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ABSTRACT

e g L T

The use of composite steel and concrete beams in building
construction has been restricted somewhat because of «a léck
of specifications which would permit the mdst econoniical use
of this type of member. An investigation of the minimum re=-
quirements for composite memberS'subjected to gstatic loads

has been carried out. The results of this investigation and

consideration of other work on comp¢site members has resulted

in the establishment of minimum requirements for shear

connectors.

The design recommendations presented are based upon the
conditions prevailing at ultimate load rather than‘elastic
congiderations as was the caée with previously existing speci-
flcations, The ultimate strength of different types of
commonly used mechanical shegr éonnéctors i1s first established.
The minimum strength of shear connectOrs rgquired to attain
the ultimate stréngth'of a member wag derivéd.frqm-tests of
composite members. The ultimaté conﬁepto; styengﬁh_is then
used to establish.the number of connéctors_réquired for any

composite member.

The design of cbmﬁosité membefs on the basis of ultimate
strength 1s also recommended. 3This=design procedure is'simplier
thap'elastic design procedure and offefs certain additional
advantages in terms of maximum economy and a uniform factor of

safety with respect to the ultimate strength of the member.
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Lo INTRODUCTION

This repért summariZes the results.cf a résearch progrém
Eegun at Lehigh.University in 1959 to syudy composite steel
and concrete members. The purposs of thils nesearch program
was to provide a more rational basis for the désigp of com-
posite building'members wh@re only staﬁic loading occufs.
Both elastic and ultimate strength design concepts were con-
sidered in analyzing the test pesults. However, the tests
were piannhed so that thelultimate stréngth of members could

‘be carefully invesbtigated,

. In this paper attempté have beenvmade to describe the
maximum Sﬁrengths of shéar'connéctors by'eithér theoretical
or empiricdl equationsg Baged on these-maximum strengths,
recommendations for thg ultimate étrength design of composite
beams are presented, Recommended values of shear connéctqr
fdrces for usge in allowable strésé designs are also pre-
sented. The recommendatlons presented hereln are largbly
baged upon the results of testlng twelve s1mple beams and one
continuous beam. Nine pusaout type tests and numerous supplee
mentary tnsts were also peff@rmed. The results of these tests

3.l

have been reported previously and only a summary of regults_
is presented here. A rev1ew of other research work in the
field of composite'design has also been presentedjto support

the conclusions reached.



The provisions of the "Tentative Recommendations for
the Design and Construction of Composite Beams and Girders
o e L 2 l’il)"l' B PR [T ek ("” v : A“ . -. < X s 4
for Bulldings by Joint ASCE~ACI Committee on (ompogits

Congtruction are used as a basis for discussing the results

of this regesarch program. Revisionsg and modifications‘of

these "Recommendations™ are supgested based upon actual test

o

results. In addition to suggested modif cationg of the

elastic design provisions, a new gection prcvid;mg the

e

ultimats strength design and pelmlttln* plastic deglgn of

ertain members is proposed.

The most important results from the point of view of

more rabtionality in desigﬁ and greater'ecoqomy of compogite
congbruction are those pertaining to strength‘and'arrange-
ment of shear connectors. The addition of an wltimate
strength procedure flor design provides a usefﬁl tocl for the-

design of composite members and provides alsc a means for

attaining greater economy with this type of construction.

3

The specific problemsrlnvéétigatéd'ih connection witﬁ
the testing prograﬁ are as follows:

(1) InteractionlCréated by~bond,and.friction;'

{2) Strengﬁh of shear c?nneétors.

() Influence of'slip on ultimatevstrength.

(L) Deformatibn and spacing of shear.cbnnectors.

(5) Application of plastic design conce ptb to con-
tinuous beams.
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The conclusions reached from the study of" each of these in-
dividual problems are given in the dlscussion of each topic..
\The design recommendations basged upon . these conclusions are
presented in the form of proposed design specifications for

ultimate strength design at the end of this report.

Details of all.test members cOnsidered and descriptionsV
- of the tests performed are given in Tables 1 through 7.

. ] o _
~ Figure 1 indicates the loading conditions which were used.in .~

~ the variouS'beam‘tests.

2. LNTERATION BY BOND AND FRICTION

During tests of composite beams with mechanical shear
connectors, 1t has been observed that a definite bond failure
occurs‘during testing. This happens at different stages of

l
loading even when comparing members identical in cross section

.- and span, but 1t-often occurs in the vieinity of design load.

Observations also show that shear'connectors carry almost no'
load before bond failure,.and that immediately arter bond -
" failure, the load>carried:by sheAr connectors is suddenly in-
.ﬁcreased, ;It has been observed that bridges‘in_service have.
;'exhibitedusome composite action even though they were conf-

~.structed without shear connectors.
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Since no test results evaluating the amount of inter-
action which could be attained from bond and frigtion could
be found, two members Bl and B2 were fabricated and tested3
to evaluats the effectiveness of bond and friction in trans-
ferring shear. These members were similar in cross section
to other members tested (See member B3 in Table 1) except:
that they were fabricated without mechanical shear connectors.
Member Bl was loaded by hanging loads from the stesl member
and member B2 was tested by loading on top of the slab in the
usual manner. his made possible an evaluation of bond alone
as a shear connection in the cage of member Bl. Bond and
friction due to applied lbads as & shear connection were
evaluated in the test of member B2. Figurs 2 glves the
results of tests Bl and B2 in the form of load versus de-
flection curves comparing the performance of the memberg to
the predicted ultimate strength of the composite member and
the ultimate strength of the,stéel beam alone. No attempt to
artificially destroy or increase bond by treating the top
surface of the steel beam was made. However, means to prevent
accidental breaking of bond due to handling were employed in
the case of both members., Unfortunately, bond failure from
shrinkage of the concrete in the slab took place in both
members prior to testing. The load deflection curves as well
as other data from the tests indicate that there 1s no inter-
action due to bond alone (Member Bl) and very little inter-

action due to friction (Member B2). Member Bl exhibited complete
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separation of slab and steel beam at the maximum loa@ shown
for this test. The ultimate strength of member‘BZ was i07%
of the plastic moment of the steel beam alone. If one assumes
a coefficient of friction of 0.5 resulting in the maximun
possible compressive force in the concrete slab being half

of the applied shear and the stress distribution given in
Figure 10 for calculation of "modified ultimate strength",

the ultimate strength of member B2 can be determined theo-
retically. The results of such a calculafion agree with the
test value within 2%.

It must be concluded from these tests that interaction
due to bond can only be attained when shrinkage of the concrete
§lab i1s restrained by some type of shear connector and when
the slab and beam are prevented from separating. Observed
interaction in bridge decks without shear connectors must be
attributed to the effect of a relatively heavy deck in pro-
viding relatively large friction forces as well as a high ‘
percentage of reinforcing steel in the deck glab which re-
strains shrinkage of the concrete. Since none of these condi-
tions are normally present in bullding construction, the use
of bond and friction in providing interaction must be ignored
and all horizontal shear between concrete slab and steel beam
must be carried by properly designed shear connectors. In

evaluating test results, however, it must be remembered that
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the strength of mechanical connectors must be consldered

with the shear transfer by friction included.

3. ULTIMATE STRENGTH OF SHEAR CONNECTORS

The results of tests performed by several investigators
have been considered along with the members tested under
this program. The members which were tested as part of this
investigation are listed undér references (3) and (4) in
Table 1. Only these members were planned with the intention
of developing deslign rules for ultimate strength design of

shear connectors.

It is essential that the ultimate strength of a section
should not be reduced by secondary failure of shear connectors
at loads below ultimate bending strength. Existing empirical
design rules for the design of shear connectors have proven
satisfactory for elastic design. These rules are also safe
for ultimate strength deslgn even though it is necessary that
the strength of the shear connection must provide Interaction
for loads up to the ultimate load. However, an analysis of
the ultlmate strength of shear connectors is necessary so
that the resulting designs can be made both economical and
safe. The fact that the shear connectors mugt provide vir-
tually all of the resistance to horizontal shearing forces

at loads near ultimate load makes 1t necessary to develop
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design rules whilch willl prevent fallure of members due to
shear connector fallure, The strength of shear connectors
1

riust be known before the factor of safesty of a compcsite

menber can be stated with any degree of certainlty.

