
from the moment-curvature rélationships, the points (shown in
Fig. 42) around 120 in-kips for section?became very close
together at the formation of the crack, thereby decreasing
the curvature at section 1 and increasipg'the rotation at
section 2. Splices were observed to cause splitting due to
bond (11). This particular type of failure was noticed to
occur at final collapse. Theory was not applicable for this
beam.

5.8 Beam 7

This beam was designed as an over-reinforced beam,
having steel ratios at section 1 and 2 of .0314 each in
tension only as shown in Table I. The web reinforcement
consisted of sixty-two stirrups spaced at 1, 14, and 23",
respectively as shown in Fig. 24. Twenty-four were spaced
at 1", twenty-six at 14", and twelve at 23". The stress-
strain curve for the reinforcing steels, shown in Fig. 13,
have yield stress wvalues given in Table I.

The rotation capacity was investigated and seen to be
'gult/gyg = 1.285 and the required rotation @pecn/Byo = 2.0%.
As the beam was loaded, the typical diagonal tension crack
was formed as discussed earlier for the other beams at 9.5

kips. The load at first yleld occurred at 10.67 kips and a
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corresponding moment of 133 in-kips. Even though the theory
will no 1onger'hold true as to curvature and deflection, it
" still was within 10.75% for load and 9.87% for moments. .The
formation of the diagonal crack tends to give larger rota-
tions at section 2 and smaller ones at section 1. The
concrete fiber strains at final loading were qbsefved to be

.00281 in/in and .0031 in/in at sections 1 and 2, respectively.
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VIi. CONCLUSION

This investigation involved testing 8 propped canti-
levgr beams with varying percentages of reinforcement. Seven
beams were singly reinforced with equal percentages at each
critical section.with bars cutoff 4 distance beyond the occur-
rence of the point of inflection as determined by the plastic
theory, One beam was doubly reinforced with splice lengths
of d length. |

The preliminary beam tested with intermediate grade
sﬁeel had'ample ductility-and compared favorably with theory.
Beam no. 1 also compared quite ﬁell and had no limitations
involving cutoff length. All other beams tested had diag-
onal cracks form at the bar cutoff point and propagated
diagonally up the beam. The beam with double reinforcement
had the same characteristic type failure pattern. However
cutoff points of the bars limited plastic development of
only beams 5 and 7. The splice length of'thé doubly rein-
forced beam definitely limited plasticity.

The author can not draw any conclusions as to the cause
of the diagonal cracks to form, however cause could possibly
have resulted from splitting action over the reinforcing bars
as a result of the limited cover. Conclusions can not be
drawn regarding how much effect the ties had in delaying the
diagonal cracks to form but all indication leads the author
“to believe .that ACI code requirements for cutoff points can
be reduced. |

The modulus of elasticity determined from the concentric
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cylinder tests is not completely correct and it is The au-
thor's opinion that flexural studies should be made investi-
gating the effect of confinement on the modulus of elasticity.
Additional research should be continued investigating cutoff
lengths and the percentégés bf steel. The author believes

an investigation should also be made on the effect of confine-
ment on curvature behavior of.reinforéed concrete beams. Both
ties and spirals could be tested with emphasis on ties since
they would probably be used more often in engineering prac-

tice.
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TABLE I -~ BEAM PROPERTIES
Beam | Steel | Steel | (p) | (p')
Cross _ d % Tens. | Comp. | Steel |Steel
Section (in) (in) Bars | Bars |ratio {ratio.
#3=A = 1%| 3,00 | 5.32 |.282 |2- #3 | ceuc- c0139 § ——-em
#3=-A - 2 | 3.00 | 5.29 |.284 |2~ #3 | mmmmm O RIS I IR
#o—1 3.00 | 5.38 1.239 1= #3 | ==mm= . 0066 | ——emm
# -2 3.00 | 5.25 |.247 {1- #3 § s .0068 | ——mmm
#2 - 1 3.00 | 5.38 }.30% |1- A} ccaas 0116 | ——=mm
#2 =2 3.00 5.25 [.296 1= # | comem 0119 | moeee
#3 - 1 3.00 | 5.31 }.305 |2- #3 | memmmm L0134 | —eeee
#3 - 2 3.00 | 5.25 |.307 |2 #3 | =cmmm 0135 | —meem
A -1 3.00 | 5.25 |.373 2= #+ | =om=- .0238 | ==mm
A - 2 3.00 | 5.25 {.373 {2 #A4 | aemem .0238 | ——=mm
#5 - 1 3.00 | 5.29 [.369 [|1= #3 | ccmem 0185 | e
&
: 1~ 74
#5 - 2 3.00 | 5.25 {.368 |1- #3 | ~-=mm 0186 | ===m=
&
| T- 4
o - 1 3.00 | 5.31 | .471 1- # {1- #31 .0310 | . 0067
' &
, 1= #5
#o - 2 3.00 | 5.25 |.473 1-&#4 1- #31.0314% | L0067
1- #5
7 - 3,00 | 5.25 |.492 {1~ #A | —cemm L0314 | mmeem
_ . »
1- #5
#7 = 2 3.00 | 5.25 {492 |1= # | cceem c031 | mmmee
&
1- #5

* Nos. indiéate sec¢tion of beam studied.
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TABLE II - STRESS-STRAIN PROPERTIES
Beam ¢ Es Ec Ec* | Esp n =
Cross ; £y 1C 1 ksi ksi ksi ksi Es/Ec
Section | ¥si ksi | %103 | x103 | %103 | x103
3-4 45.8 |%.60 | 18.0 | 4.50 | 4.38 | ==== | %.00
1 70.0 |%.28 | 23.3 | 4.50 | 4.20 | 1.68 5.18
2 65.8  (3.96 | 28.0 | 4.90 | %.05 | —-me | 5.72 |
3 70.0  |%.20 | 23.5 | %.70 | 4%.17 {1.36 | 5.00
L 65.9 4.20 | 28.0 | 4.65 | 4.17 | ==== | 6.03
5 65.9~ #A 4.55 | 27.0 | 4.65 | 4.3% .95 | 5.80
66.8- #3 27.0
6 62.5- #5 [4.30 | 27.0 | 4.35 | .23 .95 | 6.21
66.8~ #3 27.0
7 62.5~ #5 4.18 | 27.5 | 3.90 | 4.16 .95 | 7.0%
63.8- #+

