
RICE UNIVERSITY 

AN EXPERIMENTAL AND ANALYTICAL STUDY 

OF PRESTRESSED COMPOSITE BEAMS 

by 

James Campbell Stras, III 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

Thesis Director's Signature 

TU£lfr.?LlL 
Houston, Texas 

May, 1964 

3 1272 00096 0532 



ABSTRACT 

This project was an experimental and analytical study of pre? 

stressed composite beams. The type of beam studied consisted of a 

prestressed steel beam with a concrete slab attached to its top flange 

by means of shear connectors. The steel beam itself consisted of a 

rolled steel beam prestressed by means, of a high strength steel cable 

attached to the bottom flange. Three beams were built and tested to 

failure, and the experimental results were compared with calculations 

based on existing theory. In addition, an analytical method for pre¬ 

dicting the ultimate load of a prestressed composite beam was developed 

and predictions based on this method were compared to the experi¬ 

mental results. 
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CHAPTER 1 

INTRODUCTION 

1. 1 Background 

The prestressed composite steel and concrete beam is not a 

(2) 
new idea. In 1949, F. Dischinger published a series of articles, 

in which he proposed the prestressing of entire bridges by means of 

(3) high-strength cables. In 1950, L. Coff was granted a U. S. patent 

for a composite floor system, prestressed by cables attached at the 

ends of the slab, then draped along the steel beams, and attached to 

(4) 
them by pins. In 1961, J. D. Naillon was granted a U. S. patent 

for an improved steel girder prestressed by means of cables. For 

cantilever beams, Mr. Naillon* s patent shows the prestressing cables 

outside the cross-section of the beam, and passing through restraints 

welded to the top flange. 

In 1959, R. Szilard published a paper dealing with the design 

(5) of prestressed composite structures. He discusses the analysis of 

the beams based on the assumption of perfect shear connection 

between the slab and the steel beam. He also discusses the important 

design factors of creep in the concrete slab under sustained load and 

creep of the prestressing cable, and proposes methods for accounting 

for these effects in design practice. The most recent theoretical 

discussion of prestressed composite beams was presented by P. G. 

Hoadley^ in June, 1963. Dr. Hoadley-discusses the b.ehavior of 

simply supported composite beams prestressed by means of high- 
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strength cables. He proposes the most economically promising con¬ 

struction method of first prestressing the steel beams, then casting 

the slab on top of the beams. The slab is attached firmly to the beams 

by means of some type of shear connectors, and the prestressed steel 

beams carries the weight of the structure. Dr. Hoadley assumes 

complete interaction in his analysis of the behavior of the beam in the 

elastic range. He also presents comparisons of the behavior of pre¬ 

stressed composite beams with that of the same beam which has not 

been prestressed, showing the increase in load-carrying ability 

obtained by prestressing. 

The discussion of the above work does not mean to imply that all 

prestressing of composite beams has been done with cables. The Iowa 

Highway Commission and the Pittsburg-Des Moines Steel Co. sponsored 

the project of prestressing steel beams by first jacking a steel I-beam 

into a deflected shape and then welding a high-strength steel plate onto 

the bottom flange. When the jack was released, the steel cover plate 

was stressed, and the beamwas elastically cambered. Accounts of 

the testing and use of these beams may be found in references (7) 

and (8). The Stressteel Co. of Wilkes-barre, Pa. has received a 

contract for prestressing steel beams with high-strength steel rods 

connected to the ends of the beam, and restrained from deflecting 

relative to the cross-section of the steel beam. 

The effect of slip between the slab and the steel beam on the 

behavior of conventional composite beams has been exhaustively 
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investigated by Newmark, Viest and associates at the University of 

Illinois^* ^ In general, the results of the tests and 

theoretical work indicated that the prediction of the behavior of the 

beam based on the assumption of complete interaction accurately 

described the actual behavior provided the shear connection was 

adequate. Various types of shear connectors, mostly channel 

sections, were investigated. 

The most recent work in prestressed composite structures was 

(13) 
reported in the March, 1964 "Engineering News Record." Mr. J. D. 

Naillon, the holder of a patent on this type of structure, designed a 

roof system for a parking garage using pre^tressed steel girders and 

post-tensioned concrete slabs. The two elements were combined by 

shear connectors welded to the top flanges of the steel girders. The, 

steel girders were built-up I-shaped sections which were prestressed 

in place by a system of wires- on both sides of the web near the bottom 

flange. These wires were restrained by plates welded to the web 

stiffeners at points along the beam and anchored at both ends of the 

beam. The restraining slabs allowed the wires to move along their 

length, but not in relation to the beam cross-section. A savings in 

weight of 30% was reported, along with a savings of 10% in the cost 

of the steel. 

No references to any tests made of prestressed composite 

structures could be found by this author. 
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1. 2 Purpose of Study. 

The purpose of this work was to study experimentally the be¬ 

havior of the prestressed composite beam. It was hoped that the 

following questions could be answered: 

1. Does the theory for the behavior of the beams in the elastic 

range accurately- predict the actual behavior? 

2. What is the nature of the behavior of the beam in the inelastic 

range? 

3. What, if any, is the effect of incomplete interaction on the 

behavior of the prestressed composite beam, and if the shear 

connection is designed in accordance with the A ISC building 

specification, can complete interaction be justifiably assumed? 

4. Can the ultimate load of a prestressed composite beam and 

the ultimate cable tension be accurately predicted? 

5. Does the fact that the concrete exhibits a non-linear stress- 

strain diagram affect the accuracy of prediction of the behavior 

of the beam in the range of elastic steel stresses? 

These questions are not answered, with any finality, in any of the 

literature examined by this author, nor could the limited tests pro¬ 

posed be conclusive. It was expected, however, that these tests might 

uncover the most important factors affecting the behavior of this type 

of structure, and provide a starting point for further analytical and 

experimental investigation. 
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1.3 Types of Structure Tested 

Three prestressed composite beams were prepared for testing. 

Since it appeared from examining the literature that the most prom¬ 

ising method of prestressing was by means of a high-strength steel 

cable, the beams were of the configuration shown in Figure 1-1. The 

fabrication and materials used are discussed in Chapter 2. The beam 

shown is believed to be simple and compact enough to be considered 

for use in a bridge or building, and economical enough to make its use 

worthwhile. 
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1. 4 Notation 

The symbols used in this thesis are defined where they first 

occur, and are listed below: 

A Area of cable 
s 

A 
t 

b 

Area of cross-section of steel I-beam 

Area of transformed T-section 

Width of concrete slab 

c Compression force in concrete slab 

c 
t 

Distance from elastic centroid of transformed section 

to bottom of bottom flange of steel beam 

d 
c 

d 
s 

e 

e 

b 

t 

Thickness of concrete slab 

Depth of steel I-beam 

Eccentricity of cable from centroid of steel I-beam 

Eccentricity of cable from centroid of elastic trans¬ 

formed T-section 

e^ Eccentricity of cable from line of action of compression 

force in concrete slab at ultimate load 

3 Modulus of elasticity of steel I-beam (30.8x10 kips per 

square inch) 

3 
E Modulus of elasticity of cable (27.2x 10 kips per square 

s 
inch) 

E^ Modulus of elasticity of concrete 

E . Initial modulus of elasticity of concrete 
ci 

f^ Compressive stress in concrete slab 
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f’ 
c 

Compressive strength of concrete as determined by 

cylinder tests 

f" 
c 

Maximum compressive strength of concrete in bending 

f 
y 

Yield stress of steel in rolled steel beam 

Gb 
Shearing modulus of elasticity for the steel in the rolled 

steel beam 

Moment of inertia of steel beam 

Moment of inertia of transformed section 

kl> k2'fc3 Constants pertaining to the properties of the concrete 

stress block at ultimate load. 

k d 
u c 

Distance from the top of the concrete slab to the neutral 

axis at the cross-section carrying the ultimate moment 

t 

L‘ Span length of the simply supported beams 

! 
Length of prestressing cable 

M Moment acting on the entire prestressed composite beam 

M 
c 

Moment which must be resisted by the composite beam 

alone 

n Modular ratio of steel in rolled steel beam to concrete 

; P Load applied to the prestressed composite beam 

q Horizontal shear per unit length of the beam 

\ 

sb 
Section modulus of rolled steel beam 

T Tension force in the cable 

t 
% • 

Thickness of web of rolled steel beam 

fcb 
r 

Tension force due to tensile stresses in rolled steel 

beam 

I 
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v Shearing stress in the beam 

x Quantity of length measured along the longitudinal axis 

of the beam 

y Bending deflection of beam 

6 Deflection pf beam due to shear 
s 

5^ Change in length of cable due to application of load 

Strain at the bottom of the bottom flange of rolled steel 

beam 

Strain at the bottom of the top flange of the rolled steel 

beam 

e Strain corresponding to the maximum stress in bending 

of concrete 

s Strain at top of concrete slab 
ct 

e Ultimate useful strain of concrete in unconfined cora- 
cu 

pression due to bending and axial load 

e Strain in cable 
s 

Strain at top of top flange of rolled steel beam 

e Yield strain of steel in rolled steel beam 
y 

<j> Curvature of beam 

V Angle of shear distortion 

Subscript "i" Denotes quantity at initial condition of completed 

prestressed composite beam prior to application 

of load P 

Subscript "L" Denotes quantity caused by application of load P 

Subscript "y" Denotes -quantity at first yielding of rolled steel 

beam under applied load P 
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Subscript "u" Denotes quantity at ultimate load conditions 

Subscript "d" Denotes quantity caused by application of dead 

load 

Subscript "pM Denotes quantity caused by prestressing force 

in cable 

Prefix "A" Denotes change in quantity due to application of 

load P 
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CHAPTER 2 

MATERIALS, FABRICATION, AND TEST PROCEDURE 

2. 1 Materials 

(a) Concrete 

The concrete used for the test was purchased from a local 

supplier in the ready-mixed state. The mix was a standard design 

used in this area during cold weather. 

For one cubic yard of concrete: 

5 sacks Type I Portland cement 

1500 pounds 1 inch minus gravel (river run) 

1000 pounds sand 

7 gallons water 

1% by weight Calcium Chloride 

The design strength of this mix was 3000 psi compressive strength at 

28 days. Table 2-1 shows the compressive strength of the concrete 

cylinders for each specimen. Each value represents the average of 

three test cylinders, except for Beam C. In this case, the cement cap 

on one of the cylinders was broken during handling, so the average of 

TABLE 2-1 

Concrete Compressive Strength 

Specimen Beam A Beam B Beam C 

Age 3 wks. 4 wks. 5 wks. 

f' 4430 psi 4840 psi 4336 psi average: 4530 psi 
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the remaining two cylinders is shown. The usual gain in strength with 

age is not apparent since the cylinders tested at age 5 weeks were 

weaker than those tested at age 3 or 4 weeks. Some of the experi¬ 

mental factors in the testing of the cylinders could not be controlled. 

It can only be stated that the casting, curing and capping procedure 

and the loading rates were, as nearly as possible, the same in all 

cases; so an explanation of the above phenomenon cannot be readily 

found. Since the values were in fairly good agreement in spite of the 

scatter, the average of the three was taken as the compressive 

strength of the concrete in all three specimens. 