The load-sllip charagterlstics bf different typres of
shear connqc?ors have been dqterﬁined by meahs of pushout
tests by many investigators. Generally the ultimate strength
of the connector has been lgnored, and the gtrength of the
conngctor has been taken as the force providéd at a gertain'
amount of slip. The ultiﬁate strength of connectqrs is now
proposed as the basls of deslgn. The strength of shear
connectors in beams as well as pusheut specimens has been

used in developling thils method.

In attempting to evaluate and compare the results of
beam and pushout tests, baslec differences 1n the performance
of shear connectofs In beams and slabs must be cbnsidered,
Stresses, deformatiqns, and crackling of pushout test srecimensg
are determined by the magnlitude of lpads on the shear connec-
tors alone. 1In beams; stresses, deformations, and cracking of
the concrete slab are determined primarily'by'bending stresses
rather than by the magnitude of loads on the shear connectors.'
Therefore, varlables such as éoncrete strength and percentage
of steel reinforcement 1n the slab whlch seem to produce

congiderable effect on connector strengths in pushput sprecimens
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may not be of squal importance in the case of beams. Also
riction dus to applied loads is only present in beam tests.
In Tables L through 7, test values for ultimate connector
strength obtained from both beam and pushout tests are listed
" beginning with the highest test result. This is done for
three types of commonly used connectors--studs, spirals, and

channels.
3.1 Apparent Connector Force 1n Beam Tests

The apparent connector force in beam tests is obtained
by first calculating the compressive force in the concrete
.8lab at ultimate load., The stress distribution at ultimate
load is based upon the crushing strength of concrete and the

yield strength of steel.

The stress distribution at ultimate moment for Case I
having the neutral axis located in the concrete slab is shown
in Figure 3. The total tension and compression forces are
given by eqﬁations 1 and 2.

T = Agfy (1)
C = 0.85 fgba (2)
Since C = T the depth of the compressive stress block 1is
a=-SI (3)
0.85f¢b
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This defines the distance e from the centroid of the

steel area to the centroid of the concrete area as.
= 4 - &

. The ultimate moment then is

M, = Te = Ce (5)

When the neutral-axi§ falls within the steel beam, the
following equations must be used to determine ultimate

moment. This ig referred to as Case II.

G = 0.85 fobt (6)
T=2C+C (7)
ct = 2ay G (8)
My 5 Ce + Cle! (9)

The distances e and e! must be found by considering
the stress distribution in the steel member along with the .

geometry of the section.

The aggumptions upon which Flgure 3 1s based are (1) a
fully plastic state of stress is present in both steel beam
and conerete slab, (2)‘there is complete Interaction between
beam and slab atAultimate load and, (3) the concrete slab
resists no tensign. The fully plastic state of stress 1is
taken as O.BSfé over a depth of slab necessary to rgsist,thg

compressivse fqrce and fy over the entlre stee; section. The
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theoretical ultimate moment for test members is given in
Psble 2, Column 5 as My. The moment 1M, given in Table 2,
Column 6 is a btheoretical ultimate moment for the member
when the shear ccnnection is inadequate. The theory for

[-] 9 Y ."' I3
determination of I, is given in Art. L.

The force per connector for members at ultimate load
is determined from the equilibrium of forces shown in
Figure L by dividing the compressive force C in the slab
by the number of connectors between the sections at which
ultimate moment and zero moment occur. Many of the tests
reported were gstopred before ultimate moment was reached
(3ee Table 2, Column 3 and 4). In éuch cases it is first
necessary to find the value of C which exists at the maximum
teast load by use of Figure 5. This curve was congtructed
for the cross section of members B3 through Bl3 and shows
the resultant compresszive force in the slab plotted against
the gpplied moment. This curve was obtained by a theoretical
analysis of atrains and stresses in the steel beam and con-
crete slab after first ylelding of the steel beam. Since
Figure 5 is non=-dimensional, it can be used for any similar
composite member with little loss of accuracy for predicting
the value of C at a load lesg than ultimate load. The
connector forces for beam tests given in Tables 2, L4, 6 and

7 and which are plotted in Figures 6, 7, and 8 were obtained
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in this manner. It will be shown later that Figure 5 is
only valid when the number of shear connectors provided is
adeguate to develop the compressive force C at ultimate ioad.
When there are not enough connectors provided, the maximum
value of (¢ cannot exceed the strength of the connectors.

Since the shear connector force is dependent upon the loading

condition, Figure 5 may be valid for one loading conditiqn

but not for another locading condition on the same member.

Thig must be kept in mind in evaluating test pesults when a
member ﬁas tested several times with different loading condi-
tions. No attempt to separate shear force transferred by
bond or friction hag been made in the case of beam tests.

This force, the magnitude of which can be roughly estimated
from the test of member B2, is therefqre part of the connector
force given for beam specimens apd 1s referrgd to as ”apﬁarent

connector force',.
3.2 Jtud Shear Connectors

Congldering the tests of stud connectors first, it is
found in studying Table ua,'representing tests of 1/2"
connectoras, that the force per comnngctor at fagilure of the
connector may range from 6.8 kips per connector. in the case
of pushout P7 to 17.8 kips .per connector in the case of
beam B6. These values may be compared with the tengile

strength of the connector material which may range from 13.0
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kips per connector to 13.9 kips per connector as given in
Table 5. More than half of the test results given in Table la
fall above the minimum material strength of 13.0 kips per
connector and all of the beam test results except test B11-T13
fall above 13.0 kips per connector. Connectors which failed
in beams ﬁave always failed in tension rather than shear
indicating that the ultimate strength of the connector as

used in a beam can be expected to reach the material ultimate
strength. The ultimate strength of the-connéctor material

was exceeded in a sufficient number of pushout specimens to
justify its- use. Pushout tests of lower results must be
attributed to the difference in performance of connectors in
beams and pushout specimens and the lack of a standard'pushout
specimen from which consistent results.can be obtained. Com-
parison of Tables Lb, Lec, 4d and lje with Table 5 also support
the conclusion that the ultimate tengile strength of the
connector material can be used as the ultimate strength of a

shear connector.

Other reasons for low connector strengths cited by .pre-
vious investigators have been short cénnectors and low concrete
strengths. These factors must not be overlooked in specifying
the ultimate strength of connectors. For this reason, the
form of the empirical formulas used for determining the
gtrength of shear connectors in the past has been retained

and the coefficients have been changed to give the ultimate
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gtrength of shear connectors. In Art. 10 for formulas for stud

connectorg proposed for use in specifications are

qq = 930 a 241l (10)
for h/dg larger than l.2 and
4, = 220 hds'\\/—f—g’ | (11)
for h/dg less than .2
where q, is the ultimate strength of the shear connector. In
addition, the ultimate strength per connector should in no
case be taken as greater than the ultimate tensile strenéﬁh of
the connector material. The above formulas were obtained by
plotting the test rgsults and fitting these curves to the data
as shown in Figure 6 using a concrete strength of 3000 psi and
non-dimengional coordinates. It 1s felt that these formulas
are satlgfactory for studs up to 1 inch in diameter. Larger

studs have not been considered in this work.,

The approximate working stress for stud connectors as
specified for f) = 3000 psi in the 1961 AISC specifications
and the ASCE=-ACI recommendations 1s indicated by lines on

Figure 6.

3.3 Spiral Shear Connectors
Tests which provide information on the ultimate strength
of spiral shear connectors are listed in Table 6 along with

results of tensile tests of the spiral material. In
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evaluating these results, the form of the formula for connec-
tor strength in current use has been retained and the cosffi-
cient changed to give the ultimate strength of the connector.