- *¥ACI code modulus of elasticity.
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TABLE III-MOMENT-LOAD RELATIONSEIPS AT YIELD
Py My
c?gzg Load (kips) Moment (in-kips)
Section (theo.) (exp.) (theo.) (exp.)
230 - 1% 4 46 4.70 49.0 48.9
#3=4 = 2 3.90 4,25 48.3 52.6
#1 -1 3.52 3.50 39.1 37.5
# -2 3.06 3.00 37.9 36.5
#2 = 1 5.32 550 i 59.0 56.5
#2 - 2 4.62 %.75 5743 58.2
#3 =1 - 6.45 7.20 70.6 73.5
#3 - 2 5.50 6.00 68.2 75.0
‘#ll'-" 1 9.00 9.85 9809 99-0
#Ar - 2 6.00 9.25 98.9 112.5
#5 = 1 8.00 8.75 88.0 91.5
#5 = 2 6.95 8.25 6.0 102.0
#6 - 1 14, 30 J—— 158,80 | weeww
#6 - 2 12.80 11.6% 156.8 14,0
#7 - 1 10,70 |  e==== | mmeee | aeeee
#7 - 2 9.52 10.67 118.0 133.0
|

* Nos. indicate sections of beams studied.
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TABLE IV-BEiAM CURVATURE-DEFLECTION RELATIONSHIPS

Basih Yield Curvature |Yield Defl. (2)|Yield Defl. (1)
Cross 4] L
Sio.  B.x 10%T g x 10t Ay, | Ay Byt 1. By
dection ¥r ! v Iinchés)(inchés) inches){inches)
(theo.) |(exp.) theo.)! (exp.) |(theo.)| (exn.)
#3=A =1*%| 6.66 | 5.10 0.111 } 0.190 | 0.155 | 0.21k%
#3=4 =2 | 6.78 | 5.60 | eemme | —colo | calllf oooa
4 - 7.35 | 7.00 | 0.150 | 0.132 | 0.188 | 0.188
# -2 7.50 6.00 | memmm | ccce | mmme | ameen
#2 -1 6.16 7.00 0.133 { 0.200 | 0.177 | 0.246
43 .. 2 6.35 6.00 | mmmme | cmmee | mmmme | e
#3 - 1 8.40 8.00 0.171° 1 0.190 | 0.220 | 0.280
#3 - 2 7.60 8.50 --------------------
B -1 6.69 8.75 O.141 | 0.320 | 0.181 | 0.38%
-2 6.69 10.75 | cmmmm | coccm | ccame | aafaa
#5 - 1 7.16" 9.00 0.148 | 0.280 | 0.170 | 0.316
# -2 | 7.16 8.50 | mmmmm | mcmee | mmmmm | oala
#6 - 1 6.86 i 0.146 | 0.392 | 0.19% | —mee-
#6 - 2 7.45 10.00 | =emmm | mccme | mmmme | mmeeo
#7 -1 6.60 8.50 0.14%0 | 0.525 | 0.180 | 0.54%7
#7 ~ 2 6.60 9.00 | =eeem'] cmma- ————— | mm———

*Nos. indicate section of beam studied.




TABLE V - CYLINDER LOAD-DEFLECTION DATA

Beam No. 3-A
Date July 27, 1965

Test - & days
Gage Length = 10 inches

1 Division = .001 inches

Cylinder 1 Cylinder 2 Cylinder 3
Load Div. Load Div. Load Div.
(1bs.) (1bs.) (1lbs.)
10,000 0.25 10,000 0.5 10,000 0.5
15 000 0.5 15,000 0.7 15 000 1.0
20,000 0.8 . 20,000 i 20,000 1.4
25 000 143 25,000 145 25 000 1.8
30,000 1.6 30,000 2.0 30,000 2.3
35 000 1.9 5 000 2.3 35 000 2.8
40 000 2.2 uo 000 2.8 0,000 3:2
45 000 2.7 45,000 3.3 Hs 000 a.7
50 000 3.0 50,000 3.8 50 000 .2
55 000 3.6 55 000 L.,2 55 500 L, 7
60 000 L.0 60 000 L.6 60 000 5e2
65 000 L. L4 65 000 5.0 65 000 5.6
70,000 4.8 70,000 5.5 70,000 6.2
75 000 5.4 75 000 6.0 75 000 6.8
80, ,000 5.9 80 000 6.7 80 000 7.k
85 000 6.4 85 000 7.4 85 000 8.0
90,000 6.9 90,000 8.0 90,000 )
5 000 8.7 95 000 9.5
100,000 9.4 100,000 10.2
105,000 10.2 105 000 11.0
110,000 12.0
115 000 1&.0
120,000 14,2
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TABLE VI - CYLINDER LOAD=-DEFLECTION DATA

Beam No. 1

Date Aﬁgust 18, 1965

Test - 8 days
Gage Length = 10 inches
1 Division = .001 inches

Cylinder 1 Cylinder 2 Cylinder 3
Load Div. Load Div. Load Div.
(1bs.) (1bs.) ' (1bs.)

54,000- 5,000 5,000

10,000 0,1 10,000 0.3 10,000 0.3
15,000 0.7 15,000 0.7 15 000 047
20,000 10 20,000 1.1 20,000 p %
25,000 1.4 25,000 1.4 25,000 1.6
30,000 1.8 30,000 1.7 30,000 2.0
35,000 2.1 35 000 2.0 35,000 2.4
ho 0CO 25 40 000 2.4 50, ,000 2.8
45 000 2.9 45 000 2.8 #5 000 3.2
50,000 3.4 50 000 3.2 : 50 000 3.6
,5 000 3.8 55 000 3.6 55 000 0
60 000 L.2 60, ,000 4.0 60. ,000 L4
65 000 4.6 65 000 L.5 -65 000 50
70,000 5.1 70,000 5e1 70, 7000 5eH
75,000 5.6 75,000 5e7 75 000 6.0
80,000 B2 80,000 6.8 . 80 000 6.6
85 000 6.6 85 000 Zu2 85 000 2.2
90,000 7.4 90,000 7.8 90,000 7.9
95,000 8.0 95 000 8.8 95 000 8.6
100,000 8.6 100,000 9.9 100,000 9.4
105 000 9.3 104, 4,500 1.0 105 000 10.3
110,000 10.2 108, 4000 | “12.0 110,000 114
115 000 11.2 110, ,000 13.0 113,000 12.0
118 000 12.0 112 500 1%.0 117,000 1&.0
122, 1000 13.0 113 500 15.0 120,000 14.0
12% 500 14.0 115 000 17.0 121,500 15.0
127 000 15.0 115 000 18.0 122,500 16.0
129,500 16.0 95,000 29.0 123 000 19.0
129,500 17.0 90,000 30.0 95,000 29.0
129,500 | 18.0 92,500 30.0
129,500 [* 19.0 90,000 31.0
127,000 20.0

