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ABSTRACT

Interacticn Phenomena in Composite Beams and Plates

The thesis deals with the interaction between steel and
concrete in composite beams and plates; stud shear connectors were

used with varying degrees of roughness at the interface.

Methods are presented for calculating the interface shear
in T-beams and plated beoms for incomplete interaction in the elastic
stage and for complete interaction in the elastoe-plastic stage. An
atterpt has been made to obteain the interface shear in a composite
plate for incomplete interaction. 4 method based on the yield line
concept of failure is presented for obtaining the total interface
shear in a composite plate for complete interaction. A thecretical
analysis giving the pressure distribution on stud shear connectors
is presented. An attempt has been made to explain the uplift

phenorenon which occurs in T-beams.

Tests were carried out on small scale T-beams and plated
beams with plain and roughened stecl surfaces at the interface and
varying numbers of connecters. A small scale composite plate
(spanning in two directions) was tested to study its general
behaviour. Push-out specimens, some with roughencd flanges, and
pull-cut specimens werc tested to correclate the connector behaviour

with that in beamns.

Correlation between theory and experiments is reascnably
good. A very high degree of interaction was achieved in specimens
with roughened flanges. The calculated ultimate moment was attained
in T-bcams with fewer connectors than required to resist the nominal
total horizontal shear, but this was not the case in plated beams.
The ultimate capacity of connectors obtained from bean tests agrecs

well with pusheout results.
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CHAPTER I

INTRODUCTION

I.1 General Introduction

Any structural member composed of two or more
different materials may be termed composite. In recent years,
however, the term "composite' has been applied particularly
to a system of construction in which steel sections are shear
connected to a concrete slab to form a composite members
In this thesis, the term '"composite" is used in this restricted

sense.

The merit of composite construction lies in the
fact that the concrete slab, besides performing its primary
function of carrying and transferring the external load to
the supporting beams also acts as a part of the beam itself.
This gives greater stiffness and an increased shape factor,
with consequent higher permissible stresses for a given

deflection limit and load factor.

A composite beam requires less steel than the
corresponding non-composite steel beam, and this leads to
some saving in cost. Further savings result from the
reduction in depth of the beam, due to reduced column
heights and vertical runs for services. With the reduction
in floor heights made possible by the use of composite
design, it is often possible to gain an extra floor of
usable space and still keep the overall height of the
building within the same limit. Alternatively a greater
column spacing may be used with a composite beam than with a
conventional beam of cqual depth. By making composite an

xisting noa-composite structure the allowable loading can

be increased.



A major advantage of the composite plate lies in
the utilisation of the steel plate as shuttering for the
concrete, in addition to its being used as tensile reinforce-
ment. Besides spanning between the stringers or main girders
to form the deck slab, it may also act as the tension or
compression flange of the main girder. 1In the case of
battle-deck construction a concrete wearing surface will be
utilised to stiffen the deck plate. At the expense of some
increase in total weight, the deck plate could be reduced in

thickness and the stringer spacing could be increased.

The composite action between beams and slabs is
taken into account in reinforced concrete designs. But then,
the material in the slab end the rib is the same, which
makes composite action easier to achieve than in the case
of steel beam and concrete slab, where there is a plane of
weakness at the junction. To achieve composite action,
therefore, it is necessary to strengthen this plane of weak-
ness by some means, unless the beam is encased in concrete
where n:tural bond may be sufficient to ensure composite
action. Where the beam is not encased mechanical shear
connectors are provided; these transmit the horizontal shear
at the interface and prevent vertical separation. 1t is
suggested that the performance of shear connectors can be
enhanced by providing some form of roughness at the beam
flange; ‘in this event the horizontal shear might be transe
nnitted by the roughness, but connectors would still be

required to prevent vertical scparation.

This thesis is primarily concerned with the
mechanism of stee-concrete interaction in uncased composite

beams and in composite plates.



I.2 A Brief Survey of Researches on Compositc Beams
and Plates

The early studics were concerned with encased
beams in which the interaction between steel and concrete
was provided primarily by bond. Some of the first recorded
tests were made at the National Physical Laboratory in
England in 1922-3 (l)o These tests were mainly on filler
joist floor panels and indicated clearly that a gain in

strength was obtzined when the stecl was embedded in concrete.

At about the same time in Canada;, a series of tests

(2) (3)

was reported by Mackay, Gillespie and Leluau Later,
Mackay tested seven simply supported T-beams, four fully
encased, two partially encased and one fully encased but
with bond absent on the top flenge. On the basis of these
tests Mackay recommended a working bond stress of 240p.s.i.

for fully encased beams.

Tests on six composite T-beams werc reported in
1929 by Caughey (42 On the basis of thesc tests and on the
tests rcported in the literature prior to 1929, Caughey
concluded that "Composite beams may be designed safely on
the basis of elementery principles cf design', and
recormended an allowable bond stress of 0.03 f'c

(f'c = cylinder strength).

The most comprechensive experimental study of
composite beams relying primarily on natural bond was
reported by Batho, Lash and Kirkham (5) in 1939, Oﬁt of a
total of fiftcen beams, thrce of which could be described
as reinforced concrete beams, nine had the I-beam fully
encased while the other three had only the top flange

encased in concrete; onc of cach type was provided with



mechanical connectors. The authors concluded that the
theory for reinforced concrete is applicable to composite
beams as long as bond is present. A lower limit of ultimate
bond stress of 240 p.s.i. was accepted for a fully encased
beam and with a factor of safety of four, the authors
recommended an allowable bond stress of 60 p.s.i. for fully
encased beam and 50 p.s.i. for partially encased beam.

(6)

V. Lapsins tested four T=beams with the top
flange roughened by chiseling out small projections spaced
at about % in. Slip between the beams and the slzb was
absent practically up to failure. The specimens failed
abruptly by separation of the slab from the beams at loads
lower than those carried by companion specimens with

mechanical connectors.

(7)

Wastlund and Ostlund tested three T-beams.

A plzin steel plate was welded to the top flange in the
first, a chequered plate was welded to the top flange in the
second and the third had a chequered plate with four shear
connectors, welded to the top flange. The test specimens
and results are summarised in Table 1. Maxm bond stress
was found to be only 90 p.s.i. in the first and 334 p.s.i.
and ggg pes.i. in the second and third respectively. 1In the
second, the slab lifted from the steel after the bond broke.

The first systematic studies with mechanical
connectors were made in Switzerland, with spiral shear
connectors. Tests on five beams and 36 push-out specimens
with spiral connectors were rported by Vollemy in 1935-6(8)o
OQut of these four beams were tested under repetitive loading.
Spiral shear connectors were also used in tests on composite

(9)

beams carried out at Columbia University o Push-out



specimens with spirals, flexible angles, flexible channels

and stiff H-sections werc tested at Lehigh University (10).

(11)

Viest tested six push-out specimens with spirals to
obtain data comparable to those available for stud and
channel shear connectors. Connectors made from reinforcing
bars in the form of hooks or loops and stiff connectors made
from rectangular bars or from rolled shapes were used by

investigators in Europe.

Tests on stiff connectors made with Tees and
angles welded on end, some combined with hooked bars
attached to the connectors, were reported by Ros (12) in
1644. The investigation included static tests of 21 push-
out specimens and two T-beams and fatigue tests of four
push-out specimens and three T-beams. The author concluded
that full interaction existed in the T-beams until the
failure of bond; that the T-beams devebned their £ully
plastic moments; and that good concrete and very good welds
were needed when fatigue loading was involved.

Another extensive investigation of stiff connectors

(13),(18) " pe study, including 22

was reported by Graf
push-out specimens, six T-becams and threc sets of bar
connectors, employed stiff connectors combined with bar
anchorages. Connectors were either square bars or flat bars
welded across the flange. All specimens failed by crushing
of concrete behind the connectors at pressures equal to
betwecen 1.7 and 3.2 timcs the cube-strength of concrete.

(15)

Similar connectors were used by Fuchs in his tests of
two double T-beams with prestressed slab. Very good inter-
action between the slab and the steel was observed up to the

failure.



Tests on channel and angle connectors were first

(10). Two

reported in 1943, carried out in Lehigh University
extensive investigations of channel shear connectors were carricd
out at the University of Illinois in the 1940's. The first study
included static tests of 64 push-out specimens, static tests of
three T-beams and fatigue tests of 85 T-beams. All specimens

(17)

were small scale models. The second study included four
T-beams and 43 push-out specimens. It was found that in all but
two beams, the slip was very small. The fully plastic flexural
capacity was reached in all but two beams, where the shear connec-
tion was very weak. In a few T-beams the bond between the slab
and the beam was effective during a part or even full duration of
the repeated load tests. The fatigue strength of these beams was

increased appreciably over that of the beams without bond.

Studies of stud shear connectors began in 1954.
Static and fatigue tests of push-out specimens using headed studs
of diameters ranging from 1 in. to ll in. were carried out in
(18),(£9),(20) %

Illinois University ? ***¥{ Fatigue and static test of a
double T~beam using % in. diameter bent and % in. diameter headed
studs was reported by Thirlimann (21), Static and fatigue tests
of push-out specimens for studs of the types used in the test of

a double T-beam were also reported by Thlirlimann (22).

Tests on composite beams with bent and headed stud
shear connectors along with push-out tests were carried out in

(23)’(24)’(25)’(26). The programmec included

Lehigh University
the study of (a) interaction created by bond and friction alone;
(b) influence of slip on ultimate strength of beams; (c) strength
and spacing of connectors and (d) the feasibility of designing
continuous composite beams by the ultimate load method. Two point
loads were used in most of the tests and the spacing between the

loads was increased until feilure of the connectors occurred.

(16

)
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Investigation into composite beams and shear connectors
was carried out in Imperial College by Wong (27), Adekola (28)
and Balakrishnan (29). Wong tested 14 push-out specimens using
% in. diameter plain and headed studs; the main variation was in
the number of connectors per flange. A T-beam with a larger
bottom flange and % in. diameter headed studs was tested under a

central point load.

Thirty-five small scale push-out specimens using plain
and headed studs, vertical and splayed bent studs and idealised
tension studs were tested by Adekola. The variations were in
the diameter, pitch and number of connectors per flange.
Thirteen small scale T-beams, threce of which were encased, were
tested with varying numbers of studs. Three T-beams using
castella beams were also tested. %E in. dismeter studs bent or

headed with a central point load were used for all these beams.

Twelve push-out specimens using T-connectors with
holding-down hoops, %-in. and % in. diameter headed studs of
different lengths and 5 in. diameter bent studs 4.75 in. long

were tested by Balakri:hnan° Four small scale push-out tests

using f%-in, diameter bent and headed studs were also carried out.
Tests on seventeen full scale T-beams, twelve of which were under

a central point load and the rest under an approximatc uniformly
distributed load were carried out in this investigation. Different
peraneters used in these bean tests were (a) type of connectors
namely, T-connectors, bent and headed studs; (b) length and diameter
of studs; (c) number of cchnectors and (d) distribution of

connectors (triangular or uniform). In addition, cleven small

scale T-beams using in. diameter bent and headed studs were

3
16
tested under a central point load with varying nurbers of

connectors.



The first investigation on platced beams was reported
in 1957 by Casillas, Khachaturian and Sicss (30)0 The programme
included tests on plated beams under point and distributed loads.
Shear connectors employed were wire-neshes welded to the steel
plate and headed studs of % in. and g in. diameters. 1In the beams
with wire-mesh as shear connectors, fzilure occurred either by
weld failure or by crushing of concrete behind the transverse
wires or by diagonal tension after the slab had separated from
the plate. Maxinum bond stress was found to vary from 170 p.s.i.
to about 250 p.s.i. With stud shear conncctors, the plated beams
nostly failed by bond shear. The bond shear at a slip of 0.0005in.
varied from 69 p.s.i. to 200 p.s.i. The test specimens and the

results are summarised in Table 2.



1.3 Objects of this investigation

It is evident that a good interaction between the concrete
and the steel is necessary to exploit the full economy of composite
construction. The degree of interaction depends mainly on the
amount of slip, i.e. the relative movement between the steel and
concrete and slso on the separation of concrete slab from the steel,
here called "uplift". The horizontal shear distribution at the
interface which causes slip and also the cause and amount of uplift,
therefore, need to be investigated. An adequate shear connection
at the interface must then be provided, and the degree of interaction

will depend on the behaviour of the shear connection.
The objects of this investigation are to study analytically:

1. The horizontal shear distribution at the interface
in composite beams and plates in both elastic and

plastic conditions;

2. The cause and amount of uplift and uplift force at

the interface;
3. The deformation of stud shear connectors;
and to investigate experimentally:

1. The comparative behaviour of beams with stud shear
connectors spaced uniformly and spaced according to
the inelastic interface shear distribution at

collapse;

2. The effect on interaction of the following forms of
roughness at the compression flange:
(a) triangular transverse grooves
(b) resin bonded aggregates
(c) Durbar plate;



S

10.

10.

Effect of pitch, diameter and length of studs on

the general behaviour of plated beams;

Behaviour of plated beams with varying number of

stud shear connectors;

Comparative behaviour of plated beam with Durbayp
plate and plain steel plate and also of plain steel

plate with and without natural bond;

General behaviour of composite plate with uniform

spacing of studs in either direction;

Comparative behaviour of threaded (with or without
head) and plain headed studs in push-out and pull-

out specimens;

Comparative push-out behaviour of plain headed

studs when welded to plain and roughened plate;
Effect of stud length in pull-out tests;

The ultimate carrying capacity of stud shear

connectors used in this investigation.
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THEORY

2.1 Horizontal shear at the interface in composite beams

(a) Complete interaction within the elastic limit

The horizontal shear at the interface is calculzted on
the basis of an equivalent section. The moduli of elasticity,
Es' Ee’ and modular ratio m are assumed to be constant; the

equivalent section is obtained by dividing the slab width by m.

-

oz

ZZZIT 2L XTI IIIL

The horizontal shear per unit length in any plane

distant y|from the neutral axis (figure ubove) is given by

o)
V o
A
1 =71
vmMm’
I

v s (1)

Total vertical shear at the section

#

Moment of inertia of the section

Mom@nt of arca above the plane about N.A.
horizontal shear per unit lenéth.

L]

i1.



Applying this relation to a composite section, the
horizontal shear q per unit length at the interface is given by

I
E;:J;}‘Aj_
| S———

=
ComMPosiTE SecTION EQUIVALENT SEcCTIoN
where t = thickness of slab

= width of slab
= distance of top surface of slab from N.A.

I- = noment of inertia of equivalent section.

ce
@A M.B NR
& 1
W A T B
- 4,
— 2%

The total horizontal shear at the interface between two

points A and B on a beam of uniform section is given by:.



LA S (5)

where & = total horizontul shear at the interface between

B and A.

MB and MA are bending moments at B and A.

Also

=FB-—'FA -01(4)

where FB = total axial force in concrete or in steel at B

Fﬂ = total axial force in concrete or in steel at A,
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An expression for obtaining horizontal shear distribution
across the depth of a section in the elasto-plastic stage is given
below., The solution for this expression is given in the Appendix.

Two cases are consideredi . LY

Case I: The section is of homogeneous material having
a trapezoidal stress-strain curve., Horizontal shear per unit

length “qﬂ is given by

le
@ = 2 ’ e ()
e
where V = total vertical shegr at the section
I = moment of inertia of the elastic part of the

section about N.A.
M; = moment'of the elastic area of the section above
the surface under consideration about N.A.

X

Case II: The section is a couposite section fully inter-
connected, composed of two materials, each having a trapezoidal
stress-strain curve with different yield stresses and yield strains.
Horizontal shear "q" is given by a similar expression,

¢

q © L . " ® e (6)
es
where - V = total vertical shear at the section
Iee = wmoment of inerth of the elastic part of the

equivalent section about N.A,
M° = moment of the elastic part of the area of the
equivalent section above the surface under

consideration about N.A.
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It may be mentioned here that in both these cases, no
horizontal shear exists in the part of the section where the material

is fully plastic.

These expressions cannot be applied to a composite section
of steel and concrete, as concrete has a non-linear stress-strain
curve and has limited tensile strength. A numerical method,
therefore, is outlined below for obtaining horizontal shear distri-

bution at the interface of a composite beam.
It is assumed that:

1. The concrete has a stress block similar to Hognestad's stress

block for concrete in compression.
2. The steel has an idealised trapezoidal stress block.
3. Concrete does not take any tension.

The first step in the calculation is to assume a strain
distribution across the depth of the section. The stresses in the
concrete slab and the steel beam are derived from the appropriate
stress blocks and assumed strain distribution. The total tensile
and compressive forces are then calculated. These forces must be
equal for equilibrium. If the total tension is not equal to the
total compression, another strain distribution is assumed using the
first assumption as a guide. This process is repeated till the two
forces are equal. Moment of resistance for the cross section is
then ealculated. Equating this moment of resistance to the external
moment for known loading, the position of the section abng the
length of the beam is obtained. Total axial force in the steel
beam is then calculated. The force "F" at a particular section

along the length of the beam is thus obtained.
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Similar procedure is then adopted to obtain the value of
the axial force F at different sections along the length of the
beam. These values of F are then plotted along the length and
joined by a smooth curve., The slope of this curve at any point

gives the horizontal shear per unit length "q'" at the interface.

Figures 5 and 6 show the variations of "F'' and '"q'' along
the length of a small scale composite beam of simple span 60 in.
and subjected to a central point load P and a uniformly distributed

load w respectively.,

The assumed concrete and steel stress blocks and glso
the properties of the idealised cross-section are given in Figure 3,
A concrete cylinder strength of 40C0 lb./in.2 and a steel yield

stress of 16 tons/in.2 are assumed.
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(¢) Incomplete-interaction within the elastic limit

A theory for partial interaction giving slip and
horizontal shear at the interface along the length of the beam was

presented by Newmark. Tne following assuwmptions were made:

1). The shear connection between the slab and the I-beam is

continuous and uniform along tihe length of the beam.
k
i.e. s ° constant

where kc is the so~called modulus of the connector and s is the

spacing between the comnectors.

2). The amount of slip "r" permitted by the shear connection is

directly proportional to the load transmitted.

i.e. r = i%

where ¢ is tne load transmitted vy the connector,

3). The strain distributions in the slab and in the beam are-

respectively linear. The concrete does not crack.

4). The I-beam and the slab deflect equally at all points along

the beam.
————h = F
. T : wo F
9 g—
- - ._._L CF - $
Mg
s
M= M. +M +FZ ~VE INDICATES
CON?R!SI]V.E STRAIN
() Cross- SEcTioN (t) Forces (©) STRAIN Distn.

Composite T-beam with incomplete interaction
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The relative movement between the slub and the beam (slip) is given by

. & _9s
Y =% =%
- -s_-.d‘F‘
= K dx
. dr s d°F ' -
Il T ren (P

where q is the horizontal shear per unit length.

- The rate of change of slip along the length of beam is
equal to the strain difference between slab and beam at the interface.
1,8 ET = es“ec L (8)
= F__Ms@s
where €s = E A E. I, « v . (9a)
F M 3e
€ = + < ¢ o o b
¢ E Ac T Tl (9b)
From assumption (4) we have .
Ms M Mgt - M-FZ
E I, | EcT,  EgI v EL. | Elg v EI o« o (10

Equating (7) and (8) and substituting from equations (9) and (10)

and then rearranging, we have

d°F k _E1 _ _k mz
dx? S EA JEI s JEI .o D
where 2 EI = EgI, + E_X,
1 = JEI + EA 2°
4 s
EA E_ As  E. Ac

E,E, I, I and A_, A_are the elastic moduli, moments of
s c s c s' "¢

inertia and areasof cross-section of steel and concrete respectively

Soluticn of the above equation with an appropriute '
expression for bending moment M, and appropriate boundary conditions,

gives F, from which q, r and ¢ at uny section can be obtained.



(1) Foint Load

This solution is due to Newmark and is as follows.
For a concentrated load P acting on a simply supported beam of
span L at a distance u from the left support, the boundary

conditions are:

at x = 0O FL = 0

at x = L FR = 0 aF aF

at x s u . = F. and " = B
: L R dx dx

wiiere FL and FR are the axial forces in the beam to the left and

right of the point load.

Substituting the appropriate expressions for the ben@ing

moments in equation (11) and solving for F and Fp, we have

For x {u

— inh| =(1- X
F, o= EAZ PL{(I—— v £, S:Ef% )] s;n:,(%.{_)}

]
N

-

e o« (12a)

and for x > u

where = EA JEI

and for x (u

19.



and for x ) u

q’R _ dFfs _ EAZ P{-% + ﬂ———cosh[/_( )]}

T dx El

Slip at any point is:

For x (u T = %.q‘_
F _ s
or X ) u r, = _i_.ctn

(ii) Uniformly distributed load

28
This solution is given by Adekola (28)

and is as follows.
For a simply supported composite beam of span L with uniformiy
spaced shear connectors and subjected to uniformly distributed load

"yw', the boundary conditions are:

at x = 0 F = 0
at x = L F = 0.

Substituting the appropriate expression for tie bending
moment in equation (11) and solving for F, we have

— 1— cosh ) 2
_ EAZ _ 2| C nX <______£€_ inh &% __J_Gf_)
F = = ads [Ka cosh —— zo T nz smhjé- Sl-n}‘JEL =)
] x C
+x () - ?f]
. - ete £14)

and

dF FAZ nx & n L R® %
Cl = ax = 57 wl..[ h/EL x tanhz—-fzcoshﬁ ‘ o +
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Figures 7a and 7b show respectively the interface shear
distribution for a point load P at midspan and for uniformly
distributed loud '"w' over the entire span. The beam is the quarter
scale composite beam with studs designed at 100% of the ultimate
capacity. Spacing of connzctors is 2.73in. in pairs and he

connector modulus is assumed to be 200 tons per in.

(iii) Two point loads

For a composite beum of simple span L subjected to two
point louds of equal magnitude at distances uy and u, from the left
hand support, the axial force can be obtained from eguation (12)

using the method of superimposition.

o le——
g
nlg

r——

A c Dy
L u—— J
U2 —
. L
It FL' Fc. and Fh are the axial forces for lengths

A-B, B-C and C-D respectively (fig. above), then by superimposition,
and using equation (12), we have

for x <u1 : -
EA Sinh e
EAZ PL U, +uUz\ x e . 7t u,
L= 5 'T{("- - o) E E_:;TF{S‘““ (-8
£ <
+5:mh r )}] (léé)
for u,  x { u, .
_ EA Z PL Y Us+Ug) x 1 I nw, '__R__(_ x)
'F"c = =¥ a[‘_'i-l ™ T —}—s:nh—-lsjnh/c'l-.sjnhfcj T
J




for x >~u2

- EARR PL|\W4uafy x
Fr = 1 2 [L (‘1 L)

sinh —-—(j
{51 nh 12

%S:uk :; Er

+ Sinh n ta}

(16c)

In a particular case vwhere these two loads are applied

symne trically, we have

u, = L-u, = u (say)
and the expressions reduce to
For x {u

EFAz PL| x s‘mnh/_L

Fl = — 5| /" =—

™ Lad
I sinh .
Y Ve

. n u ’ r u
{S!hh E(I - T + sinh f —.’:—}

(17a)
Foru {x{L=~u
— sinh =
_ EAZ“PL 1 _ y/- L . "~ _ x_ . ™ R
F‘C = F 2 |T T onE R {Swﬂx —/—E-<1 L + snﬂ-sfi—}
v ve
» » . (l?b)
For x ) (L = u)
. x x
_ L3
_ EAZ PL % S.'lﬂ]’lfc< 15 : -h'R u (
FR = EFF Q T/~ %sinb--/’lc- Sin E—f+5mh-—-— )

- L

_ EA Z. l _ COS}J —f_c-..t—-

N EI 2 Smh L
/<

. (1%7¢)
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for u {x {(L - w)

. = Sinh ra
_ EAz P Z T n _x) _ %
9. = F3 Sinh;—_— {cosh zr@ L) Cos]\/é 1_}
c

e o o (1)
for x > (L = u)

NIU

— r X
=T o7 e s sinh Zi- + sivh 2 (- 1)
(4

. e s (180)

Figure 8 shows the calculated interface shear distribution
for the quarter scale composite beam with studs designed at 1004
ultimate capacity, subjected to two gymmetrical point loads. 1t is
seen that even though there is no external vertical shear in the
central zone, iuere is interfuce horizontul shear. The slope of
the interface shear curve at wmidspan, however, decreases as the two

loads wove further apart.

An expression for strain differeince at tue interface can
be obtained from equations (7), (8) and (18). In the central zone

of the composite beam subjected to two symmetrical peoint loads,

we huve
_ s d9.
€& = ¥ax
T u
== sinh —-—
= _S EAZ P & e * sml(l_i + sinh B X
k ET 2L 2| gimh X L
v e (19)
L
For x = 3 B o
b—g = S EAzE M \TTET » + + (20)
s T k EI 21 /£ cosh D



Using equation (20), the variation of strain difference
at midspan with variation of u is shown in Figure 9. The beam
used is the quarter scale composite beam with studs designed at

100 per cent of the ultimate capacity.

24.
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2.2 quizontgllshgar at ;@eVinterfagquin”oomposiye plates

and plated beams

(a) Complete interaction within the elastic limit

1. Composite plate

In this analysis, the ordinary theory of flexure of
plates is used to compute the deflections in the composite plate,
and moments and the magnitude and direction of the resultant shear

at the interface,

It is assumed that:
1. The stresses acting on any cross-section have no resultant
force in the direction of the plane of the plate.
2. The plate is loaded only by forces normal to its plane
3. The plate is of constant thickness of homogeneous, elastic
and isotropic material.
4. The distribution of strains is linear through the depth of

the composite plate.
The following notation is used:

W = vertical deflection; taken positive downward
\') = vertical shear per unit width on a section perpendicular

to the x-axis

Vy = the same, on a section perpendicular to the y-axis
Mx = bending moment per unit width on a section perpendicular

to the x-axis

M = the same, on a section perpendicular to the y-axis

M = twisting moment per unit width on sections perpendicular
to x and y axes

Poisson's ratio
EI

1 - pf

I = equivalent moment of inertia per unit width of section

%
I

jd = lever arm of the section



On the basis of the assumptions made, the relations

between the bending moments, twisting moments and deflections zre:

/4

M —-— D .éf_u_) + _a_-‘.'_n_’.> * & 0 (183)
x axz Fayz
_ ‘ 3w ano
- T T
v « « (18b)
3w
= — — 1~
Mxy Myx :D( f") 3 aj
.« » (18e)
and the relations bvetween shears and deflections are
3 /w 2w dMx  dMyx
= =D —t —] = -+
Vx :Da'ﬁ axz'f’ayz 67‘ ay .. (193.)
3 /w d'w dMy . dMyx
= — — e = +
Vy= D555zt 557 3y | o=
L . L] (lgb)
and the basic equation for the deflection suritace is:
4 4 4
AP SN TS
b3 x y av D (}f,y> s e (20)

Solution of equetion (20) with appropriate expression

for load distribution gives "w' from which Mx, M, M v

vy Cxy' Tx?

Vy, etc. can be evaluated.

In a composite plate, the norizontal shear at the

interface cun be reluted to vertical shear as follows:(jo)

26,
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= X
Q
4%
—f Ty
dx —™
a3 dy T+ aaa:‘d‘)‘
O Ty
7;). 7;‘)4- Y - dx
—f— 3T
9 xy
T¥J+ 3y d
!
30y
A dy !
\
y -

A rectangular element of the steel plute

Consider an element of the steel plate with dimensions
dx by dy and thickness t. The stresses acting on the plate are
shown in fig. above. The net normal forces in the x and y

directions are:

aU';( aTxy
AFyx = S dx.dj.t + —-—-——ay -dx. dy, t
. o o (21a)
ad-y BT*_V
AFy = _aj—. d)‘. dy.t -+ a)‘ ’ dﬁ.dj-'t
e « » (21b)

These net forces must be transferred from the steel
plate to the concrete by means of horizontal shear stresses waich

may be expréssed as follows:

. O Fx S0y O Txy \
= Fa = t 3 ) t
e ox J ... (22a)



_ 4 Fy _ o0y 87';}:
Cly_ dx.dy “\ 9y T t

’ <+« (22D)
where a, and qy are horizontal shear stresses in the x and y
directions respectively.

The stresses in the steel plate can also he expressed

in terms of the bending moments und cross-sectional properties

as follows:

My
Gy = ;
Jd.‘b . v e (25&)
7y jd. t
. . o (230)
Mxy
T =
¥ jd- ¢
. « ¢ o (230)
Substituting these expressions into the equations for dy and qy

and observing the expressions (19a) and (19b), we have:

CfemMy amg\ 1 Wy
G ‘(ax T3y 9 T T3d
o o o (24a)
_ o M, anxy i _ Vy
by -(a, T )W T a
)
. s @ (24b)

Thus it has been found that the relation between vertical and.
horizontal shear in the composite plate is the same as thut for

Keinforced Concrete beams.

The resultant horizontal shear stress at any point

x, ¥ is given by

V2 + vy
- / 2 2 — x Y

o ooe (25)



(1)

Simply supported rectangular composite plate

29.

From the sclution of equation (20) with appropriate

expression for the intensity of load, the deflections, bending

moments and shear forces can be evaluated.

Levy's solution gives

rapidly converging expressions for Vx and Vy for simply supgorted

rectangular plates withh uniform load of intensity p.

The expressions for w, ‘1x and Vy are as follows:

+

%

TLa - _

%%

|

sd.

—y

tarh < «2

o=
4}304 1 > m
=) T\~
~ D m 2 cosh o,

™s1.3,5

2Y giph 2% Y\ gyn

™Iy
cosh J

p(a—ax) 4pa § a
-m?

2z
2 L8 cosh o

m=135:"

™RY

mZ

4 b?- Sinh =
cosh «_,

had, 35

wrb
™ 2a

v Sin

2
cosh m>

(=8

-

L~

mMRX

co
S a
MRR
a

2 cosh LI

RALIA® S

e (20)
o (e7a)

. (279



Figure 10 shows the distribution of QU and qy for a

square composite plate of size a x a.

'ﬁi) Partially loaded simply supported rectangular plate

(31)

The solution is given by Timoshenko . This
solution can also be applied for a point loud assuming the load to

be uniformly distributed over an area as shown in Figure below.

— % “ % —-{

4144 72
Pl—— - - ety F— — — — — bod
- N - 72 ] x
Y R N\ S s
] &72

< -

A uhiform load p is distributed over the rectangle
with sides u and v. The load for the portion p r s t can be
represented by

oc m—{
i GD - Sin R gin TBX
N m 2a a
mu1 3,5 ... (28)

And the expressions for w as given by Timoshenko are

as follows: -
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For the portion prst

oc
mn mn . mR . TMARX

w = 2 (a.,,, + A,, cosh q}’ + BW% sinh -a-2> sim —
‘ e o o (29a)

mzx1,35"

and for the portion below the line ts

o
/ mny ¢ ™AY . . TRy /. mny
W =z <A‘m cosh a + B, a Sinh - t <, sinh a

™z 1,3,5

;s Ry : mRY . MRX
Sin
+ D, — cosh — ) <

. e @ (29b)

A Differentiating expressions (29) and then substituting
in equations (19), the shear forces \Ix and Vy are obtained,
These are:

For the portion prst

oc
m3n* ™Ry mR x
Vy, = D penl a, — 2B, cosh > cos a
m= 3,35 e ¢ & (30&)
X 3. 3 '
_ ™ o r > inh mRYy . TMAax
Vy = ;DZ o ( B, sin a ) sSm —
mwn 1,35 . . v a (BOb)
and for tie portion below the line ts
oc
stxs / m™mRY / . ™Ry mnx
Vy = = o5 (Bm cosh—= + D, sinh a’) cos —
ma 1 3 5. ’
oC " & e (313)
21'131(3 ¢ ) mRy P h mEY . MNX
V) = -=D o3 B,, Sinh o + D., €os a Sin —=
mwy 35

e v o (31b)



where

B

32

m-1

/+'Pa4' ( 1) . mAw
—_— | - Sin
7\5 m3 D 2a

Sinh 2Ym

™2 casF\QO(m

a., tanh o(_m<sinh 2‘('1"-'7;”::05}\ 2‘(',,,) + &

Ao, .
- 3 tanh %, sinh 2'(,m

a,, [Y‘m cosh 2Y, — sinh 2‘(‘"}

a
—- Simh 27T,

Ao

—_ r.osh(:x— 2v. | + V¥ s'm“ho(—21'>
cosh  ,, m ™ m moom
5inh 27,
m 2cosh oL,
a'm

0 (e o)
2 cosh &, ° <"" -

"rb mRY
2a ™ 4a

Figure 1l shows the horizontal shear distribution at the

interface of a square couposite plite of side "a'", subjected to a

central point load assumed to be distributed over an area u x u

where u =
| Y

H‘-



2. Flated Beans

Tie simple reinforced concrete beam theory is used to
coupute the deflection, stress distribution and horizontal shear

stress ut the interface belween steel plute and the concret® slabe

Tiie usual assumptions of reinforced concrete are also

made ere.

S i ol
N — _ Mx- ,:A jd N 8
r > -‘J-E
0 Fu
x -9,
(a) beawa- (b) bending stress (c) Sheor stress

Stress distributiom in plated beam

Consider any section at a distance x, subjected to
external moment Mx and vertical shear Vx’ The total tension T

or compression C are:

Byl
T = C = F'x = —-di \
J C e (32)
_dFx _ d My Va
_ I*“« = ax = a3 = 5
and - e oo (33)

wnere q is the horizontal shear per unit length at a distance x,

and jd 3z the lever arm of the section.

The‘total horizontal shear at the interface between
any two sections A and B is

-

B
( .
Q = dr = —?[M —MAJ == F..'B— FA
{qx ! ® ¢ e (34)
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(b) Complete interaction at plastic collapse

For calculating the number of shear connectors on an
elastic basis the horizontal shear distribution at the interface
must be known. This distribution can be obtained if the solution
of the plate under the given load is known. In most of the cases
this solution is not known, and even if it is known, the computation
of horizontal shear distribution involves such numerical calculations

as to rcender it impracticable for the design office.

The theory which follows gives a very simple exXpression
for e total horizontal shear to be transmitted by the shear
connectors in a simply supported plate at plastic collapse. The

theory is based on the yield line concept of failure of plates.

(1) Simply supported plates of regular shape subjected

to uniformly distributed load

It is assumed that

1. The stresses acting on any section have no resultant force

in the direction of the plane of the plate.

2. Plastic failure occurs on yield lines as shown below.
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2

S

S

Yield lines at plastic failure of a regular simply supported

plate under uniformly distributed load

Consider a composite plate of "n" sides, each -side of
length "1", simply supported on all sides. The yield lines at
collapse are shown as above, Taking a sector ABC, the total
tensile forces at AB and AC in the steel plate of thickmess "t"

and yield stress fy' are:

F‘.l 1 F’a = }‘.’. t. a . . . (35)
where = —-—i—-—
@ = 2 5in %

The resultant of these two forces is the fotal resultant
horizontal shear which must be transmitted by the shear connectors

in the sector.

S, Fr = /JR*+ Ef+2 W F, co‘s(ﬂ—o)

= 2 ch.-h.a_ 5'57\%

= fytd .
e . o (36)



where FR is the total horizontal shear for the sector ABC; andg

the total horizontal shear H at the interface is:

f,.t.}f
= {J"t'L ’ . .. (36a)

H

where L is the length of the boundary.

(ii) Sim.ly supported rectangular plates subjected to

uniformly distributed load

The same principle can be used for evaluating total
horizontal shear at the interface at plastic collapse for a
rectangular composite plate of sides a by b assuming the yield
lines at failure as shown below. It should be noted that although
the angle @ varies depending on the a/b ratio, the total

horizontal shear H does not vary with 0.

L o
gl T
N 1
E
)

»

Yield lines at plastic failure of a simply supported rectangular .
plate under uniformly distributed load
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we have:

Foo= bt messs | - (372)

F, = fy.t.(b-—atan 0) e s+ o (370
For the sector CDE

Fry = 1/}':,2 + F2 + 272 cos2s = fjta v -« (38a)

Frze = F, + /1-‘|2+- ):;24-21»',? cos(?(-zo) = fy.t.b » » o (380)
.+ Total horizontal shear H =

H = 2 [P,“-i- T’xz]

= f,.t. 2(a+b) = f,.tL
. o s (39)

where L is the length of the boundary.

It should be noted that when the plate is not supported
along the sides of length b, this length can te neglected and
the expression of 'H' equals 2£yta, which is the total horizontal
shear for a plated beam of width a and plate thickness t.
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(c) Incomplete interaction within the elastic limit

1, Composite plate

A theory for incomplete interaction giving slip and
horizontal shear at the interface of a composite plate is presented
below. The theory is developed in a similar way to that for a

composite T-beamn.

It is assumed that
(1) The shear connection between concrete slab and steel plate is

continuous in both x and y directions.
i.e. % = constant in both directions

(2) The amount of slip permitted by the shear connection is

directly proportional to the load transmitted.

i.e. r = g

k

(3) The strain distribution in the concrete slab and in the

steel plate is linear.

(4) The twisting moments MXy and Myx do not produce any longitudinal

strains in the x and y directions.

(5) The curvatures for tie steel plate and tie concrete slabare the

same at all points in both the x and y directions.

The following notation, in addition to that on page 2%

is used:

Fx = total axial force either in steel plate or in concrete
slab per unit width on a section perpendicular to x-axis

F& = the same, on a section perpendicular to the y-axis

r_ and r_ = slips in the x and y directions

n = distance of neutral axis from the top of the slab.



r4 PE.
L5
1 - o~
»
(@) forces ' (b) strain distribuvtion

A longitudinal strip of unit width along the X~direction

of a composite plate

The relative umovement between concrete slab and steel

plate (slip) is given by:

. Ux°. 5 2%
].X k - ]‘ a]( . . [ (40)
. 9 g 3fF,
"X Tk ox? . o . (41a)
Simila'r]y,
ory _ s Fy
a_\) k ay3 « oo (4lb)

where a, and qy are horizontal shearsand T and ry are slips in

the x and y directions respectively.

The rate of change of slip is egual tc the strain

difference between concrete slab and steel plate at the interface

Orx o
iceo A% - 63*—" EC# ¢« ¢ o (42)
where £ - Fx PPy Mx2 ¢ + M My2 t
&% EgAs EgAs E.I; 2 | FE I, 2

39.



and
g = Fx __'“.FS Mt n MMy wm d-m
Tx E.A. E_Ac EI. 2 Eax_ 2| 7
A 1))
vhere Es and Ec are moduli of elasticity for steel and

concrete respectively

Is and Ic are respectively the moments of inertia of
the steel plate per unit width, and of the
concrete slab of depth n per unit width,

Substituting equations (43%) and (4la) in equation 42, we have

'Fy s ( 1 d-m g d-m
=. = F — e ——— ) -
axZ kK "\ % As hEcAc) FFJ(BSAS n}:cnc>
ed-n + -

From statics' Mx = M)(j+ M)(2+FXZ » » . (453.)

My = Mg+ My, +F,2 « o+ (45b)
F . - 1 1
rom assumption (5) el

Xx¢ Xxs

where EL and 'ﬁL are the curvatures of concrete slab and
xc X8

steel plate in the x-directicn.

