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ABSTRACT 

Interaction 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 beams for incomplete interaction in the elastic 

stage and for complete interaction in the elasto-plastic stage. An 

attempt has been made to obtain the interface shear in a composite 

plate for incomplete interaction. A 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 theoretical 

analysis giving the pressure distribution on stud shear connectors 

is presented. An attempt has been made to explain the uplift 

phenomenon which occurs in T-beams. 

Tests were carried out on small scale T-beams and plated 

beams with plain and roughened steel surfaces at the interface and 

varying numbers of connectors. A small scale composite plate 

(spanning in two directions) was tested to study its general 

behaviour. Push-out specimens, some with roughened flanges, and 

pull-out specimens were tested to correlate the connector behaviour 

with that in beams. 

Correlation between theory and experiments is reasonably 

good. A very high degree of interaction was achieved in specimens 

with roughened flanges. The calculated ultimate moment was attained 

in T-beams with fewer connectors than required to resist the nominal 

total horizontal shear, but this was not the case in plated beans. 

The ultimate capacity of connectors obtained from beam tests agrees 

well with push-out 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 member. 

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 equal depth. By making composite an 

existing non-composite structure the allowable loading can 

be increased. 
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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. In 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 and 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 nztural 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. It 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 trans-

mitted by the roughness, but connectors would still be 

revired to prevent vertical separation. 

This thesis is primarily concerned with the 

mechanism of stee-concrete interaction in uncased composite 

beams and in composite plates. 
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1.2 A Brief Survey of Researches on Composite Beams  
and Plates  

The early studies 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 (1). These tests were mainly on filler 

joist floor panels and indicated clearly that a gain in 

strength was obtained when the steel was embedded'in concrete. 

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

was reported by Mackay, Gillespie and Leluau 
(2)

. Later,(3) 

Mackay tested seven simply supported T-beams, four fully 

encased, two partially encased and one fully encased but 

with bond absent on the top flange. 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 were reported in 

1929 by Caughey 
(4)
. On the basis of these tests and on the 

tests reported in the literature prior to 1929, Caughey 

concluded that "Composite beams may be designed safely on 

the basis of elementary principles of design", and 

recommended an allowable bond stress of 0.03 fV 

(if
c 	

cylinder strength). 

The most comprehensive experimental study of 

composite beams relying primarily on natural bond was 

reported by Batho, Lash and Kirkham (5)  in 1939. Out of a 

total of fifteen beams, three 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; one of each type was provided with 
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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. 

V. Lapsins (6) tested four T-beams with the top 

flange roughened by chiseling out small projections spaced 
1 at about -4- in. Slip between the beams and the slab 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. 

Wastlund and Ostlund (7)  tested three T-beams. 

A plEin 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. 
45V 

and 546 p.s.i. in the second and third respectively. In 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). 

Out of these four beams were tested under repetitive loading. 

Spiral shear connectors were also used in tests on composite 

beams carried out at Columbia University (9). Push-out • 
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specimens with spirals, flexible angles, flexible channels 

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

Viest (11)  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 

1944. 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 devebped their fully 

plastic moments; and that good concrete and very good welds 

were needed when fatigue loading was involved. 

Another extensive investigation of stiff connectors 
(14).  

was reported by Graf 
(13),(14),  The study, including 22 

push-out specimens, six T-beams and three 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 

between 1.7 and 3.2 times the cube-strength of concrete. 

Similar connectors were used by Fuchs (15)  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. 
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Tests on channel and angle connectors were first 

reported in 1943, carried out in Lehigh University (lo). Two  

extensive investigations of channel shear connectors were carried 

out at the University of Illinois in the 1940's. The first study (16) 

included static tests of 64 push-out specimens, static tests of 

three T-beams and fatigue tests of 85 T-beams. All specimens 

were small scale models. The second study
(17) 

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 
1 of diameters ranging from 

(18),(t 

1  7
9),(20) 
in. to 1-

4 
 in. were carried out in 

Illinois University 	. Fatigue and static test of a 
1 	3 

double T-beam using 7  in. diameter bent and -4- in. diameter headed 

studs was reported by ThUrlimann (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 ThUrlimann (22)  

Tests on composite beams with bent and headed stud 

shear connectors along with push-out tests were carried out in 

Lehigh University (23),(24),(25),(26).  The programme included 

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 failure of the connectors occurred. 
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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 

1-1  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 7 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, three of which were encased, were 

tested with varying numbers of studs. Three T-beams using 
3 castella beams were also tested. 13 in. diameter studs bent or 

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

Twelve push-out specimens using T-connectors with 
3 in.1 holding-down hoops, 
4  
- 	and 7  in. diameter headed studs of 
3  different lengths and 2-1.  in. diameter bent studs 4.75 in. long 

were tested by Balakrishnan. Four small scale push-out tests 
3 

using IT 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 approximate uniformly 

distributed load were carried out in this investigation. Different 

parameters used in these beam tests were (a) type of connectors 

namely, T-connectors, bent and headed studs; (b) length and diameter 

of studs; (c) number ofccianectors and (d) distribution of 

connectors (triangular or uniform). In addition, eleven small 
3 scale T-beams using 1-6- in. diameter bent and headed studs were  

tested under a central point load with varying nuirbers of 

connectors. 
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The first investigation on plated beams was reported 

in 1957 by Casillas, Khachaturian and Siess (30).  The programme 

included tests on plated beams under point and distributed loads. 

Shear connectors employed were wire-meshes welded to the steel 
5 plate and headed studs of 4 
	8 
— in. end — in. diameters. In the beams 

with wire-mesh as shear connectors, failure 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. Maximum bond stress was found to vary.  Irom 170 p.s.i. 

to about 250 p.s.i. With stud shear connectors, the plated beams 

mostly 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 suramarised in Table 2. 
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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 also 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 anount 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; 



3. Effect of pitch, diameter and length of studs on 

the general behaviour of plated beams; 

4. Behaviour of plated beams with varying number of 

stud shear connectors; 

5. Comparative behaviour of plated beam with Durbar 

plate and plain steel plate and also of plain steel 

plate with and without natural bond; 

6. General behaviour of composite plate with uniform 

spacing of studs in either direction; 

7. Comparative behaviour of threaded (with or without 

head) and plain headed studs in push-out and pull-

out specimens; 

8. Comparative push-out behaviour of plain headed 

studs when welded to plain and roughened plate; 

9. Effect of stud length in pull-out tests; 

10. The ultimate carrying capacity of stud shear 

connectors used in this investigation. 

10. 



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 calculated on 

the basis of an equivalent section. The moduli of elasticity, 

Es, E
e 
 , and modular ratio m are assumed to be constant; the 

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

The horizontal shear per unit length in any plane 

distant yl from the neutral axis (figure above) is given by 

V 
 f

Y2 
yz. dy 

ci 

  

where 	V = Total vertical shear at the section 

1 
	

Moment of inertia of the section 

MI  = Moment of area above the plane about N.A. 

q 	horizontal shear per unit length. 

11. 
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Applying this relation to a composite section, the 

horizontal shear q per unit length at the interface is given by 

vie 
ICS 

= 	v [ 23- • t • 	- ) 2 ics " 

	J 

C074-PO53T.E. SECTION 	EEIVLUVAI.ENT SECTION 

where 	t = thickness of slab 
B 	width of slab 

y 	distance of top surface of slab from N.A. 

1C8 	moment of inertia of equivalent section. 

A 

ri itin AS 	 a 

42_17_4  Jid 

	 t2  

The total horizontal shear at the interface between two 

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



r L 	MA 

where 
	total horizontal shear at tae interface between 

B and A. 

MB  and MA  are bending moments at B and A. 

-•• J • 

Also 

61 = I2-  

Y2 

x f 243 
I 

[ Ma - MA  1 

yZ dy - f 

.Y2 
IP 

rtA y 2.dy 1  

..91 	yi 
.N2 	Yz  

= I"  f B 4 ci.Y -I fA z dy 
y, 	y, 

= Tla  - FA  • • • (4) 

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

FA  = total axial force in concrete or in steel at A. 
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Au 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 considered: 
	

ti 

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

length "q" is given by 

PM' 
. . . (5) Ie 

where 	V = total vertical shear at the section 

ie 	moment of inertia of the elastic part of the 
section about N.A. 

= moment of the elastic area of the section above 
e. 

the surface under consideration about N.A. 

Case 	The section is a composite 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, 

Vie • 
ee q 	 • . • (6) 
ee 

where 	V = total vertical shear at the section 

See = moment of inertia. of the elastic part of the 

equivalent section about N.A. 

ee 	
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 calculated. 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 also 

the properties of the idealised cross-section are given in Figure 3. 
A concrete cylinder strength of 4000 lb./in.2  and a steel yield 

2 stress of 16 tons/in. are assumed. 
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(c) 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. The following assumptions were made: 

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

continuous and uniform along the length of the beam. 

i.e. 
k  
- = constant 
S 

where k
c 
is the so-called modulus of the connector and s is the 

spacing between the connectors. 

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

directly proportional to the load transmitted. 

i.e. 	r k 

where is the load transmitted by 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. 
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ec 
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18. 

The relative movement between the slab and the beam (slip) is given by 

GI 
= 1-T  

s  dr 
— k dx 

dr 	s dar 
dz =1  ci7 

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. 

From assumption (4) we have 

Ns 	Mc  __  n6+11c  
FS s 	E, Ic — Es  Is  + ;Id  

 

I'i-Fz.  

 

  

. . . (10) EI +El FS  IS 	c c 

Equating (?) and (8) and substituting from equations (9) and (10) 
and then rearranging, we have 

where 

d 2F 	..., It 	E/ k 11 Z 
r 	 __ 

d x a 	6  EA ZEI 	S Ix/ 

I El z-_- ES r5 1-  Ec Ic 

II = I EI + EA Z2  

=== 
A 	75 AS 

+ 
Ic AC 

E
ss 	

e andA,AC  are the elastic moduli, moments of s  
inertia and areas of cross-section of steel and concrete respectively 

6olution of the above equation with an appropriate 

expression for bending moment N, and appropriate boundary conditions, 

gives F, from which co r and e at any section can be obtained. 
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(i) Point 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 . 0 	FL  = 0 

at x = L 	F
R 

= 0 
dFL 	dF  

at x = u 	FL  = FR  and -.1)E  = - dx 
where FL and FR are the axial forces in the beam to the left and 

right of the point load. 

Substituting the appropriate expressions forte bending 
moments in equation (11) and solving for FL  and FR, we have 

For x ( u 

EA Z 	 Sillq-- I— 
le 17)]  
7T ( U 

II 	
PL. g 1 

t . 9 fe 
L 	n 	si?,})  I"- 	vE.  1..) 

Sin<il x  
ia 

(12a) 
and for x u 

EA Z rizt 	Pl-f 	- 2/-) 	Sinh(i. 14)  
El 	L 	L 	 Sink, [..-X1- A 

Sinh 

. . . (12b)  
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where 
C 

112  EA Z.  EI 
_ 	  

LR  xl 

and for x < u 
• 

. . 	(13a) 



and for x u 

	

d F 	E A Z 
= 	

p u  4_  sinii(lk 
	 cosh [2!--(1— 29]) 1. 

	

dx 	- Ei 	Si Yth 7.±ve  

. . . (13b) 
Slip at any point is: 

	

For x K u 	= 
k 
—• ct •  

	

For x u 	A = • 9 3.  

(ii) Uniformly distributed load 

This solution is given by Adekola 
(28)

and is as follows. 

For a simply supported composite beam of span L with uniformly 

spaced shear connectors and subjected to uniformly distributed load 

"w", the boundary conditions are: 

at x = 0 	F = 0 

at x = L 	F = 0. 