125 000 21.0

122,500 22.0

120, ’000 23.0

117, 500 24,0

110,000 25.0

-107 500 26.0
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. TABLE VII - CYLINDER LOAD-DEFLECTION DATA

Beam No. 2

Date August 16, 1965

Test - 7 days
Gage Length = 10 inches

1 Division =

.001 inches

Cylinder 1 Cylinder 2 Cylinder 3
Load Div. Load Div. Load Div.
(1bs.) (1bs.) (1bs.)

5,000 0.1 5,000 0.1 5,000 0.1
10,000 0.k 10,000 0.3 10,000 Ok
15,000 0.8 15,000 0.6 15,000 0.7
20,000 Tw2 20,000 1.0 20,000 1:0
25,000 155 25,000 1.4 25,000 1.4
30,000 1.9 30,000 1.7 30,000 1.8

5,000 2.4 35 000 2.0 35,000 2.1

0,000 2ol 40 000 2.4 Mo 000 2.5
45 000 3.2 45 000 2.7 hﬁ'ooo 2.8
50,000 3.8 50 000 3.3 50,000 3.4
55 000 L.h 55 000 | 3.8 55,000 3.9
60 000 4.7 60 000 L.3 60, ,000 u.g
65 000 5¢3 65 000 4.6 65 000 L,
70,000 5.8 70,000 5¢2 70,000 5 4
75 000 6.k 75,000 57 75 000 6.0
80, ,000 7.2 80,000 6.2 80 000 6.6
85 000 8.0 85 000 6.9 85 000 7.4
90,000 8.9 90,000 7.8 90,000 8.1
95 000 9.8 95 000 SR 95 000 8.9

100,000 10.9 100,000 9.3 101,000 1.9
105 000 12.% 105 000 10.5 95 000 12.5
110,000 1%.7 110,000 12.0 85’000 1a;5
111 500 17.9 115 000 15.0 80, ,000 14,5
90 000 20.1 11# 000 16:5 77, 500 16.5

113,000 17.0

112,500 18.0

110,000 19.0
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TABLE VIII -

CYLINDER LOAD-DEFLECTION DATA

Beam No. 3

Date August 16, 1965

Test - 7 days

Gage Length =

10 inches

1 Division = .001 inches

Cylinder 1 Cylinder 2 Cylinder 3
Load Div. Load Div. Load Div.
(1bs.) (1bs.) ; (1bs.)

5,000 5,000 - 5,000
10,000 0.k 10,000 0.2 10,000 0.3
15 000 0.8 15,000 0.6 15 000 0.6
20,000 1.1 20,000 1.0 20,000 1.0
25 000 1.6 25,000 1.4 25 000 1.3
30,000 2.0 30,000 1.8 30,000 1.6
5 000 2.5 35,000 2.3 35 000 2.0
0,000 2.8 40 000 9.7 ho 000 2.4
%5 000 3.k 45 000 3.1 L-5,000 2.8
50,000 3.8 50 000 3.6 50,000 3.2
55 000 4.3 55 000 4.0 55,000 3.6
60,000 4.7 60 000 4.5 60,000 o2
69 000 5.1 65 000 4.9 65,000 4.6
70,000 R 70,000 5.5 70,000 5.k
75,000 5.7 75,000 6.0 75,000 6.0
80,000 6.3 80,000 6.7 80,000 6.6
85 000 70 85 000 7.3 85,000 7.5
90,000 8.k 90,000 3.0 90,000 8.2
95,000 9.0 95,000 8.8 95,000 9.2
100,000 10.0 100,000 9.6 100,000 10.6
105,000 11.0 105,000 10.5 105,000 12.5
110,000 1941 110,000 11 .7 110,000 14,8
115 000 4.0 115 000 13.2 114,000 18.5
120,000 16.4 118 000 15.0 114,000 20.0
122,500 19.5 115 000 16.0 113,500 21.0
122,000 20.0 90,000 120" 113,000 22.0
120, ’ 000 21.0 109,500 23.0
117 500 22.0 100,000 2L.0
113,000 23.0 96,000 25.0
110,500 ~|{ 24.0 93,500 26.0
108 000 25.0 90,000 27.0
105,000 26.0 87,500 28.0
102,500 27.0 85,500 29.0
99, ;000 28.0
95,000 29.0
90,200 30.0
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TABLE IX - CYLINDER LOAD-DEFLE“TION DATA

Beam No. W

Date August 18, 1965

Test - 8 days

Gage Length =

10 inches

1 Division = .001 inches

Cylinder 1 Cylinder 2 Cylinder 3
Load Div. Load Div. Load Div.
(1bs.) (1bs.) (1bs.)