1 — Myy = B My
Rixe Eck .« . (46a)
) 1 . M‘Z -~ /‘M_‘JZ
Rxs E I, _
. e e (4-6b)
. Mxg — MMy, _ Mo — p1 My, _ Mgy + MKZ—I“(MJJ "‘7'1.72)
E_I. E I, E T+ Elg
(- 58) - (-5

-Ec Ic + E.S ]S

oo (47)

40.
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Substituting equation ¢47) in equation (44) and rearranging,

we have
3%r, > (d—rs+Qz d-n | d-m+t k
= — M F —_ —_ - —
Ax? [(F, Ty 2) EI NEA + EAg 2) Bl (M" /‘M)) s

= AF,— AuFy— B(N,*,uwj)

e oo (48)
h@re A k d-m+t d-n -t
w - — . —
s | 2pEr *T WEA. | E,As
d-n+t k
B o= 27 ET s
) EI = E.1+ET

A and B are constants and depend on the properties of the section.

Similarly it can also be shown that

o Fy
oy*

= Afy— ApF — B (1@-,414,) :
. v o o (49)
Differentiating equation (48) twice with respect to y and then

substituting equation (4%), we have, z«fter rearranging

4 2 2
o%F, > Fx  3°F 2
IxZay? —A< 557 ax;> * Aa(’“") x

3 2% My 3% My 2
= -—-_B<a—yz-—lu—e—y7—> +'A:B<1—/"> Mx

« » o (50a)

Similarly, differentiating equation (11) twice with respect to

x and then substituting equation (10), we nave



42

3*Fy FFy  OF -
_ i y 2 2
EPEFI A ( Sx2 + ayz> + A (1 P )-FJ

M a3*m
- —B@axzy - ) s (=)
(50b)

The solution of the equation (50) with appropriate
expressions for'Mx and Hy v together with appropriate boundary
conditions, gives the value of axial forces Fx and F&, from
which, after differentiation, the values of qy and qy’ the
horizontal shear at the interfuce in the x and y directions, can

be found,

There is apparently no exact solution available for
equation (50), but a solution may be obtained by finite

differences or by numerical integration.
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2, Plated beams

The general differential equation for Fx in a plated
beam for incomplete interaction can be directly obtained from that

of a composite pluie, by observing that, for a plated beam,

oM, _ © dFx _
35— = 0 ay = 0
mo= 0
and the eguation (50a) reduces to
" Fy 2 = AB M
—ASS + APF, = *
O*F
or, 5xa ~ AT = —BDMy

[ T (51)

Solution of this equation with an appropriate expression
for Mx along with agprogrizte boundary conditions gives the value
of Fx' from which Ay s, the horizontal shear, can be found after

differentiution.

It may be noted that the equation (51) is similar to
the equation ontained by Newmark lor incomplete interaction in a

composite beam.

(i) Point load

For a simply supporteq plated beam of span L subjected
to a concentrated load P at a distance u from the left support,
the differential eguations are:

d*F, u
szR 17 3 -
for x> u ax2 —_AFR = —BP T.-(L“) . e e (5Zb)

where FL and FR are the axial forces in the begam to the left
end right of the loaded points



The differential equations cxn be solved for the

known boundary conditions, which are:
L

at X = 0 FL = 0

at x = L FR = 0 aF dFR
at x = u F. = F_. and L =

. L R dx ax

The solutions for the force F are:

for % <u |
R RO T LGSl GVSS) B
for x> u ‘
fom e uGon) - 2 D) (o)
. o« s« (53b)

2 . . . .
where ¢ = AL, a dimenslonless constant, introduced for convenience.

The horizontal shear per unit length:

for x (u
dF
ch.: de
3 —_u
- zefi-n) - I o]
. e « o (54a)
for x > u ’
F,
9.~ T

sinh (£ +
- %pﬂ;;+7;é;lwmqﬁ@.gﬂ

.« « (54b)



(ii) Uniformly distributed load

For a simply supported plated beam of span L subjected
to a uniformly distributed load '"w" per unit length, the
differential equation is:

d'F o _ _ g <w1.x'_ wxz>
a2 z "z e (59)

and the boundary conditions are:

0 F = 0
L F = 0

at x

it

at x

H

The solution of equatiop (55) after substituting the
values of arbitrary constants evaluated from the boundary

conditions is:

-

F = ::—DLZ[%COS}\ (fc-:—) + C‘—G:s:—T:‘;‘_fﬁ sinh(\/é %)
fer-HE- £
Ve e (56)

where C = ALZ, a dimensional constant.

Differentiating F with respect to x gives the
horizontal shear per unit length:

ar
19 = =
: . | j-cosh/c :
) %m[%s’”“(fé{‘)* 7 smra o (et)(z 1)

. . L (5?)

The figures l2a and 12b show the variation of horizontal
shear along the length of plated beams subjected to a central

point load and & uniformly distributed load respectively.



(iii) Two point loads -

For a simply supported plated beam of span L subjected
to two point loads, the horizontal shear at the interface can be

obtained from eqguation (54), using the method of superposition.

P
d
f—— % —of

s

——— e

-
(4

When the two point loads are applied symmetrically
about the umidspan, the expression for g, the horizontal shear at

the interface is as follows:

For 0 {x {u

B P COSR/E(I—%) x
I - cosh <& + cosh /£ T
e o« (53a)
L
For u x> 5
B P 5111'}\,/6—-
q = -—A-——a-—[ cos}\ \/E . 5211}\ ""(1

' »
e+« (580)

46,
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2.3 Uplift

An important phenomenon in composite beams is the tendency
of the concrete slab to separate from the steel beam. This tendency,
which will be called uplift, is associated with the slip. As the
slip begins, the slab also begins to 1lift from the beam. Bending
and axial strains in the shear connectors which are associated
with the slip and uplift then develop. Uplift produces differential
curvatures in the slab and the beam, and could initiate corrosion
by exposing the interface to the atmosphere. The uplift forces
may be quite considerable, and if the shear connectors are not
sufficiently anchored, they may eventually pull 6ut of the slab,

s0 losing their shear carrying capgcity.
Uplift may be caused by one or more of the following.

(1) As the slip begins, the natural undulations on the top of
the flange, although small, force the slab to 1ift from the beam.
This phenomenon is particularly important when the top surface of
the flange is deliberately deformed to augment the bond resistance
at the interface. The holding down action of the shear connectors
then resists the lifting tendency, and axial forces develop in the

shear connectors.

(2) With the advent of slip between the slab and the bean,
there will be deformation in the shear connector and in the
surrounding concrete. As the shear increases, the pressure in the
concrete behind the connector, particularly at the root, also
increases and local crushing of the concrete occurs. The slab then
may tend to ride over the crushed portion of the concrete and so

cause uplift.
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(3) When a beam, supported on an elastic foundation, is
subjected to a load, the distribution of re-action between the
beam and the foundation depends on the '"foundation modulug' of the
elastic foundation. In a composite heam, where the concrete slab
is supported on the steel beam, any transmission of load from the
slab to the beam takes place at the interface and the distribution
of this load then depends on the foundation modulus at the inters
face. This foundation modulus mainly depends on the extensibility
of connectors and the compressibility of concrete just underneath
the connector head. This is effective only when the slab tries to
separate from the beam and not when the slab tries to move down on
the beam., The distribution of vertical loads at the interface due
to this effect of foundation modulus is believed to be one of the
reasons that cause uplift.

A theoretical approach for evaluating the last type of
uplift and uplift force in a composite beam is given below. The

(32)

formulation of the theory is due to Chapman , who used this

for the interaction between a ship's hull and superstructure.
It is assumed that:

1. The concrete slab and the steel beam are two separate
elements, interconnected by a cohtinuous shear connection and each

element acts as an elastic foundation for the other.

2 The foundation modulus, defined as the load per unit
length per unit separation, is assumed to be the same in both

upward and downward directions, and is given by

2W 1 wix)
Sx§-5=k5
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where ks = foundation modulus
W = vertical force per connector
5 = spacing of connectors
b = separation or uplift between the slab
and the beam
w(x) = vertical force per unit length at the
interface.
TE
F\s
———3
2w
Foundation modulus = ;
3. For the present purpose it is assumed that full interaction

exists between the slub and the beam, i.e, the strains at the

bottom of the slub and at the top of the beam are equal.

4. The strain distribution across the depth of the slab and

the beam are each linear.

Consider a short length of the composite beam. The internal

forces are:
w (e

fata aP_ VA P VaV- P VaV. Do VLVCVIV. N

M ( ) Mordr,
¥ (5‘)_]‘( )’s—y 9-1:1-:11? D}: )}V._L
el D113l iliilind x4 9

— e dF v+ dv. ) )

o

dF —

M HHHHH?‘H;H Mo+ My —— T
F '50(_1‘): ks(ys_yc F+ dr ; I 4 ds
‘ };; y
S
% {sd-dVé —— _l_

fe—— dx —— ]

Forces in an.element of composite beam



Considering the rotational egjuilibrium of the slab and

neglecting the second order terms,

dM, = Vcclx—scdr
Differentiuting equation (59a),

2 . 2-

d M. .é\g d°F

-dxz T dx 5:: dx*

From vertical equilibrium,
-ﬂ— = —‘Cd(C) —_ wa)

dx
= —w© - k(%-%)

) b
Substituting equation (60) in equation (59b),
d*M . 4*F
e —ks(ys—.)c) - (@) — 95

" Similarly for the steel beam,

2
d2m,

_ k( .9) _daF
dx2 + sys— ( —35';F'

From strain compatibility, i.e. assumption 3,

M F Mg

g 2 ol P
Eclc [~ Ec c Es s Es 73

LS

Differentiating equation, and then rearranging,

. 2
d?F . mee M % 4
dx2 I dx? Ig dx2?
A = As Ac
where -
‘mAs+ RC
Eg .
wn = — , the modular ratio.

E.

50.

(59a)

(59b)

(60)

(61a)

(61b)

(62)

(63)
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Substituting equation (63) in equatioms (6la) and (6lb), and writing
d‘yc - d4ys dzMg dzhs .
E. 1. T4 and E I s for ~3 and e respectively,

and then rearranging,

d‘yc I ;2 ket 55 w)
dx4 [Tn_“LASJ_Is(JS 3C> R B Rrmr i e

« o« (64a)

4

a*Ys d*y, _
dx4 L+ Ag —y> ss dx4 =0

. (64b)

Rearrangement and subraction give

‘;?;_d’c k@ PX ...(65)

/ ’
where A = A 3{: gs A = Ade 352
© e iagt ° Is+ Ay
m c -
B - 1 I+ A, B = 1 1+ A,
c I .2 s A'q% ([ _
=+ A <1——AC>\5> I+ A'g2 (1 A A

A and B depend only on the sectionul properties of the composite

beam. The equation (65) can be rewritten as

A4y R*A

ool kJ-t——iwCC) ... (66)
s
where 9 - (ys_ yc> | !

The solution of eguation (66) with appropriate boundary
conditions givesy s i.e. the uplift and the uplift force is
obtained by multiplying y with the foundation modulus k.



The siiearing forces in the slab and the beam respectively

are:
_ dM, dF o .
C - dx c dX _ ¢ o o (6/3)
v dMg dF
= +
S o x 35 % (67b)
and substituting for F, Mc and Ms leads to
3 3
N Ic : ; 2 d .yc d -})5>
5., »
3
- - AV 7%

(a) Central point load

For a composite beam of span 2L subjectezd to a concentrated

load P at midspan, the equation (66) reduces to

43 -
dj —i = e _‘Ei_fis_ ksy
o Fs o v . (67)

.

The general solution of this equation is

i

9 = A cosh ax. sim ax + B sinh ax cos ax

+ C cosh ax. cos ax + D sinh ax. simn ax

.« o (68)
a = 4% !;([5,;}55) |

where 4 Eg

Taking the origin at the midspan, by symmetry A = B = O. Hence
the general solution takes the form:



-

N = C cosh ax cos ax + D Sivh ax. Snax. . » (69)

where C and D are the arbitrary constants to be evaluated from the
boundary conditions.

As the slab is connected to the beam by a continuous
foundation, the shear in the slab VC = O at the support, and hence

VB = =V where V 1s the external shear at the support.

From equations (68a) and (638b)

3
d%y, d°Ys O
a3 T Ahmes T se e (708)
djys dg\c \%

e« o (700)
from which
3 -
dy Rs
ax? = TR Y ot tbe support. . .. (71)
Hence the boundary conditions are:
2~
™y
at x = L d;i = 0
- d’  _ Rs P
at x = 1L dx3 ?s_a-
and the arbitrary constunts are
By P " cosat. coshar
C = - -

Es 20> Sin 2oL+ Sinh 201

Bs P Sin al. Sinh al

D = - =

Es 20° gin 2al + Sinh 2al

53.



(b) Uniformly distributed load

For a simply supported composite beam of span L
carrying a uniformly distributed load w per unit length, the

basic equation (66) remains the same.

d*5  PetPyys o Pe
—T = 0
aa . Ky + E,

The general solution of this equation is

J = A cosh ax. sm ax + B sinh ax. cos ax + C cosh ax. cos ax
: ‘ B w
+ D sinh ax. sin ax — ———— T
PC+PS S
e e (72)

where a = 4 M

4 Eg

Taking the origin at the wmidspan, by symmetry A = B = O.

Hence the general solution takes the form:

Pe w

Y = C cosh ax. cesax + D sinh ax. sinax -jsc—_‘_-rz"k-—s: . (73)

-~

where C and D are arbitrary constants to be evaluated from the

" boundary conditions.
From equations (68a) and (68b) and observing that

V‘J = 0 and Vs = -V at the support, we have
- dJ§ _ Bs

= — W at =
a5 b L X .

S



Hence the boundury conditions are

2=
d°y
at x = L dvZ = 0
3-
dSy
atx = L A lziTUL
dx? Eg

and the arbitrary constants are

135 L cos al. cosh al
C = y A :
Eg A% gin 2al + sinh zal
Be w1 Sin al, sinh al
P = - 15. a’’

sin 2al 4+ %nh Zal

The extensional modulus of a connector is obtained from
ipull-out tests. The foundation modulus appropriate to the beam
is then derived. If Ke is the modulus of connector, s is the
spacing of comnectors in pairs, w(x) is the uplift force per unit
length, W is the uplift load per connector, and y is the uplift
at any point along the beam, then the foundation modulus ksis

given by
L oo RO v F , .
s g - 3 3
_ W 2 2K,
- T§ s T s

It should be noted that this extensibility of connectors
is effective only when the slab tries to move up from the beam and
not when it tries to move down on the beam. However it is assumed

for the present exploratory calculations that it operates in both
directions. :

55.
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Figure 13 shows the variation of uplift and uplift
force at the interface of a full scale and a half scale composite
beam respectively. For the full scale beam having % in., diameter
and 3in. long studs at 8.5 centres in pairs, the value of Ke is
obtained from the slope of the load-separation curves in pull-out
tests, and is taken to be 446 tons/inch. A proportional value of
223 tons/inch for g in. diameter and l% in. long studs is taken for
the half scale beam.

Neglecting the steel reinforcement in the slab, the

properties of the steel beam and concrete slab are:

(a) for full scale beam

A, = 288 in.° g, = 3in. I, = 864 in.% d, = 6in.
A = 13 in.2 g = 6in. I = 317 in.4 d = 12in. -
s s s s
6 . . .2
Ec = 4.5 x 10" p.s.i. Es = 13000 t.s.i. AY = 9,993 in,
N, = 0.819 B, = 7.371 x 107 in. ™4
N, = 0.266 B, = 3.437 x 10 in. 74
K_ for % in, stud = 446 T/in.
spacing = 8.5in. span = 2L = 216in,

(b) for half scale beam

The sectional properties are calculated from the idealised
section shown in Figure 4. Es’ Ec’ Ke’ 2L and spacing are taken
as 13,000 t.s.i., &.5 x 10%p.5.4., 223 T/in., 108in. and 3.86in.

respectively.
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2.4 Embedded Cantilever Theory for Stud Shear Connectgrs

Theoretical investigation on the behaviour of stud shear

(27),(28)

connectors, curried out by earlier investigators was
based on the assumption that the connector was embedded in an
elastic medium of concrete and that deflection due to shear could
be neglected; the analysis was then similar to that of a cantilever
beam in elastic foundation. A study of these theoretical results

shows that:

1. The bending moment distribution along the length of the
stud does not agree well with the results obtained from experiments,
In fact, the bending strains, measured experimentally at a height

of % in. from the flange in a 2 in, diameter and 4in. long stud,

4
is of sign opposite to that given by theory.

2e The theorstically obtained bending stress at the root
of the stud is very high. For a % in. diameter stud, it is about
12.0 tons per sq. in. per one ton shear. This appears to Le too
high considering that the ultimate capacity of a 2 in. dia. stud

4

is about 12.5 tons.

As the connectors are comparatively short and the shear
to be resisted is very high, it was considered that the deflection
due to shear might be as important as that due to bending. In the
following analysis, therefore, shear deflection is taken into
consideration. This analysis, otherwise, is based on similar

assumptions, i.e.:

1) The stud behaves as a cantilever in the elastic

foundation of concrete.

2) The foundation modulus "K', defined as the load per

unit length per unit deflection is constant.
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—

0
o

9,= — Ky

Stud connector in elastic foundation

The following notation is used:

deflection due to shear

n:
"

-

Yy = deflection due to bending

y = (yS + ym) = total deflection

AG = torsional rigidity of the stud
EI = flexural rigidity of the stud
K = foundation modulus

1f q, be the load per unit length on the connector

at a distance x from the origin, then

q, = - ®(% ”~> = — Xy

. o (74)
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The curvature at any point due to shear only:

dzy o
2 = TAg L« | e e (75)

Total curvature at any point distant x from origin:

, .
d"y 4%y, d*y )
GE = axz ¢ ane .o (76)

Substituting equations (74) and (75) in equation (76),

d*y d?¥, &K
dxZ = “axz ~ hs Y e e (77

Differentiating equation (77) twice with respect to x, and

observing that

4
E1GE = q, = -ky
we have
d4y _ X _o(K.dzy
ax4 £1 2 %’1;7 dx? ... (78)

The equation can be rewritten as

d*y X dy ®
Ox AG axz TETY O o oo (79

The solution of this equation with appropriate boundary
conditions givesy, from which pressure distribution, shear and
bending deflections, bending moments, etc., can be evaluated.

The general solution of the equation is

ax| . : -aA% ‘
y = e [A cosbxstinbx]-Fe [Ccos'bx-l—Dsin‘bx]
o o (80)

59.
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N 1
where y - aAK 12
— 4 _ 2AG
a ZE7 | ! =
L E1 |
- «K %
X 2AG
b = ry3al R /T
L 1 _|

The boundary conditions are:

dy & H
5 v
at x = O dh b
dx3 X1
2
at x = L d Yo = o
] cdx2
3
at x = L d Y = o]
cAn3
4% Yo,

The expression for ———

is Bﬁtained by substituting y and

2z, .
%_xiz from equation (80) in equation (77).
The arbitrary constanis are
oA . 2 . 2 2 2 2
H I +—A—G—,/m=:r> —ab cos bl smbl. — b coshoal. sinhal + a cos bl +b cosh al
A= —-
E1 2ab(a"+‘o") a sin 2bL 4+ b sinh 2alL
XK 2 2
1 dH| ZTaAg *+ 2a“ cos“ bL }
2ab AG| , sim 2bL + b sinh 2aLn
(-4 . .
H (1 — Re J/KEL) o’ cosbl. sinbl + ab cosh aw sinh oL + ab cos’bl ~ob cosha
B =—— T3 '
E1 2ab(a?+b*) a %in 2bL + b sinh 2al
X H 3~ 2 cos?bn
2AG a sin 2bL + b sinbh 2al
o4 2 .
C H (1+ —g'a-/xm) ab cosbl sinbl + b cosh al sinh al + o cos bL + b? cosh’al.-|

v 2, .2
E] Zab(a +b) A sin 2bL + b sinh 2al

{ o H -—2—2—?—; + 2a%cos?bL
2ab AG { o 5in 2blk 4+ b sinh 2al
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ot 2 . ' . _ 2 2
_m ‘(1- Y /REI) a’ cosbL. simbl + ab cosh al sinh aL — ab cos” bl + ab cosh afl
EI 2ab(ot2+ b‘) o S 2bL + b sinh 2al _I

o 3 2 cos? bL — 3
2A6 o sin2bL + b sinh 2ak

The deflected shape and the bending moments are given by

X - .
Jy = e {A cos bx +Bsinbx}+em‘{Ccosbxi—DShnbxg .
80a)

*» ® »

dzym XK ax . ax .
EI—x_=EI 2AG'e A cos bx + B simbxt—2ab. e A s1n ox — B cos bx

(K - R . - .
- ZAg € {C cos bx + D sin bx} + 2 ab, em{c sin bx— D cos»bx}]

e+« (81a)

when the deflection due to shear is neglected, the term

2 : Py . PR
el becomes equal to zero and &a = b = /451 « The deflected shape

and the bending moment distribution are then given by the following

expressions:

oax . %
y= e {A cos ax+Bs§max}+e {Ccasax+—:D Sin ax}
' e » o (80b)

a2 Ym
dx?

EI = —EI 2a% I:ea?{ A sIn ax — B cos ax ,

—a% . : .
—_ e C sinox — D cos ax

. . o . (81b)
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The arbitrary constants are:

Ha |98 oL, sin alL — cosh al. sinhal + cos’aL + cosh?at
A = . -

K Sin 2al + sinh 2ak

na cos al. sinal + cosh al. Simh al + coszaL — cosh?alL
B =

K Sin 2al + sinh 2al

Ha cos al. sinal + cosh alL, sinh al + cosh?al + cos?atl
C =

K Sin 2al + Sinh 2al

Ra | €95 al. sinal + cosh al, sinh aL — cos®al + cosh’aL
D =

K aim 20l + Sinmh 2al

At the welded end of the stud (i.e. x = 0), the deflection is

(a) Considering shear deflection

o 2 2 2 2
b iF RG‘/KEI [a ¢cos“ bL + b* cosh al_:,

j = . 2 .
° EI ab (a*+¥) | a sin 260+ b sinh 2al
3K 2 2
{ oH Yy + 2a cos”bL }
ab AG a Sin 2bL + b sinh 2oL

e » « (82a)

(b) Neglecting shear deflection

Ha ¢<o0s 2al + cosh 2al. + 2

o K Sim 2al + sinh 2al (82b)
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The deflection Yo is the relative movement between the concrete
and the steel beam. In the push-out tests, this relative movement
(defined as slip) is measured, and from the known applied shear, H,

and the measured slip, a suitable value of "k" can be estimated.

If the value of K is known, the deflected shape of the
stud, the moment and stress along the length of the stud, the
concrete pressure, etc., can be determined from equations (80),

(81) and (74).

Figures 14 and 15 show the deflected shape and the moment
distribution along the length of a % in. diameter and 4in. long
stud. The foundation modulus of the concrete, g, is obtained from
the avera,e slope of the load-slip curves for 2 in. x 4in. long

4

plain headed studs, given in Figure 2Z7.

The re-active concrete load under the welds, qo, can be
calculated from equations (74) and (82) and is 2290 1b./in. per ton.
load when sheardeflection is neglected, and 3780 1b./in. when shear

3

deflection is considered. For a 7 in. diameter stud, this gives
a concrete stress of approximately 3050 lb./in.2 and 5050 lb./in.2
respectively per one ton shear. No attempt is made to develop a
practical formula by using the criterion of maximum stress in the
concrete, as it is difficult to generalise the behaviour of concrete

under the triaxial stress which exists at the root of the studs.

Maximum bending stress occurs at the welded end when
shear deflection is neglected and is 11.8 tons/in.2 per ton shear.
This gives a yield load per connector of only 2.55 tons for a yield
stress of 30 tons/in.a. This is evidently too low, when compared

with the useful capacity of such connectors.

In the case where shear deflection is considered, the
maximum bending stress occurs at a distance of % in. from the base,

and is about 4.9 tons/in.a; it should also be noted that at this
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section of maximum bending moment, the shear is zero. At the
welded end the maximum bending stress is 3.9 tons/in.a, and the
maximum shear stress on the axis of the stud is 3.0 tons/in.2

It is possible, therefore, that the failure may occur either at
the se¢ction of maximum B.M. by bending or at the welded end by a
combination of bending and shear. As the bending stress at the
section of maximum bending moment is more than the maximum stress
at he base, 1t is believed that the failure by yield first occurs
at a distance of % in. from the base. After this yielding, more
load is thrown into the portion of the stud nearer the root, and

eventual failure occurs at the root by a combination of bending

and shear. The fractures, observed by Thilrlimeaunn (22) at the base
and also at approximately % in. from the base of a % in. by 2% in,

long L-stud under fatigue loading, can also be explained with the
help of this theory, although the reason given by Thiirlimenn is

different.

Taking the failure by bending at the section of maximum
bénding moment as the criterion for failure, the yield load of a
% in. diameter by 4in. long stud is given by 0.205 fy’ where fy is
the yield stress of the material, For a normal stud material,
having a yield stress of 30 tons/in.z, this gives a yield load of
6.2 tons. The yield load of connectors of different diameter and
different concrete strength can also be estimated after obtaining

the slope of load-slip curves from push-out tests.

For equal strength, it will be reasonable to design the
number of shear connectors such that the yield load is reached at
each connector when the beam reaches the yield. Taking the yield
load and ultimate load as 6.0 T and 13.0 T respectively, it can be
shown for a beam with neutral axis at the interface, that this
design 1s equivalent to a design wherc the number of connectors are
designed to reach 90 per cent of their ultimate capucity when the

beam reaches its ultimate load.
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CHAPTER 1I1

PUSH~OUT AND PULL-OUT EXPERIMENTS

3.1 ' Push-out Tests

(a) Purpose of tests

The main purpose of these tests was to study the
behaviour of stud shear connectors under a known load and to
obtain experimentally the ultimate capacity and the useful capacity
of the connectors. The useful capacity of a connector is defined
as the load per connector at a residual slip of 0.003in. Another
purpose was to study the effect on the general behaviour of stud
sheaf connectors when the flange to which the connectors are
welded is mechanically or otherwise roughened. The influence of

roughening the stud shank was also studied.

As the slip begins, the concrete slab tries to ride
over the undulations on the roughencd flange and produces axial
strains in the connectors. This axial force holds down the slab
and thus helps the projections to resist shear. The larger the
cross-sectional area of a connector, the greater will be the
holding down force and so the more eoffective will be the projections
in resisting shear. Tests were, therefore; carried out to study the
effect of stud diameter on the resistance of a roughened (Durbar)

flange.

All the types of connector used in the beam and plate

xperiments were also tested in push-out specimens.
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(b) Description and preparation of specimens

Each small scale push-cut specimen was designated by two
numbers and two capital letters, as, for cxample, P3C2. In these

symbols the numbers and letters have the follr ying meaning:

The first letter P represents small scele push-out
specimen. The first number expresses the diemeter of studs in

sixteenths of an inch.

The second letter designates the nature of the flange
- 1. | S
surfaces: A stands for g in. x 7¢ in. grooved flange; B stands for

1 1 . 1. 1 .
6 * 33 in grocved flange; C stands for 3510 X g in. grooved

flange; D stands for plain flange with natural bond; and E stands

for Durbar plated flange.

The second number is used to distinguish between

similar speccimens.

Each of these push-out specimens had eight studs, four
on each flange exzcept specimen P2E2, which had four studs, two on

each flange. All these studs were lin. long and headed.

Two helf-scale push-out specimens, designated as P6Dl
and P6D2, ecach having four % in. diamecter x 1% in. long headed
studs, two on each flange (plain flenge with natural bond) were

tested.

Four full scale push-out specimens, designated as P12D(TH),
P12D(T), P12El and P12E(DE) were tested. Specimen P12D(TH) had four
% in. diameter x 4 in. long threaded studs with head, and specimen
P12D(T) had four % in. diameter x 4in. long threaded studs without
head. Each had two studs on each flange (plain flange with
natural bond). A Durbar flanged steel beam was used for specimens
P12El and P12E(DE). Specimen P12El had eight 2 in. diameter x 3in.

4
long headed studs, four on each flange. Specimen P12E(DE) was a
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double ended push~out specimen with sixtcen % in. diameter x 4in.

long headed studs, four on each flange.

Figures 16 and 17 and Tables 5 and 6 give the details of

all'push-out specinens.

The small scale push-out specimen consisted of a
4in. x 1% in. I section 10in. long with two concrete slabs L%in.
thick and 6in. wide by 8in. long, one on each flange. Two layers
of reinforcement, similar to those used in quarter scale beams were
provided in cach slab. Concrete was made using Ferrocrete rapid
hardening cement, sand and f% in. aggregate. Aggregate cement ratio
and water cement ratio respectively were 3.25 and 0.55 all by wecight.
The slabs were cast in a vertical position using a steel mould,
cured for a weck under wet sacking covered with polythene sheet

and tested two weeks after casting.

A 12in. x 5in. 1 section 3ft. long with two concrete slabs
6in. thick and 12in. wide by 18in. long, one on each flapge, was used
for half scale and full scale push-cut specimens. For specimens
P12El and P12E(DE), the 1 section was made up using % in. thick
Durbar plate as flanges. The reinforcement in the slab was as
shown in Figure 17. Concrete was made using Ferrocrete rapid hard-
ening cement. An aggregate cement ratio of 4.5 with % in. aggregate
was used in half scale specimens, whereas an aggregate cement ratio
of 5.5 with % in. aggregate was used for full scale specimens. The
water cement ratio was 0.55 for all the specimens. The slabs were
cast on top of the flanges in a horizontzl position. Specimens
were cured for a week under wet sacking covered with polythene shect

and tested two weeks aifter casting.

Two 4in. cubes and one 12in. x 6in. cylinder were cast

for each of the slabs for all the specimens.
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(c) Testing procedure

Small scale push-out specimens were set up on specially
nachined bases as shown in Figure 16. Load was applied through a
30 ton hydraulic jack, operated by a hand pump and was measured
with a 25 ton capacity proving ring dynanmometer. Two 0.000lin.

dial gauges were used to measure slip.

Half scalc and full scale specimens were set up as shown
in Figure 17. The slabs werc bedded in ciment fondu. Load was
applied through a hydraulic jack in specimens P6D1, P6D2 and PL2EL
and was neasured with a calibrated pressure gauge. Specimens
P12D(TH), P12D(T), ond P12E(DE) were tested in a 200,000 1lb. screw
loading testing machine. Slip was measured using 0.000lin. dial
gauges. In a few specimens, separation between the slab and the
steel beam was measured using 0.000lin. dial geuges. Strains in
studs at a distence of % in. from the base were measured in
specimens P12El and P12E(DE), using special single filement

resistance gauges lin. long and also % in. long foil gauges.

The general procedure of testing was as follows.
An increment of load was applied and stabilised; readings were taken
at all dials including the strain gauges. The load was then
released to zeru and another set of readings was taken. This
procedure was continucd until the failure occurred. At high
loads the jack was pumped occasicnally te prevent the load from

falling due to crcep.
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(d) Test Results
1. Small scale push-out specimens

Slips and residual slips for all the small scale push-out
specimens are shown in Figures 19 to 24. A summary of the test
results with a brief description of specimens and strength of
concrete appear in Table 5. The results of the tests are also

described separately, as follows:

(i) Specimen POAl. This specimen was without any stud conngctors.
The only shear connection provided was by % in. x %g in. triangular
grooves on the flange. The specimen failed before it could be
tested. One of the concrete slabs fell off while the slip

measuring device was being fixed.

(ii) Specimens P3Al and P3A2. The load slip curve was almost
linear in specimen P3Al up to a load of 1.69 tons per stud; a small
cracking sound was heard at this load and slip increased rapidly
thereafter. In specimen P3A2, slip was almost proportional to

load up to 1.50 tons per stud. The maximum load attained in
specimen P3Al was 1.84 tons per stud at a slip of 0.0136 in.

After this, slip inéreased very rapidly, load started faliing and
finaglly all the eight studs were sheared off with a banging sound.
Failure was similar in specimen P3A2, where the maximum load
reached was 1.97 tons per stud. The maximum slip that could be
recorded before failure was 0.0147in. at 1.94 tons per stud for
this specimen. Residual slip was first observed at 0.30 ton per
stud in specimen P3Al and at load 0.25ton per stud in specimen P3A2.
Residual slip recorded before failure was 0.0021 in. after a load
of 1.75 tons per stud in specimen P3Al and 0.0095 in. after a load
of 1.94 tons per stud in specimen P3A2.
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(iii) Specimens P3Bl and P3B2. Slip was almost proportional to
load up to 1.0 tcn per stud in both the specimens, and thereafter
increased rapidly with load. The maximum load reached in specimen
P3Bl was 1.56 tons per stud, when slip increased very rapidly,
load :tarted falling and all the eight studs were sheared off at

a slip of 0.0645in. In specimen P3B2, the maximum load reached
was 1.50 tons per stud. Failure was similar to the specimen

P3Bl and occurred at a slip of 0.076in. Residual slip started

at a load of 0.25 ton per stud in both the specimens. The maximum
residual slip recorded before failure was 0.0102in. after a load
of 1.50 tons per stud in specimen P3Bl and 0.0046in. after a load
of 1.44 tons per stud in specimen P3B2.

(iv) Specimen P3Cl. The load-slip curve was nearly a straight
line up to 0.25 tons per stud and therecafter slip increased
rapidly with load. A small cracking sound was heard at a load of
0.94 ton per stud and separation between the slab and steel was
visible at 1.06 tons per stud. The maximum load attained was

1.25 tons per stud at a slip of 0.0375in. Slip increased very
rapidly after this, load started dropping and finz}ly all the
eight studs were sheared off. Residual slip started at 0.374 ton
per stud and the meximum residual slip recorded before failure was

0.0l4lin. after a load of 1.19 tons per stud.

(v) Specimens P3Dl and P3D2. Slip started from the first
application of load in both specimens and then increased progres-
sively with load. Residual slip started at 0.125 tons per stud in
both specimens. A very small cracking sound was heard in specimen
P3D2 at 0.7 ton per stud. At the same load separation between the
slab and steel was observed in specimen P3Dl. The maximum load
attained was 1.08 tons per stud in both specimens. Failure

occurred by shearing of‘all four studs on one slab after slip had
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increased considerably after the meximum load had been reached.
The meximum slip recorded before failure was 0.056lin. in specimen
P3Dl and 0.0684in. in specimen P3D2. Maximum residual slip
recorded before failure was 0.0310 in. after a load of 1.02

tons per stud in specimen P3Dl and 0.0350in. after a load of

1.05 tons per stud in spccimen P3D2.

(vi) Specimen P3El. Slip and residual slip both started from
the first application of load. Separation between the slab and
steel was observed on both sides at 1.25 tons per stud. At 1.50
tons per stud, the separation became very clear. Slip started
increasing very rapidly at 1.63 tons per stud, which was also the
maximum load reached. Failure occurred by shearing of all four
studs on one slab. The maximum slip and residual slip recorded
before failure were 0.0452 in. at 1.63 tons per stud and 0.0225in.

at 1.62 tons per stud respectively.

(vii) Specimen P4El. Slips and separations are shown in
Figures 23, 24 and 37. Slip started from the first application
of load; whereas residual slip was first observed at a load of
0.25 tons per stud. Separation of the slab from the steel was
also first recorded at this load. The slip-separation reclation-
ship was nearly linear up to a load of 1.13 tons per stud and
‘thereafter separation increased more rapidly. The maximum load
reached was 2.0 tons per stud at a slip of 0.0410in. Thereafter
slip increased rapidly, the load started falling, and finally all
four studs in one glab were sheared off at a load of 1.625 tons per
stud and at an approximate slip of 0.09in. The residual slip

recorded just before maximum load was 0.025Cin.



(viii) Specimens P2El and P2E2. Specimen P2E2 had four studs,
whercas specimen P2ELl had eight studs (Figure 16). In both the
specimens slip started from the first application of load and
residual slip started at a total load of 0.5 ton. Separation
between the slab and steel was clearly visible in specimen P2E2,
separation was mecasured and is shown in Figure 37. The slip-
separation relationship was almost linear up to the failurc load.
The maximum load attained in specimen P2El was 0.94 ton per stud.
Failure was due to shearing of all four studs in one slab. The
maximum slip and residual slip recorded before failure were
0.0620in. and 0.0262in. respectively. In specimen P2E2, the
maximum load reached was 1.25 tons per stud. Slip increased very
rapidly after this load, failure was imminent and the test was
stopped to prevent the gauges from being damaged. Slip and
residual slip recorded at 1.25 tons per stud were 0.0303in. and
0.0260in. respectively. The average separation recorded at 1.19

tons per stud was 0.0080in.

(ix) Specimen P4Dl. Total slips and residual slips for this
specimen are shown in Figures 21 and 22. Slip started from the
first application of load whereas residual slip was not observed
until a load of 0.15 ton per stud was applied. The maximum load
attained was 1.75 tons per stud at a slip of 0.0820in. Slip
increased very rapidly thereafter, the load started falling and
failure occurred at a load of 1.70 tons per stud at an approximate
slip of O0.1llin. The maximum residual slip recorded was 0.0713in.
just after maximum load. Failure was by shearing of four studs in
one slab. A horizontal crack at the level of the upper pair of "
studs was observed on the outside of the concrete slab at failure.
On the inside of the slab cracks were observed startingfrom the

location of the studs and spreading towards the corners.
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(x) Specimen P2Dl. Figures 21 and 22 show total and residual
slips for this specimen. Both total and residual slips started
from the first application of load. The maximum load attained was
0.51 ton. per stud at a slip of 0.0657in. Thereafter slip
increased very rapidly and eventually failure occurred by
shearing of four studs on one slab. The maximum residual slip
recorded was 0.0270in. after a load of 0.50 ton per stud.

2. Half scale push-out tests

(i) Specimens P6Dl and P6D2. Total slips and residual slips for
both specimens are shown in Figure 25 and 26. Slips and residual
slips started at a load of 0.45 ton per stud and 0.75 ton per stud
respectively in both the specimens. Greater slips were recorded
for specimen P6D1 in the early stages of loading up to 2.25 tons
per stud, and therecafter both slip curves were almost identical.

Quseful
The maximum load reached was 2.99 tons per stud in specimen P6D1

was the same for both specimens and was 2.28 tons per stud.

and 3.0l tons per stud in specimen P6D2. Failure was similar in
both specimens. Slip increased very rapidly after the maximum
load had been reached, load started failing and failure occurred
by shearing of all four studs. The maximum slips recorded were
0.125%in. in specimen P6D1 and 0.0823in. in specimen P6D2.

3. Full scale push-out tests

(1) Specimens P12D(TH) and P12D(T). Slips and residual slips for
both the specimens are shown in Figures 27 and 28. Slips and
residual slips both started at 1.32 tons per stud in specimen
P12D(TH) (with hcad) and at 0.48 ton per stud in specimen P12D(T)
(without head). Load-slip curves were almost identical up to a
load of 7.0 tons per stud and thereafter greater slips were

recorded for specimen P12D(T) until failure. Horizontal cracks
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on the inside of the slabs were observed at the stud level at

12.4 tons per stud in specimen P12D(TH). The maximum load reached
in this specimen was 13.4 tons per stud, whereas in specimen
P12D(T), this was 12.5 tons per stud. Failure was similar in both
cases and was by shearing of both studs on one slab. The maximum
average slip recorded before failure was 0.0869in. in specimen
P12D(TH) at 12.7 tons per stud and 0.0744in. in specimen P12D(T)

at 11.9 tons per stud.

In both these specimens, cracks starting from near the
locations of studs and spreading towards the corners of the slab,
occurred on the inside of slabs at failure. Figure 40 shows a

typical close-up view of these crack patterns.