Substituting the appropriate expression forte bending 

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

 

= 	EA 7- To 2 [ L 	cosh EI 	lt 
nx (i--cosh 21) 

R2 	sin))  n slrah • le L 
see 

4" C  2 L 	A2 

 

and 

 

(I4) 

cif 	EA Z. 	re • 	71. 	 4 	

2A 	jct. 
7t 	, IC 	)C — Ct 	d 	 [ • Srnh "It 	 — —• Tarn 	cosh  
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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 load "w" over the entire span. The beam is the quarter 

scale composite beam with studs designed at 1006 of the ultimate 

capacity. Spacing of connectors  is 2.73in. in pairs and ice 

connector modulus is assumed to be 200 tons per in. 

(iii) Two point loads 

For a composite beam of simple span L subjected to two 

point loads of equal magnitude at distances u1 and u2 
from the left 

% 	hand support, the axial force can be obtained from equation (12) 

using the method of superimposition. 

i2 	zl 

U2 	  

If FL'  F and FR  are the axial forces for lengths 

A-13, Et-C and C-D respectively (N. above) then by superimposition, 

and using equation (12), we have 

for x ul  

EA Z Pt.[(I 	Lai+  t12) X FL  = 	2 	'L 

Sirh 11  r 
siv,i, 	tsinh 71-VE(1 	÷-) 

. . . (161) 
(1 ugh] — 

for ul  x Ku2  

	

FL = 
EA 2  PL til _i_O 1,41 .t.us\ s 	1 

21- sirah 7-e-r Si'Wh  .76:: 
Sink 

-,:0 - IT 	2 	L. ' 	L 	) t.. 
la 

}
+ siva) .271-.0 — N. sini, 7.61.  

. 	. (16b) 
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For x (L -u)  

E A Z P.1- 
ET 

= 2 

for x u2  

"F"' 	E A x, pt IA, .4 	 sink 	irc) 	sinh 	U, 

71 	2  	Sin}l 	 fe 1- 

4- Sin} L 
. . . (16c) 

In a particular case where these two loads are applied 

symmetrically, we have • 

u1  = L - u2  = u (say) 

and the expressions reduce to 

For x 

22. 

PAZ PL x 
FL 2 t. 

	

sink 
	 sixds 

	

. 	7t 633-41 
(4.19 'yat 	-11-1] + 5.3 

• • • (17a) 

ForuKx<L-u 
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and for x < u 

	

z p 	cosh 7c (- .1,9 4_ sinh c  — — 1 
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for u 

for x 

. . . (16b) 

— Cosh -11] 

. . . (18c) 
Figure 8 shows the calculated interface ahear distribution 

for the quarter scale composite beam with studs designed at 100)4 
ultimate capacity, subjected to two 4Ymmetrical point loads. It is 
seen that even though there is no external vertical Shear in the 

central zone, Lnere is interface horizontal shear. The slope of 
the interface shear curve at midspan, however, decreases as the two 
loads move further apart. 

An expression for strain difference at the interface can 
be obtained from equations (7), (8) and (18). In the central zone 
of the composite beam subjected to two symmetrical point loads, 
we have 

Es c = s dx 

S -EA7. P 	1141-  
Si71.6  A.IT  (1— 	SiA 

Ti 	21: ia 	SiT31 

For x 
	L 

&s— 
s fAX 73  W 64"  1r

[ 	
1 1-  

"  - k if 21. 4 sos:h 1  
2/6 

. . . (20) 



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. 



2.2 Horizontal shear at the interface in composite  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: 

vertical deflection; taken positive downward 

	

Vx 	vertical shear per unit width on a section perpendicular 

to the x-axis 

	

V
y 	the same, on a section perpendicular to the y-axis 

	

Mx 	bending moment per unit width on a section perpendicular 

to the x-axis 

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

xy 	twisting moment per unit width on sections perpendicular 

to x and y axes 

	

. 	
Poisson's ratio 
EI  

1 -pi2 

equivalent moment of inertia per unit width of section 

	

jd 	= 	lever arm of the section 
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On the basis of the assumptions made, the relations 

between the bending moments, twisting moments and deflections are: 

  

. (18a) 
axe 	ay2 

26. 

= _pc 
ai2T4) 

aye + I axe/ 
• . . (18b) 

- Myx= j;) 	- IA) 	 
3% day 

and the relations between shears and deflections are 

a (gra) a2w) a 	3.1,c 	riyx 

	

vx = 	a.s 6%2 ay2 — 6)4 

4_ 
 ay 

aaa~ a2w 	aMy aMyA 

	

= 	ay C (3.,,2 3J2-1 = 	 a), 

. . . (18c) 

. . . (19a) 

. . . (19b) 

and the basic equation for the deflection surface is: 

a4to 	d4u, 	34'w 	b 

. (20) ay 4 	1:0 . r(X,y) 	• • c3744 1- 2 6x2 ay= 

Solution of equation (20) with appropriate expression 

for load distribution gives "w" from which Mx, My, Mxy, Vx, 

V , etc. can be evaluated. 

In a composite plate, the horizontal shear at the 

interface can be related to vertical shear as follows:(30) 



41" 	6 Txy 
T xy ay y 

t 
5+  ay °'Y 

y 

xy 

	r + 

T + 	

?en. dx 
ax 

a Txy • dx 
xy ax 

0 

27. 

x 

y 

A rectangular element of the steel plate 

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: 

a al, 	a 
ay a), 	dx. dy. t + 	 dx. dy. t 

Txy 
 

. . . (21a) 

ay 
d x . dy.t 	aps

), 	 
Y 	. t A ry = ay 

. (21b) 
These net forces must be transferred from the steel 

plate to the concrete by means of horizontal shear stresses which 

may be expressed as follows: 

O Fx  
Ix 	dx. dy 

(  a 	ny  
ax t ay 
	 t 

. 	. (22a) 



4 Fy 	(  a c-y 	rgc.0 
+ 	t Q

— 	ay 	ax E y — dx.dy  
. . . (22b) 

where qx 
and q

Y 
 are horizontal shear stresses in the x and y 

directions respectively. 

The stresses in the steel plate can also be expressed 

in terms of the bending moments and cross-sectional properties 

as follows: 

28. 

0—x 

 

t 

 

 

 

My 

 

 

id t 

T xy 
id  

. . . (23c) 

Substituting these expressions into the equations for qx 
and q 

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

am),  arix),) 	Vx 
a), ÷ 	id = ja . . . (24a) 

.1%‘i y 

qy 
a  My a  11  
ay 	a'` 

I 
jd  — _ Vy 

ci 

. . . (24b) 

Thus it has been found that the relation between vertical and. 

horizontal shear in the composite plate is the same as that for 

Reinforced Concrete beams. 

The resultant horizontal shear stress at any point 

x, y is given by 

9 = ✓  
/2 Vx2 4' 4 

X t a 2 
tY id  . 	. 	. ( 25) 
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(i) 	Sir ply supported rectangular composite _,plate 

From the solution 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 V
x 
and V for simply supported 

rectangular plates with uniform load of intensity p. 

The expressions for w, Vx  and Vy  are as follows: 

a 	 

T 
b/2 

29. 

b72  

where 

-iy%.11 "7'Y  4 ID pt. 	 -we SiSin n% 	 @7i) 
-rn 2  co sh 0( 

-vv) 	3, 5 ••• 

1Y 7<b 
= 2a. 
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Figure 10 shows the distribution of qx  and qy  for a 

square composite plate of size a x a. 

(ii) Partially loaded simply supported rectangular plate  

The solution is given by Timoshenko (31).  This 

solution can also be applied for a point load assuming the load to 

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

  

a/2  
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b/2 

 

        

        

        

A uhiform load p is distributed over the rectangle 

with sidesuandv. The load for the portion p r s t can be 

represented by 

, rr) IL 	-rn 
	 Sin 	 
2a 	GI. 

. (28) 
And the expressions for w as given by Timoshenko are 

as follows: 
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and for the portion below the line is 
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Differentiating expressions (29) and then substituting 

in equations (19). the shear forces V
x 
and V are obtained, 

These are: 

For the portion prst 

m X 

a 

\t, = D — 	cosh cos 

 

a 

. . . (30a) 
3 3 

 	2 5, sinh 

In • 1, 3,5 	 . . . (30b) 

and for tie portion below the line is 
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Figure 11 shows the horizontal shear distribution at the 

interface of a square composite plate of side "a", subjected to a 

central point load assumed to be distributed over an area u x u 
a where u = SI 

-rn 

4ct 
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2. plated Beams 

tie simple reinforced concrete beam theory is used to 

compute the deflection, stress distribution and horizontal shear 

stress at the interface between steel elate ,and the concrete slab. 

The usual assumptions of reinforced concrete are also 

made here. 

(a) 	beam 
	

(b) bending stress (c) Shear stress 

6tress distribution 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: 

 

T= C 	= jd 

 

. . . (32) 

 

cirx 	d M. = 	
jd 

v x  

 

and 

 

• • • (33) 

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

and jd /3 the lever arm of the section. 

The total horizontal shear at the interface between 

any two sections A and B is 

jd Ma —M A   — Fp,  

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 render it impracticable for the design office. 

The theory which follows gives a very simple expression 

for tie 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. 

(i) 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. 



35. 

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 thickness lit II 

and yield stress f , are: 

2 fy . t' a  

where a = 	 2 Siin 

. • .(35) 

The resultant of these two forces is the total resultant 

horizontal shear which must be transmitted by the shear connectors 

in the sector. 

== irt2+ 22  2 Fi r2  COS(n-e) 

= 2 fy• t • a. Sin d  

= f J.+./ 
• . 	. '56 ) 



where F
R  is the total horizontal shear for the sector ABC; and 

the total horizontal shear H at the interface is: 

fy .t. 	 . . . (36a) 
where I, is the length of the boundary. 

(ii) Sirn,,:ly supported rectangular plates sub,lected 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 e varies depending on the a/b ratio, the total 
horizontal shear H does not vary with 0. 

b 

56. 
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a 
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b 

Yield lines at plastic failure of a simply supported rectangular 

plate under uniformly distributed load 



we have: 

a 	 . . . (37a) = 	.t . 2 COS 0 

F2 	= fy. t, b — ct. ta» e) 	 . . 	(37b) 

For the sector CDE 

= 	-I- -r12 	2r,2  COS 20 	= 	.t 	 • (3801) 

FA2 = F2  + V/7, 2+ re  2 -4-  Rri2  COS (W-20) _-= 
Jy 	

• . • (38b) 

Total horizontal shear H = 

2 [F*Ri+ 7R21 

fy .t . 2 ( + 	+y  . 
. • • (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 to neglected and 

the expression of 'H' equals 2f ta, which is the total horizontal 
shear for a plated beam of width a and plate thickness t. 

37. 
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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-beam. 

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 = 2 

(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 the concrete slab are the 
same at all points in both the x and y directions. 

The following notation, in addition to that on page 26 
is used: 

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

rx and r = slips in the x and y directions 
distance of neutral axis from the top of the slab. 
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(a) forces 	 (b) 	cbstributIon 

A longitudinal strip of unit width along the x-direction 
of a composite plate 

The relative movement between concrete slab and steel 
plate (slip) is given by: 

• . . (40) 

. . . (410 

. . . (41b) - 
where qx  and qy  are horizontal shears and rx and ry  are slips in 
the x and y directions respectively. 

The rate of change of slip is equal to the strain 

difference between concrete slab and steel plate at the interface 

i.e. 
a rA  
ax = sx. -- cx • • (42) 

where 

€ss 
vx t'vy  
7s As Es As 

111.2 t 	PI Nlyz  t 
Es; -1 1  Fs  IS  

• . • (43a) 



1 
Rxc 

1 
R 
xs 

and Fs 	/64  TY 	+ 71•A 	n. 	/14  Ply1 .n, 	ci -ne  E --- cx 	r Ea  Ac 	Ec  Ic  2 Eirc  2 j n 
. . (03) 

where 	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 (41a) in equation 42, we have 

()a y% 	yx 	d 	 cl rs - 
Es  As  in .EG  Aci 	14 	(: Es  As 	Ec  A 	c) 

c1-11 
Ec  lc  2 	 (4 x1 /414.5:1,) 	2 E 	1.IY2) s 	

. (44) 

From statics, 	Mx  = Pim  + Mx2. 	Z 	 . (45a) 

= + + z My 
Y1 Jg Y . . . (45b) 

40. 