5,000 (0% 5,000 5,000
10,000 0.5 10,000 0.3 10,000 0.k
15 000 0.8 15 000 0.8 15 000 0.9
20,000 % 20,000 1.1 20,000 1.3
25,000 . 16 25 000 1.5 25 000 1.6
30,000 | 2.0 30,000 1.9 30,000 2
35 000 2.k 3;,000 2.3 5 000 249
uo 000 2.8 40,000 2.7 0,000 i 300
lrs,ooo 3.1 45 000 %1 lw 000 3.k
50,000 3.6 50,000 2.6 50 000 4.0
55 000 4.0 55,000 +.0 55,000 L.5
60,000 L.5 60,000 L.h 60,000 4.9
65 000 4.9 65,000 5e0 65,000 5ol
70,000 5.4 70,000 5.5 70,000 5.9
75,000 6.0 75,000 6.1 75 000 6:5
80,000 6.5 80 000 6.7 80 000 7.0
85 000 21 85 000 7 L 85 000 D7
90,000 7.9 90,000 8.1 90,000 8.2
95,000 8.5 95 000 9.0 95 000 9.0
100,000 9.3 100,000 9.8 100,000 9.8
105,000 10k 105,000 10:7 105 000 10.8
110,000 1.8 110,000 12.0 110,000 12.0
115 000 13.4% 103, ’ 000 13.0 114 ,000 1&.0
117,800 16.0 115, ,000 4.0 117, > 000 14,0
117,000 17.0 117 500 15.0 118 500 15.0
11 5 000 18.0 118, ,0C0 16.0 121 ooo 16.0
112,500 19.0 117 500 17:0 122 000 12+0
114 500 20.0 117,000 18.0 192 500 18.0
106 000 21.0 114 500 19.0 122, , 000 19.0
103, 7000 22.0 110 500 20.0 121 200 20.0
96,500 23.0 106, ,000 21.0 120, > 000 2140
90, 500 24,0 9%, 000 22.0 117, 500 22.0
, 112,500 23.0
110 ooo 24.0
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TABLE X - CYLINDER LOAD-DEFLECTION DATA

Beam No.

5

Date August 20, 1965

Test - 8 days
Gage Length = 10 inches

1 Division =

.001 inches

Cylinder 1 Cylinder 2 Cylinder 3
Toad Div. Load Div. Load Div.
(1bs.) (1bs.) (1bs.)

10,000 0.1 10,000 . . 10,000
15,000 0.5 15,000 0.2 15,000 0.5
20,000 0.9 20,000 0.5 20,000 0.9
25,000 1.3 25,000 1.0 25,000 1.3
30,000 1.6 30,000 1.5 30,000 1.7
35,000 2.0 35,000 1.9 35,000 2.2
40,000 2.4 40,000 2.3 40,000 2.6
45,000 2.7 45,000 2.7 45,000 3.0
50,000 3.1 50,000 3.2 50,000 3.4
55,000 3.6 55,000 3.7 55,000 3.9
60,000 4.0 60,000 .1 60,000 L L
65,000 L L 65,000 4.5 65,000 4,7
70,000 4.9 70,000 5.0 70,000 5.2
80,000 5.9 75,000 5.6 75,000 5.7
65,000 6.k 60,000 6.2 30,000 6.2
90,000 6.9 85,000 6.8 85,000 6.8
95,000 7.5 90,000 7.4 90,000 7.k
100,000 8.1 95,000 81 100,000 8.6
105,000 8.8 100,000 9.0 105,000 9.k
110,000 9.5 105,000 9.7 110,000 104
115,000 10.5 110,000 10.6 115,000 1.5
120,000 11.6 115,000 11.5 120,000 12.8
125,000 13.0 120,000 12.9 123,500 1.0
123,000 14,0 124,500 14.0 125,500 15.0
130,000 1.9 127,000 15.0 127,500 16.0
132,500 16.0 129,000 16.0 128,500 17.0
132,000 17.0 131,000 17.0 129,000 18.0
130,000 18.0 - | 131,500 18.0 127,500 19.0
130,000 19.0 131,500 19.0 125,000 20.0
127,500 20.0 131,500 | ~20.0 120,000 22.0
125,500 21.0 127,500 21.0 - 90,000 28.0
122,500 22.0 120,000 22.0
120,000 23.0
115,000 oL, 0
112,000 25.0
107,500 26.0
105,000 27.0
95,000 30.0
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TABLE XI - CYLINDER LOAD-DEFLECTION DATA

Beam No.

6

Test - 8 days
Gage Length = 10 inches

Date August 20, 1965 1 Division = .001 inches
Cylinder 1 Cylinder 2 Cylinder 3
Load Div. Load Div. Load Div.

(1bs.) (1bs.) (1bs.)
10,000 10,000 10,000
15,000 0.6 15,000 0.3 15,000 | 0.3
20,000 1.0 20,000 0.6 20,000 0.8
25,000 1.5 25,000 140 25,000 Tl
30,000 2.0 30,000 1.3 30,000 149
35,000 2.4 35,000 1ud 35,000 1.9
40,000 2.8 40,000 2.0 40,000 2.3
45,000 3.3 45,000 2.4 45,000 2.6
50,000 3.8 50,000 2.9 50,000 3.0
55,000 L.3 55,000 3.4 55,000 3.5
60,000 4.6 60,000 3.6 60,000 4.0
65,000 D2 65,000 L.0 65,000 4e5
70,000 57 70,000 4.5 70,000 5.0
75,000 6.3 75,000 5.0 75,000 545
80,000 7.0 80,000 5.6 80,000 6.0
85,000 7.6 85,000 6.2 85,000 6.6
90,000 8.k 90,000 6.9 90,000 74
95,000 9.1 95,000 75 95,000 B
100,000 10.0 100,000 8.1 100,000 9.0
104, 500 11.0 105,000 8.9 104,500 10.0
107,500 12.0 110,000 9.9 108,500 11.0
112,500 13.0 115,000 10.9 112,000 12.0
114,500 14+.0 119,500 12.0 115,000 13.0
115,500 15.0 122,500 13.0 117,000 | 14.0
117,500 16.0 125,000 14.0 119,000 19.0
119,500 17.0 126,500 15.0 120,000 16.0
120,000 18.0 127,000 16.0 120,100 17.0
120,000 19.0 123,000 1740 118,500 18.0
119,500 20.0 122,500 18.0 | 117,000 19.0
117,500 21:0 120,000 19.0 115,000 20.0
115,000 22.0 119,000 20.0 112,500 21.0
113,500 23.0 115,000 21.0 107,500 22.0
111,000 24.0 112,500 22.0
105,000 25.0 108,000 Qa.o
100,000 26.0 105,000 24,0
95,000 27.0 102,000 25.0
30.0

87,500
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TABLE XII - CYLINDER LOAD-DEFLECTION DATA

Beam No. 7

Date August 21,1965

Test - 8 days

Gage Length =
1 Division = .001 inches

10 inches

Cylinder 1 Cylinder 2 Cylinder 3
Load Div. Load Div. Load Div.
(1bs.) (1bs.) (1bs.)

