
Scholars' Mine Scholars' Mine 

Masters Theses Student Theses and Dissertations 

1966 

The plastic behavior of reinforced concrete beams with varying The plastic behavior of reinforced concrete beams with varying 

percentages of reinforcing steel symmetrically placed percentages of reinforcing steel symmetrically placed 

J. Leroy Hulsey 

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses 

 Part of the Civil Engineering Commons 

Department: Department: 

Recommended Citation Recommended Citation 
Hulsey, J. Leroy, "The plastic behavior of reinforced concrete beams with varying percentages of 
reinforcing steel symmetrically placed" (1966). Masters Theses. 5768. 
https://scholarsmine.mst.edu/masters_theses/5768 

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 

https://library.mst.edu/
https://library.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/masters_theses
https://scholarsmine.mst.edu/student-tds
https://scholarsmine.mst.edu/masters_theses?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F5768&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/252?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F5768&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/masters_theses/5768?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F5768&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu




ii 

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 inflection. 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 applied so as to obtain midspan loading 

and fixed end conditions at only one end. Beam sections were 

3" X 6 11 with a 5tn 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, t hus 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 ex9ept for 

. the high percentages of steel. 
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LIST OF SYMBOLS 

This list of symbols is presented for convenience and 

all symbols \vill be ·defined as they first appear in the text. 

a = Depth of compression block for ultimate strength 

As · = Area of reinforcing bars 

As' =Area of reinforcing bars in compression 

b = Width of cross-section 

c = Depth to neutral axis 
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d' = Depth to center of compression steel 

Ec = Secant modulus of elasticity of concrete 
1 • 5 ~ 

Ec' = w (33)~ fc' = ACI modulus of elasticity 
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Esp = Modulus of elasticity of steel in elasto-piastic region 

fc I = Concrete cylinder strength on day of test 

fs I = Compression stress of steel 

fsu = Steel stress at failure of section for Q.igh strength 
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fy = Yield stres s of steel 

H1 = Hinge len8th 

I = Moment of inertia based on transformed net section 

k = Ratio indicating relative depth to neutral axis 

k1 = 0. 8 5 for fc' = 4000 psi and .05 less for every 1000 psi 
greater t han 4000 psi 

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

L = Span length 

M = Moment 



M1 = Elastic moment a t section 1 

M2 = Elastic moment at section 2 

Mep1 = Elastic-plastic moment at sect ion 1 

Mep·2 = Elastic-plastic moment a t section 2 

Mu = Yield moment for high strength steels 

Hult = Ultimate resisting moment 

Mult1 = Ultimate resisting ~oment at section 1 

Mult2 = Ultimate resisting moment at section 2 

My = Yield moment for low strength steels 

Ny1 = Yield moment at section 1 

My2 = Yield moment at section 2 

n = Es/Ec = Nodular r a tio 

p = As/bd = Tension steel ratio 

p' = As'/bd = Compr e s sion steel r a tio 

P = Load acting on beam 

. Py1 = Load causing section 1 to yield 

Py2 = Load causing section 2 to yield 

Pult = Ultimat8 load the structure can support 

€u = Maximum concret e strain 

8s = 1vfaximun steel s tra in 

0ep = Cur vature in el astic- pl astic r ange 

0ep2 = Curvature in elastic~plastic range at section 2 

xi 

0i = 292/Hl = Incremental curva tur e at s ecti on 2 over that 
at first yield 

0mech = Total curvature at ~ection 2 once sect i on 1 begins 
yielding 

0mech/0y2 = Required rotation at section 2 

0y2 = Curvature at first yield 



~ult = Ultimate curvature at a section 

0ultl0y2 = Rotation capacity at section 2 (the critical 
section) 

xii 

G0 = Angle occuring at simple support when mechanism forms 

G1 = Angle formed at section 1 as a result of mechanism 
formation 

G2 = Angle occuring at section 2 when section 1 begins 
yielding 

A1 = Deflection at section 1 

6i = Incremental deflection 

Amech = Deflection at section 1 at formation of mechanism 
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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 increase more rapi~ly 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 load 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).* 

2 

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 limited, rotation capacity must be considered in any 

derived theory. Knowing the rotation capacity (based on a 

reasonable 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 belief that ductility may be changed 

by changing the percent of reinforcing steel and/or the 

amount and type of web reinforcing. In order to 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. 
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reinforcing bars past the point of inflection as determined 

by plastic analysis and studying its 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 i of the positive moment steel 

into the support of a continuous beam. 

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 1-1i th 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) \'lith 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 (ASTM-A-15).and cutoff in 

the compression region. Web reinforcinz consisted of closed 

loop stirrups (no. 9 gag e wire) ~laced in an upri ght position. 

Moment-curvature and load-deflection relationships were es

tablished at each critical section for all bea~s tested. 

Moments, loads, curvatures, and deflections were compared 

with the developed theory at yield in all cases. 
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II. 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. 1c"lhitney' s 

empirically simplified stress block initiated the ultimate 

strength idea in the United States (22). Until 1956, the 

ACI code recognized 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 approach to take (1). 

In his re-oort "Comparison of Neasured and Calculated 

Stiffnesses for Beams Reinforced in Tension Only 11 Bi1l 

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 
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reinforced concrete beam while the lower values compared 

fairly well with the values 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 thesis, "Application 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 

}1r. Berwanger was shown to be valid for the benms 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 11 (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. 1,'J. Yu 2.nd Eivind Hognestad 

have done in their report, 11Revie>:J of Lirr. i t Desigl) for 

Structural Concrete" (23). 

In their report, "Concrete stress Distributton in 

Ultimate Strength Design 11 , Ei vind Hognestad, l'i: . • W. Eanson, 

and Douglas McHenery verified from their series of tests 

that stress-strain relationshius of concrete obtained from 

concentric cylinder tests can be made applicable to flexure 

(13). A. Mattock verified that limit design can be applied 

to structural concrete by a series of tests on structural 

concrete frames (15). 

In his report, "Plastic Hinging at the Intersection of 
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Bea~s and Columns", G.C. Ernest 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. Sav~er presented an elastic-plastic theory for · the 

development of limit design and applied it to tests rill1 at 

the University of Connecticut (17). 

The summary of investigations r egarding t he unpublished 

material (20,21) shows that confining action of ties can be 

very profitable in limit design thus giving added ductility . 

It was also felt tha t bond could be a problem if the stir

rups were put in a vertical position. 



III. THEORY 

A propped cantilever beam with a single concentrated 

load at midspan was considered in this investigation. The 

7 

elastic theory for critical moments applies until yielding 

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

M1 = 5PL 
32 

Where M = Moment 
P = Load 
L = Span Length 

Eqs. 1-2 

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: 

Eqs. 3-4 

First yield moment (My) means that the moment at a 

critical section has reached a value where initial yielding 

of the tension reinforcement has occur.red. Py2 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 (Mult>· For beams reinforced in compression, 

it is assumed that compression steel buckles as the concrete 

crushes. Thi.s is a reasonable assumption since most web 

reinforcing or ties are not ~paced close enough to give the 
I 

lateral support needed to prevent buckling. 
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Yield at Section 2 
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FIG. 1 LOAD-MOMENT RELATIONSHIPS 

FIG. 2 CURVATURE FORMATION AT CRITICAL SECTION 
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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. 

9 

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

3. 'I' he steel takes all of the tension due to flexure. 

4. 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, sins lY reinforced beam sec

tion properties is found by the follovJing equations (l"igs. 4 

and 5): 

k =~2pn 2' 
+ (pn) - pn Eq. 5 

Hy = Asfv(1-\ )d EC!_ . 6 . •' 3 
Where 1-( = T' El.tio indica tj_n~~: rel ative depth to neutral ·axis. 

d = depth to center of steel 
As= area of reinforcing steel 
8 5 = modulus of elasticity of steel 
Ec= modulus of elasticity of concrete 
n = Es/Ec = modular ratio 
p = As/bd = tension steel r atio 
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. 



Moment 
(M) 

.0ep 0ult 
Unit Curvature (0) 

FIG. 3 THEORETICAL MOMENT-CURVA.'rURE (H-0) 
RELATIONSHIP FOR LOW STRENGTH STEELS 

t- b-1 

Tl 

ti . __ __. 

Straight Line Stress Distribution 

~· () ~c' 
T a 
j_ 1-----' 

-r-- -1- ··- --

10 

As f su 
or 

----~-· . -+-__ ---.nA sf y 

Ultimate .Strength Stress Distribution 

FIG. 4 STRESS, DISTRIBUTION AT CRITICAL SECTIONS 
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FIG. 5 ASS1J1-':ED STRESS-STRAIN BE:rAVIOR 
FOR LOW STRENGTH STEELS 

Strain (8s) 

FIG. 6 ASSill1ED STRESS-STRAIN BEHAVIOR 
FOR HIGH STRENGTH STEELS 
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2 
K = 2[pn+p' (n-1 )d'] + [pn+p' (n-1 )] - pn+p' (n-1) Eq. 7 

d 

-2 
My= fcbKd (1-K) + As'fs'(d-d') Eq. 8 

3 

f c =: T< f Eq • 9 itr1 -K) 

vlhere As 1 

d' 
fc 

fs I 

= 
= 
= 
= 

area of compression steel 
depth to compression steel 
concrete stress at outermost fiber 
compression steel stress 

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

pi = As 1 /bd = compression steel 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 shovm 

below by the following expressions: 

1\liul.t = Asfy(d-g) 

Singly 
Reinforced a = 

2 

Where a = depth of com:()ression stress bloc1-c 
fc' = concrete strength on day of test 

Mult = ultimate resisting moment 

Doubly 
Reinforced 

Mult = (As-As 1fs.:_)fy(d-_ca) + As 1 fs'(d-d') 
fy 2 

a = (As-As'fs.:_)fv/0.85fc'b 
fy •> 

Eq. 10 

Eq. 11 

3q. 12 

Eq. 13 

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 support. 

The expressions for loading conditions beyond first yield 

are largely dependent on what assumptions are mane for the 

-mom~nt-curvature relationship used in the derivation. The 
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idealized curve shmm in Fig. 3 is used. 

In order to determine the load the structure will 

support beyond first yielding, the principal of virtual worl<: , 

which gives an upper bound solution, is used. Dep~nding on 

the rotation capacity of the critical section, the moment at 

formation of a collapse mechanism may be either Mep (Moment 

in elastic-plastic range) or l'·1ult. 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 

Case II 

out 
My1 (G1) 
1'-'l y 1 Cl-f-~) 

1 
Eq_. 14 • 

Eq. 1 5 

In all cases the ultimate moment depends upon the stress-

strain characteristics of the steel. In the derivation pre-

sented here it is assumed that the steel has a definite 

yield stress (fy). 