The formula therefore becomes

a4y = 8000 4 i‘/?’z- a2)
in which qy 1s the ultimate strength per turn of spiral.  This
formula was obtained by fitting a curve to the test results
plotted in Figure 7. It 1s assumed in the case of spiral
connectors that the weld develops the ultimate strength of

the spiral. The ultimate strength of a turn of spiral is
therefore taken as EASfé as a maximum. This value also fits
test results well except that it appears to be conservative
for 1/2" and 5/8" spirals. However, in the case of stud

connectors, some of the test results were also higher than the

strength of the material.

The approximate working loads for spiral connectors as
given in the 1961 AISC specifications and the ASCE-ACI

recommendations are indicated by lines on Filgure 7.

3.l Channel Shear Connectors

The formula for the ultimate strength of channel connec-

tors 1s given as
qu = 550(h + 0.5t)w 4/T] (13)

in which q, 1s again the ultimate strength per connector.
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The parameters t and w in this formula are web thickness and
length of the channel as in previous formulas for channel
connector strength. In this equation h is taken as the
averags Ilange thickness whereas previously, h was taken as
the maximum flange thickness. Fither value may be used by
selecting the proper coefflcient in the formula. Average
flange thickness 1s more convenient to uge in design because
it can be obtained from any handbook and is the same for all
channels of a given gsize regardless of the manufacturer. The
value of the coefficient of 550 was determined by fitting a
curve to tesgt results in terms of load per inch of connector
versus the factor (h + 0.5%) fé as shown in Figure 8. A
curve which gives gatisfactory values of connector strength
for all sizes of standard channels having depths of 3"
through 5" was selected. Thé tests used in determining this
formula are listed in Table 7. It will be seen that concreste
strengths ranging from 2070 psi through 61,80 psi are included
in the testsAand that several slzes of channels are also in-
cluded. It is believed that this data is sufficiently
representative of. practice so that no restrictions need be
placed on the use of this formula for standard channel
gsectionsg, but the formula should not bé used to determine
ultimate strength of sections heavier than standard channel

sections,
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The approximate working loads for channel connectors
as given in the 1961 AISC specifications and the ASCE-ACI

recommendations are indicated by lines in Figure 8.

4. ULTIMATE MOMENT OF COMPOSITE MEMBERS WITH INADEQHATE
SHEAR CONNECTORS

In considering the ultimate moment of composite members,
it i1s not necessary to consider whether or not the interaction
between steel beam and concrete slab is complete»or incompletes
as defined in the literature on elastic analysis. The inter-
action between slab and beam is consldered complete if the
theoretical ultimate stfength ;s_attained. However, to avoild
confusion between elastlc analysis and ultimate strength
analysis, the ferms "compiete" and hincomplepe interaction"
are not used in discussing ultimate strength. In place of
these terms, the terms "ultimate moment" and "modified ultimate
moment" are ugsed. Beams which because of weak shear connectors
do not reach theoretical ultimate moment when tested to failure
are considered from the point of view of their "modifiled
ultimate moment". This is analogqus to the theory of in-

camplete interaction in elastic design.

It was observed in the testing of some members of this
program that the ultlmate moment as préaiéted by the equili-

brium of forces shown in Figure 3 and described in Art. 3.1
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was attained in some tests and not in others. Table 2 1lists
the beam tests giving the predicted ultimate strength (Mﬁ)
and the maximum test moment including dead load moment (M),
It was observed that in some members in which M, was not
reached the member failed by crushing of the concrete slab
while in others c¢f glmilar cross section and equal concrete
strength, the shear connectors faliled. Some of these members
exhibited "apparent connector strengtha" congidsrably above
the tengile ultimate strength of the stud connectors, and
algo consgiderably sbove the maximum strength of the same
connectors in pushout tests. Since the effect of friction
had béen investigated in the testing of beam B2, it is
possible because of friction to conceive of stud connectors,
for instance, developing slightly greater forces in bsamg
than In pushout tests where there ia nb external force which
tends to creabte friction forces between gteel and concrets.
However, it is not possible to explain apparent connector
forces 25% to 30% greater than maximum pushout results as were

ocbgserved in the case of beams B6~T2 and BIII=T6.

In view of the above problem it is necessary to consider
a thecry for stress distribution in the crosg section other
than the one indicated in Figure 3. The stress distribution
given in Figure 3 is entirely independent of the shear

cornmector strength. It has been tacitly assumed that the
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number of ccnnectors necessary to attsin ultimate strength
has been provided. The stress distribution which actually
ocecurs in the case of members with weak shear connectors

must, however, be based upon shear connector strength.

The terms "adequate" and "Inadequate" connactor strength
are hereafter used. The shear connector strength is termed
"adequate" i the number of connectors resisting the compress-
ive force C in the slab, times the ultimate tsngile strength
of the connebtof materlal is equal to or greater than the
compressgive force C in the case of stud connectors. For
channel and spirél connectors emplrical curves derived from
test results are used to obtailn an ultimate strength of
connectors for analysis. If the ultimate strength of all
connectors in the shear span, hereafter refsrred to as §:qu,
is less than C, the shear connector strength is termed

"inadequate".

Using these definitions a non-dimensional plot of M/M,
versus qu/C was made using the following values for ultimate

connector strengths

1

qy for 1/2" diameter stud = 13.9 kips per connector

qy for 3/ " diameter stud 31.2 kips per connector

il

qu for 4 inches of 3 [L.1
qy for L4 inches of | [S.A

L47.3 kips per connector

il

62.9 kips per connector
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To gimplify compariosn of results, these values were used
for all members, even though the application of propased
formulas might result in slightly different values for some
members. All test results for the final test to failure
for beams listed in Table 1 are plotted on this graph given
ag Flgure 9. Tests which were stopped prior to failure
were not plotted unless ultimate load was attained because
of the difficulty in evaluating the polnt at which the ﬁast
was stopped. Polints for members B2l3S and No. 2 were not
plotted becéuse they fall to the right of the limits of the
graph (See Table 3). Two stralght lines which fit the data
points empirically have been drawn. These lines intersect
at the point M/M, = 1.0 and zjqu/c = 1,0, For values of
Xqu/C greater than 1.0, the values of M/Mu for all poilnts
‘are equal to or greater than 1.0. For vglues ofAEun/C less
than 1.0, a line fitting the data points can be expressed by

the equation ]
MM, = ( Zigy/30) + 0,66 (14)
Therefore,

it appears that the maximum connector force is actually very
cloge to the values assumed above and that the stress distri-
bution in the member is different than that assumed in Figure 3

when members which have inadequate shear connesctor strength.

The stregs distribution proposed for calculation of the
ultimate moment of members having less than adequate shear

connector strength is given in Figure 10.
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The use of this stress distribution to predict the
ultimate load gives satisfactory results. The predicted
load-deflection. curve for beam B6 1s shown along with the

actual load deflection curve in Figure 1l.

It is assumed that the maximum compressive force in
the slab is limited to the value
C = gqu ~ (15)
and that the steel section 1s stressed to fy in both tension
and compression so that
C+C =T (16)
where C is the compressive force 1In the concrete slab, C!
- is the compressive force in the top flange of“the steel Eeam,

and T is the tensile force in the steel beam.

The depth at the compressive stress block in the concrete

slab is defined by
| 2y

O,SSféb (17)

a:

The compressive force C! in the steel may be found

from ALy - Ziq
r Cl == = y 2 i = (18)

and the modified ultimate moment, Mﬁ, is computed by equation (19)
My = Ce! + Cle"
Both e! and e" must be determined from the stress distribution

and geometry of the section. The ultimate moment calculated

from this theory is termed "modified ultimate moment", M&.
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The values of Mj foy all tests to which the theory applies

are given in Table 2 and values of M/M, and M/Ma are glven in
Table 3. The test results viewed from the point of vigw of
M/M;, instead of M/M, show better agreement with theory. Many
of the tests for which M/M} is less than 1.0 were concluded by
failufe of the shear connectors. The value of Mﬁ may‘be‘higher
than the test results because (1) connector strength assumed
was too high for that member, and (2) connector failure may
have been premature because of large deformations and cracks

in the slab produced in previous tests by loads nesr ultimate

load.

