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CHAPTER 1

INTRODUCTION

1.1 Introduction

A composite structure 1. one wh1ch consists ot

two or more components which are held together so as

to act as one unit.

During the past two decades the behaviour of

composite structures has been the sUbject ot an

intensive theoretical and experimental study. Although

a great deal of unde~standing has been obtained, there

are still many aspects relating to this type ot struc

ture to be investigated. For example, it has not yet

been possible to measure the magnitude of the load on

a shear connector.

A conventional composite beam is one consisting

of a concrete deck slab and steel beam. which may be

called the major components. and which are held together

through the medium or shear connectors. If during loa

ding there is no slip or relative movemeht between the

slab and beam, then complete interaction is achieved.

However, even in the best practical case there is

1
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normally 80me relative movement whioh i8 brought about

by the development ot horizontal shear torces in the

components. Hence, one may generally conclude that

there is a loss of interaction whenever a composite

beam undergoes flexural loading. Since the shear conn

ectors also serve the purpose of resisting horizontal

forces, the control ot slip depends greatly on the over

all performance of these connectors.

Many difterent types of mechanical connectors

have been used. These included angles, Channels,

plates, tees, hooked bars, spirals and studs. or these

the stud connector has been used most extensively, per

haps on account ot its easy method of installation.

The intrinsic merit of the conventional comp

osite T-beam lies in the dual utilization of the slab

(as in reinforced concrete construction), in the

rational disposition ot the tvo materials in respect of

their tensile and compressive strength and stability,

and in the advantages of their prefabrication.

1.2 Object and Scope of Investigation

Since a knowledge of the behaviour of a beam

under a given loading configuration is a design prereq

uisite, then a theoretical method of analysis becomes

,



desirable so as to provide basic .information regarding

such behaviour. N.W. Newmarkl and Fritz Stussi2 have

both developed theoretical methods whereby composite

beams may be analyzed; and the main object of this

investigation was to verify various aspects of these

theories by experimental observations. It was also the

purpose of this project to draw certain comparisons

between the two theories, and to observe the influence

o! connector spacing on the overall performance ot a

composite beam.

Robinson8 observed that there was good

agreement between the experimental behaviour of his

fourteen beams tested and that predicted by the

Newmark theory. This vas thought to be due, in large

part, to a more flexible connection brought about by

the incorporation of a cellular zone, compared to the

more conventional eomposite beam with a distinct

interfaoial plane which may result in a stirt connection.

Hence, the beams tested in this investigation were made

w.ith flexible connectors.

Push-out testa were u~ed to determine the

moduli of the shear connector.. However, it .hould be

borne in mLnd that the loading condition. of push-aut

tests do not fully simulate those of flexural loading;

3



and therefore, the performanoe of a conneotor in a

push-out test may not be truly representative of its

behaviour in a composite member undergoing flexural

loading. Some or the differenoes may be attributed

to the folloYing:-

1) The slab in the push-out test is not in

overall compression as may be the case

in the 'beam.

2) The stress distribution over the slab

thickness is different from that in the

beam.

3) The uplift force which has been observed in

beam tests may be restricted in a push-out

test.

Despite these differences, pUSh-out tests have

been widely used as a means or evaluating the shear

strength and load-slip characteristics of different..
types of shear connectors;.

The experimental work 01' this investigation

consisted of the testing 01' nine push-out specimens and

six small-scale composite rectangular beams. In the

pUSh-out tests only load and slip were measured, Whereas

in the beam tests slip, strain and deflection were

recorded at various points along the beam and at diffe-

4



rent load levels.

Compari~ons vere made between the experimental

results and those derived trom the theoretical solut

ions of Newmark and Stuss1. These theories are

presented in the Appendices.

Use was made of an I.B.M. 7040 digital computer

to facilitate some of the computations.

J,,3 Def!n!tions

The following is a list of terms used through

out the investigation. Some of' these definitions may

be peculiar to this presentation alone, and have been

used so as to make this dissertation more easily

readable.

A COMPOSITE RECT~~GULfu~ BEAM reters to a beam

oomposed of two rectangular sections interconnected in

such a way that they act together as one unit.

AN INTERFACE is the area ot contact between

the two components.

A SLAB COMPONENT is the element above the

interface.

A BEAM COMPONENT is the element below the.

interface.

A SHEAR CONNECTOR i8 a device for transmitting

horizontal shear between the slab and beam components,

..
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and for preventing the separation ot these components.

A FLEXIBLE CONNECTOR is one which deforms under

loading.

SLIP is the relative horizontal movement between

the slab and beam components at a particular section.

THE MODULUS of a shear connector is that load

on the connector whioh produces a unit slip.

THE CONNECTOR LOAD is the horizontal shear foree

transmitted by the conneotor trom one component to the

other.

COMPLETE INTERACTION exists between the slab

and beam components when there is no relative movement

between these compon nts. However, it slip does take

place, there is a 108S ot interaction; and INCOMPLETE

INTERACTION is said to eXist.

The condition or NO INTERACTION exists when

the slab and beam components act independently or each

other, and no horizontal force 18 transferred between

these two components. Under this condition slip takes

place freely at the interface.

THE INTERACTION COEFFICIENT, llC, is a dimensi

onless expression indicating the degree of interaetion.

It 1s a function or the modulus ot the connector, the

connector pitch, the elastic and geometric properties ot

the slab and beam components and the span or the compo

site beam.

6
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2.1 Gen@ral

It a two-point, quarter-point loaded, simply,

supported beam is made to bear the same total external

load as a simply supported beam carrying a unitormly

distributed load, then the vertical end shear and

the midspan moment in both beams would be the same.

Accordingly, in the past it vas a cammon assumption

that a two-point loading applied at quarter-span of a

simply supported beam was a good simulation or a unitor·

mly distributed loading on a simply supported beam.

,

CHAPTER 2

THEORETICAL ASPECTS

2.2 The Newmark TheorY

An application of the above assumption to a

composite flexural member led to the belief that .easu

rements taken at, or close to, midspan in thi8 type of

two-point loaded composite beam would provide true info

rmation concerning the ertects of a uniformly distributed

loading on a simply supported composite member. However,

the Newmark theory suggests that such a beliet may hold

true tor composite beams with low degree. of interaction,

but that when there i$ a high degree ot interaction, there
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is a marked difference in the behaviour of these two

types of structures.

Figs. 2.1 and 2.2 show the theoretical predictions

of Newmark for these beams. The FIF' curves may be inter

preted as an indication or the loss of interaction along

the beams. one notes that for l/e =100.0 both beams rev

eal little loss of interaction, as the F/F' curves show

relatively high values throughout the length of these

members. However, it is observed that there is a marked

loss ot interaction along both members when the interact

ion coefficient decreases to a value of 1.0, and that this

loss of interaction varies in a similar manner for both

beams.

In Fig. 2.1 the q/q' curves give an idea ot the

variation of the horizontal shear flow along the beam,

while this is shown by the q curves in Fig. 2.2. It can

be seen that for the two loading configurations there 1s

a significant difference in the variation of the unit

horizontal shear per unit length ot beam for a high degree

of interaction. As an example, when the value of l/e is

100.0 the shape of the q/q' curve in Fig. 2.1 is different

from that of the q curve in Fig. 2.2•. For the quarter

point loading in Fig. 2.1 the magnitude ofq/q' decreases

by approximately 100% between x/L =0.125 and x/L : 0.375,
whereas in Fig. 2.2 the magnitude or q decreases by 68%



over the same range of x/L~ However, for lIe =1.0, that

is to say for a very flexible connection, there is a sim

ilarity in the variation of the horizontal shear flov for

both types of loading. The q/q' curve in Fig. 2.1, which

18 the same as the q curve for the two-point loading, has

a shape similar to that of the q curve in Fig. 2.2. Bet

ween x/L = 0.125 and xlL = 0.375 the magnitude ot q/q'

decreases by 67.5%, while the magnitude of q decreases by

62.2% over this same range of x/L in Fig. 2.2.
..