In order for a structur e to a ttain 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 capaci ty of the 

critical section is sufficient. Since sections were assumed 

to act elastically up to yield of the section, curvature may 

be expres sed as follows: 
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0y2 = Hy:_ 
Eel 

Eq. 16 

Where 0y2 = 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. Upon formation of the collapse mechanism vlhich 

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 - Py2) acting 

and an incremental moment (Hep 2 - My2) 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 (1-Il) . Assuming H1 = d ( 2, 5, 13) , the incremental 

curvature at section 2 (Fig. 2) is: 

HealizinG that any incr enental moment tends to reduce 

the deflection at section 1 and the rotation at section 2, 

the incr e~ental load (Py1 - Py2) superim-9 osed on the bea.rr1 

with the incremental moment (lv1cp2 - My2 ) develo~Js an angle of 

discontinuity at section 2 which can be expressed as 

follows (4): 
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2 
Q2 = i!:y1-Py22.1 - .iliep2::11y~ Eq. 18 
· 16Eci jEci 

Combining equations 17 and 18 results in the following 

expression for incremental curvature: 
2 

0i = l(Ey1-Py2)1 - 16(Hep2-Ny22.1_ 
24HlEci 

Eq. 19 

The following expression (total curvature at mechanism 

formation) is the result of the curvature at fi.rst yield 

plus any incremental curvature: 
2 

0mech = 0y2 + lliy1.=l:y2) 1 - 16 (M ep2-My2.2.1. 
· 2l+H1Eci 

Eq. 20 

The curvature may also be expressed by combining equations 

(3,14,&20) giving the following expression: 

0mech = 0y2 + (-1OM ~p2 + 1 2My1.2.1. 
2q-HlEci 

Eq. 21 

The curvature ~eyond first yield may be obtained by pro-

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

0ep = ~yiMult-My) + C0ult~y)(Mep-Myl_ Eq. 22 
Hult-My 

It may be convenient to express the curvature at a section 

as 0mecbl0y2 which is the required rotation r atio (eliminat

ing the flexural rigidity-relationship) for the mechanism to 

form (3,4). The required rotation at a s ection is expressed 

by the following equation : 
2 

0mec.t:/0y2 = 1 + lliy1-Py2)_1_-=_ .- 16 (Hep2-Hy2.2.1 
2Lt'H)!v1y2 

Eq. 23 

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 ~each 

ultimate moment as expressed below: 



Case I Pult(b.) = Mult2~ + My1(4b.) Eq. 
L L 

Case II PultC~) = Mult2C2~) + Mep1~ Eq. 
1 L 

Case III Pult(b.) = Mul t2 (:2~) 
L 

+ Mul t1 (4~) 
L 

Eq. 

Case IV Pult(b.) = Mep2(2~) + Mul t 1 (4l:l.) Eq. 
L 1 

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: 

16 

24 

25 

26 

27 

Eq. 28 

Where E::s = maximum strain in steel 
E::u = maximum concrete strain 

€s = (d-c)8:u-
c 

Eq. 29 

Where c = a/kt 
k 1= 0.8·) for fc' = 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: 

0ult = 8:u,.... 
c 

Eq. 30 

Since the beam behaves elastically up to the first yield, the 

deflection at section 1 may be found by elastic methods as 

shown by the rollowing expression: 

b.1 = '7P L 3 ~Y.2-
76tsEci 

Eq. 31 

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 (Py1 - Py2) results in the 

foilowing expression: 

18 

Eq. 32 

The following exp~ession for total deflection is a result of 

the combination of equations 31 and 32 and the superimposed 

incremental moment: 
3 3 2 

A mech = .'Z.Ey21.... + 1Ey1 -Py2.21 - .llien2-My2.21L. 
?O~Eci l+E'Eci tbEci 

Eq. 33 

Internally ¢ult can be expressed by combining equations 

11 and 30: 

0u1 t = 8u ( 0 . 8 5k 1 f c~ 
pfyd 

Combining equations 16 and 34 results in the following 

expression for the rotation capacity of a section: 

0ult/0y2 = §u(0.85k1fc~ci 
PfydMy2 

Eq. 34 

Eq. 35 

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. 

Eq. 36 

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 MU~veloped by the ultimate 

strength approach (equations 10 and 13) rather than My 

(straight line theory). The straight line theory is unre-
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alistic at yield since fc must be very high to balance the 

tension force (Asfy) therefore the ultimate moment 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 sho~n in Fig. 6. With the aid of Fig. 6 an equation 

for the steel strain beyond yield is expressed as shown by 

equation 37. 

8 s = f suCEs) - fyils-Espl · 
EsEsp . 

Eq. 37 

Combining equations 11,29, and 37 \<Tith fsuin place of fy in 

equation 11, results in equation 38 for the reinfo~cemJnt 

steel stress at failure of the section. 

fsu = Esp8n(0~8~lqfc.:l +[1(Esp8u-fy(1-~:<>)}t 

- 1 (EspC€u)-fy(1-Espll 
2 f Es J 

Eq. 38 

The ultimate resisting moment can then be expressed by 

replacing fy with fsu in 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 = 16Mu2_ 
31 

Py2 = 32M1_ 
51 

Eqs. 39-40 

The relationships for load at mechanism formation 

depend upon the assumptions made regarding the moment

curvature relationship (Fig. 8). The moment-curvature 
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relation beyond first yield depends upon tho 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 relation beyond yield can be expressed by 

defining a necessary elastic-plastic modulus (Esp) which 

recognizes the yield stress is increasing (Figs. 6 and 8) 

and recognizing the beam sectional behavior beyond 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 15. 

The equations shown below were developed by these principals: 

Case I 

Case II 

Py1 = (2Mep2 + 4Mu1l 
1 

Py1 = (2~~lt2 + 4Hep1l 
L 

Eq. 41 

Eq. 42 

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

elastically by- the following exnre·ssion: 

0y2 = Mu
Eci 

Eq. 43 

The equation for the curvature at section 2 beyond first 

yield at mechanism formation is: 

0mech = 0y2 + illy1 -Py2)k 2 ~ 16 O~ep2-11iu221 
2 Hl~'ci 

Eq. 44 

The expression for curvature obtained from the moment

curvature relationship (Fig. 8) is expressed as follows: 

Eq. 45 

The required rotation for a mechanism to develop can be 

exp-ressed-by the following equation (similar to Eq. 23): 
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2 
0mecbl¢y2 = 1 + J.iEy1-Py2)L - 16(l1ep2-Hu221 

· 24H1Mu2 
Eq. 46 

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 I Pult(A) = Mult2~ + Mu1~ 
L L 

Case II Pul t (A) = Mult2 (2A) + Mep1~ 
L L 

Case III Pult(A) = Hult2C2~) + .Mult1~ 
L L 

Case IV Pul t (A) = Mep2 (2A) + Mult1~ 
L L 

The ul~imate rotation for a section is expressed 

Eq. 

Eq. 

Eq. 

Eq. 

by 

47 

48 

49 

50 

equation 34 with fy replaced by fsu s :Lmilar to the expression 

for the low strength steels. The rotation capacity for 

individual sections may. be determined by combining equations 

3Lf- and 43 with fy again replaced by fsu· 

The deflection at section can be expressed by equation 

33 with Hy2 replaced by Mu2 Hhen section 1 occurs. The 

following expression is a relationship for deflection at the 

formation of the mechanism: 
3 3 

A mech = 1P_v21- + 3 (P~1 .-Py2.2.1 
76'8Eci 4'bEci 

Eq. 51 



4.1 Materials 

(a) Cement 

IV. LABORATORY PROCEDURE 

A high early strength cement was used for all tests. 

It was purchased in bags of one lot from a nearby dealer 

and stored in a dry place. 

(b) Aggregate 

22 

The fine aggregate used was the normal laboratory 

supply of sand. In ord.er to maintain the same moisture 

content from the time trial mixes were made to date of 

mixing, the sand was placed in metal 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 t" gravel meeting gradation require

ments. The gravel was obtained sufficiently ahead of time 

to permit thorough drying in the laboratory storage bins.' 

(c) 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 

intermediate grad~ steel with a yield point just above 40,000 

ps~. It was the author's original intention to. obtain all 

bars from the. same 'heat but this became virtually impossible • 

. Three bar sizes were used; #3, #4, 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 #4 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 closed 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 11 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 longit~dinal ribs were filed smooth and widened 

to fit the gage. Finishing to a smooth surface by the use 

of emery cloth 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 gage 1-1as then applied to 

the prepared area and fastened by means of twisted rubber 

bands (12). 

1>Jaterproofing was accomplished by applying a mel ted 

bees1..rax over the trimmed gage. After ample drying time, 

leads were soldered on and taped back over the bees'l.vax with 

an electrical plastic tape to prevent any movement of the 

leads. The final waterproofing was completed by putting a 

coat of wax over the tape and previous coat (Fig. 19). 

After waterproofing, the ga ges were put in vrater for a 24 hr. 

period to insure adequate resistance to moisture. Checking 

entailed deterr.1ining the resistance bet-vJeen ga ge and ground 

(water) by a vacuum tube voltrrJ eter (18) •. · If no leakage is 

present a resistance of inf inity should be noted . If how

ever there is leakage, a minimum gage to ground resistance 

of 50 megaohms can be allovred and still have the gage func

tion properly (16). In all cases, leaka ge no greater than 

500 megaohms vras allowed in a 24 hr. period. 

The mix proportions were selected from a previously 

deterrn ined set of trial mixes establ i shed for a 4000 psi 

stret;,gth and a 4t" slump. The laboratory :--i'lixer is a s '·nall

capacity, vertical shaft, rotating hor izontal a r m mixer 

which can be raised from or lowered into the mix which is 

deposited in a stationary mixing bucket below. The mixing 

properties of this mixer are good. In order to maintain the 

same mix throughout the investigation, water was sprayed on 

.the entire batching system, allowing everythfng to become 
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saturated, and then drained. Before pouring, six 6 11 X 1211 

cy!inder forms and 2 beam 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-· 

tion 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 11 with a 

total length of 7'6''· Single concentrated loads were ap

plied at midspan in qll cases. Beam cross-sections were 

3" X 6 11 deep with reinforcing steel placed symmetrically at 

all critical sections. Three cylinder _tests were run for 

each beam tested on the day of the tests in order to deter

mine the stress-strain properties of the concrete (13). The 

results of these tests are shown·in Fig. 25-29. 

4-.4- Test Anparatus 

A specially built loading frame made from bolted steel 

!-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 specified length, by means of a hydraulic ram 

in conjunction with a load cell made from ali!uninum 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 plates 

2" wide and a 1" roller. These same bearing plates were 

used for reaction distribution with a 1t" roller. A transit 

was used to sight on the metal wire pointer attached for the 

prupose of establishing fixed end moment. 