(b) Steel Cable 

The cable used for prestressing the steel beams was bright 

stress-relieved strand of 3/8 inch nominal diameter. Table 2-2 

gives the results of tension tests performed on the cable using the 

grips which were to be used in prestressing the beams. These data 

agree closely with the test data supplied by the manufacturer. From 

the manufacturer's data and these supplementary tests, it was con¬ 

cluded that the cable satisfied the specification ASTM A416-59T. 

TABLE 2-2 

Properties of Cable 

Breaking 
Strength 

Proportional 
Limit at 

Area Modulus of 
Elasticity 

(lbs) 

20, 950 

0.01% strain 

(lbs) 

15, 600 0.084 

(ksi) 

27.2x 103 
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(c) Rolled Steel Beam 

The steel beam used was an 8B 10 light beam section. All three 

beams were cut from the same piece to insure uniformity The steel 

specified was ASTM A-36 structural steel but the yield point was found 

to be significantly higher than 36 ksi. Table 2-3 gives the results of 

tension tests performed on steel coupons cut from the flange and the 

web of the steel beam. The thickness of the web was 0.168 inch, and 

that of the flange 0.200 inch. 

TABLE 2-3 

Properties of Steel in Rolled Steel Beam 

Flange 

Web 

Yield Stress 
(ksi) 

43/ 0 

49. 0 

Yield Strain 
(in/in) 

0.00140 

0.00159 

Modulus of Elasticity 
(ksi) 

30.8 x 103 

30.8 x 103 

The difference in yield stress between the flange and the web 

is attributed to differential cold-working during rolling. 

(d) Shear Connectors and Cable Anchors 

The shear connectors were 4 inch lengths of 3C4.1 steel 

channels. The cable anchorage blocks, restrainers and shear 

connectors were A-7 steel, and no tests were made on them. 



13 

2.2 Fabrication 

(a) Steel beams 

The shear connectors were welded to the steel beams at llrinch 

intervals as shown in Figure 2-1. The spacing was determined from 

(14) the formulas given in the AISC specifications. The small pro¬ 

trusions from the side of the shear connectors were the bolting points 

for the forms. The cable anchors were solid steel blocks drilled 

to accommodate the cable and welded to the bottom of the beam together 

with the cable restrainers (Figure 2-1). All welding conformed to 

(14) the AISC specifications. 

(b) Prestressing the Steel Beams 

The cables were clamped onto the beam by means of a taper-grip 

type of anchor used in the prestressed concrete industry. The pre¬ 

stressing load was then jacked into the beam by means of a hydraulic 

jack (Figure 2-1). The design prestressing load was 10, 000 pounds, but 

it was found that the grips would not secure the cable at a load greater 

than about 8, 500 pounds. The load was determined by reading the 

strains in the cable as explained in Section 2.3. Electric resistance 

strain gages were attached to the steel beam as shown in Figure 2-3 

and Table 2-4 gives the prestressing loads on each beam and the 

comparison between the theoretical and experimental strains in the 

bottom flange of the beam. The strains shown are compressive strains. 
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TABLE 2-4 

Prestressing Results 

Prestres sing 
Theoretical 

Strain-bottom 
Experimental 
Strain-bottom 

Load Flange F lange 

(kips) (inches /inch) (inches/inch) 

Beam A 8.47 -261x 10"S, 6 -258x 10~6 

Beam B 8. 35 -256x 10“6 -253xl0"6 

Beam C 8.60 -265x 10"6 -262x 10-6 

These results show that the strains in the beam due to prestressing 

load can be predicted accurately by the simple equation: 

1 

where: 

6fp E, 
TP ± Tpeb (2-1) 

is the strain at the outer fiber of the beam flange 

E^ is the modulus of elasticity of the steel beam 

Tp is the prestressing force 

A, is the area of the steel beam 
b 

e, is the distance from the centroid of the beam to 
b 

the center of the cable 

S, is the section modulus of the steel beam, 
b 

A full discussion of the action of a steel beam prestressed in this 

manner may be found in reference 17. After each beam was prestressed 

it was allowed to stand for two d^ys and the creep of the prestressing 
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cable was measured. The cable showed less than 1% relaxation in 

2 days in all three beams, so it was assumed that, at this stress 

level, there would be no creep. Since the tension in the cable was 

below 5 0% of its ultimate strength, and since the creep charac¬ 

teristics of stress-relieved strand are variable with the metallurgical 

(5) 
properties, the assumption of no creep appeared to be valid. 

The tops of the steel beams were painted with an enamel in an 

attempt to break the bond between the slab and the steel beam between 

the shear connectors. 

(c) Concrete Slab 

After the steel beams were prestressed, the forms were attached 

to the beams. The forms were built to 1/8 inch tolerance for slab width 

and 1/16 inch tolerances in thickness. Photograph P2-1 shows the 

bracing system used for the forming. The forms were attached to the 

beams by means of the protrusions from the shear connectors. (See 

Figure 2-1). 

The reinforcing for the concrete slab consisted of #3 deformed 

bars placed perpendicular to the steel beam and centered between the 

shear connectors. Shrinkage reinforcing was provided, using 6,,x6M- 

# 10/# 10 wire mesh. No longitudinal reinforcing was used, other than 

that provided by the wire mesh. The bearing plates at the loading 

Stress-relieved strand can show up to 7% loss of prestress force due 
to creep, when stressed to 50% of its ultimate strength. Roughly 80% 
of this loss occurs in five days. (5) 
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points were 5/16 inch by 1^ inch steel flat bars. The sleeves for the 

loading belta were attached to the bearing plates and the whole 

assembly fitted into the forms. Figure 2-2(a) is a sketch of the re¬ 

inforcing scheme. 

The slabs were cast, and the concrete was consolidated by 

means of a vibrator. After the concrete had set, the slabs were 

coated with a membrane curing compound and allowed to cure. The 

slab was 18 inches wide and 4 inches thick. The depth was chosen to 

allow the use of 3-inch channel shear connectors and to provide for a 

slab depth which was a large percentage of the total beam depth. In 

this way, the affect of the non-linearity of the concrete stress-strain 

curve on the behavior of the composite structure would be maximized. 

Figure 2-2(b) shows a typical cross-section of the completed beams. 

They were 12|-feet long, with the slab indented 3 inches on each end 

to allow for the placement of dial indicators to measure the slip be¬ 

tween the slab and the beam. (See Figure 2-3). 

2. 3 Test Procedure 

(a) Instrumentation 

The beams were instrumented as shown in Figure 2-3. The 

A-l type electric-resistance strain gages were placed on the steel 

beam before the prestressing operations as discussed in Section2. 2(b). 
© 

The slip between the slab and the beam during testing was measured 

at each end of the beam by the dial indicators shown in the figure, and 

the cable tension was monitored by means of two 8-inch extensometers 
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placed symmetrically about the center of the 12-foot span. The strains 

in the concrete were monitored with the Type A-9 eiectriq-resistance 

strain gages placed as shown in the figure. These 6-inch long gages 

measured an average strain over this distance in the concrete. The 

deflection at the center of the span was measured by means of the 

ruler attached to the steel beam as shown in the figure. A thin wire 

mounted to the test frame was used as a reference point, and a mirror* 

was used along side the ruler to correct for parallax. The load applied 

to the beam was measured by means of a 200, 000 pound capacity load 

cell. 

(b) Test Frame 

The beams were mounted in a testing frame for loading. Photo¬ 

graph P2-2 shows the test frame with a beam prepared for loading. 

Each beam was simply supported in a span of twelve feet. The two 

concentrated loads were spaced 16|* inches to either side of the center 

of the beam, and were applied by means of the jack shown in the photo¬ 

graph. The members of the loading truss were all pin-connected, and 

the load from the jack was transferred to the beam by oceans of four 

eye-bolts which passed through sleeves in the slab. The bolts were 

connected to the two 2-inch diameter loading dowels resting on the top 

of the beam. Figure 3-5 shows the resulting load, shear and bending 

moment diagrams due to load applied in this manner. 
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(c) Test Procedure 

The three beams are Lettered in alphabetical order corresponding 

to the order in which they were tested. First, the Load was applied in, 

increments up to a specified load which was well within the elastic 

range of the steel. All gages were read and the data recorded. The 

load was then reduqed incrementally to zero and readings were again 

taken of all of the gages. This procedure was followed until the beam 

behaved elastically, that is, the data collected from the beam under 

decreasing load fell on the same curve as that of the beam under 

increasing load. In all three tests, the second cycle of loading 

produced satisfactory agreement of the two sets of data. After the 

second cycle, the beams were tested to failure. In the elastic range, 

the beam was loaded in increments of about 2000 pounds. After 

yielding began, load was applied to produce equal increments of de¬ 

flection, and the load was allowed to stabilize at its new value before 

the strain gages were read. The test procedure was exactly the same 

for all three beams, except for Beam A, which is discussed below. 

2.4 Experimental Difficulties 

(a) Slip of Prestressing Cables 

The prestressing cables evidently slipped in their anchors on all 

three beams. The extensometers on the cables were removed so that 

the forms could be fastened to the beams, and the beams were then 

moved to the stands for the casting of the slabs. The electric-re¬ 

sistance strain gages on the steel beams had been read at the end of 
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the prestressing operations, and it was anticipated that since these 

gages were water proofed, the readings coaid be reproduced after the 

slabs had cured. These readings would have indicated the amount of 

prestress in the beams after handling and casting. Some moisture 

evidently found its way into the gages, however, for the resistances 

were so markedly changed that no correlation could be found between 

the readings taken after the slab was cured and those taken initially on 

the prestressed steel beams. A loss of prestress apparently occurred 

during the handling and casting operations, but this was.not discovered 

until the tests were completed. The behavior of the beams during 

testing closely followed the theoretical predictions for a yield stress 

in the steel beam of 36, 000 psi. Later, when the high yield stress was 

discovered in the coupon tests, the distance between the gage marks 

on the cables of the tested beams was measured, and a cable tension 

of about 2000 pounds was indicated. This was far less than the force 

put in the cables initially, so it appeared that most of the prestressing 

force slipped off of all three beams prior to testing. This is sub¬ 

stantiated by the results of the tests as discussed in Chapter 3. 

(b) Loading Bolt Failure 

In the first test, that of Beam A, one of the load-carrying eye¬ 

bolts failed at a total load of 26, 000 pounds. This load was slightly 

above the yield load of the beam. This failure resulted in the instant 

removal of all load from the beam, and since part of the steel beam 

had yielded, some permanent set was observed. The jar caused by the 
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failure badly disturbed the sensitive dial indicators used for measuring 

slip, so no further data could be taken from them, but albother gages 

were functioning. The gages were read at zero load, and the load was 

reapplied to the beam after repairing the loading bolt. The gages were 

read for one intermediate load, and then the load was increased to the 

load at which the eye-bolt failed. The results of this reloading are 

discussed in Chapter 3. After reading the gages at this load, the 

beam was tested to failure. 