It is now obvious why & maximum value of connector force
to be used in design was established. The minimum number of
connectors to be used between the sections of maximum and gzero
moment are determined as C/X]qu. The test results indicate
that this rule is not only necessary but sufficient to insure
that the ultimate moment of the member will not be reduced by

shear connector failure.

5. INFLUENCE OF SLIP OF SHEAR CONNECTORS

Previously, investigators have been greatlyAconcerned about
the effect of slip on the completeness of interaction between
slab and beam. It was shown 1in the previous article that
members having adequate shear.connector strength can be ex-
pected to develop the full value of ultimate moment as deter-

mined assuming complete interactioen.
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Figure 11 shows the amount of end slip measured 1in tests
of three members having adequate but different shear connector
strengths. This clearly shows that the amount of slip is re-
lated to the number of shear coﬁnectors° However, the theo-
retical ultimate moment is attained in the tests of all three
members even though the amount of gslip exhibited by the member
having the fewest number of connectors 1s more than four times
the amount of slip exhibited by the member having the most
shear connectorsg. Since all three of these teéts were on
identical members and with identical loading conditions, it
can be concluded that slip does not affect the ultimate moment
of a composite member provided that the shear connector
strength is adequate. The magnitude of the slip 1s the
amount of deformation required of each group of connectors
to develop the compressive force, C, in the concrete slab.

The magnitude of slip for each member could have been esti-
mated from a load versus slip curve of a pushout specimen

having the same type of connector.

Next the effsct of slip on the load-deflection curves
of the same three members is considered. These curves are
given in Figure 12. No difference in the load-deflection
curves can be discerned from these test results. It may
therefore be concluded that for members having grester than
adequate connector strength the influence of slip upon the

load-deflection curve of a member is negligible.
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The load versus slip characteristics of identical beams
under 1identical loading conditions are given for tests.$9~T2,B8=T2,
and B6-T2 having ratios of :&hyQJOf 1.21, 0.988, and 0.473
in FPigure 13. The load=deflection curves for the same tests
are given in Figure 1. It will be noticed that the difference
in end slip between test B9-T2 and B8-T2 is only small as com=
pared with the differences between BI-T3 and BIII-T3 in
Figure 11. However, this small difference has resulted in a
noticeable effect on the load-deflection curves for the two
tests as given in Figure 1li. Test B6+-T2, having very weak
shear connector strength, exhibited a large amount of glip
and also a substantially different load~-deflection curve as
compared with tests B9-T2 and B8-T2. However, the differ-
ence in thé load-deflection curves for members having less
than adequate shear connector strength can be explained by
the fact that the change in sfress distributibn at high loads
necessitated by the weak shear connectors has resulted in a
concrete slab which is not fully effective as a cover plate
and therefore a reduced value of the effective moment of

inertia of the composite member rssults.

This reduced value of the effective moment of inertia
is caused by yielding of a portion of the steel cross section

and a reduction in the apparent value of E,/Eg.
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It will be noticed in Figure 1 that the load-deflection
curves coincide up to a moment value of M/Mu = 0,59, Re-
ferring to Figure 5, this results in a value of C/Cu =_Oo39
which is 82.5% of the strength of the shear connectors. The
gslip in these members with a wegk shear connection permits
the stress distribution of Figure 10 to form at loads near
ultimate load, and this results in reduced value of effective

moment of inertia and a change in the load-deflection curve.

Figure 15 shows strain mpasurements made during tests
B5-Tl; and B6-T2 at loads near the capacity of the members.
These measurements verify that the stress distribution at
high loads is simlilar to that assumed in the calculation of

Mo

6. _DEFORMATION AND DISTRIBUTION OF CONNECTORS

The amount of deformation of shear connectors in a com=-
posite begm is a function of the following:

(a) type of connectors used

(b) loading condition

(¢c) concrete strength

(d) number of connectors
The type of connector used has no effect upon the ultimate
strength of the member provided that sufficient connectors
are used and the connectors are able to prevent separation

of slab and beam. It has been assumed that connectors are
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able to deform sufficiently to redistribufe load, and this
is a necessary requirement. S8lip is therefore to be ex-
pected and the magnitude of glip is not important if

atrength requirements are satisfied.

It has been shown in Figure 1l that the amount of slip
for beams having different values of connector strength
varies for identical beams under identical loading conditions.
Since these beams are quite small, it becomes necessary,to
investigate further to show that the amount of deformation

is not a function of the span and cross section of a member.

Figure 16 shows the relationship between M/M; and maxi~-
mum end slip for three members having span lengths of 10, 15,
and 30 feet. Only one of these three members, the bridge
member, was actually tested to failure.® The value of quu/c
for all three members is approximately equal to 1.00. The
amount of slip for member BIII-T3 is less than that of the other
two members, but this is undoubtedly due to the fact that the
concrete strengthh of this member is 5560 psi, whereas the
concrete strength of the longer members is 3337 psi for mem-
ber B8 and 3280 psi for the bridge member. The curves for
B8-T3 and the bridge member are nearly identi&al even though
the bridge member has twice the span and a considerably
different cross section., This demonsgtrates that slip is not

a function of span length or cross section.

o @ o e e o Gy o 68 e o =m an 3> o ws 2w = o e m W @ o e we

# The "bridge member" described in Table 1 and Ref. 6 was
considered near enough in its details to typical bullding
members, to warrant its inclusion in this study.
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The amount of deformation of a group of shear connectors
does noﬁ depend antirely upon the magnitude of the compressive
force C at the plastic hinge. At each point along the shear
span, the number of connectors between that point and the
section having zero moment must be equal or greater than the
number required to develop the force C In the slab. Therefors,
the loading condition is an Important factor in the design of
the shear connectors. Hence, the amount of deformation ob-
served for a beam under uniform lcading will be larger than
the deformation obsgserved for concentrated loading on a similar

beam having the same maximum moment.

The order of magnituds of the ﬁaximum glip which a group
of connectors of a given type can undergo without failure can
be obtained from the values of slip given in the last column
of Table 2 and the slip values given in Tables L4, 6, and 7.
The amount of slip for members having adequate connector
strength at M,; as defined herein is considerably less than
the values of slip givén in these tables. Thersfore, when
enough shear connectors are provided, there is no danger of
failure of connectors due to largse slips which result from

several applications of design load.

A criterion which can be conveniently and logically used
to determine if the amount of slip at working load is exces-

give is that fhe 3lip should not exceed the amount of slip
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which occurs in a non-composite beam designed to carry the
same load. Member Bll loaded with five concentrated loads;
for instance, could be replaced by a non-composite member
14WFL3 having the game slab dimensions. Calculations show
that the approximate end slip for this member assuming no
interaction would be 0.028 inches at working load asgsuming

one concentrated lcad at midspan. The end slip for member Bll
was 0.01ly inches after ten cycles of 108% of working load with
the more severe uniform loading conditlion. Working load for
B1l is here defined as My/2. Thus even when a composite
member is not provided with sufficient connectors, the amount
of slip is still considérably less than the amount which occurs

in a non-composite member deslgned for the same loads.

The ability of connectors to undergo relatively large
slips prior to failure renders valid the agssumption of equal
loads on connectors at ultimate load. Since there is a con-
siderable difference in the magnitude of slip at Mu (for beams
with adequate connectorsg) and at failure of connectors, it is
not necessary to space shear connectors in asccordance with the
shear diagram. Connectors may be spaced uniformly over the
length of the member regardless of the shape of the shear

diagram.