10,000 0.2 10,000 10,000
15 000 0.6 15 000 0.5 15,000 0.2
20,000 145 20,000 1) 20,000 0.95
25,000 1.55 25,000 1.5 25,000 1+35
30,000 2.0 30,000 2.0 30,000 1.85
5 000 2.4 5,000 2.35 : 5 000 2.4
40 000 2.9 0,000 2.75 40 000 2.9
us 000 3.k 45 000 3.25 45 000 3.k
50,000 3.8 50 000 a.7 50 000 4.0
55,000 .25 55,000 X 55,000 4.5
60,000 4.6 60 000 L5 60,000 5.0
65 000 5.1 65,000 4,95 69,000 Selt
70,000 5.9 70,000 5.5 70,000 6.1
75,000 6.4 75,000 6.15 75,000 6.75
80 000 7:0 80,000 67 80 000 7.k
85 000 7.85 85 000 7.35 85 000 8.25
90,000 8.5 90,000 8.0 90,000 9.0
5 000 9.3 5 000 8.8 5 000 10.0
100,000 10.0 100 000 9.6 100,000 1.1
105 000 1.0 105,000 10.5 105,000 12.2
110,000 12.25 110,000 12.0 110,000 13.75
115 000 13.8 115 000 13.9 113 500 15.0
119,500 16.0 115 500 15.0 115 500 16.0
120,000 17.0 118 000 16.0 117,000 17.0
120 000 | 18.0 119, 500 18.0 .118 000 18.0
107, 500 23.0 115,000 19.0 118 500 19.0
102,500 | 2%.0 117, 500 | 20.0
95 000 26.0 112,900 21.0
90,000 28.0 107,500 24.0
85 000 29.0 90,000 30.0
67,500 35.0 72,500 35.0
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TABLE XIIT - BEAM LOAD-STRAIN DATA
Beam No. 3-A Test - 8 days
Date July 27, 1965 Strain- Micro-inches/inch
Section 1 Section 2
Load ;
i) Tens. Comp. |Comp.* | Tens. | Comp. | Comp.*
Strain | Strain |Strain | Strain | Strain | Strain
400 26 18 22 30 2
670 55 36 46 72 53 %&
1040 86 42 53 122 66 67
1300 110 56 70 156 8l 8
1600 138 70 Bl 194 101 102
1800 157 38 103 217 118 120
2100 190 107 121 262 138 137
2400 240 126 1&1 320 157 151
2600 28& 145 149 62 175 169
2800 3 160 156 19 182 178
3100 24 182 177 . 504 209 200
3400 L92 214 216 578 242 232
3620 556 232 231 646 267 236
900 608 258 254 697 292 268
200 678 279 | 270 772 312 282
%500 762 302 | 293 852 | 336 | 302
4800 827 340 329 912 367 332
5100 911 362 350 968 356 3&8
5400 968 388 369 103% L0o2 366
5700 1061 510 388 1115 416 382
6000 1122 413 Loy 1176 | L2k | L2
6300 1188 hgo 450 1250 430 430
6600 1247 486 465 1319 43k 437
6900 1323 520 493 1395 e 458
7200 1399 563 540 1480 49 483
7500 1462 580 | 552 1560 | 459 490
7600 1523 620 S0k -=== | L63 518
8100 1610 - 656 607 1768 462 539
8500 1677 698 643 1894 454 56k
8800 1717 742 680 14735 - 596
9100 1807 788 | 710 16484 | - | 17
9400 1873 822 748 17104 | —-- 63
9400 2710 1162 790 17650 —_— 643
9400 17162 1326 832 18578 — 668
9600 183%0 139 852 19428 —— 688
9960 20101 139 877 19428+ __. 693
9960 | 21164 1322 | 890 | =—=--- -— | 59
9960 | 24991 1470 | 936 | ===-- --= ] 361

*Strain gage at d/2 distance from section
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TABLE XIV - BEAM LOAD-STRAIN DATA