From assumption (5) 

where IT— and F1 — 
1 

xc 	xs 
are the curvatures of concrete slab and 

steel plate in the x-direction. 
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C
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Substituting equation (4 in equation (44) and rearranging, 

we have 

‘2rx 	 (ci 	+  t)z 	d-n  I 	d-'n+t44x _ 7,q — 	x 	itA  -5) 1 ax4 	KF 	 Ec  Ac 	its 	2 In K.  

= 	A V. — A /t4Fy -13(14x—  itz  

[d-r)i-t 
where 	A 

22E1 
z 

r Ec  Ac  F 	ASi 

. (48) 

13 
2 E rr 

• 

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

Similarly it can also be shown that 

41. 

Fy A ry  ay  
— B 	— 

1 • • (49) 

Differentiating equation (48) twice with respect to y and then 

substituting equation (49), we have, .i.fter rearranging 

a 4v„  
a x2 ay2 aye 

/ 32 F.7  + 02 Tx  

axe + A2(1— PI) FX  

a27,4 

	

__B(
x 	a2  

	

aye 	aye ) + 13 P2) M x 

. • • (50a) 

Similarly, differentiating eqUation (11) twice with respect to 

x and then substituting equation (10), we nave 
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= —13(ell),  
axe a  
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Pt 	) AB (1

2
) My 
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The solution of the equation (50) with appropriate 

expressions for M
x and M ; together with appropriate boundary 

conditions, gives the value of axial forces F
x 
and ' F from 

Y 
which, after differentiation, the values of q

x 
and q , the 

horizontal shear at the interface 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. 



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 plaLe, by observing that, for a plated beam, 

F = 0 

aiFx  
0 

ay 

0 
and the equation (50a) reduces to 

azPx — A 	+ A2  Fx  = 	14 x  a X 

Or, az F.%  
A —B M a x e 

. . . (51.) 
solution of this equation with an appropriate expression 

for M
x 

along with appropriate boundary conditions gives the value 

of F
x
, from which q 

x
, the horizontal shear, can be found after 

differentiation. 

It may be noted that the equation (51) is similar to 

the equation ontained by Newmark for incomplete interaction in a 

composite beam. 

(i) Point load 

For a simply supported plated beam of span L subjected 

to a concentrated load P at a distance u from the left support, 

the differential equations are: 

d2T1 
for x

(ix 2 = 	SP ( 1 — -71.7) X 	. . 	(52a) 

6
2 V

m  A 'Fit 	— 33P — (1. — for x > u 	c4 x 	 . . . (52b) 

where F and F
R are the axial forces in the heam to the left 

and right of the loaded points 

43. 



The differential equations c,n be solved for the 
known boundary conditions, which are: 

44. 

• 
at x = 	0 FL  = 

at x = 	L FR  = 

at x = - u FL  = 

0 

0 

FR  and 
dFL 	dFR 
dx 	dx 

The solutions for the force F are: 
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where c = AL2, a dimensionless constant, introduced for convenience. 

The horizontal shear per unit length: 
for x ( u 

d 
ds 
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33 [A • cosh{sid i 1 - 
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(ii) Uniformly distributed load 

For a simply supported plated beam, of span L subjected 

to a uniformly distributed load 

differential equation is: 

clx 2 AT = B 
CroLx 

2 2 	
va,x 2 ci2r  

and the boundary conditions are: 

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

The solution of equatio1 (55) after substituting the 

values of arbitrary constants evaluated from the boundary 

conditions is: 

B 	2 [ 
-raL 	cosh 	,1 	-  C"") 	(id '-1-) div,h,te 

2 

c 
• • (56) 

where C = AL
2
, a dimensional constant. 

Differentiating F with respect to x gives the 

horizontal shear per unit length: 

dr 
= 

45. 

per unit length, the 

 

-coshVE 

  

si.h QE -_-!-.) + 

 

coot (/E).+(4.-- 

. . . (57) 
sinft 

 

   

   

The figures 12a and 12b show the variation of horizontal 

shear along the length of plated beams subjected to a central 

point load and a 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 equation (54), using the method of superposition. 

1  

• -7, 1_ 	u 	 

When the two point loads are applied symmetrically 
about the midspan, the expression for q, the horizontal shear at 
the interface is as follows: 

For 0 < x < u 

33 
A 

P 
2 

COsIN k.  214) — 
cosh ./C- 71+ 

1.  

[1 	cosh 2 
• (53a} 

46. 

For 

ct 

t > > -2  

	

P 	i.ras le 4 

▪ A  2 	cos}, 

  

si7lh 4-2  ( 
- ti- 

 x 

    

. . . (58b) 

• * 
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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 lift 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 out of the slab, 

so losing their shear carrying capacity. 

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 lift 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 beam, 

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 modulud'of the 

elastic foundation. In a composite beam, 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 intert. 

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 

formulation of the theory is due to Chapman (32)  , 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 	w(x) x 0 - 5 	
= ks 



to (x) = R(Ys-Yc) 
11141.111,11.111411  

dF 
d F 	 
TItttittlitittl? 

ro (x) = 	Nc) 
Ms  d s 

1-) F+ dr 

v ciV 5 

A 

Ys 

where ks  = foundation modulus 

W = vertical force per connector 

8 = spacing of connectors 

5 = separation or uplift between the slab 

and the beam 

w(x) 	vertical force per unit length at the 

interface. 
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2W 

Foundation modulus - 	 

3. For the present purpose it is assumed that full interaction 

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

bottom of the slab 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: 
To(c) 

d.x 
Forces in an.element of composite beam 



Considering the rotational e4uiiibrium of the slab and 

neglecting the second order terms, 

50. 

d ; = vc  dx — dF 

Differentiating equation (59a), 

2 	• d mc 	c ic. 	d2 F 

dx2 	 ac dx2- 

From vertical equilibrium, 

clVc  — (c) — r  
dx — 

= 	(315- 

Substituting equation (60) in equation (59b), 

cl 2  -F.  
- CC) — 	2  

Similarly for the steel beam, 

d2  Its  
dx 2  

F 
= 	+

s
(YE  .9c) 	3 -d x  z 

From strain compatibility, i.e. asumption 3, 

Differentiating equation, and then rearranging, 

d2
i Ak 

%c d214c is c12111 
dx 2  Ic dx2 Is ci X2  

= 	vc) 

    

Ms  == 	 9 + 	 
Es Ts QS 	'ES 85 Mc Ic  °C 	E Acc   

• . • (59a) 

. • • (59b) 

. . . (60) 

. . . (61a) 

. . . (61b) 

. . 	(62) 

 

A
t As  Ac  

where -Yn As  + 

"On = 
Ts  , the modular ratio. 
rc 



day 	d 4y
4 
5  

E 	and 	
dx c c cd x4 

and then rearranging, 

.4  2. 
for 

cloy` [ Z, ± 	/31 

[15  + A'gzsl 

( ,; 

c) AI% 

+ A
i
g x 4 

ci a 
+ d x  4 s  (Ys  Es 

Rearrangement and subraction give 

ci 4  Ys  

d x 4  
14$  (A  

421  x 4 -4-  LS VC+  PS) J̀S— CJ 

Substituting equation (63) in equations (61a) and (61b), and writing 

51. 

and d 243 

== 

= 

respectively, 

0  

. 	. 	. 	(64a) 

0 

. 	. 	. 	(64b) 

. 	. 	. 	(65) 

c14y‘  q 

oix 2  

40(c) 
c15x 4  

4Yc  

Ec 

"4" CC)  = 

4  

-E13SC  

Pc 

A I SC  95  
/ 2 + A OC  

1 	1 + As  
lc 	 2  — + A, ac  (1 ---Ac  ?%5)  

Al9c 95  

Is  +- A's: 

1  + Ac 

is+ Aig: C1--ac  x,) 

where 	Ac  As 

I35 

X and 1 depend only on the sectional properties of the composite 

beam. The equation (65) can be rewritten as 

cl4- 	Pc 4  Ps  • 55c • k .3 	— - co 	= 0 . . . (66) x 	E s 	
5 

where 	
Y 	Ys— 

The solution of equation (66) with appropriate boundary 

conditions givesY , i.e. the uplift and the uplift force is 
obtained by multiplying y with the foundation modulus k. 



The shearing forces in the slab and the beam respectively 
are: 

cf  dF Vc  = gc  dx 

dM s 	dr 
V   + q 	 

tis chc 

. . . (67a) 

. . . (67b) 

and substituting for F, Mc  and Ms  leads to 

vc  

V 

2(c:13Yc 
10c 	x 3  

2)1-cl 3y, — s  ( + Rig 
06 3  

3 
) 

+ 
js  

c ax3  

d 
4- 	d Oc  

. . . (68a) 

. . . (68b) 

(a) Central point load,  

For a composite beam of span 2L subjected to a concentrated 
load P at midspan, the equation (66) reduces to 

4- d y 
clx 4 

Pc
Fs 
+J35  Sy . . . (67) 

The general solution of this equation is 

y 	= 	A cosh ax . sin ax 	sirch ax cos ax 

C co.sf ax. cos ax 	.D siyth cox. sin ax 

  

. . . (68) 
= 

where 
	4F5  

Taking the origin at the midspan, by symmetry A = B = 0. Hence 
the general solution takes the form: 



Ps P 
	cos at. cosh at 

Es 2 a3  Sin 2 aL + 	um 

Ps P 	cxL • 5;-411 aL 
Es 2a3 	2aL + 	2oa. 

C = 

D = 

C cosh ax coS ax + 1 Si7,71 ax. Son ax . . . (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  = 0 at the support, and hence 

Vs 
= -V where V is the external shear at the support. 

- From equations (68a) and (68b) 

d3y, 3 
	 + 	 0 	 . . . (70a ) 

d x3 	c d x 

COY, Cl 3 Ys  + A
0 cix 3 	s 6  

V 

  

Es  Os+ A' s26) 
. . . (?0b) 

from which 
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a d Ps + — V 
Es  at +be sop-part. . . . (71) cl x 

Hence the boundary conditions are: 
d2sj 

d X 2  at x = L 0 

at x = L 
d3-  .%) 

 

d x-3  Es  2 

and the arbitrary constants are 



(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. 

c145  + 	+ 	= 0 
d $4 	_Es 	Is 

The general solution of this equation is 

9 = A cosh ax. 54-n ax + 3 sin}, ay.. cos a% + C cosi, ax. cos ax 

+ D .5i-rat a x six) ax 

    

Pc +Ps 1,s 
. . . (72) 

54. 

where 	a = 

Taking the origin at the midspan, by symmetry A = b = 0. 

Hence the general solution takes the form: 

= C cosh ax. cos ax 	D sirik ax. sin ax 
PC To 

spc -f- 	. (73) 
••• 

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

boundary conditions. 

From equations (68a) and (68b) and observing that 

V = 0 and V6  = -V at the support, we have 
.3- d 3 	Os 

--a.n_ 	at 	x = 1. 
clx 3 	Es 
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Hence the boundary conditions are 

at x 	L 	
dx2 
	0 

at x = 
	d3 
 

dx3 
	

Es  

and the arbitrary constants are 

C = 
P5  -rat 

01 3  

Ps Tot. 
Is ci3  

 

cos otL. cosh al.. 

 

+ 5iT 2ca. 

Sin oiL, siph ciL 

  

Sin tai- 	sinh 201- 

The extensional modulus of a connector is obtained from 

pull-out tests. The foundation modulus appropriate to the beam 

is then derived. If K
e is the modulus of connector, s is the 

spacing of connectors 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 ksiz 

given by 

Ks 
	To 60 	C - 	

2 
Y 	.9 

2 	2  X e 
9 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. 
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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 i in. diameter 

and 3in. long studs at 8.5 centres in pairs, the value of K
e 
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 

$ 
1 223 tons/inch for g in. diameter and 1-
2 
 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
c 

A
s 

= 

= 

	

288 in.2 	gc 	= 

	

13 in.2 	g
s 	= 

3in. 