In determining the number of shear connectors to be used
in a member supporting a uniform load the critical point for

design of connectors will not be midspan of the member.
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This is illustrated by Figure 17 .which shows available connec-
tor strength, E]qu, and required compressive force, C, along
the half span of a member loaded with a uniform load. This
curve is based upon providing sufficient conneetorg unifqrmly
spaced to resist the maximum valuse of C ét midspan. ItAwill

be observed that at several points in the member, the value

of :Equ is less than the value of C. This condition requires

a redistribution of stress at points throughout the length of
the member and results in the existence of points in the‘member

where the maximum moment obtainable is M; rather than IM,.

The number of shear connectors provided in members B1O,
B1ll, and B12‘was inadequate such that the ultimate strength
is M) rather than M, at midspan, Because of the shape of the
C/Cu versus length curve, there are points along the member
where Elqu is not equal to the required value of C. Therefore,
even the value of Mﬁ calculated for these members cannot be
reached without connector failure. Figu;e 18 shows a curve
for Elqu and C versus length for members such as B7=Téo
Notice that in thils member the magnitude of C is less than
Eﬂ ay if the number of connectors provided at the criticai
section is sufficient. This comparigon serves to illustrate
that the design of shear connectors for members with uniform
loading is more critical than design for other loading

conditions, and that designing for a section at midspan is



279.10 : -29

not sufficient for uniform loading. However, the amount of
error 1s less than the approximations made in the design
assumptions, and it 1s not necegsary to make special pro-

visions in specifications to cover this situation.

The effect of spacing connectors uniformly instead of

in accordance with the shear diagram is illustrated in com-
paring Figures 19 and 20. Figure 19 shows the moment versus
end slip for members B10, B1ll, and Bl2. It will be noticed
that member Bl2, having shear connectors spaced by the shear
diagram, attains higher values of moments with less slip

than members B1l0 and B1ll having the same number of connectors
spaced uniformly, However, at a slip of approximately 0.075

inches, the load-slip curves coincide for all members.

The load—deflection.curﬁes for the same three members
are given in Figure 20. These curves exhibit no significant
differences. It can be concluded from this that shear
connectors may be uniformly spaced so long as they exhibit
a load=slip curve similar to those of welded studs and channel

connectors.

It has been demonstrated that the gmount of slip which
occurs in g composite beam can be varied depending upon the
number of connectors provided. The number of connectors to

be specifled in design should be arrived at on the basis of
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adequate strength and economics. It 1s obvious from Figure 3
that the strength of shear connectors provided should be equal
to or greater than (.85 féba for case I or 0.85 fébt for

case II. This repregsents the most economical solﬁtion possible
using M, as a basis for design. The number of connectors can
be reduced only by designing on the basis of the modified
ultimate moment, M&. /This would not be éatisfactory because
1t does not utilize the cross section of the member efficient-
ly. There is also no reason for using extra connectors in
addition to the least that is adequate because these extra
connectors do not increase the load-carrying capaclty Qf a
member, Extra connectors do not reduce deflectlions at work-

ing load.

7. _APPLICATION TO CONTINUOUS BEAMS

The design of composite construction might be made even
more economical bj applying the concepts of plastic analysis
Aalohg with ultimate strength design. To investigate whether
this application of p}astic design 1s feasible, one con-
tinuous member was tested. Figure 21 gives dimensions and.
loading conditlons for the test of member B1l3, which was con-

tinuous over two spans.

The ultimate strength of this member was determined using
both plastic design and ultimate strength theory. The ultimate

moment of the poaitive moment reglon was taken as Mu of the
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composite section, whereas the ultimate moment of the negative
moment region was taken as Mp of the steel member and longitu-

dinal slab reinforcement.

The member was tested first by loading only one span at
a time and stopping the loading below ultimate, Finally the
member was tested to failure with two concentrated loads on
each span, The maximum load, P,, determined by plastic
- analysis was calcﬁlated. The load-deflection curves for load-
ing of both spans simultaneously gare shown in Figure 22 with
the loads given in terms of percentage of Pp. The losad Pp
was exceeded on the test even though the values of un/C‘were
only 0.888 for the ends and 0.978 for the interior portion.
The deflectlion in the East Span was larger than in the West
Span probably because the Fast end of the member was more fres
to expand during the test. This test indicates that the
design of shear connectors is not critical for members de-

signed by plastic analysis.

Complete design rules for plastic design of composite'
structures cannot be developed from only one test. The per-
formance of this member suggests some tentative recommendations
to permit plastic design for similar members. It was ob-
served dﬁring the test that wide cracks formed in the negative
moment region even at loads below working load. A means of

controlling this cracking should be employed in the design,
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either in the form of an expansion joint or sufficlent slab

reinforcement to reduce crack wldth to an acceptable value.

Plastic design should be restricted to those members in
which the negative plastic hinge forms first. This excludes
all built-up members with cover plates in the negative moment
region in which positive.plastic hinges might form“prior_to
the formation of negatilve plastic’hingeso If the positive
hinge forms first in a composite member, there is danger of
ingufficient rotation capacity because of crushing of the
concrete slab. Rotation capacity, cover plates and slab
reinforcement requirements should be studied further before
unrestricted use of plastic design in composite construction

is recommended.

8,  EVALUATION OF ULTIMATE STRENGTH DESIGN PROVISIONS

Although ultimate strength design 1s essential to plastic
design, there 1is good reason to have ultimate strength design
available even though plastic deslign were not permitted. The
principal advantages of ultimate strength design as compared
to elastic design are (1) it 1is simple and logical, (2) it
provides a uniform factor of safety, and (3) there is some
economy possible in reducing the factor of safety for certain

members.
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The factor of safety against ultimate strength of a com-
posite member which results from current elastic design pro-
cedure ranges from a minimum of 2.1l to a maximum of 2.60,
The factor of gsafety, assuming fy = 33 ksi becomes (33/20}
(Z./3,) where Z./Sc varies from approximately 1.30 to 1.60.
'Sc 1s the section modulus of the composite member referred
to the bottom flange, and Zg is defined as the ultimate

moment divided by fy.

A factor of safety against ultimate strength of 2.0 is
recomﬁended as being adequate for composite members. This
is based upon the consideration that (1) the load-deflection
curve should be linear up to working load, (2) the stress in
the steel beam should be less than fy, and (3) deflections
should be stable at working load. Figure 23 shows a typical
load=deflection curve for a beam having adequate shear
connector strength. The relative position of working load
and first ylelding of the steel beam.are noted. It will be
noted that working load and first yielding of the bottom flange
of the steel beam nearly coincide. This is due to the fact
that in computing My for this member, the actual values cf fy
for the web and flanges were used and reinforcing steel in |
the slab was also considered. Therefore, the working load
indicated in Figure 23 is higher than the design working load

which would be obtained using nominal values. It can be seen
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that the load-deflection curve 1s linear up to working load
and that the deflection at working load is satisfactory as
compared with the commonly accepted maximum for building

members of L/360.

The use of a load factor of 2.0 is also recommended for
the design of the steel beam for supporting unshored dead
loads. The use of these two load factors along with a speci-
fled maximum effective width'of concrete slab of sixteen times
th e slab thickness 1s sufficient to iimit the stress in the
bottom flange of the steel beam to values less than fy for
any loading condition. The stress in the bottom fiber of the

steel section may be obtained as follows:

fg = Mp/S + Mp/s, (20)
where the maximum
| Mp = 2fy/2 (21)
and My = 2.fy/2 - Mp (22)

glving fg = (2/S + 2o/S, - 2/S.)fy/2  (23)

In the case of the bridge member of Flgure 23, the bottom fiber
steel stress based on design section properties would be 30.4 »
ksi computed from the following section properties: 2 = 100.8 in.3,
S = 89,0 in.2, S, = 139.4 in.3, and 2, = 199.2 in.3. This is
approximately the maximum steel stress to be expected 1n practice,
although extremely unfavorable combinations of section pro-

perties could result in higher steel stresses. It does not seem
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necessary to restrict the value of Z, to be used in design

in an seffort to reduce steel stresses. Members B3 through
Bl2 were loaded with ten repetitions of 108% of working load,
based upon actual yield stre$sesf before proceeding with
testing. This loading did not cause any progressive in-
crease in deflection after the second cycle, indicating that
deflections at this loading are stable.
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9o SUMMARY AND CONCLUSIONS

Several composite steel and concrete beams and a_number
of pushout specimens were tested to determine the behavior
of ccmposite beams and of non-rigid mechanical shear’copnec@
tors in the elastic and inelastic ranges, The results were
included with results from other inveétigations in a study to
recormmend applications in design of compogite beams for

buildings.