Beam No. 1 Test - 8 days
Date fugust 18, 1965 Strain - Micro-inches/inch
Section 1 Section 2
Load :
(1bs.) Tens. Comp. Comp. Tens. Comp. Comp.
Strain Strain | Strain | Strain Strain| Strain
1000 61 Ll Faulty 92 74 | Faulty
2000 - 650 159 Gage 900 180 | Gage
2500 866 207 _ 1104 193
3060 1072 254 1313 220
3500 1225 286 1479 247
1080 1406 326 1697 267
4530 1543 356 1866 296
5000 1692 386 - 2039 328
5500 1870 422 2248 374
6000 2039 Y55 2488 431
6500 2209 491 3975 L.97
6840 2Ll 528 L8 529
7100 2710 558 8987 58L
7500 3633 585 9760 643
7800 6217 606 1 12646 g?z
7980 7090 608 13895 849
8120 7722 620 14740 922
6220 8386 618 15614 997
8340 9135 610 16508 1067
8600 9710 605 17292 1149
8580 10365 593 18510 1214
8660 | 10920 582 18788 1386
8800 11429 600 19450 1420
cei0 | 12106 | 566 3 1150
930 1150
£960 12186 | 518 1680
9100 12588 510 . 1792
9100 13022 486 1952
9100 13330 475 -214k
9300 13551 448 Bar 2372
.1 Broke
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TABLE XV - BEAM LOAD-STRAIN DATA
Beam No. 2 Test - 7 days
Date August 16, 1965 Strain - Micro-inches/inch
Section 1 Section 2
(Load
L § Tens. Comp. | Comp. | Tens. Comp. | Comp.
Strain Strain | Strain | Strain Strain| Strain
700 30 5 | Faulty 34 |Faulty
1000 52 22 | Gage 59 |Gage 18
1500 88 Lo 100 gh
2000 113 74 150 L
2500 176 126 21 105
3000 413 210 40 188
3100 453 227 L5 205
3500 810 275 760 263
3900 842 401 812 387
L1400 920 ) 881 427
5000 1029 428 990 hgo
5500 1084 L32 1048. LE7
5700 124k L1k 1210 4.0
6200 1248 532 1215 556
6500 1400 595 1376 650
7000 1496 655 1463 714
7500 1566 687 1536 760
8000 1573 742 1546 824
8500 1652 808 1625 902
9000 1703 857 1682 967
9500 1810 919 1787 1060
10000 1932 1000 - 1909 1185
10500 2087 1084 2054 . 1354
11000 2232 1167 2200 1512
11500 haﬁo 1358 2332 1308
11620 8216 152k 8568 2127
11700 8798 1610 8920 22L5
12000 9340 1922 oL.76 2365
12100 10210 1840 10220 2533
12300 10677 1920 10584 2652
12300 10809 1914 10728 2740
12300 10940 1940 10874 2802"
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TABLE XVI - BEAM LOAD-STRAIN DATA
Beam No. 3 Test - 7 days
Date August 16, 1965 Strain - Micro-inches/inch
Section 1 Section 2
Load - :
(1Bss) Tens Comp. |Comp. |Tens. Comp. | Comp.
: Strain Strain | Strain |Strain Strain | Strain
530 15 14 16 25 25 18
1120 30 52, 5k 64 L8 6k
1500 50 69 68 102 56 89
2000 76 86 83 164 83 120
2540 138 124 120 3Ll 130 199
3000 20k 173 152 470 166 265
3500 330 202 180 606 197 328
%000 417 2L4+1 210 747 23k 90
4560 5&1 26 227 916 264 50
5000 566 352 282 979 326 528
5420 670 382 294 1088 352 567
5900 751 418 316 1206 82 617
6500 843 473 354 1326 26 683
6870 926 511 389 1410 L6l 742
7420 996 558 423 1500 510 812
8000 1072 594 L.57 1606 548 860
8500 1150 648 Lok 1708 604 920
9000 1226 702 536 1808 675 980
9520 1345 756 572 194k 72% 1 1050
10000 1418 800 613 2032 779 | 1110
10500 1511 855 618 2158 825 | 1182
11040 1618 6L 619 2287 950 | 1280
11560 1694 1018 756 2388 | 1024 | 1366
12000 1783 1071 800 2503 1102 | 1k55
12500 1930 1164 856 2760 1233 | 1578
13000 1977 1221 901 3239 | 1342 | 1706
13400 2004 1283 939 6162 1520 | 192k
13840 2182 1382 1016 7787 1778 | 2196
13900 2220 1427 1046 7920 1900 | 2331
14120 2296 1484 1080 8480 2050 | 2480
14210 2430 1586 1128 9091 2260 | 2729
14400 2480 1625 1152 9328 2370 | 282
14500 2546 1700 1196 9662 2490 | 293
14680 2554 1770 1242 10010 260% | 3046
14800 2620 1836 1282 10312 2695 | 3135
14920 2870 1912 1338 10550 278% | 3225
15100 4055 2100 1476 10860 | 2949 | 3380
15500 4862 2180 1528 11040 3030 | 3457
15600 5268 2274 1593 11373 3108 | 3532
15650 5515 2366 1652 11611 3612

3191
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TABLE XVI cont.

- BEAM LOAD -STRAIN DATA

Beam No. 3 continued

Date August 16, 1965

Test - 7 days

Strain - Micro-inches/inch

Section 1

Section 2
Load
(1bs.) Tens. | Comp. | Comp. |Tens. Comp. | Comp.
Strain Strain | Strain | Strain Strain Train
15800 5755 2465 1718 11847 3273 | 3692
15900 6057 2592 1798 12163 3365 | 3768
16100 6385 0929 1888 12523 3461 | 3856
16100 6766 290 2014 12930 3566 87k
16300 7054 3038 | 2111 | 13280 3697 090
16500 7379 319% 2229 13593 3845 | %239
16150 7475 3268 2290 13676 3930 | 4330
- 16200 7597 3330 2341 13800 995 | 4390
16240 7741 3430 oLl 1&9%5 130 [ 4530
16340 797k 3505 2455 14204 L4200 | 4600
16400 8155 3584 2550 14422 4274 | 4669
16500 8438 3688 2633 14756 L4366 4735
16540 8712 3782 2710 15086 +60 | LO4o
16600 8946 3678 2793 15354 4550 | 4946
16700 9168 3970 2882 15616 Le46 5057
16800 | 9460 %097 2983 15980 | 4758 | 5168
16940 99&1 4272 3143 16630 | %930 | 5353
17100 10248 4111 3280 16968 5106 | 5560
17100 10656 4559 3431 17425 5291 5786
17200 10960 4670 3552 17751 5471 | 6016
17500 11433 L7904 3693 18315 5658 | 6390
17500 11743 4902 3817 18760 5616 | 7170
17500 11912 L o6k 3900 19207 5942
17500 11967 5002 3950 19700 6070
17500 12068 5040 4016 20676 6067
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TABLE XVII - BEAM LOAD-STRAIN DATA

Beam No. 4

Date August 18, 1965

Test - 8 days
Strain - Micro-inches/inch

Section 1 Section 2
Load
(1bs.) Tens. Comp. Comp. Tens. Comp. Comp.
Strain Strain {Strain [Strain Strain | Strain
1100 48 18 72 82 33 62
2070 132 Ll 159 207 78 137
3000 248 70 L5 367 137 210
4100 398 119 343 556 207 305
5080 520 174 L1l 767 273 396
6060 630 226 493 934 350 483
7500 786 302 60 1077 455 626
9000 950 396 719 1251 593 789
10120 1076 478 |. 821 1416 709 945
11100 1183 547 926 1575 816 | 1102
12120 1299 626 1046 1731 938 |[1278
13010 1427 714 1167 1906 1066 | 1458
14120 1563 8Lt 1341 2020 1251 1715
15000 1657 963 1430 2159 1399 * | 1866
16030 1777 1112 1602 228%4 1601 | 2118
16520 1831 1200 1711 2328 1727 | 2268
17120 1894 1305 182k 2390 185% | 2430
17570 1942 1393 | 1920 oLl | 1963 | 2563
13090 2002 15401 2033 2581 2102 | 2730
18500 2048 1593 2125 ———— 2338 | 2936
19000 2108 1689 2230 934k 2709 | 3262
19230 2168 1798 2350 10327 3048 | 3640
19300 2195 1879 2430 10558 3278 3872
19460 2247 1948 2502 10718 3462 068
19460 2278 2001 2579 10773 3649 | 4258
19500 2306 20k 2626 10832 3801 | 4407
19700 ———— 2062 2806 10931 Looo | 459k
19700 ——— 2196 2990 11059 4131 | L4729
19910 2910 2304 3111 11224 4290 | 4825
19900 3066 2368 3187 11500 411 | Lol6
19980 3358 2422 3257 11753 Lshé | 5074
20000 3951 oL72 334k 12027 4662 | 5190
20200 —— 2524 3431 12338 L4769 | 5302
20400 i 2581 3536 12650 | Lo76 | 42k
20500 6670 2648 3647 13007 4991 | 5567
20500 6956. 2711 3735 13218 5090 | 5689
20600 7036 2774 3817 13496 5149 | 5792
20600 7210 2838 3905 13715 5200 | 5888
20600 N ot 3978 | —me-- -—=- | 5989
20600 e 2896 | —e== | 13940 | 5265 | ==--
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TABLE XVIII - BEAM LOAD-STRAIN DATA