6in. 

Ic 	= 	864 in.4 	dc  

Is 	317 in.4 	d
s 

12Ln.  • 

= 	6in. 

Ec = 4.5 x 106 p.s.i. Es  = 	13000 t.s.i. 	A' 	= 9.993 in.2  

Ac = 0.819 Pc = 	7.371 x 10-3  in.-4  

As = 0.266 f3s = 	3.437 x 10-3  in.-4 

K
e 
for 2 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. E
s
, E

c
, K

e, 2L and spacing are taken 

as 	13,000 t.s.i., 4.5 x 106  p.s.1., 223 T/in., 108in. and 3.86in. 

respectively. 
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2.4 Embedded Cantilever Theory for Stud Shear Connectors 

Theoretical investigation on the behaviour of stud shear 

connectors, carried out by earlier investigators (27),(28), 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  7 i 3 i i n. from the flange in a 71-.  in. diameter and 4in. long stud, 
is of sign opposite to that given by theory. 

2. The theoretically obtained bending stress at the root 
3 of the stud is very high. For a 
4 
— in. diameter stud, it is about 

12.0 tons per sq. in. per one ton shear. This appears to be too 

high considering that the ultimate capacity of a  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. 



Stud connector in elastic foundation 

The following notation is used: 

= deflection due to shear ys  

ym = deflection due to bending 

(Y8  + Ym) = total deflection 

AG = torsional rigidity of the stud 

EI = flexural rigidity of the stud 

K = foundation modulus 

If qx  be the load per unit length on the connector 

at a distance x from the origin, then 

°, X  = - (y54- 	= - Ky 	 . • • (74) 
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The curvature at any point due to shear only: 

2 
Ys  

dx2 	AG 9,x • . (75) 

59. 

Total curvature at any point distant x from origin: 

ci  2 3  ,2j  
d a ys = 	 

	

dx 2 	dx 2  . . . (76) dx 2  

y 

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

dzY 	d y„ 	X 
1 

dx 2 	AG :9  

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

observing that 

d4Y, 

we have 

c:141.1 
	IC 	et x day 

dx 4 	I. I 	 cl x 2  

The equation can be rewritten as 

d4y 	ot X dZ Y 
ci x  4 	AG dx 2 	El ." 

v = 0 
 

. . (78) 

. . . (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 
e 	A cos bx + B sin bx 	e 	c cos bx 	D sir bx 

-cot 

. • • (8o) 

dx 2  

El dx4 
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H 
AG 

.11 

where 

         

         

a = 4(
4/ 

1 

       

        

        

        

        

          

The boundary conditions are: 

at x = 0 

at x = 0 

at x = L 

at x = L 

y 

 

d x 

d 
d x3  

daY, 
al% 

b 2AG 

El 
	

2ao(a2  +b2)  
3-1 	(1 + AG XVI.) ab 2 

cos 	b cosh aL 51-nh aL a2 cos2 b1. + b2  cosh2at  C 
a sin 2 bt -t-- b Binh 2a1.. 

Zoci4 	2012 cosa bi- 1 	0(11 	4 AG  

	

2 ab RG 	of Sin 2b1- 4- b SinT) 

Me expression for d,o. 	is tained by substituting y and 
da 	from equation (80) in equation (77). a 

The arbitrary constants are 

	

2 	 , , 	,2 (1 	-A-G- 3 	 b 1710 - ab cos bL sinbL - cosh al. sink 	+ a cos2  Di. +o cosn at 
A 

El 	ab (cii+ 1,2) 	 a sin 2b3. 	b Binh 201. 

{ 1 0(14 
tab AG 

.50(3t 
4 AG 4- 2a cos2 1,1. 

 

a Sin 2b1.. -I- b sin/N 2a1- 

oc 	 
14 (1 	AG  ,/xr a2 cosbt 

El 	2 ab (a2 + bi) ot 	2b1., 	b sink 2 al. 

3 - 2 cos a  3)1- 

}a sin 2b1. + b srnh tat 

sirbt 	ab cosh al. sioh al.+ ab cos21314 -ab coshza 
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34 	(I-  ,:̀‘'-i-  liii1) ce cos bL sin bl. + ab cosh at sir>h aL - ab cOS21)1. + ab cosh2at. 

mi 	2 oilv(ota+ 1,) [ 

ocH 
	2 toss 	- 

2AG 	cx  5in 2bL ± b sinh 2oa. 

The deflected shape and the bending moments are given by 

ax 	 t
y =e 	A cos bx 4- 3 sin bx} + e-ax  C cos bx 	bx 

. . . 80a) 

ci 2 

ET 	 ci s 2  
x 

= EI cx 	eaxS A cos bx 	B sin bx - 2 al°. G
ax

t A sin 13x -B cos bx 

00i -axt 	 -ax(  
- 2AG e 	C cos bx I) sin bx 4- 2 ab, e 	C sin bx - 1) cos bx 

	

. 	. 	. ( 81a) 

When the deflection due to shear is neglected, the term 
a -Az becomes equal to zero and a = b 	the deflected shape 

and the bending moment distribution are then given by the following 

exOressions: 

y= eax tA cos ax + Bax/ + 61C  CoS OiX D Siva oix} 
. (80 b) 

d2 
El 

y,„ 
- EI 	e 2aa 

[ orx A s_n ax 	.13 cos ax 
clx 2. 

C 5rn otx 	60s ax /1 
• • 	(81b) 

- e -wig{ 

- 
5iyi 2bl- -I- b sir)11 2 oil- 



The arbitrary constants are: 

- cos L. sin al- - cosh aL. sinh aL + cost at. + cosA2  aL [ 

[ 

	

	  cos at. sin at. .1- Cosh oLL. Sinh at. -I- co52aL - coshg  al.] 

Sin 2 at + sinh 2 

cos aL. Sin at + cosh at. Sinh aL + Cosh2aL -I- cost al. [ 

[ Cos aL. Sin at + cosh aL. sinh oiL. - cost  aL coshgaL 

Sin 2 at 4- Sinh 2 aL 

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

(a) Considering shear :reflection 

 

1  ÷ AG 1-14.Ei a2  cos 2  bL b2  cosh2  aL oc 

EZ 	ab (pi+ biz) 	a Sin 2 + b Sinh 2aL 
c4.3

G  
.< 

.:0-1[  4.A 	 + 2 ag  cos 2 bL 
ab AG 

 

a SID 2 bL  + b 	2aL 
. . . (82a) 

0 

 

 

 

(b) Neglecting shear deflection 

H a 	cos 2 aL -I- cosh 2 aL 4- 2 

Sin 2 oil- +- Sinh 2 ail 	
. (82b) 
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14  a. 

Ha 
X 

Ha 
x 

Ha 
X 

Sin 2a1. + sinh 2 ca. 

Sin 2 oil. 4- Binh 2 a1.. 
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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 
4 

a  3 in. diameter and 4in. long 
stud. The foundation modulus of the concrete, K, is obtained from 

the avera,e slope of the load-slip curves for 
4 
3  in. x 4in. long 

plain headed studs, given in Figure 27. 

The re-active concrete load under the welds, go, can be 

calculated from equations (74)  and (82) and is 2290 lb./in. per ton. 

load when eheardeflection is neglected, and 3780 lb./in. when shear 

deflection is considered. For a 
4 
- 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.2  . 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 7 in. from the base, 
and is about 4.9 tons/in.2; 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.2, 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 section 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 to base, it 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 ThUrlimann (22)at  the base 
3 	1 	1 

and also at approximately 
4 
— in. from the base of a — in. by 2-

4 
 in. 

2  
long L-stud under fatigue loading, can also be explained with the 

help of this theory, although the reason given by Thurlimann is 

different. 

Taking the failure by bending at the section of maximum 

bending moment as the criterion for failure, the yield load of a 

4 
3 in. diameter by 4in. long stud is given by 0.205 fy, where f is 

the yield stress of the material. For a normal stud material, 

having a yield stress of 30 tons/in.2, 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 is equivalent to a design where the number of connectors are 

designed to reach 90 per cent of their ultimate capacity when the 

beam reaches its ultimate load. 
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CHAPTER III  

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 

shear 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 roughened 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 affective 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 

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

Each small scale push-out specimen was designated by two 

numbers and two capital letters, as, for example, P3C2. In these 

symbols the numbers and letters have the follx vAng meaning: 

The first letter P represents small scale push-out 

specimen. The first number expresses the diameter of studs in 

sixteenths of an inch. 

The second letter designates the nature of the flange 
1 	

1 i surface: A stands for 1-3  in. x 	n. grooved flange; B stands for 
. 	 1 	1 . -- in. grooved flange; C stands for --in. x -6-4- in. grooved 

16 32 	 32 

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 specimens. 

Each of these push-out specimens had eight studs, four 

on each flange except specimen P2E2, which had four studs, two on 

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

Two half-scale push-out specimens, designated as P6D1 
3 	1 

and P6D2, each having four -6  in. diameter x 17 in. long headed 
studs, two on each flange (plain flange with natural bond) were 

tested. 

Four full scale push-out.specimens, designated as P12D(TH), 

P12D(T), P12E1 and P12E(DE) were tested. Specimen P12D(TH) had four 
3 -4  in. diameter x 4 in. long threaded studs with head, and specimen 
P12D(T) had four 2  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 

P12E1 and PI2E(DE). Specimen P12E1 had eight 	in. diameter x 3in. 

long headed studs, four on each flange. Specimen P12E(DE) was a 
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3  double ended push-out specimen with sixteen 4 — 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 specimens. 

The small scale push-out specimen consisted of a 
3 

4in. x 1-
4 
 in. I section 10in. long with two concrete slabs 1-in. 

thick and 6in. wide by Bin, long, one on each flange. Two layers 

of reinforcement, similar to those used in quarter scale beams were 

provided in each slab. Concrete was made using Ferrocrete rapid 
3 hardening cement, sand and I-6- in. aggregate. Aggregate cement ratio 

and water cement ratio respectively were 3.25 and 0.55 all by weight. 

The slabs were cast in a vertical position using a steel mould, 

cured for a week under wet sacking covered with polythene sheet 

and tested two weeks after casting. 

A 12in. x 5in. I section 3ft. long with two concrete slabs 

6in. thick and 12in. wide by 18in. long, one on each flange, was used 

for half scale and full scale push-cut specimens. For specimens 
5 

P12E1 and Pl2E(DE), the I section was made up using -8- 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
3  -F3  cement. An aggregate cement ratio of 4.5 with  in. aggregate 

was used in half scale specimens, whereas an aggregate cement ratio 
3 

of 5.5 with 4 — 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 horizontal position. Specimens 

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

and tested two weeks after casting. 

Two 4in. cubes and one 12in. x bin. 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 

machined 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 dynamometer. Two 0.0001in. 

dial gauges were used to measure slip. 

Half scale and full scale specimens were set up as shown 

in Figure 17. The slabs were bedded in ciment fondue Load was 

applied through a hydraulic jack in specimens P6D1, P6D2 and P12E1 

and was measured with a calibrated pressure gauge. Specimens 

P12D(TH), Pl2D(T), and Pl2E(DE) were tested in a 200,000 lb. screw 

loading testing machine. Slip was measured using 0.0001in. dial 

gauges. In a few specimens, separation between the slab and the 

steel beam was measured using 0.0001in. dial gauges. Strains in 

studs at a distance of 	ine from the base were measured in 

specimens P12E1 and P12E(DE), using special single filament 

resistance gauges lino long and also 1 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 zero and another set of readings was taken. This 

procedure was continued until the failure occurred. At high 

loads the jack was pumped occasionally to prevent the load from 

falling due to creep. 
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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 POA1. This specimen was without any stud connectors. 
1 	1 The only shear connection provided was by 7-3  in. x T-6- 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 P3A1 and P3A2. The load slip curve was almost 

linear in specimen P3A1 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 P3A1 was 1.84 tons per stud at a slip of 0.0136 in. 