(c) Misaligned Sleeve in Slab 

One of the sleeves in the slab of Beam C was evidently knocked 

out of alignment during the placing of the slab. This misalignment is 

shown in Figure 2-4. This caused a binding of the loading dowel as 

shown in the figure and the local secondary forces on the slab caused 

by the resulting bending of the dowel are shown. The magnitude of 

these forces is not known, and their effect on the measurements of 

slip and strain in Beam C are discussed in Chapter 3. 
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CHAPTER 3 

PRESENTATION AND INTERPRETATION OF RESULTS 

3. 1 Idealized Stress-Strain Curves for Analytical Predictions 

In order to calculate the theoretical response of the beams to 

load, certain idealizations of the stress-strain properties of the 

materials were made. These are shown in Figures 3-1 through 3-3. 

(a) Concrete 

The heavy line in Figure 3-1 represents the idealized stress- 

strain curve for the concrete used in the analytical work. It is based on 

(15) 
a simplification of Hognestad’s stress-strain curve which is shown 

by the dotted lines. The areas under the two curves are very nearly 

equal. The concrete is assumed to be elastic up to a certain strain, 

e , with a modulus of elasticity ratio, n ? ^b/E_, of 8. This is an 
cty 1 c 

average value found by averaging n for the initial Eci with the n for Ec 

at e . . The strain e is the strain at the top fiber of the concrete 
cty cty * 

slab when the steel beam has just yielded at its bottom flange. 

The line from e to e is then established and is assumed to be 
cty co 

straight, with the value of n^ representing the modular ratio in this 

region. The value of e is given by Hognestad’s formula: 

e = 2f"/E . 
CO C Cl 

(3-1) 

where 

f" = 0. 85 f‘ , the value of f at e 
C C c CO 

E . = initial value of E at f = 
ci c c 0 
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At strains beyond e > the concrete is plastic as shown, with the value 
co 

of the ultimate strain, 0 , taken as 0.0038 inches per inch, and 
cu r 

ultimate stress as 0.7225 f' . 
c 

The concrete is assumed to carry tension up to the point where 

the steel beam yields, and from that point on, is assumed to carry 

no tension. 

The assumption of such a stress-strain curve facilitates the 

continuing of the prediction of beam behavior into the inelastic range. 

In most composite beams the bottom of the concrete slab will not crack 

in tension until after the steel beam has yielded. This is because the 

neutral axis is usually quite close to the junction of the slab and the I- 

beam. For this reason, it seems reasonable to make the approximation 

that the concrete carries tension in the elastic range of beam behavior, 

but does not in the inelastic range. 

(b) Steel Cable 

The high strength-steel strand used in prestressing exhibits no 

well defined yield point. For ease in calculation, the stress-strain 

curve shown in Figure 3-2 was assumed, in which the cable loses 

stiffness at its proprotional limit, but retains a straight-line stress- 

strain relationship between this point and the usual yield strength of 

the 0. 2% offset. The dotted lines shows the actual stress-strain curve. 

The increase in strength above the 0, 2% offset strain is very small for 

most cable, and it is undesirable to stress the cable above this point, 

for the strands may fail locally at the anchors. For this reason, the 



23 

0. 2% offset strain will be considered the failing strain of the cable. 

(c) Rolled Steel Beams 

Figure 3-3 shows the idealized stress-strain relationship of the 

steel in the rolled steel beam. It is based on the results of the tests 

described in Section 2.1c. The yield point of the steel was assumed to 

be sharply defined, and the effect; of strain-hardening was neglected. 

3. 2 Experimental Results and Analytical Predictions-Elastic Range 

The results of the tests are presented as a series of curves 

showing the responses of the beams to applied load. Since attempts to 

measure the initial conditions were not successful, the origin of all of 

the curves represents the condition of zero applied load (P). The 

responses are shown increasing from zero rather than from some 

initial value, denoting a change in the response rather than the total 

response. For example, the deflections plotted in the applied load vs. 

deflection curve are due solely to the applied load P, and are not 

measured from an initially straight position of the beam. Thus, these 

deflections do not include the effect of prestressing or the dead weight 

of the concrete slab. 

(a) Applied Load vs. Change in Cable Tension 

The change in cable tension as the load was applied to the beams 

is shown in Figure 3-6. The points represent the experimental values 

for each beam, and they are the average of the two 8-inch extensometer 

readings taken at each load increment divided by-the appropriate con¬ 

version factor for each gage. 
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The solid line represents the theoretical prediction of the cable 

tension. On this line are shown the levels of the theoretical yield loads 

for two different conditions: "restrained" and "prestressed." The yield 

load is that at which the steel beam begins yielding in tension. The 

restrained condition is for a prestressing force of zero, that is, the beam 

with the cable just taut, and the prestressed condition is for a pre- 

strqssing force as shown in Table 2-4. Since the prestressing loads 

for all three beams were nearly the same, an average value was used 

for the theoretical calculations, and all the beams were assumed to be 

identical. 

The theory utilized in the calculation of the predictions was that 

published by P.G. Hoadley.^^ The assumptions were that the concrete 

is elastic, with a given modular ratio, and that the shear connection 

between the slab and the steel beam insures complete interaction. The 

initial strain conditions in the steel beam are calculated by assuming 

that the prestressed steel beam carries the entire dead load of the slab, 

and superimposing the strain diagrams due to the prestressing load and 

the dead load on the steel cross-section. For example, the strain in 

the bottom flange of the steel beam would be given by (compressive 

stresses are negative): 

ebfi= 
1 Tp Tpeb 1 

+ ~— _ ATd _ ATdeb + 
Md 

Eb _ Ab Sb Eb Ab Sb Sb 
(3-2) 

where e = strain in bottom flange of prestressed steel beam 

carrying dead load 
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T = 
P 

prestressing load 

Modulus of elasticity of steel beam 

cross-sectional area of steel beam 

eccentricity of prestressing cable measured from 

the centroid of steel beam 

section modulus of steel beam 

increase in cable tension due to dead load 

dead load moment at desired section 

The increase in cable tension is the only unknown in the equation. It 

may be calculated by the equation 

e 

AT, S d 

/ M, 

EbIb 
dx 

T 2 Le b 

Vb 

(3^3) 

A E s s AbEb 

where I. = the moment of inertia of the steel beam 
b 

L» = length of span of steel beam 

L»s = length of cable 

The only strains in the concrete are shrinkage strains, and these are 

discussed by R. Szilarclf^and are neglected here, as are the residual 

strains in the flanges of the rolled steel beam. 

When the concrete has hardened, the resulting composite beam 

is assumed to have initial strains in the steel, no strain in the concrete, 

and the section properties given in Figure 3-4. (The strain, e in the 

bottom flange of the beam is a compressive strain. ) 
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The increase in cable tension due to some applied load, P, 

(see Figure 3-5) may now be calculated by: 

ATL ■ 

r M 

5JL ^ 
L_ 

b 
dx 

Lei 

Vt 

(3-4) 

E A 
s s EbAt 

where 

AT = change in cable tension due to applied load, P 
J-l 

M = moment due to applied load, P 

The shear and bending moment diagrams for the applied load, P, on the 

test beams are shown in Figure 3-*5. The corresponding change is strain 

on a cross section of the beam may now be calculated by an equation 

similar to Equation 3-2. Again, for example, if the change in strain 

in the bottom flange of the steel beam is desired: 

A®bf “ E, 

AT 

A. 
L MLct (3-5) 

where c^ is distances to bottom flange from centroidal axis of trans¬ 

formed section. 

The final strains in the beam at any cross-section can be found 

by superimposing the changes due to P on to the initial strain diagram. 

The final strain in the bottom flange of the steel beam at applied load, 

P, then becomes: 

eur ~ s 4- Ae, £ bf bfi bf (3-6) 
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The yield load, P , is found by setting e equal to e , the yield 
y Di y 

strain of the steel, and solving Equation 3-6 for Ae^ , the change in 

strain necessary to produce yielding for the given initial strain. If it 

is assumed that the relationship between strain and load is linear up to 

first yielding: 

^- P (3-7) P = 
y Ae 

bf 

In a similar manner, the change in cable tension, AT^ > sit yield may 

be calculated, and the result is the straight line plot shown in Figure 

3-6. 

The yield load for the restrained beam is found by first sub¬ 

stituting T = 0 into Equation 3-2. With the initial strain condition thus 

established, the yield load and increase in cable tension is found as 

with the prestressed beam. It is obvious then, that for a given cross- 

section, span length, and cable size, the yield load can be found for 

any prestressing force. 

Figure 3-6 shows excellent agreement of experimental results 

to theoretical prediction in the case of Beam A and B. Beam C 

appeared to be somewhat stiffer than A or B, for the cable tension 

increase is less for a given load than the predicted increase. 

(b) Applied Load vs. Strain 

Figure 3-7 shows the change in strain at the top of the slab and 

at the bottom of bottom flange of the steel beam as the load P is applied. 

These strains were measured by electrical strain gages as described 
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in Section 2. 3. Each point on the concrete strain curve represents the 

average of the readings of three gages placed as shown in Figure 2-3. 

Each point on the steel strain curve represents the average of the two 

gages on the bottom flange of the steel beam. The solid lines are the 

theoretical curve for the changes in strain and were computed, in the 

case of the steel strains, from Equation 3-5, and from a similar 

equation in the case of the concrete strains. 

Even with the slight scatter, the agreement for all three beams is 

quite good. The top three points on the steel strain curve show that the 

load at which the bottom fiber of the beam yielded is close to the yield 

load predicted by the theory for a restrained beam. 

The distribution of the strain changes, As, across the cross- 

section of the beams is shown in Figure 3-8. The solid lines represent 

the theoretical predictions for the experimental applied moment shown. 

The dotted lines are the experimental strains assuming that the strain 

changes in the slab and steel beam are linear between the measured 

points. The applied moments indicated in the figure were chosen close 

to the experimental yield moment for each beam in order to maximize 

the effects of incomplete interaction and non-linearity of the concrete 

stress. In Beam A and B, the concrete strains are shifted slightly 

with respect to the steel strains, but agreement with the theoretical 

predictions is still good. 
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(c) Applied Load vs. Curvature 

The change in curvature, A<|> , as the load P was applied is 
JLJ 

shown, in Figure 3-9. This section at which the curvature was measured 

was two inches right of the center of the beam. The experimental 

values were calculated from the equation 

A*L 
Aebf - Aebtf 

7. 675 

where 

(3-8) 

A e^£ = change in strain due to load P on bottom of 

top flange of the steel beam 

7.675 = steel beam depth - flange thickness 

The strains were measured by electric strain gages as described in 

Section 2. 3 and were averaged at each point for use in the equation. 

The solid line shows the predicted curvature change for the prer 

stressed and restrained case, with th$ theoretical yield loads noted. 

The dotted line represents the change in curvature predicted for a 

normal composite beam with no prestressing cable. The theoretical 

curvature changes are calculated by the equation: 

A*L 

Mn 

E I 
t t 

ATL
et 

El 
t t 

(3.9) 

for the prestressed and restrained case. In the case of the normal 

composite beam, the curvature change is simply 

moment diagram for M is given in Figure 3-5. 