Beam No. 5
Date August 20, 1965

Test - 8 days
Strain - Micro-inches/inch

' Section 1 +Section 2
Load
(1BE2 Tens. Comp. |[Comp. Tens. |Comp. |Comp.
Strain Strain |Strain Strain | Strain | Strain
1080 19 26 16 2L 7 23
2000 58 77 L7 106 © L 82
3090 18 149 97 272 97 173
%080 252 232 140 413 140 260
5080 Ll 342 209 555 182 56
6020 581 439 255 702 231 8
7600 785 593 36 923 297 614
9000 96+ 746 16 1125 375 780
10100 1100 871 483 1281 436 920
11060 1224 1008 550 1424 486 110%
12100 1359 1145 628 1572 531 1319
13100 14490 1305 710 1716 580 | 1573
14060 1625 1482 . 800 1860 638 1835
15000 1751 1675 901 1996 699 2128
15610 1842 1822 976 2114 Z5h 2350
16500 1971 2016 1065 2337 QOO 2682
16780 2062 2193 117 —-—— 892 3173
16990 2106 2313 1158 7740 966 3495
17180 2163 2418 1190 7992 | 1016 3712
17500 2220 2530 1225 8274 1068 3998
17780 2024 2708 1298 8982 1099 339
17900 2893 2929 1390 9246 1171 L4622
18100 ——— 3202 1515 9533 | 1234 1878
18340 6343 290% 1314 9132 1114 4740
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TABLE XIX - BEAM LOAD-STRAIN DATA
Beam No. 6 Test - 8 days
August 20, 1965 Strain - Micro-inches/inch
Section 1 Section 2
Load '
(1bs.) Tens. | Comp.* |Comp. Tens. Comp.* Comp.
Strain | Strain |Strain Strain | Strain Strain
1120 35 34 39 45 Ly 41
2130 79 68 75 100 88 1?8
3180 149 119 125 191 142 17%
4050 225 153 175 284 189 24
5000 313 196 231 &7h 241 316
6130 316 247 306 88 307 408
7500 Sy 308 393 619 383 53l
8580 641 360 L66 720 450 638
9580 735 407 542 818 512 7&8
10670 835 463 635 921 5387 875
11650 933 509 720 1025 641 | 1002
12680 1033 563 81k 1128 722 | 1139
13600 1120 625 921 1216 800 | 1292
14690 1309 697 1035 1304 886 | 1450
15680 1310 767 1171 1403 988 | 1636
16720 15404 828 1494 1495 1086 | 1812
17580 1492 890 1472 1577 .| 1197 | 1965
18610 1595 o42 1584 1688 1294 | 2078
19570 1639 o6 | 1775 | 1800 1446 | 2283
20230 1746 980 1902 1865 155% | 220
20600 1774 101k 2006 1891 1652 | 2525
21120 1819 1042 2100 1931 1746 | 2626
21580 1858 1057 2189 1983 1824 | 2724
21980 1898 1066 2270 2033 1896 | 2812
22530 1950 1057 2372 2108 1968 | 2930
22860 1986 1075 2439 2174 2107 | 3059
23100 2022 1085 2541 2227 2158 | 3121
23290 2042 1088 2585 2300 2210 |} 3192
23500 2066 1090 2635 2415 2267 | 3271
23760 2101 1096 2716 2653 2366 | 3394
24020 2130 1100 2768 301k 2438 | 34382
24260 2162 1195 2817 3630 2514 | 3557
24520 222k 1108 2896 4283 260 3658
2L750 2300 1110 2990 4880 272 3782
25000 | 2361 1115 3079 5270 2880 | 3895
25200 L5l 1128 3200 5674 3111 | Lok2
25400 253k 113Y% 3286 5908 3313 | 4149
25500 2633 1195 3331 6153 %76 | L4242
25500 2656 1050 3& 5 6282 3630 | 4300
- 25500 2709 1031 3437 6485 3827 U392

*Indi

cates compression steel straln
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TABLE XIX cont.

- BEAM LOAD-STRAIN DATA

Beam No. 6 continued Test - 8 days
Date August 20, 1965 Strain - Micro-inches/inch
Section 1 Section 2

Load .
(1bs.) Tens. Comp¥ Comp. | Tens. | Comp®™  Comp.

' Strain Strain Strain| Strain | Strain Strain
25600 . 2798 102 436 6682 989 Ll79
25700 2896 102 %520 684 ’21 14 4546
25900 3233 992 3565 7235 4292 4650
25820 335 977 3594 422 LL 8L 4710
25820 345 953 3617 7623 L4704 L4767

* Indicates compression steel strain
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TABLE XX - BEAM LOAD-STRAIN DATA
Beam No. 7 : Test - 8 days
Date August 21, 1965 Strain - Micro-inches/inch
Section 1 Section 2
Load
(1bs.) Tens. Comp. | Comp. | Tens. | Comp. |Comp.
Strain Strain| Strain| Strain | Strain |Strain