After this, slip increased very rapidly, load started faliing and 

finally 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 P3A1 and at load 0.25= 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 P3A1 and 0.0095 in. after a load 

of 1.94 tons per stud in specimen P3A2. 
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(iii) Specimens P3B1 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 

P3B1 vas 1.56 tons per stud, when slip increased very rapidly, 

load :tarred 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 

P3B1 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 P3B1 and 0.0046in. after a load 

of 1.44 tons per stud in specimen P3B2. 

(iv) Specimen P3C1. The load-slip curve was nearly a straight 

line up to 0.25 tons per stud and thereafter 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 finally all the 

eight studs were sheared off. Residual slip started at 0.374 ton 

per stud and the maximum residual slip recorded before failure was 

0.0141in. after a load of 1.19 tons per stud. 

(v) Specimens P3D1 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 P3D1. 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 maximum load had been reached. 

The maximum slip recorded before failure was 0.0561in. in specimen 

P3D1 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 P3D1 and 0.0350in. after a load of 

1.05 tons per stud in specimen P3D2. 

(vi) Specimen P3E1. 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 P4E1. 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 relation-

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 slab 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 0.0250in. 



(viii) Specimens P2E1 and P2E2. Specimen P2E2 had four studs, 

whereas specimen P2E1 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 measured and is shown in Figure 37. The slip-

separation relationship was almost linear up to the failure load. 

The maximum load attained in specimen P2E1 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 P4D1. 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 O.11in. The maximum residual slip recorded was 0.0715in. 

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. 

72. 
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(x) Specimen P2D1. 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 P6D1 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 thereafter both slip curves were almost identical. 

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

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

and 3.01 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 

0.1259in. in specimen P6D1 and 0.0823in. in specimen P6D2. 

3. Full scale push-out tests 

(i) 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 head) 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 

PI2D(TH) at 12.7 tons per stud and O.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 P12E1 and P12E(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 P12E1, 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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3 slip was about 
4-1n. It was later found that the lower two pairs 

of studs had also failed but had not been completely detached. 

A slight horizontal force was sufficient to remove the studs 

from the steel beam. 

The upper pairs of studs were sheared off at sections 

just outside the weld fillet, whereas the lower pairs brought 

some parent netal from the steel flange with them. Figure 41 

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

In specimen P12E(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 

load 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 11/2E1. 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 

(0 Effect of flange roughening on carrying capacity 

of connectors: 

Figures 19 and 20 give total slips and residual slips 

3 for eight specimens with :8- n. diameter 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 
1 a- in. 1   on a specimen with 	xi in. grooved flange. The average 

1 T3  in.
1  

ultimate capacity was 1.89 tons for specimens with 	x Tg. in. 

	

1 . 	1 
grooves, 1.53 tons for specimens with u- in. x .71 in. grooves and 

1 	1 1.25 tons for the specimen with 3Z in. x 
64 

 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 
1 	1 specimen to 1.75 toes in specimens with -8- in. x 1-6- in. grooved 

falnge. The ratio 7uc-- was between 1.1 and 1.3 in grooved flanged 

specimens, about Lein 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 proportional 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 1 N 64in.  grooves, 1.0 ton per stud in 
1 

specimens with --in n. grooves and 1.5 tons per stud in 16. x — 1 

iF 
i  

specimens with -8- in. N -176 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 becomes excessive. 

The difference in behaviour can probably be explained as 

follows. In specimens with grooved flange, the concrete within the 

grooves provid 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, tha small projections resist shear 

in conjunction with the studs. The deformation of concrete under 

the studs and the projections is greater as the projecting area is 

less than in the case of specimens with grooved flange. At 

higher loads, 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 Durbarflanged specimens it 

is the excessive slip that causes failure. The former is comparable 

to a very rigid shear connector and in the latter the projections 

appear to act as flexible connectors. 
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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 
3

in. diameter and 4in. long 

threaded studs with and without heads respectively. Similar curves 
3 

for a specimen with 4 — in. diameter and 4in. long plain headed studs 

tested by Balakrishnan (29) 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 threaded 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 useful 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 P4E1, P3E1, P2E1 and P2E2. The total area 

of the Durbar flange in contact with concrete was 28 in.2, and the 

total cross-sectional area of the studs was varied from 0.049in.2 

in specimen P2E2 to 0.393in.2 in specimen P4E1. The concrete 

strength for specimens P4E1 and P2E2 was 5450 p.s.i. against 6360 

p.s.i. for specimens P3E1 and P2E1. 

Ultimate loads as well as useful loads are considerably 

increased in these specimens over those specimens with plain flanges. 
1 Ultimate capacity was 2.0 tonsfbr 2-1,  in. dia. studs in specimen P4E1, 

3 	 1 1.63 tors for -76- in. dia. studs in specimen P3E1, 0.94 ton for Ti  in. 
1 dia. studs in specimen P2E1 and 1.25 tons for T3  in. dia. studs in 

specimen P2E2. Percentage increases over corresponding ultimate 

loads in specimens with plain flanges arc 14, 52, 84 and 145 

respectively. Percentage increases in useful capacity are 22, 37, 

45 and 52 respectively. It is thus seen that the percentage increase 

in the useful or ultimate capacity of studs decreases with increasing 

stud diameter. 

If it is assured that the Cifferenco 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 lb. respectively. In the full scale 

3 i specimen P12 El with -4- n. dia. x 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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3 . in. diameter studs. But the average value of shear resistance 

offered by the Durbar flange obtained from beam D1 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) 
1 

except for specimen P4E1 with 4 — ino diameter studs where this value 

is rather low. 

3 
In specimen P12E1 with Ti  in. diameter x 3in. long studs, 

the percentage increase in useful and ultimate capacity of studs 

over the corresponding values obtained by Balakrishnan from P.O. 

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 P12E1 was 20in.
2
, against 3.5in.

2 
per . 

stud in quarter scale specimens. Also, the 4in. cube strength of 

concrete in specimen P12E1 was much higher, 8960 p.s.i., against 

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

(iv) The influence of flange roughening on stud strain 

Figure 33 shows the strains in specimens P12E1 and P12E(DE). 

The axial component of strain which is associated with separation 

of the slab from the beam is plotted against separatiog 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 P12E1 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 P12E1 than in Pl2E(DE). This is probably because the 

partial fixity at the base of the single ended specimen Pl2E1 

restricts the horizontal movement of the slab, whereas in the 

double ended specimen P12E(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 P12E1, 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 P12E1 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 separation-slip curves for 

specimens P12E1, P12E(DE) and P4E1 and P2E2 respectively. A 

separation-slip curve for a plain flanged push-out specimen with 
3 

4-717 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 P12E1 and P12E(DE), separation-slip curves are almost 

identical, although the specimen P12E1 was a'single ended specimen 



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 P4E1 the 

separation-slip curve deviates from the line of proportionality 
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at a slip of about 0.01 in. In 

separation for specimen P4E1 is 

for the same slip. This may be 

of studs in specimen P4E1 which 

that in specimen P2E2 which was 

studs. 

the proportional range, the 

smaller than that for specimen P2E2 

attributed to the greater stiffness 
1 

had 8--
4 
 in. diameter studs, than 

1  
provided with only 41- in. diameter 

(vi) Effect of stud diameter 

Figures 21 and 22 show total and residual slips for 

specimens P4D1, P3D1, P3D2 and P2D1, each having eight 1 in. long 
3 3 1 studs of diameters 1 

	
16 

in., —' 6 	
8 

and — in. respectively. Only one 

curve is shown for total slip and another for reisdual slip for 

specimens P3D1 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 
1 

	}bin. 

diameter 

cross-sectional area, then the capacities of 4 — in. and --in. 
16 

diameter studs should be 4 and 2.25 times the capacity of a -g in. 
1 	3 

diameter stud. But the ultimate capacities of 2-1.  in. and -1-6- in. 
diameter studs were found to be only 3.43 and 2.12 times that of 

. T3- In. diameter studs. Similarly, the useful capacities of 	in. 
3 

and -1-6- in. diameter studs wee 2.79 and 2.03 times that of T3  in. 
diameter studs. The ratios (7uc--- are 1.90, 1.61 and 1.55 for 

4 
1 	3 	1 

8 
— in.,— in. and — in. diamet8diameterstus res3ctively. 16  
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1-/C 

Figure 44 shows the variation of average shear at ultimate 
1 i 
	

3 load with the stud diameter. The results for 7  n. and -4- in. 

diameter studs 4in. long are taken from tests carried out by 

3 Balakrishnan(29). The comparatively lower value for -8- no 

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, therefore, studs of 

smaller diameter 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 grooves 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 due 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 P12E1, which was 

a single ended Durbar flanged specimen-with eight 3  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 T.-6- in. diameter or below. Only in specimen 

P4D1 with eight 
4 
 in diameter studs, horizontal cracks were observed 

on the outside of the slab at the level of the upper pairs of studs. 
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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 

-4- in. diameter studs. No crack was, however, observed in specimens 
3 	 3  with -d  in. diameter studs. This is because the 	in. 	diameter 

studs were tested in a full sized push-out specimen with a bigger 
1 concrete slab, whereas the -27 in diameter studs were tested in a 

small scale push-out specimen. Crushing of concrete behind the 

studs and also behind the projections of Durbar  flanged specimens 

was observed in all specimens. 
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3.2. Pull-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 axial 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 connectors, 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 

Figure 18 shows a pull-out specimen. The specimen 

consisted of a 12in. x l2in. 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 exceeds the anticipated failure cciitc, 
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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 
3  in. aggregate 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 were tested altogether. These were 

designated as PL1, PL2 	. P15. Specimens PL1, PL2 and PL3 
3 

each had four -4- in diameter plain headed studs; the studs were 

4in. long in specimen PL1, 3in. long in specimen PL2 and 2in. long 
3 in specimen PL3. Specimen PL4 had four T.  in. diameter 4in. long 

3 threaded studs with heads, whereas specimen PL5 had four -4-,  n. 

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 lb. 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 demountable mechanical 

gauge of 3in. 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 load, a set of readings was taken; the load was 

released and another set of readings was taken at zero load. 

The procedure was continued until failure occurred. 

(d) 	Test Results 

Separations and residual separations for all the specimens 
4A 	4E 

are shown in Figures- and-.W,.. A summary of test results including 

the concrete strength appears in Table 7. The results of each test 

are described separately in the following paragraphs. 

(i) Specimen PL1: 4-tin. diameter 4in. long plain headed studs 

Separation between concrete and steel was first observed 

at a load of 0.59 ton, an average separation of 0.0001in. 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 3.11 tons. Maximum load 

attained was 6.80 tons at an average separation of 0.0164 in. 

Horizontal cracks in the concrete were observed at this load, at 
1 

about 2-
4 
 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, developed at 

failure. 

Separations between the two flanges at both ends 

increased equally up to 0.86 ton. Thereafter separation at one 

end increased more rapidly than at the other. These tended to be 

equal after the maximum load had been reached. 
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3 (ii) Specimen PL2. 	4 in. diameter and 3in. long plain headed 

studs 

Separation between concrete and steel was first observed 

at load 0.46ton when an average separation of 0.00015in. was 

recorded. This load is equivalent to an axial force of 9.5 lb./in.2 

of contact area. Residual separation started at 0.94 ton. 

Thereafter separation increased progressively with load. Separation 

became clearly visible at 3.91tons. 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 concrete block started at maximum 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 steel flanges increased more 

rapidly at one end than at the other from the beginning of the test. 

These; hauever, tended to be .equal after the ma.i::un load had been 

reached. 

3 (iii) Specimen PL3. 4-.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./in.2  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. Az 2.45 tons, separation 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 2.63tona 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 spread outward and downward 

at failure. 

Separations between the two steel flanges were nearly 

equal at both ends up to a load of 2.05 tons, after which 

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

3 (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 equivalent to an axial force of 

7.7 lb./in.2 of contact area. An average separation of 0.0001 in. 

was recorded at this load. Residual separation also 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 increased 

progressively with load thereafter. 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, occurred 

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. 