Other points ot interest arising out of these

theoretical curves are shown in F1g. 2.1. Here it is

evident that the greatest loss of interaction takes plaoe

at the load points. Also, as the points of application

of the load moves towards the points ot support, there is

a more pronounced breakdown ot interaction at the load

points as indicated by the FIF' curves, a greater loss ot

interaction in the shear spans, and a decrease in the 108S

of interaction towards midspan.

one assumption of the Newmark theory is that the

values or l/e and k are constant throughout the length ot

the beam and throughout the elastic range. In this inve

stigation these quantities vere computed on the basis ot

slips measl11"ed along the length of the beam, and were

found to vary from point to point and at difterent load

levels as shown in Figs. ;.1 to 5.8. It is l1kely that

the theory in its present torm is inadequate tor computing

9
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these quantities in this manner.

Since lie was found to vary along ~he beam, two

different values of the interaction coefficient were used

in the analyses of beams Bl and Bl. These were called lie

constant and lie varying, and were derived on the basis of

slips measured along these members. The constant coeffi

cient of ~nteraction was obtained by taking the average

value of the different interaction coefficients for the

end connection in the elastic range. This elastic range

was conservatively determined from the load-deflection cur

ves of the member. The end connection was selected over

the others since it was felt that a connector at this

point was a good representation of a connector in a push

out test, as the end of a simply supported beam has zero

moment, and may be thought of as a region of pure shear.

The varying interaction coefficient vas derived

by taking the averag~ of the different coefficients of

interaction at a given load level as the eoerficient for

that load. Therefore, since the interaction coefficients

varied as the load was changed, it meant that a different

value of lie was applied in the analysis for each load inc*

rement. However, this Was not done for B5. as the value

or lie for this member was based upon the value of k which

was obtained from the push-out tests for t n diameter con

nectors.
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2.3 The Stussi TheQry

It is important to note that while Newmark haa

provided a theoretical method of evaluating composite

beam deflections, Stussi has not directly developed a

procedure for this type of computation. However, since

the Stussi theory does provide for the computation of the

horizontal foroe, F, along the beam, a theoretical method

of deflection computations becomes possible. This is

done by postulating that the horizontal force acts at the

centroids of both the slab and beam components, and doeS

not contribute to the deflection of the composite beam.

Accordingly, in the computations the external moment Was

reduced by the couple generated by the horizontal torce

at each connector location along the beam, and then conJ

ugate beam methods Were used to calculate the deflection

of the member. This method of evaluation is referred to

as the Stussi method for deflection calculations, and an

example of its application has been included in Appendix B.
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CHAPTER 3

PUSH-OUT TESTS

3.1 Description of Specimens and Materials

An attempt was made to contain the connectors in

the same depth of material as they were in the beam spec

imens. The push-out specimens are shown in Figs. 3.1, 3.2
~

and 3.3. Each specimen consisted of a rectangular steel

slab in the middle with two similar slabs attached at each

edge so as to form an H-section. The outer steel slaba o

were connected to the central on.. by means of shear con

nectors. Lateral movement of the outer slabs was preven

ted by haVing these components securely connected to a

base plate It" thick.

In most push-out testa tor conventional composite

beams only one pair ot connectors is used in each speci

men. However, in these testa each specimen was provided

with two pairs of connectors. It was surmised that since

there was no bond between the outer slabs and the conne

ctors, rotational movement ot the central slab could

occur it there was any ecoentricity in loading with

o Referred to as slab component in FIgs. 3.~, 3.5 and 3.b
* Referred to as beam component in Figs. 3.~, 3.5 and 3.6

l~



respect to the vertical plane at mid-thickness ot the cen

tral slab, and if only one pair of connectors were used.

It was assumed that there would be an eyen distribution

ot the load among the four connectors in each specimen.

The main purpose of the push-out tests wal to

determine the shear strength and load-slip characteris

tics of the shear connectors. The variables included the

diameter and length of the connectors, and the thiokness

and width of the rectangular steel slabs. The 3/8" and

5/16" diameter connectors were tested in specimens made

up of It" x 6" x 14" steel slabs; while the ~I diameter

connectors were tested in specimens of which the rectan

gular slabs were t" x 4" x 1~".

Connectors ot the same diameter Vere tested in the

same housing; and in addition, tor 3/8" and 5/16" diameter

conneotors the same housing was used. However, the holes

were positioned in such a way that for different sets ot

connectors ot a specific dlameter,each corresponding pair

of connectors had its longitudinal axes at a constant dis

tance apart. Also, for each set of connectors different

holes were used. Table 3.1 contains a summary of specimen
,

details and push-out test results.

The rectangular slabs and base plates were made

from cold-rolled steel plates, while the connectors Yere

prepared from cold-rolled steel rods.
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3.2 Preparation of Specimens

The connectors were cut to length from steel rods

and rounded at their ends. The threads were then carefu

lly prepared in a threading machine, and a threaded nut

was fitted at one end of each connector.

The rectangular slabs were cut to size from steel

plates. For each specimen these slabs were olamped toge

ther, and remained clamped until all the holes were dril

led, tapped and threaded. This measure was to ensure a

proper line-up of the components in the final assemblage

ot the specimen. Two i" deep grooves were cut in each

base plate to such widths as to provide a tight tit tor

the outer rectangular slabS.

The contact surfaces ot the steel· slabs were

machined to a smooth finish and coated with oil so as to

reduce friction. The outer slabs were then placed in

the base plate grooves, and the central member vas put

into position and attached to the outer ones by the shear

connectors. The shear connectors Yere passed through the

holes in the outer slabs and were screwed tight into the

threaded holes or the middle slab. The threaded nuts were

then screwed finger tight against the outer slabs.

3.3 Instrument and L9iding Apparatus

The specimens were tested on a Tinius-Olsen

Universal four-screw testing machine with a capacity ot
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120,000 lbs. The load vas applied to the central slab

through a ball platen in an attempt to achieve an equal

distribution of the load.

Interfacial slip between the central and outer

slabs was measured with dial indicators having 0.0001 inch

graduations. These gauges were positioned as shown in

Figs. 3.1, 3.2 and 3.3. Two gauges were fitted on the ce

ntral slab, and small brackets were attached to the outer

slabs 1n such a way as to engage the dial stems during

loading.

3.4 Test Procedure

Prior to the main test, the load on specimens with

3/8" and 5/16" diameter connectors Was cycled in small

increments between zero and 4,000 Ibs. until such time as

it was discovered that there was no reSidual slip when

the load was reduced to zero. The same was done in the

case of specimens With t" diameter connectors except that

the load was not allowed to exoeed 1,,00 lbs.

During testing the load was applied to each spec

imen in 1,000 lb. increments until the maximum load Was

reached. The dial gauges were read at each load increment

to the nearest 0.0001 inch.

3.5 Test Results and Observations

Results of .the push-out tests are presented in
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Table 3.1. In Figs. 3.~, 3.5 and 3.6 load-slip Cl1rves tor

the specimens are shown. For each curve in these figures

the values of the slips plotted were obtained by averaging

the slips measured by both indicators on the same specimen.

The ordinates of the load-slip curves are equal to one

quarter the actual loads applied on the specimens, since

there were four connectors in each specimen. Generally,

the elastie slopes of the curves in each figure show belt

agreement at the central portions of these curves, and it

was from these portions that the connector moduli were

determined.

Prior to testing, the assumption had been made

that there would have been an equal distribution of the

total load among the four eonnectors in each specimen.

During the tests the two dial indicators on each specimen

recorded different readings; also the early portion of

each load-slip curve generally followed a different path,

thus indicating that there was unevennesS in the load

distribution among the connectors. However, the inaccur

acies brought about by the uneven distribution of the load

were partly compensated for by averaging the slip readings.

Another possible source or inaccuracy might have

been due to friction at the contact surfaces between the

central and outer slabs. However, because of the smooth

ness of these surfaces, and the faot that the nuts on the

shear connectors were only f1ngertight, it 1s believed



TABLE 3.1

RESULTS OF PUSH-OUT TESTS

Connector Avg. Connector
Specimen Dimensions in inches Avg. U1t. Modulus in Modulus in

Set Load per
105 1bs/in. 105 1bs/in.No. Central Slab Outer Slab Shear Connector connec~)r

(kin.