MI 
The 

The experimental values agreed very well with the predicted line 

for the restrained or prestressed bearn, Beams C and A tending to be 
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slightly stiffer than predicted. All three beams, however, agreed with 

the prestressed theory better than with the conventional composite beam 

theory. 

(d) Applied Load vs. Deflection 

The change in deflection due to applied load is given in Figure 

3-10. The experimental deflections represented by the points were 

measured by means of a ruler fastened to the steel beam. The accu¬ 

racy of the measurement was ± 0. 25 millimeter. The theoretical 

deflections were corrected for shear distortion. Since the composite 

beam is a heavy section, comparatively high shear stresses are 

developed in the web of the steel beam. The procedure used for calcu¬ 

lating shear distortions is outlined in the University of Illinois Engi¬ 

neering Experiment Station Bulletin No. 396^^ It is based on the 

assumption that the shearing stress, v, in the slab and flanges of the 

I-beam is negligible compared to that in the web of the steel beam, 

and that therefore, all distortions due to shear take place in the web. 

If the angle of the shear distortion is 7% then 

d6s 
Z- = dx 

(3-10) 

where 6 is the deflection due to shear. Then, assuming that along 
s 

some axis of the beam, shear causes distortion without rotation, the 

deflection at any point along the length is: 

6 
= Xrdx = X 5T dx (3-11) 
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where: 

is the shearing modulus of the steel beam. 

If the shearing stress is assumed to be constant across the thickness 

of the web then: 

v = Vt (3-12) 

where q is the horizontal shear per unit length of the beam and t is 

the thickness of the web. An expression for q can be derived by statics 

for the steel beam for use in Equation 3-12. The shear deflections 

were roughly 6% of the total deflections for the elastic range. The 

solid line in Figure 3-10 shows the change in bending plus shear de¬ 

flections due to the applied load for the restrained and prestressed 

case. The bending deflections (Ay ) for any load were calculated by 

the conjugate beam method, (the curvature of any point along the length 

being given by Equation 3-9) and added to the shear deflection (6 ) for 
s 

the same load. The dotted line represents the theoretical deflections 

for the conventional composite beam with no cable. 

The deflections of Beam A seem to agree more closely with the 

theoretical predictions than do the deflection of Beam B and C, but the 

upper points of Beam C fall between the two theoretical lines. Beam B 

is the least stiff of the three beams, with most of the points lying along 

or below the dotted line of the conventional composite beam. 

(e) Applied Load vs. Slip 

The curves of applied load vs. slip between the slab and the 

rolled steel beam at the ends of the beams are shown in Figure 3-11 



32 

for Beams A and B and in Figure 3-12 for Beam C. The curves shown 

are experimental. The slip measurements were taken at the ends of 

the beam as described in Section 2. 3. At the end of the second load 

cycle, there was a small amount of residual slip in all three beams, 

so that the curves represent the change in slip for the failure cycle. 

The three beams show varying degrees of incomplete interaction. 

The slip occurred only at the left end of Beam A, and at both end$ of 

Beam B. The curves for Beams A and B are nearly identical. Slip 

occurred at both ends of Beam C, but the slip at the left end is almost 

four times the slip at the right end. Slip at the right end of Beam C 

agrees closely with that at both ends of Beam B and at the left end of 

Beam A. 

(f) Yield Loads and Responses 

The experimental and predicted yield loads for the three test 

beams are given in Table 3-1. The theoretical values are tabulated 

for a beam prestressed with an initial force of 8500 pounds and for 

a beam which is restrained by a cable but not prestressed. These 

values were calculated for a yield strain in the extreme bottom fiber 

of the steel beam of 0. 0014 inches per inch. Since the beams were so 

nearly identical, only one set of average values was calculated. The 

variation of concrete strength and prestressing force on the beams did 

not affect the theoretical calculations significantly. 

The experimental values could not be obtained exactly, fpr the 

point of beginning of yield was obscured. The strains measured near 



E
x

p
e
r
im

e
n

ta
l 

a
n

d
 T

h
e
o
r
e
ti

c
a
l 

R
e
sp

o
n

se
s 

o
f 

B
e
a
m

s 
a

t 
F

ir
s
t 

Y
ie

ld
 o

f 
S

te
e
l 

33 

X vO 
aJ o 
CO r—4 

m X 
O 
a< >* a 

d 0 a .H 4-> \ 
d 0 CO 

0 •H 
0j X 
?H o 

4-1 a 
CO •H 

o 
m 
vO 

o 
in 

o o O 
vO CO o 
m in in 

i 
o m 

1 
o 

vO 00 in 

0 
u 
d +-> 
K* Q_ 

d < 
o 

o 

Q 

•d 
aj 

vD 
i 
0 
i-H 

1 
CO 
0 
X 
o 
a 

CO 
a a) 

5 < rO 
aj 

O 

>> — 
CO 

• iH 
X 

A w 

J I 
rd 3 
0 0 

•Q. 
S 4-1 

<J d 

o 
00 

H4 

r\J 

rvi 

sO 
in 

o 

^—» in 00 CO 00 so 

X rvi 
rH 

o 
i-H 

r- 
r- 
H 

I 
rvj 
in 

O 
O 
rvi 

i 

i 
c\] 
o 

r- 

i 
na 

o 
o 

I 
vD 
d 

so 
00 

I 
oo 

ro 
rvj 
ni 

i 
o o in 
00 o 
*-H rH 

o o r- vO 00 
• « • 

' W CO CO co 
CO vO 

J .a 0s rv] 1 i 1 
>N U . • f—H in m 
< ^ CO co CO rvj CO 

CO CO co 

>> rv] m 
r-H o i—H 

aj 
u 

0 
u 
o 
0 
X 
H 

'd 
0 
CO 
CO 
0 
u 

4-1 

CO 
0 

a. 

*d 
0 

.s 
cd 
u 

4-1 

CO 
0 

cxJ 

0 
s 

• rH < PQ O 
u 
0 
Oi 

s 
d 

B s 
d 

X 0 a) 0 
W pq CP PQ 



34 

the yield point on the bottom of the steel beam were unstable, with one 

gage showing a marked increase, and the other very little increase at 

the yield load. For this reason, the experimental yield load and the 

responses are assumed to lie between the last point on the straight 

line elastic curve and the first point which deviates from a straight 

line. These limits are given in Table 3-1, and the theoretical values 

for the restrained beam lie between the experimental limits in all cases 

except for the concrete strain at the top of the slab. 

3. 3 Experimental Results and Analytical Predictions - Inelastic 

Range 

The experimental results in the inelastic range were limited by 

the instability of the steel after yielding. The strain gages attached 

to the bottom flange of the rolled steel beam gave inconsistent readings 

which could not be averaged. The results which could be obtained with 

reasonable consistency are given in the following curves. 

There is no published theory for the treatment in the inelastic 

range of beams prestressed in this manner. The difficulty lies in 

defining the effect of the cable load on the partially plastic beam when 

the cable is attached only to the ends of the beam. A method can be 

derived for predicting the responses in the partially plastic range, but 

a computer must be used in the application of the method, and the 

development of a program is somewhat beyond the scope of this thesis, 

which is largely experimental. It is believed, however, that such a 

program would be a useful and accurate tool for the investigation of 
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the effects of varying the prestressing load and other parameters on 

the inelastic behavior. 

(a) Applied Load vs. Change in Cable Tension 

Figure 3-13 shows the curve of applied load vs. cable tension 

for the full range of loading. The arrowed line was drawn between the 

experimental point at zero load after the eye-bolt failed and the reload 

point representing approximately the same load as the load at which 

the eye-bolt failed. The intermediate point shown was close to this 

reloading line, and the line is very nearly parallel to the original 

elastic line. The point at the bottom of the reloading line is the ex¬ 

perimental point obtained by reading the cable gages after the eye- 

bolt had failed and the load was removed. The experimental points in 

the inelastic range were obtained in the manner discussed in Section 

3.2(a). 

The behavior of the three beams was not in as close agreement 

in the inelastic as in the elastic range. The curves for Beams A and B 

converged to the same failure points, however, while Beam C failed 

at a slightly higher load with less ultimate cable tension increase. 

The solid line represents the elastic predictions, and the yield 

loads for the prestressed and restrained beams are shown. 

(b) Applied Load vs. Strain at Top of Concrete Slab 

The only strains which could be measured in the inelastic range 

were the strains at the top of the concrete slab. The curve of applied 

load vs. strain is shown in Figure 3-14. The experimental points 
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were found in the manner discussed in Section 3. 2b, 

The arrowed line is drawn between the three reloading points 

obtained by reloading Beam A after the test frame failure. These 

points do not lie in a straight line, indicating that the concrete was not 

behaving linearly upon reloading after it had been stressed to a high 

level and then relieved. The reloading appeared to have introduced 

some discontinuity in the concrete strains in the inelastic range, but 

this did not appear to affect the deflection or cable tension curves to 

any perceptible degree. 

The load required to produce a givep. concrete strain in Beam C 

was definitely higher than that required for the same strain in Beam A 

or B. The curve for Beam C lies much above that for Beam A or B 

in the inelastic range. These results are consistent with those in (a) 

above, which indicate that Beam C was stiffer than either Beam A 

or B. The ultimate strain in Beam C is also less than that for either 

Beam A or B. 

(c) Applied Load vs. Deflection 

The curve of applied load vs. change in deflection due to applied 

load is shown in Figure 3-15. The "reloading" line was drawn as 

explained above, and the experimental intermediate reloading point 

fell very near to the line. 

The experimental points of the three beams are not in as good 

agreement in the inelastic as in the elastic range, but the results are 

consistent with those obtained for increase in cable tension. Beam B, 
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showing the most deflection of the three for a given load, also shows 

the most increase in cable tension. 

The elastic predictions are indicated by the solid line and the 

theoretical yield loads for the prestressed and restrained cases are 

marked. 

(d) Applied Load vs. Slip 

The slip between the concrete slab and the rolled steel beam as 

load is increased is shown in Figure 3-16. The slip was measured at 

the ends of the beam as discussed in Section 3. 2(e). This curve is 

for Beam B only, Because of experimental difficulties (Section 2,4) 

the slip measurements for Beams A and C were not considered 

representative data. 

The slip at the right and left side are identical in the elastic 

range, and diverge at a point near the predicted yield load for the 

restrained beam. The curve for the left and right ends show the same 

general trend, however, the right end showing more slip than the left 

for a given load. The curves indicate that the slip between the slab and 

the beam in the inelastic range was more or less linear when compared 

to deflections or cable tension increase. There was no tendency for 

the curve to Mflatten, M that is, roughly the same increment of load was 

required to produce a given increment of slip in the inelastic range 

as in the elastic. 
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(e) Ultimate Load, Deflection, and Increase in Cable Tension 

The ultimate loads and corresponding increase in cable tension 

for each beam are presented in Table 3-2. The experimental values 

are the load at which the slab failed in compression. The beam was 

considered failed when, for the first time, a further increment of 

deflection jacked into the beam corresponded to a decrease in load. 