All findings are for composite beams in which the con-
crete slab is poured flush with the top surface of the steel
beam. Observations and conclusions from this study are as

follows:

(1) In beams without shear connectors, shrinkage of
concrete may destroy natural bond before the member is
loaded. In this case there is no resulting interaction due
to natural Bond and very little interaction due to friction

between the steel and concrete surfaces.

(2) In beams with shear connectors, the restraint
furnished by the shear connectors may preserve the natural
bond. When such beams are tested, the shear connectors carry
almost no load befors bond failure, the interaction being pro-
vided by bond. However, a definite bond failure usually
occurs during testing, often in the vicinity of design load.
Following bond failure, the shear connectors providé inter-

action.
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(3) Semi-empirical formulas were developed to express
the ultimate strengths of stud, spiral, and channel shear
connectors as determined from tests. These formulas are used

as the basis for design recommendations.

(4) The ultimate moment computed on the basis of full
plastification of steel and concrete may be reached when an
adequate number of shear connectors 1s used, If the sum of
the ultimate strengths §3qu of all connectors in the shear
span is greater than or equal to the compressive force tending
to slide the concrete slab along tQG'steel beam, the shear

connectors are adequate.

(5) If the amount of shear connectors is less than the
amount termed adequate, a modified qltimaté moment may be
calculated which will predict the ultimate moment of these
members. The compressive force in the concrete slab is
limited to the sum of the ultimate loads of the active shear
connectors. The steel beam 1s assumed to have sufficient
ylelded areas in both tension and compression to produce

equilibrium at the critical cross section.

(6) For members having adequate or greater than
adequate shear connector strength to develop the full
possible ultimgte moment of the member, the influence 6f -
slip upon the load-deflection curve of a member 1s negli-

gible.
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(7) For members having less than adequate shear connec-
tor strength; slip does influence the load-deflection curvse
of the member. This may be explained by the fact that the
effective moment of inertia of the cross section is reduced

due to inadequate shear strength.

(8) The ductility of non-rigid shear connéctors will
permit sufficient redistribution of load to allow uniform
spacing of connectors along the part of the member requiring
shear connectors, regardless of the shape of the sheap

diagram.

(9) A single test of a continuous two-span composite
bsam attained the ultimate load predicted on the basis of
compogite moment in the positive moment regions and the
plastic moment furnished by the steel in the negative
moment regions. The test indicated a need for controlling

cracking of the concrete in negativé moment reglions.

Recommendations for the design of compogite beams are

presented in the following article.

10, DESIGN RECOMMENDATIONS

The results of this investigation indicate that modi-
fications of existing elastic design provisions can be made

which will result in more economical composite construction,
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The design of shear connectors for glastic design can be
based upon the ultimate strength of connectors as specified
in the "Ultimate Strength Provisions" which follow. The
ultimate strength of a connector divided by a suitable factor
of safety is the allowable shear connector force at working
load. The minimum recommended factor of safety to be used
for static loading is 2.0. Test results indicate that shear
connectors may be spaced uniformly throughout the shear span
regardless of the shape of the shear diagram for the member
provided that an adequate number of shear connectors is
furnished. An adequate number is the minimum number required
to ingsure that the ultimate moment of the member {is attainable,
and this 1s insured if one designs by the followlng "Ultimate

Strength Provigionsg'".

The design recommendations which follow are written as
a suggested addition to "Tentative Recommendations for the
Deéign and Construction of Composite Beams and Girders for
Buildings"..uL These new recommendations provide for ultimate
strength design of all simplé-span composite memhers for
static loads, and for the plastic design of certain con-

tinuous beams as specified.
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ULTIMATE STRENGTH PROVISIONS

501 - Definition and Scope

l. This section presents recommendations for design of
compogite steel and concrete members on the basis of the
fully plastic stress distribution which exists at ultimate
load.

2. Ultimate strength provisions may be used in con-
juﬁction with plastic analysis for the design of continuous
members in which the negative plastic hinge forms before the
positive plastic hinge. Built-up members in which positive.
pléstic hinges form first may he designed if it can be shown
that the member has sufficlent rotation capacity to permit
satisfactory redistribution of moments.

3, The ultimate moment qf the composite section in the
region of negative bending moment shall be computed on the
 basis of the steel area of the cross section including rein-

forcing steel, if shear connectors are used in this region.
502 = General Requirements

1. Previous sections of these recommendations apply
except where amended herein.

2. Analysis of indeterminate structures such as con-
tinuous beams shall be based on simple plastic theory.

3. Proper slab reinforcement or expansion provisions
shall be provided at negative moment arseas of continuous

beams.
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4. Ultimate moment of members is not altered by the

method of construction (shored or unshored) employed.

503 - Assumptions

Ultimate strength design of compqsite members is based
upon the following assumptions:

(a) Plane sections normal to the axis remain plane
after bending.

(b) Tensile strength of concrete 1s neglected.

(c) Complete interaction exists for all loads up to
ultimate.

(d) At ultimate load the»stress diagram for concrete in
compression may be taken as rectangular with a maximum stress
of 0.85 f;, The stress diagram for steel may be taken as
rectangular with a maximum stress of fy for steel in either

tension of compression.
50 - Load Factors

l. Members must be proportioned so that an ample factor
of safety exists for the case of the steel member alone
supporting unshored dead load, and for the composite'section

supporting total load.

2. The following load factors are to be used in the design

of steel beam for unshored dead load and the composite member

for total load.
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For structures in which effects of wind and earthquake
can be neglected:

Mu = 200 (l\'TD + IVIL)

For structures in which wind and earthquake loading must
be considered, the following applies to the composite section

only:
M, = 2.0 (Mp + ML) + 1.4E

where M, is the theoretical ultimate moment, Mp is the moment
due to dead load, Mj 1is the moment due to dead load and live
load applied to the composite section, and E i1s moment due to

wind and earthguake loading.
505 = Design of Shear Connectors

1. Shear connectors shall be designed on the basis of
their ultimate strength assuming that all connectors willl
carry equal load at ultimate load.
| 2. The number of connectors required between sections of
maximum and zero moment at ultimate load shall be equal to the
total compressive force CT in the concrete slab at the section
of maximum moment divided by the.ultimate strength of one
connector. |

3. The required number of connectors shall be spaged uni-

formly between the sections of maximum and zero moments.
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4. The ultimate strengths of shear connectors shall be

taken as the values given in section 506.

506 - Ultimate strength of shear connectors

l., Stud shear connectors

2[_
Q = 930 dg ‘fé

for h/dg larger than L.2
a, = 220 hdg Vf!

for h/dy smaller than 4.2, in which q 1s the ultimate load per
one stud in pbunds, h denotes the héight 6f stud in 1nches, ds.
is the diameter of stud In inches, and fé represénts the zﬁ-day :
compresaive strength of-concnetg in pounds per square inch. In
no case should the ultimate load per stud exceed Asfé where Ag
is the area'of the stud in square inches, and f; is the ultimate
strength of the stud material in tension.