(ii) Specimens P12EL and PL2E(DE). Slips and separations for

both these specimens are shown in Figure 29 to 32. Figure 33

shows the bending and axial components of the stud strains. Slip=-
ben ing strains and separation-axial strain relationships are shown

in Figure 35 and 34.

In specimen P12El, slips, residual slips and separations
all started at the same load of 2.27 tons per stud. Separation
became clearly visible at 11.35 tons per stud. Load at residual
slip of 0.003in. was 11.72 tons per stud. Cracks on the inside
of both slabs were observed at a load of 14.0 tons per stud. The
maximum load per stud reached was 14.75 tens. The average slip,
residual slip and separation recorded at maximum load were 0.0586inv,
0.0452in. and 0.0190in. respectively. Slip increased very rapidly
after the maximum load had been reached, load started falling off
and the upper pairs of studs were sheared off; the load dropped to
41.75 tons and remained there. On further pumping, the load dropped

still further, cracks became wider and the test was stopped when
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slip was about %in. It was later found that the lower two pairs
of studs had alsc failed but had not been completely detached.
A slight horizontal force was sufficient to remove the studs

from the steel bean.

The upper pairs of studs were sheared off at sections
just outside the weld fillet, whereas the lower pairs brought
some parcnt metal from the steel flange with them. Figure 41

shows a close-up view of one of the slabs after failure.

In specimen Pl2E(DE), slips, residual slips and
separation all started at a load of 1.70 tons per stud.
Separation cracks were visible at 9.0 tons per stud. The test
was stopped at a load of 11.25 tons per stud, that is, at a total
lcad of 90 tons which was very close to the maximum capacity of
the testing machine. The failure load of the specimen, therefore,
could not be obtained. For the same load slip and separation
were greater in this specimen than in P1Z2El. The average total
slip, residual slip and separation at 11.25 tons per stud were

0.0152in. 0.0068in. and 0.0053in. respectively.
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(e) Discussion of Test Results

(i) Effect of flange roughening on carrying capacity

of connectors:

Figures 19 and 20 give totel slips and residual slips
for eight specimens with f% in. dizmeter studs and having varying
degrees of flange roughening. The studs were from the same stock
having a yield stress of 31.1 t.s.i. and an ultimate stress of
35.1 t.s.i. The concrete cube strengths varied from 6360 p.s.i.

to 6890 p.s.i.

The ultimate capacity varied from 1.08 tons per stud on
a specimen with plain flange and natural bond to 1.94 tons per stud
on a specimen with % in. }{i% in. grooved flange. T?e avera%é
ultimate capacity was 1.89 tons for specimens with 8 in. x 16 in.
grooves, 1.53 tons for specimens with %3 in. x 337 in. grooves and
1.25 tons for the specimen with 33 in. x 7 in. grooves. In the
Durbar flanged specimen the ultimate capacity was 1.63 tons. The
useful capacity similarly varied from 0.63 ton in the plain flanged
specimen to 1.75 toas in specimens with % in. x %Z in. grooved
falnge. The ratio L was between 1.1 and 1.3 in grooved flanged
specimens, about 1.6"35 plain flanged specimens and 1.8 in specimens

with Durbar flanges.

The load-slip characteristics are different in specimens
having different types of flange roughening. The specimens with
grooved flanges, the slip is very small and proportionzl to load
at early stages of loading. The limit of proportionality increases
with the increase in the size of the grooves, and is 0.63 ton per
stud in the specimen with j% X g%ino grooves, 1.0 ton per stud in
specimens with lginn X 75 in. grooves and 1.5 tons per stud in
specimens with 3 in. = 16 in. grooves. Beyond the limit of

proportionality slip increases very rapidly until failure occurs.
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In the case of specimens with Durbar flanges slip increases rather

gradually and final failure occurs when the slip beccmes excessive.

The difference in behaviour can probably be explained as
follows. In specimens with grooved flange, the concrete within the
grooves providg a mechanical key and resists shear. The larger the
groove, the greater is the mechanical keying action and the load
carrying capacity. As the shear is resisted all over the contact
area, the deformation of concrete is smaller and so is the slip.
But once the shear per unit area exceeds a certain limit, which
depends cn the size of groove, the concrete in the grooves starts
shearing, slip starts increasing very rapidly, load is thrown
mostly to the studs and immediate failure occurs. In case of
specimens with Durbar flanges, the small projections resist shear
in conjunction with the studs. The deformation of concrete under
the studs and the projections is greater as the projecting arca is
less than in the case of specimens with grooved flange. At
higher lcads, concrete under the studs and projections crushes,
slip increases rapidly and failure occurs by shearing of studs

when slip becomes excessive.

In grooved flanged specimens, failure occurs primarily
due to shearing of concrete, whereas in Durbar flanged specimens it
is the excessive slip that causes failure. The former is comparable
to a very rigid shear connector-and in the latter the projecticns

appear to act as flexible conngctors.
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(ii) Effect of shank roughening on carrying capacity

of stud shear connectors

Figures 27 and 28 show total and residual slips for two

specimens P12D(TH) and P12D(T) with %

threaded studs with and without heads respectively. Similar curves

in. diameter and 4in. long

for a specimen with % in. diameter and 4in. long plain headed studs
(29)

tested by Balakrishnan are also shown.

Slip curves are almost identical for all the specimens
up to a load of 1.8 tons per stud and thereafter slip in the
specimen with plain headed studs increases more rapidly. In
specimens with threaded studs, load-slip curves intermingle up to
a load of 7.0 tons per stud, beyond which slip is greater in the

specimen with studs without heads.

Plain headed studs failed at 12.7 tons per stud whereas
a maximum load of 13.4 tons per stud was reached in the specimen
with threaded and headed studs. The difference may be due to the
threads, which provide slightly better holding down and hence
contain the concrete more effectively. Higher concrete strength
(6,230 p.s.i. against 5,500 p.s.i.) may be another reason. A lower
ultimate load of 12.5 tons per stud was reached in the specimen with

threaded studs without heads.

Residual slip curves are nearly the same for all the
specimens up to 8.4 tons per stud. The useful capacity was 6.75
tons for threaded and headed studs, 6.50 tons for threcaded studs

without heads and 6.75 tons for plain headed studs.

The threaded studs appear to give better performance with
less total slip for the same load than plain studs, although there
is not much difference either in uscful or in ultimate capacity

in the three types of studs tested.
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(iii) Effect of variation of stud diameter on the shear

resisting capacity of a roughened flange

Figures 23 and 24 give total and residual slips for four
Durbar flanged specimens P4EL, P3El, P2El and P2E2. The total area
of the Durbar flange in contact with concrete was 28 in.z, and the
total cross~sectional area of the studs was varied from 0«049in.2
in specimen P2E2 to O.3931n°2 in specimen P4El. The concrete
strength for specimens P4El and P2E2 was 5450 p.s.i. against 6360

p.s.i. for specimens P3El and P2El.

Ultimate loads as well as useful loads arc considerably
increcased in these specimens over those specimens with plain flanges.

Ultimate capacity was 2.C tons for % in. dia. studs in specimen P4EL,

1.63 toms for f% in. dia. studs in specimen P3El, 0.94 ton for % in.
dia. studs in specimen P2El and 1.25 tons for L in. dia. studs in

8
specimen P2E2. Percentage increases over corresponding ultimate

lcads in specimens with plain flanges arc 14, 52, 84 and 145
respectively. Percentage increases in useful capacity are 22, 37,

45 and 52 respectively. 1t is thus seen that the percentage increase
in the useful or ultimate capacity of studs decrecases with increasing

stud diameter.

1f it is assuned that the ¢ifference in ultimate: load
between a Durbar flanged specimen and a plain flanged specimen
having identical studs, is due to the shear resistance offered by
the projections of the Durbar flange, then the shear per sq. in.
resisted by Durbar flange at ultimate load in the four specimens
are 160, 350, 270 and 240 1b. respectively. In the full scale
* specimen P12 El with % in, dia. % 3in. long studs the shear
resistance offered by the durbar flange is 495 p.s.i. There is

‘no comparable push out specimen on Durbar flange tested with
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% in. diameter studs. But the average value of shear resistance
offered by the Durbar flange obtained from beam Dl near ultimate
load is 453 p.s.i. The shear resistance offered by the projections
of Durbar plate increases with increasing stud area (Figure 43)
except for specimen P4El with % in, diameter studs where this value

is rather low.

In specimen P12El with % in. diameter x 3in. long studs,
the percentage increase in useful and ultimate capacity of studs
over the corresponding values obtained by Balakrishman from P.0.
specimens with plain flanges, are 102 and 46 respectively. When
compared to the quarter scale specimens these percentage increases
appear to be high, presumably because the area of Durbar plate per
stud provided in specimen P12El was 201n°2, against 3.5in. per
stud in quarter scale specimens. Also, the 4in. cube strength of
concrete in specimen P12El was much higher, 8960 p.s.i., against

5000 p.s.i. in Balakrishnan's specimen.

(iv) The influence of flange roughening on stud strein

Figure 33 shows the strains in specimens P12El and P12E(DE).
The axial component of strain which is associated with separation
of the slab from the beam is plotted against separation in Figure 34,
and the bending component, which is associated with slip, is plotted

against slip in Figure 35.

Strains are plotted for loads in excess of 3.78 tons per
stud for specimen P12El and in excess of 2.26 tons per stud for
specimen P12E(DE). Strain readings for smaller loads are very

small and scattered.

The axial component of the measured strain is quite high
and even higher than the bending component. Only near the ultimate

load did the bending component become greater than the axial
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component. Both axial and bending components are smaller in
specimen P12El than in P12E(DE). This is probably because the
partial fixity at the base of the single ended specimen P12El
restricts the horizontal movement of the slab, whereas in the
double cnded specimen PL2E(DE), the slabs are free to separate
from the flange. This free movement allows more separation and

hence more slip and produces greater strains in specimen P12E(DE).

At earlier stages of loading, separation is proportional
to the axial component, in both the specimens. In specimen P12E(DE)
slip is very nearly proportional to the bending component but in
specimen P12El, the relationship is linear only up to a slip of

0.0030in., which corresponds to a load of 8.25 tons per stud.

If the separation is assumed to be equal to the total
extension of the stud (excluding the head), then the slope of the
separation-axial strain curve will be 2.5in. and 3.5in. for studs
3in. and 4in. long respectively. The values obtained experimentally
at earlier stages of loading are 2.8in, for specimen Pl2El with
3in. long studs, and 3.4in. for specimen P12E(DE) with 4in. long
studs. At higher loads, however, the ratios are much greater,
presumably because at higher loads the concrete under the head

deforms.

(v) Relation between slip and separation

Figures 36 and 37 show scparation-slip curves for
specimens P12El, P12E(DE) and P4El and P2E2 respectively. A
separation-slip curve for a plain flanged push-out specimen with
4-% in. diameter plain headed studs 4in. long, tested by (33)
Teraszkiewicz is also shown in Figure 36.

Separation is proportional to slip; and in both the

specimens P12El and P12E(DE), separation-slip curves arc almost

identical, although the specimen PLl2Zl was a single ended specimen
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with 3in. long studs and the specimen P12E(DE) was a double-ended
specimen with 4in. long studs. The slope of this curve, however,
is much greater than the corresponding curve of the plain flanged

specimen.

Separation is proportional to slip in the small scale
specimen P2E2 at all stages of loading but in specimen P4ELl the
separation=slip curve deviates from the line of proportionality
at a slip of about 0.0l in. In the proportional range, the
separation for specimen P4El is smaller than that for specimen P2E2
for the same slip. This may be attributed to the greater stiffness
of studs in specimen P4El which had 8~% in. diameter ituds, than
that in specimen P2E2 which was provided with only 4-5 in. diameter

studs.

(vi) Effect of stud diameter

Figures 21 and 22 show total and residual slips for
specimens P4Dl, P3Dl, P3D2 and P2Dl, each having eight 1 in. long

. | 3 3 | .
studs of diameters ; in-, 16’ 16 and g in. respectively. Only one

curve is shown for total slip and another for reisdual slip for
specimens P3Dl and P3D2. Average values of the results from these
two specimens are taken for this purpose. Concrete strength

varied from 6490 to 6570 p.s.i.

If the capacity is assumed to be proportional to the
stud cross~sectional area, then the capacities of é in. and égin.
diameter studs should be 4 and 2.25 times the capacity of a B in.
diameter stud. But the ultimate capacities of % in. and 18 in.
diameter studs were found to be only 3.43 and 2.12 times that of
% inasdiameter studs. Similarly, the useful capacities of 1 in.
and 16 in. diameter studs weae 2.79 and 2.03 times that of B in.
diameter studs. The ratios === are 1.90, 1.61 and 1.55 for

| 3 | . sQ .
Z in., 16 in. and 3 in dlameger zguss respoctively.
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Figure 44 shows the variation of average shear at ultimate

load with the stud diameter. The results for % in. and 3 in.

4
diameter studs 4in. long are taken from tests carried out by
Balakrishnan(‘so. The comparatively lower value for % in.

diameter studs may be due to the shorter length of the studs and

the comparatively lower concrete strength.

It is observed that the average shear stress in the
studs at ultimate load decreases with increasing stud diameter.
For the same total cross-sectional area, thercfore, studs of

smaller diegeter show better performance.

(vii) Nature of failure

All the small scale specimens falied by shearing of studs.
In the grooved flanged specimens, failure was initiated by shearing
of concrete in the groeoves followed by sudden and rapid increase
in slip and finally fialure occurred by shearing of studs. In
the other specimens, the increase in slip was gradual and when
slip became excessive failure occurred duc to shearing of studs.
Failure was similar in all the full scale specimens where failure

occurred by shearing of studs after excessive slip.

In most cases failure of studs occurred at a section
just outside the weld fillet. Only in specimen P12El, which was
a single ended Durbar flanged specimen . with cight % in. diameter,
3in. long studs, the lower pairs of studs brought some parent

metal from the flange at failure.

No crack in the concrete was observed in small scale
. . 3 . . .
specimens with studs of g in- diameter or below. Only in specimen
, . 1. . ,
P4D1 with eight 7 in diameter studs, horizontal cracks were observed

on the ocutside of the slab at the level of the upper pairs of studss
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On the inside, cracks were observed starting from near the

location of the studs and extending to the four corners.

Similar concrete cracks occurred in all full scale specimens with
% ina3diameter studs. No crack was, however, ob;erved in specimens
with 3 in, diameter studs. This is because the 3 in. diameter
studs were tested in a full sized push-out specimen with a bigger
concrete slab, whereas the % in diameter studs were tested in a
small scale push-out specimen. Crushing of concrete behind the
studs and also behind the projections of Durbay flanged specimens

was observed in all specimens.
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3.2: Pulle-out Tests

(a) Introduction

Tests on composite beams have shown that, as the slip
begins, the slab also begins to separate from the steel beam.
The shear connectors are then called upon to resistthis separation.
As a result, axial forces are produced in the shear connectors in
addition to bending stresses caused by slip. In order to study
the relationship between the separation and the axisl force in the
connectors, pull-out tests were planned. A known axial load was

applied to the connectors and the behaviour was studied.

The main purpose of these tests was to study the pull-
out behaviour of stud shear connectecrs, having varying lengths.
Another objective was to study the effect of shank roughening on

the pull-out behaviour of stud shear connectors.

'(b) Description and preparation of specimens

Figurc 18 shows a pull-out specimen. The specimen
consisted of a 12in. x 12in. x 18in. concrete block with two
12in. x 6in. x 24in. long rolled I sections, one on each side of
the concrete block. One flange of each I section was removed and
on the other, shear connectors were welded. The form and dimensions

of the specimen were such that:

(a) the specimen could be accommodated in the testing machine,

(b) the load could be easily applied,

(c) the effect of adhesion of the concrete to the flange
could be observed, and

(d) the area of slab exceceds the anticipated failure ccge
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The concrete block was unreinforced; this represented
the least favourable condition in the slab. Ferrocrete rapid
hardening cement was used for the concrete. An aggregate cement
ratio of 5.5 by weight, with 60 per cent of % in. aggrcgate and
40 per cent of sand, was used. The water cement ratio was 0.55.
Casting was done using a timber mould with the steel beams standing
on edge. An immersion vibrator was used for compacting the concrete.
The formwork was struck one day after casting and the specimens were
cured for a week under wet sacking covered with polythene sheet.
Two 4in. cubes and one 12in. x 6in. cylinder were cast for each of

the specimens.

Five specimens werc tested altogether. These were
designated as PL1, PL2 . . . P15. Specimens PL1, PL2 and PL3
each had four % in diameter plain headed studs; the studs were
4in. long in specimen PL1, 3in. long in specimen PL2 and 2in. long
in specimen PL3. Specimen PL4 had four % in. diemeter 4ig, long
threaded studs with heads, whercas specimen PL5 had four 7 in.
diameter 4in. long threaded studs without heads. Table 7 gives

the details of the specimens.

(c) Testing procedure

The specimens were tested in a 200,000 1lb. screw loading
testing machine; the arrangement of the specimen is shown in
Figure 18. Separation between the concrete and the steel on the
centre line was measured using four 0.0001 in. dial gauges. The
total separation between the two steel beams at both ends was also
measured using 0.0001 in. dial gauges. A demountablce mechenical
gauge of 8in. gauge length was used to measure concrete strains at

both ends.
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Load was applied in increments of 1000 lb. After each
application of lcad, & set of readings was taken; the load was
released and another set of readings was taken ot zero load.

The procedurc was continued until failure occurred.

(d) Test Results

Separations and residual separations for all the specimens
5™
are shown in Figures 3& and -39. A summaryof test results including
the concrete strength appears in Table 7. The results of each test

are described scparately in the following paragraphs.
(i) Specimen PLl: 4-%in. diamcter 4in. long plain headed studs

Separation between concrete and steel was first observed
at a load of 0.59 ton, an average separation of 0.000lin. was
recorded at this load. This load is equivalent to an axial force
of 12.3 lb./in.2 of contact area. Residual separation also started
at the same load. Thereafter separation increased progressively
with the loads. A low sound was heard at 1.35 tons. Separation
became visible at both top and bottom at 3.1l tons. Maximum load
attained was 6.80 tons at an average separation of 0.0164 in.
Hcrizontal cracks in the concrete were observed at this load, at
about 2% in. from the top interface and extending for about 3in.
on either side of the stud centre line. Thereafter load started
falling. A vertical crack along the stud line, which extended
from the top and later joined the horizontal cracks, develcped at

failure.

Scparations between the two flanges at both ends
increased equally up to 0.86 ton. Therecafter scparation at one
end incrcased more rapidly than at the other. These tended to be

equal after the maximum load had been reached.



(ii) Specimen PL2. 4-% in. diameter and 3in. long plain headed

studs

Separation between concrete and steel was fifst observed
at load 0.46ton when an average scparation of 0.00015in. was
recorded. This load is equivalent to an axial force of 9.5 lb./in.2
of contact area. Residual scparation started at 0.94 ton.
Thercafter sparation increased progressively with load. Separation
became clearly visible at 3.91 tons. A small cracking sound was
heard at 5.52 tons. The maximum load attained was 6.25 tons. An
average separation of 0.0077in. was recorded at 5.80 tons. Cracks
in the concrcte block started at mazimum load and thereafter load
started falling off. A horizontal crack at about 2in. from the
top, followed by a Y-shaped vertical crack extending from the top

on the stud centre line and later joining the horizontal crack,

developed at failure,

Separation between the two stecl flanges increased more
rapidly at one end than at the other from the beginning of the test.
These, however, tended to be equal after the maninum load had been

recached.

(iii) Specimen PL3, 4-% in. diameter 2in. long plain headed studs

Separation at the interface was first observed at a load
of 0.42 ton when an average separation of 0.00006in. was recorded.
This load is equivalent to an axial force of 8.6 lb./ine2 of
contact area. Residual slip started at 0.74 ton. A low cracking
sound was heard at this load. Thereafter separation increased
progressively with load. 4- 2.45 tons, scparation started to
increase rapidly, and the load-separation curve became nearly
horizontal after a load of 2.66 tons. The maximum load carried by
the specimen was 2.6Ctcns at an average separation of 0.0068in.

The concrete started cracking at this load and the load started
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falling off. Inclined cracks starting from near the location of
the studs on the top were observed to sprecad outward and downward

at failure.

Separations between the two stecel flanges were ncarly
equal at both ends up to a load of 2.05 tons, after which

separation at one end increased more rapidly than gt the other.

(iv) Specimen PL4. 4-% in. diameter 4in. long threaded studs
with heads.

Separation between concrete and steel was first observed
at a load of 0.37 ton which was cquivalent to an axial force of
7.7 lb./ino2 of contact areca. An average separation of 0.000l in.
was recorded at this load. Residual separation alsc started at
this load. The load separation curve was nearly a straight line
up to 2.46 tons. A low cracking sound occurred at this load; the
load dropped off, followed by a sudden increase in separation at
the following increment of load. Separation increascd
progressively with load thercafter. The maximum load attained
was 7.25 tons at an average separation of 0.0062in. A cracking
sound, followed by horizontal cracks in the concrete block, occcurred
at this load, after which load started falling off. A wide crack
across the concrete block along the line of the studs was observed
on top of the block. This crack extended to the horizontal crack

at failure.

Scparations between the two steel flanges at both ends
indicated an increase in relative inclination between the flanges

during the test.
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(v) Specimen PL5. 4-% in. diameter 4in. long threaded studs

without heads

Separation was first observed at 0.29 ton; the average
separation recorded at this load was 0.0001 in. This load is
equivalent to an axial force of 6.0 lbe/in.2 of contact area.
Residual separation started at a load of 0.61 ton. The load-
separation curve was nearly a straight line up to a load of 1.52
tons. A sudden incresse in separation occurred at 1.82 tons. The
maximum load reached was 5.47 tons at an average separation of
0.022in. Thereafter the separation started increasing very rapidly
and the load started falling. Maximum separation recorded was
0.068in. Final fezilure occurred by the top pair of studs pulling

out from the concrete block.

Observed end separation between the steel flanges
indicated an increase in relative inclination between the flanges
with loads up to a load of 2.41 tons. Thereafter the two separations

were nearly the same.

(e) Discussion of test results

(i) General behaviour of pull-out specimens:

The first separation between concrete and steel was
recorded at loads varying from 0.29 ton to 0.59 ton. It is believed
that this signified the failure of natural adhesion between steel
and concrete. Assuming this adhesion to be uniform over the contact
surface, this gives an adhesion strength of 6.0 p.s.i. to 12.3 p.s.i.
It is likely that this adhesion is not uniform over the contact
surface; partly because of shrinkage of concrete and partly because
of the possibility of this adhesion being broken down while handling,
this may have a lower value on the outer periphery of the contact
surface than at the centre. The wider variation in the adhesion

strength may, therefore, be attributed to this.
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After the adhesion breaks, separation occurs and in most
cases remains proportional to load up to a certain limit, beyond
which the load-separation curve becomes non-linear. Near the
ultimate load separation increases rapidly, horizontal cracks
develop in the concrete block, followed by a vertical crack along
the line of studs;, and then final failure occurs. This behaviour

can probably be explained as follows:

After the breaking of adhesion, the load is taken wholly
by the studs and is transmitted to the concrete through the bond
around the studs and by direct compression under the head.
Separation then depends on the extension of the stud and subse-
quently on the deformation of concrete under the head. At small
loads, therefore, separation is proportional to load, but at higher
load, when concrete under the head deforms non-linearly, the load-
separation curve also becomes non-linear. The compression in the
concrete under the head, which gradually decreases and becomes
equal to zero at the free surface, is transmitted to the surrounding
concrete through shear. At higher loads, tension cracks may develop
just under and at the outer periphery of the head, due to this shear
and also the stress concentration that may exist there. With load,
these cracks become wider and spread all round. Separation
increases more rapidly. A void within the concrete may be created
by widening of these tension cracks, which then produces upward
curvature at the centre of the concrete block. Vertical tension
cracks then develop across the concrete at the top, and final

failure occurs.
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(ii) Effect of stud length

Specimens PL1l, PL2 and PL3 had % in. diameter plain
headed studs 4in., 3in. and 2in. long respectively. Figures 44 and

45 show total and residual scparation for these three specimens.

Separaticn curves for specimens PL1 and PL2 intermingle
up to a load of 2.6 tons and thereafter separation in specimen
PL1 with 4in. long studs increases more rapidly. In specimen
PL3 with 2in. long studs, the separation is much smaller at early
stages of loading. At small loads separation may be mainly due
to the extension of studs and the elastic deformation of concrete
under the head. With shorter studs, therefore, the separation may
be expected to be smaller. But at high loads scparation will
depend mainly on the ineclastic deformation of concrete under the
head and also on the tension cracks that may develop just under

the periphery of the connector head.

It is difficult to give a general expression for
failure load of a pull out specimen. But if it is assumed that
the frailure occurs due to failure of concrete in a conical
surface as shown below, then the failure load which will depend
on surface area of the cone and tensile strength of concrete will

be proportional to (h tan © +-2) h. sec 6. £ |
2 cu -t

where fcu is the concrete strength and h, D and @ are as shown in

Figure (g) below.
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Assumed conical failure of pull-out specimens

In many composite beams the transverse spacing of studs
.is such that the assumed failure surfaces overlap; in such cases,
a failure surface as shown in Figure(b) may be assumed, and the

failure load will then be proportionzl to

h. sec 9 (h tan © +-2
e 2

Assuming @ = 450, the failure lbads for 2in., 3in. and 4in. long
studs with s = 3in. will be in the ratio of 1 : 2.03 : 3.03.
The maximum loads per stud attained in specimens PL3, PL2 and

+ Zs)fcu

PL1 are 1.34 tons, 3.13 tons and 3.40 tons respectively, a
ratio of 1 : 2.34 : 2.54. This ratio 1is reaéonably close tb
the calculated ratio. The comparatively lower valué for
specimen PL1, with 4in. long studs, may be due to the limited

size of the concrete block.
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(iii) Effect of threading the stud shank

Specimens PL4 and PL5 had 4in. long threaded studs with
and without head respectively. In specimen PL5, separation is
proportional to load up to 1.5 tons and thereafter separation
increases very rapidly. Within this range lcad is transmitted to
the concrete through bond in the threaded length of the stud.
Assuming the bond stress to be uniform over the threaded length,
this attains a value of 360 p.s.i. at 1.50 tons load. It is
likely that the bond starts failing at this load which results in
a rapid increase in separation and eventual failure by pulling out
from the concrete block. When compared with specimen PL1 having
4in. long plain headed studs; specimen PL5 shows a smaller separa-
tion up to 1.7 tons, after which separation in specimen PL5

increases more rapidly than in specimen PL1.

In specimen PL4 (with threaded and headed studs),
separation is smaller than in either specimens PL5 or PLl at all
stages of loading. Separation is proportional to load up to 2.5
tons, when a sudden increase in separation occurs. The reason may
be the failure of bond in the threaded length of the stud at this
load. The separation at which the bond failure occurs is almost

the same in both the specimens PL4 and PL5.

The maximum loads carried were 3.63 tons in specimen PL4,
2.73 tons in specimen PL5 and 3.43 tons in specimen PLl. Failure
in specimens PL1 and PL4 was similar and occurred by failure of
concrete. The slightly higher ultimate load in specimen PL4 may
be due to the higher concrete strength of 7000 p.s.i. against
6000 p.s.i. in specimen PL1.

Although there is not much difference in the ultimate
load, the specimen with threaded and headed stud shows much better

load-separation characteristic than the specimen with plain headed
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studs. Even the specimen with threaded studs without heads shows
less separation at smaller loads than the specimen with plain

headed studs.

If the shank is threaded for its entire length, the pull-
out force is most likely to be resisted by the mechanical bond
surrounding the thread nearest to the interface. If the conical
failure described earlier is assumed here, the failure will occur
at a much lower load as the surface area of the cone will be very
small. The situation will be further aggravated when the stud is
subjected to horizontal shear from alternate directions. Failure
of concrete around the nearest threading will throw the pull-out

force to the next upper threadings, and the process may continuc.
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CHAPTER 1V

EXPERIMENTS ON COMPOSITE BEAMS

"4.1 Quarter Scale Composite Beams

(a) Purpose of tests

The main purpose of these tests was to study the inter-
action in composite beams having varying degrees of roughness on
the top flange surface. "V" grooves of various sizes were cut in
the transverse direction on the top surface of the steel beam for
this purpose. In one beam the top flange was replaced by a Durbar
plate. In another, %g in. aggregate was bonded with resin to the

top flange of the steel beam before the slab was cast.

Another purpose was to study the effect of three particular

shear connector spacings. The connectors were spaced:

(a) To reach 100 per cent of their ultimate capacity when
the beam reached its ultimate moment, the shear being

calculated according to the elastic theory.

(b) As (a2), but the shear being calculated from the assumed
fully plastic stress distribution at mid span. The

connectors were uniformly spaced.

(c) as (b), but the connectors were spaced according to the
shear distribution at collapse, assuming full interaction.
-ultinmate capacity of connector

. o nominal load per connector
at working load will be the same as the load factor for the beam;

In case (a), the ratic

but then at ultimate load the total number of connectors will be
much less than the number required to resist the total horizontal

shear. In cases(b) and (c), however, the total number will be the
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same as required to resist the total horizontal shear at ultimate
ultimate capacity of connector
nominal load per connector

will be greater than the load factor for the beam. In case (a)

load, but the ratio at working load
the nominal load per connector at ultimate load is found to be
138 per cent of its ultimate capacity for the quarter scale beams

tested.

All the beams were tested under a central point load
except one, where a two-point load 6in. apart was used. The
purpose of the latter test was to find whether there was any
essential difference in behaviour of the beam due to the absence
of a contained area of concrete under the load at the centre of the

beam.

The cross-section of the beams was kept constant, so that

a comparative study of behavicur could be made.

(b) Description and preparation of specimens

Steel beams 4in. x 1% in. x 5 1b. B.S.B. were used for
all the specimens except one, where the top flange was replaced by
a 1% in. x f% in. thic? Durbar plate. The shear connectors used
were -fg-in° diameter xgin. long headed studs welded in pairs lin.

apart transversely.

The reinforced concrete slab was L% in. thick and 60in.
long by 20in. wide. Two layers of reinforcements, one at the top
and one at the bottom, covering the whole width of slab were
provided. 3in. x lin. x 0.104in. weld mesh, with wires at 3in.
spacing placed longitudinally was used as reinforcement. A steel
mould was used for casting the slab. Concrete was made using
Ferrocrete rapid hardening cement, sand and %3 in. aggregate. The
aggregate cement ratio by weight was 3.25 with 50 per cent aggregate

and 50 per cent sand, and the water cement ratio was 0.55.
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Three 4in. cubes and two 12in. x 6in. cylinders were cast for each
of the slabs. Concrete was compacted using a Kango vibrator and
the formwork was struck one day after casting. Curing was done for

a week under wet sacking covered with polythene sheet.

Altogether 14 beams were tested, Group A consisted of
five beams, Al to A5, each having 32 studs, spaced uniformly. The
number of connectors was obtained as follows. The horizontal shear
at the interface at the theoretical collapse load was calculated
in the elastic region of the beam. The spacing of the connectors
was then estimated, using 100 per cent of the ultimate connector
capacity. The spacing so botained was then used throughout the

length of the beam.

In addition to studs, the beams Al, A2 and A3 had trans«
verse "V" grooves onthe top flange. The grooves were % in. wide

3

afd T%-ixhldeep in beam Al, T%-in, b4 %5 12° in beam A2 and

33 in. x 7 in. in beam A3. A length of 3 in. was kept plain for
stud welding (Figure 47). In beam A4, no special treatment was
given to the steel beam except brushing with a stiff wire brush to
remove loose scale or rust. In beam A5, the natural bond betwecen
the slab and the beam was destroyed by painting with a resin varnish

and using grease on the top surface of the steel beam before casting.

Group B consisted of eight beams, designated as Bl to B8,
each having 44 studs spaced uniformly. The number of studs was
obtained as follows. The total horizontal shear at the interface
at theoretical collapse load was calculated. This is equal to
AS X fy s where As is the area of cross-section of the steel beam
and fy is the yield stress. The number of studs was then

calculated using 100 per cent of the ultimate connector capacity.
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In addition to stud connectors, the beams Bl and B2
had triangular grooves i% in. x %3 in. and'£§ in. x éz in.
respectively on the top flanges. A length of 2 in. was kept plain
for stud welding (Figure 47). In beam B3, no special treatment was
given to the steel beam except brushing with a stiff wire brush to
remove the loose scale or rust. In beam B4 the natural bond was

destroyed by using the same procedure as in AS5.

%E inch -aggregate was bonded with resin to the top flange of beam
‘B5. On the follwoing day, when the resin had hardened, the slab was
cast on top of the beam (Figure 78). In beam B6, the top flange of
the steel beam was cut off and a Durbar plate L% in. wide by f% in.
thick was welded in its place, keeping the overall dimensions the
same. No special preparation was given to the steecl beam of beam

B7, but the roots of the studs were covered with flexible latex up

to a height of % in. (Figure 80) to prevent the studs from resisting
shear at the base. Beam B8 was similar to B3 and was tested with

two point loads 6in. apart.

Beam Cl had 44 studs. The studs in this beam were spaced
according to the theoretical shear diagram at the interface at
collapse, the studs being loaded at 100 per cent of their ultimate
strength. The theoretical shear diagram at collapse was obtained
by numerical calculation as outlined in Chapter 2.l. No special
preparation was given to the steel beam except brushing with a stiff

wire brush.

The age at which the beams were tested varied from two to

four weeks.
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(c) Loading

Point load at midspan was applied through a 30 ton
hydraulic jack, operated by a2 hand pump. The point load was spread
over the concrete slab by a 3in. diameter steel block. In the case
of two point loading, a steel beam supported on a free roller at one
end and on a spherical seating at the other over a span of 6in. was

used.

Load was measured by a proving ring dynamometer of 10 tons
capacity. All the beams were tested over a span of 60in., supported

on a fixed roller at one end and on a free roller at the other.

(d) Measurements

Deflection at midspan, end slip, and slip and uplift at
quarter span, were measured using dial gauges. In a few beams
slips at a number of locations along the span were measured using a
demountable mechanical gauge of 2in. gauge length. Another
demountable mechanical gauge was used to measure the strains in

concrete and steel at the midspan section.

(e) Testing procedures

Beams. The point load at midspan was applied in 0.3 ton
increments up to 5.5 tons, and thereafter the increment in load was
governed by the increment in deflection. After each application of
load a set of readings was taken, the load was then released and
another set of readings was taken at zero load. At loads higher
than yield load, the beam creeps under the applied load and so the
load falls off. In orderto maintain a constant load, the jack was

pumped up repeatedly until steady conditions were obtained.
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Materials

(i) Steel: Two flat specimens L% in. wide by 24in. long,
one from the web and the other from the flange, were cut from each
length of 4in. x 1% in. R.8.J. The specimens were tested in a
25 ton universal testing machine using an autographic extension

recorder.

(ii) Concrete: Cubes and culinders were tested in a 200 tcn
compression testing machine. Load was applied axially to the
cubes at the rate of approximately 2000 lb.,/ino2 per minute, in
accordance with C.P.114 (1957). 12in. x 6in. cylinders were tested
to find cylinder strength and also the Young's modulus. Stress
and strain at a load of 10 tons were used to calculate Young's

modulus.

(iii) Studs: Specimens were turned from the base of unused
studs wherever possible and were tested in a Hounsficld Tensometer

to find the yield and ultimate stress of the stud material.

(f) Test Results

l. Beams of Group A

Summaries of results of the beam tests and the material
tests appear separately in Tables 8 and 9. Deflection, end slip,
slip and uplift at quarter span are shown in Figures 49 to 53.

The test results of each beam are discussed below.

(i) Beam Al. Shear connection: 32 studs with % in. x %E in.

grooves on top flange.

Deflections were proportional to load up to 4.0 tons and
thereafter deviated from the proporticnal line. Transverse tension

cracks were visible at the bottom of the slab at midspan at 6.5 tons.
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Spalling of concrete was observed near the loading pad after a load
of 7.0 tons at an approximate strain of 0.0040. Failure occurred by
crushing of concrete. The maximum load reached was 7.9 tons at a
deflection of 1l.24in. After this, load began to fall off, crushing
of concrete became more extensive and the :ceci was Jinally

stopped at 5.50 tons and at a deflection of 3.34in. A residual
deflection of 2.96in. was recorded after the load was finally

released to zero.

The interaction was nearly complete. The average end slip
at maximum load was 0.0007in. The end slip, however, continued
increasing after the maximum load had been reached and attzined a
maximum value of 0.0020in. at load 6.04 tons, after which there was
no further increase. The residual slip, after the load was finally

released to zerc was 0.0009in.

(ii) Beam A2. Shear Connection: 32 studs with T% in. x é% in.

grooves on top flange.

Non-linearity of the load-deflection curve started ot a
load of 4.0 tons. Transverse tension cracks at the bottom of the
slab were cbserved at midspan at 6.0 tons. Spalling of concrete
started at 6.5 tons at an approximate strain of 0.0054. The maximum
load attained was 6.7 tons at a deflection of 0.84in. After this,
the slip increased very rapidly, followed by a bond-breaking sound,
and the load dropped to 5.7 tons. On increasing deflection, the load
started falling and at 5.03tons there occurred a loud sound which
indicated shearing of the studs on one half of the beam. After failure

of the shear connectors the bean carried a load of 3.68 tomns at a
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deflection of 1.99in. The residual deflection after this load was

rcleased was 1.671in.

The interaction was very good up to a load of 6.5 tons,
when the average end slip was 0.0019in. The average slip and uplift
at quarter span at this load were 0.0067in. and 0.0046in. respectively.

The maximum end slip recorded before failure of the studs was 0.083in.

(iii) Beam A3. Shear conncction: 32 studs with é%-ino X é%‘ino

grooves on top flange

Deflections were proportional to load up to 4.0 tons and
therecafter deviated from the propcrticnal line. Transverse tension
cracks at the bottom of the slab at midspan were visible at 6.5 tons.
The maximum load attained was 7.2 tons at a deflection of 0.57in.
After this, slip increased very rapidly followed by breaking of
bond and the load dropped to 6.25 tons. On increasing deflection,
the load also increased and the beam was able to carry a load of
6.36 tons at a deflection of 0.72in. Spalling of concrete near the
loading pad was observed at this load. A slight increase in pressure
was followed by a loud sound and the studs on one half of the beam
sheared off, after which the load dropped to 4.40 tons. On increasing
deflection, the load started falling and the beam carried a2 load of
4.20 tens at a deflection of 1.48in. A residual deflection of

1.17in. was recorded after the load was finally released to zero.
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The intcraction was very good up to a load of 7.0 tons,
when the average end slip was 0.0007in. The slip and uplift at
quarter span atthis locad were 0.0024in. and 0.0027in respectively.
Slip started increasing rapidly after this load (from 0.0007in at
7.0 tons to 0.0169in. at 7.2 tons) followed by loss of interaction.
The maximum end slip recorded before failure of the studs occurred
was 0.024in.