1 t X 1+ X 12 t X It- X 12 t X 1 3/8 2.78 2.59

2 t X 1+ X 12 t X 1+ X 12 t X 1 3/8 2.80 2. ;6

3 t X 1+ X 12 t X 4- X 12 t X 1 3/8 2.76 2.59 2.,8

1 It X 6 X 11+ Ii- X 6 X 11+ 5/16 X 1 7/8 4.72 3.67

2 It X 6 X 14 It X 6 X 1q. 5/16 X 1 7/8 1+.63 3.76

3 It X 6 X 14 It X 6 X 11+ 5/16 X 1 7/8 1+.53 1+.014- 3.82

1 It X 6 X 14 It X 6 X 11+ 3/8 X 1 7/8 5.80 2.99

2 It X 6 X 14 It X 6 X 14 3/8 X 1 7/8 5.86 .... 35

3 It X 6 X 1'" It X 6 X Ilt- 3/8 X 1 7/8 5.95 2.98 3.lt4



that errors due to this oause were negligible. ,

Once the ultimate load was reached, the applied

load began to drop off, while excessive slip continued

to take place. This went on until the connectors started

to shear off. In most of the speoimens two connectors

sheared off in quick sucoession on one side; in the

others, connectors sheared otf alternately on both sides.

Whenever two connectors had sheared off on anyone side

of a specimen, the test was discontinued.

20
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CHAPTER ~

COMPOSITE RECTANGULAR BEAM TESTS

~.l pescription of Specimens and Material'

Six composite rectangular beams were tested in

the investigation. They are designated Bl, B2, B3, ~,

B5 and B6. All these beams were fabricated from cold

rolled steel. Dimensions are given in Table ~.l. Conn

ector spacing and load arrangements are shown in Fig. ~.l.

Beams Bl, B2, B3, B4 and B5 were provided with

shear connectors which were made from cold-rolled steel

rods, and which were intended to simulate the headed stud

type shear connector. The holding down effect of these

connectors was aehieved by haVing the lower end of each

connector screwed into the beam component and then tight

ening the holding down nut against the slab component. A

typical connector arrangement is shown in Fig. ~.2.
,

Beam B6 had a continuous rubber connection which

was made of 3/8" thick rubber strips. Details of this

connection are given in Fig. ~.2. This beam was tested
,

to note the influence ot the load positions on the defl-

ection and slip distribution of the member; and also for

27



TABLE 4.1

DESCRIPTION OF COMPOSITE RECTANGULAR BEAMS

Width Thiclmess Width or Thickness
Overall or Beam of Beam Slab of Slab Length* or Connector Number ot

Beam Length Component Component Component Component Connectors Diameter Connectors

Bl 6lt- in. 2 in. 1.25 In. 2 in. 1.25 in. 1 7/8 in. 3/8 in. 21

B2 64 ino 2 in. 1.25 in. 2 in. 1.25 In. 1 118 in. 3/8 in. 21

B3 6lf. in. 2 in. 1.25 in. 2 in. 1.25 In. 1 1/8 in. 5/16 in. 31

B4 64 in. 2 In. 1.25 In. 2 in. 1.25 iD. 1 7/8 in. 5/16 in. 31

B5 1+0 in. 0.75 111. 0.75 in. 0.75 in. 0.75 in. 1 3/8 in. 1/4 1n. 37

B6 40 in. 2 in. 0.75 in. 2 in. 0.75 in. Continuous Rubber Connectiono
I I

o See details of this connection in Fig. 4.2

* See Fig. 1+.2



the purpose ot making visual observations of the deforma

tion of the connection during loading. White rectangular

meshes were painted on the black rubber; and +" diameter

ball bearings were seated in 1/8" deep spherical indenta

tions at 6-1nch intervals along the length of the beam to

avoid compression of the rubber, and therefore to keep

the slab and beam components at a constant distance apart.

~.2 Manufacture ot Specimens

The shear connectors were prepared as described

in the case of the push-out specimens. For each comp08

ite rectangular beam specimen, the slab and beam compon

ents were first cut to their approximate lengths, placed

together and tack welded at the ends. The holes were

then drilled, tapped and threaded. In making these holes

attempts were made to avoid tolerances' between the shear

connectors and the slab component. Afterwards the compo

nents were taken apart by having the tack welds removed.

The interface was cleaned, filed and treated with oil so

as to permit good oontact between both components throug

hout the length of the beam, and also to reduce friction.

The connectors were then screwed tight into the beam com

ponent, the slab component was fitted into position, and

the holding down nuts were attached to the shear connectors



30

and tightened fingertight against the top of the slab

component.

Beam B5 was an encastre beam, and details ot the

end supports are shown in Fig. ~.,. There was no gap

between the end ot the beam and the back-up plate ot the

housing.

Tensile test coupons were prepared from additional

lengths of the same material as beams Bl, B2, B3, B4 and

B'. The purpose of these tensile tests was to evaluate

the modulus of elasticity ot the steel. The values obta

ined are given in Table 4.2.

4.3 Instrument and Loading Apparatus

All the beams were tested on a Tinius-Olsen

Universal four-screw testing machine with a capacity of

120,000 Ibs. The load was applied to BI, B2, B3 and B4

through roller edges, B5 was loaded through a knife edge,

while B6 was loaded through knife edges supported on steel

pads.

Slip between the beam and slab components vas mea

sured with dial gauges haVing 0.0001 inch graduations.

The gauges were .ounted on the slab components and small

brackets were fitted to the beam components to engage the

d1al ste.. during loading.



TABLE 4.2

MODULUS OF ELASTICITY OF STEEL

Average
Coupon Applicable Modulus of Modulus of

No. to Beam Ela~tieitY ElcstiCity
:'Osi) :ns1 )

1 B1* 32.3 x 106

2 Bl 32.2 x 106 32.2; x 106

1 B5' 30.6 x 106
.

2 B5' 6 631.9 x 10 31.25 x 10

31

* Beams B1, B2, B3 and B~ were made from the same material •

..
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Deflection was measured at midspan for all beams,

and also at quarter-span in the case of Bl, B2, B3 and B~.

Dial gauges reading to 0.001 inch were used to measure

deflection.

t" foil electric strain gauges, model C6-l~1-B,

were used to measure strain in the beams. Strain measur

ements were taken at midspan and at quarter-span ot Bl,

B2, B3, B4 and B;. In addition, on B5 strain gauges were

fitted throughout the length of the lower extreme fibres.

The strains were measured by a Datran Digital Recorder.

The positions of slip, deflection and strain gau

ges are shown in Figs. ~.3, ~.;, ~.6, 4.7 and ~.8.

4.4 Testing Procedure

Beams BI, B2, B3 and B4 were each supported on a

60-ineh span and loaded by two equal concentrated loads

located 1; inches on either side of midspan. Beam B; was

supported on a 36-inch span and loaded by a point load at

midspan. Beam B6 was supported on a 36-inch span and was

successively loaded by two equal concentrated loads loca

ted 6, 9 and 12 inches on either side of midspan.

Before testing began, the loads on Bl, B2, B3 and

~ were cycled between zero and 1 kip in an effort to

overcome mechanical interlocking at the interface which
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might have arisen through manufacturing deficiencies.

During this cyoling process, instrumentation was not used

except that the slip and deflection gauges were zeroed

each time the load was reduced to zero. Cycling was con

tinued until such time as all these gauges read zero wben

the load was removed. The load on B5 was similarly cycled

between zero and 0.25 kip.

During testing BI, B2, B3 and B4 were each loaded
•

in increments ot one kip up to the 5 kip level, and then

slowly unloaded to zero kips. The load was then reapplied

in I-kip increments up to ultimate load. This reloading

phase is referred to as second loading' in Figs. 4.40, ~.41,

4.42 and 4.43. Ultimate load was interpreted as the max

imum load which each of these beams was able to resist.

Shortly after this load was reached there was an instant-

aneous shearing off of a tew shear connectors in one of

the shear spans With a reduction in the applied load.

The load continued to drop Off, while eonnecto~s continued

to yield until all the connectors over half the length ot

the beam had sheared off completely. At this stage load

ing was reduced to zero and the test was discontinued.

For these members deflection, strain and slip

measurements were recorded at zero load, at each load inc

rement, at ultimate load and at two other load levels

atter ultimate.