A-1 Sr-4 strain gages were used throughout the investi

gation. Concrete gages were attached in pa:i:rs of two, t" 
from the surface at all critical sections for all beams ex

cept the preliminary beam. Only 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 several hours the surface was 

again sanded with ~mery and cleaned with acetone. Strain 

gages were placed on the surface with epoxy resin cement and 

an electrical plastic tape placed alongthe 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 ten~ion 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 the 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 proper 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 and 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 all tests, 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 determined to be the load 

causing section 2, the critical section, to rotate as a 

result of the reinforcement yielding. The load causing 

section 1 to yield, and causing mechanism formation, resulted 

from yielding of the reinforcing at this section. The ulti

mate concrete strain 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 beam 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 behavior if no yield point 

occurred. The flexural ri["';idity must be studied very close

ly since all curvature and deflection studies must be based 

on this one quantity. The author chose to use the trans

formed 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 compare closely with tests 

performed on flexural specimens (13). The secant modulus 

was deterl"r' ined from thes e stress-strai n curves, Fies. 25-29, 

and compared with the present ACI code formula for modulus 

of elasticity, Table II. The results of these tests compared 

very wall with the largest deviation being 2.1%. The primary 

variable involved in the study was percentage of reinforce

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 }<:si (Fig. 9) . wa s u sed 2. s reinf orcing in conjunction 

with a concrete strength of 4.6 ksi given in Table II. The 

beam was symmetrically reinforced having only tension steel 

(2-#3) at ea ch section with a steel r atio of .0141 at sec

tion 2 and .0139 at section 1 (Table I). The bars were cut

off i n the comp r ession region d distance beyond the occur

renrie of the point of inflection (not in accordanc e with the 

ACI code). Twenty-thre e closed loop stirrups were placed at 

2-~-" (d/2) as shown in Fig . 24 throughout each section giving 

equa l confinement. The plaster of pa r is on the side of t he 

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 ~een on the moment-curvature curve 
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shovm in Fig. 30. With additional loading, tens ion yielding 

began at section 2 at a load of 4.2~ kips and a moment of 

52.6 in-kips. The values of load and moment corrpa·red 

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 until 

strain hardening began as shown in Fig. 30. The beam fi

nally failed at a load of 4.78 l<ips 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 failure occurred as a result of crushing of the 

concrete 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 see~s 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 

resulting 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 1o-4 and section 1 at 5.10 x 10-4 as shown 

in Table IV. These compare within 21.1% and 29.4% respec

tively of the theoretical curvature. The lack of comparison 

can be contributed to the asswnptions made for the flexural 

rigidity of the sections. The load deflection 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!1) 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 the code 

p = 0.18fc'/fy. The high strength steel used had no definite 

yield plateau as sr1own in Fig. 1 0 and had a yield stress of 

70.0 ksi. Twenty-three stirrups were used having a spacing 

of 2-}" as shovm in Fig. 2L~, giving equal tie in:~ or confining 

action at each section. Upon loa~ing the beam, a character

istic moment crack was noticed at section 2 at a load of 1.0 

kip and one at section 1 at a load of 1.25 kips. Additional 

loading resulted in section 2 yielding at a load of 4.25 

kips and a moment of 36.5 in-kips as fiven in Table III. 

These compared within 2% and 3.96%, respectively, of the 

theoretical values. Section 1 yielded later at a load of. 



3.50 kips and a moment of 37.5 in-kips which are within 

0.52% and 4.26% of the theoretic~l values. The rooment-
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curvature relationship 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 10-4 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 good, 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 explosive 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-

veloped at the point of inflection between sections 1 and 

2. This particular crack was noticed to begin at the bar 

cutoff point and develop diagonally as shown in Fig. 20. 

The load-deflection behav-ior 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 measured 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 O% of theory 

as shown in Table IV. 

5.3 Beam 2 

Sections 1 and 2 had a steel ratio of .0116 and .0119 

(1-#4) (Table I). The reinforcing was a high strength steel 



having a definite but short yield plateau (Fig.10) with a 

yield stress of 65.8 ksi shmm in Table II. Thirty-five 

stirrups were used, as shown in Fig. 24-, at a spacing of 

2:)-" 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, r~spectively. The effects of these cracks can be seen 

in Fig. j4- on the moment-curvature curve. With additional 

load, section 2 began yielding at a load of 4-.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 a 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 momen~ 

at a section when yielding occurred. Section 2 rotated with 

no increase in nwment until a region of strain hardening de

veloped, while section 1 increased slightly in moment before 

development of strain hardening as shovln in Fig. 34-. The 

load-deflection behavior had the characteristic semi-elastic 

action up to development 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. 

The'final failure resulted from a diagonal tension crack de~ 

veloping in t~e 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 and progressed to the cutoff point of 

negative moment steel. Thqs, the forrna tion of the rl iagonal 

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 crack. This type of failure 

is not unexpected or unreasonable sinc:e it has been found by 

Ferguson 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 (Fig. 34) it can be seen that strain hardening had 

already developed and at formation of the diagonal crack the 

hardening flattened out. This did however, limit the reserve 

capacity that would have existed had the beam failed due tQ 

flexure. 

5.4 Beam 3 

The ratios of tension steel used at sections 1 and ~ 

were .0134 and .0135 (2-#3) respectively as shown in Table I. 

The reinforcing 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 reinforcin~ consisted of thirty

five stirru-~) S placed at 2-}" throughout the beam ESi ving equal 

confinement at both sections. With application of load, mo-

ment craclcs began developing at section 2 at a load of 1. 75 

kips and later, one occurred at section 1 · at a load of 3.4-35 

kips which seemed to be ~ little 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 i n-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%, res~ec tively, 

for loads and moments at section 1 as shm·m in Table III. Ex-

amining the moment-curvature relationship in Fig. 36 shows 

that curvature at yield for section 2 occurred at 8.5 x 10-4-

and for section 1 yield oc cu~red at 8.0 x 1o-4 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 shovJed the characteristic round house (continuous 

curvature change 'l.vi th moment ) curve t hat 'l.vauld exist for a 

beam having steel without a yield plateau. The moment-curva-

ture relationship shows a slight increase in moment as cur-

vature in~reases with a final strain hardening taking place. 

The deflection at the development of yield at section 2 was 

within 33-3% of the theory and within 28.0% of theory when 

section 1 yielded as shown in Table IV. There is no immedi

ate explanation for the large deviation in results for deflec-
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tion. However, a possible explanation could be what was 

assumed for flexural rizidity. 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-

renee 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 \-rere much higher than assu.'Tled by theory. Thus, 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-f/4). The reinforcing was a high ~trength 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 sho\vn in 

Fig. 24 with forty-five placed at 1-4-" and twelve at 2-0-" 

giving equal confinement at each section. As load was ap-

plied, mo~ent crac~s began to form at sections 1 and 2, at 

loads of 3.03 kips and 2~54 kips respectively. 1:Jhen addi-

tional lo&d 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 began yielding 

at a load of 9.85 kips and moment of 99.0 in-kips comparing 

within 8.64% and O% of theoretical values as shown in Table 

III. After examining the moment-curvature relationship for 



the beam studied (Fig. 38), the curvature at yield was seen 
. ~ 4 

to be 10.75 x 10 .for section 2 and 8.75 x 10- for section 

1. These compare within 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 

and 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 up the beam 

as indicated in beams 2 and 3. Again, this particular 

failure did not limit the plastic behavior of the beam but 

did limit the reser.ve 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 C0ultl0y2 = 1 .5) and the required 

rotation was C0mech/0y2 = 2.05), but as can be seen the mech

anism did form and there was ample rotation capacity. The 

ultimate load at failure vras 10.3 kips with ultimate moments 

at section 1 and 2 of 1'06.2 and 127.5 in-kips, respectively. 

The ultimate concrete fiber strains were .00439 in/in at sec

tion 1, arid .00685 in/in at section 2. These fiber strains 
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may be distorted somewhat due to the action of the diagonal 

craclL 

5.6 Beam 5 

Sections 1 and 2 had .0185 and .0186 ratios of steel, 

and 1-.rere reinforced in t .ension only, as show:n in Table I. 

A high strength steel was used, ha.ving the yield properties 

shown in Fig. 12 and tabulated in Table II. The average 

yield stress was used for all theoretical work done for 

this beam. Web reinforcing entailed the use of forty-four 

stirrups with nineteen spaced at 1i" and twenty-five at 2-~" 

as seen in Fig. 24. As load was ap9lied, tension cracks 

were observed for section 2 at a load of 3.01 kips and for 

section 1 at a load of 3.80 kips. With additional load1 

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 

mo~ent-curvature relationship (Fig. 40) it can be seen that 
-4 

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 much 

under the test values. Upon yielding, a diagonal hairline 

crack appeared in the ~arne loacation a~ in the other beams. 

Since failure was not explosive in nature, additional load 

v.ras added until section 1 yielcled. The diagonal crack would 

seem to have the effect of increasing the rotatio~ of sec-

tion 2 and .decreasing that existing at section 1. The crac~ 

"tofould 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 indicates that 

plasticity still developed even though the ·assumed ,theory 

no _longer applied. 

5.7 Beam 6 

This beam had .0310 and .031~ steel ratios in tension 

at sections 1 and 2 with .0067 used in compression for 

both sections. The stress-strain properties 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. 24 placed a't 1 , 1 t, and 

2t", respectively. Twenty-four were placed at 1", twenty

six at 1tn, and twelve at 2t". 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 11.6~ kips and a moment of 1~~.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 
-4 at yield, given in Table IV, was 10.0 x 10 comparing 

within 25.5% of theory and, as seen from the load-deflection 

behavior (Fig. 43'), there was a sudden jog in the results at 

aload ' of 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 relationships, the points ~how.n in 

Fig. 42) around 120 in-kips for section 1.became very close 

together at the formation of the crack, the~bydecreasing 

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, 1t, and 2t", 

respectively as shown in Fig. 24. Twenty-four were spaced 

at 1", twenty-six at 1-i", and twelve at 2t". The stress

strain curve for the reinforcing steels, shown in Fig. 13, 

have yield stress values given in Table I. 

The rotation capacity was investigated and seen to be 

0ul tl.0y2 = 1 • 28 5 and the required rotation 0mechl0y2 = 2. 04 .• 

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 yield occurred at 10.67 kips and a 



42 

corresponding moment of 133 in-kips. Even though the theory 

will no longer hold true as to curvature and deflection, it 

still was within 10.75% for load and 9.~7% for moments. The 

formation of the ~iagonal crack tends to give larger rota

tions at. section 2 and smaller ones at section 1. The 

concrete fiber strains at final loading were observed to be 

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

This investigation involved testing 8 propped canti

lever beams with varying percentages of reinforcement. Seven 

beams were singly reinforced with equal percentages at each 

critical section with bars cutoff d 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 

steel had 'ample ductility and compared favorably with theory. 

Beam no. 1 also compared quite well 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 p~ints of the bars limited plastic development of 

only beams 5 and 7~ The splice length of the doubly rein

forced beam definitely limited plasticity. 

The author can not dra1:J 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 investiga~ing cutoff 

lengths and the percentages of steel. The author believes 

an investigation should also be made on the effect of confine

ment on curvature behavior of reinforced 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. 



BIBLIOGRAPHY 

1. ACI-ASCE Committee 327, "Ultimate Strength Design," 
ACI Proceedings, Vol. 52, pp. 505-524, (1955). 

2. Baker, A.L.L~, "The Ultima~e-Load Theory Applied to The 
Design of Reinforced and Pr.estres sed Concrete Frames''' 
Concrete Publications Ltd., London, 1956. 

3. Beedle, Lynn s., (1958), Plastic Design of Steel Frames, 
2nd Ed., Wiley, NmvYork, pp. 184-204. 

4. Berwanger, Carl, "Application of Plastic Design Theory 
to Reinforced Concrete Continuous Beams," Queen's 
University, Kingston, Ontario, (thesis), (1957). 

5. Chan, W.W.L., "The Ultimate Strength and Deformation 
of· Plastic Hinges in Reinforced Concrete Frameworks," 
Magazine of Concrete Research 7, pp. 121•132, 1955. 

6. Eppes, Bill G., "Comparison of Measured and Calculated 
Stiffneses for Beams Reinforced in Tension Only," ACI 
Proceedings, Vol. 56, pp. 313-325, (1959). 

7. Ernest, G.c., Riveland, A.R., "Ultimate Loads and 
Deflections from Limit Design of Continuous Structural 
Concrete," ACI Proceedings, Vol. 56, pp. 273-286, (1959). 