(iv) Beam A4. Shear connection: 32 studs with natural bond

Deflections were proportional to load up to 2.63 tons and
deviated from the line of proportionality at 3.0 tons. This was due
to incomplete interaction and not to yielding of the beam. The first
bond breaking sound was heard at load 2.63 tons followed by slip in
the left half of the beam. A second sound occurred at a leoad of
3.0 tons, when slip in the other half was observed. Transverse
tension cracks at the bottom of the slab were visible at midspan at
a load of 6.25 tons. After 6.4 tons, the right end slip started
increcasing more rapidly and at 6.5 tons, which was also the maximum
load, there occurred a loud sound and some studs in the right half
of the beam sheared off. The load dropped to 5.40 tons. Another
stud-breaking sound followed and the load dropped to 4.68 tons.
Further increase in deflection did not increase the load and the
beam carried a load of 4.33 tons at = deflection of 1.79in. The

residual deflection after the load was released, was l.47in.

Slip increased progressively with load after breaking of
bond. The maximum end slip recorded before failure of the studs

was 0.061in. All the studs in the right half, except the first
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pair from the midspan and tyo other pairs from the end, sheared off.
A big tension crack right across the bottom of the slab developed
near midspan at failurec. No crushing of concrete was, however,

observed.

(v) Beam A5. Shear connection: 32 studs with natural bond

destroyed.

Non-linearity of the load-deflection curve started from
load 3.0 tons. This was due to incomplete interaction and not to
yielding of the beam. Slip started from the first application of
load, but residual slip was not observed until a load of 3.0 tons.
Transverse tension cracks at the bottom cf the slab at midspan became
visible at 6.0 tons. The meximum load attained was 6.1 tons at a
deflection of 0.88in. A slight increase in pressure was followed by
a loud sound and the studs in the left half cf the beam sheared off.
The load dropped to 3.90 tons. The beam carried & load of 4.30 tons
at a deflection of 1.98in. A residual deflection of 1.62in. was

rcecorded after the load was released.

All the studs in the left half of the beam sheared off.
The maximum end slip, recorded before stud failure, was 0.052in.
A big tension crack right across the bottom of the slab developed
at midspan at failure. There was complete separation of the sleb

from the beam in the left half. Nc crushing of concrete was observed.

The strain and stress distribution at the midspan section
at or near ultimate load for the beams of this grcup are shown in
Figure 72. Yielding penetrated the whole depth of the beam Al with

strain hardening occurring in the bottom flange and a part of the web.
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In beam A2, yielding did not occur at the extreme top fibres for a
depth of about O.lin., and in beam A3 yielding penetrated almost up
to the top of the web. Strain hardening occurred in the bottom
flange of this beam. The top flange and a part of the web were in
compression in beams A4 and A5 with strain hardening occurring in

the bottom flange of beam A4,

2. Beams of Group B

The test results for the beams, and the material tests
for this series are summarised in Tables 8 and 9. Deflection, end
slip, slip and uplift at quarter span are shown in Figures 54 to

67. The behaviour of each beam is described in the following pages.

(i) Beam Bl. Shear connection: 44 studs with %E in. x é% in.

grooves on top flange

Deflections were proportional to load up to 3.5 tons and
deviated from the proportional line at 4.0 toms. Small tensile
cracks at the bottom of the slab, starting from near the steel
beams, were observed at midspan at 6.5 tons. Separation cracks
betweeﬁ\the slab and the beam started from these tension cracks at
the same load. Spalling of concrete was visible around the loading
pad at 6.8 tons. At this load, a central longitudinal crack on top
of the slab was observed near midspan. The maximum load attained
was 7.5 tons and the corresponding deflection was 1.52in. The load
was then released and on re-loading, a bond breaking sound was
heard at 6.9 tons, followed by a loud sound at 7.22 tons when the
studs in the right half of the beam sheared off. After failure of
the connectors the beam carried a load of 3.90 tons at a deflection
of 2.02in. A residual deflection of 1.7lin. was recorded after the

load was finally released to zero.
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Interaction was nearly complete up to a load of 7.3 tons;
the average end slip at this load was 0.0011in. The slip and uplift
at quarter span were 0.0079in. and 0.0039in. respectively. The

maximum end slip recorded before failure of studs was 0.022in.

(ii) Beam B2. Shear connection: 44 studs with %3 in x é% in.

grooves on top flange

Non-linearity of the load-deflection curve started at
4,0 tons. Transverse tension cracks at the bottom of the slab at
midspan were observed at the edges and near the steel beam at a load
of 6.3 tons. Separation cracks between the slab and the beam started
from the tension cracks developed near the steel beam at a load of
6.7 tons. A central longitudinal crack on top of the slab was
observed to the left of midspan at a load of 6.9 tons. At the same
load, spalling of concrete was observed near the loading pad.
Failure was due to crushing of concrete and the maximum load attained
was 7.4 tons at a deflection of 1.40 in. On increasing deflection,
load gradually fell off and at 6.9 tons, the left end slip started
increasing rapidly. Further increase in deflection was followed by
a loud sound and the studs in the left hal of the beam sheared off
at a load of 6.6 tons; the load dropped to 3.4 tons. Thereafter,
the slab started shifting horizontally in a transverse direction,

the beam became unstable and the test was stopped.

Interaction was nearly complete up to the maximum load of
7.4 tons. The average end slip at this load was 0.001lin; the average
slip and uplift at quarter span were 0.0056in. and 0.0072in.
respectively. The maximum end slip recorded before failure was
0.034 in.
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(iii) Beam B3, Shear connection: 44 studs with natural bond

Deflections were proportional to load up to 3.45 tons,
when the first slip sound was heard. Slip occurred in the left
half of the beam at this load. The second slip sound occurred at
3.8 tons, followed by slip in the right half of the beam. Transverse
tension cracks at the bottom of the slab were visible at midspan at
6.0 tons. The maximum load reached was 6.5 tons at a deflection of
1.04in. Two consecutive stud breaking sounds occurred at this load.
Studs on the left half of the beam sheared off. After failure of
the studs the beam carried a load of 3.61 tons at a deflection of
1.87 in. The residual deflection after the load was released to

zero was l.56in.

The interaction was complete until the bond broke and
thereafter slip increased progressively with load. The maximum end
slip recorded before stud failure was 0.034in. A big tension crack
right across the bottom of the slab developed at midspan at failure.

Nc crushing of concrete was observed.

(iv) Beam B4. Shear connection: 44 studs with natural

bond destroyed

Deflections were proportional to load up to 3.5 tons and
thereafter deviated from the proportional line. Slip started from
the first application of load, but no residual slip was  observed
until a load of 3.5 tons was reached. Transverse tension cracks at
the bottom of the slab were visible at midspan at 6.1 tons, and
developed across the full width of the slab at 5.25 tons. The
maximum load carried by this beam was 6.3 tons at a deflection of
1.06in. At this load, the left end slip started increasing very
rapidly, followed by a loud sound and the studs in the left half

of the beam sheared off. After failure of the connectors the beam
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carried a load of 3.80 tons at a deflection of 1.60in. A residual
deflection of 1l.29in. was recorded after the load was released to

Zero.

The meximum end slip recorded before stud failure was
0.058in. A big tension crack right across the bottom of the slab
developed at midspgn at failure. There was comglete separation of
the slab from the steel beam in the left half. No crushing of

concrete was observed.

(v) Beam B5. Shear connection: 44 studs with f% aggregate
bonded to the top flange

Deflections were proportional to load up to 3.5 tons
and thereafter deviated from the porportional line. Transverse
tension cracks at the bottom of the slab were observed at midspan
at 6,1 tons and extended to the full width of the slab at 6.3 tons.
3palling of concrete was observed near the loading pad at 6.5 tons.
A separation crack between the slab and the heam was observed at
this load. The maximum load reached was 6.6 tons. Before this
load could be stablilised, there occurred a loud sound and the
load dropped to 5.6 tons. Another sound followed and the studs
on the right half of the beam sheared off; the load dropped to
4.30 tons. The beam carried a load of 4.15 tons at a deflection
of 1.71 in. A residual deflection of 1.39 in. was recorded after

the load was finally released to zero.

Slip started from the first application of load and was
almost proportional to load up to 3.5 tons. Thereafter slip
increased progressively with load. No residual slip was, however,
observed until a load of 4.5 tons was reached. A small cracking
sound was heard at load 4.0 tons, followed by an increase in slip.
No other slip sound was heard. The maximum slip recorded before

failure of the studs was 0.03%3 in.
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(vi) Beam B6, Shear connection: 44 studs with Durbar plate

as top flange

Deflections were proportional to load up to 3.0 tons
and deviated from the proportional line at 3.5 tons. Yielding of
the beam started at this load. Small tension cracks at the bottom
of the slab developed near midspan at 5.8 tons and extended to the
full width of the slab at 6.1 tons. Slight spalling of concrete
was observed near the loading pad at 6.7 tons. Separation cracks
between the slab and the beam became visible near midspan at
6.4 tons, extended up to about 20in. on either side of midspan at
6.7 tons and over the whole span at 7.0 tons. At 7.05 tons, which
was also the maximum load attained, slip in the right half of the
beam increased very rapidly. This was followed by a loud sound
and the studs in this half of the beam sheared off; the load
dropped to 3.0 tons. The deflection at the mgximum load was
1.49in. After failure of the connectors the beam carried a load
of 3.40 tons at a deflection of 1.80in. A residual deflection of

1.49in. was recorded after the load was finally released to zero.

Interaction was nearly complete up to a load of 2.9 tons,
when a faint slip sound was heard, and an average end slip of
0.0001lin. was registered in the slip gauges. No residual end slip
Qas observed until a load of 4.5 tons was reacned. The maximum
end slip recorded before stud failure was 0.039in. Crushing of
concrete and shearing of studs occurred almost simultaneously in

this beam.
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(vii) Beam B7. Shear connection: 44 studs with Latex rubber

covering the root of the studs

The load-deflection curve was linear up to 1.75 tons
and thereafter became non-linear, due to loss of interaction.
No slip was observed up to 1.5 tons, when there occurred a slip
sound, followed by breaking of bond on the left half of the beam,
and a slip of 0.0012in. was recorded at the left end. A louder
slip sound occurred at 1.75 tons and the slip at the left end
increased to 0.0039in.; load dropped to 1.68 tons. At 2.0 tons,
there occurred another slip sound; the bond on the right half of
the beam broke and a slip of 0.0045ub, was recorded at the right

end. Theseafter slip increased progressively with load.

Transverse tension cracks at the bottom of theslab were
visible at midspan at 4.3 tons and extended to the full width of
the slab at 4.5 tonrs. Crushing of concrete was observed near the
loading pad at 6.25 tons at a strain of 0.0097. The maximum load
attained was 6.50 tons at a deflection of 2,16in. Two consecutive
stud breaking sound occurred at this load and the studs in the left
half of the beam were sheared off; the load dropped to 4.75 tons.
The final logd carried by the beam was 4.60 tons at a deflection
of 2.39in., Residual deflection after the load was released to

zero was 2.04in.

Interaction was nearly complete until the bond broke;
thereafter there was practically no interaction until a load of
5.25 tons was reached, when the load-deflection curve became
steeper. The average end slip at this load was 0.085in., compared
to the latex cover around the studs of 0.094in. Appzrently the
studs started rcsisting slip at this load. The maximum end slip

recorded before stud failure was 0.131lin.
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(viii) Beam B8. Shear connection: 44 studs with natural bond

Deflections were proportional to load up to 3.5 tons,
and thereafter deviated from the proportional line. A small slip
sound was heard at a load of 2.5 tons, followed by a loud sound
at 3.0 tons, and the bond broke in both halves of the beam.

Small tension cracks at the bottom of the slab were visible at
midspan at 6.3 tons and extended to the full width of the slab at
6.8 tons. The maximum load attained was 6.9 tons at a deflection
of 1.25 in. Two consecutive stud breaking sounds occurred at this
load, the studs on the left half of the beam sheared off, and the
load dropped to 4.2 tons. The beam carried a load of 4.4 tons
at a deflection of 1.85in. A residual deflection of 1.53in. was

recorded after the load was released to zero.

Slip increased progressively after bond broke. No
resgidual end slip was observed until a load of 4.5 tons was
reached. The maximum end slip recorded before stud failure was
0.049in. No crushing of concrete was observed. A big tension
crack across the full width of slab developed near midspan at

failure.

The strain and stress distribution at midspan of beams
of group B at or near ultimate load are shown in Figure 73.
Yielding penetrated the whole depth of the steel section in beams
Bl, B2 and B6. Extensive strain hardening occurred at the bottom
flange in these beams. In beams B3, B4, B5 and B8, yielding
occurred almost up to the top of the web with a part of the top
flange in compression. In beam BY? yielding in compression occurred
in the top flange and a part of the web, whereas extensive strain
hardening occurred at the bottom flange and a part of the web at
the bottom.
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3. Beam Cl

The shear connection consisted of 44 studs spaced
according to the theoretical interface shear diagram at collapse.
The test results for the beam and materials are summarised in
Tables 8 and 9. Deflections, end slips, slips and uplifts at
quarter span are shown in Figures 61, 62, 66 and 67. For
convenience of comparison these are plotted along with those of

beam B3.

Deflections were proportional to load up to 3.0 tons
and thereafter deviated from the proportional line, due to loss
of interaction. A comparatively loud slip sound occurred at
3.2 tons, followed by two more, and the load dropped to 3.1 tons.
The first sound was accompanied by slip in the left half of the
beam, while the others initiated slip in the right half. Trans-
verse tension cracks at the bottom of the slab were visible at
midspan at 5.8 tons and extended to the full width of the slab at
6.1 tons. Separation between the slab and the beam was clearly
-visible at this load along the whole length of the beam. The
maximum load attained was 6.25 tons at a deflection of 0.89%in.

At this load there occurred three consecutive sounds, the studs in
the left half of the beam sheared off and the load dropped to
4.53 tons. Increase in deflection did not increase the load.

The beam carried a load of 4.2 tons at a deflection of 1.4l1in.

A residual deflection of 1.1lin. was recorded after the load was

finally released to zero.

Slip increased progressively after bond had broken. An
elliptical crack at the bottom of the slab and around a pair of
studs was observed at about 9in. to the left of midspan. The
maximum end slip recorded before stud failure was 0.051in, No
crushing of concrete was observed. A big tension crack across the

full width of the slab developed near midspan at failure.
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The stress distribution at midspan at 6.1 tons is
shown in Figure 73, The top flange up to a depth of 0.21in. was
in compression whereas extensive strain hardening occurred in the

bottom flange.

(g) Discussion of test results

1. Effect of "V" grooves on intereaction

A very high degree of interaction is obtained in all the
beams with V-grooves. The bigger the sije of the grooves, the
better is the interaction achieved. This can be seen from the
apparent load per connector at ultimate load in beams Al, A2 and
A3 (Table 8), and also from the stress distribution in the steel
section of these beams at ultimate load (Figure 72). In beam A3
with 52 in. x E- in, grooves, yleldlng penetrated almost up to the

top of the web. In beam A2, with _E in. in. grooves, a part

of the top flange also yielded, whereas in iiam Al with E in x —g in.
grooves, full plasticity was obtained and interaction was almost
complete until failure occurred by crushing of concrete. The
apparent load per connector at ultimate load is 1.98 tons, 1.84 tons

and 1.58 tons in beams 41, A2 and A3 respectively.

No definite slip sound was heard in these tests. At the
first measured slip, to reach 0.0005in., the average shear stresses
at the interface were 853 p.s.i., 800 p.s.i. and 708 p.s.i. in beams
Al. A2 and A3 respectively. The maximum shear stresses, however,
can be much higher than these average stresses, as yielding had

already occurred.

The ultimate load carried by beam A2 is comparatively
lower, that is, 6.7 tons as against 7.9 tons in beam Al, and
7.0 tons in beam A3. Beam A2 also shows larger deflection and
greater slip for the same load in the inelastic stage than beams

Al and A3, This can be attributed to the variation in quality of steel.
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A tension test on a coupon from the flange of beam A2 shows a
very large plastic range, esh/ay being about twelve (Table 3),
whereas in beams Al and A3, strain hardening occurs soon after
the yield strain. Beyond the yield load, therefore, beams Al and
A3 can carry higher loads at a smaller additional deflection, and
can develop a grcater moment than beam A2 for the same strain
gradient. On the other hand, to develop the same moment, the
strain gradient will have to be greater in beam A2, and this
decreases the lever arm and so increases the axial force. For
the same load, therefore, beam A2 will have larger deflection,

greater axial force and hence greater slip.

Interaction produced by V-grooves improves with increase
in the number of studs. Beams Bl and B2, having grooves similar
to beams A2 and A3 but with a grecater number of studs, show even
better interaction. Full plasticity was obtained at ultimate
lozd in both beams and maximum end slips recorded at or near
ultimote load were 0.0012in. and 0.0014in. in beams Bl and B2
respectively. At the first significant slip, calculwted average
mechanical bond stresses were 860 p.s.i. and 1009 p.s.i. respect-
ively. The higher value in B2 may be due to its higher concrete

cylinder strength (5650 p.s.i., against 4650 p.s.i. for beam BL).

If H is the total horizontal shezar at the interfuce,
Hc is the total horizontal shear resisted by the connectors, then
it is reasonable to assume that H--Hc = Hp, where HB is the total
horizontal shear resisted by mechanical bond at the interface.
At a particular load, H can easily be estimated from measured
strains at midspan and corresponding stress-strain curves. If
the slip distribution along the length of the beam is known, then
the load taken by each connector and hence Hc can be calculated
using the load-slip curve for the connector as obtained from a

push-out test. HB is then obtained using the zbove relation.
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HB is calculated for various loads and the maximum value of HB is

obtained. These maximum values of HB and the corresponding

average mechanical bond stress for the three different grooved

flanges are shown below.

Beam Nature of W H H Av. mech. ?g X
flange surface (tons (tong) a BQ bond stress H
| on¥ - p.s.i.)  100%
1. 1. i ”
Al gin. x jzin. grooves 7.64  30.80 23.91 1020  77.6%
1. 1. .
Bl szin. x S5in. grooves 6.50 29.75 21.30 910 71.6%
B2 Sl—ain. x '6%;'111' grooves 6.50 28.72 20.75 885  72.2%

Since the loads at which these values are obtained are
close to the ultimate loads and since the horizontal shear
distribution at ultimate load is far from uniform, the maximum
shear being about 3 times the average shear (Figure ), the maximum
values of bond stress for these grooved surfaces may be much higher
than the average values given in the table. It may also be pointed
out that not more than 30% of the total shear is carried by the

connectors.

The shear resistance provided by the grooves is due to
their mechanical keying action; the bigger the grooves, the better
is the keying action and therefore greater is the interaction
achieved. When the shear is sufficiently high, concrete starts
shearing at the plane on top of the grooves; shear resistance reduces
to a very great extent and the load is mostly thrown on to the studs.
As the total shear obtained from measured strains at midspan is much
greater than the total capacity of the studs, immediate failure of

studs occurs. In beams A2, A3, Bl and B2, failure of studs occurred

immedictely after the ultimate load had been reached.
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2. Effect of Durbar flange of interaction

Slip is due to the deformation of concrete behind the
projections of the Durbar plate and the studs. The overriding
effect is more pronounced in this case than in the "V" grooved
flange and so also is the uplift. However, given sufficient
hodling down, these small projections act as connectors and greatly
increase the interaction between the concrete slab and the steel

beam.

In beam B6, where the top flange was replaced by a
Durbar plate, very gcod interaction was obtained. Full plasticity
was obtained in the steel section (Figure 73) at ultimate load.
The ratio of experimental ultimate load to calculated ultimate
load is 1.16, as against 1.03 for beam B3 with natural bond.
51ip was higher in this beam than in beams with V-grooves, but
smaller than in beam B3. At the first faint slip sound, which is
also the load at first significant slip, the calculuted average
bond stress in beam B6 was 493 p.s.i.

Beam B6 shows a larger deflection than beam B3. The
top Durbar plated flange was f% in. thick against an average flange
thickness of %in. in beam B3, 'Yield stresses of the top flange and
web of beam B6 are also slightly smaller than those of beam B3.
The smaller concrete cylinder strength of 4000 p.s.i. for beam
B6 as against 5500 p.s.i. for beam B3 may also contribute to the

larger deflection of beam B6.

The apparent load per connector at ultimate load in beam
B6 was 1,29 tons against the ultimate push-out capacity of 1.087T
with natural bond and 1.63T with the Durbar plated flange. The lower
strength of stud in the beam test with respect o the corresponding
push~-out test result with similar flange may be due to the smaller

area of Durbar plate per connector in the beam (36 per cent less)
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than in the push-out specimen.

The maximum value of HB and the corresponding average
mechanical bond stress is given below. The corresponding load was
4.60T and is higher than the yield load. It can, therefore, be
argued that the maximum shear resistance of the Durbar flange will

be higher than this average value.

H

Beam Flange surface H H. Av. mech. ?? x 100%
(tons) bond stress
(pes.i.)
B6 Durban flange 19.24 13.13 560 68.2%

3. Effect of resin-bonded aggregate on top surface of steel flange

{% in. aggregates were glued with resin (Polyester resin
plus 0.1% herdener) to the surface of the top flange of beam BS.

The concrete slab was cast after the resin had hardened.

The results obtained are not satisfactory. Slip occurred
from the first application of load and was higher at all stages of
loading than the slip in beam B3 (with natural bond). Resin when
hardened leaves a smooth surface on top. Concrete when cast on
top of this surface may not bond properly with the resin. This
may account for the occurrence of slip from the first application
of load. On the other hand it is possible that the resin behaved

elastically and caused slip.

The calculated bond stress at the first significant slip
is 358 p.s.i. A very faint cracking sound was heard at load 4.0
tons. No definite slip sound was heard in this beam which would

have indicated the failure of the resin bonded joint at the interface.
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The degree of interaction obtained was by no means
better than beam B3. Ultimate load was 6.60 tons as compared with
6.50 tons in beam B3. The maximum end slips recorded at 6.50 tons
were 0,034in., cnd 0.033in. in beams BS5 and B3 respectively. The
ultimate capacity of connectors obtained from beam B5 and B3 are
1.0 ton and 1.1 tons respectively. A part of the top flange was

in compression in both beams at ultimate load (Figure 73).

Results of tension tests on coupons from these two beams
do not differ very much. The concrete cube strengths are very
nearly the same. This test indicates therefore that no improvement
in interaction can be obtained by using resin bonded aggregates

to the surface of the steel flange.

4. Effect of natural bond on interaction

It is known that in uncased beams bond alone cannot be
relied upon to produce any interactiocn between the concrete slab
and the steel beam. In most cases bond breaks down even before
the specimen can be tested. In order to help bond develop, it is
necessary to provide sufficient mechanical connectors. Having done
that, bond plays a very important part in producing interaction in
composite beams; and in fact interaction is complete until bond

fails.

Failure of bond in composite beams is often indicated
by a slip sound accompanied by sudden occurrence of slip, but in
some cases slip 1s recorded even before such a sound is heard.
Table 8 shows the bond stress at first slip sound =nd also at the

first significant slip.
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4 The bond stress cbtained from the test of beam BY is of
particular interest., In this beam, the roots of the studs were
covered with flexible latex up to a height of about % in. from
the base so as virtually to prevent the studs from resisting any
shear whilst at the same time holding down the slab to the steel
beam. The horizontal shear, thecefore, was resisted almost
entirely by natural bond until bond broke. The first slip sound
was heard at 1.50 tons, which corresponded to a bond stress of
228 pes.i. Slip was first observed at this load, and thereafter
increased very rapidly. That the bond resists the whole of the
shear and creates complete interaction until it fails is very well
brought out in this test. Complete interaction was obtained in

this beam up to this load.

Bond stress was found to vary rather widely, ranging
from 228 p.s.i. to 512 p.s.i., a variation from 0.045 f'c to

0117 f'c when expressed in terms of concrete cylinder strength.

After bond fallure, the friction appears to provide a
certain amount of shear resistance at the interface. This
frictional resistance, which is greater near the supports, may be
a reason for smaller slip at the ends than at the quarter span

region in beams where bond was not destroyed.

Slip is generally greater in beams without bond than in
beams with bond, even after the failure of bond. This may be
attributed to the frictional resistance at the interface in beams
where bond was not destroyed. This may zlso explain the greater
average load per connector obtaincd at ultimate load in beams with

bond than in beams without bond.



5. Comparative behaviour of beams with studs spaced uniformly and
according to horizontal shear diagram at interface at ultimate

load (Beams B3 and Cl)

If the number of shear connectors is chosen on the basis
of total horizontal shear at the ihterface at ultimate load, then
it can be argued that the connectors could be spaced according to
the distribution of interface shear at that load. The results of
this method of connector spacing can be seen from a comparative
study of the behaviour of beams Cl (studs spaced according to

interface shear) and B3 (studs spaced uniformly).

A study of slip curves (Figure 62) shows that the slip
is approximately the same for both beams up to a load of 3.0 tcns.
Thereafter, the slip in beam Cl increases more rapidly than in beam
B3. As this load is below yield load, the inte~face shear (for
complete interacticn) is still uniform and higher slips at the ends
and at quarter span points in beam Cl arc presumably due to the
greater spacing of studs in this region. This argument, however,
does not hold good after yield. The much lower concrete cylinder
strength of beam Cl (3920 p.s.i. against 5500 p.s.i. for beam B3)

may be a reason for greater slip in becom Cl.

If slip is an indication of the degree of interacticn
achieved, then interaction in beam Cl is less complcte than in beam
B3. This, together with lower concrete strength may account for
slightly larger deflection at louds greater than 3.u tons in beam

Cl (there is not much difference in the steel properties).

The ratio of the experimental ultimate load to the
calculated ultimate load is nearly the same in both the beams. The
average load per connector at ultimate load is 1.1 tons for beam B3
and 0.97 ton in begm Cl. The maximum end slips recorded at or near

ultimate load were 0.034 in. and 0.037 in. in beams B3 and C1

121,
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respectively. At ultimate load a greater depth of the top flange
was in compression in beam Cl, than in beam B3, showing a slightly

better interaction in beam B3 than in beam Cl.

In view of the above observations and the enormous
numerical calculations involved in estimating the interface shear
distribution at ultimate load (even when the effect of slip is
ignored), it could be concluded that no useful purpose will be
served by spacing the connectors according to the interface shear

at ultimate load.

6. Nature of failure

Beam Al failed by crushing of concrete. Connectors did
not fail in this beam. In beams A2 and Bl spalling of concrete
had been observed before the maximum load was attained; final
failure occurred at the maximum load by studs shearing off,

Beam A3 failed by shearing of concree at the interface at the
maximum load, followed by studs shcaring off. Beam B2 failed by
crushing of concrete; studs sheared off after the maximun load had
been reached. Crushing of concrete and shearing of studs occurred
almost simultaneously in beam B6. All other beams failed by studs

shearing off at maximum load.

The loads the beams were able to carry after failure of
the studs, except beams Al, B?7 and B8, ranged from 3.61 tons to
4.33 tons. In the case of beam Al the test was stopped at 5,50
tons at a deflection of 3.34in., zfter extensive crushing of concrete
had taken place. Beam B7 carried a load of 4,60 tons after failure
of studs. This higher load was due to extensive strain hardening

which had occurred in both top and bottom flanges of the steel beam.
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Beam B8, which was tested under two point loads, carried a load of
4,42 tons after stud failure. The collapse load of the bare steel
beam is 3,02 tons, based on fy = 20.98 t.s.i. (average experimental

yield stress).

Transverse tension cracks at the bottom of the slab at
or near midspan were seen at loads ranging from 5.8 tons to 6.5
tons, except beam B7, where & crack was observed at 4.3 tons.
These craoks, except those in grooved flanged beams, extended right
across the slab within a load increase varying from 0.15 ton to

0.45 ton from the load of their first appearance.

In most of the beams, tension cracks started from the
edge of the slab, The decrcasing compression towards the edge, due
to shear lag in the slab, may cause larger tensile strains at the
edge which c¢ventually cause tension cracks to develop there. But
in beams with grooved flanges, tension cracks were found to start
from the centre. In beam B2 tension cracks were observed both at
the edge and near the centre at the same load. In these beams
interaction was very high and since the loads at which these cracks
occurred were much higher than yield load, the interface horizontal
shear near midspan was also very high. Due to this high shear and
stress concentration which may exist at the ends of flange serration,
it is possible that concrcte cracks occur there and then spread
ocutward. This effect was very clearly secen in the Durban flanged
beam B6, where these cracks started from the side of the pips

facing midspan.

Crushing of concrete was observed near the loading pad
at loads varying from 6.5 to 7.0 tons in grooved flanged beams and
also in beam BS6. Approximate concrete strains at crushing varied
from 0.0040 to 0.0054. Spalling of concrete was also observed in
beam B7 at load 6.25 tons at a concrete strain of 0.0097. No

crushing of concrete was obscrved in other beams. A very wide
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tension crack right across the bottom of the slab near midspan,

however, occurrcd in these beams at failure (Figure 83).

In beams Bl and B2, a central longitudinal crack, similar
(28)

to those observed by adekola , occurred near midspan at loads

of 6.8 tons and 6.9 tons respectively.

In grooved flanged beams, failure is initiated by shearing
of concrete at the interface. A muffled sound is cften heard when
this failure occurs. Slip increases very rapidly thercafter, and
the eventual failure occurs by shearing of studs. In all other
beams slip increases gradually, and the rate of increcse increases
with load until an end slip of zbout 0.03in. to 0.04in. is recorded.
Thereafter the increase is extremely rapid and final failure of

studs occurs at an end slip of about 0.06in.
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4,2 Half Scale Composite Beams

(a) Purpose of tests

The nain purpose of these tests was to study the
behaviour of composite beams wherc the steel beam was provided
with small projections formed on the top surface of the top flange.
It was thought that these small projections would strengthen the
shear connection by resisting the interface shear and preventing
the slip. Another purpose was to estimate experimentally the
axial forces which would be intrcduced in the stud shear connectors,
due to the concrete slab riding over these small projections as the

slip began,

Two beams were tested; one having the top flange provided
with these small projecticns while the other had a plain top flange.
The cross-section of both the beams were kept the same, so that a

comparative study of the behaviour couldd be made.

(b) Description and preparation of specimens

Steel beams were made from 9in., x 4in., at 21 1b. A.S.B.
The top flange was replaced by a 4in x % in, thick Durban plate,
making an overall dimension of 8%% in. x 4in. (Figure 85). The
Durban plate was welded to the web with the plain surface facing
the web in beam D1, whereas in beam D2, the surface having the

projections was facing the web.

56-% in, diameter x 1% in., long headed studs were welded
to each beam in pairs at uniform spacing longitudinally and 2in.
apart transversely. The number of connectors was chosen to resist

the total horizontal shear at the interface at collapse using 100%
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of the connector capacity. No special preparation was given to
the steel beams, except brushing with a stiff wire brush to remove

loose scale or rust.

The reinforced concrete slab was 3in. thick and 9' 4"
long by 3' O" wide. Transverse relnforcement consisted of 3 in.
diameter mild steel bars placed at 45 in, centres at the top and
at 9 in. centres at the bottom. Reinforcement in the longitudinal
direction ccnsisted of % in. diamcter bars at 10in. centres at both
top and bottom, A timber mculd was used for casting the slab, The
beam and the mould rested on the floocr while casting. Concrete was
made using Ferrocrete rapid hardening cement, sand and % in.
aggregates. The aggregate cement ratic by weight was 4.5 with 60
per cent aggregate and 40 per cent sand, and the water cement ratio
was 0.55. The concrete was compacted by an immcrsion vibrator.
Eight 4in. cubes and four 12in. x 6in. cylinders were cast for each
of the slabs. Curing lastcd a week under wet sacking covered with

polythene sheet.

(¢) Loading

Point load at midspan was applied through a 50 ton
hydraulic jack operated by an eleciric pump. A hand pump was used
in conjunction with the electric pump to coﬁtrol the applied load
accurately. The peint load was spread over the concrete slab by a
6in, x 5in. x g in. thick steel plate. In order to distribute the
pressure uniformly a thin plywood board was used under the loading

plate.

Load was measured by a proving ring dynamometer of 50 ton
capacity. Both thc beams were tested over a span of 9' O", supported

at both cends on free rollers of 4in. diamcters as shown in Figure 85.
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(d) Measurements

Deflection at midspan, slips and uplifts at a number of
lccations along the span were measured using dial gauges. A
demountable mechanical gauge of 8in. gauge length was used to
measure the strains in concrete and steel at the midspan section,
Strains in studs at a number of points in one half and at the
quarter span point in the other half of the beam, were measured
using foil strain gauges of L in, gauge length. TFigure 86 shows

4

the arrangements for measurement of slips, strains, etc.

(e) Testing procedures

Beams: The point load at midspan was applied in 2.5 ton
increments up to 10 tons, then in 2.0 ton increments up to 20 tons
and thereazfter in 1 ton increcments. After each application of load
a set of readings was taken, the load was recleased and another set
of readings was taken at zero load. 4t loads higher than yield
load, the jack was pumped repeatedly to obtain steady conditions

befcre the readings were taken.
Materials:

(a) Steel. Flat specimens l% in, wide by 24in. long were cut from
both top and bottom flanges of each beam and tested as explained

in section 4.1.
(b) Concrete. Concrete was tested as explained in section 4.1.

(¢c) Studs. Specimens were turned from % in. dia. x l% in. long

studs and tested as explained in scction 4.1.
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(f) Test results

(i) Beam D1. Shear connection: 56-% in. dia. x l% in. long

headed studs with projections of Durbar plate

Midspan deflections are shown in Figure 88. Deflections
are proportional to load up to 17.0 tons and thereafter deviate
from the proportional line., Transverse tension cracks at the
bottom of the slab at midspan started from near the steel beam at
22.0 tons, and extended to the full width of the slab at 24.0 tous.
Spalling of concrete was observed near the loading pad at 29,0 tons
at a strain of 0,0039. Horizontal cracks at the bottom of the
slab starting from the front of each projection were observed at
30 tons at approximately 12in. on either side of midspan. The
maximum load carried was 31.3 tons and the corresponding deflection
was 1.59in. Thereafter the crushing of concrete became more
extensive, transverse tension cracks became wider znd the load
started falling. At load 30 tons a cracking scund was heard, and
a big lump of concrete broke off from the edge of the slab. A
central longitudinal crack, extending from near the loading pad to
about 24in. on either side, was observed at this load. Horizontal
splitting on the edge of the slab at midspan was also cbserved at
the same load. The beam carried a load of 23.06 tons at a
deflection of 2.24in., A residual deflection cf 1.86in. was

recorded after the load was finally released to zero.

Slips at the end, at quarter span and along the span at
varicus loads are shown in Figures 89 to 92. Slip started from
the beginning of the test and was almost proportional to load up
to 24.0 tons. The average total end slip at this load was
0.00241in. and average residual end slip was 0.0007in. The maximum
end slip recorded at the meximum load was 0.0115in. Slip, however,

continued increasing after the maximum lozd had been reached.
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Separation of the slab from the beam at quarter span and
also along the whole span at varicus loads are shown in Figures 93
and 94. Up to a load of 22.0 tons uplift was very small and
negative at all points except at the right hand support and at mid-
span. Thereafter uplift became positive at all points and started
increcsing rapidly with load. Up to a load of 28.0 tons, the
meximum uplift recorded was smaller than the maximum slip for the
same load; but thereafter the maximum uplift was greater than the
maximum slip. The wmaximum uplift recorded at the maximum load was

0.056in. and was at a distance of 6% in. from midspan.

The stress distribution at the midspan section at a load
of 31.3 tons is shown in Figure 98. VYield had penetrated up to the
top of the steel beam and extensive strain hardening had occurred

in the bottom flange and the web.

Figures 100 and 10l show the extensive crushing at the
top of the slab, the wide tension crack at the bottom and the
horizontal splitting of the slab at the edge.

(ii) Beam D2, Shear Connection: 56~% in. dia. x l% in. long

studs with plain flange and natural bond

Midspan deflections are shown in Figure 88. Deflections
are proportional to load up to 12.0 tons and thereafter increase
rapidly with load. This is due to loss of interaction and not to
yielding of the beam. Transverse tension cracks at the bottom of
the slab were observed at midspan at 18.0 tons. Twc more tensicn
cracks developed, one on either side of midspan, at 22 tons and the
separation between the slab and the beam started from these cracks.
Crushing of concrete was observed near the loading pad at a load
of 25 tons at a strain of 0.0048., The maximum load carried by the
beam was 26 fons at a deflecticn of 1.58in. Thereafter crushing

of concrete became mere extensive, the tension cracks became wider,
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and the load started falling. At 23.2 tons the slip on the left
half started increasing more rapidly znd at 22.0 tons the beam
collapsed by failure of cuncrete around the studs (Figure 102).
Only two studs near the left support sheared off. A horizontal
splitting of the slab at midspan was observed just before final
failure. The load dropped to 13.4 tons; the corresponding

deflection was 3.03%in,

8lips at the end, at quarter span and along the span at
various loads are shown in Figures 89 to 92. A fuint slip sound
was heard at 10 tons, when end slips were first recorded. Two
consecutive loud sounds occurred at 14.0 tons, followed by
considerable slip on both sides. Thereafter slip increased
progressively with load. The maximum end slip at ultimate load
was 0.039in. and the maximum slip before failure was 0.070in.,
both recorded at the left end.

Separation of slab from beam at quarter span and alsc

along the length ot variocus loads is shown in Figures 94 pnd 95.
3
4

at the same load at which the first end slip was recorded, and

First uplift was recorded at 6% in. from midspan on either side,
thercafter increased progressively with load. The maximum uplift
at the ultimate load was 0.037in., recorded at 62 in. to the left

4
of midspan.

The axial strains in the guds at points along the beam
are shown for various londs in Figure 97. The stress distribution
at the midspan section at 26 tons is shown in Figure 98. Yield
had penetrated up to about half the depth of the top flange. Strain
hardening had occurred in the bottom flange and part cf the web.

The failure of concrete around the studs is shown in Figure 103.
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(g) Discussion of test results

1. Deflection

Figure 88 shows midspan deflections for both beams.
Deflections are the same up to a load of 14.0 tons, after which
beam D2 shows larger deflecticns for the same load. This marked
difference in deflections can be explained as follows. Concrete
strengths for both beams are nearly the same; so also the properties
of the top flange, which is a % in. thick Durbar plate in both
cases. The main difference is in the steel properties of web and
bottom flange in the wo beams. Tension tests on coupons show a
higher yield stress of 20.3 t.s.i. and a lower esh/ey ratioc of
1.9 in beam D1, compared to a yield stress of 17.7 t.s.i. and
esh/ey ratio of 14.1 in beam D2. Besides having a higher yield
load, beam D1 can, therefore, carry a higher load at a smaller
additional deflection. The slightly larger deflection in beam

D2 below yield load is due to greater loss of interaction.

2e Ultimate load

The calculated ultimate loads for beams D1 and D2 are
28.27 tons and 25.05 tons respectively; the ultimate loads
obtained from experiments are 31.3 tcns and 26.0 tons, an increase
of 11 per cent and 4 per cent respectively. The higher increase
in beam D1 is due to (a) smaller esh/ey ratio of stress-strain
curve for web and bottom flange, which increases the load carrying
capacity of the beam and (b) better interaction achieved due to
shear resistance of the pips of Durbar plate. Full plasticity
was obtained at ultimate load in beam D1, whereas in beam D2

yielding did not occur in part of the top flange.
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3. Effect cf Durbar plated flange on interaction

(a) Slip. Figures 89 to 92 show end slips, quarter
span peint slips and slips along the beam at various loads. Slip
started from the first application of load in beam Dl and was
greater up to a load of 15.0 tens. This may be attributed to the
original painting on the Durbar plate as supplied, which makes the
surface smooth and prevents bonding of the concrete slab to steel

beam. No slip sound was, therefore, heard in this beam.