This occurred in all cases just after the appearance of visible cracks 

in the compression zone of the concrete slab. The photographs P3-1, 

P3-2 and P3-3 show the failure cracks in the concrete slab of Beams 

A, B, and C respectively. These failures occurred mainly at a point 

between the centerline of the beam and the right loading point. The 

yield stress of the steel was taken as 43, 000 psi which was the stress 

found from the tensile tests of coupons taken from the flange of the 

steel beam. The average compressive stress in the concrete at 

ultimate was assumed to be 0. 7f*. 
c 

The theoretical predictions of the ultimate load, deflection, and 

cable tension increase are given in Table 3-2 for both the prestressed 

and the restrained beam. The method used in determining these 

results is presented in Appendix A. The predictions were based on 

the observed value of ultimate strains in the concrete slabs for each 

beam, since the observed values did not agree with the average value 

of ultimate strain assumed in Section 3. 1(a). 
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The experimental ultimate loads are higher than the values pre¬ 

dicted for either the restrained or prestressed beam. Except for 

Beam C, the experimental cable tension increases lie between those 

predicted for the prestressed and restrained beams, but agree better 

with the values for the restrained beams. The ultimate changes in de¬ 

flection predicted by the theory for both the prestressed and restrained 

cases are, except for Beam B. lower than those observed. 

3,4 Interpretation of Results 

(a) Preliminary Remarks 

It is believed that all or most of the prestressing force in the 

cable was relieved before final testing began. All three beams ex? 

hibited yield loads nearer to the predicted yield load of the restrained 

beam than to that of the prestressed beam. This is also corroberated 

by the fact that the increase in cable tension and the deflection changes 

at ultimate load of the three beams were higher than those predicted 

for the prestressed case by the approximate method given in Appendix 

A. Becuase of the assumptions made in the method, the tension 

increase, predicted will always be higher than the actual tension in¬ 

crease, thus it is believed that the predictions based on the assumption 

of a restrained beam give a better indication of the amount of prestress 

originally in the beam. 

(b) Elastic Range 

The correlation of the experimental results with the theory 

predicted by assuming complete interaction is excellent in all cases 
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except deflection and slip. The assumption of linearity of the stress- 

strain curve for concrete up to first yield of the steel beam also 

appears to be valid, as shown by the concrete strain curves of Figure 

3-7. 

The slip curves indicate that there was a failure to break the 

bond in Beam A on the right end of the beam, so that any effect of in¬ 

complete interaction present would be greater in Beam B than in 

Beam A. The slip curve for Beam C showed the effects of the binding 

of the loading bolts on the sleeves at the left load point. (Section 2.4c) 

The secondary compression force at the top of the slab caused by the 

binding bolts (Figure 2-4) apparently was the cause of the increase in 

slip at the left end, The shear connectors must resist this force by 

bending. The effect of the compression force at the bottom of the slab 

would be diminished because the force is resisted by direct shear 

against the welds holding the shear connectors to the steel beam. 

Two effects could cause the slight deviations of the deflections 

from those predicted by the complete interaction theory. The direct 

component of the local stresses around the load points, though small, 

serve to increase the curvature slightly at those points. Also, the 

effect of incomplete interaction on the composite beam is somewhat 

localized under a concentrated load point.These two effects 

combined would alter the distribution of curvatures along the length asr in 

the dotted lines in Figure 3-17. The effects would be greatest near the 

load points as shown. Since the deflections are a function of the area 
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under this diagram, the increase in deflections can be accounted for. 

This diagram also explains why the strains at the centerline were not 

affected so much as the deflections, for both the incomplete interaction 

effects, and the concentrated stress effects are diminished at points 

away from the load point. Because of the fact that most of the de¬ 

flection readings were within 5% of the predicted line, and that no other 

responses in the elastic range differed significantly from the predicted 

values, the analysis of the beams for incomplete interaction was not 

believed to be significant to this report. 

(c) Inelastic Range 

The same factors which caused the slight discrepancies in the 

elastic range were of greater significance as the load was increased. 

The effect of the binding loading bolts in Beam C is increased by first, 

the increasing load, and second by the fact that as the curvature of the 

beam increases, the binding situation is made worse because of the 

deflection of the sleeve. This effect can be seen most graphically 

from the Applied Load vs. Strain in the concrete slab.( Figure 3-14). 

The effect of the upper force shown in Figure 2-4 is to place the top 

of the slab to the right of the load point in tension, offsetting the 

effects of the compressive bending stresses, and resulting in the lower 

compressive strain readings. The negative couple caused by the binding 

forces would also account for the fact that Beam C appeared to be 

slightly stiffer than Beam B or A. 
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The agreement between Beams B and A in the inelastic range is 

quite good. Beam A was seen to be slightly stiffer than Beam B, and 

this is believed to be due to the different degrees of incomplete inter¬ 

action. Although no slip data for Beam A was taken in the inelastic 

range, it was evident that the bond between the slab and the steel beam 

was not broken on the right end in the elastic range, and this condition 

may have remained in the inelastic range. 

(d) Behavior at Ultimate Load 

The experimental ultimate loads for all three beams were in 

good agreement. The local couple acting on the slab at the load point 

of Beam C would explain its slightly higher ultimate load and lower 

ultimate cable tension increase. In all cases, the ultimate strain in 

the top of the concrete slab was less than the assumed average value 

of 0. 0038 inches per inch (see Table 3-2), and the values also differed 

in each beam. It is believed that the ultimate strain in Beam B repre¬ 

sents the most probable value for the concrete used. In all cases, the 

failures occurred nearer to a load point than to the center of the beam, 

and this was undoubtedly caused by the effect of local stresses due to 

the high concentrated load. This might account for the reduced 

ultimate strain readings in Beam A and B. The force caused by the 

binding of the loading bolt undoubtedly caused the drastic difference 

between the failure strain in Beam C and that in Beams A and B. For 

this reason, the ultimate load and ultimate increase in cable tension 
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calculated for Beam C on the basis of this strain may be somewhat 

questionable, but it appeared to be the best value available. 

The increase in cable tension calculated for the prestressed 

beam at ultimate load is lower than that calculated for the restrained 

beam becuase the cable theoretically becomes inelastic if it is con¬ 

sidered to be prestressed to 8.5 kips initially. 

The theoretical ultimate load of the beam is lowered slightly by 

prestressing the cable. Since all of the steel beam yields in tension 

at ultimate load (see Appendix A), the stresses in the steel beam at 

ultimate are not functions of the strains (as long as the ultimate tensile 

strains in the steel beam are above the yield strain). Therefore, the 

magnitudes of the initial compressive strain in the steel beam caused 

by a prestressing force do not affect the ultimate tension force in the 

steel beam, and hence do not affect the ultimate moment. The increase 

in tension force due to the ultimate applied load, however, does in¬ 

crease the ultimate load, for it causes a moment which is opposite in 

sense to that caused by the applied load (see Appendix A), and which 

must be overcome in addition to the resisting moment of the composite 

beam in order for the beam to fail. The increase in cable force for 

the prestressed beam is less than that for the restrained beam, 

because the prestressed cable becomes inelastic at ultimate load due 

to the initial strains in the cable caused by the prestressing force; and 

this causes the reduction in ultimate load for the prestressed beams. 
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The axial force on the composite beam caused by the increase in 

cable force represents a small percentage of the compression force in 

the concrete slab at ultimate load so that the increase in failure 

moment due to axial load was not significant in this case. The ultimate 

loads were higher than those predicted by the restrained beam theory 

becuase of two effects. First, it is believed that differential cold 

working during the rolling of the beam resulted in a slightly higher 

yield point for the web steel than the flange steel. (Section 2. lc). 

Secondly, the computed strain at failure in the bottom flange of the 

steel beam was on the order of 0.012 inches per inch for all three 

beams, so there may have been strain-hardening of the steel in the 

flange. In view of these effects, it is believed that the experimental 

values for increase in cable tension best describes the condition of the 

beam at ultimate load, and these values indicate that the three beams 

tested were restrained beams, as discussed in (a) above. 
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CHAPTER 4 

CONCLUSIONS 

4. 1 Summary of Experimental and Analytical Results 

(a) Elastic Range 

It was found that the changes in strain, curvature and deflection 

due to applied load were elastic until the bottom flange of the steel 

beams yielded in tension. The increase in cable tension was also 

elastic, and all of the quantities could be predicted with good accuracy 

by use of an elastic theory assuming complete interaction betweep the 

slab and the beam. The experimental deflection changes were found 

to be slightly larger than those predicted, and this was attributed to 

the local effects of concentrated stress and incomplete interaction at 

the loading points. 

The yield loads of the beams could not be predicted accurately 

because the initial prestressing force could not be determined due to 

slipping at the cable anchors. An examination of the limits, however, 

for beams prestressed with the initial prestressing force, and for no 

prestress indicated that the experimental values for the yield moments 

agreed more closely with those predicted for no prestress, that is, for 

restrained beams. 

All three beams tested exhibited closely the same behavior in 

the elastic range, except that the yield load for Beam C was higher 

than that of either Beam A or B. This was believed to be due to some 

binding in the loading apparatus. 
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Some degree of incomplete interaction was present as shown by 

the load-slip curves, and it was variable with each beam tested, Its 

effect, however, did not appear to be noticeable except in the case of 

the deflection changes, and these were affected only slightly. 

(b) Inelastic Range 

The experimental behavior of the three beams followed the same 

trend in the inelastic range, after the rolled steel beams had begun to 

yield, although they did not agree with each other so well as in the 

elastic range. The increase in cable tension from the point of first 

yielding of the beam to ultimate load was about four times that from 

zero applied load to yield, and the ultimate load was about twice the 

load of first yield. Thus, since design loads of prestressed composite 

beams are usually well within the elastic range, a large reserve of 

strength is present provided that the cable remains intact until the 

beam fails. 

During the testing of Beam A, an eye-bolt of the testing frame 

failed after the steel beam had been yielded. The "permanent set" 

effect was recorded, and upon reloading, the beam behavior appeared 

to be elastic up to the load at which the eye-bolt had failed. An 

incred.se in load above this point caused the responses to resume what 

appeared to be their original curves. 

The experimental values for the ultimate loads of the three beams 

were in good agreement, but were higher than those predicted by the 

theory presented in Appendix A. This was probably due mainly to the 
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fact that the yield stress of the rolled steel beam was not uniform 

throughout its cross-section as was assumed in the calculations. The 

experimental values for the increase in cable tension agreed more 

closely with values calculated for restrained beams than with values 

calculated for prestressed beams, and, in the case of Beams A and B, 

were smaller than those predicted for the restrained beams. The 

theoretical predictions of the increase in cable tension calculated by 

the method outlined in Appendix A should be higher than actual values, 

so that the data on increases in cable tension would appear to indicate 

that the beams were restrained. This confirms the implication of the 

data taken at first yielding of the steel beam. 

4.2 C one lus ions 

From the results of the tests and analytical work presented, the 

following conclusions about the behavior of the particular beams tested 

may be drawn: 

1. The "transformed section" theory, which assumes that the 

concrete is elastic and that complete interaction exists between 

the slab and the steel beam, adequately predicts the behavior of 

the test beams in the elastic range of stresses in the steel beam 

and cable. 