8. Ernest, G.c., "Plastic Hinging at th~ Intersection of 
Beams , and Columns," ACI Proceedings, Vol. 53, pp. 1119-

. ·11 44' ( 1 9 57) • 

9. Ferguson, Phil M., Matloob, Farid N., "Effect of Bar 
Cutoff on Bond.and Shear Strength of Reinforced Concrete 
Beams," ACI Proceedings, Vol. 56, pp. 5-23, (1959). 

10. Ferguson, Phil M., Breen, John E., "Lapned Splices for 
High Strength Reinforcing Bars," ACI Proceedings, Vol. 
62, pp. 1063-1078, (1965). 

11. Ferguson, Phil M., Reinforced Concrete Fundamentals, 
2nd Ed., Wiley, New York, pp. 137-159, (1965). 

12. Hanson, Norman W., Kurvits, Otto A., "Instrumentation 
for Structural Testing," Journal of the PCA Research 
and Development Laboratories, Vol. 7, No. 2, pp. 33-
37' ( 1965). 

13. Hognestad, E., Hanson, N.\v., Me Henery, Douglas, "Con
crete Str~ss Dist.ribution in Ultimate Strength Design," 
ACI Proceedings, Vol. 52, pp. 450-480, ·(1955). 



46 

14. Institution Research Committee, "Ultimate Load Design 
of Concrete Structures," Proceedings, Institution of 
Civil Enginee~21, pp. 399-442, (1962). 

15. Mattock, Alan H., "Limit Design for Structural Concrete," 
Journal of the PCA Research and Development Laboratories, 
Vol. 1, No. 2, pp. 14-23, (1959). · 

16. Murray, \villiam M. , Stein, Peter K. , "Strain Gage 
Techniques," MIT Lectures and Laboratory Exceris·es, 
pp. 106, (1956). . . 

17. Sawyer, Herbert A., "Elastic.:..Plastic Design of Single 
.Span Beams and Frames," ASCE Structural Division Pro
ceedings, Vol. 81, No. 851, pp. 1-29, (1956). 

18. Senne, Joesph H., Personal Communication (1965). 

19. Sinha, Nripendra G., Ferguson, Phil M., "Ultimate 
Strength with High Strength Reinforcing Steel with 
an Indefinite Yield Point," ACI Proceedings, Vol. 
61' pp. 399-418, (1964). 

20. Untrauer, R.E., Hsieh, Hing-Chih, Special report of 
Iowa State University Ekperiment Station, (Part I), 
"Review of Rotation Characteristics of Concrete Plastic 
Hinges, 11 pp. 1-61, (1964). 

21. Ekber Jr., E.J., Rhomberg, E.J., Special report of 
Iowa State University Experiment Station, (Part II) 
"Plastic Rotation in Reinforced Concrete Beams with 
Combined Moment and Shear," pp. 64-99, ( 1964). 

22. Whitney, Charles s., "Design of Reinforced Concrete 
Members Under Flexure or Combined Flexure and Direct 
Compression," ACI Journal, Vol. 33, pp. 483-494, (1937). 

23. Yu, C."vJ., Hognestad, Evind, "Review of Limit Design 
for Structural Concrete," ASCE Structural Division 
Proceedings, Vol. 84, No. 1878, pp. 1-24, (1958). 



VII. APPENDIX 



t1) 
t1) 

70. --

60 

50 

(j) 30 r... 
+> 
(/) 

20 

10 

.002 

.. 

_j #3 
' 

; --- . - ~ . --

I I 
i l - 1--

! I 
----~~------~~~----~~--~--~~~--~L__ 

.oo4 .oo6 .ooB .010 .012 
Strain - in/in 

FIG. 9 STRES .S VS STRAIN FOR REINFORC~ ElvlENT IN BEAH 3-A 



80 ---- -- --- ~ 
: . - -----' --70 

.. 
. ----~--- --· ;....l-- I" --- -- - - I I 

60 
1 

-- · ------ . .. _____ ., ___ _ ~ --- --·-·-t-

! I 
I i I 
! 

.,; I 
j til 50 i - .I 1 ---

- - - ~-· ·-
~ i I 

I 
I 

I 
i i 

til 40 I ----· -- i .... i"" -- ~- - --
til l 
(]) 

H l 
+' 30 I 

I 
(J) 

I . . 
i i I 

I ·_jBeam i1 I 

! 
! I I - ... Beam ·2 I . I i 

10 l .. · ·-

I -- I l 
I . I 
I I I i I 
I 
I 

.002 .oo4 .006 .008 .-o1 o .012 
Strain - in/in 

FIG. 10 STRESS VS STRAIN FOR REINFORCEHENT IN BEAHS 1&2 



.. 

fl '.--
60 - ---------- / ·-- - : ·- . ..· ... . 

' - ! 

I 
I I ~ 

--· .. ···--·- - -· --- --· - • -- f -·'--- -- -· --- -·- .L _ ........,.. _ ... -' ··· · --·-- -- -·- ·· , --. I 
11- l 1 · 1 

1ft r·· ·-·· -
1 . ! . 

-- · ···-· · ···-- -··---····-····-··-·-- ·-·-·· -' - -- -·· ___ __ J .. ... .. - --··. ·!---- -· ·-··-··-··- -~5o --·- I 
M 

I I j 

I 

-

~ 40 / - - - --- ···------ -;---·--·--+-···---····--·-···----~--- - ··--· -----.. ···-----·-· 
. i 

' F-i 
~ 30 _______ / 

I 
20 -- / · 

. ··· ·--··- ·-····--·· ·· ··- ·· -- . -·--··- ··--· -- ·-- ·· - ·--··--·-···· - ·------- -- ··---·---'--· 

! 
. .. I 

....... __ __ _1 ___ _______ -- -----=-=--_ .Be.alll _~--
1 
! 

Beam 3 

10 t 

o~--~--~---~--~---~----~--~----~--~--~----~--~--
0 .002 . • 004 .006 .008 .010 .012 

Strain - in/in 

FIG . . 11 STRESS VS STRAIN FOR REINFORGENENT IN BEA11S 3&4 

---



80 

70 

60 

·~ 50 

I 

(/) 40 
(/) 
(!) 

~ 

~ 30 

20 -

_____ Beam 5 & 6 

. ____ Beam 6 

.002 .oo4 .oo6 .ooB .010 .012 
Strain - in/in 

FIG. 1 2 STRESS VS STRAIN FOR REINFORCEHENT IN BEA11S 5&6 



80 .. · ·~- . . -·-··· . 

70 

60 

•rl 5'0 {/.) 

~ 

{/.) 40 
{/.) 
Q) 

~ 
+' 30 U) 

! 

___ J 

20 

.002 .oo4 .006 .008 .010 .012 
Strain - in/in 

FIG. 13 STHESS VS STRAIN FOR REINFORCEMENT IN BEAH 7 





Pointer 

!> /' 
[\ 

_. 
~' < 

f ., r,. 

~ 
( .. 

Load 

.._ ' \ , ._ ! 

, .... ..., 

Loading Beam 
(6. WF 20) 

~ Concrete Beam I 
1 ~;}II I Z> 1 ~- II . 

Roller U Reaction Roller R · t· 

~---1-' - 6" -~~s_e_c_t_i_o_n __ 2 ______________ 5' - 6'-'--------------------------~6~eac lon 

FIG . 16 APPLIED LO ADING APPARATUS DETAIL 



55 

FIG. 17 INSTRUNENTATIOI'J OF BEAMS 
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FIG. 19 STRAIN GAGE PREPARATION DETAIL 

FIG. 20 BEAM UNDER INFLUENCE OF A DIAGONAL TENSION CRACK 
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: 

TABLE I - BEAH PROPE~TIES 

.Beam Steel Steel (p) ( :0 I ) 

Cross b d 
k Tens. Comp. Steel Steel 

Section (in) (in) Bars Bars ratio ratio 

.J/.3 A 1* 3.00 5.32 .282 2- #3 ----- .0139 -----7T - -

#3-A - 2 3.00 5.25 .284 2- 7¥3 ----- • 01lt-1 -----
: 

5.38 -'.L1 - 1 3.00 .239 1-· #3 ----- .0066 1r -----
t~1 -- 2 3.00 5.25 .247 1- 113 ----- .0068 -----
#2 - 1 3.00 5.38 .304 1- IP+ ----- .0116 

____ ,... 
#2 -2 3.00 5. 25 .296 1- #+ ----- • 0119 -----
#3 - 1 3.00 . 5.31 .305 2 J.L3 ----- .0134 ------ 1T 
#3 - 2 3.00 5. 25 . .307 2- #3 ----- • 0135 -----
#+ - 1 3.00 5.25 .373 2- #4 ----- .0238 -----
#+ - 2 3 .• 00 5.25 .373 2- IP+ · ----- .0238 -----
#5 - 1 3.00 5.29 .369 1- #3 ----- .0185 -----

& 
1- fA 

#5- 2 3.00 5.25 .368 1- #3 ----- .0186 -----
& 

1-· #+ 

116 - 1 3.00 5.31 .471 1- #+ 1- #3 .0310 .0067 
& 

#6 - 2 3.00 5.25 .473 
1- #5 
1- fA 1- #3 .0314 .0067 

& 
l 1- #5 

#7 - 1 3.00 5.25 .492 1- //4 ----- .0314 -----
& 

1- #5 
#7 - 2 3.00 5.25 .492 1- #+ ----- .0314 -----

& 
1- #5 

. ·* Nos. indic~te section of beam studJ.ed: • 



TABLE II - STRESS-STRAIN PROPERTIES 

Beam I Es Ec Ec* Esp n = Cross fy fc l<:si3 ksi3 ksi3 l-csi3 Es/Ec 
Section ksi ksi x10 x10 x10 x10 

3-A 45.8 4.60 18.0 4. 50 4.38 ---- 4.00 
1 70.0 4.28 23.3 4. 50 4.20 1.68 5.18 
2 65.8 3-96 28.0 4.90 4~05 ---- 5.72 

' 

3 70.0 4.20 23.5 4.70 4.17 1. 36 5.00 
4 65.9 4.20 28.0 4.65 l.l-.17 ---- 6.03 

5 65.9- #+ 4.55 27.0 4.65 4.34 -95 5.80 
66.8- #3 27.0 

6 62.5- #5 4.30 27.0 4.35 4.23 .• 95 6. 21 
65.9- 7~4 27.0 
66.8- #3 27.0 

7 62.5-- #5 4.18 27.5 3-90 4.16 -95 7.05 
63.8- lA 

I 

~ACI code modulus or elas~.~~city. 
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TABLE III- NOHENT-LOAD RBL!~TIONSEIPS AT YIELD 

Beam Py Hy 
Cross Load (kips) Homent (in-J.rips) 

Section (theo.) ( exp.) (theo.) ( exp.) 

#3-A - 1 * 4.46 4.70 49.0 48.9 
113-A - 2 3.90 4.25 48.3 52.6 

111 - 1 3-52 3-50 l 39.1 37.5 
7~1 - 2 3.06 3.00 l 37·9 36.5 I 

l 

I 
112 r 5.32 5. 50 I 59.0 56.5 - I 
lf2 2 4.62 4.75 ! 57.3 58.2 - ! 

113 1 . 6.45 7.20 I 70.6 73.5 -
#3 - 2 5.50 6.00 68.2 75·0 

#+- 1 9.00 9.85 98.9 99.0 
#+- 2 8.00 9.25 98.9 11 2. 5 

-!1.5 1 8.00 8.75 88.0 91.5 1r -
#5 - 2 6.95 8.25 :·)6. 0 102.0 

!16 - 1 14.30 ---- 1 58.0 -----
#6 - 2 12.80 11 . 6Lr 1 56.8 144.0 

if? - 1 10.70 ----- ----- -----
lf1 -- 2 9.52 10.67 118.0 133.0 

-. 
\ 

' ! 