After 15.0 tons, slip in beam D2 increased more rapidly
than in beam Dl. Because of the difference in the properties of
steel, it is expected that beawm D2 will hive a greater axial force
at midspan, with greater total horizontal shear and sc greater
slip for the same load beyond yield. Nevertheless, slip in beam
D2 is much higher than in beam Dl. At 26.0 tons, which is the
ultimate load of beam D2, the moximum end slip in beam D1 was
0.0035in. compared to 0.038 in. in beam D2. The maximum end slip
recorded in beam D1 at the ultimate load of 31.3 tons was 0.0116in.

(b) Uplift. Uplift at the quarter span point and along
the beam at varicus lcads are shown in Figures 93 and 94. Because
of the presence of projecticns on the Durbar plate of beam D1, it
would be reasonable to expect a greater uplift in beam D1 than in
beam D2, But the uplift curves show that at all stages of loading,

uplift i< smaller in beam D1 than in beam D2 for the same load.

Uplift is also shown against slip in Figure 95 for both
beams at quarter span. Except when both uplift and slip are small,
uplift in beam D1 is found to be much greater than in beam D2 for
the same slip. It can alsc be seen that the uplift-slip curve is
not very far from linear, with a bigger gradient for beam D1. It
can, therefore, be concluded.that uplift is more related to slip

than to the external load applied.
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(¢) Strain in studs. Strains in studs at various
locations along the beam were measured using E.R. foil gauges
(Figure 86). Unfortunately, some of these gauges in beam D1 did
not function properly, perhaps being demaged during casting of the
slab. However, axial and bending components ¢f measured strains
in studs at quarter span point for both beams and variation of
axial strains along the beam D2 at varicus loads are shown in
Figures 96 and 97. The axial strain is more or less equal to the
bending strain in beam D2, whereas in beam D1, the axial strcin is

much highor than the corresponding bending strain.

The variation of axial strain along beam D2 is similar

to the thecretical uplift force curve and isishown .in Figure 97.

(d) Load per connector at ultimate loads. The load per
connector at ultimate load, as obtained from measurcd strains at
midspan, is 4.38 tons ig beam D1 and 3.66 tcns in beam D2. The
ultimate capacity of a 8 in. dia. x l% in, long headed stud as
obtained from push~out tests with natural bond is 3,00T. The
higher ultimate strength obtained in beam D2 can be explained as
follows. The ccncrete cylinder strength in beam D2 was 4850 p.s.i.
as comparsu with 3530 p.s.i. in the push-out specimen., If it is
assumed that the ultimate capacity of a stud varies directly as
the square root of the concrete cylinder strength, then the ultimate
capacity of a stud for a concrcte strength of 4850 p.s.i. will be
3.52T, which is guite close to the ultimate capacity obtained in
beam D2.

The even higher ultimate stud capacity obtained in beam
D1 is, however, due to the extra shear resistance offered by the
projections on the Durbar plate. It may also be pointed out that
the connectors did not fuil in beam D1, the failure of the beam
was due to crushing of concrete. It is therefore possible that

the apparent ultimate capacity of the conmector could be even higher.
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(e) Bond stress. The calculated bond stress at first’
significant slip is 237 p.s.i. in beam D1. Duc to the painting on
the surface of the Durbar plate, this figurc does not give a true
mechanical bond value for this type of surface. The maximum value
of HB calculated on the basis described earlier and the correspon-

ding average mcchanical bond stress are given below.

H Av. mech. q
Flange W H B bond stress B \
Beal . urface (tons) (tons) (tons) (p.sei.) H ¥ 100%
Durbar 9
D1 flange 29.4 113.37 50.14 520 44..2%

This value is very close to the value obtained in the
gquarter scale beam. 4As the load on the beam is very close to the
ultimate load, the maximum mechanical bond stress could be higher

than this average wvalue.

The bond stress in beam D2 is found to be 334 pe.s.i.
(Table 8).

4. Type of failure

Beam D1 fziled due to crushing of concrete which started
at a load of 29.0 tons at an approximate concrete strain of 0.0039.
Crushing became more extensive after the maximum loud of 31.3 tons
had been reached and finally a big lump of concrete broke off from
the concrete slab at 30.0 tons and the load dropped to 23.0 fons.
Initial failure of beam D2 was also due to crushing of the slab
which started at 25.0 tons at an approximate concrete strain of
0.0048. Thercafter slip started increasing more rapidly, load
started folling after a maximum load of 26.0 tons had been mached,
and final fuoilure occurred at a lozd of 22.0 tons due to failure
of concrete around the studs. Two studs near the left support

sheared off.
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The failure of concrete arcund the studs in beam D2 is
of particular significance. Considcring an individual stud, if it
is assumed that the fuilure occurs in thc same way as has been

described on page 93 , then assuming that

T = (h tan & + 2) h sec 0. T
2 t
where T = total tension in the stud
ft = tensile stress in concrete,
for 0 = 450
T
ft =

J2h (b + g)

The maximum strain was rccorded in a stud at quarter
span. At 24.0 tons, the value of ft’ estimated using the above
relation for this stud, is 340 p.s.i. At the maximum load of
26.0 tons, this stress may be still higher and so sufficient to
cause failure., 8ince the transverse and longitudinal spacing of
studs in beam D2 is 2in. and 3.86in. respectively, it is quite
possible that the failure surfaces overlap wnd this may account for

the nature of the fuilure in beam D2 (Figure 102).



CHAPTER V

EXPERIMENTS ON COMPOSITE PLATES

5.1 Pilot tests on quarter scale plated beams

(a). Purpose of Tests

The main purpose of these tests was to meke a preliminary
study of the behaviour of plated beams to obtaine information which
would help in the planning and carrying out of further tests. The
interaction produced by natural bond, by natural bond with stud
shear connectors and by stud shear connectors without natural bond

was studied in these tests.

(b) Description and preparation of specimens

Three beams were tested, each consisting of a 2% in. deep
and 6in. wide by 36in. long concrete slab shear connected to a mild
steel plate % in. thick and 6in. wide by 44in. long (Figure 103).

No reinforcement was provided in the concrete slab.

The beams were designated as PBl, PB2 and PB3. Shear
connection in PBl was provided only by natural bond, whereas beams
PB2 and PB3 each had 24«{% in. diameter by lin. long (100 per.cent
design) headed studs welded to the steel plate at 3in. centres in
both directions. Natural bond was destroyed in PB3 by using resin
and grease on the steel plate, whereas in PB2 natural bond was

allowed to develop.

Concrete was made using rapid hardening cement, sand and
i% in. aggregate. The aggregate cement ratio by weight was 3.25
with 50 per cent aggregate and 50 per cent sand, and the water

cement ratio was 0.55. A steel mould was used for casting. The
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steel plate was continuously supported while casting. Three 4in.
cubes and two 12in. x 6in. cylinders were cast for each of the
slabs. Concrete was compacted with an immersion vibrator and the
curing was done for a week under wet sacking covered with polythene

sheet.

(c) Loading

The beams were tested under a central point load over a
simple span of 36in. The load was applied through a 30 ton hydra-
ulic jack operated by a hand pump, and was measured by a proving
ring dynamometer of 5 ton capacity. The beams were supported on a
free roller at one end and on a fixed roller at the other (Figure
103).

(d) Measurements

Deflections at midspan and slips at both ends were
measured using dial-gauges. Strains in concrete and steel at the
midspan section and in steel at the bottom of the plate at a number
of locations along the span were measured by a demountable mechanical
gauge of 2in. gauge length. Figure 104 shows the general arrangement

for measuring slips, strains, ctc.

(e) Testing Procedure

The point load at midspan was applied in 0.25 ton
increments until failure. After each application of load a set of
readings was taken, the load was released and another set of
readings was taken at zero load. This procedurc was continued until

the end of the test.

Steel, concrete and stud material were tested as explained

in section 4.1.
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(f) Test results
(i) Beam PBl. Shear connection: Natural bond

This beam could not be tested, as the bond was broken
before the beam could be lifted to the test frame. A cracking
sound was heard during handling, the bond broke down and the steel
plate separated from the concrete slab on one half of the beam.

The bond failure appeared to have started from all round; and it is
possible that the shear produced at the interface due to shrinkage

of concrete is the main cause that initiated the brecaking of bond.

(ii) Beam PB2. Shear connection: 24-{% in. diameter

by lin. long headed studs with natural bond

Midspan deflections and end slips are shown in Figures
105, 106 and 107. Deflections were proportional to load up to
1.0 ton. No slip was cobserved up to this load. At this load a
cracking sound was heard and the bond broke at both ends. This was
accompanied by dropping of load and increase in deflection. There-
after both deflection and slips increased rapidly with lcad. The
calculated bond stress at this load was 102 p.s.i. The separaticn
between the slab and the plate was visible at a load of 1.50 tons
and at 1.75 tons vertical tension cracks developed near midspan.
A diagonal tension crack appeared at the bottom of the slab at a
distance of 6% in. from the midspan at 2.40 tons, progressed
rapidly upwards and finally broke off the concrete at the top, at
a distance of alkout 2% in. from midspan. The maximum load attained
was 2.47 tons. The maximum strains recorded at midspan at 2.40 tons

were 0.0046 in the concrete and 0.0010 in the steel plate. The

greater end slip at this load was 0.0l4in.
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(iii) Beam PB3. Shecar connection: 24~f% in. diamcter by

lin. long headed studs, without natural bond.

Midspan deflections and end slips are shown in Figures
105, 106 and 107. Slip started from the first application of load
and increased with load. Vertical tension cracks were visible at
midspan at a load of 1.75 tons. At 2.25 tons, a diagonal tension
crack, similar to the cne in beam PB2, appcared at the bottom of t
the slab at about 7in. from midspan, spread rapidly upwards until
finally the concrcte broke off at the top near midspan. The
maximum load reached was 2.25 tons. The maximum strains recorded
a2t nidspan at 2.25 tons were 0.0037 in concrete and 0.001ll in steel,

The greater end slip at this load was 0.015in.

(g) Discussion of test results

It is evident from beam PBl that the natural bond alone
cannot be relied upon to produce any interaction and that mechanical

connectors are necessary to produce it.

Both the beamc PB2 and PB3 feiled before the calculated
ultimate load was reached. The maximum steel stresses reached were
13.0 te.s.i. in beanm PB2 and 14.3 t.s.i. in beam PB3. The beam with
natural bond, i.e. PB2, failed at a slightly higher load but at a
lower steel stress than the beam without bond. This shows that a
slightly better interaction is obtained with natural bond than
without it. This is prcbably due to friction that existed at the

interface after bond had broken.

The mode of failure was similar in both the beams. The
failure was due to shear failurce of concrete in diagonal tension.
The calculated shear stresses ot failure were 244 p.s.i. and

228 p.s.i. in beams PB2 and PB3 respectively. It was also observed



that the diagonal tensicn cracks followed a path that did not
intersect any studs. It was thercfore believed that if the crack
could have been intercepted by connectors, cither by decreasing
the spacing or by increcsing the length, the diagonal tension
failure might have been delayed. Alternatively, shear reinforce-

ment would be necessary.

Heavy local bending of the steel plate was observed
after failure near the lowest point of the diagonal tension crack.
This was due to shearing displacement as the sudden failure of
concrete had caused the steel plate to resist the full shearing

force momentarily before the load fell off.

140.
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5.2 Small scale plated beams

(a) Purpose of tests

The main purpcsc of these tests was to study the behaviour
of plated beams having varying numbcers of shear connectors. Headed
stud shear connecteors were used and the number was so varied that
the nominal load per connector at theoretical collapse load would
vary from 50 to 150 per cent of the ultimate strength of the
connector. The longitudinal pitch was kept constant and was equal
to the elastic lever arm of the composite section. The variation

of number was achieved by varying the transverse spacing.

Ancther purpose was to study the cffect on interaction of
roughness on the top surface of the steel plate. A Durbam plate

was used for this purpose.

(b) Description and preparation of specimens

Three plated beams were used to study the effect of
varying the number of connectors. They were designated as PB4,
PB5 and PB6. Each consisted of a 2% in. thick and16in° wide by
3ft. 6in. long concrete slab shear connected to a g-ing thick mild

steel plate 6in. wide by 4ft. 2in. long.

Beanr PB4 had 36-% in. diemeter by 2in. long headed studs,
beam PB5 had 54 and beam PB6 had 108, all welded to the steel plate
at 2in. longitudinal pitch. Transverse spacings were 3in., 2in.
and lin. in beams PB4, PB5 and PB6 respectively. Figure 103 shows

the arrangement of studs in the three beams.

To study the effect of plate roughness, two beams were
tested and werce designated as PB7 and PB8. Each consisted of a

3% in. deep and 9in. wide by 4ft. 8in. long concrcte slab shear
3

connected to a Durbar plate 16 in. thick and 9in. wide by 5ft. 4in.
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long. 1In beam PB8 the slab was cast on the rough side of the
Durbar plate, whercos in beam PB7 the slab was cast on the smooth

side.

Each bean had 36—% in. diameter by 3% in. long hcaded
studs welded at 3in. centres in the longitudinal direction and
4% in. apart tronsversely (Figure 103). The number was such that
the nominal load per connector at collapse load would be equal to

the ultimate strength of the connector.

No reinforcement was provided in the concrete slab.
Rapid hardening cement was used for all beams. % in. aggregate
with an aggregate cement ratio of 4.5 was used for beams PB4, PB5S
and PB6 and % in. aggregate with an aggregate cement ratio of 5.5
was used for beams PB7 and PB8. The proportion of coarse tc fine
aggregate was 60 to 40 for all the beams, and the water cement
ratio was 0.55. A steel mould was used for casting and the steel
plate was supported during casting and curing. Three 4in. cubes
and two 12in. x 6in. cylinders were cast for each of the slabs.
Concrete was compacted using on immersion vibrator and the slab was

cured for a week under wet sacking covered with polythene sheet.

(¢) Loading

The beams PB4, PB5 and PB6 were tested under twe point
loads 4in. apart over a simple span of 3ft. 4in. The beams PB7 and
PB8 were tested under a central point locad over a simple span of
4ft. 6in. The beams were supported on a free roller at one end and

on g fixed roller at the cther.

The load was applied through a hydraulic jack of 30 ton
capacity, operated by a hand pump. A proving ring dynamometer of
5 ton capacity was used for measuring the loads in beams PB4, PB5
and PB6, whereas in becams PB7 and PB8 a proving ring of 10 ton

capacity was used.
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(d) Measurements

Deflections at midspan and slips at both ends were measured
using dial gauges. Slips, uplifts and bottom steel strains at a
number of locations along the span wcre measured using a demountable
nechanical gauge of 2in. gauge length. Strains in concretc and
stecl at midspan section were measured using a demountable mechanical
gauge of 4in. gauge length. Figure 104 shows the general arrangement

for measuring slips, strains, etc.

(e) Testing procedure

The total load at midspan was applied in 0.25 ton
increments in the case of beams PB4, PB5 and PB6 and in 0.50 ton
increments in the case of beams PB7 and PB8. This was followed
until the failure load was approached, when the increment was
governed by the increment in deflection. After cach application
of load a set of readings was taken, the load was released and

another set of readings was taken at zero load.

(f) Test results

(i) Bean PB4. Shear conncction: 36«% in. diameter by
2in. long headed studs at 2in. centres longitudinally

and 3in. centres transversgly

v Midspan deflections and end slips arce shown in Figures
109 and 110. The first slip sound was heard at a2 load of 0.9 ton;
bond broke on both sides and slips and uplifts were observed all
along the span. Vertical tension cracks at the bottom cof the slab
were observed at midspan at 1.50 tons. The maxirum load attained
was 2.05 tons at a deflection of 0.28in. After this, the load was

released to zero. On reloading, a loud sound was heard at 1.95 tons;
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seven studs from the fixed roller ond sheared off and a length of
concrete slab containing these studs broke off; the load dropped to
0.60 ton. The maximun end slip befere failure, recerded at

2,05 tons, was 0.029in. The meximum strains in concrete and steel

at 2.05 tons were 0.0024 and 0.00ll respectively.

(ii) Beam PB5. Shear connection: 54-% in. diameter by

2in. long headed studs at 2in. centres both ways

Midspan deflections and end slips are shown in Figures
109 and 110. The first slip sound occurred at a load of 1.0 ton;
bond broke at both ends and slips and uplifts were observed all
along the span. Vertical tension cracks at the bottom of the slab
were visible at midspan at a lcad of 2.25 tons. The maximum load
rcached was 2.97 tons at a deflection of 0.43in. A loud scund was
heard at this load before the readings could be taken and eight
studs from the fixed roller end sheared off, accompanied by
breaking of the concrete slob. A small diagonal tension crack
was cobserved at the bottom of the slab at a distance of 5in. from

the fixed roller ‘end before failure.

A longitudinal crack on the top of the slab along one of
the end longitudinal rows of studs was cbserved before failure.
The maximun end slip reccrded before failure, i.e. at 2.90 tons,
was 0.019in. The maximum strains at the midspan sccticn in concrete

and steel at 2.90 tons were C.0031 and 0.001l5 respectively.

(iii) Beam PB6. Shear connection: 108~% in. dia. by 2in. long
headed studs at 2in. centres longitudinally and lin.

centres transverscly

Midspan deflections and end slips are shown in Figures

109 and 110. Slips and uplifts were recorded near quarter span at
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a load of 1.0 ton, although the first slip sound was heard at

1.5 tons, bllowed by slip at both ends. Vertical tensicn cracks

in the concrete slab were visible at midspan at 2.75 tons. Spalling
of concrete was observed at midspan ot a load of 3.5 tons at a
concrete strain of 0.0043. The steel appcarcd to have yielded at
the same load. The maximum load attained was 3.75 tcns at a
deflection of 0.38in. Thereafter crushing of concrete became more
extensive and the carrying capacity cf the beam started falling.

The beam was able to carry a load of 3.17 tons at a deflection of
0.66in. A residual deflection of 0.36in. was recorded after the

load was finally rcleased to zero.

Interaction was very good almost up to the failure of the
beam. The maximum end slip recorded was 0.0028in. The falure was

by flexure; the concrete had crushed and the steel had yielded.

(iv) Beam PB7. Shear connection: 36-% in. dia. by 3% in. long
headed studs at 3in. centres longitudinally and &% in.

apart transversely (Durbar plate reversed)

Midspan deflections and end slips arc shown in Figures
115 and 116. The first slip sound was heard at a locad of 3.3 tons,
when bond on the half having the fixed roller support broke, followed
by another sound at load 3.5 tons, when bond on the other half broke.
Thereafter slip increased rapidly with load. Small tension cracks
at the bottom of the slab at midspan appeared at a load of 3.5 tons.
The maximum load carried by the beam was 5.45 tons. Before any
reading could be taken at this load, a loud sound was heard and
threc studs from the fixed roller end were sheared off. The concrete
slab broke off (Figure 123) and the load dropped to 0.67 ton. The
deflection was 0.45 in., The maximum end slip recorded at 5.0 tons
was 0.012in. The strains in concrete and steel at midspan at 5.0

tons were 0.0026 and 0.0012 respectively.
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(v) Beam PB8. Shear connection: 36~% in. diamecter by 3% in.
long headed studs at 3in. centres longitudinally and

&% in. apart transversely (Durbar plate)

Midspan deflections and end slips are shown in Figures
115 and 116. Slip was first observed at about 9in. from midspan
towards the fixed roller cnd at a load of 2.0 tons, whereas end
slip was not observed until a load of 3.5 tons was reached. No
definite slip scund was heard in this beam. Vertical tension cracks
at the bottom of the slab were cbserved at midspan ot 4.5 tons.
Spalling of concrete was observed near the loeding pad at 7.5 tons
at a concrcte strain of 0.0038. The maximum load attained was
7.8 tons at a deflection of 0.40 in. Thercafter the crushing of
concrete became extensive and the load started falling off. The
beam was able to carry a load of 6.6 tons at a deflection of 0.69%in.
A residual deflection of 0.30in. was reccrded after the load was

released.

A high degree of interaction was achieved. The greater
end slip reccorded at maximum load was 0.0028in. The end slip,
however, continued increasing after the maximum load; the maximum
end slip recorded at the last application of load was 0.0064in.
The top concrete and bottom steel strains at maxinum load were

0.0052 and 0.0025 respectively.

Figure 124 shows a general view of the beam after failure.
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(g) Discussion of test results

1. Effect of variation of the amount of shear connection

(PB4, PB5 and PB6)

The steel plates used in these becams were from the same
stock having a yield stress of 22.7 T/in2° Ccncrete cylinder
strengths varied from 3450 p.s.i. to 3880 p.s.i., the average being
3660 p.s.i., a maximum veriation of +6 per cent. Similarly the
maxinum variation in the 4in. cube strength of concrete is +5 per
cent with an average strength of 6110 p.s.i. Since the strengths
of steel and concrete are consistent, the difference in behaviour
of thesc beams may be attributed mainly to the variation in the

number of shear connectors.

Midspan deflections, end slips and slips at quarter span

and uplift near quarter spen are shown in Figures 109 to 113.

The first slip sound occurred at 0.9 ton, 1.0 ton and
1.5 tons in bcams PB4, PB5 and PB6 respectively. Loads at first
significant slip were 0.9 ton, 1.0 ton and 1.25 tcns respectively.
Corresponding bond stresses are 80 p.s.i.; 89 p.s.i. and 1ll1 p.s.i.
respectively. Load at first slip sound, and so the bond strength
appears to increase with the increasc in the number of shecr

connectors.

The increase in slip was more rapid in beam PB4 than in
beam PB5. This is expected in view of the greater number of
connectors in beam PB5. The maximun end slips recorded in beams
PB4 and PB5 at or near ultimate load were, however, very nearly
the same (0.028in. and 0.029in. in beams PB4 and PB5 respectively).
In beam PB6, which had the greatest number of shear connectors,
the slip was the smallest; maximum end slip recorded at ultimate

load was only 0.0026in.
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The growth of slip at quarter spanyas similzr to that at
the ends. Quarter span slip was, however, greater than end slip at

all stages of loading.

If slip is an indication of the degrce of interaction
achieved, then it can be said that a very high degree of interaction
is achieved in beam PB6 and that the degrec of interaction decreases

with the decrease in the number of connectors.

Uplift at quorter span started at a load of 0.5 ton in
all thesc beams. The growth of uplift was very similar to the
growth of slip. Uplift was found to be greatest necar the quarter
span point in beams PB4 ond PB5, whereas in beam PB6 the greatest
uplift was recorded at a point 3in. from midspan. The maximum
uplifts recorded at or near ultimate loads were 0.0126in., 0.,0090in.

and 0.0036in. in beams PB4, PB5 and PB6 respectively.

Deflections at midspan intermingle. up to a loal of

0.9 ton; and thereafter the difference in deflections increases
greatly. DBeams with fewer connectors arc expected to show larger
deflection because of.the lesser degree of interaction achieved.
But the very wide difference in deflection of these beams is maihly
due to the fact that the greater loss of interaction in beams with
fewer connectors produces greater tensile strains at the bottom of
the slab, causing tension cracks to develop at o much lower load.
These cracks then recduce the effective thickness of slab and so

reduce the stiffness of the beam.

The most striking difference, however, is in the
ultimate loads obtained. Ultimate loads, which increased with
increase in the number of studs, were 2.05 tons, 2.97 tons and
3.75 tons in beams PB4, PBS and PB6 respectively. The ratio of
experimental ultimate load to calculated ultimate load based on the

Whitney distribution, are 0.70, 1,06 and 1.23 respectively.
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Beams PB4 and PB5 failed by shearing of studs; failure
occurred much before the yielding of steel, This is expectled, in
view of the fact that the experimental yield stress of the steel
plate was 22.7 t.s.i. compared to 16.0 t.s.i. which had been
assumed in design. The average loads per connector at failure were
0.49 ton and 0.54 ton in beams PB4 wnd PB5 respectively; the push-

out ultimate capacity of connectors was 0.51 ton.

Both crushing of concrete and yielding of steel occurred
in beam PB6 at ultimate load. The average load per connector at
ultigate load was 0.31 T, that is, 0.61 times the ultimate capacity

as obtained from o push-out test.

At failure, seven studs of the first four rows from one
end sheared off in beam PB4; the length of concrete slab containing
these studs broke off from the rest. Failure was similar in beam
PB5, where eight studs of the first thrce rows from one end sheared
off. A small diagonal tension crack starting from the bootom of the
slab was seen in beam PB5 at a distance of about 8in, from the
support at load prior to failure. It is therefore thought that the
failure of the slab and shearing of studs from this scction might

be initiated by this tension crack.

2., Dffect of projcctions of Durbar plate
(Comparison of beams PB7 und PB8)

The properties of steel and of concrete arc very nearly
the same in both thesc beams. The yicld stress of the Durbar plate
used in both beams was 19.8 t.s.i. The concrete cylinder strength
was 3560 p.s.i. in beam PB? and 3500 p.s.i. in beam PB8. The 4in.
cube strength was 6200 p.s.i. and 6600 p.s.i. respectively. The
number of studs used was the same in both beams. In view of this
and in view of the similar properties of materials uscd, the

difference in bchaviour of the two beams is cttributed mainly to
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the difference in the stecl surface at the interface.

Midspan deflections, end slips and slips and uplifts at
o distance of 10in. from midspan are shown in Figures 115 to 119.

Top concrete and bottom steel strains are shown in Figure 122.

The first slip sound occurred at a load of 3.3 tons in
beum PB7; the load at first significant slip was 3.0 tons. The
corrcsponding bond stress was 117 p.s.i. No slip sound was heard
in beam PB8. ihe lozd «t first significant slip was 3.0 tons at
a bond stress of 116 p.s.i. End slip, howcver, did not start in

beam PB8 until &« load of 3.5 tons was reached.

A study of the slip curves clearly shows the effect of
the Durbar plate in resisting slip. Both end slip and slip at a
point 10in. from midspan are very much smaller in beam PB8 than in
beam PB7. A maximum end slip of 0.0028in. was recorded at ultimate
lozd in beam PB8, whereas the same was 0.0119in. in beam PB7 at
5.0 tons (the ultimate load of beam PB7 was 5.45 tons).

The total horizontal shear H znd the total horizontal
shear resisted by the surface of the Durban plate, HB’ in beam
PB8 at the ultimate load of 7.8 tons are given below.

H Av. mech. H
. Load H B. _B
Beam  Surface (tons) (tons) (tons) bond st?ess X 100%
(peseis)
Durban
PB8 plate 7.8 42.98 27.51 254 64%

H is calculated assuming a lever wrm of 2.46in. (based
on Whitney, using cylinder strength and yield stress) and external
moment. HB is calculated using the mcethod described in chapter
4.1 (g). It is scen that at ultimate locd 64% of the total horizon-
tal shezar is resisted by the Durbar plate. It is also found that
the average value of mechanical bond was still increasing at

ultimate load.
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A much higher ultimate load of 7.8 tons was attained in
beam PB8, compared to 5.45 tons in beam PB7. The ratio of
experiuental ultimate load to calculated ultimate load (based on
Wnitney) is 0.89 and 1.29 in beam PB? and PB8 rcspectively. Beam
PB7 also shows much larger deflection than beam PB8., This is
partly due to greater loss of interaction in beam PBY7, =nd mainly
due to occurrence of tension cracks at the bottom of the slab at

a much lower loud causcd by its greater loss of interaction.

Beam PB7 failed by shearing of studs; three studs at one
end sheared off and the portion of the concrete slab containing
these studs broke off, Beam PB8 failed by crushing of concrete;

full yielding of the steel plate occurred at ultimate load.

The average load per connector at ultimate load calculated
on the basis of a lever arm of 2.46in. was 1.66 tons in beam PB7
and 2,38 tons in beam PB8. The ultimate capacity of connectors

obtained from a push-cut test was 1,95 tons.

These observatilons clearly show the great effectiveness
of Durbar plate in resisting shear and producing interaction in

composite plated beams.

4., Effect of spacing and length of studs.

The effect of spacing and length of studs on the general
behaviour of plated beams can be scen from a comparative study of
beams PB2 and PB5. The connectors were designed at 100 per cent
of their Quc in both beams. Beam PB2 was provided with f% in. dia.
by lin. long studs at 3in. centres, whercas beam PB5 was provided
with % in. dia. by 2in. long studs at 2in. centres. The steel
strength was very nearly the same; the concrete cylinder strength

was 4310 p.s.i. for beam PB2 and 3450 p.s.i. for beambPBB.
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The difference in the nature of failure of thesc two
becams is significant. Failure iﬁ beam PB2 was by diagonal tension
at a calculated shear stress of 244 p.s.i., whereas bcam PB5 failed
by shearing of studs when the load per connector exceeded its
ultimate capacity. The calculated shear stress at failure in beam
PB5 was 256 p.s.i. When related to cylinder strength, the shear
stresses at ultimate load are 0.057 f'c and 0.074 f'c in beams PB2
and PB5 respectively. In spite of a 30 per cent increase in

relative she:r stress, beam PB5 did not fzil by shear.

The spacing and length of studs in beam PB5 was
approximately equal to the elastic lover grm of the section, a
spacing which is specified as a maximum spacing for stirrups in
reinforced concraote design., In the beams considered, this spacing

and length prevented the premature shear failure of the beams.
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5.3 Small Scale Composite Plate

(a) Purpose of test

The main purpose of this test was to study the behaviour
of a composite plate with welded stud shear connectors. %in. dia.
and 2in. long studs, with nuts to serve as heads were welded to the
steel plate at 2in. centres in both directions. The length and the

spacing of studs were equal to the elastic lever arm of the section.

It was intended to study the possibility of utilising the
wearing surface of a battledeck as a structural part of the deck.
A simulated wheel load, therefore, was used to test the specimen.
Near failure, however, the load was spread over a bigger area to

prevent local failure of concrete.

(b) Description and preparation of specimen

The specimen consisted of a %in. thick mild steel plate
6' 4" by 6' 4" overall, shear connected to a concrete slab 2%in.
thick and 5' 8" square. A layer of 3in. x 3in. x 0.104in. weld
mesh reinfércement was provided on the top surface over the whole

area d the slab.

The specimen was supported on foyr sides over a panel of
5' 6" square on %in. thick and 20in. deep steel plates; the latter
were welded at the corners to form a box section. These supporting
plates were lightly welded to the steel plate of the specimen to
ensure contact at all stages of loading. The box frame was then
supported at the four corners on concrete blocks through .
8in. x 8in. x %in. thick steel plates welded to the box frame at
each corner. The %in. thick side plates were intended to be flexible
enough in the horizontal direction to allow horizontal and rotational
freedom of the specimen at the edges and at the same time sufficiently

rigid in the vertical direction to resist the reactive pressure
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without any siginificant deflection. A practically simply
supported condition at the edges would thereby be obtained.
Calculations based on relations given by Young (34) shows that at
the centre of the edge, the stiffness of the supporting plate is

only 3 per cent of the stiffness of the specimen.

Ferrocrete rapid hardening cement was used. The agiregate
consisted of 60 per cent of %in. gravels and 40 per cent of sand.
An aggregate cement ratio of 4.5 and a water cement ratio of 0.55,
both by weight, were used. Concrete was compacted using an immersion
vibrator. Eight 4in. cubes and four 12in. x 6in. cylinders were cast
along with the slab. Curing lasted a week under wet sacking covered

with polythene sheet.

(¢) Loading

Load was applied through a 60 ton hydraulic jack operated
by an electric pump. A hand pump was used in conjunction with the
electric pump to control the applied load accurately. To eimulate
the wheel load, the load was spread over an area 7%in. X l%in.
through a steel plate of the same size and a thin plywood strip.
Near failure, the load was spread over a greater area using a
6in. x 6in. steel plate and a thin plywood board of the same size

to reduce the local stresses in the concrete.

Load was measured using a proving ring dynamometer of

50 ton capacity.

(d) Measurements

Deflections at the centre, at the quarter point of one
major axis and at the quarter point of one diagonal, were measured
using 0.000Llin. dial gauges. Enc slips and slips and uplifts at a
number of locations in the panel were measured using-C.OCClin. dial
gauges., %in.~dia. holes were made in the steel plate for this
purpose. A demountable mechanical gauge of 4in. gauge length

was used to measure concrete strains at vaious . . . °
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locations. &Steel strains at the centre, at the quarter point of one
major axis and at the quarter point of one diagonal were measured
using %in. foil resistance strain gauges. In the failure test, the
slope at the centre of one of the edges was measured using an
electronic level. Figure 126 shows the arrangements for measurement

of slips, strains, etc.

(e) Testing procedure

The specimen was tested under five different load conditions.
In the first condition load was applied at the centre of the panel,
referred to as position A, in 2.5 ton increments up to a maximum
load of 20 tons. In the second condition load was applied at the
quarter point of a major axis, referred to as position B, in incre-
ments of 2.5 tons up to a maximum load of 20 tons. In the third
condition load was applied at the quarter point of one diagonal,
referred to as position C, in increments of 2.5 tons up to a load
of 17.5 tons, with a final increment of 18.38 tons. In the fourth
condition, the load position, referred to as position Bl, was
diametrically opposite to position B, The load increment was in
5.0 tons up to a load of 15.0 tons, with further increments to
17.5 tons and 18.7 tons. In the fifth condition, load was applied
at position A in 5.0 ton increments up to a load of 15.0 tons and
then in 2.5 ton increments until failure occurred. The size of the
loading pad was changed from 7%in. b 4 1%in. to 6in. x 6in. after a

load of 20.0 tons was reached.

After each application of load, a set of readings was
taken, the load was released and another set of readings was taken

at zero load.
Materials:

(a) Steel: A flat specimen I%in. wide by 20 in. long was cut from

the steel plate and was tested as explained in section 4.1.
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(b) Concrete: 4in. cubes and 6in. cylinders were tested as

explained in section 4.1.

(f) Test results

Deflections at positions A4 B and C for different load
positions are shown in Figures 127 to 129. Slips along the edges
and slips and uplifts at various locations for different load
positions are shown in Figures 130 to 134. Figure 125 shows the

key diagram.

With the load at the centre of the panel, deflections at
positions A, B and C were all proportional to load up to about 5.0
tons and thereafter deviated from the line of proportionality. The
load deflection relationship became linear again after 10 tons and
remained so up to the maximum load of 20 tons. A faint cracking
sound was heard at a load of 12.5 tons and the sounds became louder
and more numerous at 17,5 tons. Corner cracks on the surface of

the slab were first observed at this load.

At 20 tons, the maximum principal strain calculated from
measured steel strains at the centre was 1120 x 10-6. As this was
quite close to the yield strain of the plate, load was not increased

any further.

In the second condition, with the load at position B, the
deflection was proportional to load up to 10 tons at B and up to
12.5 tons at A and C. The maximum load was 20 tons. The maximum
slip observed at this load was very large and to avoid overstressing

the shear connectors the load was not further increased.

In the third condition, with the load at position C, the
load-deflection curve at A was fairly linear up to the maximum load
of 18.38 tons. At positions B and C, however, the deflection was

proportional to load up to 10 tons and thereafter deviated from the
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line of proportionality. At 18.38 tons, the maximum principal strain
calculated from measured steel strains was 905 x 10~ ; but the rate
of increase in slip was very high and so the load was not increased

any further.

In the fourth condition, the load was applied at position
Bl which was diametrically opposite to position B. This was done
primarily to break the bond symmetrically before the failure test.
Slip and uplift readings could also be obtained at those points
where readings could not be obtained in the second loading condition.

The maximum load applied at this position was 18.7 tons.

In the failure test with the load at the centre, load-
deflection curves were fairly linear at all three positions up to
a load of 17.5 tons and thereafter became non-linear, Numerous
cracking sounds were heard at this load. The loading pad was
changed from 7%in. x l%in. to 6in. x 6in. after a load of 20 tons
to provide for a bigger area in order to avoid local failure of the
slab. The maximum load attained was 26.0 tons, when a sudden local
shear failure occurred. The load dropped to 12.65 tons and remained
fairly stable. The plane at which the concrete failed was found to

be inclined at approximately 300 to the horizontal.

End slips at the four edges are shown in Figure 130 for
various loads. With few exceptions end slip was generally higher
at the centre of each edge and gradually decrcased towards the

cornerse.

Both uplifts and slips in the panel started from the first
application of load. The magnitude and direction of slips and
uplifts at a number of locations are shown in Figure 137. These
were greater near the load position, decreasing gradually towards

the edges.

The maximum principal strain calculated from the measured

steel strains arec shown plotted against load in Figure 136. The
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relationship is fairly linear throughout. At a load of 25 tons the
maximum principal strain was 1405 x 10-6, compared to the uniaxial

yield strain of 1374 x 10_6 obtained from the coupon test.

Other results of the test are summarised in the table

overleaf. - Concrete properties are shown in Table 11.

(g) Discussion of test results

The deflection measured under the load for each load
condition was proportional to load at early stuges of loadihg; at
higher loads the deflection increases more rapidly than the load.
This can be explained by tensile cracking and by a diminution in
the tangent modulus of the concrete. An increase in the modular
ratio rfrom 7.5 to 15 decrecases the moment of inertia of the section
by about 31 per cent (Figure lSﬁ) The breaking of bond, resulting
in loss of interaction also produces greater deflection at higher

loads.

In the failure test, the load deflection curve is fairly
linear up to 17.5 tons. This is expected because of the stress-strain
characteristic of concrete which follows a lincar path on reloading
so long as the maximum stress is within the critical range. The slope
is however smaller than the slope of the linear portion of the load-
deflection curve in the first load condition. This is presumably
due to loss of interaction due to breaking of bond 2ll over the plate,
corner cracks, developed earlier in the first load condition, and
extensive cracking of the concrete due to application of lozd at

various positions.

The observed end slip was very small in the first load
condition. The highest slip was recorded st the third points, which
were the measurement points nearest to the centre., 8Slip decreased

from these points outward and became very small at the edges.



Load Condition A

Load Condition B

Load Gauge Magnitude Load Cauge Magnitude
(tons) & (in.) (tons) g (in.)
"End 17.5 7e 15.0 7e
First significant slip
Panel 7.5 17 5.07 15
' End 20.0 Ze 0.0010 20.0 8e 0.0107
Max. slip at max. load
, Panel 20.0 17 0.0089 20.0 5 0.0162
First uplift recorded = Panel 7.5 27 0.0005
Ma:. uplift at max. load Panel 20.0 28 0.0037
Max. residual slip after End 2, 0.0009 8, 0.0084
max. .load had been ’
released ' Panel 17 0.0036 5 0.0095
Max., principal strain in 20.0| 4 1120x107° 20,0 | B 806 x 1070
steel plate at max. load 4
. ' 20.0 A 0.357 20.0 A 0.165
Zefiectlon at maximum 5 0.184 B 0.238
oa C 0.120 c 0.111
Residual deflection A 0.074 A 0.009
after maximum load B 0.031 B 0.045
had been released - C 0.018 C 0.014

" Results of the composite plate for different load conditions

651



Load GCondition C

Failure test
Load at position A

Load Gauge haggltude Load Gauge Mag?ltude
tons in. tons in.
First significant s_lip End 12.3 88 9e 1.0'(?. ) 88 . .
Panel 2.5 16 At first = application of
load (i.e., 5.0 tons)
Max. slip at max. load End 18.4 9e 0.0056 25.0 2e 0.0021
Panel 18.4 13 0.0090 25.0 17 0.0216
, . At first application of
First uplift recorded Panel 5.0 25 0.0002 load (i.e., 5.0 tons)
Max. uplift at max. load Panel 18.4 25 0.0031 25.0 28 0.0066
Max. residual slip after End %e 0.0043 % 0.0016
release of max. load Panel 13 0.0057 17 0.0098
Max. principal steel 18.40 ¢ |95 x 107° 25.0 1 A |1405 x 1070
strain at max. load
Deflection at max. load 18.4 A 0.106 25.0 A 0.560
B 0.106 B 0.258
C. 0.100 C 0.166
Residual deflection after] A 0.005 A 0.115
release of max. load B 0.006 B 0.033
C 0.027 C 0.017

REsuvLrs oF THE

coMpPosiITE TPLATE TEST

FOR DIFFERENT 1.0AD CONDITIONS

osg
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Similar results were observed in the failure test, but with greater
slips at all points. This is due to breaking of bond at «ll points
in the earlier phases of loading. The slip distribution is generally

similar to the interface shear distribution for full interaction.