Beam B; was loaded from zero to ~.6 k1ps in 0.2

kip increments. This test was terminated when it was

observed that comparatively large deflections occurred

with a given load increment. All gauges were read at each

load increment.

Beam B6 was loaded in 0.25 kip increments up to

1.2; kips with the load applied at 6 inches on either

side of midspan. The load was then removed and reapplied

at 9 inches on either side ot midspan in the same incre

ments b~t up to I.; kips. Finally, the load was removed

and reapplied at 12 inches on either side at midspan up

9 kips in increments ot 0.2; kip. Deflection and slip

readings were recorded at each load increment.

~.2 Detlection Characteristics or Beams

Detlection curves for all the bea~ are shown in

Figs. ~.9 to ~.20. Along with the measured curves are

presented theoretical curves calculated on the bases of

the Newmark and Stuss1 theories. Applicat~ons of these

theories are presented in the Appendices. The curves in

dicate incomplete interaction in the beams, since the ac

tual detlections lie between the theoretical curves tor

complete and zero interaction in the elastic range.

It can be seen from the load-detlection curves
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that in the elastic range there was generally good agree

ment between the theoretical and measured values. However,

it may be observed that tor two-point loading better,agr

eement was obtained for detlections at the load points

than tor those at midspan. This is thought to be partly

attributable to the presence ot uplift forces in the mem

bers. A visual inspection ot the interface during loading

indicated that in beams Bl t B2, B3, ~ and B6 these uplift

forces were more etfective between the load points than

in the shear spans. Such forces have a tendency to prod

uce vertical separation of the interface, and it was evi

dent that there was more separation,of the interface

between the load poi ts. This type ot separation 1s in

contradiction with the theoretical assumption that at all

points along the beam the slab and beam components should

deflect by equal amounts.

Uplift forees, therefore, must have contributed

to the lower degree ot agreement obtained between the

theoretical and measured detlections at midspan; and it

is probable that if better precautions had been taken to

prevent separation ot the intertace t better agreement

would have been obtained.

Load va. midspan detlection curves tor Bl, B2, B3

and ~ are presented in Figs. ~.lO, ~.l2, ~.15 and ~.l7.

These curves show that when the load was released tram
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5 kips to zero kips, there Was a small residual deflect

ion in each of these members. On reloading these beams

each load-detlection curve followed a d1rferent path but

arrived at the original point when the load had again re

ached the level or 5 kips. This phenomenon vas also

observed by other researchers~, and seems to take place

when the beam as a whole has not yet reached its yield

point.

Fig. 4.20 shoYs the moment-deflection curves tor

B6. From these curves it can be deduced that tor this

member there were better deflection performances, Which

retlected higher efficiencies of the connection, as the

points ot application of the load moved closer to mid

span. This is what is to be expected from an interpret

ation of Fig. 2.1. In this figure the qlq' curves show

that the shear connectors are less efficiently utilised

when the load points move closer to the end supports.

AJS an example t for the value or lie = 1.0, when the load

is applied at quarter-span the values of q)q' are 0.47 and

0.30 at the end of the beam and at quarter-span respecti

vely. With the load applied at one eighth the span length

from the end supports q/q' has the values ot 0.29 and O.l~

at the end ot the beam and at quarter-span respectively.

This being the case, tor a given applied moment the slab

and beam components carry a greater percentage of the
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load when the load points move closer to the end supports,

and this results in greater deflection of the composite

member.

In all the deflection computations a full eross

section was assumed, althouch the cross sections bad been

slightly reduced at intervals by the drilled holes; and

in making these computations, only flexural deflections

were taken into account.

4,6 Strain K~asyrem!nts

Strain measurements were recorded at the points

shawn in Figs. 4.7 and ~.8, and strain data are presented

~raphically in Figs. 4.21 to 4.39. There appeared to be

good agreement in the elastic range between the computed

and measured value.. However, as in the case of deflect

ions, there was generally better agreement at the load

points than at midspan tor Bl, B2, B3 and B4; and perhaps

uplift forces might have been responsible for this also.

A review of the load-deflection curves 1n Figs.

4.9, 4.11, 4.14 and 4.16 shows that for the two-point

loadings the loads were almost evenly applied at both

points ot application, because the load vs. deflection

curves for the two load points of each of the beams were

almost identical. However, despite this fairly equal d1s

tribution of the loads, the measured load-strain curve at



the north load point of some members turned out to be si

gnificantly different trom that at the south load point.

As an example, Fig. ~.29 shows a oonsiderable difference

between the measured north and south load-strain curves

tor beam B3. Partly responsible for this difference

could be uneven drilling or connector holes at the load

points, which could have caused differential weakening ot

the member at these points. Uneven straining at the load

points is also revealed in Figs. ~.36 to 4.39 which show

the cross sectional strains recorded for various loads.

The strain measurements in F1gs. ~.36 to 4.39
..

also indicate that there was incomplete interaction

between the slab and beam components by the strain disc

ontinuities at the interfacial planes. However, this is
,

to be expected eince the shear connectors were not intin·

itely stiff.

Fig. 4.3~ shows the strain distribution along the

bottom fibre ot beam B; when an external load ot 600 Ibs.

was applied. It is important to note that the beam was

not strictly encQstre; the end restraints were not tully

effective, and therefore, the actual points of contratl

.xure shifted from their theoretical positions towards

the end supports. This figure also shows that ,there was

good agreement between the oomputed and measured strain

values.
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During the later stages of loading of this beam,

a slight lifting of the restraining end cap on the hous

ing was observed, indicating end rotation of the member.

This gave rise to an increase in the moment at midspan

with an accompanying increase in the strain at the cent

ral region. This increase in strain partly reduced the

degree of agreement between measured and computed results.

Fig. 4.35 shows that as the load was increased on

35 there was a tendency for the points of contraflexure

to shift away from midspan. This is understandable beca

use increased loading caused greater end rotation to take

place.

~.7 Measurement of Slip

In all the beams tested slip was observed, indic

ating that there was a breakdown of interactton. Load

slip curves are shown in Figs. 4.46 to 4.51, and slip

distribution curves are presented in Figs. 4.40 to 4.45

and 5.13 to 5.17.

Generally, it can be said that for beams BI, B2,

B3, B4 and B6 the actual slip distribution was fairly

symmetrical about midspan, and that the greatest slips

took place in the shear spans and particularly towards

the ends of these members. Figs. 4.46, 4.l~7, 4.49 and

4.50 indicate that there was good quantitative agreement



betveen the Stuss1 theory and measured values in the ela

stic range. However, an inspection of Figs. 5.13 and 5.l~

reveals that the slips computed in accordance with the

Newmark theory did not compare favourably with those mea

sured for beams Bl and B3.

From Fig. 4.44 it can be seen that for beam B5

there was great quantitative difference between the

measured slip values and those predicted by the Stussi

and Newmark theories. However, the shape of these curves

for the most part show good qualitative agreement. For

this beam Fig. ~.44 shows that prior to the application

of 600 lbs. no slip readings were noted, and that atter

1,800 lbs. had been applied end slips began to appear.

It is possible that when the load Was lower than 600 Ibs.

slip was taking place along the beam but the magnitude of

this slip was too small to be indicated by the slip

gauges.

For this member both theories assume that no end

slip took place. In the case of the Newmark theory this

assumption means that there vas no load on the end conne

ction. For the StuBs1 theory it means that there was

load on the end connection, but the conditions of end

restraint prOVided an infinitely stiff connection which

prevented end slip from taking place. This member was

not anchored to the end housing, and it is clear that
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increased loading gave rise to deflections which were

large enough to pull the ends of the beam towards midspan.

This type of behaviour reduced the effectiveness of the

end housing in preventing slip, and thus allowed end slips

to take place. Fig. ~.44 shows that negative slips occu

rred at the end of the beam, and also suggests that once

such slips began, they had a tendency to change the magn

itude of slips in the region of the end of the beam from

positive to negative quantities. It is interesting to

note that the rate of increase of end slip was rather

high; this might have been due to the change in the shear

resisting capacity of the end connection once the back-up

plate of the housing was no longer effective in the comp

lete prevention of slip.