. * Nos. indicate sections of beams stud~ed • 



85 

TABLE IV-BE.flM CURVATUT-lE-D"CFLECTIOH RELATIONSHIPS 

! 

:Seam 
Yield Curvature !Yield Defl. (2) Yield Defl. ( 1 ) 

.Cross l 
1o+ltj0,x 10+lt Ll. Y1 ~ Ll. Y1 Section l0yx t:. Y2 ~ t:. Y2 

inches) j_nches) • , • l 1ncne s) 1ncnes) 
(theo.) I ( exp·.) ( theo. ) 1 ( exp. ) ( t l1eo. )i ( ex~o. ) 

#3-A -1* 6.66 5.10 o. 111 i 0.190 0.1 55 l 0.211+ 
/13-A -2 6.78 5.60 ----- I ----- ----- -----

·#1 - 1 7-35 7.00 0.150 0.132 0.188 0.188 
#l - 2 7· 50 6.00 ----- ----- ----- -----
#2 - 1 6.16 7.00 0.133 0.200 0.177 0.246 
#2 - 2 6.35 6.00 ----- ----- ----- -----
113 - · 1 8.40 8.00 0. 1 71 . 0.190 0.220 0.280 
#3 - 2 7.60 8.50 ----- ----- ----- l -----#+- 1 I 6.69 8.75 I 0.1ll-1 0.320 l 0.181 0.384 
#+ -· 2 l 6.69 10.75 I ----- ----- I ----- -----

I #5 - 7.16 0.148 0.280 
I 

0.316 1 9.00 I 0.170 1 
#5 - 2 7.16 8. 50 j ----- ----- I ----- I -----116 1 6.86 I 0.146 0.392 I 0.194 I - ---- I -----• #6 2 7.45 ! 10.00 I 

I - ----- i ----- ----- -----I 
I I i I 

! l .fl7 - 1 I 6.60 8. 50 0.140 I 0. 525 i 0.180 0. 547 
ff7 2 6.60 9.00 I i - 1 ----- ----- i ----... -----• I ! i 

I 
I 

l l 
I I I 
I 

I l 
' ! 

I. 

I 
I 

I 
J 
l I l 

' - ! ' I 
I 
I 
l 

' 

. . *Nos. indicate sect1on of beam stud1ed • 
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TABLE V - CYLINDER LOAD-DEFLECTION Dfi..T.fl. 

Beam No. 3-A Test - 8 days 
Gage Length = 10 inches 

Date July 27, 1965 1 Division = .001 inches 

Cylinder 1 Cylinder 2 Cylinder 3 

Load Div. Load Div. Load Div. 
(lbs.) (lbs.) (lbs.) 

10,000 0-~5 10,000 0.4- 10,000 0.5 
1 5 ,ooo 0.5 1 5 ,ooo 0.7 15,000 1. 0 
20,000 0.8 20,000 1 • 1 20,000 1 .4 
25,000 1.3 25 ,ooo 1.5 25,000 1.8 
30,000 1. 6 30,000 2.0 30,000 2.3 
35,000 1. 9 35 ,ooo 2.3 35,000 2.8 
4o,ooo 2.2 4o,ooo 2.8 4o,ooo 3.2 
45 ,ooo 2.7 45,000 3·3 45,000 3·7 50,000 3.0 50,000 3.8 50,000 4.2 
55,000 3.6 55,000 4.2 55,500 4.7 
60,000 4.0 60,000 4.6 60,000 5.2 
65 ,ooo 4.4 65 ,ooo 5.0 65 ,ooo 5.6 
70,000 4.8 70,000 5.5 I 70,000 6.2 
75,000 5.4 75 ,ooo 6.0 75,000 6.8 
8o,ooo 5.9 8o,ooo 6.7 80,000 7.4 
85,000 6.4 85,000 7.4 85,000 8.0 
90,000 6.9 90,000 8.0 90,000 8.7 

95,000 8.7 95,000 9.5 
100,000 9.4 '1 oo,ooo 1 o. 2 
105,000 10.2 105 ,ooo 11.0 

11 o,ooo 12.0 
11 5' 000 13.0 
120,000 14.2 
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TABLE VI - CYLINDER LOAD-DEFLECTION DAT'J. 

Beam No~ 1 Test -· 8 days 

Date August 18, 1965 
Gage Length = 10 inches 
1 Division = .001 inches 

Cylinder 1 Cylinder 2 C:ylinder 3 

Load Div. Load Div. Load Div. 
(lbs.) (lbs.) (lbs.) 

5,000· 5,000 5,000 10,000 0.1 10,000 0.3 1 o,ooo 0.3 15,000 0.7 1 5 ,ooo 0.7 1 5' 000 0.7 20,000 1 .0 20,000 1 • 1 20,000 1 • 1 25 ,ooo 1 .l.r 25 ,ooo 1.l.r 25,000 1 • 6 30,000 1 • 8 30,000 1 • 7 30,000 2.0 
35 ,ooo 2.1 35 ,ooo 2.0 35,000 2.4 4o,ooo 2.5 4o,ooo 2.4 4o,ooo 2.8 45,000 2.9 45,000 2.8 l.t-5 ,ooo 3.2 50,000 3.4 50,000 3.2 50,000 3.6 55,000 3.8 55,000 3.6 55,000 l.r.o ' 
60,000 4.2 60,000 lt.o 60,000 l.t-.4 
65,000 4.6 65 ,ooo l.t-.5 . 65 ,ooo 5.0 70,000 5.1 70,000 5.1 70,000 5.5 75 ,ooo 5.6 75,000 5.7 75,000 6.0 8o,ooo 6.2 8o,ooo 6.8 8o,ooo 6.6· 85 ,ooo 6.6 85,000 7.2 85,000 7.2 90,000 7.4 . 90,000 7.8 90,000 7-9 95 ,ooo 8.0 95,000 8.8 95,000 8.6 100,000 8.6 100,000 9-9 100,000 9.4 105 ,ooo 9.3 1 olt, 5oo 11 .o 105,000 10.3 11 o,ooo 10.2 108,000 12.0 11 o,ooo 11 .lt 11 5 ,ooo 11 • 2 11 o,ooo 13.0 113,000 12.0 118,000 12.0 112,500 14. 0 117,000 13.0 122,000 13.0 113' 500 1 5 •. 0 120,000 14.0 124,500 14.0 11 5 ,ooo 17.0 121 '500 1 5. 0 127,000 15.0 11 5' 000 18.0 122,500 16.0 

129' 500 16.0 95,000 29.0 123 ,ooo 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 

•· 

"'' 



88 

. TABLE VII - CYLil\TDER LOAD-DEFLECTION DAT.c\. 

Beam No. 2 Test - 7 days 
Gage Length = 10 inches 

Date August 16, 1965 1 Division = .001 inches 

Cylinder 1. Cylinder 2 Cylinder 3 

Load Div. Load Div. Load Div. 
(lbs.) (1 bs. ) (lbs.) 

5,000 0.1 5,000 o. 1 5,000 0.1 
10,000 0)+ 10,000 0.3 10,000 o.l.t 
1 5,000 0.8 15 ,ooo 0.6 15 ,ooo 0.7 
20,000 1. 2 20,000 1.0 20,000 1.0 
25,000 1 • 5 25,000 1.4 25 ,ooo 1.4-
30,000 1.9 30,000 1. 7 30,000 1.8 
35,000 2.4- 35 ,ooo 2.0 35 ,ooo 2.1 
l:i-o,ooo 2.8 4-o,ooo 2.4 4-o,ooo 2.5 
45,000 3.2 4-5 ,ooo 2.7 l.t-5' 000 2.8 
50,000 3.8 5o,ooo 3-3 50,000 3-4-
55,000 4.4 55, 000 3.8 55,000 3-9 
60,000 4.7 60,000 , 4.3 60,000 4.3 
65,000 5.3 65,000 4.6 65 ,ooo 4.8 
70,000 5.8 70,000 5.2 70,000 5.4 
75 ,ooo 6.4 75,000 5.7 75 ,ooo 6.0 
Bo,ooo 7.'2 8o,ooo 6.2 80,000 6.6 
85,000 8.0 85,000 6.9 85 ,ooo 7.4 
90,000 8.9 90,000 7.8 90,000 8.1 
95,000 9.8 95,000 8.4 95 ,ooo 8.9 

100,000 10.9 100,000 9.3 101 ,ooo 11 • 5 
105 ,ooo 12.4 105,000 10.5 95,000 12.5 
11 o,ooo 14-.7 11 o,ooo 12.0 85,000 13.5 
111 '500 17.9 11 5' 000 1 5. 0 80,000 1l:i-.5 
90,000 20.1 114,000 16.5 77,500 16.5 

113,000 17.0 
112' 500 18.0 
11 o,ooo 19.0 

' : 
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TABLE VIII - CYLINDER LOAD-D:£li~ECTION DATA 

Beam No~ 3 Test - 7 days 
Gage Length = 10 inches 

Date August 16, 1965 1 Division = .001 inches 

Cylinder 1 Cylinder 2 Cylinder 3 

Load Div. Load Div. Load DiY. 
(lbs.) (lbs.) (lbs.) 

5,000 
0.4 

5,000 5,000 
10,000 10;000 0.2 10,000 0.3 
1 5' 000 0.8 1 5 ,ooo 0.6 15 ,ooo 0.6 
20,000 1 • 1 20,000 1 .o 20,000 1. 0 
25 ,ooo 1.6 25,000 1 .4 25 ,ooo 1. 3 
30,000 2.0 30,000 1 . 8 30,000 1. 6 
35,000 2.5 35,000 2.3 35 ,ooo 2.0 
l+o,ooo 2.8 40,000 2.7 4o,ooo 2.4 
45 ,ooo 3.4 45 ,ooo 3.1 l.:-5 ,ooo 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 4.2 
65 ,ooo 5.1 65 ,ooo 4.9 65 ,ooo 4.6 
70,000 5.4 70,000 5.5 70,000 I 5.4 
75 ,ooo 5.7 75,000 6.0 75,000 6.0 
80,000 6.3 80,000 6.7 80,000 I 6.6 I 

I 

85,000 7.0 85 ,ooo 7·3 85,000 I 7-5 I 

90,000 8.4 90,000 8.0 90,000 8.2 
95,000 9.0 95 ,ooo 8.8 95,000 9.2 

100,000 10.0 100,000 9.6 1 oo,ooo 10.6 
105 ,ooo 11 .o 105,000 10.5 105,000 12.5 
11 o,ooo 1 2. 1 110,000 11.7 11 o,ooo 14.8 
11 5' 000 14.0 11 5' 000 13.2 114,000 18.5 
120,000 16.4 118,000 1 5. 0 114,000 20.0 
122' 500 19.5 11 5 ,ooo 16.0 113' 500 21.0 
122,000 20.0 90,000 17 .o . 113,000 22.0 
120,000 21.0 109,500 23.0 
117' 500 22.0 100,000 24.0 
113,000 23.0 96,000 25.0 
11 o, 500 ~ 24.0 93,500 26.0 
108,000 25.0 90,000 27.0 
105 ,ooo 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 



90 

TABLE IX - CYLINDER LOAD-DEFLE·~~TION D.ATA 

Beam No. 4 Test - 8 days 

18, 
Gage Length = 10 inches 

Date August 1965 1 Division = .001 inches 

Cylinder 1 Cylinder 2 Cylinder 3 

Load Div. Load Div. Load Div. 
(lbs.) (lbs.) (lbs.) 