In the second load condition with the load at position B,
slip was highest near the load and decreascd gradually towards the
edges (Figures 138 and 139). The end slips ulong the edse nearest
to the load had a very high value at the centre with little or no

slip at the cormers (Figure 132).

A study of the end slip curves along edges bc and cd with
the load at pasition C, shows that at points nearest to the load
position where the interface sheur is expected to be high, slip is
also high and then decreases on either side. On the othor edges

which are furthest from the load, slip is almost zero at all points.

The uplift distribution was similar to the slip distribution
(Figures 137, 140 and 142), with high values near the load position
decreasing gradually towards the edges. With the load ot positions
B and C, the uplift was almost zero at points near the edges which

were furthest frcem the load position.

No crushing of concrete was observed. It cppeared from the
maximum principal strain of 1405 x 10_6, calculated from the measured
strains at 25.0 tons, that yielding had occurred (the uniaxial yield
strain of the plate was 1374 x 10-6). Failure occurred by local
shear at the loading pad (Figure 145 at a locd of 26.0 tons. Such
a failure may occur by diagonal tension. When the shear
stress in concrete is sufficiently high, diagonal cracks occur at
the bottom of the slab, which then extend upward and towords the load
position. This occurred in plcted beams PB2 und PB3. In this case
the plane of failure was inclined at about 300 to the horizontal.

The shear connectors did not fail.
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CHAPTER VI

CORRELATION OF RESULTS

6.1. Deflaction

(a) Composite beams: The elastic deflection for complete
interaction has been claculated using the transformed area method.
The area of reinforcement in the concrete slab was neglected, as this

forms less than one per cent of the slab area.

Bending deflection has been calculated on the basis of simple
bending theory using experimental values of Young's modulus for steel
and concrete. To calculate shear deflection, the portion of the total
shear resisted by the steel beam was first estimated using equation
(13) of Appendix II. Shear deflection was then calculated as for a
simple I-beam assuming the shear stress to be distributed uniformly
over the web area. Average values of Es and EC of all the quarter
scale beams were used for calculating shear deflection for these
beams. Similarly, average values of ES and Ec were used for calcula-

ting shear deflection of the half scale beams.

The deflection for incomplete interaction was calculated on
the basis of the elastic theory for incomplete interaction. Deflection
due to bending was calculated using equation (17) of Appendix II,
whereas shear deflection was assumed to be the same as for complete
interaction. This is sufficiently accurate, as the shear resisted by
a steel beam in incomplete interaction is very close to that for
complete interaction. The additional bending deflection for incomplete
interaction is given by the second term of equation (17) of Appendix II;
the first term represents the deflection due to bending for full inter-
action. The values of Es and Ec used for calculating shear deflection
are used for calculating additional bending deflection due to incomplete

interaction.
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The table overleaf shows the calculated bending and shear
deflections per one ton load for complete interaction, and the
additional bending deflection per one ton load for incomplete inter-
action for some of the composite beams. The experimental deflection
for these beams per one ton load is also given in the table. An
average value of deflections per one ton load for loads from 1 ton
to 3 tons is taken as the experimental value for each of these beams.
Additional deflection due to incomplete interaction is not considered
while calculating the total deflection for beams Al, A2, A3, Bl and
B2 (where the top flange surface was provided with "V" grooves),

because the interaction was very good almost up to failure.

The agreement between theoretical and experimental
deflections is good. Except for beams A2 and Bl, the variation is
withing + 5 per cent. In the quarter scale beams the shear deflection
is about 14 per cent of the deflection dueto bending for complete
interaction, whercas the additional deflection due to imcomplete
interaction, with shear connectors designed at 100 per cent of
capacity; is about 16 per cent of the bending deflection for complete

interaction.

The bending deflection in the inelastic range can be
calculated by numerical integration if the moment curvature relation-
ship is known. There is no known method for calculating shear
deflection as the shear distribution in the inelastic stage is not

easily obtained.

The moment curvaure relationship for quarter scale beams for
complete interaction obtained by using the method set out in secticon
2.1 is shown in Figure 146. Idealised stress blocks for concrete and
steel with fy = 20.98 t.s.i. and fé = 4700 p.s.i. are used. These are
the average of experimental values of all the quarter scale beams.

The curvatures obtained from experiments for beams of group B are

shown in the same figure. The experimental curvature is generally
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higher than the calculated values even in the beams where slip was
negligible up to failure. This may be due to the actual shape of
the stress-strain curves for steel and concrete which may be

different from the idealised curves.

Additional
Beam ?bendin§3 . Sheaf3 iEEZi;?it; .Stota} .Seth:
in.x 10 in.x10 interaction in.x10 in.x10
in.x10~
Al 27.56 3.74 31.30 32.50
A2 27.46 3.74 31.20 34.07
A3 26.96 3.74 30.70 29,61
A 27.26 3.74 6.33 37.33 30.62 ®
A5 27.11 3.74 6.33 37.18 37.05
Bl 26.67 3.74 30.41 35.77
B2 27.49 3.74 31.23 31.82
B3 26.39 3.74 4.06 34.19 32.42
B4 26,56 3.74 4.06 34.36 35.88
B5 26.66 3.74 4,06 34.46 35.61
Cl 26.61 3.74 4.06 34.41 33.67
D1 9.22 1.62 0.88 11.72 10.74
D2 9.15 1.62 0.88 11.65 11.32

¥ deflection before bond broke
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(b) Plated beams: The elastic deflection is calculated
using the transformed area method. Two methods were employed to
calculate flexural rigidities. In the first, the whole depth of
the section is used, whereas in the second the depth of concrete in
the tensile zone is neglected. Shear deflection is neglected because
the shear stress in the slab, which resists almost the whole of the
vertical shear, is vePy small and the shear deflection is found to
be less than 2 per cent of the bending deflection. Average experi-
mental values of Es and EC for the beams having the sume cross-

section area were used for calculating bending deflections.

The calculated elastic deflections are shown along with
the experimental deflections in Figures 105, 109 and 115. At smaller
loads the experimental deflection follows fairly closely the calcul-
ated deflection, but as the load increases, the deflection increases
more rapidly. This is due to the stress-strain characteristic of
concrete and to the cracking at the bottom of the concrete slab at

higher loads.

The increase in doflection due to incomplete interaction
can be calculated using the theory for incomplete interaction as
outlined in section 2.2, but this deflection is very small compared

to the total deflection and has, therefore, been neglected.

(c) Composite plate: The elastic deflection for a patch load
at the centre is calculated using expressions (29a) given in section
2.2, after substituting appropriate values for u, v, x and y.
Poisson's ratio is assumed to be the same for both steel and concrete
and is taken to be equal to 0.3. Experimental values of Young's
modulus for steel and concrete are used. The value of D was calcu-
lated for both uncracked and cracked sections and deflections

calculated accordingly.
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The elastic central deflection for load at the centre
based on D of the uncracked section is shown along with the experi-
mental deflection in Figure 127. At smaller loads, the experimental
deflection is very close to the calculated deflection, but as the
load increascs deflection increases more rapidly due to cracking of
concrete, non-linearity of stress strain relationship of concrete

and the decrease in vlaue of D with increase in modular ratio.

In the failure test the central deflection is equal to the
theoretical elastic deflection based on the plate stiffness of the

cracked section and m = 15.

6.2 Ultimate Moment

(a) Composite beams: Two methods are used to calculate the
ultimate moment. In the first, the stress distribution in the
concrete at failure is assumed to be equivalent to a constant
compressive stress of 0.85 times the measured cylinder strength of
concrete, and in the second the stress is assumed tc be equivalent
to a constant compressive stress of four-ninths of the measured cube
strength. The steel is assumed to be at its measured yileld stress
in both methods. The first method is based on whitney's distribu-
tion and the sccond is as recommended in the draft CP1l7. The
plastic neutral axis may lie in the concrete slab or in the steel
beam. Figure 2 shows the assumed stress distributions and also the

expression for ultimate moments for all cases.

The ultimate moments of the composite beams were calcu-
lated using the above methods. Dead load was neglected in
calculating the ultimate load as this produces less than 0,6 per
cent of the ultimate moment. The calculated and experimental

ultimate loads for each beam are shown in Table 8. The ratios
Experimental

Caloulatod ultimate load are a2lso shown in the table.
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The ultimate moments based on wWhitney are slightly higher
than those calculated according to CPll7. Except for grooved wnd
Durbar flanged beams and beam B3, the ratio of experimental to
calculated ultimate load based on CP1l7 varies from 0,99 to 1.06.

It should, however, be remembered that all these beams except Al and
D1 failed by failure of shear connectors, which werce designed on the
basis of the nominal yield stress of the beam. When based on the
actual yield stress of the steel, the nominal load per conncctor at
ultimate lozd was 176 per cent of the ultimate connector capacity in
beams of group A and 123 per cent in beams of groups B and C. The
calculated ultimate load was, nevertheless, obtained. In the
roughened flanged beams crushing of concrete had occurred before the

maximum load was reached.

Higher ultimate loads achieved in grooved and Durbar flanged
beams may be attributed partly to the better interaction achieved in
these beams. The considerably higher ultimate loads attained in
beams Al, A3, A4, B6 and D1 is due to the stress-strain character-
istic of the steel. The ratio Ssh/ay for the bottom flange of these
beams is very small so that strain hardening occurs soon after the

yield strain «nd so increases the carrying capacity of these beans.

In beam BY7, where the studs were covered with flexible
latex at the base to prevent them from resisting any shear, the
calculated ultimate moment was attained by virtue of strain harden-
ing. It can, therefore, be said that in composite beams the
calculated ultimate moment can generally be attained even with the
minimum number of shear connectors. A higher ultimate moment can,

however, be achieved with better interaction.
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(b) Plated beams: The methods used for composite beams are
also used for calculating ultimate moments in plated beams, using
cxperimental values of yield stress for steel and cube and cylinder
strengths of concrete. The calculated and experimental ultimate
loads along with the ratios of experimental to calculated ultimate

load for each beam are given in Table 10.

The ultimate moments calculated using the two methods
differ considerably. In beam PB2, which is the extreme case, the
calculated moment based on cube strength is 31 per cent lower than .
the calculated moment based on cylinder strength. This veriation
is considered to be mainly duc to the variations in the ratio of
experimental cube strength to cylinder strength of concrete. To

obtain the same ultimate moment from these two methods the ratio

cylinder strength
cube strength

low. 1t shoula, however, be remembered that four-ninths of the cube

will have to be equal to O.52 which gpparently is

strength is chosen to put a higher safety factor on the concrete than
on the steel. The experimental ultimate load in PB2 was 2.4 tons
ezgainst calculated ultimate load of 1.89 tons, based on cube strength,
and 2.74 tons, based on cylinder strength. The maximum stress in
steel estimated from measured strain was 13.0 t.s.i. at a load of
2.40 tons. assuming a linear variaztion of steel stress with load,
this would give a stress of 10.2 t.s.i. at ultimzte load based on cube
strength, and 14.8 t.s.i. at ultimate load based on cylinder strength.
For the beams considered here, ultimate moments based on cylinder

strength will therefore be used for comparison.

In beams PB2 and PB3, experimental ultimate loads were
0.88 and 0,86 times the respective calculated ultimate loads.
Failure in these beams was due to shear failure of concrete in diag
diagonal tension. In all other beams with increased length of studs
spaced at distances equal to the lever arm of the section, this

premature shear fzilure was prevented. In beams PB4, PBS5 and PB6,
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with shear connectors designed at 150, 100 and 50 per cent of their
ultimate capacity réspectively, the ratios of experimental to
calculated ultimate load were 0.70, 1.06 and 1.23 respectively. It
is thus seen in plated beams that «t least a sufficient number of |
connectors to resist the total horizontal shear is nccessary to
attain the calculated ultimaie moment. In beam PB8, where the rough
face of Durbar pl.te was in contuct with the concrete slab, the ratio
of experimental to calculated ultimate load was 1.29 us against 0.89
in beam PB?7 which had the same number of connectors but with the
Durbar plate inverted. A better interaction is, therefore, found to

increase the ultimate load.

{c) Composite plzte: The theorctical collapse load in & simply
supported isotropic square plate subjected to 2 point load at the
centre is EEP&) where Mp is the ultimate moment per unit width of the
section. Mp has been calculated in the same way us for plated beams
using cxperimental values of unigxial yield stress of steel and
uniaxial cube and cylinder strengths of concrete. The ultimate load
so calculated is 26.1 tons when based on cube strength and 26.9 tons
when based on cylinder strength. The experimental ultimate load was
26 tons, but failure was due to locul shear foilure of the concrete
at the loading pad, so that the flexural failure load was not

determined.

6,3 Slip

(a) Composite beams: Elastic distribution of slip for
incomplete interaction is calculated using equation (13) given in
section 2.1. Figure 147 shows the slip distribution at loads of 1.5,
2.5.and 4.0 tons in the quarter scale beams hoving studs designed at
100 per cent of capacity. The values of Es’ EC and k used were

13.400 t.s.i, 3.64 x 106 P.Sei. and 200 tons per in. respectively.
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Slips measured at the end and at quarter span in beam B4 (without
bond) at the same loads are shown for comparison. There is good
agreement betwecen experimental and theoretical slips up to 2.5 tous,
but at higher loads the experimentel slip is relatively higher.

This is due to the decrease in k as the lowd increases.

A revised slip distribution at 4.0 tons using a connector
modulus which will epproximately correspond to the average load per
connector at this load is shown in dotted lines in the same figure.

This was obtained as follows. The axial force F at midspan for
incomplete interaction at 4.0 tons was calculated using k = 200 tons

per in. wund the averzge load per connector was then obtained. From

the load-slip curve obtained from the push-out test the slip corres-
ponding to this load per conncctor was estimated, and a new value of
connector modulus was obtained. Using this new value of ka revised.ﬁlip

distribution was obtained which agrees faily well with experimental values.

A study of the experimental slip distributions in beams BL,
B5, B5 and B4 (Figures 68 to 71) shows that the slip distribution is
fairly uniform along the beam up to the yield load of 4.0 tons.
Beams B4, B5, BS6 and Bl show gradually smaller slips in that order.
As the load increases beyond yield, the.shape of the slip curve along -
the beam also changes and at ultimate load the slip distribution in
beam Bl with V-grooved flange becomes very similar to the interface
shear distribution for complete interaction, whereas in beam B4
(without bond) the slip distributicn still remains fairly uniform
except at the central portion. It may therefore be said that as the
degree of interaction increeses, the slip distribution along the beam
approaches the shupe of the interface shear distribution for full

interaction.

If slip is an indication of the load carried by a connector,
then the load distribution between connectors in beam B4 is nearly

uniform at all stages of loading, including the ultimate load.
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It appears that there is redistribution of shear due to flexibility

of the connectors until the sheur resisted by cach connector is
nearly the same. It follows, thercfore, that when flexible connectors
are uscd, the total number of connectors is more important than their
distribution. This was also brought out by the similar behaviour of

(29)

beams tested by Balakrishnan under uniformly distributed load

having uniform and triangular distribution of conncctors.

When the degree of interaction achieved is very high, such
as 1s obtained in V-grooved flanges, the slip is very small. For
small slip the interface shear will not be much different from inter-
face shear for complete interaction. If it is assumed that the
interface shcar is the szme as that for complete interaction in beams
with V-grooved flanges, then assuming & constant modulus k, the slip
distribution along the beam can be calculated at ultimate load from
the known interface shear for complete interaction at that load.

The slip distribution so calculated is shown in Figure 148. The
interface shear a2t the calcul ted ultimate load of 6.35% tons is
calculated using the method set out in section 2, using fy = 20,98t,s.1.
and fé = 4700 p.s.i., which are the average of experimental values
for all the quarter scale beams. & valuc of k = 550 tons per in.
obtained from push-out tests (Figure 19) for f% in. dia. studs on
V-grooved flanges is used. The measured slips in beam Bl at 6.5

tons are shown for comparison, The experimental slips agree reason-
ably well with the calculated values, considering that the calculated
connector load for a length of about 9in., from midspan is higher than
the limit of proportionality of the load-slip curve of the appropriate
push-out test.

Slip causes a strain difference between the concrete slab
and steel beum at the interface., This strain difference then reduces
the resisting moment of the composite scction. Calculations show,

however, that the roduction in resisting moment due to strain difference



172.

in a normal composite beam with adequate shear connectors is small.
Considering beam B3 with studs designed at 100 per cent (natural
bond) the maximum strain difference recorded near the ultimate load
was 54 x 107%, Using this maximum strain difference, a strain
distribution across the composite section can be obtained using the
idealised stress blocks for concrete and steel (Figure 3) with

fy = 20.98 t.s.i. and fé = 4700 p.s.i., such that the resultant axial
force is equal to zero. The resisting moment of the section is then
obtained from this calculated strain distribution. The resisting
moment obtained from such a calculation is 1l per cent smaller than
the resisting moment for full interaction for the same top concrete
strain. The reduction in total axial tension, however, is 39 per
cent, This smaller loss in resisting moment is possible because the
centre of gravity of the tension in the steel beam moves down, thereby

increasing the lever arm andcompensating for the smaller axial force.

The reduction in the total axial tension in the steel beam
reduces the load per connector by the same percentage. Because of
this reduction, the small loss in resisting moment due to loss of
interaction; and the effect of strain hardening, beams A4 and AS
attained their calculated ultimate moments before failure of shear
connectors occurred, in spite of the design load of the shear
connectors being as high as 176 percent of their ultimate capacity

when based on the actual yield stress of the steel beam.

It may also be mentioned here that in a simple composite beam
with two point loads applied symmetrically about the midspan, there
exists interface shear in the '"mo shear" zone due to incomplete

interaction, and slips are observed in this zone.
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(b) Plated beams: The elastic slip distribution for
incomplete interaction has been calculated using equation (58) given
in section 2.2. Figure 144 shows the theoretical slip distribution
at various loads for plated beams PB4, PB5 and PB6 with studs designed
at 150, 100 and 50 per cent respectively. Values of Es’ EC and k
(obtained from push-out test for appropriate stud diameter) used are
13,400 t.s.i., 3.64 x 106 p.s.i. and 150 tons per in. respectively.
Slips obtained from experiments at various locations are also shown
for comparison. At lower loads, the experimental values agree
reasonably well with the calculated values but at higher loads the
experimental values are found to be higher than the calculated
values. The decreased connector modulus at higher loads may be a
reason for this. In addition, the experimental slips near midspan
are greater than those near the support. The tension cracks deve-
loped near midspan may cause greater slip to be recorded in the

central portion of the beam.

Theoretical slip distributions for incomplete interaction
along with experimental slips for beams PB7 and PB8 are shown in
Figure 150. Values of Es’ Ec and k used are 13,400 t.s.i., 3.64 x 106
P.s.i. and 290 tons per in. The experimental values are much
scattered in both these specimens with smaller values in PB8 (due to
Durbar plate projections) than in PB7. Like PB4, PB5 and PB6, the

experimental  slips are higher near midspan than near the supports.

(c) Composite plate: There is no theoretical solution
available for calculating the slip distribution for incomplete inter-
action in a composite plate. However, if it is assumed that the
interface shear for incomplete interaction is the sameas the interface
shear for full interaction, and assuming the slip to be proportional
to the interface shear, then it is possible to calculate the slip
distribution in the composite plate if the interface shear distribution

for complete interaction is known.
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For the composite plate tested under a central load
distributed over an area 7%ina X L%ino, the interface shear is
calculated using equations (30), (31) and (24) and a lever arm
equal to 2in. The slip distribution along the two major axes is
then calculated using a value of k equal to 150 tons per in. The
slip distribution so obtained for a load of 10 tons is shown in
Figure 151 together with the experimental values. It will be
appreciated that the slip distribution calculated in this way will
be only approximate since there will be some redistribution of shear

due to incomplete interaction.

The general agreement is reasonably good, considering the
approximate nature of the calculation. The observed slip along AP
(Figure 151) is higher than the calculated values. The estimated
load per connector at one-third span based on the interface shear
distribution for complete interaction is 0.28 ton, which cofresponds
to a comnector modulus of 105 tons per in. (Figure 21), compered
to the assumed value of k = 150 tons per in. There is also the
possibility of the interface shear curve moving away from the centre
due to incomplete interaction, which will then result in a greater

shear at one~third span and hence greater slip.

The distribution of slip along the edge is shown in
Figure 152. The general shape is very similar to the interface
shear, although the experimental slips are lower than the

calculated values.
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6.4 Uplift

A theorctical expression for differential deflection
bétween the slab and thé beam (uplift) has been given in section
2.3. The uplift in beam D2 calculated on the basis of this theory
for a point load at midspan is shown in Figure 13. A value of
115.5 tons per sq. in. is assumed as the foundation modulus in this
calculation. It has been assumed in this investigation that the
foundation modulus is constant and operates in both directions.

But in actual practice, the slab can not have a greater deflection
than the beam and hence there may not be any negative uplift in

the portions AB and CD of the beam. Uplift will occur in the portio
portion BC of the beam. Uplift readings from experiments confirm
the gencral shape of the curve. The recording of negative uplift
near the supports may be due to initial scparation of the end of
the slab from the beam due to shrinkage, followed by the gap

closing under load.

If y is the uplift at any point along the beam, k is the
foundation modulus, s is the spacing of studs in pairs, thgn the
uplift force or the axial force per commector is equal to X%E H
and the axial strain in the connector is equal toé%%i where A is
the area of cross-section of the connector. The ® axial strain
in studs along the beam D2 for a load of 10 tons at midspan was
calculated using the above expression and the thecretical uplift
distribution. The axial strains so calculated are shown in Figure
153. Strains were measured on studs at several locations along the

. 1, , .
beam D2 using +in. long resistance strain gauges. I1f the strains

4
in a pair of gauges on a stud are €, and €, tgen tge axial gnd
L 2t 46 1- 5
bending components of the measured strain are 5 and —

respectively. The axial strains so obtained from measured strains
are also shown in Figure 152. The experimental strains also confirm

the general shape of the theoretical strain curve, with compressive
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strain near midspan, compressive strains near the supports and

tensile strains in between these two regions.

6.5 Ultimate capacity of connectors (becam and push-out tests)

The ultimate cap~city of a connecter in a beam test has
been calculated assuming that all connectors carry equal loads just
before failure. This assumpticn is reasonable for beams with or
without natural bond, as the slip distribution along such beams is
nearly uniform at cor near ultimate load (Figure 71). The total load
carried by the connectors just before failure is equal to the total
axial tension in the steel beam at midspan and is calculated from
the strains measured across the section just before failure. The
appropriate stress strailn curve obtained from coupon tests is used
for this purpose. The ultimatc capacity of the connectors is then
obtained by dividing this axial tension by the total number of
connecters in one half of the beam. The ultimate capacity of
T%in, dia. x lin. long hecaded studs cbtained from beams with or
without natural bond is given below. The ultimate capacity of such
connectors obtained from push-out tests is 1.08 tons per stud with

bond and 1.00 tens per stud without bond (29>°

Quc (bcam) Quc(PQO) Quc(beam)

Beam Flange Surface (tons) (tous) 6;;?5?677
A4 Natural bond 0.96 1.08 0.89

A5 Bond destroyed 0.88 1.00 0.88

B3 Natural bond 1.10 1.08 1.02

B4 Bond destroyed 0.93 1.00 0.93

B5 Resin and aggregate 1.00 1.08 0.93

B8 Natural bond 1.11 1.08 1.03

Ccl Natural bond 0.97 1.08 0.90
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The strains at midspan were measured using a demountable
mechanical gauge of 8in. gauge length. This gauge length was rather
long compared to the span c¢f 60in. The actual strain at the midspan

could, therefore, be higher than measured; this would result in a
Quc (beam)

Quc (P-0.)
However, the agrecment between the ultimate capacities obtained from

slightly grcater axial tension and a higher ratio.

beam tests and push~-out tests appears to be reagsonably good.

In the beams with grooved flanges, the degree of interaction
achieved is very high so that the interface shear distribution is more
similar to the interface shear for complete interaction. The apparent
load per connector at failure is, therefore, much greater near midspan
than in the rest of the beam length. This results in a lower value
of Qe (beam) when calculated in the way described earlier than the
actual maxirmum value. Nevertheless a study of the results in the
table below shows that the ultimate capacity obtained from beam tests
is higher than the ultimate capacity cbtained from corresponding push-
out tests. This may be due to the fact that in push-out tests with
grooved flange surfaces, where the slip is very small up to about
80 per cent of the ultimate load, the load may be resisted mostly by
the grooves and the studs in the top half of the specimen with very
little or no resistance offered by the lower half, so that the average

QUC obtained is again smaller than the maximum value.

In the Durbar flanged beam, where the interaction was fairly
good, the value of Quc (beam) obtained seing the above method will

alsc be smaller than the maxinum value of Quc (beam). But the much
Quc (beam)
Qe (P.0.)
plate per connector provided in the beam is 36 per cent less than

lower ratio is due to the fact that the area of Durbar

the area provided in the corresponding push~out specimen.
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Quc(beam)
QUC<P°O°) Such oz

Beam Flange surface Que(beam) Quc(P.0.)
(tons) (tons)
A2 .fgino X %Eina greooves 1.84 1.53 1.20
1. 1,
A3 3510 X gzin. grooves 1.56 1.25 1.25
1. 1.
Bl Tgin- x 33in. grooves 1.51 1.53 0.99
1. 1.
B2 3710 X gzin. grooves 1.48 1.25 1.18
B6 Durbar plate 1.29 1.63 0.79

The ul;imate capacity of %in. dia. x L%inn long headed
studs as obtainad from beam D2 was 3.66 tons against 3.0 tons obtained
from the pushe-cut test. This higher Quc(beam) to QuC(Pooob ratioc is
mainly due tc the difference in concrete strength, as discussed in

sectiocn 4.2.

The table below gives the ultimate capacities of connectors
obtained from piated beam tests and corresponding push-cut tests.
The ultimate capacity of a connector in a plated beam test is obtained
in the same way as in composite T-becams. It may be mentioned that the
lengths cf studs used in the plate beams were different from those

used in the push~out tests.

Nature of D12 Of Q. (bean) Que(P°0°) Quc(beam)

Specimen stud A Quc(P.0.)
Interface (in.) (tons) {tcns)
PB4 Plain face = 0.49 0.51 0.96
8
and natural 1
PB5 bond 3 0. 54 0.51 1.06
PB7 % 1.66 1.75 0.95

The agreement between the ultimate capacities obtained from
plated bcam and push-out tests is good, within + 6 per cent. The
ultimate capacity of & connector does not appear to be much affected
by the cracking of concrete, although greater slips were recorded

near midspan in plated beams due to cracking.
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The table below shows the maximum end slips recorded in
beams in the load increment immediately before failure. Alongside
is also shown the average slip at which the load was fairly stable
before failure in push-cut tests. Figures within brackets give the
percentage of ultimate load at which the given slips were recorded.

The results are for f%ino dia. x lin. long headed studs.

I:Iax° end slip Slip in P.0. test P.0.
pean o ?iiﬁﬁes) (inches) specimen
A4 0.0341 (98.5) 0.0369 (95.4) P3D1
A5 0.0374 (98.4) 0.0409 (97.8) P3D2
B3 0.0337 (100)
B4 0.0338 (99.2)
B5 0.0326 (98.5)
B6 0.0254 (99.4)
B8 0.0337 (97.5)
ci 0.0373 (97.6)

Near the ultimate load the slip increases at a very rapid
rate so that the slip at actual feilure could not be recorded.
Maximum end slips reccorded in load increments immediately before
failure are failry consistent and agree fairly well with push-out

results.
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6.6 Bond Stress

Failure of natural bond in a composite T-beam is often
indicated by a slip sound accompanied by the sudden occurrence of
slip; but in some cases slip is recorded even before such a sound is
heard. 1In such cases a slip of 0.0005in. is taken as the slip at
which the bond is considered to have failed. In either case the
failure of bond occurs before the beam reaches the yield load, so
that the bond stress can be calculated on an elastic basis using

the transformed area method.

The bond stress at any point at the interface is equal to

the shear stress and is given. by:

!
sziv%”
where fb = calculated bond stress
V = total vertical shear at that section
M! = moment of the transformed slab area about N.A.
I = moment of inertia of the transformed section
and b = width of the steel flange.

In a plated beam, the bond stress is similarly given by:

\'
fb T jdxb
where jd = elastic lever arm of the section

b = width of the steel plate

The values of bond stress calculated using above expression
in composite T-beams for loads at first slip sound and at first
significant slip are given in Table 8. The smaller of these two
values may be taken as the effective bond stress, and is given

below.
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Load at

Beam Number of studs bond zz?d bond stress
a er ob stu failure ? s;si cylinder strength
| (tons) pSL.
A4 32 2.63 401 0.085
B3 44 3.45 527 0.096
X 3

B7 44 }Igin. x lin. 1.50 228 0.045

B8 44 2,50 378 0.083

cl 44¢ 3.00 473 0.117

D2 56- %in. x l—éin° 10.00 317 0.065

H ,
stud roots covered with latex

Except for beam B7, where the base of the studs was
covered with flexible latex, the calculated bond stress varies from
317 to 527 p.s.i. The concrete cylinder strength of these beams
varied from 4550 to 5500 p.s.i. These results agree reasonably well
with the results obtained by Balakrishnan <29). Of twelve full
scale composite T-beams tested under a central point load, a slip
sound was not heard in three, one showed very low bond stress,
whereas the rest showed a bond stress varying from 286 to 403 p.s.i.,
a variation from 0.067 fé to 0.117 fé, where fé is the concrete
cylinder strength. The cylinder strength for these beams varied
from 2650 to 4740 p.s.i. In the four composite T-bcams tested at

(24)

the bond stress at first slip sound was found to vary from 236 to

Lehigh University under two point loads applied symmetrically,
298 p.s.i., a variation from 0.067 fé to 0.084 féo The average
cylinder strength was 3540 p.s.i.

0 Considering these results an ultimate bond stress of
0,§5 fé for concretes having cylinder strength varying from 3000 p.s.i.
to 5500 p.s.i. may be accepted for composite T-beams with an adequate

number of shear connectors.
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In the case of plated beams, the load at first significant
slip is found to be either equal to or smaller than the load at the
first slip sound. The bond stress, therefore, is calculated only
for loads at first significant slip using the expression described
earlier, and is given below.

Load at first Bond Bond stress

Beam Studs siisnif2§2::) ?;Zi?; Cylinder strength
PB2 2 - in. x lin. 1.0 102 0.024

PB4 36 - %ina x 2in. 0.9 80 0.022

PB5 54 - -é-in° X 2in. 1.0 89 0.026

PB6 108 - sim. x 2in. 1.25 111 0.029

PB7 36 - %in. % 3%1“0 3.0 117 0.033

The bond stress in plated beams is found to vary from
80 to 117 p.s.i., a variation from 0.022 fé to 0.033 fé s, where fé
is the concrete cylinder strength. This is much smaller than the
bond stress in composite T-beams. The fact that the concrete is
in tension near the interface may be a reason for this. These
values compare very well with the findings of the University of
Illinois <30)p1ated becam tests. The calculated bond stress at first
significant slip which was also taken as a slip of 0.0005in. for ten
plated beams using studs of diameters %in., ginc and %ina was found
to vary between 81 p.s.i. and 121 p.s.i., a variation from 0.01l6 fé

to 0.039 f!.
c

In beams with mechanical bond such as is provided by
Durbar plate or V-grooved flanges, no definite slip sound was heard.
Load at first significent slip is, therefore, taken as the load at
failure of bond. This load was, however, found to be greater than
the yield load in the grooved flanged beams, so that the elastic

method based on transfermed arez can no longer be applied to
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calculate the bond stress. The total axial tension in the steel
section at midspan is calculated using the appropriate stress strain
curve and.the bond stress is evaluated by dividing this total axial
tension by the interfacc area cn one half of the beam. The bond
stress so calculated in V-grooved flanged beams is given below.

The same method is used in Durbar flanged beams, even though the
loads at first significant slip in these beams are lower than the
yield loads. The load carried by the studs is neglected for this

purposc. Mech.

load bond

(tons) stress Mech. bond stress
(psi.) Cylinder strength

Beam Flange surface Studs

1. 1. 3. o1
Al gin x gin grooves 32~Tgln x lin 5.50 853 0.190
A2 -Lin b ;Lin grooves 32w£Lin x lin 4.50 800 0.170
16 32 16 : :
A3 —2in x —-in grooves 32-<in x li 5.00 708 0.156
32 * e & 8 Jefetnt x MmO .
Bl ;Lin X ;Lin grooves 44-£Lin x lin 5.00 860 0.185
16 32 16
B2 J;in x-i-in grooves 44-£Lin x lin 5.8 1009 0.179
32 64 16 °
3. 3. .
B6 1gin- Durbar plate 44~Tgln % lin 2.9 493 0.123
3. 3. 1
D1l gin. Durbar plate 56~ gin x Liin 7.5 293 0.046

A study of the bond values obtained from beams Al, A2 and
A3 shows that the bond stress increases with the increase in size
of grooves, but the increase is not in proportion to the size of the
grooves. An increase in the total number of studs also increases
the bond value. The bond stress is lower in beam Bl than in B2, but
compared to the cylinder strength the bond value in beam Bl is
relatively higher. The bond stress obtained from the Durbar flanged
beams is rather low. The projections behave more as shear connectors.
The effective shear resistance of the Durbar plate is much higher, as

will be shown later.
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The maximum shear resistance offered by the different
types of mechanical bond is calculated as described on page 115.
taking account of the resistance of the shear connectors. The

values so obtained are given below.

Max. total Average
Beam Flange Surface Studs §hear mechanical
resistance bond
“(tens) (psi.)
1, 1. 3. .
Al gin x {pin grooves BZ-TEIH x lin 23.91 1020
Bl #Lin X —Lin rooves 44 iLi ¢ lin 21.30 910
16 35in groove ~Tgin x .
B2 ‘=sin x --in grooves 44-2rin x 1i 20.75 885
351in ¥ gzin grooves ~1gin x lin o
3 3. .
B6 <=—in. Durbaor plate  44~==in x lin 13.13 560
16 16
3. 3. 1.
D1 gin. Durbar plate 56~ gin x Liln 50.14 520

The actual maximum shear resistance could be much higher
than the average values given abcve, since the loads at which these
maximum values occur are very ncar the ultimate loads (except the

Durbar plated beams)-.
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6.7 Shear and Punching Shear Stress

The shear stress in plated beams was calculated on the
basis of simple theory for reinforced concrete design. The elastic
lever arem based on cxperimental values cf Es and EC was used for

this purpose. The shear stress so calculated is given belcw.

Bean Studs Max. shear Shear stress
stress at ult.load Cylinder strength
3 1b./in.2
PB2 24 - Tginn % lin. (Natural bond) 244 0.057
PB3 24 - %ino x lin. (Bond destroyed) 228 0.057
PB4 36 = <%in. % 2in. (Natural bond) 183 0.050
PB5 54 - <%inn x 2in. (Natural bond) 256 0.074
PB6 108 - 3in. x 2in. (Natural bond) 323 0.086
PB7 36 - z];-in° x® S%inc(matural-bond) 212 0.060
PB8 36 - %_—in° ps B%in(Durbar plate)’ 302 C.C86

Shear failure occurred in beams PB2 and PB3. In all other
beams which were provided with studs of length and longitudinal pitch
equal to the clastic lever arm of the section, shear failure did not

occur.

In the ccmposite plate, the shear stress per unit area is
calculated using expressions (30), (31) and (24) given in section
2.2, after substituting appropriate values for u, v, %, y and p.

The lever arm jd is calculated using experimental values of E._ and Ec°

At a central lcad of 26 tons spread cver an area 6in. x 6in.,
the maximum shear stress sc calculated occurs at the face of the loading
pad and along either of the major axes and is equal to 1040 p.s.i. The

maximum shear could be smaller due to incomplete interaction.
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If the connectors are assumed to act as shear reinforcement
then the stress in the connectors obtained using equation (13) given
in CP 114, clause 316, are as follows. In this equation the shear

resistance of concrete has been neglected.

Specimen Tensile stress in stud at ult. load
(toseis)
PB2 34.8
PB3 32.5
PB4 39.9
PB5 37.2
PB6 24.2
PB7 37.0
PB8 25.0

A similar figure for the composite plate in a stud subjected
to the maximum shear cutside the loading pad for complete interaction
is 125 t.s.i. The actual value, however, could be much smaller, due
to incomplete interaction. It may, however, be pointed out that the
above figurcs arc the same as the average shear stress in the

connectors calculated from the lcad carried by them at ultimate load.

The punching shear stress in the composite plate is calcu~

lated using the expression £ R

P ¥ bxd
where b is the effective periphery and d is the effective depth
of the punching resisting surface. Taking )b equal to the periphery
of the loading ped and d equal to the full depth of the concrete slab,
the calculated punching shear stress at failure (26 tons) is found to
be 971 p.s.i.
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6.8 Criterion of Failure in Plates

To predict when failure will occur in a material with
complicated stress conditions, various strength theories have been
developed. By failure of the material is meant either yielding or
actual rupture, whichever occurs first. A brief description of the
various strength theories is given below. In this discussion
tension is considered positive, compression negative and the
principal stresses by which the stress condition in & body can be
completely determined are considered to be algebraically such that
o, > 02> g

(a) The maximum stress theory considers the maximum or minimum
principal stress as the criterion of failure. For a ductile material

this means that the failure occurs when

S = ]

o, o, or l oy 7}
where 0& = yield stress in tension and
0; = yield stress in compression.

(b) The maximum strain theory considers the maximum (maximum
tensile) and minimum (maximum compressive) strains as the criterion
of failure. Equating the maximum and minimum strains to the corres-

ponding yield strains, the criteria of failure are:

o) - ju(62+03) = cy
O3 = plop +0,) = a

(¢c) The maximum shear theory assumes that yielding begins when
the maximum shear stress in the material becomes equal to the maximum
shear stress at the yield point in a simple tension test. The

criterion of failure, therefore, is:

g, - O (e}
- | 3 _ X
max 2 2
01-03=0y
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(d) In the maximum strain energy theory, the quantity of strain
energy per unit volume of the material is used as the basis for
determining failure. Equating this energy to the energy at yielding

in simple tension, the criterion for yielding becomes

2
o
12y 02402 o 2L "
B (Ul + 0, + 0, ) - 3 (6162 + 0,0, + 0'30'1) = .
2 2 2 _ 2
or, Ul + 02 + 03 - 2p (01(72 + 0203 + (7361) = Uy

(e) Another strength theory, first proposed by Huber, is based
on the strain energy of distortion. Equating the distortion energy
to the strain energy at yielding in a simple tension test, the

condition for yielding becomes

2 2 2 _ 2
(Ul - 02) + (cr2 - 0" + (03 - Ul) = ZUy
This theory based on the distortion energy is the one most commonly
used for determining failure of ductile material having a pronounced

yield point stress in simple tension.