2. The fact that the beam behavior is elastic in some range of 

stresses leads to this conclusion: the change in stresses, deflec¬ 

tions, cable tension, and other properties due to an applied load 

may be super-imposed upon the initial stresses, deflections, etc. 
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to arrive at the final condition of the prestressed beam under a 

given applied load, within a certain range. 

3. The assumption of complete interaction between the slab and 

the beam appears to be justified in the case of the beams tested. 

The slip that did occur between the slab and the steel beam had a 

negligible effect on any measured response of the beam ip the 

elastic range except for the deflection, which was affected only 

slightly. The shear connections were designed in accordance with 

the current AISC specifications and for these particular beams 

fulfilled their purpose satisfactorily. 

4. A large reserve of strength was available after the initial 

yielding of the steel beams. This is believed to be a general 

property of prestressed composite beams, as it is for conven¬ 

tional composite beams. 

5. The results of the eye-bolt failure during the testing of Beam 

A indicate that if the beams were loaded into the inelastic range 

and the load then removed, the behavior of the beams upon re¬ 

loading would be elastic up to the load corresponding to the point 

in the inelastic range where the load was removed. 

6. The results of the tests indicate that the method presented in 

Appendix A seems to make possible the prediction of the behavior 

of a prestressed composite beam at ultimate load. The required 

assumptions are listed in Appendix A, and the method is believed 

to give larger than actual values for the increase in cable tension. 
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4. 3 Suggestions for Further Investigation 

The results of these tests indicate that further investigation of 

prestressed composite beams is highly desirable in order to make 

possible the most efficient use of this structural member. 

1. The effect of repeated application and releasing of load 

(including impact type loading) upon the behavior of the beam in 

the elastic range should be determined. The results of such a 

study would enable the designers of bridges, for example, to use 

the beams with more confidence. 

2. More experimental work is necessary to test the accuracy of 

the predictions of ultimate load, etc. (calculated by the method 

given in Appendix A)for a variety of configurations of the beams. 

3. A thorough investigation of prestressing tendons and anchoring 

systems which could be used in the construction of the beams 

should be carried out and recommendations made as to the most 

efficient and safest method of prestressing. 

4. There is a real need for an analytical and experimental 

parametric study of prestressed composite beaqas. The study 

should determine the effects on load carrying ability and stiffness 

of the varying of such parameters as: the ratio of effective area 

of concrete slab to the area-of the r.olled steel.beam; the eccen¬ 

tricity and size of the cable; and the amount of the initial prestress. 

This study could be carried out in such a manner so as to indicate 

the most efficient structure for a given span, support conditions, 
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and dead to live Load ratio. 

5. The method outlined in Appendix A could be extended to 

predict the behavior of the prestressed composite beam through¬ 

out the inelastic range. This would lead to a more accurate 

prediction of the behavior of the beam at ultimate load, which . 

could be checked against the results of the more approximate 

method presented. Experimental work could be carried out to 

verify the theory, 

4.4 Concluding Remarks 

The tests reported in this thesis indicate that the behavior of the 

prestressed composite beam can be easily predicted by means of 

methods now in existence as long as the steel stresses remain elastic* 

Since most composite structures are designed to function in the elastic 

range, this is a significant point, but since most structures built today 

are designed to be as light in weight as possible, the effects of large 

overloads are likely to require the structure to function in the inelastic 

range. The simple method for calculating the ultimate load and the 

corresponding increase in cable tension presented in Appendix A, 

although needing further evaluation, at least provides a basis for 

estimating these quantities, and hence a basis for estimating a true 

load factor for this type of member. 



52 

REFERENCES 

1. "Review of Research on Composite Steel-Concrete Beams" - 
I. M. Viest; Journal of the ASCE Structural Division, Vol. 86 
No. ST 6 June I960. 

2. "Stahlbrucken im Verbund mit Stahlbeton Druckplatten bei 
Gleichzeitiger Vorspannung durch Hochwertige Seite" - F. 
Dischinger; Per Bauingernieur, Vol. 11, 1949. 

3. U.S. Patent 2,510,958 - "Composite Floor of Metal and Concrete, " 
L. Coff, 195 0. 

4. U.S. Patent 3, 010, 257 - "Prestressed Girder, " J.D. Naillon, 1961. 

5. "Design of Prestressed Composite Steel Structures" - R.Szilard; 
Journal of the ASCE Structural Division, Vol 85 No. ST9 
November 1959. 

6. "Behavior of Prestressed Composite Steel Beams" - P.G. Hoadley; 
Journal of the ASCE Structural Division, Vol. 89, June 1963. 

7. "Prestressed Steel Bridges: - P.F. Barnard; Proceedings, 
National Engineering Conference, AISC, 1961 

8. "Prestressing Steel Stringers Reduces Bridge Weight by 25%. " 
Engineering News Record, McGraw-Hill Publishing Co. , New 
York, N. Y. , October 19, 1961. 

9. "Theory of Composite Beams with Incomplete Interaction, " 
N. M. Newmark; Proceedings of the Society of Experimental 
Stress Analysis, Vol. 9, No. 1, 1951. 

10. "Symposium on Bridge Floors" - N. M. Newmark, C.P. Siess and 
F.E. Richart; Transactions of the American Society of Civil 
Engineers, Vol. 114, 1949. 

11. "Studies of Slab and Beam Highway Bridges: Part III" - C. P. Siess, 
I.M. Viest, N. M. Newmark; University of Illinois Engineering 
Experiment Station Bulletin Series No. 396, Urbana, Illinois; 
February 1952. 

12. "Full Scale Tests on Channel Shear Connectors and Composite 
T-Beams"-1. M, Viest, C.P. Siess, H.H. Appleton, N. M, 
Newmark; University of Illinois Experiment Station Bulletin 
Series 405, Urbana, Illinois; December 1952 



53 

13. "Prestressed Steel Girders Carry Prestressed Concrete Floor; 
Engineering New-Record; McGraw-Hill Publishing Co,, New 
York, N. Y., Vol. 172, No. 13, March 26, 1964. 

14. Specification for the Design, Fabrication, and Erection of 
Structural Steel for Buildings; American institute of Steel 
Construction, April 17, 1963. 

15. "A Study of Combined Bending and Axial Load in Reinforced 
Concrete Members; - E. Hognestad; University of Illinois 
Engineering Experiment Station - Bulletin Series No. 399, 
Urbana, Illinois; November 1951. 

16. Design of Multistory Reinforced Concrete Buildings for Earth¬ 
quake Motions - John A. Blume, Nathan M. Newmark, Leo H. 
Corning - Special Publication of the Portland Cement 
Association, 33 West Grand Avenue, Chicago 10, Illinois, 1961 

17. "Simply Supported Steel I-Beams Prestressed with Horizontal 
Restrained Tendons?1- P.A. Abbott, Master of Science Thesis, 
Rice University, June 1963. 

18. "Concrete Stress Distribution in Ultimate Strength Design" - 
E. Hognestad, N. W. Hanson, and D. McHenry - Journal of 
the ACI; Vol. 27, No. 4-December 1955 



54 

o 
x 
o 
o 
C 
C 

V. 
o 

5 

§ 
§ 

\ 
i 

Uj 

Jy 
§ 3 

£ 
<o 
uj 

? 

o 
t) 

<0 



S
 
c
o

n
n

o
.c

fo
rs
 

@
 !

/"
 

/o
r 

55 

^ V vj 
O \ 

^ x 

r 

o'^ 
~c x 

r U C \$ 

5 
<=Q 

£ I 

Uj 5; 
<-n <: 
V/l \J 

Uj Vb 

£ ^ 
P 
kj 

5 

c: 
o 
'v* 
'K 
<J 

V) 



7
2
" 

( 
R

e
in

fo
rc

in
g
 

3
 y

w
im

 <2
 i
n

 c
a
l 

a
b

o
u

 t
 



57 

S
e
c
ti

o
n
 
A

-
A

 Z
A

/
£

F
/
?

U
M

E
N

T
A

T
I
O

N
 



io
ca

! 
cc

u
p
!^

 

' 58 



• 
S

N
<

2.S
S 

59 

\ 

fc = 4530 PS) 

£ * 0.8S& 3850 Ps/ 

feu ~ 0-8S/c s 3272 ps! 

Jet* = ^sn psi 

/cby= 393 PS/ 

Ecu. ° 0.00330 in jin 

Eco - 0.002/6 )n/m 

Ecty - 0.000656 )f)/m 

Peby - O. OOO/OZ 

CONCRETE STRESS- STRAIN DIAGRAM 

FIGURE 3-1 



T
e

n
s

//
z
 

fo
rt

e
. 

(f
tp

s
) 

60 

XDEAUZED LOAD -STRAIN CURVE FOR CABLE 

Ft CURE 3-2 



! 61 

Strain 

fa 43, OOO ps/ €<j ~ 0.00/40 in/in 

IDEAL/ZED STRESS-STRAIN D/AGRA (A TOR ROLLED 
STEEL BEAM 

FIGURE 3-3 



! 62 

CROSS-seenON PROPERTIES 

4.0' 

0./68". 

7.875" 

Ab = 2.84 in3- 

lb « 30.8 In* 

Sb • 7.82 in3 

<Zb - ,4.82 in 

O.ZO', 

EZZZZ ZZZZ2. 

T0.875" 

Sta<zi B<zc?nj ~ 83/0 

(a) 

Composite Section Transformed 
Section 

Com pos ita. Biana 

Cb) 

Af 
3 11.84 in2 

Tf » U9.0 in* 

<Zf. - 9.32 in 

FIGURE 3-4 



( 

APPLIED LOAD, SHEAR, AND MOMENT DIAGRAMS 

FIGURE 3 ~S 



A
p

p
li

e
d
 

lo
a

d
 

(n
ip

s
) 

i 64 

APPLIED LOAD VS CHANGE IN CABLE TENSION - ELASTIC RANGE 

a &e.om A 
O B<zarn Q 

+ Baarn C 
  Pha-ory 

FIGURE 3-G 



APPLIED LOAD VS. STRAIN - ELASTIC RANGE 
(Tansila. Strains ar<L Posittva.) 

o Ba.a rn A 

o &<zorn B 

+ B(Z.am C 
  Th&ory - Pr<z.strass<zd and Rasfrainad Baarr) 

F/GURE 3-7 



C
H

A
N

G
E
 
IN

 S
T

R
A

IN
 

D
U

E
 T

O
 

A
P

P
L

IE
D

 

66 

k 

§ 

i 

'Q 

k 
£ 

•S' 
k 

V) 

V) 

<V) 

'k 

•§ 
k 
0) 
•k 
o 

k 

£ 

k 
.05 
T; 

v> 

I 

\a ^ 
» 5J 

k 

~K 
* N 
V 
0» 
<s) 
.k 

k 

*? 

O 

<8 ^ 
$ $ 

£ | 
g S 

<t 03 

'§ 

.2 5 
4* 
<0 

V) 
\ 
S 
\ 
0 
Q. 