Fig. 4.45 shows the slip distributions along beam

36 for certain load levels. Here it is seen that the load

slip cha.racteristics of the beam were dependent on the

points of application of the load.

4.8 Modes of Failure and Comparison of the 3ehavlour of
Beams

Fig. 2.1 indicates th~t for a simply supported

beam with a two-point load the greatest loss of interac

tion takes place at the load points. Accordingly, the

connector spacing of beam B2 was arranged to resist this
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relatively high loss of interaction at such points. Beam

Bl had the same number of connectors as did B2; however,

while a uniform connector spacing was used in Bl, for B2

the connectors were crowded at the load points, and the

spacing was relaxed in the central region of the member

as shown in Fig. 4.1. In this way it was possible to ch

eck, on the basis of the test results, whether any advan

tage was achieved in B2 over Bl by the redistribution of

the shear connectors.

A similar comparison was proposed for beams B3

and B4. These two beams were provided with the same

number of connectors. However, there was a uniform spac

ing in B3, while the studs in B4 were arranged in accord

ance with the conventional shear force diagram. That is

to say, the connectors were crowded in the shear spans

and spaced further apart between load points as shown in

Fig. 4.1.

Test results showed that in both cases the redis

tribution of shear connectors enhanced the overall perfo

rmances of the beams. Figs. 4.48 and 4.51 and Figs. 4.13

and 4.18 show better load-slip and load-deflection chara

cteristics for B2 and B4 over Bl and B3 respectively.

Moreover, the ultimate loads of 31, B2, B3 and B4 were

11.90 kips, 13.12 kips, 10.64 kips and 12.70 kips respec

tively; and if the capacity of the beams is characterized
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in terms of their ultimate loads, then it can be said that

the connector rearrangement in 32 brought about an incre

ase in capacity over Bl of 10.3%, while in B4 it achieved

a capacity improvement of 19.3% over 33; thus indicating

a more beneficial redistribution of connector spacing in

beam 234.

At their ultimate loads the midspan deflections

of BI, B2, B3 and .134 were 1.036", 1.163",0.791 11 and

0.982" respectively; and at this stage their respective

strains at midspan were 2,160, 2,270, 1,424 and 1,974

micro-inches per inch.

There was a similar mode of failure for euch of

beams Bl, B2, B3 and 4. Although their load-strain

curves indicate that some yielding had taken place in

the beam and slab components at ultimate load, yet it

can be said that for these members failure was due to the

deformation of the shear connectors. The dropping off of

load from ultimate was almost simultaneous with the sudd

en shearing off of a few connectors in one of the shear

spans; and so long as the load was not removed, connect

ors continued to fracture and the load continued to drop

off. This went on until all the connectors over half the

length of the beam had sheared off completely, at which

point the test was discontinued. This characteristic

mode of failure is shown in Fig. 4.4.



It is of interest to note that once the ultimate

load was reached all slips took place in one direction;

therefore, there was an increase of slip in one half of

the beam and a decrease in the other. This was so beca

use the failure of connectors in one shear span tended to

cause an imbalance in the horizontal shear force. Accor

dingly, there was a reduction of the horizontal load and

an elastic recovery of those connectors in the other half

of the beam which had not yet undergone full plastificat

ion. This slip variation after ultimate load is typically

shown in Fig. 4.52.

The inelastic deflections observed in B5 were ch

iefly due to the inelastic behaviour of the steel. Fig.

4.33 shows that at an applied load of 3,800 Ibs. large

inelastic strains had already taken place in the lower

fibres of the beam component at midspan; and at this

stage the quarter-span slip was 0.0047 inch as seen in

Fig. 4.44. From Fig. 3.6 the magnitude of this slip ind

icates that the shear connectors were well within the

elastic range.

Beam B6 was not allowed to undergo failure since

it was tested chiefly for making comparisons in the elas

tic range, and since it was desired to retain this speci

men for future demonstrations.
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It is observed from some of the slip curves for

Bl, B2, B3, B4 and 35 that computed slip values, which

were based on connector moduli obtained from push-out

tests, were generally greater than those actually meas

ured. It seems therefore, that shear connectors give

better load-slip performances in flexural members than in

push-out tests. This is possibly due to the fact that in

a composite beam each connector is one of a larger system,

and consequently, its behaviour is less independent than

in a push-out test. Also responsible for this difference

in connector performance could be the difference between

flexural loading and the loading of a push-out test.
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CHAPTER 5

DISCUSSION PJ:W SUMMARY

5.1 Discussion

Beam 36 was designed to demonstrate some of the

features described in Fig. 2.1. The q/q' curves give an

idea of the variation of slip along the length of the

beam for different degrees of interaction. Fig. 4.45

shows good agreement with the theoretical slip variations

for low degrees of interaction in Fig. 2.1. B6 indicated

that for a given applied load there was a reduction in

the measured slips as the points of application of the

loads moved towards the points of support. As predicted

in Fig. 2.1, and shown in Fig. 4.45, the largest slips

occurred at the ends ;)f the member and reduced to zero at

midspan. This is also borne out in Figs. 5.20 and 5.21

where it is seen that the white rectangular meshes defor·

med most at the ends of the beam.

lie values were computed for this beam on the ba

sis of measured end slips in accordance with the Newmark

theoryl. These values ranged between 1.49 x 10.8 and
\. -8
~.52 x 10 when the loads were applied at 12 inches on

either side of midspan. This means that there was a very

flexible connection in the member. Slips throughout the
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length of the beam were then computed using these values

of 1/9, and the results are shown graphically in Fig.

,.15. In this figure it is seen that between the load

points there is good agreement between the computed slips

and those measured. However, the theory indicates const

ant slips in the shear spans. This indication of the

theory does not appear to be correct, because during loa

ding the rectangular meshes on the shear connection defo

rmed more at the ends of the beam than in the regions

close to the load points in the shear spans. The deform

ation of the rectangular~mesheswas interpreted as a ref

lection of the slip distribution in the member, and ther

efore indicated that in the shear spans the magnitudes of

the slips increased between the load points and the points

of support. One reason for the theoretical disagreement

in this regard may be that the theory is not suitable for

slip computations in the shear spans when there is such

a low degree of interaction.

The degree of qualitative agreement, which was

obtained between the experimental performances of 36

and those theoretically predicted in Fig. 2.1, leads to

the speculation that the Newmark theory also gives a

good qualitative description of the behaviour of a simply

supported composite beam with uniform loading, and having

a very flexible connection. Nevertheless, it would be
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best to verify the theoretical predictions of Fig. 2.2

by experimental observations.

An inspection of the load-deflection curves in

Figs. 4.9, 4.10, 4.14 and 4.15 and of the load-strain

curves in Figs. 4.21, 4.22, 4.24, 4.25, 4.29 and 4.30

reveals that, for analyses of Bl and B3 in accordance

with the Newmark theory, better agreement with measured

values was obtained with the use of a varying lie value

than with a constant value of this coefficient. This is

to be expected because the varying interaction coefficient

provided lower values as the beam degenerated. Neverth

eless, it is observed from Figs. 5.13 and 5.14 that even

this detailed type of analysis failed to produce good

quantitative agreement with measured slips.

In Figs. 5.9 to 5.12 the Newmark theory suggests

t~~t the load-slip characteristics may vary markedly for

connectors along the length of the beam. If this aspect

of the theory is correct, then it is either that the load

slip characteristics of a connector varies greatly with

the location of that connector, or that generally there

is a weakening of the connectors towards midspan. First

of all~ it does not seem reasonable that the location of

a connector in a simply supported beam should alter its

behaviour as significantly as Figs. 5.9 to 5.12 indicate.
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Uplift forces did exist in the members tested; and these

forces can weaken the shearing resistance of a shear con

nector. However, the derivation of this theory does not

take into account uplift forces and should not, therefore,

be expected to reveal the effects of such forces. It is

thus thought that the theory does not give a good descri

ption of the load-slip characteristics of the shear conn

ectors throughout the beam.