In the composite plate subjected to a central load spread
over an area 6in. x 6in., the principal stresses in the steel plate

at the centre are:

o, = 0, (from symmetry) and gy = 0.

The conditions for yielding from different theories are:

(a) Maximum stress theory 0, = g& = O&

(b) Maximum strain theory o, = =—4— = 1.4286 O
1 L = p y

c) Maximum sh th g, = o} = 0O

(c) Maximu ear theory 1 % v

(d) Maximum energy theory o, = —L— = 0.8452 0&

2L -p
(e) Distortion ecnergy theory 0, = 0& = 0&

where Poisson's ratio jH is taken to be equal to 0.3.
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1t appears that the theories (a), (c) and (e) give the
same valuc of failure load, theoxy (d), i.e. the maximum energy
theory, gives a lower failure load,‘whereas the theory (b), the
naximum strain theory, gives a much higher value of load at which

yielding will occur.

The loads at which yielding will occur according to
different theories are given below. These are calculated on an
elastic basis using the experimental yield stress and the experi-

mental value of modular ratio.

Maximum stress theory 16.99 tons
Maximum strain theory 24.28 tons
Maximum shear theory 16.99 tons
Maximum energy theory 14.36 tons
Distortion energy theory 16.99 tons,

The experimental maximum principal strain was equal to
the yield strain at 23.5 tons but was almost linear with load up to
25 tons (Figure 136). 1t is therefore not clear whether yielding
had occurred. It appears however that the calculated value according
to the maximum strain theory shows bettexr correlation than the otherx

theories.
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CHAPTER VII

DESIGN

7.1 Composite Beams

In the design of composite beams the span and the
spacing of beams and the thickness of slab will be known beforchand.
The problem is only to design the steel beam and the shear connection.
Basically there are twc approaches, elastic and plastic. In either
approach, full interaction can be assumed and the stecl reinforcement

in the slab neglected.

(a) Elastic method. This method is based on permissible stress
in steel and concrete. The recommendation of the draft CP1ll7 is
considered reasonable. A smaller value of modular ratio than 15,
recommended in the draft Cpll7, may however be considered for
transient live load in view of the values of m cbtained from T-beanm
tests (the experimental values of m varied from 6.2 to 8.3). A

larger value of m shcould then be used for sustained load.

(b) Plastic method. The plastic design method recormmended
in the dreft PLl17 with a load factor of 1.75 and a maximum allowed
elastic steel stress at working load of 0.9 times the specified
yield stress is considered satisfactory in view of the high reserve
strength of a composite section. No limit for concrecte stress is
however specified in the draft CP117. It is thought that in a
conposite section having a larger bottom steel flange and a rela-
tively thin and narrow concrete slab, the maximum concretc stress
could be very high when the steel stress rcaches 0.9 times the
specified yicld stress. A limit for the concrete stress is probably

necessarye
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(c) Design of shear connectors. The ultimate load method
may be used for designing the shear connection, and this has been

proposed in the draft CPl17.

The effect of natural bond should be neglected, although
the natural bond produces very good interaction until bond brea:s.
The shear connectors may be designed to transmit the whole of the
horizontal shear using 100 per cent of the ultimate capacity. This
is considered safe up to the calculated ultimate moment because of
the reduction in total axial force at the section of maximum moment
due to loss of interaction. The draft CPl1l7, which uses 80 per cent

of capacity, appears to be conservative in this respect.

Composite beams with grooved flanges are presumably not a
practical proposition. Such beams were tested only to explore the
effect of flange roughening. In Durbar flanged beams an ultimate

shear resistance of 500 p.s.i. for the Durbar plate was obtained
stud area

Durbar plate arca

In view of the test results, a design for shear connectors using

with ratio of not less than 0.022 (Figure 39).

120 per cent of the ultimate capacity appears to be satisfactory

up to the calculated moment, provided the area of the Durbar plate

is less than 45 times the area of the studs.

7.2 Composite Plate

In the design of a composite plate for a bridge deck or
similar structure, the size of the panel and the boundary conditions
will be known beforehand. The actual design, therefore, is reduced
to the design of thickness of the concrete slab and the steel plate
and the number of shear connectors. Like a composite beam, the
composite plate may be designed assuming complete interaction. Two
approaches, elastic and plastic, may be used for designing a

composite plate.
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Design of slab (a) elastic method. The ordinary theory for

reinforced concrete design may be used for designing a composite
plate. The design dead load and live load moment is calculated
based on elastic theory for isotropic plates for assumed boundary

conditions.

When unpropped, the dead load, that is, the weight of
wet concrete, is considered to be rcsisted by the steel plate alone
and the live load by the composite section. Stresses due to live
load in composite section is calculated by the transformed area
method using a suitable modular ratio. The stresses so calculated
together with the stress in the steel plate due to dead load should
be within the permissible stresses for steel and concrete (B.S. 449
and CP114). 1t will, however, be seen that the thickness of the
steel plate will be governed by its capacity to carry the weight of
the wet concrete. Considering a simply supported panel of 12 ft.
be 12 ft. with a concrete slab of %in. thick, the plate thickness
required for an elastic balanced design is about 0.8 per cent of the
slab thickness (that is, 0.072in.), whereas a plate thickness of
0.432in. is necessary to carry the wet concrete at a steel stress
of 10.5 t.s.i. (small deflection theory). It is possible to reduce
the plate thickness required to carry the wet concrete by making
smaller panels using temporary supports while casting. 1In such
cases the compositc section may be designed to take beth dead and

live load.

(b) Plastic method. Two cases may be considered. In the
first the total design moment is calculated on an elastic basis and
the required ultimate moment is obtained using a suitable load factor.
In the second case, the total collapse load of the desired section
is first obtained using a suitable load factor from the known total
design load and then the required ultimatc moment is calculated

from the known plastic solution of the slab. Unfortunctely, plate
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solutions by plastic theory are known only for very simple cases.
A greater load factor is, however, necessary in the second case
than in the first, because of the higher vale of ;% (wp = the
collapse load and wy = the yield load) than the shape factor of

the section.

Having found the required ultimate moment, a section is
obtained by trial and error such that the calculated ultimate moment
of the section equals the desired ultimate moment. The ultimate
moment per unit width of a composite scction is calculated as shown
in Figure 2 . As the ultimate moment is independent of any intial
deformation or stress, design by plastic method can be done without
considering the stress in the plate due to wet concrete. The stress
in the stecl plate before the concrete has hardened should however

be within permissible limits.

For a normal composite plate subjected to uniform load,
the maximum shear stress is quite small; but when subjected to a
point or patch loads the maximum shear stress could be quite high.

In such cases the maximum shear stress neads to be investigated.

Design of shear connectors. For designing the number of shear

connectors in a composite plate the horizontal shear at the interface
must be known. The theory in section 2.2 gives a method for calcu-
lating the total horizontal shear at collapsc load & the interface
for a simply supported n-sided regular composite plate and also for
a simply supported rectangular composite plate when subjected to a
uniformly distributed load of intensity p. If Hp represents the
total horizontal shear at collapse load and Quc represents the
ultimate capacity of connectors, then the number of connectors,

Np, when designed at 100 per cent, is given by

H L.f .t
P Q Q

uc uc
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where L = freely supported boundary
t = thickness of the steel plate
fy = yield stress of the stecl plate
and Np = number of connectors when designed on plastic basis

In cases where plastic solutions are not known the
horizontal shear distribtuion at the interface is calculated using
elastic theory. The following procedure may be adopted. The
composite plate may be divided into a nuwber of smaller panels and
the resultant horizontal shear stress q is calculated at the centre
of each panel using equation (25) of section 2.2. Assuming this q
to be uniform over the arca of the panel, the total horizontal shecar
for the panel is calculated and will be equal to q x panel area.

The number of shear commectors for the pancl is then obtained by
dividing this total resultant horizontal shear by the design capacity
of the connectors. A similar procedure is adopted for all other

panels and the total number of shear connectors obtained.

A study of the number of connectors obtained from plastic
and elastic method where both plastic and elastic solutions are known,

lcads to the following results.

Consider a simply supported square composite plate of
side "a" and stcel plate thickness '"t' subjected to a uniformly
distributed load of inténsity p. The totel horizontal shear at the
interface at collapse is, from equation (36, éaefyoto, so that

the number of connectors when designed at 100 per cent is
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The number of shear connectors when designed on an elastic
basis is obtained using the methods set out earlier. The composite
plate has been divided into 64 square panels and the value of q, is
obtained at the centre of each panel using equation (25) ond Levy's
solution as cutlined in section 2.3. The number of connectors so

calculated when designed at 100 per cent is found to be

3
0.1734—~F5—
e Qchd

N

]

and at yield load, the¢ number of connectors

3
P a
N = 0.173#7;j%§-
y uc” y
where py = intensity of yield load
jdy = lever arm of the section at yield mcment.

The maximum moment for a simply supported square plate
subjected to a uniformly distributed load obtained from Levy's.

(31)

solution is

M = 0.0479 pa2
max

so that at yield load

M
2 -~Z———~ = 20.88 M
wy - pya - 0.0479 - ° y
0.1734 x 20.88 M xa 3.62 x £ .a.t
— Yy — y
and N = 0 ¥ = )
y ue * % uc
Hence
-—ER—— = -—&-’— = lclo

Ny 3.62
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This shows that the number of connectors cbtained at
collapse load from plastic design is only 10 per cent higher than
the number of connectors obtained at yield load from elastic design.
If it is assumed that the plastic lever arm is equal to the lever

arm at yield, then W 24 M

— : P _ P _
Mb = My and the ratio wy = 20.88My = 1.14.

This comparcs reascnably well with the ratio Np to Ny' Subject to
further checks in other types of ccmposite plates, the method of
calculating total horizontal shear at collapse, given in section 2.2,

and the design of shear connectors therefrom esppears to be reasonable.

It is therefore proposed that the total horizontel shear
at the interface to be tranmsmitted by the shear conncctors be
calculated using the method given in section 2.2 for simply supported
reguler or rectangular composite plateswhen subjected to uniformly
distributed load. For other composite plates the total horizontal
shear may be calculated using method outlined earlier from known
elastic solution at yield load. The number of connectors are then

designed using a suitable design load per connector.
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CHAPTER VIII

CONCLUSICNS

(1) The calculated ultimate moment, based on the experimental
yield stress and % of the concrete cube strength, was attained in
all quarter scale composite T-beams except one in which the
experimental ultimate moment was 99 per cent of the calculated
value. Natural bond was destroyed in this beam and the shear
connectors were designed at 138 per cent of their ultimate capacity.
In the beam with % in. X i% in. grooves and a 138 per cent design
for studs, the connectors did not fail and the calculated ultimate
moment was exceeded by 36 per cent. In all other beams failure
occurred by studs shearing off and the experimental ultimate moment

was greater than the calculated ultimate moment by amounts varying

from O to 20 per cent (Table 8).

(2) In the half scale composite T-beam with Durbar plate
projections at the interface, the connectors did not fail and the
experimental ultimate moment was 11 per cent greater than the
calculated value. In the other half scale beam with the plain face
of Durbar plate at the interface the experimental ultimate moment
exceeds the calculated value by 6 per cent. Failure was due to
failure of concrete around the studs; only two studs sheared off.

Both beams had 100 per cent shear connecctor design (Table 8).

(3) The quarter scale T-beam with % in. x i% in. grooves and
138 per cent design for studs recorded tensile yielding over the full
depth of the steel beam. Full plasticity in the qt;el beam was

obtained 1n the quarter scale T-beams with —glno in. and

35
Z=in. Xx g— in. grooves and 100 per cent design for studs. Tensile

32
yielding over the full depth of the steel beam also occurred in the
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quarter scale and the half scale beam with the Durbar flange and
100 per cent design for shear connectors. All the quarter scale
T-beams with or without natural bond and resin bonded aggregate at
the interface recorded compression at the top flange. In the beam
where the studs were covered with latex at the base, compression
yielding and tensile yielding occurred in the top and bottom flange
respectively (Figures 72 and 73).

(4) Strain heardening occurred in the bottom flange of all the
T-beams except twoj; the tensile test on coupons from the flange of
these two beams shows a very high %fﬁ ratio (Table 3).

y
(5) At working load the stress distribution and load-deflection
characteristic of a T-beam are affected only to a small extent by

the loss of interaction due to slip.

(6) The ultimate carrying capacity and the load-deflection
characteristic beyond yield load of a T-beam depends more on the
properties of the material than on the loss of interaction. The
load per connector at ultimate load, however, is greatly affected

by the loss of interaction.

(7) A very high degree of interaction was obtained in T-beams
with grooved flanges. A lesser degree of interaction was obtained
in the Durbyr flanged T-beams, whereas in the beam with resin bonded
aggregate at the interface, interaction was no better than the

interaction obtained in a similar beam with natural bond.

(8) In beams where bond has been destroyed the slip distri-
bution along the length, at loads lower than yield load, agrees well

with that obtained Irom incomplete interaction theory. In beams
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where natural bond has not been destroyed, there is little or no
slip until bond breaks; after the bond has broken, the slip is
greater near the quarter span region than at the ends, presumably
because of greater frictional resistunce at the supports. At loads
higher than yield load the slip distribution is fairly uniform in
beams where bond has been destroyed (Figure 71). with better
interaction, the shape of the slip distribution curve gradually
approaches the shape of the interface shear curve and when the
degree of interaction is very high, in beams with grooved flanges,
the slip distribution at ultimate loud becomes very similar to
the interface shear distribution for complete interaction a

collapse (Figure 68).

(9) Uplift in a T-beam is generally greater in the gquarter
span region. Negative uplift was also observed in the half scale
beams, presumably because of the initial separation of the slab
from the beam at the ends due to shrinkage, followed by the gap

closing under load.

(10) Uplift appears to be associated more with slip than with
the external load. 4t quarter span in the half scale beams, uplift
is proportiongl to slip (Figure 95), with greater uplift in the
Durbay flange than in the plain flange for the same slip. Similar
results were observed in both small and full scale push-out tests,
where separation was proportional to slip with greater slope for
the separation-slip curve in specimens with Durbar flange than with

plain flange (Figures 36 and 37).

(11) The calculated ultimate moment, based on the experimental
yield stress and 0,85 times the concrete cylinder strength was

exceeded by 6 per cent in the plated beam with 100 per cent design
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for shear conncctors, by 23 per cent in the plated beam with 50 per
cent design for shear connectors and by 29 per cent in the Durbar
plated beam with 100 per cent design for shear connectors; Shear
connectors did not fail in the last two beams. The length and
longitudinal spacing of shear connectors in thesc beams were equal
to the elastic lever arm of the section. In all other plated beams
failure occurred either by shear failure of concrete or by studs

shearing off at loads smaller than the calculated ultimate load.

(12) The loss of interaction greatly affects the ultimate
carrying capacity of a plated beam. Unlike T-beams, at least a
sufficient number of connectors to resist the total horizontal
shear at ultimate load is necessary to attain the ultimate moment.
Better interaction created by the projections of a Durbar plate

increases the ultimate carrying capacity.

(13) The shear resistance of the concrete slab in a plated
beam is increased by using the shear connectors at pitch and length

equal to the lever arm of the section.

(14) In the plated beams tested, slip is often greater near
midspan, presumably because of tension cracks which develop at the

bottom of the concrete slab near midspen.

(15) The ultimate value of bond stress obtained from plated
beam tests is about 30 per cent of the corresponding velues obtained

from T-beam tests.

(16) The ultimate flexural failure did not occur in the
composite plate. Failure occurred by local shear failure at 26.0
tons. The calculated ultimate load is 26.1 tons.based on % of the

concrete cube strength ond 26.9 tons based on 0.85 times the concrete

cylinder strength.
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(17) S1ip distribution at the interface in the composite plate
follows the general pattern of the interface shear distribution

bascd on complete interaction.

(18) The experimental yield load in the composite plate agrees

better with the yield load given by the maximum strain theory.

(19) The ultimate capacity of conncctors obtained from tests
in T-beams (with or without natural bond) and plated beams (with
natural bond) is very ncearly the same as obtained from push-out
tests (Tables 8 and 10).

(20) For the same total cross sectional area, studs of smaller

diameter have greater ultimate cupacity (Figure 39).

(21) For the same diameter and length, there appears to be no
difference either in useful or in ultimate capacity of threaded
studs with heads, threaded studs without heads, and plain headed
studs; the threaded studs, however, produce less total slip for the
same load. For headed studs of equal length and diameter, the
threaded studs show less total separation in pull-Out tests than

the plain studs.

(22) The limit of proportionality of load-slip curve in a push-
out specimen with grooved flange increases with the size of the
grooves. In push-out specimens, otherwise identical, the ultimate

load increases with increasing size of grooves (Figure 19).

(23) Holding down is necded to mobilise the shear resistance
of a roughened flange. The shear resistance of a Durbar flange
increases in a non-linecr fashion with the increase in the total

cross-sectional area of studs (Figure 38).
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(24) In small scale push-~out specimens with studs of diameter
f%in. or below, no crack in the concrecte slablwas observed; cracks
in the concrete slob, however, occurred with =in. diameter studs.
In full scale push-out specimens with %in. diameter studs, cracks
occurred in the concrete slab; no concrete crack was observed in
full scale specimens with %in. or %in. diameter studs.

(25) In the pull-out specimens with headed studs, failure
occurred due to concrete failure, whereas in the specimen with
threaded studs without heuads, failure occurred due to pulling out

of the studs from the concrete block.

(26) The failure load in a pull-out specimen with headed studs
appears to be proportional to tie area of the conical failure surface

(figure on page 93) and the tensile strength of the concrete.

(27) For all practical purposes, there is no significant
difference between the behaviour of T-beams with studs spaced uni-
formly, and spaccd according to the theoretical interface shear

distribution at collapse.

(28) A 100 per cent design for shear comnectors in T-beams
with natural bond and a 12C per cent design for shear conncctors
in T-beams with Durbar flange or grooved flange appear to be quite
safe up to the calculated ultimate moment. But failure may occur
duc to studs shearing off if the beam is subjected to moments

greater than the calculated moment.

(29) The bending strain in studs calculated on the basis of a
theoretical solution taking shear deflection into consideration
appears to agree reasonably well with the experimental values. The
inclusion of shear also explains why studs do not yield below the

ultimate capacity.
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ilorizontal shear distribution over the depth

of u scction in elusto-plastic stuge

Al expression is obtailned nere for calculating
norizontal shear distribution over tie deptn of « secidon waen
tue muwlerial of the section is purtly elustic wnd purtly plustic.

Tuo cases are considered,

The section is of hodiogencous meterial noving a

trapesoidal stress-strain relationship
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of the scciion. depresenting this by Ie’ we uave

&
m ) e = A
é__;i) _ M
2 A Ie . . (5)

bubstituting eyuation (5) in eguation (2), we have

2
_ dmx |
1 = dxxﬁjy“ﬁ
yI
_ V. Me
= 1

-00(6)

wiere v = Total-vertical shear at the section

= Moment of inertia of the elastic part of the section

= Moment wubout N,a. of the elastic area of the section
above the surfuace under consideration

q = horizontal shear/unit length on the surifuce at the section.
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The above e juution is velid for any secilon ol wuniogeneous
material with a tragezol .l stress block.  the vilue of '"n'' can be

calculated directly by equutbing the internal wud thw external moment.

The sectlon is « couwpouite section fully interconnected
and composed ol two uetericls @ wnd b, botu navia, trugezoidal
stress-strain relutivnship, cut with dificoent yield stresses und

yield uiruins s shown below

Material b
fyb o i
|
{
} | .
[ Material a
$§ya— l
g ya
; A
| |
i |
Ea !
i |
{ |
} t
eyb €ya Strom —»
. _E_b_ = m
Ea
€
Sk«
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// //

(Mx ) (Mf + AMy)

stress and strain distribution at two wecticns aB and
Ch, Ax apart, on the basis of eguivalent section in lerws ol uwaterial

a are shown in the above figure.

The expression for "g'" after rewriting equation (2)
N2
___.J21”2i:b__ 7:1%&{) y Z dy
yl
The expression (3) dftel rewriting:

(m{’b _m{yb> y sz + (fya ﬂa)y zdy = d My

R 2.

hz "14
But Ea — Ea — L
M2 ”4 ch
» m)ryb ‘Fya
n m



slmilarly,

™y tya

e "a
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wiiere v

I
ec

i

cl My {
ax

[s]

totul vertical shear

moment ¢f imertia of he elustic part of the equivualent

section tbout ii. .

moment of the elastic purt of the ejuivalent section

apove the surfi.ce under consideration about ..

It ma; be noted thut the expressions for g, the uorizoutiul

shear in a plane ut a cection wien the scection is purtly elactic and

peartly plastic, is similar to taat wnen the section is fully elasiic.
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Culculution of detflections in composite bewms

1. Complete interuction

(«) Deflection due to bending: cenling deflection ic nlculated
using siuple theory for beniing bused on trunsformed ures uscthod.
ilie transformed section of the concrele slab is obtained by dividing

the slav widtih by tue nmodular rutio, nm.

(b) Ddlection due to shear: ohear deflection is culculuted
ouly for tue snear regicted vy the cteel veum. The shear force

]
resisted by the steel beum is calculuted as followus:

S
© gc
——————O-QEAX -
- dx
MS dF %5
L—;:- 1=+3;A>< =
.1 Vs"'ca’\':jﬂx
o
¥ Y
| t + & l n
- -1 - -
1 | T
%5
d 4+ I 2




viidi

vonsidering tue e quilibrium oi an clement of the sieel

pewn oi len th Ax,

dd':s Ax + . oax + ddts -ax. Ax + :: ax. 9, = Q
Neglectiny the second order terus we lhiuve
Tt Vs v Ie, = o
or, % = %':'s' * g{_' ds
or numerically, Vo = Ci:ls + g:—qs e .. (10)

Considering the composite szction subjected to external wmoment H,

M Mg Mo
IS Ics ':ESIS :‘ECIC
. T
R Mg = M, L3 e . (D
IC\

Tne axial force F in the steel beam and in the concrete slaly which are

numerically tihe sawme, is

M .
Fo= 1 <t +9 - n). A (in the steel beam)
s N s S .
M Ac .
= Ic5<‘h—t * 3:)' “m (in the concrete slab)

from which, after simplificatian,
AC
M = Ag
Re
haag)

o=

: z
ICS AS -+

L] . - (12)

Substituting for F and M, in equaticn (10),
Ac
_ 4 = A
\/s = 4 ICS[IS-G- Ac-z.gs]
-m

e oo (13)



wi.ere Vo= tolal caternal clieur force
1 _ = mwoment of inertia of the trousformed composite section

moment of incrtia of tihe siteel section

i

AC and A_ ure the cross-sectional arcus oi tie slab und .he steel beanm.
~

sheur deflection is then culculuted assuming the sncur to
Le resisted unisormly by the web. For a beaw subjected to a centrul

point loud, the sheur defleclion at midspcn will be piven by

v, - L
3 = — 2
S R, G
. . - (14)
where Aw = cross-gsection area of the web
G = shear wodulus taken as 5410 t.s.i. for all calculwations.

2. Incomplete interaction \
(a) Deflection due to bending: The bending detlection in a
composite beam ior incomplete interaction is calculated using
Newmark's theory for incomplete interaction,
‘The expression for the curvature of a composite beum nay
be obtuined from equation (10), given in section 2.1 as

aty M Fz

=

dx2 g LE1 * ITEIL ' . e . (15a)

After substituting for F from eguation (11) of section 2.1 und then

rearranging, the equation (5a) gives

m

d?y M Ea z d?

'dx

S
o < oo (15b)

il
9

Integrating the above eguation twice with respect to x, after substitu-
ting the appropriate expression for M, the deilection of a compouite

beam is obtained using the approporiate boundary conditions.



For a composite bewn of spun L subjected to a point loud

P oot midspon, the boundary conditions ares:

at x = 0O y = 0 ana ¥ = O
at x = -l-J aL 0 and a o,
o dx dx

and tne deflection ior O < xn < %1

- 2 4 I x
.\J = p—<3sz_4x3 +_§“<§:—A—"z>ri<{-_ S"’R v >
48E1 k\ET 2 =< cosh .
2vC '
e o . (10)
at X :f;,
P> s [ EA Z‘PL i 2 4 =
48E1 k \ET 2 2 G
... (1)

It sliould be noted thut the first term of the expression
for deflection in equations (16) and (17) represents tihe deflection
of the composite beam for couplete interaction, and the second term

regresents the additional deflection due to incomplete interaction.

Tie notation used above is the same as that in section 2.1.

(b) Deflection due to shear. In a couposite bLeww with an
adequate number qf stiear connectors, the shear resisled by the steel
beam for incomplete interaction is very close to that for complete
interaction. The shear deflection for incomplete interaction,

therefore, is taken as the same for complete interaction.
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2IN. LONG PLAIN HEADED 1-34
4 1IN, LoNGg THREADED WITH HEAD 363

4 1IN, LONG
]

THREADED WITHOUT HEAD 2713
. 1

Cu
(si)
6000
6230
5750
7000
5290

Fig. 45

50

100

4
SEPARATION x10 — INcHES

REsSIDUAL SEPARATIONS = PULL-0vT SPECIMENS

150

WITH 3/4_JN. DiA. DTUDS
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aSPAN 350

3/16 In. DIA. lin. Lowa
HeaDED STUDS IN PAIAS

3in. X 1N, X 0104 IN. DlA,
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43N, x 1%1& %85 1. R.sJ

|

S
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BEAMS

Al

A2

A3
B1
B2

a
IN,

/8

Ae
Js2
Jes
Ya2

b

IN.

Ks
52
Jé4
52
Jea

=
IN.

e

S
i,

' 375

375
375
275
2:73

Be -~ Duvrsar FLANGED

ALL OTHER BEAMs ARE PLAIN TFLANGED

Fl16. 47 DETAILS OF QUARTER SCALE BEAMS




Ugﬂurr GAUGE S1LIP GAVGE
J—J r—[%_& /

\

/

END SLIP

H GAVGE

DeEMEC GAUGE PoINTS
% 8 mn. G.1.

j DEMEC GAYGE POINT

Fiac. 48

" "/l/ Locarijons POR ALL BEaAms

GENERAL ARRANGEMENT TFTOR MEASURENENTS

1IN

QUARTER SCALE BEAMS




5 -
g
|
6 - I
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\
\
!
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'9, \
T —
1|4+ A3 \
2 Al .
3 A4 SPeciMEN FLANGE SURFACE ULT. LOAD (rong)
A2 '
, AS Al Fw. xfgan. Groowss Feanee 7-90
2+ A2 7¢IV * 33I8. GroovED FLANGE 6-70
A3 33IN.x g3 8- GROOVED FLANGE 7-20
A4 PLAIN FLANGE (NaTuRAL 3Bond) 650
AS PLAIN FLANGE (ch:p DESTROYDD) &-11
EACH BEAM HAD 32~ ¥gin. DIA. HEADED sTUDS 11N, LONG.
] ] | |
04 0-8 1-2 1-6

DerFLecTION — INCHES

Fi1g. 49 MipspAan DEFLECTIONS -~ BEAMS OF GRouP A - POoINT LoAaD AT Mipspan.




Tons

L.oaD -

Al

A3
A2
A4
A5

SPECIMEN FLANGE SURFACE

Al & IN. x fgm, GroeveEp FLANGE
A2 -;-6- IN. x :_;—2:»:. GRrRoowsD  FLANGE
A3 -g—zm- x 3—'4; IN. GROOVED FLANGE

A4 PLAIN FLANGE (INATURAL Bowd)
A5 Praw France (Bonn DESIROYED)

ULt Load
(Tons)
790

6-70
7-20
650
6-11

EAcr HAD 32- 34 an. Din. HEADED studs 1w, lowe

Fig. 50 AVERAGE END SLIPS

50

SLIPx 104'-— IncHES

100

150

-~ BEAMS OF GROUVUP A - PoiNT L0AD AT MIDSPAXN
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)
2

-~ Jowns
>
]

LoAap

SPECIMEN FLANGE SURFACE
A5

Al B in. x V46 1N. GROOVED FLANGE

A2 A6 3N, x -:%_ IN. GRoovED TFLANGE

2r A3 /821N, % Y4 IN. GROOVED  FLANGE.
A4 PLain FraneeE (Naturav Bonp)

‘ AS Pran FLANGE (Bonp DESTROYED)

EacH BEAM HAD 32- %gan. Dla. HEADED

| sTuDs 1 1N, Lowg. |
|
50 : 100 150

S1ipx 104 — IncrHEes

F1G.51 AVERAGE REsipvAL END S11Ps ~ BEAMS OF GRouP A - POIN load
AT _MIDSPAN




Tons

LoAD —

6
4 s
PECIMEN FLANGE SuRFAcCE
Al Y8in. x Yie 1N. GRoovED TFLANGE.
A2 HeIN. ¥ 33 IN. GroovE®  FLANGE
2 A A3 Vs23ne x Y4 in. GRoovEDd TFLANGE
A3 A4 PLAIN FLANGE (NATURAL Bond)
A2
A4 AS PLAaiN FLANGE (BonD DESTROYED)
A5
Eacx vA® 32- ¥g1n. Dia. x 1 an. Lowg StuDs
! i L
50 100 150
4
SL1Px10 ~ INcHES
Fia.52 AVERAGE _sLips AT ¥, Span — BEAMS OF GROLUP A - PoiNT

LOAD AT MiDs PAN




101 ¢
) /
,
2 °f o
2
2
!
X
olsg ]
N 4
A3 . |
Al Al Jgmn.x Y538, GRooveD FLANGE
:2 ‘ A2 . Yiean.x V32 1n. GroovEd FLANGE
), [
2 AS . A3 /s2in.x a1 GroovEp FLANSE
A4  Pramn Fianse (NATURAL Bond)
AS PrLain FLANGE (,BON.D DESTROYED)
EacH Radp 32- 3/163n. Dp1a. x 13N, STUDS
L Y | ‘ ! J
-20 (o] 50 4 100 140
t "UPLIFT x 10 ~ IncHES ‘
Fic. 53 AVERAGE UPLIFTS AT V4 SPan —— PeEams oF GROUP A -

POINT  10AD AT MIDSPAN




lLLoAD ~ Tows

Bl
i B6
i
I g
| BS
: B3
B2 1 B4
B1 | ] S A\
B3, BS \——
B4 B1 16 3. x Y52 11N, GmooveD FLANGE
Bo B2 Jjamux Y%ain.  Groovep FrLANGE
B3 PrLaiN FLANGE (NATURAL Bonp)
B4 PLAmn FrLangE (Bonp DESTROYED)
' B5 PLain Franee ( RESIN BONDED AGGREGATE)
Be DurmArR TFLANGE.
EaAcia, HAD 4 4- 3%6’*"' x 1 an. HEADED sSTUDS
1 1 | |
04 0-8 -2 1-6

DerLECTION - lIncHEs

Fi1G. 54 MIDSPAN DEFLECTIONS - BEAMS OF GROUP B - PoinT LoAD AT MIDSPAN




ToNS

| oAD -

Bl Jein. x Ys21n. Grooved FLanGE

B2 Ysomn.x g4 1v. Groover Franee
B3 Prain FrLange (NaturanL Bowd)
B4 PLAIN Frange (Bowd DESTROYED)
B5 - PLamn Frane (REsIN BonDED Aac.)
B6 DuvrBar FLANGE

EAcH HAD 44~ Z/16 1n. p1A. H-sTups 1 nv Lowe.,
l L

S1I1Px%x10 — ImncHES :

T1G.55 AVERAGE__END SLIPS — BEAMS OF GRouLP B — PoINT LOAD._ AT. MIDSPAMN .

’



LoAaD —~ Towns
»

Bl Jie 1. % ’/32 . Groover TFrawneEe

::; B2 Js2in. x %4 v, (AroovED FLANGE

B6 B3 Prain FLANGE (NaTvrRAlL Bon)

B3 ' B4 Prain FrLANGE (BUN.‘D DESTROVED)

’;i BS PLAIN FLANGE (RESIN BoNDED Aca.)

BE DuvrBAR TFLANGE *
EAcH HAD 44- g . x1in. HEADED STUDS

| ]

Fi1a. 56

L
50 4 100 150
SLIPx 10 — InNcHEsS

AVERAGE. REsipuvAl. EnD SLiPs — BEAMS OoF Group B -  PoinT 10AD

AT MipsPAN




Toxn

load —

Bl Yegimn. x Yszin. Groovep FirLanGE
B2 '/321"- X %34 v, GroovED FLANGE
B2 B3 Prain Franee (NATURAL BOND)
Bl B4 Prain FLANGE CBON'D DZSTROY.SD)
B6
B3 B5 PrLamv Frawce (RESIN Bonoed AGG.)
gz R&6 DurBAR FLANGE
EAcH HaD 44— 5/;5 v, ¥ 1 an. HEADED STUDS
| L |
50 4 100 150
S1L1Px 10 — INCHES
Fig. 57 AVERAGE SLIPS AT Y Span e BEAMs OF Grouvp B - POINT

LoaD AT _MIDSPAN




LoAD — Tons

Bl Jiemn. x /32 1n. GRoovED FLANGE
B2 Ja21n.x Yg4 in. Grooven Frawse
B3 PLAIN FLANGE ((NATURAL BOND)

B4 Prain Firange (Bonp DESTROYED)

2 - - B5 Pran FranaGe (.‘Rssm BONDED Aea.)
Bs DUuUrRBAR FLANGE
EAcH HAD 44- %e1n. x { 1n. HEADED STUDS
| | ] ]
-20 0 50 100 150

Fi1a. 58

A
UPrLirT» 10 — INCHES

AVERAGE UPLuFPTs AT ¥ span

—a BeEAMS OF GrouvP B-—

PoiNT LOAD AT MIDSPAN




l.oaD ~ Tons
n

B8
B3

B3 - CENTRAL PoinNT LOAD
B8 - Two PoinT LOADS 6IN. APART

Born BeAMS WITH PLAIN Franee (IVATURAL
BoND) AND 44~ ¥16 IN. DiA. HEADED

sTups 1 1N, lONe.

| 1
16

04 0-8 12
DEFlLECTION — IncHES

Fiag. 59 Mi1DSPAN DEFLECTIONS — BEAMs B3 Anp B8 .




y

B.8 B3 —CENTRAL POINT 1oAD
B8 —~Two PoiNnT loads ©6IN. APART
EACH BEAM wiTH TPLAIN FLANGE (NATURAL
BonD) AND 44— %16 iN. TIA. HEADED
sTuDs 11w, lone
I | ! l
50 100 150
4 .
SLIPx {0 -~ IncHES

Fic. 60 .AVERAGE END SLIPS —

BEAMSs B3 aAnpd RS



Tons

LoaD ~

B3
Cc1
B3 - STubs sPACED UNIFORMRLY.
Cl - STups SPACED ACCORDING TO INTERFACE
HORIZONTAL SHEAR AT ULT loAaDd.
Eacst Bram HAD 44~ 516 in. Dia. HeADED
Stups 1 sn. lowag C:NATURAL Bowd)
| i | | J
0-4 0-8 1-2 16

DEFLECTION =

IncHES

FiGc. 61 MIDSPAN DEFLECTIONS -~

BEAMS B3 AND CI



LoAD — Tons

B3

Cl

B3 - Syuns sracrn UNiFormLy

Cl - STuDs SPACED ACCORDING TO JNTERFACE
HorizoNTAL sKHEAR AT ULT., LloAd

EACH BEAM HAD 44— %16 1v. Dia. HEADED
STups 1 v, lewea ( NATURAL BoND)

FiG. 62

AVERAGE

100 150
4
S1L1P % 10 ~ TwveHES

END SrLIPS — BrAMS BB AnND (]




Tons

LoAD -

B7 - Roor oF STubs COVERED wWITH LATExX

B3

B7 BorH BeEAMS HAD 44- 316 1mv. DiA. HEADED

sTuds 1 . Lona. ((NATURAL Bonn) &

i | ] 1

FiG. 63

04 08 12 1.6
DEFLECTION — INcHES

MIDSPAN DEFLECTIONS - PRBreamMs B3 AnDp RB7 ~ PoiNT loaD

AT MIDSPAN




l.oaD -~ Tons

B7 STUuD ROOTS COVERED wWiTH 1.ATEX

Bory BEAMs nHap 44~ 3. IN. Dra. HEADED STUDS
13w, towg. (NATURAL monD)

] 1 i [

50 4 100 150
SLiP x10 — IncHES :

FiG. 64 AVERAGE EnD SLIPS~ BEAMS B3 AND B7 ~ PoOINT loaAD
AT MibpspAnN ‘




LoAD - Tonsg

50 4 100 150
S11Px 10 ~ IncHMES

AVERAGE TRESIDUAL END SLIPS - Brams B3, B7, B8 AND CL - EAcCH

Fig. 65
WITH 44 - 346 1v. D1A. HEADED STuDs 1IN, LONG




Loap ~ Tons

. 50 4 100 150
S11P %10 - IncHES

FiG. 66 AVERAGE SLIPS AT Y, spany — BEAMs B3, B7, B8 AND Cl1 -
: EACH wWITH 44 - 3¢ 1nv. D1a. HEADED STubds 1IN, LoNG




| 1 . |
50 4 100 150
UPL:PTxJQ — JwnchrESs

Fi16. 67 AVvERAGE UPLIFIS AT Y% SPAN —0 BEAMS B3, B7, B8 AND Cli-
EACH WITH 44~ 3¢ 1n. D1A. HEADED STUDS 1 v, LoNg
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i
W
o
S2Iip»i

W = 4'°T \\
. /\\\ \
— “a -
o 10 20 30
DISTANCE, FROM SUPPORT — INCHES $

F1G. 68 S11PS ALONG THE LENGTH — BEAM Bl WiTH  JaIN. x f,IN.
GROOVED FLANGE AND 44-Yie InN. D14, x | in. 1ONG  H- STLODS

’7200

150

INCHES

100

Sup xlO“—

Ui
o

T g
/ W= 4.0 \\ \\\
]/ \\ - \\ “
i 1 ~~
o) 10 20 30
DistANcE TFROM SUPPORT ~ JNCHES ¢

Fi6. 69 SL1PS ALONG THE LENGTH — Bram B6 WITH DURBAR
FLANGE AND 44-%1N, D1A. x | 1N, .1ONG H- STUDS
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AR

/, N\

\

y \

,’\ \
W= 2-07

-

S13p x10%- Incuzs

{
2 \\
pd N

0 ' t

10 20
DiSTANCE FROM SUPPORT — INcHES

Fi1G. 70  SLIPS A1.ONG _THE 1ENGTH — BEAM B5 witH

RESIN BONDED AGGREGATES AND 44- 3/1< 3N, DIA,
1IN, LONG HEADED STULUDS

300

200

100



—1350

—1300

]
)
o
(o]

SLJPX]O4— INcHEs

|
-
S
o

]
10

PDistaANCE From SvPPORT - JNCHES

Fig, 71

SLIPS ALONG THE LENGTH — BEAM B4 witH

44~ %6 1n. DiA. x 11N, LtonGg H- STups ((BonD DESTROYED)




-68 -48 -28 - 30 -37

DN \ \ :
|79 20 45 ;
61 R /,51 pya
CPe 13 -25 -5.5
<
. [
Ll x
4 z
<
«
[
336 251 128 151 201
KA 20-9 5-6 6:9 -16-5 -21-5
5.25" | z1- — — g<z e i
216 16.3 \
° 1)
L 17.6 -] b (7.6 + L 211 g
3.57 )
: 4
=
N
20.8 216 17-6 17-6 21-1
XL & &, 22-2 ] 21 : 22 & | T ]
f 259 22-2 21-7 22-7 21-9
Bram Al - A2 A% A4 AS
FLANGE Yan. x ',é-m. GReovES Y gin. u]_.b,_m. Grooves '/32"“‘-*'/613”' GRoovESs NATUVRAL Bond Bow» DESTROYED

LoAaD - Towns 79 6-5 70 64 6-1

Fl1G. 72 MEASURED STRAINS AT MIDSPAN SECTION AT OR NEAR ULT. 10AD AND CORRESPONDING
STRESSES IN STEEL BEAM — BEAMS OF GROUP A.