Separations between the two steel flanges at both ends 

indicated an increase in relative inclination between the flanges 

during the test. 



90. 

3 (v) Specimen PL5. 4,-
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 lb./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 increase 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 failure 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. 



(ii) Effect of stud length 

3 Specimens PL1, PL2 and PL3 had -4- in. diameter plain 

headed studs 4in., 3in. and 2in. long respectively. Figures 44 and 

45 show total and residual separation for these three specimens. 

Separation 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 separation will 

depend mainly on the inelastic 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 failure occurs due to failure of concrete in a conical 

surface as shown below, then the failure load which will depend 

on surface area cf the cone and tensile strength of concrete will 

be proportional to 
(h tan A 4---) h. sec Q. f 

2 	Cu 

where f
cu  is the concrete strength and h, D and A are as shown in 

Figure (a) below. 

92. 
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(a) single stud 
	

(10) A -pair of ,etudz 

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 FigureN may be assumed, and the 

failure load will then be proportional to 

h. sec Q (h tan Q +2  + 2s)feu  

Assuming 0 = 45°, the failure loads for 2in., Sin. 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 

PL1 are 1.34 tons, 3.13 tons and 3.40 tons respectively, a 

ratio of 1 : 2.34 : 2.54. This ratio is reasonably close to 

the calculated ratio. The comparatively lower value for 

specimen PL1, with 4in. long studs, may be due to the limited 

size of the concrete block. 



(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 load 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 PL1 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 PL1. 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 continue. 
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CHAPTER IV 

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 
3 

plate. In another, u- 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 (a), 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. 

In case (a), the ratio .ultimate capacity of connector  
nominal load per connector 

nt working load will be the same as the load factor for the beam; 

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 



same as required to resist the total horizontal shear at ultimate 
ultimate capacity of connector  load, but the ratio 

	

	 at working load nominal load per connector 
will be greater than the load factor for the beam. In case (a) 

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 behaviour could be made. 

(b) Description and preparation of specimens 

3 Steel beams 4in. x t-
4 
 in. x 5 lb. B.S.B. were used for 

all the specimens except one, where the top flange was replaced by 

a 1 	3  t7 in. x 	in. thick Durbar plate. The shear connectors used 
3 	7 

were Tg. in. diameter x-8-in. long headed studs welded in pairs lin. 

apart transversely. 

1 
The reinforced concrete slab was 1--

2 
 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 
3 

Ferrocrete rapid hardening cement, sand and 1-1-- 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
1  

"V" grooves onthe top flange. The grooves were 17 in. wide 
1 	1 	

3
1 

2 5 
and 1-6- in.1 
	6 
deep in beam Al, — in. x 	in. in beam A2 and 

ri  in. x 
64 

 in. in beam A3. A length of 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 between 

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 

A
S 

x f , where A
s 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 Bi and B2 
1 2 
	

31 
2 	64 

had triangular grooves 1 
	

3 
in. x 	in. and — in. x — in. 

1 
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 A5. 

1
6 inch -aggregate was bonded with resin to the top flange of beam 

435. 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 
3 	3 

the steel beam was cut off and a Durbar plate 1--
4 
 in. wide by — 16 in. 

thick was welded in its place, keeping the overall dimensions the 

same. No special preparation was given to the steel beam of beam 

B7, but the roots of the studs were covered with flexible latex up 
1  

to a height of -2- 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 2.1. 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. 



(c) Loading 

Point load at midspan was applied through a 30 ton 

hydraulic jack, operated by a 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 0.5 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 order to maintain a constant load, the jack was 

pumped up repeatedly until steady conditions were obtained. 
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Materials  

(i) Steel: 

one from the web 

length of 4in. x 

25 ton universal 

recorder. 

Two flat specimens 1.2  ino wide by 24in. long, 

and the other from the flange, were cut from each 
3 1-
4 
 in. R.S.J. The specimens were tested in a 

testing machine using an autographic extension 

(ii) Concrete: Cubes and culinders were tested in a 200 ton 

compression testing machine. Load was applied axially to the 

cubes at the rate of approximately 2000 lb./in.
2  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 Hounsfield Tensometer 

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

(f) Test Results 

1. 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. 

1 
(i) Beam Al. Shear connection: 32 studs with — in. 

1 
8 	

x 	in. 

grooves on top flange. 

Deflections were proportional to load up to 4.0 tons and 

thereafter deviated from the proportional 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 1.24in. After this, load began to fall off, crushing 

of concrete became more extensive and the i:ez:t was inally 

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 attained 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 zero was 0.0009in. 

	

1 	1 
(ii) Beam A2. Shear Connection: 32 studs with — in. x — in. 

	

16 	32 
grooves on top flange. 

Non-linearity of the load-deflection curve started at a 

load of 4.0 tons. Transverse tension cracks at the bottom of the 

slab were observed 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 5.03 tons there occurred a loud sound which 

indicated shearing of the studs on one half of the beam. After failure 

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

released was 1.67in. 

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. 

	

12 	64 
in. 1  (iii) Beam A

3  

	

3. Shear connection: 32 studs with — 	x — in. 

grooves on top flange 

Deflections were proportional to load up to 4.0 tons and 

thereafter deviated from the proportional 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 

6.86 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 a load of 

4.20 tons 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 interaction 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 at this load 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 load 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 

increasing 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 tens. 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 a deflection of 1.79in. The.  

residual deflection after the load was released, was 1.47in. 

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 two other pairs from the end, sheared off. 

A big tension crack right across the bottom of the slab developed 

near midspan at failure. 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 of the slab at midspan became 

visible at 6.0 tons. The maximum 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 of the beam sheared off. 

The load dropped to 3.90 tons. The beam carried a load of 4.30 tons 

at a deflection of 1.98in. A residual deflection of 1.62in. was 

recorded 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 slab 

from the beam in the left half. No crushing of concrete was observed. 

The strain and stress distribution at the midspan section 

at or near ultimate load for the beams of this group 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 0.1in., 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. 

1 
) Beam Bl. Shear connection: 44 studs with 16 	32 

— in. x — in. 1  
grooves on top flange 

Deflections were proportional to load up to 3.5 tons and 

deviated from the proportional line at 4.0 tons. 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 

between the slab and the beam started from these tension cracks at 

the same load. Spelling 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 1.71in. 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. 

1 	1 (ii) Beam B2. Shear connection: 44 studs with T-2- in x -6-4- 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 0.0011in; 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 1.56in. 

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. 

No 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 



109, 

carried a load of 3.80 tons at a deflection of 1.60in. A residual 

deflection of 1.29in. was recorded after the load was released to 

zero. 

The maximum end slip recorded before stud failure was 

0.058in. A big tension crack right across the bottom of the slab 

developed at midspan at failure. (here was complete 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 -"T aggregate 10 
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. 

palling of concrete was observed near the loading pad at 6.5 tons. 

A separation crack between the slab and the beam 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 0.033 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 maximum 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 

0.0001in. was registered in the slip gauges. No residual end slip 

was observed until a load of 4.5 tons was reached. The maximum 
end slip recorded before stud failure was 0.039in. Crushing of 

concrete and shearing of studs occurred almost simultaneously in 

this beam. 



(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 0.00121n. 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. Thereafter 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 tons. 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 sound3occurred 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 load 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 

thereafter there was practically no interaction 

5.25 tons was reached, when the load-deflection 

steeper. The average end slip at this load was 

to the latex cover around the studs of 0.094in. 

studs started resisting slip at this load. The 

recorded before stud failure was 0.131in. 

the bond broke; 

until a load of 

curve became 

0.085in., compared 

Apparently the 

maximum end slip 



(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 

residual 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 bums 

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 B7 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 0.89in. 

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 1.41in. 

A residual deflection of 1.11in. 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 gin. 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 interaction 

A very high degree of interaction is obtained in all the 

beams with V-grooves. The bigger the size 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 

1 	1 
with -3-2- in. x 71.  in. grooves, yielding penetrated almost up to the 

1 	1 
top of the web. In beam A2, with IT  in. x 	in. grooves, a part 

1 	1  
of the top flange also yielded, whereas in beam Al with 7  in x 	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 Al, 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/ey 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 greater 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 greater number of studs, show even 

better interaction. Full plasticity was obtained at ultimate 

load in both beams and maximum end slips recorded at or near 

ultimate load were 0.0012in. and 0.0014in. in beams Bl and B2 

respectively. At the first significant slip, calculated 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 shear at the interface, 

He is the total horizontal shear resisted by the connectors, then 

it is reasonable to assume that H-Hc  HB, 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 H
c 
can be calculated 

using the load-slip curve for the connector as obtained from a 

push-out test. H
B is then obtained using the above relation. 



H
B 
is calculated for various loads and the maximum value of H

B is 

obtained. These maximum values of H
B 
and the corresponding 

average mechanical bond stress for the three different grooved 

flanges are shown below. 

Beam 	Nature of 	W 	H 	H 	Av. mech. 
H
B x 

flange surface 	(tons 	(tons) bond stress H (tons) (p.s.i.) 	100% 

1. 	1 . 
Al 	x  

sin.

n.  

1 . 
Bl x 2 n. 

1
i 	

1 . 
B2 	37n. x 

grooves 7.64 30.80 23.91 1020 77.6% 

grooves 6.50 29.75 21.30 	910 71.6% 

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, B1 and B2, failure of studs occurred 

immediately 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 good 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. 

Slip 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 calculated 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 	in. thick against an average flange 

thickness of tin. 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 1.08T 

with natural bond and 1.63T with the Durbar plated flange. The lower 

strength of stud in the beam test with respect to 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 H
B 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. 

HB Beam Flange surface 	H 	HB Av. mech. 	x 100% 

(tons) 	bond stress 
(p.s.i.) 

B6 	Durban flange 19.24 13.13 560 	68.2% 

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

3 16 in.aAregates were glued with resin (Polyester resin 

plus 0.1% hardener) to the surface of the top flange of beam B5. 

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 0.0341n. and 0.033in. in beams B5 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 interaction 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 is recorded even before such a sound is heard. 

Table 8 shows the bond stress at first slip sound and also at the 
first significant slip. 
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The bond stress obtained from the test of beam B7 is of 

particular interest. In this beam, the roots of the studs were 

1 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, the.'efore, 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 p.s.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 

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

After bond failure, 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 also explain the greater 

average load per connector obtained 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 interface 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 tons. 

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 interaction) is still uniform and higher slips at the ends 

and at quarter span points in beam Cl are 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 beam Cl. 

If slip is an indication of the degree of interaction 

achieved, then interaction in beam Cl is less complete than in beam 

B3. This, together with lower concrete strength may account for 

slightly larger deflection at loads greater than 3.i 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 beam Cl. The maximum end slips recorded at or near 

ultimate load were 0.034 in. and 0.037 in. in beams B3 and Cl 
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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 concrc at the interface at the 

maximum load, followed by studs shearing off. Beam B2 failed by 

crushing of concrete; studs sheared off after the maximum 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, B7 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., after 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 f = 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 a crack was observed at 4.3 tons. 
These cranks, 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 decreasing compression towards the edge, due 

to shear lag in the slab, may cause larger tensile strains at the 

edge which eventually 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 concrete cracks occur there and then spread 

outward. This effect was very clearly seen 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 B6. 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 observed in other beams. A very wide 



tension crack right across the bottom of the slab near midspan, 

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

In beams El and B2, a central longitudinal crack, similar 

to those observed by idekola (28),  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 often heard when 

this failure occurs. Slip increases very rapidly thereafter, and 

the eventual failure occurs by shearing of studs. In all other 

beams slip increases gradually, and the rate of increase increases 

with load until an end slip of about 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 main purpose of these tests was to study the 

behaviour of composite beams where 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 introduced 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 projections 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 could be made. 

(b) Description and preparation of specimens 

Steel beams were made from 9in. x 4in. at 21 lb. A.S.B. 

$The top flange was replaced by a 4in x 7  in. thick Durban plate, 
3 making an overall dimension of 8-7lo  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. 