An attempt was made to apply the Newmark theory

to beams 32 and B4 by varying the connector spacings tn

in the equations, since the connectors were not uniformly

spaced in these members. After plotting results as shown

in Figs. 5.3, 5.4, 5.7 and 5.8, it became clear that the

applications were not valid. Some points, which had

higher interaction coefficients than other points at a

given load level, showed lower connector moduli than

these other points at the same load level. In other

words, the theory was shoWing the obvious need for vary

ing the connector moduli proportionately as the spacings.

When this was discovered, analysis along this line was

discontinued for these members. Consequently, strain,

deflection and slip analyses for 32 and B4 could not be

based on the Newmark theory, whereas these quantities

were validly computed by the Stussi method for these

members.
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Efficiency curves mlve been prepared for compos

ite beams utilizing some of the geometric and elastic

properties of BI. These efficiencies were based on

composite derlections which were computed by the Newmark

method of analysis. The curves are shown in Fig. 5.19,

and a sample calculation is shown in Appendix A. There

is general agreement between these curves and those

pUblished by Fazlur R. Khan?

5.2 Comp~rison Betwee~ the Newmark ~nd StuBS! Theories

Both the Stussi and Newmark theories are elastic

theories, and they show good qualitative agreement with

measured results in the elastic range for the members

tested.

A comparison between the two methods cannot be

made for all the members tested. In each beam equal size

connectors were used; but there was a variation of the

connector spacings in beams B2 and 34, and therefore full

analysis only by the Stussi method was possible for these

two members.

The load-deflection curves in Figs. ~.9, 4.10,

4.14 and 4.15, and the load-strain curves in Figs. 4.21

to 4.26 and Figs. 4.29 and 4.30 show good quantitative

results by both methods for Bl and B3. In the case of B5,
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Fie. 4.33 shows that the load-midspan strain curves were

coinc~d8nt for both theories, while in Fig. 4.19 the

l03d-~idsp3.n deflection C,lrves show better agreement for

the Stuss1 curve, since this curve lies closer to the mea

sured curve than does the !Iei·Tr.1R.rk. Fig. 4.34 shows that

the Ne,,.Jmark strain distribution curve for the lower fibre

of B5 15es closer to the measured curve than does the

Stussi, but that both these theoretic~l curves coincide

at, and close to, midspan.

Figs. 5.16 .::.nd 5.17 show slip distr:l..bution curves

for Jl ~nd D3 at various load levels. These sli~ comput

attor.s for e~ch beam were ~ased on a constant connector

modulus w!lich was obtained from previous push-out tests.

It is seen that the- Newmark method produces larGe!' numer

ical results than does the Stussi theory. A review of

Figs. 4.46 and 4.49 would reveal that the Stuss! results

are larger than those measured; and therefore, it is evi

dent th8. t the Ne\'rmark theoretical values are even farther

away from the experimental.

Fig. 5.18 shows identical results for both the

Stussi and Hewmark methods except at the end connections.

1'his figure j.ndicates the theorr:tical horizontal connec

tor load distribution along beam 35. The Newmark method

sug~ests that there vas no load on the end connections of

this beam, whereas the Stussi method indicates that large



negative forces were exerted on these connections. Fig.

4.44 shows that large negative end slips were recorded

for this member, thus indicating that the stuss! theory

gives a more realistic description of the loading of the

end connections in an encastre beam than does the Newmark

theory.

Generally, the Stussi method of analysis produced

better quantitative results than did the Newmark method

in the light of observed values.

5.3 Summary

Tests were conducted on six small-scale rectang

ular composite beams. The object of these tests was to

obtain information regarding the suitability of the New

mark and Stussi theories for analyzing composite beams,

and also to observe the influence of connector spacing on

the overall performance of composite flexural members.

All the tests were made with two concentrated loads appl

ied to the slab component symmetrically about midspan,

except in the case of beam B5 where a single concentrated

load was applied at midspan.

There was generally good agreement between exper

imental observations and theoretical predictions. In

addition, it was observed that connector spacing does

have a significant effect on the behaviour of composite

beams •.
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The beams tested had flexible connectors, and it

is recognized that the results obtained from these tests

cannot be applied directly to full-size beams with stiff

connectors. There are indications that beams with stiff

connections behave in a somewhat different manner from

the predictions of the Newmark and Stuss! theories. For

instance, composite beams with stiff connections tested
6

by Chapman revealed slip distribution profiles which are

different from those obtained by analyses in accordance

with the Newmark and Stuss1 theories. Perhaps more para

m~ters would have to be introduced into these theories

when they are applied to composite beams with stiff conn

ections. However, it can be said that these theories do

provide a good description of the behaviour of composite

beams with flexible connectors.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions From Tests on Composite Beams

The conclusions which follow are based on the

data obtained from the six beams tested.

1. The Newmark theory in its present form does

not give a true account ot the load-slip

characteristics of the shear connectors

throughout the beam.

2. Better load-slip performanoes are obtained in

beam tests than in push-out tests tor shear

connectors.

3. Both the StUBS! and Newmark theories give a

good qualitative description of the behaviour

ot a composite beam in the elastic range.

1+. The Stuss! method gives a better quantitative

account of the behaviour of a flexural compo

site member with flexible connections than

does the Newmark method.

5. The Newmark theory is strictly applicable to

the ease ot uniformly spaced connectors when

connectors of equal capacity are used in the
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composite beam. However, the Stussi approach

is suitable also for variation of connector

spacing. Generally, it can be said that the

StUBS! method is preferable to that of Newm

ark for the analy8is or compoSite beams with

flexible connections.

6. For a two-point loaded, simply supported beam

where equal capacity connectors are used, a

connector spacing arrangement based on the

conventional shear force diagram appears to

be the best of the three arrangements used 1n
~

this investigation.

7. The oomposite behaviour of a simply supported

beam with a two-point loading is a function,

of the load position.

8. The Newmark and Stussi methods of analysis

are applicable to an encastre beam.

6.2 Recommendations for Future Studies

a) It is clear from the tests that uplift forces

do eXist in a composite flexural member, and

that these forces do affect the behaviour of

the beam. In order to make more accurate

predictions of composite behaviour in beams,

it would be necessary to have some idea of
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the variation ot uplift forces in these memb

ers. Therefore, it would be or advantage it

future tests are conducted to study the magn

itude and variation ot such torces.

b) Theoretical prediction$ of the behaviour ot

composite beams with uniformly distributed

loading are given in Fig. 2.2. Tests should

be carried out on simply supported members

with very flexible connections and bearing

uniformly distributed loads to see what agre

ement would be obtained with the theory.

c) It is suggested that more detailed experime

nts be ca"I'ried out on encastre beams. Care

should be taken to improve the conditions or

end fixity; and more slip and deflection

measurements should be taken along such beams.
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APPENDIX A

The notation in the Appendix is also the notation of the thesis.

A.I ~Totatlon

The subscripts used with the notation of this

Appendix have the following meaning:

b = beam component

t = slab component

L = section to the left of the point of a~plication

of the load

R = section to the right of the point of applica
tion of the load

Primed symbols indicate values for composite beam with

complete interaction.

The following symbols have been adopted for use

in this Appendix:

cross-sectional areas of the beam
and slab components respectively.

dist~nces between the respective
centroidal axes of the slab and
beam components and their respective
extreme fibres.

moduli of elasticity of the slab
and beam components respectively.

I

t:. EI

=

=
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EI :::

1 :::

C

F, F
L

, F "Fl :::
R

It, I b :::

k :::

L :::

M :::

~, Mb :::

q, qL' qR' ql :::

:::
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-2
:EEl + EAz

k L2 Ef
S EX ~EI TTl.

horizontal direct forces acting at
the centroids of the slab and beam
components.

second moments of area of the slab
and beam components respectively.

modulus of shear connector (in lb/inJ.

span length of eomposite beam.

total internal stress couple of the
composite beam. '

internal stress couples of the slab
and beam components respectively.

horizontal shear per unit length of
beam, transmitted between the slab
and beam components.

connector load.

s

w

x

y, Y'

:::

:::

:::

:::

:::

:::

connector spacing.