VJ ‘V. 
*k. 
*) 
k 
O 
<fc> 
£ 

£ 
k 'b 
<5» Cbl 

5 * 

« «* 

k Uj -k 

CO 
I 

<n 

k 
Q: 

k) 

k 



APPLIED AAOMEA/T YS< CURVATURE * BLAST/C RANGE 

o 

o 

+ 

B&am A 

B<zorn B 
Bac/m C 
Theory - Brestreseed and R<zstr0/n<Ld Boom 
Theory - Com post t<z. B cam uj/th no COSJCL 

F/&URE 3-7 



A
p

p
/i
a

d
 

L
o

a
d
 

C
K

ip
s)

 

68 

APPLIED LOAD VS DEFLECTION -ELASTIC RANGE 

° Baann A 
O B<Zorr? E> 

4- B(Lam C 

— Thaory - Prdsfrassdcf ond rzsfroinac/ baani 

 Theory - Compos/fz. b<zom cuifh no cab/a. 

FI&URE 3-/0 



A
P

P
LI

E
D
 

LO
A

D
 

/-5
. 

S
U

P
 

-E
LA

S
T

IC
 

R
A

N
G

E
 

69 

I 

Q> \ 
K 
.5 
c. 

s 

<0 

tc 

o 
M 

M' 

o 

1 
o 

>< 

c 
*N 

A 

”} 

F
IG

U
R

E
 
3
-1

1
 



70 

APPLIED LOAD vs. • SLIP - ELASTIC RANGE 

B£AM C 

FIGURE 3-/Z \ 



A
P

P
L

/E
D
 

L
O

A
D
 

V
S
 

C
H

A
N

G
E
 

/N
 

C
A

B
L

E
 

T
E

A
/5

 L
O

N
 

-T
O

L
L
 

/R
A

N
G

E
 

• 71 

0
.
0

 
L
Z

S
 
2
.
5
0
 
3
.
1
5
 
S

.
0

0
 
5
2
5
 
7
.
5
0
 
8
.
7
5
 

/O
.O

O
 

A
T

L 
- 

C
h

a
n

 g
o.
 
in
 

C
a

b
in
 
T

d
n
s
io

n
 

(K
ip

s
) 

F
IG

U
R

E
 
5
-/

3
 



A
P

P
L

IE
D
 

L
O

A
D
 

vs
 

S
T

R
A

//
V
 

- 
T

O
P
 

O
F
 

S
L

A
B

 

t 72 

\ 

I 

Ul 

vb 
— 



A
P

P
L
IE

D
 

L
O

A
D
 

V
S
 

D
E

F
L
E

C
T

IO
N
 

-
 
F

U
LL

 R
A

N
G

-E
 

73 

o 
o’ 

0
.
5
0
0
 
/
.
O

O
O

 
I
.
S

O
O

 
2
.0

0
0

 

£
s+

 
- 

D
<

z
f/
a
c
ti
o
n
 

(i
n
c
h
e
s
) 



A
p
p
/f
a
-d
 
L
o
a
d
 (

x
/p

s
) 

APPLIED LOAD W. SUP -PULL RANGE 

BEAM 3 

F/&URE 3-!G 



75 

CURVATURE DISTRIBUTION ALONG- LENGTH OF 
PRESTRESSED COMPOSITE BEAM 

FIGURE 3-17 
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APPENDIX A 

ULTIMATE LOAD OF A PRESTRESSED COMPOSITE BEAM 

A. 1 Introductory Remarks 

There is, at present, no published method for estimating the 

increase in cable tension of a prestressed composite beam when loaded 

to failure; therefore, no prediction of the ultimate load capacity of such 

a beam can be obtained directly. A method of bounding the value of the 

ultimate load is presented by P. G. Hoadley,^ In Hoadley's method, a 

lower bound to the ultimate load is calculated by considering the tension 

force in the prestressing tendon to remain constant at the value corre¬ 

sponding to first yielding of the steel beam. An upper bound is calcu¬ 

lated by assuming that the prestressing tendon is stressed to its 

ultimate capacity just as the composite beam fails. This method 

assumes that the tendon will not fail prior to the beam. Tests reported 

in this thesis have shown that there are large increases in the tension 

force induced by the application of the ultimate load to the prestressed 

composite beam, so that there can be no guarantee that the prestressing 

tendon will not fracture before the beam has reached its ultimate 

capacity. In addition, local stresses in the tendon occurring at the 

anchorage may lower the ultimate capacity of the tendon below that 

obtained from manufacturer’s tests. 

A simple, approximate method for estimating the ultimate 

load of the prestressed composite beam is presented below. It does 

not give an exact solution, but as has been shown in Table 3-2, the 
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values for ultimate load and the increase in tension force in the pre¬ 

stressing tendon due to the application of the ultimate load appear to 

be good approximations to actual experimental results. 

A. 2 Assumptions 

The proposed method is based on the following assumptions: 

(a) Initial Conditions 

(1) The dead and live load diagrams, their sequence of applif? 

cation, and the resulting moment diagrams are either known or 

may be assumed. 

(2) The initial prestressing force and method of construction of 

the prestressed composite beam are known or can be assumed. 

(3) The initial distribution of strains and stresses in the com¬ 

pleted prestressed composite beam are known or can be 

assumed. 

In order to simplify the presentation of the method, the pre¬ 

stressed composite beam will be considered to have been constructed 

and loaded as outlined in Chapter 2. The initial strain diagram on the 

cross-section resulting from this construction procedure and loading 

is shown in Figure A-2(a). The ultimate load is the load applied to 

the completed prestressed composite beam which causes failure of the 

beam. The method of applying the load and the shape of the moment 

diagram due to this loading are shown in Figure A-3(a) and (b). 

For this presentation, the applied load increases from zero, 

as if it were "live" load. Methods for describing the initial conditions 
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for other combinations of "dead" and 'Hive11 load are given in refer¬ 

ence 5. 

(b) Ultimate Conditions 

(1) The changes in strain due to the application of the ultimate 

load, P , are linear through the cross-section of the composite beam. 

This, in effect, assumes that there is no slip between the slab and the 

steel beam. 

(Z) The useful limit of unconfined concrete strain, e , at the 
cu 

compression face is either known or may be assumed. According to 

(15) 
studies made by Hognestad, this value is usually about 0.0038 

inches per inch. 

(3) Average properties of the concrete stress block at ultimate 

are either known or may be assumed. Based on studies conducted by 

/1 g\ 
Hognestad, Hanson, and McHenry ' and interpretations made by 

Blume, Newmark and Corning,the following values were adopted 

for use here: 

k k =s 0.7 (for f* <1 5000 psi) 
13 c 

k2 = 0.4 

(4) Concrete does not carry tensile stress. 

(5) The stress-strain diagrams for the steel beam and the steel 

cable are known or may be assumed. (Section 3. 1) 
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(c) Idealized Applied Moment vs. Change in Curvature Diagram 

An idealization of the applied moment vs. change in curvature 

curve is shown in Figure A-l. Consistent with the assumptions of 

loading discussed in Section A. 2(b), the applied moment, M , increases 
Li 

from zero. Also, since the curvature change due to the applied load 

is plotted, the curvature change, A$, , is plotted from. zero. The 

idealized curve increases linearly from zero to the point corresponding 

to the yielding of the rolled steel beam at its bottom-most fiber. 

(M^, an£* a'-so linearly from this point to the ultimate values. 

The nature of this approximation is shown by the dotted line which 

represents the path of the actual curve. The value of M„ and of A§, 
Ly Ly 

may be computed by the transformed section method given in 

Dr. Hoadleyrs paper^^; the values of M_ and A$, are, of course, 
Lu Lu 

to be found. 

(d) Effect of Cable Tension on Composite Beam 

(1) The tension force in the cable increases from its initial 

value as the applied load is placed on the beam. The moment on the 

composite beam caused by this tension force increase due to the 

ultimate load, is opposite in sense to the moment due to the ultimate 

load directly, and it is assumed to vary linearly along the length of the 

beam from a value of AT eA at ends of the beam to a value of AT e 
u t u u 

at the cross-section of the beam carrying the ultimate moment. (Figure 

A-3(c)). "e " is the distance from the center of the cable to the elastic 

centroid of the composite beam found by the transformed section method. 



83 

"e " is the distance from the center of the cable to the line of action 
a 

of the compression force in the concrete at ultimate. 

' (2) The axial shortening of the composite beam due to the axial 

load caused by is elastic. In practically designed prestressed 

composite beams, this axial shortening is .anaall compared to the 

lengthening of the cable and the shortening due to bending due to AT^, 

so the error introduced by this assumption is small. In any case, the 

error is smaller than that incurred by the idealization of the M - hi 
L XJ 

curve in Section A. 2(c). 

A, 3 Outline of Method 

The method proposed is a method of successive approximations, 

for in order to begin, a value for the increase in cable tension, AT^, 

due to the application of the ultimate load, P^, must be assumed. 

Successive trials are made until the assumed and calculated values 

agree within acceptible limits. 

(a) Assume a Value of ATU And an Ultimate Stress Block For The 

Rolled Steel Beam 

First, a value for AT is assumed. Then, some ultimate stress 
u 

distribution in the rolled steel beam at the section of maximum moment 

must be assumed. It is usually convenient, and in a large number of 

practical cases, sufficient, to assume first that the entire steel beam 

has yielded in tension. If this is done, the tension force on the cross- 

section is given by: 

lbu = Vy (A-l) 
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and its location is at the centroid of the steeL beam. 

(b) Find the Ultimate Stresses and Forces in the Concrete 

The average properties of the ultimate stress block in the 

concrete (at the section of maximum moment) are assumed (Section 

A.2(b)-(3) ). The compression force in the concrete at this section may 

then be found by: 

c = t, + A T 
u bu u (A-2) 

The distance from the top of the slab to the neutral axis is given by: 

u 
kudc (k k f1 )b 

l J c 

The location of the line of action of the compression force in the 

(A-3) 

concrete is k.k d from the top of the slab. The stresses and forces 
2 u c 

on the cross-section at ultimate load are shown in Figure A-2(d). 

(c) Find The Strains On The Cross-Section At Ultimate Load 

The changes in strain (corresponding to the stress diagram found 

abqve) due to the ultimate load may now be found. First, the change 

in strain at the top of the slab is found by subtracting the initial strain 

in the concrete from the value which it must be at ultimate load, thus: 

Ae = e - e . cu cu ex 

or by assumption A. 2(b) - (2): 

(A-4) 

Ae = 0.0038 - e . (A-5) 
CU Cl 

For the beam loaded as assumed in Section A. 2(a), e . is zero. 
ci 

Since the position of the neutral axis is known from Equation A-3, the 
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changes in strain due to the application of the ultimate load may be 

found by geometry and assumption A. 2(b)- (1). These changes are shown 

in Figure A-2(b). 

The final strains on the cross-section at ultimate load are found 

by adding the changes in strain to the initial strains shown in Figure 

A-2(a). These final strains are shown in Figure A-2(c). The as¬ 

sumption that all of the rolled steel beam has yielded may now be 

checked. The final strain in the top-most fiber of the steel beam, e , 
vX 

mast be greater than the yieLd strain of the steel, for the assump¬ 

tion to be correct. If this is not the case, some other strain and corre¬ 

sponding stress distribution must be assumed, and steps (a), (b) and 

(c) repeated until the assumed strain pattern agrees with that found in 

(C). 