1000 20 Faulty 14 21 © 1k 16

2000 5k Gage 60 64 43 65
~ 3000 11 119 136 86 107

L4000 18 180 292 122 146

5000 08 278 E 9 184 204

6000 20 75 6L 238 277

7000 536 80 590 296 358

8000 628 578 684 39 L35

9000 742 702 796 07 53k
10000 843 815 889 L65 627
11000 931 930 974 536 724
12000 1030 1056 1065 607 83k
13000 1125 1186 1152 692 950
14080 1238 1350 1247 787 111k
15060 1332 1500 133% 87% 1267
16030 1425 1670 1418 972 11436
17000 1520 1821 1502 1070 | 1601
18000 1653 1996 1596 1166 | 179%
19000 1655 2038 1651 1185 1911
19000 1726 2135 1730 1370 | 2047
19760 1804 2234 18620 1458 | 2229
20500 1840 2308 1871 1555 | 2369
20500 1895 2387 1996 1568 | 2422
21000 1939 oL53 2158 1572 | 2466
21200 1966 2496 2358 1566 | 2500
21340 1993 2547 2751 1570 | 2546
21500 2010 258k ———— 1584 | 2560
21500 2026 2612 4578 1600 25/5
21500 2039 2638 L96 1615 | 2565
21500 2047 2660 526 1622 | 2585
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TABLE XXI - BEAM LOAD-DEFLECTION DATA

Beam No. 3 Beam No. 3 Beam No. 4
Date fugust 16 continued Date August 18
Load Dial Load Dial Load Dial
Gage . Gage . Gage
(B8 (inches) (108 2 (inches) SEhss) (inches)
530 .002 15900 .369 1100 .010
1120 . 006 16100 .3355 2070 .021
1500 —— 16100 407 3000 .03%
2000 .0105 16300 Lok 4100 .050
2540 .015 16500 L0 5080 .065
3000 —— 16150 — 6060 .080
500 .028 16200 455 7500 .100
000 .039 16240 465 9000 120
4560 . 049 16340 L1478 10120 <141
5000 +055 16400 L4857 11100 .157
5420 . 062 16500 .503 12120 7%
5900 .070 16540 .517 13010 .190
6500 .080 16600 .530 14120 .210
6870 .090 16700 ——— 15000 ;228
7420 .097 16800 .581 16030 249
8000 .1065 16940 . 594 16520 .262
8500 ——— 17100 .615 17120 .278
2000 124 17100 .639 17570 .290
9520 .1362 17200 .655 18090 .308
10000 L5 17500 .678 18500 .321
10500 .156 17500 .697 19000 .33%
11040 .170 17500 .705 19230 .352
11560 .180 17500 -——— 19300 .363
12000 ——— 17500 <71 19460 372
12500 .210 19460 .380
13000 .218 19500 .388
13400 . 2295 19700 401
13840 243 19700 419
13900 _—— 19910 . ————
14120 LREY 19900 ————
14210 . 2695 19980 ————
14400 .275 20000 ————
14500 <2815 20200 -<--
14680 .289 20400 —-——
14800 .296 20500 ———
14220 <304 20500 ———
15100 .318 20600 -
15500 .326 20600 ———
15600 .336 20600 ——--
15650 345 20600 e
15800 +305
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TABLE XXII - BEAM LUAD-DEFLECTION DATA
Beam No. 3-A Beam No. 1 Beam No. 2
Date July 27 Date August 18 Date August 16
Dial Dial’
Load Def. Load Load
(1bs.) (inches) (1bs.) (iﬁgﬁgs) (1bs.) (igiﬁgs)
L00 . 000 1000 —— 700 .003
670 _——— 2000 .020 1000 .006
1040 024 2500 .028 1500 <011
1300 . 024 3060 . .037 2000 o
1600 .036 3500 .050 2500 .031
1800 - .036 L4080 . 065 3000 .0
2100 +072 4530 .076 3100 <047
2400 .072 5000 .092 3500 .063
2600 .072 5500 <111 3200 .092
. 2800 ——— 6000 .1295 00 .100
3100 . 084 6500 LAW7 5000 .108
3400 i s 6840 «165 5500 114
3620 . 084 7100 . 191 5700 124
3900 .096 7500 . 202 6200 .129
L200 ———— 7500 .228 6500 S
- 4500 —~——— 7960 248 7000 . 5&
4800 ———— 8120 . 262 7500 . 161
5100 .120 8220 .276 8000 . 166
5400 w120 8340 .2925 8500 ———
5700 .120 8600 .310 9000 189
6000 <14 8580 . 3286 9500 .197
6300 < 8660 342 10000 .213
6900 .156 8800 «357 10500 .231
7200 .168 8840 « 377 11000 . .2%7
7500 .168 8930 a982 11500 .279
7800 ———— 8960 11620 .303
8100 .192 9100 11700 .3195
8500 ———— 9100 h62 12000 «339
8800 - .192 9100 L1478 12100 .3585
9100 . 204 9300 492 12300 «372
9400 .20k 12300 L8
9400 216 12300 ———
9400 w252
9600 -—
9960 1456
9960 .5H0
9960 612




106

TABLE XXIII - BEAM LOAD-DEFLECTION DATA
Beam No. 5 Beam No. 6 Beam No. 7
Date August 20 Date iAugust 20 Date iugust 21
Dial Dial Dial
Lozad Load : Lozd
Gage e Gace Gage
(1Dbs.) (inches) (1ps.) (inches) (1bs.) (inches)
1080 o 1120 .009 1000 .005
2000 .01k 2130 0175 2000 .013
3090 . 026 3160 .029 3000 .023
4080 . 040 4060 . 040 4000 .03k
5080 . 060 5000 .052 5000 . 047
6020 .082 6130 .067 6000 .061
7600 112 7500 .085 7000 .076
9000 .135 8580 .099 8000 .090
10100 .153 9580 112 $000 .108
11060 .170 10670 .128 10000 122
12100 .190 11650 11 11000 .138
12100 .209 12680 .156 12000 «15%
14060 .229 13600 71 13000 70
15000 «251 14690 .187 1L080 .191
15610 .266 15680 .205 15060 .209
16500 .285 16720 221 16030 .229
16780 .296 17580 .238 17000 248
16990 .303 18610 .278 18000 .270
17180 310 19570 .209 19000 . 284
17500 2317 20230 .2262 19000 .34
17780 .329 20600 .239 19760 .378
1g9oo « 341 21120 .2545 20500 418
18100 «357 21580 .275 20500 462
18340 .356 219860 . 294 21000 - . 500
22530 .332 21200 529
22560 356 21340 . 547
23100 .375 21500 . 506
23290 «392 21500 . 569
23500 Rrep 21500 .605
23760 L0 21500 .622
24020 62
24260 L82
24520 . 503
» 24750 . 531
25000 .592
25200 . 580
25400 .6025
25500 .6435
25500 . 701
25500 733
25600 .758
25700 .772
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