2. Spiral éhear connectors

qu = 8000 dsﬂ$f§§f

in which q; 1s the ultimate load per one pitch of spiral in
pounds, and dg denotes the diameter of bar in inches. 1In no
case should the ultimate load per turn of spiral exceed
2Agr! where Ay 1s the area of the spiral In square inches,

and fé is the ultimate Strgngth'of the spiral material.
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3. Channel shear connectors

| Qy = 550 (b + 0.5t)wVrl
in which ay is the ultimate load per one channel connector
in pounds, w represents the length of channel in inches, t
'is the thickness of web 1n inches, and h denotes the average
flange thickness in inches.

li. For connectors other than the above, the ultimate
load should be developed from test data.

5. A minimum load factor of 2.0 should be used with the
above formulas to determine the allowable load per connector

for use in elastic design.
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NOMENCLATURE
b
- > 0.85f4
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CASE 1 CASE 1I
a = depth of compressive stress block in conerete slab
Ag = area of gteel in tension
Aé = area of steel in compression
b = effective width of congrete slab
C = compregsive force iIn concrete slab
ct = compressive force in steel beam
Cu = compressive force in concrete slab at ultimate moment
d = depth of steel section
dg = diemeter of shear connector
e = distance between compress;ve force in slab and tensipn

force at ultimate moment
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dlstance between compressive force 1n steel beam and
tension force at ultimate moment

steel étress in bottom fiber of steel beam at working load
yield stress of steel beam

ultimate strength of steel

28-day concrete strength

average flange thickness of channel connector

height of shear connector

moment of inertia of steel beam

moment of inertia of composite beam

distance between sections at which ultimate moment and
zero moment occur

mome?t due to dead load befare concrete attains 75%
of
, c

moment produced by live load and superimposed dead load
plastic moment of steel section
ultimate moment of composite section

modified ultimate moment of camposite section with
insufficient shear connectors

resistance value of one shear connegtor at working
load

ultimate strength of one shear connector

ultimate strength of shear connectors in distance Lé
spacing of shear connectors

section modulus of steel beam

section modulus of composite section
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thickness of concrete slab; thickness of web of
steel beam

total tensile force
width of channel shear connector
plastic modulus of steel section

plastic modulus of composite section defined as
ultimate moment divided by yield strength of steel
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Figure 1 Summary of Test Beam Loading Conditlons
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Figure 10 Calculation of Modified Ultimate Moment (M&)
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Specimen Reference

BI 2
BII 2
BIII 2
B3 3
B4 3
B5 3
B6 3
B7 4
B8 4
B9 4
B1O 4
Bl1 4
B12 4
B21S 10
B21W 10
B24S 10
B24W 10
Bridge 6
1 13
2 13
3 13
4 13

Steel

Section-

8WF17

n
n

12wr27

21WF68
21WF68
24WF76
24WF76
18WF50
18WF17

18WF17
"

Table 1 - Summary of Tests

_Size
Conc.
Slab

L 3Nx24M
1"
"
4"x4|_8ll
13}
”"n
1t
"
[3]
111
14}
61 /4x72m
6l/4x72m
1"

61 /4x72m

71 /2nx30m

Test
Span

10'-0"
"

15'-Qv

371 -6"
37'-6"

"

"
30'-0"
21" -0

"

11}

"

Type of

Connectors

1/2" Studs

"
"

415.4

1/2" Studs
1/2"&5/8"
Spiral

-72

Connector
Spacing

O O Ol O O O R O O
fafararara(a(arararara
N
Q

O

2.@9"
Variable
6"@14 l/zn
4" @ 36!!

6" @ 1al/2m
6" @ 18l|

3 @14
Variable

* References 3 and 4 describe tests which were done as part of this research

project.

Concrete

Strength

5563

1"
rn

3600

"

3595

6480
5580
5620
5500
3280
7380

7040
7380
7040
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Table 2 Summary of Test Results

Member Test Failure Max.Test M, M, Apparent Max Max. End
See Fig.1l Type Mom. M (kip") (kip") Connector Force Slip at M
(kip") Kips per
Connector
BI , IB C 1178 1141 - 7.0 per 1/2"Stud 0.0044
BITI | T3 A 1164 1141 - 10.6per 1/2'"Stud 0.0089
T4 C 1214 1141 - 12.1 " " " 0.0446
BIIIL T3 A 1154 1141 - 13.4per 1/2"Stud 0.0218
T4 A 1146 1141 - 15.4 v v " 0.0712
T6 D 1085 1141 1051 16.6 " " " 0.0925
B3 T2 A 2708 2880 - 12.4per 1/2"Stud 0.040
T4 A 2636 " - 12.9 " " " 0.077
T7 D 2514 " 2647 5.7 n» " 0.092
B4 T2 A 2571 2750 - 11.7per 1/2"stud 0.015
T4 A 2546 "o - 12.5 " " " 0.020
T8 D 2614 " 2490 l6.6 " " " 0.126
B5 T2 A 2695 2880 - 54.1per 4"of3[4.1 0.029
T4 A 2758 " - 70,5 wnow o 0.046
T11 B 2418 " 2401 72,4 % nwonnoon 0.207
B6 T2 D 2416 2880 ‘ 2440 17 .8per 1/2"stud 0.120
B7 T2 A 2506 2730 - 11.2per 1/2"Stud 0.059
T4 C 2554 " 2691 13.0'" " " 0.139
B8 T2 A 2618 2730 - 12.4per 1/2"Stud 0.035
T4 A 2634 " - 4.0 " " 0.063
T9 C 2491 " 2557 15.4 " " " 0.129
BO T2 A 2586 2730 ~ 22.1per 3/4"stud 0.040
T5 A 2574 " - 26.4 " noon 0.039
T10 B 2514 n 2626 31.4 " n " 0.198
B10O T13 D 2596 2760 2717 13.2per 1/2"Stud  0.268
Bl1 T13 D 2556 2760 2717 12.8per 1/2"stud 0.199
Bl2 T13 D 2626 2760 2717 13.6per 1/2"stud 0.170
Bridge Tl C 16740 16455 - 13.4per 1/2"Stud 0.028

B21S Tl C 12678 11920 - 50.8per 6"of4[5.4 0.0108
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Table 2 Summary of Test Results (Cont'd)

Member Test Failure Max.Test My My Apparent Max Max. End

See Fig.l Type Mom .M (kip™) (kip") Connector Force Slip at M
(kip") ' Kips per
' Connector
B21W Tl c 10057 11480 9589 91.7per 4"of4[5.4 0.0775
B24S Tl A 14100 13600 - 54.3per 6"of4{5.4 0.0068
B24W Tl A 13690 13710 -- 51.4per 4"of4[5.4 0.0092
#1 T12 c 2572 2150 - 17.0per 1/2v . 0.0068
spiral
#2 T12 A 2362 © 2150 - 15.6per 1/2" 0.0074
' spiral
#3 T12 A 2272 2150 - 15.0per 1/2" -0.0040
spiral
4 T12 A 2402 2150 - 15.9per 1/2" 0.0096

spiral
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Table 3 Comparison of Test Results with Ultimate Strength
Theories of Complete and Incomplete Interaction

Beam . Type of Zhu/c Complete Interaction Incomplete
Test Failure ‘ M/M, Interagtion
ZM/ My

BI-T3 - C 3.78 1.030 -
BII-TL C l.21 1.061 -
BIII-T6 D 0.760 0.951 1.032
B3-T17 D 0.772 0.873 0.950
BL~T8 D 0.722 0.951 1.049
B5-T11 B 0.437 0.838 1.006
B6=T2 D 0.473 0.838 0.991
B7-T4 C 0.097 0.936 0.950
B8-T9 C 0,717 0,913 0.976
B9=T10 B 0.807 0,922 0,958
B10-T13 D 0,888 0.941 0.956
Bl1-T13 D 0.888 0.926 0.9
B12=T13 D Oo 888 Oo 952 O ° 96
Bridge C 1.045 1.020 -
B21S C 1.95 1,062 -
B21w C 0.50 0.877 1.050
B243 A 1.59 1.036 A -
B2l W A l.41 0.998 -
No.1l A 1.57 1.090 -
N002 C lo 75 lello -
N003 A lo 72 lo 052 -
No.lL A 1,60 1.032 -

A  Test stopped before failure

B Failure to carry additional load

C Crushing of concrete slgb ‘

D Tengile fallure of connectors

E FPFaillure by tensile cracking of slab

F Pailure by connectors pulling out cone of concrete
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Table 4a

Designation Reference Type of

B5-T2
BILII-T6
B4-T8
B3~17
B8-T9
3

4A

4B
B12-T13
Bridge
B10-T13
B7-T4

2

B11-T13

P5

Po6

P8
BIL-T4

Pl

P4
B1-T3

P7

5A
5B

6F

6B

6A

6G
B9-T10

6C

6D

6E
6B4
6A4
P3
P9

WLCrHENNMHFWLWBOONMNWLWOOLLOULWISYSONWL NN ERN

WNSNSNNOSN N W NN

Table 4 .