3 	 1 56-7 in, diameter x 17 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' 0" wide. Transverse reinforcement consisted of i in. 
diameter mild steel bars placed at 4-1  in. centres at the top and 

2 
at 9 in. centres at the bottom. Reinforcement in the longitudinal 

1 direction consisted of -LT  in. diameter bars at 10in. centres at both 

top and bottom. A timber could was used for casting the slab. The 

beam and the mould rested on the floor while casting. Concrete was 
3 made using Ferrocrete rapid hardening cement, sand and 7 in. 

aggregates. The aggregate cement ratio 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 immersion vibrator. 

Eight 4in. cubes and four l2in. x 6in. cylinders were cast for each 

of the slabs. Curing lasted a week under wet sacking covered with 

polythene sheet. 

(c) Loading 

Point load at midspan was applied through a 50 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. The point 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 the beams were tested over a span of 9' 0", supported 
at both ends on free rollers of 4in. diameters as shown in Figure 85. 
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(d) Measurements 

Deflection at midspan, slips and uplifts at a number of 

locations 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 
1 using foil strain gauges of 
4 
— in. gauge length. Figure 86 shows 

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 thereafter in 1 ton increments. 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. At loads higher than yield 

load, the jack was pumped repeatedly to obtain steady conditions 

before the readings were taken. 

Materials: 

(a) Steel. Flat specimens lt 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. 

$ i 1  (c) Studs. Specimens were turned from  i n. dia. x 1-2 
 in. long 

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

$ (i) 	Beam Dl. Shear connection; 56 -7 in. dia. x 1-
2 
 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 tons. 

Spalling of concrete was observed near the loading pad at 29,0 tons 

at a strain of 0.0039. Horizontal cracks at the bottom cf 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 and the load 

started falling. At load 30 tons a cracking sound 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 observed at 

the same load. The beam carried a load of 23.06 tons at a 

deflection of 2.24in. A residual deflection of 1.86in. was 

recorded after the load was finally released to zero. 

Slips at the end, at quarter span and along the span at 

various 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 

0.0024in. and average residual end slip was 0.00071n. The maximum 

end slip recorded at the maximum load was 0.0115in. Slip, however, 

continued increasing after the maximum load had been reached. 
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Separation of the slab from the beam at quarter span and 

also along the whole span at various 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 

increasing rapidly with load. Up to a load of 28.0 tons, the 

maximum uplift recorded was smaller than the maximum slip for the 
same load; but thereafter the maximum uplift was greater than the 
maximum slip. The maximum uplift recorded at the maximum load was 

3 0.056in. and was at a distance of 6-4  in. from midspan. 

The stress distribution at the midspan section at a load 

of 31.3 tons is shown in Figure 98. Yield 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 101 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. 

3 (ii) Beam D2. Shear Connection: 56-7 in. dia. x 1-1  in. long 2 
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. Two more tension 

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 tons at a deflection of 1.58in. Thereafter crushing 

of concrete became more 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 and at 22.0 tons the beam 

collapsed by failure of concrete 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 3.03in. 

Slips at the end, at quarter span and along the span at 

various loads are shown in Figures 89 to 92. A faint 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 also 

along the length at various loads is shown in Figures 94 and 95. 
3 First uplift was recorded at 6-
4 
 in. from midspan on either side, 

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

thereafter increased progressively with load. The maximum uplift 
3 at the ultimate load was 0.037in., recorded at 6-
4 
 in. to the left 

of midspan. 

The axial strains in thetuds at points along the beam 

are shown for various loads 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 of 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 deflections 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  i n. thick Durbar plate in both 

cases. The main difference is in the steel properties of web and 

bottom flange in the tic) beams. Tension tests on coupons show a 

higher yield stress of 20.3 t.s.i. and a lower 
ssh/6y ratio of 

1.9 in beam D1, compared to a yield stress of 17.7 t.s.i. and 

shy 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. 

2. Ultimate load 

The calculated ultimate loads for beams Dl and D2 are 

28.27 tons and 25.05 tons respectively; the ultimate loads 

obtained from experiments are 31.3 tons 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 ssh/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 Dl, whereas in beam D2 

yielding did not occur in part of the top flange. 



3. 	Effect of Durbar plated flange on interaction 

(a) Slip. Figures 89 to 92 show end slips, quarter 

span point 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 tons. 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 beam D2 will have a greater axial force 

at midspan, with greater total horizontal shear and so 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 maximum end slip in beam Dl was 

0.0035in. compared to 0.038 in. in beam D2. The maximum end slip 

recorded in beam Dl at the ultimate load of 31.3 tons was 0.0116in. 

(b) Uplift. Uplift at the quarter span point and along 

the beam at various loads are shown in Figures 93 and 94. Because 

of the presence of projections on the Durbar plate of beam D1, it 

would be reasonable to expect a greater uplift in beam Dl than in 

beam D2. But the uplift curves show that at all stages of loading, 

uplift is smaller in beam Dl 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 also be seen that the uplift-slip curve is 

not very far from linear, with a bigger gradient for beam Dl. It 

can, therefore, be concluded that uplift is more related to slip 

than to the external load applied. 

132. 



133. 

(c) 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 damaged during casting of the 

slab. However, axial and bending components of measured strains 

in studs at quarter span point for both beams and variation of 

axial strains along the beam D2 at various 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 Dl, the axial strain is 

much higher than the corresponding bending strain. 

The variation of axial strain along beam D2 is similar 

to the theoretical 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 measured strains at 

midspan, is 4.38 tons 3.5 beam Dl and 3.66 tons in beam D2. The 

ultimate capacity of a B in. dia. x 1-1  in. long headed stud as 
2 

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 concrete cylinder strength in beam D2 was 4850 p.s.i. 

as compared 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 concrete strength of 4850 p.s.i. will be 

3.52T, which is quite close to the ultimate capacity obtained in 

beam D2. 

The even higher ultimate stud capacity obtained in beam 

Dl 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 fail 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 connector 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 Dl. Due to the painting on 

the surface of the Durbar plate, this figure does not give a true 

mechanical bond value for this type of surface. The maximum value 

of H
B calculated on the basis described earlier and the correspon-

ding average mechanical bond stress are given below. 

Av. mech. 
Flange 	 bond stress HB 	H 

Beam 	100% 
surface (tons) (tons) (tons) 	(p.s.i.) 

Durbar. 
D1 	29.4 113.37 50.14 	520 	44.2% flange 

This value is very close to the value obtained in the 

quarter scale beam. As the load on the beam is very close to the 

ultimate load, the maximum mechanical bond stress could be higher 

than this average value. 

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

4. 	Type of failure 

Beam D1 failed 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 load 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 tons. 

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. Thereafter slip started increasing more rapidly, load 

started falling after a maximum load of 26.0 tons had been coached, 

and final failure occurred at a load 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 around the studs in beam D2 is 

of particular significance. Considering an individual stud, if it 

is assumed that the failure occurs in the same way as has been 

described on page 93 , then assuming that 

(h tan 0 + 2 )h sec 0. ft 

where 	T = total tension in the stud 

ft = tensile stress in concrete, 

for 	0  -= 45°  

ft 	
h (h + 

2
— ) 

The maximum strain was recorded 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. Since 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 and this may account for 

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



135,. 

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 make 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 

1 
Three beams were tested, each consisting of a 2.-4 

 in. deep 

and 6in. wide by 36in. long concrete slab shear connected to a mild 
1 

steel plate -8- in. thick and 6in. wide by 44in. long (Figure 103). 

No reinforcement was provided in the concrete slab. 

The beams were designated as PB1, PB2 and PB3. Shear 

connection in PB1 was provided 
3 PB2 and PB3 each had 24- 176  in. 

design) headed studs welded to 

both directions. Natural bond 

and grease on the steel plate, 

allowed to develop. 

only by natural bond, whereas beams 

diameter by lin. long (100 per. cent 

the steel plate at 3in. centres in 

was destroyed in PB3 by using resin 

whereas in PB2 natural bond was 

Concrete was made using rapid hardening cement, sand and 

1:6  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 



137. 

steel plate was continuously supported while casting. Three 4in. 

cubes and two 12in. x bin. 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 o'er 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, etc. 

(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 procedure was continued until 

the end of the test. 

Steel, concrete and stud material were tested as explained 

in section 4.1. 



133. 

(f) Test results 

(i) Beam PB1. 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 breaking of bond. 

3 (ii) Beam PB2. Shear connection: 24-7 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 observed 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 load. The 

calculated bond stress at this load was 102 p.s.i. The separation 

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-
2  in. from the midspan at 2.40 tons, progressed 

rapidly upwards and finally broke off the concrete at the top, at 
1 a distance of ahput 2-
4 
 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 0.014in. 
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3 (iii) Beam PB3. Shear connection: 24--- in. diameter by 
16 

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 one in beam PB2, appeared at the bottom of t 

the slab at about 7in. from midspan, spread rapidly upwards until 

finally the concrete broke off at the top near midspan. The 

maximum load reached was 2.25 tons. The maximum strains recorded 

at midspan at 2.25 tons were 0.0037 in concrete and 0.0011 in steel. 

The greater end slip at this load was 0.015in. 

(g) Discussion of test results 

It is evident from beam PB1 that the natural bond alone 

cannot be relied upon to produce any interaction and that mechanical 

connectors are necessary to produce it. 

Both the beams PB2 and PB3 failed before the calculated 

ultimate load was reached. The maximum steel stresses reached were 

13.0 t.s.i. in beam 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 bette:: interaction is obtained with natural bond than 

without it. This is probably 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 failure of concrete in diagonal tension. 

The calculated shear stresses at failure were 244 p.s.i. and 

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



that the diagonal tension cracks followed a path that did not 

intersect any studs. It was therefore believed that if the crack 

could have been intercepted by connectors, either by decreasing 

the spacing or by increasing 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 purpose of these tests was to study the behaviour 

of plated beams having varying numbers of shear connectors. Headed 

stud shear connectors 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. 

Another purpose was lo study the effect on interaction of 

roughness on the top surface of the steel plate. A Durban 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, 
1 PB5 and PB6. Each consisted of 	2-2 
 in. thick and 6in. wide by 

a 

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

1 Beam PB4 had 361- in. diameter 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 were designated as PB7 and PB8. Each consisted of a 
3 3-
4  in. deep and 9in. wide by 4ft. 8in. long concrete slab shear 

1 3ft. 6in. long concrete slab shear connected to a— 8  in. thick mild 

3 connected to a Durbar plate 16 — in. thick and 9in. wide by 5ft. 4in. 



long. In beam PB8 the slab was cast on the rough side of the 

Durbar plate, whereas in beam PB7 the slab was cast on the smooth 

side. 

1 
2 

Each beam had 36.,-
4 
 in. diameter by 3— in. long headed 

studs welded at 3in. centres in the longitudinal direction and 
1 
4-2  in. apart transversely (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. 
3  Rapid hardening cement was used for all beams. -8- in. 	aggregate 

with an aggregate cement ratio of 4.5 was used for beams PB4, PB5 
3 and PB6 and 17  in. aggregate with an aggregate cement ratio of 5.5 

was used for beams PB7 and PB8. The proportion of coarse to 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 an immersion vibrator and the slab was 

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

(c) Loading 

The beams PB4, PB5 and PB6 were tested under two point 

loads 4in. apart over a simple span of 3ft. 4in. The beams PB7 and 

PB8 were tested under a central point load over a simple span of 

4ft. 6in. The beams were supported on a free roller at one end and 

on a fixed roller at the other. 

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 beams 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 were measured using a demountable 

mechanical gauge of 2in. gauge length. Strains in concrete and 

steel 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 Ole 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 each 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 

1 (i) 	Beam PB4. Shear connection:: 36 -- in. diameter by 
8 

2in. long headed studs at 2in. centres longitudinally 

and 3in. centres transversely 

Midspan deflections and end slips are shown in Figures 

109 and 110. The first slip sound was heard at a 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 of the slab 

were observed at midspan at 1.50 tons. The maximum 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 frori the fixed roller end sheared off and a length of 

concrete slab containing these studs broke off; the load dropped to 

0.60 ton. The maximum end slip before failure, recorded at 

2.05 tons, was 0.029in. The maximum strains in concrete and steel 

at 2.05 tons were 0.0024 and 0.0011 respectively. 