5,000 0.1 5,000 5,000 
10,000 0.5 10,000 0.3 1 o,-ooo 0.4 
1 5' 000 0.8 15 ,ooo 0.8 1 5 ,ooo 0.9 
20,000 1. 2 20,000 1 • 1 20,000 1. 3 
25,000 1.6 25 ,ooo 1. 5 25,000 1. 6 
30,000 ; 2.0 30,000 1 • 9 30,000 2.1 
35,000 2.4 35 ,ooo 2.3 35,000 2.5 
4o,ooo 2.8 4o,ooo 2.7 lto,ooo . 3.0 
ll-5 ,ooo 3-1 45 ,ooo 3.1 45 ,ooo 3.4 
50,000 3.6 50,009 3.6 50,000 4.0 
55,000 4.0 55,000 4.0 55,000 4.5 
60,000 4.5 60,000 4.4 60,000 4.9 
65,000 4.9 65,000 5.0 65,000 5.4 
70,000 5.4 70,000 5-5 70,000 5-9 
75,000 6.0 75 ,ooo 6.1 75,000 6.5 
8o,ooo 6.5 Bo,ooo 6.7 Bo,ooo 7.0 
85,000 7.1 85,000 7.4 85 ,ooo 7.7 
90,000 7.9 90,000 8.1 90,000 8.2 
95,000 8 •. 5 95 ,ooo 9.0 95,000 9.0 

100,000 9-3 100,000 9.8 100,000 9.8 
105,000 1 o.1.1- 105 ,ooo 10.7 105,000 10.8 
110,000 11.8 11 o,ooo 12.0 11 o, 000 12.0 
11 5' 000 13.4 113,000 13.0 114,000 13.0 
117, Goo 16.0 116,000 14. o· 117 '000 14.0 
117,000 17 .o 117' 500 1 5. 0 118' 500 1 5. 0 
11 5' 000 18.0 118 '000 16.0 121 ,ooo 16.0 
112' 500 19.0 117' 500 17.0 122, 000 17.0 
114,500 20.0 117,000 18.0 122' 500 18.0 
106,000 21.0 114,500 1.9. 0 122 ,ooo 19.0 
103,000 •. 22.0 110' 500 20.0 121,200 20.0 
96,500 23.0 106,000 21.0 120,000 21.0 
90,500 24.0 95 ,ooo 22.0 117' 500 22.0 

112' 500 23.0 
11 o,ooo 24.0 



91 

TABLE X - CYLINDER LO.l\.D-DEFLECTION DATA 

Beam No. 5 Test -- 8 days 

Date August 20, 1965 
Gage Length = 10 inches 
1 Division = .001 inches 

Cylinder 1 Cylinder 2 Cylinder 3 

I~oo.d Div. Load Div. Load Div. 
(lbs.) (lbs.) (lbs.) 

10,000 0.1 1 o, 000 \ 10,000 
15 ,ooo 0.5 15 ,ooo 0.2 15 ,ooo 0.5 
20,000 0.9 20,000 0.5 20,000 0.9 
25,000 1 • 3 25,000 1 .o 25 ,ooo 1.3 
30,000 1. 6 30,000 1 . 5 30,000 1.7 
35,000 2.0 35,000 1 . 9 35 ,ooo 2.2 
4o,ooo 2.4 4o,ooo 2.3 4o,ooo 2.6 
45,000 2.7 45 ,ooo 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 6o,ooo 4.1 60,000 4.4 
65,000 )_:-. 4 6;',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 
85,000 6.4 so,ooo 6.2 80,000 6.2 
90,000 6.9 85,000 6.8 85,000 6.8 
95,000 7-5 90,000 7.4 90,000 7.4 

100,000 8.1 95,000 8.1 100,000 8.6 
105,000 8.8 1 oo,ooo 9.0 105 ,ooo 9.4 
11 o,ooo 9.5 105 ,ooo 9·7 11 o,ooo 10.4 
115 ,ooo 10.5 11 o,ooo 1 o. 6 11 5 ,ooo 11.4 
120,000 11 • 6 11 5' 000 11 • 5 120,000 12.8 
125 ,ooo 13.0 120,000 12.9 123' 500 1LI-.O 
128,000 14.0 124, 500 14.o· 125' 500 15.0 
130,000 14.9 127' 000 1 5.0 127,500 16.0 
132' 500 16.0 . 129,000 16.0 128,500 17.0 
132,000 17 .o 131,000 17 .o 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 ,ooo 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 
115 ,ooo 

23.0 
24.0 

112,000 25.0 
107,500 26.0 
1 b5 ,ooo 27.0 

95,000 30.0 
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TABLE XI - CYLINDER L0 /1.1)- DEFLECTION DATA 

Beam No. 6 Test - 8 days 

Date August 20, 1965 
Gage Length = 10 inches 
1 Division =· .001 inches 

Cylinder 1 Cylinder 2 Cylinder 3 

J_,oad Div. Load · Div. Load Div. 
(lbs.) (lbs.) (lbs.) 

1 o,ooo 10,000 10,000 15 ,ooo 0.6 15 ,ooo 0.3 15 ,ooo 0.3 20,000 1.0 20,000 0.6 20,000 0.8 25,000 1. 5 25,000 1. 0 25 ,ooo 1 • 1 30,000 2.0 30,000 1 • 3 30,000 1.5 35,000 2.4 35 ,ooo 1 • 7 35 ,ooo 1. 9 4o,ooo 2.8 4o,ooo 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 4.3 55,000 3.4 I 55,000 3.5 60,000 4.6 6o,ooo 3.6 I 60,000 4.0 I 

4. 5 65 ,ooo 5.2 65 ,ooo 4.0 65 ,ooo 70,000 5.7 70,000 4.5 70,000 5.0 75,000 6.3 75,000 5.0 75,000 5.5 8o,ooo 7.0 8o,ooo 5.6 80,000 6.0 85,000 7.6 85,000 6.2 85 ,ooo 6.6 90,000 8.4 90,000 6.9 90,000 7.4 95,000 9.1 95,000 7.5 95,000 8.2 100,000 1 o.o 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 11 5' 000 10.9 112,000 12.0 
114,500 14.0 119' 500 12.0 11 5' 000 13.0 ' 11 5' 500 15.0 122,500 13.0 117,000 14.0 
117' 500 16.0 125,000 14.0 119,000 15.0 
119' 500 17.0 126,500 1 5. 0 120,000 16.0 
120,000 18.0 127,000 16.0 120,100 17.0 
120,000 19.0 123 '000 17.0 118' 500 18.0 . 
119' 500 20.0 122,500 18 .0 117,000 19.0 
117' 500 21.0 120,000 19.0 11 5' 000 20.0 
115,000 22.0 119,000 20.0 112' 500 21.0 
113' 500 23.0 11 5' 000 21.0 107' 500 22.0 
111,000 24.0 112' 500 22.0 
105 ,ooo 25.0 108,000 23.0 
100,000 26.0 105 ,ooo 24.0 

95,000 27.0 102,000 25.0 
101 '500 . 26.0 
87' 500 30.0 
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TABLE XII - CYLINDER LOAD-DEFLECTION DATA 

Beam No. 7 Test - 8 days 

Date August 21 '196 5 
Gage Length= 10 inches 
1 Division = .001 inches 

Cylinder 1 Cylinder 2 Cylinder 3 

Load Div. Load Div. Load Div. 
(lbs.) (lbs.) (lbs.) 

10,000 0.2 10,000 10,000 
15 ,ooo 0.6 15 ,ooo 0.5 15 ,ooo 0.2 
20,000 1 • 1 5 ' 20,000 1 • 1 20,000 0.95 
25 ,ooo 1. 55 25,000 1 • 5 25,000 1.35 
30,000 2.0 30,000 2.0 30,000 1. 85 
3.5 ,ooo 2.4 35 ,ooo 2.35 '35,000 2.4 
4o,ooo 2.9 4o,ooo 2.75 40,000 2.9 
45 ,ooo 3.4 45 ,ooo 3.25 45,000 3.4 
50,000 3.8 50,000 3.7 50,000 4.0 
55,000 L~.25 55,000 4.1 55,000 4. 5 
60,000 4.6 60,000 4.Lr5 60,000 5.0 
65 ,ooo 5.1 65 ,ooo . L1-. 95 65 ,ooo 5.4 
70,000 

I 5.9 70,000 5.5 70,000 6.1 
75,000 6.4 75,000 6.15 75,000 6.75 
so,ooo 7.0 80,000 6.7 80,000 7.4 
85 ,ooo 7.85 85,000 7.35 85,000 8.25 
90,000 8.5 90,000 8.0 90,000 9.0 
95,000 9.3 95,000 8.8 95,000 1 o.o 

100,000 

! 
10.0 100,000 9.6 100,000 11 • 1 

105,000 11 • 0 105 ,ooo 10.5 105,000 12.2 
11 o,ooo 12.25 110,000 12.0 110,000 13.75 
11 5' 000 13.8 11 5 ,ooo 13.9 113,500 15.0 
11 9' 500 16.0 11 5' 500 1 5 .o 11 5' 500 16.0 
120,000 17.0 118,000 16.0 117,000 17.0 
120,000 18.0 117' 500 18.0 118,000 18.0 
107' 500 23.0 11 5' 000 19.0 118,500 19.0 
102,500 21.1-.0 117' 500 20.0 
95,000 26.0 112' 500 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 



TABLE XIII - BEr\N LOAD -STRAIN DATA 

Beam No. 3-A Test - 8 days 
Date July 27, 1965 Strain- Micro-inches/inch 

Section 1 Section 2 
Load 

(lbs.) 
Tens. Comp. Comp.* Tens. Comp. Comp.* 
Strain Strain Strain Strain Strain Strain 

400 26 18 22 30 25. 26 670 55 36 46 72 50 51;. 1040 86 42 53 122 66 67 1300 110 56 70 156 84 85 1600 138 70 84 194 101 1 02· 1800 157 88 103 217 118 120 2100 190 107 121 262 138 137 2400 2LJ-0 126 1~1 320 157 1 51 2600 28~ 145 1 9 362 175 169 2800 33 160 156 419 182 178 3100 424 182 177 504 209 200 3400 492 214 216 578 242 232 3620 556 232 231 I 

646 267 246 i 

3900 608 258 25'4 697 292 268 4200 678 279 270 772 312 282 4500 . 762 302 293 852 336 302 4800 827 340 329 912 367 332 5100 911 362 350 968 386 348 5400 988 388 369 1034 402 366 5700 1061 410 388 111 5 416 382 6000 1122 443 424 1176 42Lr 412 6300 ' 1188 470 450 1250 430 430 6600 1247 486 465 1319 434 437 6900 1323 . 520 498 1395 446 458 7200 1399 563 540 1480 449 483 7500 1462 580 552 1560 451 490 7800 1523 620 584 ---- 463 518 8100 1610 ' 656 l 607 1768 462 539 8500 1677 698 643 1894 451;. 564 8800 1717 7lt2 l 680 14735 --- 596 9100 1807 788 710 16484 --- 617 9400 1873 822 1 748 171 o4 63~ l ---9400 2710 1162 790 17650 --- 64 9400 17162 1326 832 18578 --- 668 9600 183lt0 139@ 852 19428 --- 688 9960 20101 139 877 19428+ --- 693 9960 21164 1322 890 ----- --- 592 9960 24991 1470 936 ----- --- 361 