Yb/L:EI

distance from the point of application
of the load to the nearest end support.

applied load on composite beam.

distance of cross-section from the
left support.

flexural deflections.

vertical distances from the centroidal
axes of the slab and beam components
respectively.

z :::

:::

distance between centroidal axes of
slab a~d beam components.

slip between the slab and beam
components.
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strains in the slab and beam
components respectively

strain 1n the lower fibre ot
the beam component
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A,2 Analysi' by the Newmark Theory

The beams considered in Fig. A.l are composite

rectangular beams which are analyzed in accordance with
"

the Newmark theory, The development of this theory

leading to equations 1, 2, 3 and ~ hereunder was origin

ally done by N.W. Newmarkl •

The general differential equation iss

c:lLF F k Elk M z _. .. ______ _ _ ____ (I)

dx.2. s EAz.EI s.l:EI

where F is the horizontal direct torce acting
at the centroids of the slab and beam
components,

and M1s the total internal stress couple of
the composite beam usually expressed in
terms of the distance x of the section
from the left support.

The strain equations area

cb - [Sb - ~. ~z: (SbZ - Eb'Ab) ] MH -- -- --'- - - -- (Zl

Et - [St - ~,~~Z:(StZ+ E".~.)] M--------- ------/3)

The deflection equation 1s:

-- '+ MLzCEAzz
Fj EI7rz ~EI F'" .... - -- - -.- - - _., - ----(4)
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Q~.lse A: A simply supported beam wi th two-point loading

as shown in Fig. A.I(d).

The compatibility conditions assumed are:

at x = 0, FL =0 .'

at x :: u, FL = Fp and d~ = dFB.t. ux dX

at x :: 1/2, dFR 0::

dx

The solutions for F and q are:

Fi.' == z EA W :x:.
EI Z.

Fi. =
F'

L.

Z. EA W
EJ 2.



.:1nd for u~ x~ L/2
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FR' = Z EA W U--
EI 2

~' - Z FA W
R - -

£1 l

where

• I.. (ill! \, . h (:If- (I _ :x.)~
Sinn de L; 5m ,!C Z L ~

h 'lrCOS /._-
'.2.IC,

, _ k l! ..:o::::E='__

C S TTL E A l: E ,



Case B: An encastre beam with a concentrated load at

midspan as sho~m in Fig. A.l(e).

The assumed compatibility conditions are:

a t x = 0, ~ = 0 and hence dFL - 0
dx

atx=L, ~ =OandhencedFR=O
dx

at x = u, F = FL R

The solutions for F and q are:

for O~ x~ L/2

~ = ZEA WL[_rc cosh(~J {sinh(" (1 0 0_ U"l?-~_3~
EI ..".. h(1!J!) . h 7T JC\ LJJ ~ ~sin JC L Sin JC

+ 1-0 _ cosh(nU)~ ~ (2. u.3 _3 U2.) (sinh(71 U)_ cosh (71U).
JCL~ ~ ~ \ UcL JCL

sinh 1T)~ _JC cosh(j~t)( (,0 - cosh (M:)) _JC sinhl1t(}
JC 7f - h('7T'U ) 1T C.

sin \JC L

- [3 ZF I ::=: Z EA W L 2. U )(. _ 3 Ll X. +
L El L4 ~

X.

L
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( 1TX \ 1_lCcosh -n,l
7T. nu· n

sinh \kL)~lnhlC

sinh!1T (1'0- U\)(z u
3
-3 uz-+ 1.0 -c.osht:rrU.\\+(2.-¥:- 3 UZ-)

tjc: \ L) 1! L2. \"JCL)) ~ 1: LZ

~inh{!Tu..\ _ cosh Urll.)s·lnh lTV} _JC coshG?t) (I.o-cosh (~))
\JCL.:J \JCL JC 7T • h(lTu')

Sin JC L

( TTX-) (? u
3 II )]- J.i sinh JCL \' ~ - 3 l! + I· 0

h( 7TU~ ~ U?' U
Z

) (c.i (TIlt \ (I1U\. 1T _\}
-cos JC.L)j+ ~ e -3 ~ \,nh\-JCLJ-cosh JCL"jslnh Ie)

sinh tJ!c~)0·o-cosh(~J) (111.)~ u3 uz. )- - c.osh =L 2.--3~+ 1·0. h/}f U ) JC ~ t=
sin \JC L

u
3

U
Z

]+2l! -3 ~ + 1·0
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q I = Z E A W [2.Jt
~L Ell!

u2 (1TUJ\ (, U3 U2.J(C"o (7fU, f_TTU \
-3l! + '00 -cosh JCL))+ \~ -3 t= }'\.In'n JCL)-c.osh,reLf

. L rr~} sinh (¥c) (Ioo-cosh (N)) h(7TX)
51tH! - + ) + COS JCL·

SC sinh [JTU
\'SCL

(~uJ uz. )~
~ ~ - 3e< + 1·0 J

Due to the symmetry of loading FL, FL, qL and q~ are

are equal to FR, FR, qn and q~ respectively.

A.3 SiIDple Calculations

Sample calculations of strain and deflection for beam Bl:

BEAM 81

W
2 L=60"

LOADI NG
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,,,

At Ab - 2"><' 14 - 2. 'S- sCf,. inS.

Z - I· Eo "

It I b ~~ X 2 Xt513 - 0·33 in4

4

E
t - E b - 32·25' X./Of> Ibs.l in Z

I _I- I 2-
+TI Et At EbA p 32·25 X. 106 x 2·5'"

Th erefore fA = 4 0 .31 x I0 ~

7_ 2,·/3 x. 10

7== 6·29 X 10

EI = ~EI+ EA·ZZ. Z'/3

" ·29
a·4Z X. 10

7 = 8·4Z x. 107

section for complete
4in •

I =second moment of area of composite

interaction = (2 x 2.53)/12 = 2.61
EI =. 32·2.5 x 10' X Z'bl _ 8·42 X 10 7

ljb/~EI = O·"zs
Z·13 X 107

-8= 2· 93 x /0

Midspan moment =moment at quarter-span = (W x 15)/2 =M

For midspan computations x-= 30", and for computations

at load point x =15 ft
•

Strains

Referring to equation (2), strains at the lower
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fibre of the beam component are computed trom the

folloving equations:

Ebb('l~G.-ter - spGn) == [2'78 X,O 8 - (. 4 8 >"0
8
,, ~,J"f. " '6"

[
2.78 x 10-

8 - 1·48 x 10-
8

X. ~]::d.X /S
F::' 2.
R

DeflectiQn

u' =!.ff..:!!- [3 L:x:. - 3.x
l

- U2.J
J IZ. E'

Referring to equation (4),

= W [3. 6 7 + ~x FR ] /o-s
'Ie FR

A few results are presented in Table A.l. The

values for incomplete interaction are based on lie =7.59

This value of lIe was computed from the measured end

slips of beam Bl as discussed in section 2.2.

'"+-'

.------,--

1------1-1--

"2 2
I

L L
I4" 4"

1...

Sample calCUlation of efficiency curves of beam in Fil. A.2:

VI 'W

\

LOADING l.. 2" ...i-'-
CROSS-SECTION

FIG. A·2

..
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No. of connectors =17

s = L/(17 - 1) inches

Et =Eb =32.25 x 106 Ibs/in2•

k =3.82 x 105 Ibs/in.

~ = ~ ~2~ ~EI
y'{midspan) =deflection due to complete interaction and

is computed as shown before in the case

of beam Bl.

Ay(m1dspan) = increase in deflection due to loss of

interaction =M L2 EA ;2 FR

I7c EI ZEI F. 'R.

Efficiency = (1.0 - (Ay/y') 100

TABLE A.I - RESULTS.OF BEAM Bl

C.-bb quarter-span in inches
Midspan deflection in inchesper inch

Complete Incomplete Zero Complete Incomplete Zero
W1n Interac- Interac- Intera- Inters.c- Interac- Interac-
kips tion tlon etlon tion tion tion

1 0.00011 0.00014 0.00022 0.037 0.049 0.1lt-7

2 0.00022 0.00027 0.00045 0.074- 0.098 0.295

3 0.00033 0.00041 0.00067 0.111 0.147 0.41+2

4 I 0.0004-5 0.00055 0.00089 00147 0.196 0.,89

5' 0.l}OO56 0.00069 0.00112 0.181t 0.245 0.737
~-



APPENDIX B

The notation in the Appendix is also the notation of the thesis.