. Ultimate Strength of 1/2" Stud Connectors

H/d Type of Concrete Max-
Test Failure Strength Slip(in.)
(psi)
Beam 4.5 D 3600 0.120
Beam 4,5 D 5550 0.093
Beam 4.5 D 3600 0.126
Beam 4.5 D 3600 0.092
Beam 6.0 C 3337 0.129
Pushout 4.5 D 5000 -
" 8.0 D 3840 0.163
" 8.0 D 4390 0.170
Beam 4.5 D 3595 0.170
n 3.8 C 3280 -
" 4.5 D 3595 0.198
" 4.5 C 3337 0.139
Pushout 4.5 D 5000 -
Beam 4.5 D 3595 0.199
Pushout 4.5 D 3600 0.265
" 4.5 D 3600 0.290
" 4.5 D 3063 0.335
Beam 4.5 C 5580 0.045
Pushout 4.5 D 3600 0.200
" 4.5 D 3600 0.190
Beam 4.5 C 5800 0.004
Pushout 4.5 D 3060 0.335
Table 4b Ultimate Strength at 5/8'" Stud Connectors
Pushout 6.3 D 3790 0.319
" 6.3 D 4250 0.279
Table 4c Ultimate Strength of 3/4" Stud Connectors
Pushout 6.7 D 4900 0.364
n 5.2 D 4240 0.246
" 5.2 D 3870 0.382
n 9.3 D 4590 0.276
Beam 4.0 B 3337 0.198
Pushout 4.0 E 4200 0.227
" 4.0 E 3940 0.250
" 5.3 "E 5000 -
" 2.7 F 4730 0.138
" 5.3 E 3260 0.079
" 5.3 E 3360 0.099
" 4.0 E 3600 0.220
" 4.0 E 3063 0.180

=76

Quit.

17.
16.
16.
15.
15.
14.
14.
13.
13,
13.
13.
13.
12.
12.
12.
12.
12.
12.
11.
10.

OO EEFEMFHFOOVONMNPPOOTODULMENOO

23.
22.5

e}

34,
32.
32,
31.
31.
26.
25.
24,
23.
22.
21.
21.
16.

PPN NGO U 0

Stress
ksi

90.8
84.7
84.7
80.2
78.5
74.0
73.5
70.9
69.4
68.4
67.3
66.4
65.8
65.4
61.7
61.7
61.7
61.7
56.1
53.0
35.6
34.7

79.1
73.9
72.8
71.5
71.4
59.5
57.2
55.8
54.0
51.2
48.3
48.1
36.3
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Table 4 (cont'd)

; Table 4d Ultimate Strength of 7/8" Stud Connectors

f Designation Reference Type of H/d Type of Concrete Max, .Qu1e, Stress

' Test . Failure Strength Slip(in.) ksi

(psi)

TH 7 Pushout 10.0 D 3440 0.278 45,0 81.3

7K 7 " 4.7 E 5340 0.257 37.6 67.3

M 7 " 4.8 E 3000 0.160 29.8 57.5

7 7 " 2.3 F 5380 0.102 29.0 48.7

7L 7 " 2.4 F 2480 0 9 40.3

147 20.

Table 4e Ultimate Strength of 1" Stud Connectors

o

8B E 4230 0.138 45.

| 4.0 _ 57.7
8A | o 4.0 E 3760 0.090 42,

53.9

‘o

o
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Table 5 Summary of Tensile Tests of Stud Connectors

Specimen Reference Stud Ult. Connector

Dismeter  Stress Force
(ksi) per stud
LA 7 - 1/2 70, 700 13.9
%B 7 " 70,800 13.9
2 n 66,100 13,0
7 2 n 67,100 13,2
1 3 " 66,900 13.1
2 3 " 67,700 13.3
Average - 1/2 - oA3el
SA 7 5/8 68,000 20.8
SB 7 5/8 63,300 19.4
 Average - _5/8 - | 20.1
6A 7 3/& 69,900 30.8
6B 7 " 70, 1,00 31.0
6Al 7 " 67,700 29.9
6Bl 7 " 69, 300 30.6
6¢C 7 " 72,800 32.1
6D 7 " 66600 29.
6F 7 " 71,700 31,
6G 7 n 73,200 32,
Lo 2 n 73,000 32,2
3 3 " 76,200 33.6
Average = 3/ - _31.h
TH 7 7/8 82,200 49.6
7K 7 L 67,100 6.6
™ 7 " 65,000 39.3
Average - 7/8 - L5.2
8A 7 1 73,600 57.8
8B 7 1 73,600 57.8

Average - 1 | - 57.8
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Table 6 Ultimate Strength of Spiral Connectors

Designation Ref. Type of Type of C(Concrete Size Qult. Max.
Test Failure Strength of Spiral per turn Slip
LA 8 Pushout D 2990 1/2 34.5 0.250
LB 8 " D 2990 1/2 29.3 0.247
Average - - - - 1/2 _31.9 -
5B 8 Pushout E 3520 5/8 ININe 0,139
SA 8 " E 3520 5/8 43.7 0.190
2-1 12 L D 540 5/8 42.9 0,0L65
2=2 12 " ‘D 3080 5/8 38.5 0.0675
Average - - l - /8 L2.3 -
1-1 12 Pushout D 5120 3/l 58.3 0.0225
6B 8 n E 3250 3/L 54.9 0.075
6A 8 " E 3250 3/L 52.3 0,088
1-2 12 " E 2965 3/L 51.1 0.0340
Average - - - - 3/ oh.2 |
NOTE
tension 8 Ult Strength of material 1/2 12.4 x 2.0 = 2%.8 klp/turn
" 8 5/8 19.0 x 2.0 = 38.0 kip/turn
" 8 " " 3/ 29.2 x 2.0 = 58,1 kip/turn
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Designation Ref.

B5
3C3H3
3C3H2

P2
3C3H1
B21lw
Lc3wa
LCc3C1l1
LC3C9
L4C3C10
L C3CT
Lc3c8
LC3FY
LCc3Cco
Lc3ec5
L C3F3
Lc382
LC3Wl
Lo3ch
B2LW
LC3CL,
LLC3F2
L C3F5
lc3cz
Lc3p2
L Cc3C3
LC3D1
LC3Fl
Lesl
Lc5T8
LIC5T7

Table 7

IS PN BN PR ER B ENENERENERENENENENENENENEXENENENES ENENENENERENENENENENENENER ENERTIVERENE

Ultimate Strength of Channel Connectors

Type of
Test

Beam
Pushout
1f

1
"
.Bsam
Pushout
1"

Size of
Channel

3LL.1

1"

Concrete
Strength

3600
3920
3310
3600
2810
5580

Load per
ingh

18.1
1.9
12.6
11.9
10.

o\l

20.1,
19.3
19,

18.7

e ® o o © o o

Qo
VNN OFPODNIHOOEFH OO 0N

= S b e e b e D
FUriwEFEFEE VIV 0N = D00
L] o o ° L ] 3 L] ° ° o o L)

Type of
Failure
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