. . *Strain gage at d/2 d~stance from sect~on 
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TABLE XIV - BEAM LOAD-STRAIN DATA 

Beam No. 1 Test - · 8 days 
Date August 18, 1965 Strain - Micro-inches/inch 

Section 1 Section 2 
Load 

(lbs.) Tens. Comp. Comp. Tens. Comp. Comp. 
Strain Strain Strain Strain Strain Strain 

1000 61 44 'Faulty 92 74 :r,aulty 
2000 650 159 Gage 900 180 Gage 
2500 866 207 1104 193 
3060 1072 291- 1313 220 
3500 1225 286 1479 247 
L1-080 1406 326 1697 267 
4530 1 54-3 356 1866 296 
5000 1692 386 2039 328 
5500 1870 422 2248 374 
6000 2039 455 2488 431 
6500 2209 491 I 3975 497 
6840 2441 528 7l.l-l.l-8 . 529 
7100 2710 558 

j 
8987 584 

7500 3633 585 I 9780 643 
7800 6217 606 I 12646 772 
7980 7090 608 I 13895 849 I . I 

8120 7722 620 I 14740 922 
8220 8386 618 15614 997 
8340 9135 610 l 16508 1067 
8600 .· 9710 605 I 17292 1149 I 
8580 10365 ! 593 l I 18510 1214 
8660 10920 I 582 I 18788 1386 
8800 111429 600 I 

I 
19450 1420 I ! 8840 12108 I 566 1,. 1480 

8930 1 11 505 548 • , . 
1559 ! I 8960 112186 51 8 I ! 1680 ! 

9100 12588 510 ' 1792 I 9100 13022 486 I 1952 
9:100 13330 475 

i 
2144 

9300 13551 448 Bar 2372 
I 

Broke 

I 
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TABLE XV - BEAN LOAD-STRAIN DATA 

Beam No. 2 Test - 7 days 
Date August 16, 1965 Strain - Micro-inches/inch 

Section. 1 Section 2 
Load 

(lbs.) 
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 40 100 ~~ 2000 113 74 150 
2500 176 126 21~ 105 
3000 413 210 40 188 
3100 453 227 445 205 
3500 810 275 760 263 
3900 842 401 812 387 
4-400 920 44o 881 427 
5000 1029 428 990 430 
5500 1084 482 1048 . 487 
5700 1244 414 1210 4ll-0 
6200 1248 532 1215 556 
6500 1400 595 1376 650 
7000 11.1-96 655 .. 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 19~2 1000 1909 1185 
10500 20 7 1084 2054. 1354 
11000 2232 1167 2200 1 512 
11 500 4540 1358 2332 1808 
11620 8246 1524 8568 2127 
11700 8798 1610 8920 2245 
12000 931.1-0 1722 9476 2365 
12100 10210 1840 10220 2533 
12300 10677 1920 10584- 2652 
12300 10809 1914 10728 2740 
12300 '1 0940 1940 10874 2802 ' 
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TABLE XVI - BEAN LOAD-STRAIN DATA 

Beam No. 3 Test - 7 days 
Date August 16, 1965 Strain - Micro-inches/inch 

: Section 1 Section 2 
Load 

(lbs.) 
Tens. Comn. Comp. Tens. Comp. Comp. 
Strain strain Strain Strain Strain Strain 

530 15 14 16 25 25 18 1120 30 '52 54 64 48 64 1500 50 69. 68 102 56 89 2000 76 86 83 164 83 120 2540 138 124 120 344 130 199 3000 224 173 152 470 166 265 3500 330 202 180 606 197 328 4000 417 241 210 747 234 390 4560 541 284 227 916 264 450 5000 586 352 282 979 326 528 5420 670 382 294 1088 352 567 5900 751 418 316 1206 382 617 6500 843 473 354 1326 426 683 68?0 926 511 389 1410 464 742 7420 996 558 428 1500 510 812 8000 1072 594 457 1606 548 860 8500 1150 648 494 1708 604 920 9000 1226 702 536 1808 675 980 9520 1345 756 572 1944 724 1050 10000 1418 Boo 613 2032 779 1110 10500 1 511 855 618 2158 825 1182 11040 1618 964 619 2287 950 1280 11560 1694 1018 756 2388 1024 1366 12000 1783 1071 soo 2503 1102 1455 12500 1930 1164 856 2760 1233 1578 13000 1977 1221 901 32~9 1342 1706 13400 2084 1283 939 61 '2 1520 1924 13840 21 82 1382 1016 7787 1778 2196 13900 2220 1427 ' 1046 7920 1900 2331 I 1 Lt-120 2296 1484 1080 8480 2050 2480 1 Lt-21 0 2430 1586 1128 9091 2280 2729 14400 - 2480 1625 11 52 9328 2370 282~ 1 Lf-500 2546 1700 1196 9662 2490 293 14680 2554 1770 1242 1 OOL!-O 2604 . 3046 
14800 2620 1836 1282 10312 2698 3135 1Lt920 2870 1912 1338 10550 2784 3225 15100 l.t055 2100 1476 10860 ·2949 3380 ' 
15500 4862 2180 1528 11040 3030 . 3l.t57 
15600 5268 2274 1593 11373 3108 3532 
15650 5515 2366 1652 11611 3191 ~612 



TABLE XVI cont. - BEPJ1 LOAD ..STRAIN DATA 

Beam No. 3 continued Test - 7 days 
Date August 16, 1965 Strain - Micro-inches/inch 

Section 1 Section 2 
Load 

(lbs.) Tens. _Comp. Comp. Tens. Comp. Comp. 
Strain Strain Strain Strain Strain Strain 

15800 5755 24-65 1718 1184-7 3273 3692 
15900 6057 2592 1798 12163 3365 3768 
16100 6385 2727 1888 12523 3461 3856 
16100 6766 2903 2014- 12930 3586 3874-
16300 7054- 3038 2111 13280 3697 4090 
16500 7379 3194 2229 13593 3845 4239 
16150 7475 3268 2290 13676 3930 4330 ' 

. 16200 7597 3330 2341 13800 3995 4390 
16240 7744 34-30 24-24 13945 4130 4530 
163l.I-O 7974 3505 24-85 14204 4200 4-600 
16L1-00 8155 3584- 2550 14-Lr-22 4274 4669 
16500 8438 3688 2633 14756 4-366 4755 
1654-0 8712 3782 2710 15086 4460 484-8 
16600 894-6 3878 2793 1 5354- 4550 4-94-6 
16700 9168 3970 2882 15616 4646 5057 
16800 94-60 4-097 2983 15980 4-758 5168 
1694-0 9931 4-272 314-3 16630 4-930 5353 
17100 10248 4411 3280 16968 5106 5568 
17100 10656 4-559 34-31 174-25 5291 5786 
17200 10960 4-670 3552 1775l 54-71 6016 
17500 114-33 4-794- 3693 18315 5658 6390 
17500 1174-3 4902 3817 18760 5816 7170 
17500 11912 4-964 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 Test - 8 days 
Date August 18, 1965 Strain - Micro-inches/inch 

Section 1 Section 2 
Load 

(l_bs.) Tens. Comp. Comp. Tens. Comp. Comp. 
Strain Strain Strain Strain Strain Strain 

1100 . 48 18 72 82 33 62 
2070 132 44 159 207 78 137 
3000 248 70 245 367 137 210 
4100 398 119 343 556 207 305 
5080 520 17lt 41lt 767 273 396 
6060 630 226 493 931.1- 350 lt83 
7500 786 302 6olt 1077 lt55 626 
9000 950 396 719 1251 593 789 

10120 1076 lt78 821 1lt16 709 945 
11100 1183 5lt7 926 1575 816 1102 
12120 1299 626 1 olt6 1731 938 1278 
13010 1427 71lt 1167 1906 1066 1458 
14120 1568 84lt 13lt1 2020 1251 1715 
15000 1657 963 1430 2159 1399. 1866 
16030 1777 1112 I 1602 2284 1601 211 8 
16520 1831 1200 1711 2328 1727 2268 
17120 1894 1305 I 1824 2390 1854 2430 
17570 1942 1393 I 1920 2W1- 1963 2563 
18090 2002 1401 2033 27'81 2102 2730 
18500 . 2048 1593 2125 ---- 2338 2936 
19000 2108 1689 2230 9344 2·709 3262 
19230 2168 1798 2350 10327 3048 3640 
19300 2195 1879 2430 10558 3278 3872 
19460 22lt7 1948 2502 1071 8 3462 4068 
19460 2278 2001 2579 10773 I 3649 4-258 
19500 2306 2044 2626 10832 I 3801 l;lt-07 
19700 ---- 2082 2806 10931 4000 lt594 I 

19700 ---- 2196 2990 I 11059 4131 l.l-729 
19910 2910 2304 3111 I 11224 4290 4825 I 

19900 3086 2368 3187 I 11 500 l;lt-11 l 4-946 
19980 3358 24-22 3257 11753 45Y-6 5074 
20000 ·. 3951 21.1-72 3344 I 12027 4662 5190 
20200 ---- 252lt 3431 12338 4769 5302 
20400 ---- 2581 3536 12650 4-576 5424 
20500 6670 26lt8 36lt7 13007 lt991 5567 
20500 6956 2711 3735 13218 5090 5689 
20600 7036 2774 3817 13496 5149 5792 
20600 7210 2838 3905 13715 5200 5888 
20600 ---- ---- 3978 ----- ---- 5989 
20600 ---- 2896 ---- 13940 5265 -----
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TABLE XVIII - BEAlv1 LOAD-STRAIN DATA 

Beam No. 5 Test - 8 days 
Date August ·20, 1965 Strain - Micro-inches/inch 

Section 1 · Section 2 
Load 

(lbs.) 
'J!ens. Comp. Comp. Tens. Comp. Comp. 
Strain Strain Strain Strain Strain Strain 

' 1080 19 26 16 21;. 7 23 2000 58 77 1;.7 106 . ~-1 82 
3090 11;.>.1- 11;.9 97 272 97 173 4-080 252 232 1l;.O 1;.13 140 260 
5080 4l;.lr 342 I 209 555 182 ~6 6020 581 439 255 702 231 8 
7600 785 593 336 923 297 614 
9000 964 746 416 1125 375 780 

10100 1100 871 1;.83 1281 436 920 
11060 1224 1008 550 1424 486 11o4 
12100 1359 1145 I 628 1572 531 

I 
1319 

13100 1490 1305 I 710 1716 580 1573 
14060 1625 1482 . Boo 1860 638 1835 
15000 1751 1675 901 1996 699 2128 
15610 1842 1822 976 2111;. 754 2350 
16500 1971 2016 1065 2337 I 800 2682 
16780 2062 2193 1117 ·---- 892 317~ 
16990 2106 4313 1158 7740 966 3495 
17180 2163 21;.18 1190 7992 1016 3742 
17500 2220 2530 I 1225 8271;. 1068 3998 
17780 2224 2708 1298 8982 1099 4339 
17900 2893 2929 1390 921;.6 1171 ! ~1-622 
18100 ---- 3202 1515 9533 1231;. I 4878 
18340 6343 2904 l 1314 9132 1111;. 4740 l 

I i 
l 

I I 
""-.: I 

! 