B.I Notation

The sUbscripts used with the notation of this

Appendix have the following meaning:

b = beam component

t = slab component

The following symbols have been adopted for use

in this Appendix:

cross sectional areas of. the slab and beam
components respectively

=2ntAt·nbAb

ntAt + nbAb

C

Ci

, di,

, d',
~ i

~
\

\

\

= distances between the respective centroidal
axes of the slab and beam components and
the interface

= a reference connector modulus (in lbs/in.)

=modulus of connector at section 1 of the
composite beam (in lbs/1n.)

= spacing between the shear connectors at
sections i and (1+1) of the composite beam

=deformed length of di at the lover fibre of
the slab component

=deformed length of di at the upper fibre of
the beam component
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..

=distances between the respective centroidal
axes of the slab and beam components and
their respective extreme tibres

=a reference modulus of elastl~lty

Ett Eb = moduli of elasticity of slab and beam
components respectively

=sum of horizontal connector forces from the
left support up to section i of the compo
site beam

\,

L

M

z

= second moments of area ot slab and beam
components respectively

= Ino + Aldo~2

:: nt1 t + nb1b

=span length of composite beam

=total internal stress couple of composite
beam

= total internal stress couple of compo.ite
beam at the middle of di

=internal stress couples of the slab and
beam components respectively

= Eb/E

=Et/E

=horizontal component ot connector force

= vertical component of connector force

=total applied load on composite beam

=distance between eentroidal axe. of beaa
and slab components

()( = 2.111
0 C

E oIno -Aid



~ :: Z C
E Ina

~ :: slip between the- slab and beam components

A£.\) = strain at the lover fibre of beam component
due to Mb

Alt :: strain at the upper fibre or slab component
due to Mt

A<rb :: stress at the lower fibre or beam component
due to Mb

A <ft = stress at the upper fibre or slab component
due to Nt

144

trt8 , CT"bs

=strains caused by F in slab and beam
components respectivel1

:: stresses caused by F in slab and beam
components respectively

B.2 AnalYsis bY the Stys,! TMgry

The beam considered in Fig. B.l is a composite

rectangular beam. It consists of two rectangular eomponents

held together by shear connectors, and is analyzed in accor

dance with the Stuss! theory2.

The principal assumptions made in the analysis

are as follows:-

1) The slab and beam components have equal

curvature at all points.

2) The distribution of strains throughout the

depth of the slab and beam components is

linear.



-Centroidal Axis of Slab c.omponeni

e
t Fi+1

----------
IYI tc t

Z
iotlCb --~~ di ·1----- Fi+ 1

-- -----

e
b Mb

CenTroidal Axis of Beam c.ompone.nt

(a) Undeformed Beam (b) Strain Distr
ibution

(c) Cross-Section

d'i

di' A: Area

1(: Slip

d: Spacing of Connectors
(d) Deformed Beam c: Strains

Fig. B.l Composite Rectangular Beam
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3) The deformation of the shear connectors 1s

proportional to the connector loads.

Referring to Fig. B.l(d),

let
Ad! ; change in the length of the lower face of

the top component

and ItAdt = change in the length of the upper face ot

the bottom component

then
= .•..••.......•...•• • (1)

If the total internal stress couple at the middle of

di =Malt then the changes in length of the upper and

lower faces considered are:

and

The deformation of the connectors is proportional to

the connector forces Qx •

Hence
~1 = F i - F

i
_

l = QX1
Ci Ci

and
'((1+1 = F1+l -. Fi = QX(i+l)

Ci+l Cl+l

Referring to Fig. B.l(b),



11+-7

IV\~.It • Ct F: A~. Ct _ at5__I -
It At et

and
F, -AOb' Cb- ""a.ib ,cb + + <T"bs

I b Ab
eb

Hence I

ad j + ~i-tl di t.,. + Aot . c, F. -F.
+ 1+1 I

-- ts e t Ci+1E
t

and
dj (cr. _ AC1b . c.~ F: - p."Ad· + ¥,. - + .I .-1

I I - bs e G·Eb b I

Equation (1) can now ba written as:

The total internal stress couple

and
F := if ·A

ts t

Due to equal curvature of beam and slab components,

A CTb - - - _ - " . - - - - • - • • • . • • • - - - - • - • • (3)
ebE b

hence

ll.O"t = eM - F·z) Et

e t Etl t -+ Ebl b
and (M - r'%) Eb

Etlt + Eblb
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Equation (2) can now be written as:

+ Fi - Fj -I _ •••• _ . _ .. (4-)
C·I

Denoting

where
E is an arbitr8~Y reference value for the
modulus of elasticity)

and defining

and

=

=

=

ntI t + nbl b

2 ntAt nbAb

ntAt+nbAb

I no + A1d·A2
2

Rearranging equation (~), the following equation for

computing the longitudinal shear force F is obtained:

Fi - t + F( [--.l.- + _,_ + 2 dj -In _ ] _ Fi+ I = d j ·z M .····(5)
- C i Ci-t' Ci E I no Aid. C i+ 1 E I no ell

The solution of equation (5) for F enables the

computation of the stresses in the components from

the relations:-

<Tts = L, A<rt = M - F; ntet t
At Ina

cr'os = L, and 4U"b = M - Fz nbeb'A.D I no

..



3.3 Sample Calcul~t:~

Sample calculatiuns of sliu, ~trall!.and defleotion for B2:

LOADING

BEAM B-Z

Z - ',25""

E = E = E = 32·25 X 106 lbs lin'b t

,,0
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Aid = 2. "t.At . nb Ab

nt~t + l""IbA b

0·66

2.. 5""

_ Z· b2

Applying equation (5) to d1 and d2 gives:

and

-F. ..,.... [ , ,_' + rz' - + - +
Cz. C3 Cz

where ..
M QI = Yf x ,. S"

and

M = W x 4·5"
Q2. 2

Making

and (3-

The above equations relating to d
1

and d
2

may be

written as:

and
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Similarly the following equations may be written:

In equation (J) due to the symmetry of loading, FIl =FlO.

Therefore, this equation becomes:

The Gauss Seidel Iteration can be applied to the above

simultaneous equations so that the values of F may be

obtained.

Slip:

Slip at connector No.1 :: Qxl :: 2L
Cl Cl

Slip at connector No.2 :: QX2 :: F2 F1
C2 C2

•

• •
Slip at connector No.lO :: QxlQ :: FlO - F9

CIO elC



..

Strain:

Strain at the lower fibre of the beam component

at midspan

Deflection:

(~)( IS - 'fo' i)
- Z. "'0-62S

0·66

8, .......... _

F, G. B·2.

Fig. B.2 represents the equivalent conjugate

beam over quarter span of bea.m B2.

Considering the beam component only,

T2 = M2 - F2 z,
2

T3 = M3 - F3 z, ....... T7 = M7-F?z

2 2

Load point deflection = quarter-span deflection =

Computer programming has been used in the above

computations, and a few results are shown in Table B.l.



Beam B5=

In the ease of B5 an infinitely stiff end eonn-

eetion is assumed, hence Cl :: 00 •

Therefore, applying equation (5) to 41 and d2 of this

member,the following equations are obtained:

and

..

_ F; + FZ r...L + J. + 2 d.z In] _ F3 = dz Z Mo.?
Cz lCs Ca E I.,o A;d C3 E r"o

The rest of the analysis for B5 1s similar to the ease

of B2.

TABLE B.1 - RESULTS OF BEAM B2

Quarter-span deflection in ,
inches Midspan strains.

at bottom of
Complete Incomplete Zero beam in ins./in.

W in I1'lterac- Interac- Intera- End slips Incomplete
kips tion tion etian in .0001 ins. Interaction

1 0.027 0.038 0.107 17.1 0.00012

2 0.054- 0.071 0.21lt- 34.1 0.00025

3 0.080 0.115 0.)21 51.2 0.00037

4 0.107 00153 0.1+29 68.3 0.00050

5 0.134- 0.191 0.536 85·3 0.00062

• strains for complete and zero interaction are the same as those
at midspan for beam Bl as shown in Table A.l of Appendix A.
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