(d) Find the Ultimate Applied Moment 

The applied moment necessary to fail the beam, M,^> is found 

by 

M_ = M + e 
Lu cu u u 

(A-6) 

where M is the ultimate resisting moment of the cross-section and 
cu 

AT e is the internal moment caused by the increase in cable tension 
u u 

due to the application of M^^* This internal moment acts in a sense 

opposite to M i , as explained in A. 2(d) - (1), and so must be overcome 
Lu 

in addition to M in order for the beam to fail. The resisting moment, 
cu ° 

M , is found by taking moments about the line of action of the 
cu 
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compressive force on the cross-section. 

M = t. [(d - k,k d) + (A-7) 
cu bu L c 2 u 2 J 

(e) Find the Location of the Yield Moment 

In order to find the location of the beam cross-section at which 

the rolled steel beam is just beginning to yield, the moment diagram for 

and for the internal moment caused by the cable tension must be 

known. If these are as defined in Section A. 2, they may be drawn as 

shown in Figure A-3(b) and (c). These diagrams may bp combined to 

give the distribution of moments along the length of the composite 

beam, as shown in Figure A-3(d). This is the diagram of the moments 

which must be resisted by the composite beam, (M ). The value of the 
c 

yield moment which is acting on the composite beam is given by: 

M = M_ - AT e^ 
cy Ly y t 

(A-8) 

where AT is the increase in cable tension from its initial value 
y 

(before application of load to the prestressed composite beam) to the 

value at first yield. The position of this moment can be found from 

Figure A-3(d) and geometry. 

(f) Find Change in Curvature Due to Ultimate Applied Load and 

Complete MT - A$j Curve 

The change in curvature, *s found simply by 

A$ _ A ecu 
Lu k d 

u c 
(A-9) 

This is the change in curvature due to the application of t*he ultimate 
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moment and may be plotted with M as shown in Figure A-l. 

(g) Find Change in Cable Length 

With the position of the yield moment known, the curvature 

change along the length of the beam may be plotted as shown in 

Figure A-3(e), using the applied moment vs. curvature change dia¬ 

gram shown in Figure A-l. The change in cable length may now be 

determined. This deflection is the difference between the lengthening 

due to bending of the composite beam and the axial shortening due to 

AT^ and is given by: 

5* = 

e
t X 4<Ldx ■-vir (A'10) 

The elastic term for axial shortening is based on assumption 

A. 2(d) - (2). 

(h) Find Change in Cable Tension and Check Initial Assumption 

The change in strain in the cable is given by: 

Ae 
su 

(A-11) 
s 

The total load in the cable at ultimate load, T , may now be 
u 

found by adding this strain to the strain in the cable at zero applied 

load, and entering the idealized load-strain curve (Figure 3-2) for 

the cable. The change in cable tepsion due to ultimate load is then 

AT * = T - T. 
u u 1 

(A-12) 

where T^ is the cable tension due to prestressing plus the increase 
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due to dead load. If this value, AT * agrees with the assumed value, 
u 

AT , the solutionis correct, and MT is the ultimate applied moment, 
u Lu 

The ultimate load may be found from the ultimate moment diagram. 

The total cable load is known from above. 

(1) Find the Change in Deflection 

The change in deflection, Ay^, is readily found from the curva¬ 

ture diagram in Figure A-3(e) and the principles of mechanics. The 

total deflection may be found by adding Ayu to the initial value of 

deflection. 

A. 4 Discussion of Method 

(a) Convergence 

Convergence to the correct value of AT^ is quite rapid, not 

over three trials usually being necessary. This is primarily due to 

the fact that small changes in the assumption of AT^ do not affect the 

value of c markedly. This may be seen by noting that AT^ is not a 

large percentage of c (Section A. 3a). 

(b) Accuracy 

The accuracy of the approximations given by this method is 

difficult to determine because no exact method has been devised for 

the solution of prestressed composite beams in the inelastic range. 

From examining the assumptions made, however, it seems reasonable 

to expect that the value computed for the increase in cable tension, 

AT , due to the application of the ultimate load would be larger than 

the exact value, and hence conservative for design purposes. This is 
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because the idealized M - A$ diagram gives lower than actual 
XJ JLI 

moments for a given curvature, as shown in Figure A-l. This Leads 

to a Larger than actual value of 6 ' since the first term on the right 
x 

hand side of Equation A-10 is increased. 

As shown in Chapter 3, the values computed by this method seem 

to be in good agreement with the experimental results. 

A. 5 Numerical Example Illustrating Method 

The following numerical example is presented for clarification 

of the methodT The beam used will be Beam A of the test beams, so 

the initial conditions are: 

1. T^ = 8.6 kips (Initial prestress force of 8,5 kips + 0.1 kip 

due to the dead weight of the beam) 

2. The strain in the concrete slab is zero at zero applied load 

(see Figure A-2(a). 

3. Initial strains in the steel beam are: 

e = -6x10 ^ inches per inch 
tfi 

e , =-198 x 10 ^ inches per inch bfi 

and are calculated as described in Chapter 3. Compressive strains are 

negative. 

In addition, the beam is constructed as outlined in Chapter 2, 

and loaded as described in Section A-2(a); The following properties 

will be used in this example: 
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f 
t 

= 4.35 ksi 
c 

f = 43.00 ksi 
y 

e as 1400 x 10 ^ inches per inch 

E 
b 

M_ = 713 kip-inches 
Ly 

A§, = 189 x 10 ^ inches Ly 

AT a: 2.23 kips 
y 

AT , M_ and A$T were found as discussed in Chapter 3. The 
y Ly Ly r 

stress-strain diagrams for the rolled steel beam and the steel cable 

are as given in Chapter 3, Section 3. 1. 

(a) Assume AT and an Ultimate Stress Block for the Rolled Steel 

Beam 

Assume all beam steel has yielded in tension, establishing the 

stress block at ultimate load at section of maximum moment. 

From Equation A-1: 

u 

t. = 2.84 x 43.00 
bu 

t = 122.1 kips 
bu 

Assuming a value of AT^, the increase in cable tension force 

due to the ultimate applied load: 

AT = T - T. = 7.9 kips assumed 
u u 1 
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(b) Find The Ultimate Stresses And Forces In The Concrete 

Finding the compression force in the concrete slab from 

Equation A-2: 

c = 122.1 +7.9 
u 

d = 130.0 kips 
u 

The distance to the neutral axis may now be found from Equation A-*3: 

. , 130.0 
u c. (0.7)(4,53)(18.0) 

k d = 2.28 inches 
u c 

The position of c is located a distance of k„k d from the top of 
u 2 u c 

the slab (k^ = 0.4 by assumption A. 2(b)-(3) thus 

k_k d = 0.4(2.28)= 0.91 inch 
2 u c 

These forces and stresses are shown in Figure A-2(d). 

(c) Find Strains At Ultimate Load 

Since 0.0028 in/in is used for e instead of 0.0038 in/in from 
cu 

Equation A-4: 

Ae = 0.0028 - 0.0 = 0.0028 in/in 
cu 

The location of the neutral axis is known, so Figure A-4(b) shows 

the strain changes due to applied ultimate load. The remainder of 

the strains are found by geometry: 

By similar triangles: 

Aetf = yyj (0.0028) = 0.0021 in/in 

likewise the change in strain at the bottom flange is 

9.60 
Aebf " 2.28 

(0.0028) = 0,0114 in/in 
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These changes are added to the initial strains resulting in the final 

strain pattern at ultimate load: (Figure A. 2(c)). 

*tf 
= 2100 x 10"6 - 6 x 10"6 = 2094 x 10-^ in/in 

e, , = 11,400 x 10'6 - 198 x lo”6 =11, 202 x lO-6 in/in 
bf 

The assumption that ail of the steel beam has yielded is correct, 

for as we can see: 

e , = 2094 x 10"^ > e = 1400 x 10-6 

tf y 

(d) Find Ultimate Applied Moment 

From Equation A-7: 

M = 122.1 [(4.0 - 0.91) +3.94J = 122.1 (3.09 + 3.94) 

M = 857.8 kip inches 
cu 

From Equation A-6: 

M = 857.8 + 7.9(11.84) 
XJU 

= 857.8 + 93.6 

M, = 951.4 kip inches 
Lu 

(e) Find Change in Curvature Due to Ultimate Applied Load and 

Complete MT - A§T Curve. 

From Equation A-9: 

= 0,
?°^8 = l230 x 10 6 in/in 

Lu 2.28 

The value of M, and may be plotted along with M_ and A§T Lu Lu ' Ly Ly 

as shown in Figure A-l 
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(f) Find the Location of the Yield Moment 

The yield moment acting on the composite beam is found from 

Equation AT 8. 

M = 713.0 - 2.23 (9.32) 
cy 

M = 692.2 kip inches 
cy 

The ultimate applied moment diagram, internal moment diagram and 

the "resisting" moment diagram resulting from their combination is 

reproduced from Figure A-3 in Figure A-4, The yield moment is 

located on the "resisting" moment diagram by geometry as shown in 

Figure A-4(d). 

(g) Find the Change in Cable Length 

With the position of the yield moment known, the curvature 

diagram for the beam may be drawn as in Figure A-4(e), and from 

Equation A-10: 

6x = 9.32 x 2 [ -£(20 x 10"6)(4.3) + £(189 x 10-6)(41.3) 

+ £(189 x 10”6 + 1230 x 10”6)(9.9) + (1230 x 10"6)(*6.5)J 

7.9(144) 

11.84 x 30.8 x 10'3 

6x = 9.32 x 2 [- 0.04 + 3.91 + 7.02 + 20.3o] x 10"3 - 0,003 

6 = 0.583 - 0.003 = 0.580 inch x 

(h) Find The Change in Cable Tension, AT^, and Check Initial 

Assumption 

The change in strain in the cable is, from Equation A-11: 

. 0.580 
Ac — 1 r ft su 150 

= 0.00387 in/in 
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since T\ = 8.6 , the initial strain in the cable is easily found from 

Figure 3.2 to be 0.00378 inches per inch. The total strain in the cable 

is the sum of these two, or 0.00765 inches per inch. Entering Figure 3-2 

with this value, the total cable tension at ultimate is found to be 

T = 16.5 kips 
u 

The change in cable tension is then found from Equation A-12: 

AT * = 16.5 - 8.6 = 7.9 kips 
u 

which agrees with the 7.9 kips assumed. 

(i) Find The Change in Deflection At Center of Beam 

Using the curvature diagram of Figure A-4 and the conjugate 

beam method: 

Ayu= [31.48(72.0)+ 0.04(70.6) - 3.91 (40.2) - 7.02(20.2) 

- 20.30 (8.25)j| x 10"3 

Ay = 1.826 inches 
' u 

(j) Summary 

The ultimate applied load, P , may be found from the moment 

diagram in Figure A-4(a). 

„ 951.4 , , . P = = 17.1 kips 
u 55.5 

Thus: 

p T Ayu 
(kips) (kips) (inches) 

17.1 16.5 1.826 

It is now known that the cable will not fail before the composite 

beam fails. 
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NUMERICAL MOMENT AND CURVATURE DIAGRAMS 

FIGURE A-4 