I 
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TABLE XIX - BEAH .LOAD -STRAIN DATA 

Beam No. 6 Test - 8 days 
August 20, 1965 Strain - Micro-inches/inch 

Section 1 Section 2 
Load 

(lbs.) Tens. Gomp. * Comp. Tens. Comp.* Comp. 
Strain Strain Strain Strain Strain Strain 

1120 35 34 39 45 44 55 2130 79 68 75 100 88 110 3180 149 119 125 191 142 174 lt060 225 153 175 284 189 244 5000 313 196 231 374 241 316 6130 316 247 306 lt88 307 408 
7500 5Y-4 308 393 619 388 534 8580 641 360 466 720 450 638 9580 735 407 542 818 512 748 10670 835 463 635 921 587 875 11650 933 509 720 1025 641 1002 12680 1033 563 814 1128 722 1139 
1~600 1120 625 921 1216 800 1292 1 690 1309 697 1035 1304 886 1450 
15680 1310 767 1171 1lf-03 988 1636 16720 1404 828 1494 1495 1086 1812 
17580 1492 890 1472 1577 1197 1965 18610 1595 942 1584 1688 129lf- 2078 
19570 1685 946 1775 1800 1446 2283 
20230 1746 980 1902 1865 1 55'4· 2l:-20 
20600 1774 1014 2006 1891 1652 2525 21120 181 5 1042 2100 1931 1746 2626 
21580 1858 1057 2189 1983 182lf- 2724 21980 1898 1066 2270 2033 1896 2812 
22530 1950 I 1057 2372 2108 

I 
1988 2930 22860 1986 I 1075 2489 2174 2107 3059 23100 2022 1085 2541 2227 2158 ' 3121 23290 2042 1088 2585 2300 2210 3192 

23500 2066 1090 2635 2LJ·1 5 2267 3271 
23760 2101 1096 2716 2653 2366 3394 24020 2130 1100 2768 3014 2438 3482 
24260 •' ' 2162 1195 2817 3630 2514 3557 24520 2224 1108 2896 4283 2603 3658 
24750 2300 1110 2990 lf-880 2728 3782 
25000 2361 111 5 3079 5270 2080 3895 
25200 2454 1128 3200 5674 3111 4042 
25400 2534 1134 3286 5908 3313 4149 
25500 2633 1195 3351 6153 3Y·76 4242 
25500 2656 1050 3385 6282 3630 4300 

' 25500 2709 1031 3lf37 6lr85 382'Z l.f-")92 
* dica-ces compressJ.on steel s-craJ.n In 
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TABLE XIX cont. - BEAH L0.-1\D -STRAIN DATA 

Bea.m No. 6 continued Test - 8 days 
Date August 20, 1965 Strain - Micro-inches/inch 

Section 1 Section 2 
Load 

(lbs.) 
Tens. * Comp. Comp. · Tens. Comp~ Comp. 
Strain Strain Strain Strain Strain Strain 

25600 . 2798 1023 3436 6682 3989 t~g 25700 . 2896 102l+ 3520 6844 l+114 
25900 3233 992 3565 7235 4292 4650 
25820 3353 977 3594 7422 4484 4710 
25820 3458 953 3617 7623 4704 4767 

--

l l I 
I 
I 

. . * Indicates compress~on steel stra~n 
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TABLE XX - BEAN LOAD-STRAIN DATA 

Beam No. 7 Test - 8 days 
Date August 21, 1965 Strain - Micro-inches/inch 

Section 1 Section 2 
Load 

(lbs.) Tens. Comp. Comp. Tens. Comp. Comp. 
Strain Strain Strain Strain Strain Strain 

1000 20 Faulty 14 21 ' 14 18 
2000 54 Gage · 60 64 43 65 
3000 11 ~ 119 136 86 107 
4ooo 18 180 222 122 146 
5000 ~08 278 349 184 2olt 
6000 20 ~b6 464 238 277 
7000 536 590 296 358 
8000 628 578 684 339 435 
9000 742 702 796 407 534 

10000 843 815 889 465 627 
11000 931 930 974 536 724 
12000 1030 1056 1065 607 834 
13000 1125 1186 1152 692 950 
14080 1233 1350 1247 787 1114 
15060 1332 1500 1334 874 1267 
16030 1425 1670 141 8 972 1436 
17000 1520 1821 1502 1070 1601 
18000 1653 1996 1596 1166 1794 
19000 1655 2038 1651 

l 
1185 1911 

19000 1726 2135 1730 1370 2047 . 
19760 1804 2234 1820 ! 1l.1-58 2229 

' 20500 .18l.1-0 2308 1871 ; 1555 2369 
20500 1895 2387 1996 1568 2422 
21000 1939 2453 2158 1572 2466 
21200 1966 2496 2358 1566 2500 
21340 1993 2547 2751 1570 2546 
21500 2010 2584 ---- 1584 2560 
21500 2026 2612 4578 1600 2575 
21500 2039 2638 496~ 1615 2585 
21500 2047 2660 526 1622 2585 

~, 

.. 
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TABLE XXI - BE.AN LOAD -DEFLECTION DATA 

Beam No. 3 Beam J\!o. 3 Beam No. 4 
Date !' .. ugust 16 continued Date August 18 

-· 
Load Dial Load Dial Load Dial 

(lbs.) Gage (lbs.) Gage (lbs.) Gage 
(inches) (inches) (inches) 

530 .002 15900 .369 1100 .010 
1120 I .006 16100 .3855 2070 • 021 
1500 ---- 16100 .407 3000 .034 
2000 .0105 16300 .424 4100 .050 
2540 • 01 5 16500 .440 5080 .065 
3000 ---- 16150 ---- 6060 .080 
3500 .028 16200 .455 7500 .1 00 
4000 .039 16240 .465 9000 .122 
4560 .049 16340 .478 10120 • 141 
5000 .055 16400 .487 11100 .1 57 
5420 .062 16500 • 503 12120 .174 

.5900 .070 16540 • 517 13010 .190 
6500 .080 16600 • 530 14120 .210 
6870 .090 16700 ---- 15000 .228 
71.1-20 .097 16800 . 581 16030 .249 
8000 .1 065 16940 • 594 16520 .262 
8500 ---- 17100 . 61 5 17120 .278 
9000 .124 17100 .639 17570 .290 
9520 .1362 17200 .655 18090 .308 

1 oooo · .145 17500 .678 18500 • 321 
10500 .156 17500 .697 19000 .334 
11040 .170 17500 • 705 19230 .352 
11560 .180 17500 ---- 19300 .363 
12000 ---- 17500 • 711 19460 .372 
12500 .210 19460 • 3 [)0 
13000 • 218 . 19500 .388 
13400 .2295 19700 .401 
13840 .243 19700 .419 
13900 ---- 19910 ----
14120 . 257 19900 ----
14210 .2695 19980 ----
14-4-oo .275 20000 ----
14-500 . 281 5 20200 ----
14680 - • 289 I 20400 ----
14800 .296 20500 ----
1l.f-920 .304 20500 ----
15100 • 318 20600 ----
15500 .326 . 20600 ----
15600 .336 20600 ----
15650 .345 20600 ----
15800 .355 
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TABLE XXII - BEAM L0AD-DEFLECTIO:N DATA 

Beam No. 3-A Beam No. 1 Beam No. 2 
Date July 27 Date August 18 Date August 16 

Load Def. Load Dial Load Dial' 
Gage Gage 

(lbs.) (inches) (lbs.) (inches) (lbs.) (inches) 

400 .000 1000 ----- 700 .003 
670 ----- 2000 .020 1000 .006 

1o40 .024 2500 .028 1500 • 011 
1300 .024 3060 . .037 2000 

___ ..,. 
1600 .036 3500 .050 2500 .031 
1800 .036 4080 .065 3000 .044 
2100 .072 . 4530 .076 3100 .047 
2400 · .072 5000 .092 3500 .063 
2600 .072 5500 .111 3900 .092 

. 2800 ----· 6000 ~ 1295 4400 .1 00 
3100 • 084 6500 .147 . 5000 .1 08 
3400 ----- 6840 .165 5500 .114 
3620 .084- 7100 .• 191 5700 .124 
3900 .096 7500 .202 6200 .129 
4200 ----- 7300 .228 6500 .143 
4500 ---- 7980 .248 7000 .154 
4800 ---- 8120 • 262 7500 • 161 
5100 .120 8220 .276 I 8000 .1 66 
5400 .120 8340 

I 
.2925 

\ 

8500 ----
5700 .120 8600 .310 9000 .185 
6000 .144 8580 I .3286 9500 .197 
6300 .144 8660 .342 10000 .213 
6900 .156 8800 .357 10500 • 231 
7200 .168 88~-0 .377 11000 - .247 
7500 .168 8930 -3982 11500 .279 
7800 ---- 8960 .424 11620 .303 
8100 .192 9100 .444 11700 .3195 
8 500 ---- 9100 .462 12000 ·339 
8800 .192 9100 .478 12100 . 3585 
9100 .204 9300 .492 I 

12300 ·372 
9L1-00 .204 12300 .448 
9400 .216 12300 ----
9L1-00 • 252 
9600 ---, . ----
9960 • 456 
9960 • 51.1-0 I 

9960 .612 i 
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: 

TABLE XXIII - BEAH LO-ID -DZFL:ECTim·T DAT ". 

Beam No. 5 Beam No. 6 Beam No. 7 
Date August 20 Da te il.Ugust 20 Date August 21 

Load Dial Load Dial Lo:o.d Dial 
(lbs.) Gace Cl bs.) Gage (lbs.) Gage 

(inches) (inches) (inches) 
1080 ----- 1120 .009 1000 .005 
2000 .014- 2130 .0175 2000 .013 
3090 .026 31 80 .029 3000 .023 
4-080 .o4o 4060 .o4-o 4ooo .034 
5080 .060 5000 .052 5000 .04-7 
6020 .082 6130 .067 6000 .061 
7600 • 112 7500 .085 7000 .076 
9000 .135 8580 

I 
.099 8000 .090 

10100 .153 9580 . 112 9000 .1 08 
11060 .170 10670 ! .128 10000 .122 
12100 .190 11650 i . 14-1 I 11000 .138 i 

13100 .209 12680 l .1 56 12000 .1 54 
14060 .229 13600 I . 171 13000 .170 
15000 • 251 14690 .1 87 14080 • 191 
15610 .266 15680 .205 15060 .209 
16500 .285 16720 . 221 16030 .229 
16780 .296 17580 .238 17000 .24-8 
16990 .303 18610 .278 18000 .270 
1"7180 .310 19570 .209 19000 . 284 
17500 .317 20230 .2262 19000 -324 
17780 .329 20600 .239 19760 -378 
17900 .341 21120 .2545 20500 .418 
18100 ·357 21580 .275 20500 .462 
18340 ·356 21980 .294 

I 
21000 . . 500 

22530 ·332 21200 . 525 
22860 .356 

I 
21340 • 54-7 

23100 -375 21500 • 566 
23290 .392 21500 • 589 
23500 .414 21500 .605 
23760 .44-o 21500 .622 
2LI-020 .462 
24260 .482 
24-520 . 503 

' . .-··. 24750 . 531 
25000 . 552 
25200 . 580 
254-00 .6025 
25500 .6485 
25500 • 701 
25500 .733 
25600 • 758 
25700 .772 
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