-89

/|

79
64
<
8
x
4
q
'—
0
395 306 292
21-9 21-5 - 19°0 - 14-7
—2-—L 1'] ,__ZLL 1 : Cl_a.s "
216 211 195 ]
~
[
'-
' .
E - 2106 20-5 35
K
@
- - 211 {
22-6 22-6 20-5 B
w ) = tzma .-
24-2 24-1 v 250 : 1 —
BreaM B1 B2 ,B6 ' BYS :
FLANGE Y16 1n. x Va2 N, GROOVES Ye21N. x ¥ 4 18, GRoovss DurBAR PLATE RESIN BoNDED AGGREGATE
LoAaDp-~ Tons 7-5 7% 7-0 6-5

F1G. 73 MEASURED STRAINS AT MIDSPAN SECTION AT OR _NEAR ULT. 10AD AND CORRESPONDING
STRESSES 1IN THE STEEL BEAM — BrAMS OF GROUP B.




~45 -44 -95

, 2
B0 , Q . 173 57
N ) 3

}
34
o
)
n
4
~

Yo
x
Z ) 4.
a
4
’-
)]
i
236 252 466 251 200
-50 -15.3 -22-2 , : 4 -6:0 - 15-0 #
— —] pon " < '§ - 'FT-X4
v
F . | 205
’ .
i 2
3 21.1 . 208 20-8 3-5
N '
K .
‘}‘1 . 20-5
211 . 20-8 22.7 20°8 . 212
217 227 ] ‘ [z25 22-7 ] o25"
218 230 2'7-6 2%:0 23.0
BeEAM B3 B4 , B7 BB (of |
FLANGE NATURAL Bowvn DBowd DESTROYED NaATURAL Bow> NATURAL BOND NATURAL BonD
1.0AD - Tons 6-4 6-25 65 6-8 - 6-1 *
. ) [Brvps covzmrzn wits ~ [_ms SPACED ACCORDING TO
LAaTEx] INTERFACE su‘am]

F1G. 73 (ConTD) MEASURED STRAINS AT MIDSPAN SECTION AT OR _NEAR ULT., 1.OAD AND
CORRESPONDING STRESSES 1IN STEEL BEAM — BEAMS OF GROUP B AND Ci
hY . .




ToP concRETE

L

TJop STEEL

BoTrTOomM

CoNcRETE

BorroM STEEL

ioo
—Compreseive

‘'F1G. 74 STRAINS AT MIDSPAN SEcCTION — BEAM Bl wiTH Mear. x Yo an. GROOVES

(o]

4
STRAIN x 10

100

TENSILE —

200

300

AND 44— Fisin. D1A. HEADED Studs 1 in. 1ONG.

<



g .
S
]
n.
q
O

Tor coNcrRETE

- Borrom sTE=EL

Top STEE1, —_

V.

4\

BorroM CONCRETE

L
100 [6) R 100 _ 200 300
COMPRESSIVE STRAIN x 10 TENSILE

F1G. 75 STrRAINS AT MIDSPAN SECTION = BEAM, B3 WITH NATURAL BOND AND
44 - 3/16 18v. DIA. HEADED STUDS | 1n. 1LONG




LoADd ~ Tows

BoTroM comncrETE

Tor STFEEL

Tep conNcRETE Porrom STEEL

| ] |
100 o 4 100 200 ' 300
CQMPRESIVE STRAIN x 10 TENSILE
FiG. 76 STRAINS AT MIDSPAN SECTION - BEAM B7 witH 44~ %i¢in. DIA. HEADED STuDS
STUDS COVERED WITH 1LATEx AT _BASE

11N, LoONG.
















3/8 1IN, D1A. x 15N, LONG W
HEADED STUDS IN PAIRS
\ ——
; T T TN T T T T T T T T T T T |

| Qv x 41, X 21 1b. B.S.B wiTH Top FLANGE REPLACED )
by A  4an. x ¥ mv. DuRBAR PLATE

l-4.'£—| 2 ; }/z span 4Ale” §

%.m. D1A. 3sz AT 10 3N, CRg.

e X 3l5" ~
\ - 4
./ \4: ! v 3" ®R.c. SLAB
(5/3"4 BaRS -T_ .
AT 44" cRs, »8__g_n
ie

Fig., 85 DETAILS OF HALF SCALE COMPOSITE BEAMS - D! AnND D2




DEM&C GAvGe

END suip E,R.S. GAVGES

Gaver /

B8in, G.L.

N
T

POINTS

T

i}

T

Q.

U = VPLIFT GAUGE
SLIP GAUGE

n
[

DEMEC GAVGE POINT
LocATIiONS

Fic. 86 GENERAL ARRANGEMENT TFoR MEASUREMENT

IN

YRS
4

1L

., L voro
z78:I> GAUVGE

T
ji —Ll—f- oF GAUGE

113
She /B

HALF

]

SCATE BEAMS







30

ToAap ~ Tons

20

10

D1
Dbz

—— ot - oon ohn —— am oem am

D1 - ProjecTions or DurBAarR PLATE AT THE INTERFACE
D2 - Pramn SURFACE oF DurRBAR PLATE AT THE INTEXRFACE

Eacx BeaM 3AD 56- 38w x 1218, HEADED STuls

,

DErLECTION — INncHES

Fic. 88 MIDSPAN DEFLECTIONS - DURBAR TLANGED BEAMS ~ TPOINT 10AD
AT MIDSPAN




30

T1l.ocAD TJomns

D1 - ProjecTions oF DuRBAR PLATE AT THE INTERFACE
D2 - PLAIN SURFACE OF DURBAR PLATE AT THE INTERFACE

EacH BEAM HAD 56- 281w x 1)21v. BEADED STUDS

Fia. 89

100 200 300

SLIP % 104 — IcHES

PoiNnT _1LOAD

AVERAGE END SLI1PS — DurRBAR FLANGED BEAMS —~

AT MIDSPAN




301~

20

Loap -~ Tons

10H

D1
D2 :

D1 ~ProjacTions of DurBar PiaTE AT THE INTERFACE
B D2 -Piramn SuRFAcE OF DurRBAR PLATE AT THE INTERFACE

EacH Bram HAD 56— Yain. x 1/p1n. HEADED STUDS

100 200 300

4
SLIPX10 — InNcHES

Fig. 90 AVERAGE RESIDUAL SLIPS -~ DURBAR TFLANGED BEAMS - PoOINT
LOAD AT MIDSPAN




Dl — ProjecTions oF DURBAR PLATE AT THE INTERFACE

10 -~
D2 — Prain FAcE OF DuRBAR PLATE AT THE INTERFACE

EAacn BEAM RAD 56~ /8. x ij/z;m. HEADED STuDS

100 4 200 300
SLIPx10 - INCHES

Ti16. 91 AVERAGE SLIPS AT Y4 SPAN —— DURBAR FLANGED BEAMS -
[4
PoinT 1oAp AT MIDSPAN




30

20

Loap -~ Tons

10

D1
D2

D1 ~Projacrions oFf DurBar Piate AT THE INTERFACE
D2 -Pran SuRFACE OF DurRmBAR PLATE AT THE INTERFACE

EarcH Bram HAD 56- Yain. x 1/p 1N, HEADED STUDS

100 4 200 300
SLIPXx 1060 — IncHES

Fig. 90 AVFRAGE RESIDUAL SLIPS ~ DURBAR TFLANGED BEAMS — POINT

LOAD AT MIDSPAN




=] 500
Dl - Projecrions oFf DurRsAR PLATE AT THE
INTERFACE . SHowsx TN
— .
. — ™~
D2 - PrLAIN FAcE oF DurRBAR PLATE AT THE _ C \\\
e — /\ =267
INTERFACE. SHowN — - W= 26 (Uu-, 1L0AD) \‘\ _1 400
‘EacH Beam HAD 56- Jfmn.x 1), in. sTuDs. L \
- P \
_,,,._-/ -7 T~ 1
o
300 gz
v
&
A
o
4
%
200 &
o
n
100
3
] 3
F16.92 SivLips ALONG THE LENGTH ~ DURBAR _T.LANGED BEAMS — POINT 10AD

AT MIDSPAN




l.oaD - Tows

D1 ~ Proj=crions or Durear Prare AT THE InTERFace

10

D2 - Praivw Face oF DurRBAR PLATE AT THE In7ErRFACE

EaAcH Bram 1aD 56- 3Ban.x 12 iv. HEADED STUDS

100 200 300
4
UPLIFT x310 — JINCcHES

F1G. 93 AVERAGE VUPLIFTS AT Y4 SPAN —— DURBAR FLANGED BEAMS -
POINT 1OAD AT MIDSPAN




\ ‘ Dl ~ ProjecTioNs OF DuURBAR PLATE AT
\ THE INTERFACE. SHown

\ D2 —~ PLAIN FAcE oF DuRBAR PLATE AT
-1+-200 \ THE INTERFACE. SHoWwN —. . .=

\ Eacx BeAmM 3pap 56- ¥gin. x 17, s
\ HEADED STULDS

W
::r; +1s50
rA
— 5
1
<
e
x
-l L
F 100
3
[
)
-+50

FI1G. 94 _UPLIFTS ALONG THE LENGTH — DurRBAR FLANGED BEAMS —
POINT 1.0ARD AT MIDSPAN




4

UrLIFT® 10 - IncHEs

200

150

100

50

D1

Dl - PROJECT:ONS oF DurBarR PLATE AT
THE TINTERFACE,

D2 - PraiN FAceE ©oF DURBAR PLATE AT
THE INTERFACE

. Eacrn BEAM HAD 56— 3/8""- x 1}& N. HEADED STULUDS

| l l 1
100 " 200 . 300 400
SLIP*10 ~ INCHES
Fig. 95 UPLIFT-SLIP CURVES AT YV, spAaN —— DURBAR FLANGED BEAMS

PoINT loAD AT DMIDSPAN




30

NoTte

Axi1AL STRAIN
BendIiNg STRAIN —

+VE INDICATES TENSION
=VE 1nDicATES COMPRESSION

BENDING STRAN ON THE TFAGE OF STUD AwWAY FRoM
CENTRE 1S SHOWN

D1 - Proj=cTions oF DurRBar PiATE AT THE INTERFACE
D2 - PrLaIN FACE oF DurBAR PLATE AT THE INTERFACE

EAcH BEAM 2AaD 56- 3/g an. x 13 1. HEADED STUDS
1 ] | i

~100

o 200 6 400 600 800
STRAIN % 10

FiG. 96 AXIAL AND DPBENDING COMPONENTS OF MEASURED STRAINS IN STUDS AT Jj SPAN

PoinT - DURBAR FLANGED PBEAMS - POINT 1OAD AT MIDSPAN




200

!
100
|
w
ol 40 54
> 0 2 i
£ 20
© Distance trom Support — Inches —
o |
i |
NOt?;- A
-100 Tension 4:v¢
Compression -ve
-200

=300

Fig. 97. AXIAL STRAIN IN STUDS ALONG THE

” [
(BEAM D2 WITH 56-3% DIA. X 1% LONG  H-STUDS .

BEAM AT VARIOUS

LOADS WITHIN ELASTIC - LIMIT
POINT LOAD AT MIDSPAN)



-85 - 50

3Il
Iy
S1 80 10-5
173 | 1723 ) 0-315"7 [
26 20-3 2 177 ‘
-
7'5425 5 u
ie
24-8 19-9
\ 0.4711
270 25-1 263 20-2 1
4
STRAINx 10 STRESS - TS1 STRAano/" STREss - Ts1
BeamM D1 D2
FLANGE RoveH SuURFACE AT THE INTERFACE PLAIN SUVRFACE AT THE INTERFACE
L.oAad - Tows 31-3 26-0

Fi16. 98 MEASURED STRAINS AT MIDSPAN SECTION AT ULTIMATE LOAD AND (CORRESPONDING
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|Experimental Slip
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Yo 201
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an
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(a) Beam PB4 with bg in diaX 2in  long studs at  150% design
Experimental Slips
» o for Pe2:0T
x for P=1-5T
30 . .
n
]
e Pe 27
<0{- - %
« _ P.15 X 2
o
— x i
>
a 10
ny
A . L
10 15 20
Distance from Support - Inches
(b Beam PBS with I, in diax2in _long studs _at_ 100%. design
[ Experimental Slips |
v e for P30T
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% - x for
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.
. 20-
> s P33T P
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a1 P-2T X x
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I b
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(0 Boam PB6 withl, in dia X2in long studs at 50°%  dcsign
Fig. 148 THEORETICAL AND EXPERIMENTAL SLIP DISTRIBUTION N SMALL SCALE



Inches

Slip X10

FIRM  LINE AND EXPERIMENTAL

10 20 27 [
—1" Distance  from Support — Inches £
(a) PB7 - Plan Face of Durbar Plate with ‘4.” dia X 3]‘_5_" long studs at 1007 design
—60
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a
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-
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_ — - - — = — = % -
- s Distance from Support — Inches i
» {b) PB8 - Rough face of Durbar Plaie  with 14:’ diaX 3% long studs at I(DJL desiqgn.
Fig. 150 THEORETICAL AND EXPERIMENTAL SLIP DISTRIBUTION IN PLATED BEAMS WITH
DURBAR PLATE, POINT LOAD AT MIDSPAN, THEORETICAL CURVE SHOWN N
CURVE ~ SHOWN  DOTTED k - 290 T/IN



NOTE;.

Experimental  Slips  Shown & x
Load length in either axis is shown by shaded area.

Slip X ' Inches
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_-|1 I‘— Distance from  Centre - Inches "
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.g 50-..
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25+ X
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Fig. 151 APPROXIMATE THEORE TICAL AND EXPERMENTAL  SLIP DISTRIBUTION
ALONG MAJOR AXES IN COMFOSITE PLATE AT LOAD 10 TONS

(k=150 T/1n)



12 2%
Distance  From Edge ——  Inches i.

Fig. 152. APPROXIMATE THEORE TICAL AND EXPERIMENTAL SLIPS IN COMPOSITE
PLATE ALONG EDGE bc FOR ~ LOAD 10T AT CENTRE. ( Exper'lmontal values .
are shown as x ) k =150 T/in "



Strain X 10°

Axial

+ 100
.
. t . .
20 - X
bt Distance from  Support Inches jf,
=100
+ve Indicates Tension
-ve Indicates Compression
Experimental Values are shown = @
- 200
-300
- 400

Fig. 153. THEORE‘TICAL AND EXPERIMENTAL AXIAL STRAIN

Dy with plain
design. Assumed

Foundation  Modulus k- 1155 T/in )

IN STUDS ( Beam
tace and 56-3/3 tn dia X 1% in long studs
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TAa®BLE |. SUMMARY OF THE RESULTS OF T- BeEAMS TESTED BY

G. wasTLUND And L. OSTLUND

~#)

ON'S)

SHEAR
CONNECTION

Remarx

cH BOND

WAS
EXCEEDED
STRENGTH

(Pst)

SECTION

Crons)
ToTalL SHEAR
Maximom
LonAp
Crons)
MAaximom
© IsyEaw, ETRESS

COMNCRETE.

(Psi)

caruvmM

(r
SHEAR STRESY

P gprciMen
f 0AD AT
AT oA OF
AT LoAD OF
coLumw (4
(Fss)

EN WHL

v
)
~N

o

S

3

PLAIN FLANGE .

e 600 mw——} 5 No sH=AR 6 ) 90 12 1) 4420

ComN|
o 6HEAR DECRKASED

| 00, NaTurai Bownd e

f_T— —f OF BoND

o CHEQUERED

J26 PLATE
2 s 30 334 22 334 %700

WNo sHEAR

150 l'_ CONNECTOR
‘M

SPaAW = 3J000 wmwm .,
CHEQUERED

Two PeiINT LOADS AT AT }
FHATE 34 556 4380

1
1 ANS .
3 "2 SpAnS. 3 WO COWNECTORS

OwN EARACH
HALR OF BEP&J

™oTtE ~
RESULTS ARE TAIKEN TRomM LOAD- DEFLESTION, Loap- sNEAR  Anp SHEAR SLIP CURVES .




TaBLE 2. SumMARy OF TRESULT OF SoME OF THE PLATED® BEAMS TESTED iIN THE
VUNIVERSITY OF IinLiwnois
g 3 T X
S 2 ¥ ¢ z A x - 5
o | € AlZw [uRf&E} T cx | WALl e & g2
WA R EW AU @ 5 9q e w0 2 oA oL 2
z Y <z i ! w Ao £ kg rﬂz a e ViR 3
z DETAILS OF STUD SHEAR | % el FrK |eH3Z 0Tl kN a E o~ 2
W S¥ |agSt P Eey g g v e 2% | duv|ns REMARK, .
b SPECIME IS CONNECTORS | Y .‘.’:V ,“’,\ | gl“_ 2 @5 "4.. 5 v S p g,,\J
g Sh |FEa| EOF|o KO | §g Fla g;wéz AR
“ sy |88 8888 x| S| FFT Fhalav | gaT ¥4
0 Z o S0 u® AR X Read g E u a i
t 2 ) 4 5 6 7 8 9 10 11 12 = 14
t M—JS”-*— 301-_“_35”_,* 9_ 5/4;/)( 4nr
[ 1 P, 1 ] §
1 ﬁ[ = 72 72 = ] @ 12"ccar €| 3 15-0 114 o-ow{c 28-5 149 a-ozsfc 0-1567 | 160 19-6
il il || ua/sh.
12" x 9% SHEAR
" " ” 17 I ‘FA“_UKE'
#= 35" e 26" - 35" 18-3,"x4" @
T P, P ” ! !
2 %[ e /2 _I‘ Lf::%med 6 8-0 114 o~ozx{c 440 | 229 |0-042{]0-0564] 13-3 16-1
Ak 840" Fidbe- | 3 studs /sft ©
12”x9£" .
K= 33 44— 36 435" 36-3%"%4" @ '
o 17 P 7 ‘
3 5_(4L 7z 72 j 6" bothways.| 12 40 121 0'021}'; 622 | 324 o-ot}&f 0-0071 % 107 FrExURAL
45 8¢’ Aok | 4 studs/sft. < TAILURE
12" 9"
b= 36" - 36" 4= 3¢ | 24 BEN4"@
A5 7 P " i ,
4 &-/“rt i % TJ ’Zui/;;’ip“ %8 PAYS 92 0-024{C 462 | 241 a~ossfc' c-0552| 75 130
el 950" k- | S,
12°%95 4 2:4 studs/sfc_ cuER
FAILURE
f— 36" 1~ 36" 4+ 36" 34-%"x4" @ , )
S 4] Y, ¥ 1 | 77¢fc in P | 12 33 92 o-ozl{c 4711 246 |0-057f 00807 | 54 &8
2t =] 6" apavt.
el ‘o Ao studs/ 6k
12°% 9 /" 304 e
NoTE - @ THE TFIRST SIGNIFicawT SLIP HAS BEEN (v) THe cRITICAL LoA» PER STUD 35 THE LOAD AT WHicH

AS THE FiIRST MEASURED EL1IP oF 0-0008 IN. THERE S AN ABRUPT CHANGE 1IN THE TRATL. OF SLIP.



TasLe 3. TENSI1I0N TEST RESULLTS

A
L] r4 i~
"' u 8 . z.Z| w H A
u v £ okaol| u g S a
z kol e 2081 B Ry | zg
] E ") E [N} z o .0 :’ ) o ° Z 5
p> 'E ELR 3:430!& H A E‘“‘; z REMARK
< W 4 S WwagiuLi| « i 8% "u’;‘
W 4 . Uon|2 2 2% ®¥ex| & n@ | FSkIW®
3] 0 ts2 AP [P (a0 e f G > ey
Al Lal 12970 | 20-85|29-69 | 22.2 | 525 | 2 16 38 24
A3
A4 w 17-60 | 26-60 | 26-5 5449 1 14 140 100
A2 F 13720 | 21:93 | 29-20 | 235 | 569 1 16 197 123
B1
w 21060 | 28:40 | 25-5 56:2 1 16 197 12°3
A5 F | 13520 | 21047 | 29-41 | 232 | 562 1 16 187 117
B2
B3 w 21-10 | 28-80| 259 54-0 1 16 156 10:0
B4 F 13660 | 22-10 | 3040 | 22-6 56'8 i 16 171 107
B8 N
w 20-80 | 28-40 | 260 60'0 1 15 283 189
BS F 13360 | 2220 | 3140 | 21-8 5%-0 1 17 172 10-1
B7
cl w 2050 2850 | 26-0 540 1 is 317 211
F |13650 | 18:95 | 26:49 | 307 | 390 | 2 14 84 7.0 | DURBAR Pi.
Bé w 18:90 | 29-0 253 430 i 14 162 11-6
Fp, | 13660 | 22-10 | 30-40 | 22-6 568 1 16 171 107
ﬁ't 13 400 1732 | 26-93 | 26-2 590 i 13 151 11-6 DURBAR PL.
D1
in 13000 | 2031 | 30-13 | 22-5 5%7 2 16 30 19
F‘t 13400 17-32 {26:93 262 59-0 1 13 151 11-6 DuRBAR Pk.
D2
F, | 13000 | 1770 | 2850 | 278 | 540 3 14 197 141
PB12,3 22-20 | 3190 | 246 480 1 16 212 13:3
PB 4,56 22-70 | 3170 252 49-0 1 17 256 150
PB 7,8 19-82 | 28:47 | 196 50-0 3 15 256 17-1 FAILED OUTS'FL
OF G&G.L.
s1 13630 | 1873 | 2583 | 275 542 1 14 306 218

F: FLANGE W = WEBSR



area of

Dia. of Specimen | Dia. of Yield Yield Ultimate | Ultimate
Cross=
cection load stress load stress
stud number Specimen 2 (tons) (t.s.i) (tons) (tes.i.)
(in.”)
No. 1 0.1785 0.0250 0.770 30.8 0.570 34.8
3 .
'1'-6' ine.
No. 2 0.1780 0.0249 0.782 31.4 0.886 35.6
No. 1 0.1785 0.0250 0.755 30.2 0.880 35.2
% in.
No. 2 0.1780 0.0249 0.740 29.7 C.380 35.3
No. 1 0.1790 0.0252 0.810 32.1 0.856 34.0
% in.
No. 2 0.1785 0.0250 0.810 32.4 0.862 34.5
No. 1 0.1780 0.0249 0.755 30.3 C.540 33.7
% in.
No. 2 e 0.1775 0.0247 0.785 31.8 C.v48 38.4
TABLE 4. Properties of stud material




TABLE 5. 5Small scalc push-out tests

[S >~ RS
E 5 ° Description ';‘3; 2379 Cu Natgrc of
g . a3 of flange w9 oasts 98 (psi) failure
e oA surface L Bl Ry
N Z oo 0 =SSN BB N
R 1t L - 1 B . L
POAL 0 3N o o 0 0 &80 One slab ¢l off
3 b ansve rse \buLorc testing
P3al| 8 - = N ; .75 . 5B
1o ( triangular L7510 1.84 16890 1 eight studs
4 HIOOVes fhearced off
PBA%J & - izu 1.75] 1.94 %440 )
)1 Q 3 ] L. L = A
P3BL} 8 - 16 Tgln. X wind 1.314f 1.356 [6880 11 four studs
| transvérse }uu one slab
PIR2 | 8 - i%_ tr}angular 141l 1250 lesso ~heared off
] grooves 7
‘ 3 1 1. - . ,
‘P3C1| 8 - 6 gzln. X zzln. 0.95] 1.25 |6440 All eight studs
‘ transvérse shecared off
triangular
'31 grooves 3
P3D1| 8 ~ — . 0.71] 1.08 6490 All four studs
16| {Plain flange
it 1 \on one slab
3 with natura sheared off
P3D2} 8 - s bond 0.63] 1.08 ]6490 JQ
o
. 3] L1 1
P3EL| 8 - 16 0.92] 1.63 [6360
1 Durbar Four studs
P41rl1 | 8 - Z 1.12{ 2.00 [5450 0.} one slab
X r plated sheared off
P2il 8 - r 0.48] 0.94 6360 |
1 flane Load taken off
P2E2| 4 - 5 Frange 0.50] 1.25 5450 | just before
‘ iailure
_
L 4 studs sheared
P4D1 - = . e . .
4 8 4 | (Plain f{lange 0.92] 1.75 16570 oft; slab c¢racked
1 with natural 4 studs on on
. studs e
P20 - = : .30 ). 5 A .
201 | 8 3 bond 0.33] 0.51 6370 clab sheared off
.J

Note: Useful capacity is tiie load on conncctor at 0.003in. residual
/slip.

CU is the average of two 4in. cube strengths.

All connectors are lin. long plain hcaded studs.



Flange Useful {Ultimate Cu Nature
Specimen Description of studs surfice capacity| capacity i of
(tons) | (toms) | P*5+%" failure
4
P6D1 3 ) 2,28 2.99 5880
4o~ dia. x 15in. long All studs sheared
plain headed off
P6D2 Plain 2.28 3.01 5880
flange
r{natural -
3. , L bond)
p120(TH) | 4-7in. dia. x 4in. long 6.75 13.4 6230
threaded, with head
Two studs on one
slab sheared off.
AJZin dia. x 4in. long Slab cracked.
P12D{T ® * * .50 .
2p(T) threaded, without head 6.5 12.5 6230
3, , . Upper pairs
P12E1 8'“1“i 2la£ xd3;“' long 11.72 14,75 8960 | sheared off.
piain heade Durbap Concrete cracked.
‘ [£1
Double-ended push-out. ange
P12E(DE) | 16~3-in. dia. x 4in. long 9.75 8010

plain headed

TABLE 6.

Half Scale and Full Scale

Push-out Test Resvits




f

Flange Load/stud C Nature
Specimen Description of studs surfice at failure b 9 of
(ton:) 1b/in failure
3. . . )
PL1 4e—in. dia. x 4in. long 3.40 6000 Concrete
plain headed failed
PL2 Adzin. dia. x 3in. long 3.13 6230 Concrete
plain headed failed
3 Plain
PL3 4—in. dia. x 2in. long }flange 1.34 5750 Concrete
. plain headed (natural failed
bond)
PL4 4-%in. dia. x 4in. long 3.63 7000 Concrete
threaded, with head failed
PLS 4~§in. dia. x 4in. long 2.73 5290 Studs
threaded, without ) pulled
head. out

TABLE 7.

L4

Full Scale Pull-out Test Resuks




TAaBLE 8, SUMMARY OF THE TEST RESULTS OF COMPOSITE BEAMS

AT FIRST AT FIRST CALCULATED ExpT. ULT. LoAD| ULT. CAPACITY

M
SHEAR CONNECTION S1LIP SOUND |SIGNIFICANT SLIR ULTIMATE LoaDd| g CAic. Uir ioAn | oF cornEcToRS AximMum EnND
2 - 2 a9 P SLIPS AT/NEAR
™ [ ;. v M) P £~ ) MopeE oOF
H A 4 ) o z g % - - T ~ 3l VLT. LOAD
z K] u F g ° ’ ~| F ~ | F BT A0 AW gy on o s ° Slr FAILLRE.
Y - oUzzopm S lawe A 220 Za g A > -D/V?p_',\? Uy
&4 51& ;l N"B" «5 W gg G o th W- e QEE ‘?‘5 2; \;§ & % ¢l u | Tera- |Restpuad
. u " [ n A R o y W\ 0 3] [U] LRI
v 4 2 c 2K U2 S g <t z & 3\ 5 el 3 U b [ ) | Cae
) B2~ N \V/ )} a <y d < T 5,1 & olat & ™)
b Z5|MAR " K &% | @ wd | A n o™|e Y
1 2 > 4 5 6 7 8 9 10 11 12 13 14 15 16 iy '8 19
YA
Al | Emaxfzng 32 | 138 & 3.5 853 G-00 | 579 | 7-90 1-32 | 1-36 1.98 | 1-89 | 1.05 | 0-0008 | 00002 |FLEXURAL FATLURE
GROOVES 3 R (7.9) (7-01)
\
Y. ¥-] -‘flglﬂ"‘g‘a”' 32 138 ?% 445 800 6-61 630 6-70 {-o1 106 184 | 1.5% 1.20 |o-0029 |6-0018 L
GROOVES 0 (6'5) (65)
A3 -;::zm'x;i:"' 32 138 2 5.0 708 600 584! 700 1417 1. 20 1-56 1.25 1.28 |g-0007 lo-0002
GRoovES : J (7_ Q) (‘I-O)
A4 | NARTURAL]| 32 138 263 | 401 263 | 401 602 577 6-50 1-08 1-13 096 1.08 089 |0:0341 |o0256
BOoND : ., s
» . \ ((, 4) (b 4) .
As | Bomp 32 138 6 47 | 6°15 | 6-10 0-94 099 | 0-8B | L.OO | 0:88 |0 0374 | 00263
DESTROYED (6-0) (6'0)
B1 —“élN.xslznw A4 100 n a 5.9 860 6-60 | 6:32 | 750 1.14 1-19 5] 1-53 099 {0-0012 | 00008
GROOVES a z (7'3) (7'5)
B2 é—ziﬂ-"éﬁ’“ 44 100 o‘?] 5-8 1009 664 | 6-38 740 1. 11 1-16 1448 | 1.25 | 1-18 |0'0014 | 00008
GROOVES £ (7, 4) (7.4,) CONNECTORS
- - . SHEAR@) AFF
B3 |NaTvRAL | 44 100 3451 527 545 527 6:-62 6:33% 650 ©-98 103 1,10 1-08 1-02 0-033] 0-019
Boud . (6 . 5) (6'4)
B4 Bono 4L 4 100 G55 6-21 630 096 1.01 93 1-00 093 [0'03%8 |[0-0289
DESTROYED . (6 ) 25) (6- 25)
B5 RESIN | 4 4 1o NO sLIP 2.0 302 655 6 40 G-60 1-01 1.03 1-00 108 0+93 |0:0326 |0-0266
BONDED SOUND (6-5) (6‘5’)
B6 |[DVRBAR | 44 100 29 493 2:9 493 627 610 Z+05 1-12 1416 1-29 1-63% 079 |00254 |0 0232
FLANGE (7_ o) (7.0)
B7 |STVD RooT| 4 4 100 15 | 228 | 15 228 660 | 6-37 | 6-50 | 0°98 102 | 056 | 1708 | 0'52 |0 1312 |0-1168
COVERED ' (6' ‘) (6-5)
WiTx1 LATEY :
B8 [NaTtuwraL| 44 (00 2-5' %78 2.5 378 725 694 | 6-96 | 095 1-00 1-11 108 103 |0-0337 |0 0280
Bowor 1 (6’ 8 (6'5)
Cl |NATURAL | 44 100 31 473 30 458 6-35 | 6:18 | 6'25 | 9-98 1-01 097 | 108 | 0°90 [0:0373 |0-0R70
RonD (6-1) (6-1) D,
DI |DurBAR | 56 100 No suip 75 239 28:27 |27 46| 313 1-11 - 114 4:38 | 300 | 1:46 |0:0116 | 0'0064 |FLEXURAL FAILURE
FLANGE, SO0UND (31.3) (31_0) v
D2 [ NATurRAL| 56 100 140 | 444 | 100 17 25:05 {24-57 | 26°0 104 106 366 | 300 | 121 |0:0385|0-0322|Cone. aRounDd
Boxwd (26-0) (26'0) STUDS FAILED.
Note (@) 34s 1n. D1A. x 11n. LonG HEADED STUDS WERE USED 1 (€) TFimst S1GNIFICANT SLIP 55 TAKEN As THE FIRST MEASURED SLIP
ALL BEAMS EXZEPT D1 AND D2 WHERE 3/g8an. DIa. x OF ©:0005 1N,
17 IN. LoNG HEADPED STudS WERE USED. (d) CArcurATeED ULT. 1L0AD 15 BASED ON ACTUAL STEEL % conc. STRENGTH.
() STuvs werE spaceDd URIFORMLY 2N ALl BEAMS EXCEPT Cli (e) SiLips or coLuMns 17 AND 18 WERE RECORPED AT LOoADS I
WHERE. THE SPACING WAS ACcoRDING To THE INTERFACE TOorrS SHoOWwN TWITHIN BRACKETS,

SHEAR AT COLLAPSE



Table 9. Summary of results of material tests for composite beams
4in. (12" x 6" Ec Age at| Yield strxess Ult. stress
Beam| cube|cylindey psi|testing teseis tes.i. Remark
psi psi x100 days | web [flange web |flange
Al | 6890| 4480 | 4.62| 22 |17.60 | 20.85 | 26.60 | 29.69
A2 | 6800| 4700 | 3.60| 22 |21.60 | 21.93 | 28.40 | 29.20
A3 | 6560 4550 | 4.06| 21 17.60 | 20.85 | 26.60 | 29.69
A4 | 6750 4700 | 4.14| 20 |17.60 | 20.85 | 26.60 | 29.69
A5 | 6580 4590 | 3.70| 22 |21.10 | 21.47 | 28.80 | 29.41
Bl | 6900| 4650 | 4.06| 22 |21.60 | 21.93 | 28.4 29.20
B2 | 7890| 5650 | 3.62| 42 |21.10 | 21.47 | 28.80 | 29.41
B3 | 7650| 5500 | 4.14| 36 |21.10 | 21.47 | 28.80 | 29.41
B4 | 6570 4700 | 3.89| 22 |[20.80 | 22.10 | 28.40 | 30.4
B5 | 7850 4750 | 4.12f 27 }20.50 | 22.20 | 28.50 | 3l.4
18.95 26.49 | Durbar
B6 | 6360|- 4000 | 4.06| 21 18.90 29.00
22.10 30.40 M.S.
B7 | 7600| 5020 | 4.13| 45 |20.50 | 22.20 | 28.50 | 31.4
B8 | 6750( 4550 | 4.35| 28 |20.80 | 22.10 | 28.4 30.4
Cl | 6480| 3920 | 4.15| 21 | 20.5 22.2 28.5 31.4
17.32 26,93 | Durbar
D1 | 7880| 5200 { 4.65| 206 -- -
20.31 30.13 M.S.
17.32 26,93 | Durbar
D2 | 7870| 4850 | 4.82( 61 .- --
17.70 28.5 M.S.




TABLE 1Q. SumMmARY OF PLATED BEAM TeEsT RESULTS
AT FIRST CALCULATED » Wz MAXM, END SkiA
SHEAR CONNECTION S1eNIFICANT ULYIMATE fg\ ExpT. VL. LOAD g/:} :,{ G . A‘T/:NE.RR ey
" SLIP 10AD g8 |cAre.urt teAd | Bt k2 K_g LoAD
v o . L2 S I A MopE oF
d ;7282 a7 o N SleT¥l2kg 0
L RN R R FIRCY v L b4 A gn aq " ““g N XS TAILVRE

, o ¥ ST IR0 2%l 5 | B xS rs | ¥ G ok x| W ud [T fol 5

u q " N 8 g Egv| F [ 0 g N 5 0 [ fr g w R I Y N 3

¥ ph [ EEHSIPee 2ty O | an| w g A u R TN - 3

3 WA ah 2 |WZ w |AZ |8 Az A~ K . WA 3 2 B 3

0 > ¥ g hiers|(0ed a q we lad [ q e - 2d | frz |2 4l o b >

W Eou A Al |ex z & Eja” Ayv | ar x 2 7 E o v

R T b R ENEE hezl S gV |ef |da x4 | 8 2o |, é&#—'ﬁguqff 5 a

U z A z<0o |[ndwa |ppal A ] n¥ Qv W 5 m 3 MU [Zc |20 ol F X

1 2 3 4 5 6 7 8 9 10 11 bF-1 13 14 i5 16 4 18 19

PB2 | NATURAL | 24 - | 3"x3" 100 | 4.0 | 102 [2.74 189 | 2:40 | 0:88 | 127 | 244 0-057f|0-85| 079 |0-0140 | 0-0111

BOND ::7“: 1” ¢ DIRGONAL
16
TENS1ION

PR3 |Bowp 24 - 5°% 37| 100 2:635 | 2-04 | 2:25 | 0-86 | 110 | 228 0-057§'; 0-91 ] 0-84|0-0148] 0-0101
DESTROYEY 3, x1”

PB4 g 36 - 2"x3"| 150 | 09 80 2-93 | 266 | 205 | 0-70 077 {183 lo osof;_ 0149 1 09600294 |0-0246 ]

“ " .
o Yg'x2 SHEARING
m OF STUDS
PBS | ¢ 54- |2%2"| 100 | po | 89 |28t |253] 2:97 | 1-06 | 117 | 256 lo-074{ | 054|106 |0-0280
< %2 c J
> s
T u_ < = ’
PRB6 J b4 108 —~ 2"x1" | 50 125 | 111 304 | 273 | 375 123 1-37 333 {0-086{| 03] | 0'6] [0°0026|0°001¢ | FLEXLRAL
R 2” < FAILURE
PLAIN . L .

PB7 | ¥ace. oF | 36- 3x4/%| 100 30 117 6:11 | 5718 | 545 0-89 094 | 212 |0:060{ [1-66 | 90'95|0 0119 SHE ARING
DURBAR | 1 “x 3L" “ OF STUDS
PLATE 4772

PEB8 | Rovan 6~ ,[3x4k"| 100 | 30 | uy 605 | 605! 780 | 1-29 1129 ! w02 |o-08u:]2.38| 136 |0-0028]0 0025 FLEXURAL
FACE OF " 1 c
Dus AR w34 R FAILVURE
PLATE

Note - TFirsT SI1GNIFICANT SLIP 1S TAKEN AS THE TFIRST MEASURED SLI1P orF 0:0005 ax,

CALCULATED ULTIMATE LOAD

3S PBASED ON E'ﬁ‘PER!YWENTEL STEEL AND

CONCRETE ST?\!NGTH .




Steel Concrete
ield | ultimate| 4" cube |12 X 0" E e at
Beam yies ¢ ¢ cylinder e nge & i
. stress stress | strength|” " PaSed testing Remarks
No. X N 2 strength
t.5.1. t.s8.1. p.s.i. < days
p.S.i.
Failied
PBL 22.2 31.9 before
G testing
PB2 22.2 31.9 5450 4310 5,51 x 10 19
PB3 a2.2 33.9 5800 4030 344 2 107 15
PB4 22,7 31.7 6160 3650 £.25 x 10° 19
PBS 22.7 31,7 5830 3450 £.25 x 16° 16
PB6 22.7 31.7 6350 3880 £.64 x 107 34
PB7 19.82 28.47 6200 5560 G202 ® 107 el purber plote
PB8 19.82 28.47 6660 3500 4.92 x 10° 24 f%in. thick
51 18.75 | 25.85 | 7470 | 4500 | S.20 x W7 | S

TABLE 11l. Summary of results of muterial tests

for plated beams :ad coumposite ;l.te
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