1 (ii) Beam PB5. Shear connection: 54--
8 
 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 load of 2.25 tons. The maximum load 

reached was 2.97 tons at a deflection of 0.43in. A loud sound 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 slab. A small diagonal tension crack 

was observed 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 observed before failure. 

The maximum end slip recorded before failure, i.e. at 2.90 tons, 

was 0.019in. The maximum strains at the midspan section in concrete 

and steel at 2.90 tons were 0.0031 and 0.0015 respectively. 

(iii) Beam PB6. Shear connection: 108-- in. dia. by 2in. long 

headed studs at 2in. centres longitudinally and lin. 

centres transversely 

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, Ecllowed by slip at both ends. Vertical tension cracks 

in the concrete slab were visible at midspan at 2.75 tens. Spelling 

of concrete was observed at midspan at a load of 3.5 tons at a 

concrete strain of 0.0043. The steel appeared to have yielded at 

the same load. The maximum load attained was 3.75 tons 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 cf 

0.66in. A residual deflection of 0.36in. was recorded after the 

load was finally released to zero. 

Interaction was very good almost up to the failure of the 

beam. The maximum end slip recorded was 0.00281n. The faaure was 

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

1 	1  
(iv) Beam PB7. Shear connection: 36--

4 
 in. dia. by 3— in. long 

21   headed studs at 3in. centres longitudinally and 4.f in. 

apart transversely (Durbar plate reversed) 

Midspan deflections and end slips are shown in Figures 

115 and 116. The first slip sound was heard at a load 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 

three 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. 



1 	1 (v) Beam PBS. Shear connection: 36-- 
4 
 in. diameter by a-2  in. 

long headed studs at 3in. centres longitudinally and 
1 
4-2 

 in. apart transversely (Durbar plate) 

Midspan c'.eflections and end slips are shown in Figures 

115 and 116. Slip was first observed at about 9in. from midspan 

towards the fined roller end 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 sound was heard in this beam. Vertical tension cracks 

at the bottom of the slab were observed at midspan at 4.5 tons. 

Spelling of concrete was observed near the loading pad at 7.5 tons 

at a concrete strain of 000038. The maximum load attained was 

7.8 tons at a deflection of 0.40 in. Thereafter 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 0.69in. 

A residual deflection of 0.30in. was recorded after the load was 

released. 

A high degree of interaction was achieved. The greater 

end slip recorded 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 maximum 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 beams were from the same 

stock having a yield stress of 22.7 T/in
2
. Concrete cylinder 

strengths varied from 3450 p.s.i. to 3380 p.s.i., the average being 

3660 p.s.i., a maximum variation of +6 per cent. Similarly the 

maximum 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 these beams may be attributed mainly to the variation in the 

number of shear connectors. 

Nidspan deflections, end slips and slips at quarter span 

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

The first slip sound occurred at 0.9 ton, 1.0 ton and 

1.5 tons in beams PB4, PB5 and PB6 respectively. Loads at first 

significant slip were 0.9 ton, 1.0 ton and 1.25 tons respectively. 

Corresponding bond stresses are 80 p.s.i., 89 p.s.i. and 111 p.s.i. 

respectively. Load at first slip sound, and so the bond strength 

appears to increase with the increase in the number of shear 

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 maximum 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 PBS 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 spanwas 	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 degree of interaction 

achieved, then it can be said that a very high degree of interaction 

is achieved in beam PB6 and that the degree of interaction decreases 

with the decrease in the number of connectors. 

Uplift at quarter span started at a load of 0.5 ton in 

all these beams. The growth of uplift was very similar to the 

growth of slip. Uplift was found to be greatest near the quarter 

span point in beams PB4 and PB5, whereas in beam PB6 the greatest 

uplift was recorded at a point 3in. from midspan. The mqximum 

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 loaf of 

0.9 ton; and thereafter the difference in deflections increases 

greatly. Beams with fewer connectors arc expected to show larger 

deflection because ofjthe lesser degree of interaction achieved. 

But the very wide difference in deflection of these beams is mainly 

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 a much lower load. 

These cracks then reduce 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, PB5 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 expected, 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 and 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 

ultimate load was o.31 T, that is, 0.61 times the ultimate capacity 

as obtained from a 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 three 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 Bin. from the 
support at load prior to failure. It is therefore thought that the 

failure of the slab and shearing of studs from this section might 

be initiated by this tension crack. 

2. Effect of projections of Durbar plate 

(Comparison of beams PB7 and PB8) 

The properties of steel and of concrete are very nearly 

the same in both these beams. The yield 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 PB7 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 used, the 

difference in behaviour of the two beams is attributed mainly to 
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Durban 
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the difference in the steel surface at the interface. 

Midspan deflections, end slips and slips and uplifts at 

a 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 

beam PB7; the load at first significant slip was 3.0 tons. The 

corresponding bond stress was 117 p.s.i. No slip sound was heard 

in beam PB8. ilhe load at first significant slip was 3.0 tons at 

a bond stress of 116 p.s.i. End slip, however, did not start in 

beam PB8 until a 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 

load 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 and 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. 
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Load 	H 	
HB 
	

Av. mech. 	H
B bond stress -- 
H 
 --x 100% (tons) (tons) (tons)  

(p.s.i.) 

7.8 42.98  27.51 254 	64% 

H is calculated assuming a lever arm of 2.46in. (.based 

on Whitney, using cylinder strength and yield stress) and external 

moment. H
B is calculated using the method described in chapter 

4.1  (g). It is seen that at ultimate load 64% of the total horizon-
tal shear 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 

experimental ultimate load to calculated ultimate load (based on 

Whitney) is 0.89 and 1.29 in beam PB7 and PB8 respectively. Beam 

PB7 also shows much larger deflection than beam PB8. This is 

partly due to greater loss of interaction in beam PB7, and mainly 

due to occurrence of tension cracks at the bottom of the slab at 

a much lower load caused 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 ton3 in beam PB7 

and 2.38 tons in beam PB8. The ultimate capacity of connectors 

obtained from a push-out test was 1.25 tons.. 

These observations 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 seen from a comparative study of 

beams PB2 and PB5. The connectors were designed at 100 per cent 

of their 0_ac  in both beams. Beam PB2 was provided with 	in. dia. l 
by lin. long studs at 3in. centres, whereas beam PB5 was provided 

1 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 beam PB5. 



The difference in the nature of failure of these two 

beams is significant. Failure in beam PB2 was by diagonal tension 

at a calculated shear stress of 244 p.s.i., whereas beam 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 sher stress, beam PB5 did not fail by shear. 

The spacing and length of studs in beam PB5 was 

approximately equal to the elastic lever arm of the section, a 

spacing which is specified as a maximum spacing for stirrups in 

reinforced concrete 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 

i 1 of a composite plate with welded stud shear connectors. gin. 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 

1. The specimen consisted of a Ein. thick mild steel plate 
1 6' 4" by 6' 4" overall, shear connected to a concrete slab 2-2in. 

thick and 5' 8" square. A layer of Sin. x Sin. x 0.104in. weld 
mesh reinforcement was provided on the top surface over the whole 

areacf the slab. 

The specimen was supported on four sides over a panel of 

i 1 5' 6" square on 
4
—n. 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. Tne 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 

i 1 each corner. The 
4
—n. 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 aggregate 
$. consisted of 60 per cent of Ein. 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. 

(c) 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 simulate 
1 

the wheel load, the load was spread over an area 7
1in. x 12in. 

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 0.0001in. dial gauges. End slips and slips and uplifts at a 

Aumior of locations.in the panel were measured rusing,0.0001in. dial 

i 1 gauges., 
 2--n. dia. holes wbre nade 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 tin. 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 7-1in. x 1-1in. to 6in. x bin., after a 2 	2 
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: 

1 (a) Steel: A flat specimen 1-2
in. wide by 20 in. long was cut from 

the steel plate and was tested as explained in section 4.1. 



(b) Concrete: 4in. cubes and 6in. cylinders were tested as 
explained in section 4.1. 

(f) Test results 
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lections at positions A, B and C for different load Def 

positions are 

and slips and 

positions are 

key diagram. 

shown in Figures 127 to 129. 

uplifts at various locations 

shown in Figures 130 to 134. 

Slips along the edges 

for different load 

Figure 125 shows the 

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 10-6; 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 sound3were heard at this load. The loading pad was 

changed from 7—i1.  n. x 1-1in. to 6in. x 6in. after a load of 20 tons l- 

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 30°  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 decreased towards the 

corners. 

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 are 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 stages 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 Zrom 7.5 to 15 decreases the moment of inertia of the section 
4- 

by about 31 per cent (Figure 15). 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 linear 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 all over the plate, 

corner cracks, developed earlier in the first load condition, and 

extensive cracking of the concrete due to application of load at 

various positions. 

The observed end slip was very small in the first load 

condition. The highest slip was recorded .t the third points, which 

were the measurement points nearest to the centre. Slip decreased 

from these points outward and became very small at the edges. 



Load Condition A Load Condition B 

Load 
(tons) 

Gauge Magnitude 
(in.) 

Load 
(tons) 

Gau ge Magnitude 
(in.) 

First significant slip 

Max. slip at max. 	load 

First uplift recorded ' 

Max. uplift at max. load 

Max. residual slip after 
max. .load had been. 	. 
released 

Max. principal strain in 
steel plate at max. load 

Deflection at maximum 
load 

Residual deflection 
after maximum load 
had been released 

.} End 

Panel 
1lEnd 

Panel 

Panel 

Panel 

End 

Panel 

17.5 

7.5 
20.0 

20.0 

7.5 

20.0 

20.0 

20.0 

7e 

17 
2
e 

17 

27 

28 

2e  

17 

ti 

A 
B 
C 

A 
B 
C 

e 
 

0.0010 

0.0089 

0.0005 

0.0037 

0.0009 

0.0036 

1120x10-6 

0.357 
0.184 
0.120 

0.074 
0.031 
0.018 

15.0 

5.0 
20.0 

20.0 

20.0 

20.0 

e 

7 	15 
8 

5 

8e 

5 

B 

A 
B 
C 

A 
B 
C 

0.0107 

0.0162 

0.0084 

0.0095 

806 x 10 6 

0.165 
0.238 
0.111 

0.009 
0.045 
0.014 

Results of the composite plate for different load conditions 



Load Condition C Failure test 
Load at position A 

Load 
tons 

Gauge 
Nagnitude 

in. 
Load 
tons 

Gau e g Magnitude 
in. 

First significant slip 

Max. slip at max. load 

First uplift recorded 

Max. uplift at max. 	load 

Max. 	residual slip after 
release of max. load 

Max. principal steel 
strain at max. load 

Deflection at max. load 

Residual deflection after 
release of max. load 

' 

"End 

End 

Panel 

Panel 

Panel 

Panel 

 End 

Panel 

}e 12.5 

2.5 

18.4 

18.4 

5.0 

18.4 

18.4 

18.4 

8 	9 
e 

16 

9
e 
13 

25 

25 

9e  
13 

C 

A 
B 
C 

A 
B 
C 

0.0056 

0.0090 

0.0002 

0.0031 

0.0043 

0.0057 

905 x 10
-6 

0.106 
0.106 
0.100 

0.005 
0.o06 
0.027 

10.0 
At first 
load 

25.0 

25.0 

At first 
load 

25.0 

25.0 

25.0 

8 

(i.e., 	5.0 

2
e 
17 

(i.e., 	5 

28 

2e  
17 

A 

A 
B 
C 

A 
B 
C 

e 
 application 

application 

of 
tons) 

0.0021  

0.0216 

of 
0 tons) 

0.0066 

0.0016 

0.0098 

1405 x 10
-6 

0.560 
0.258 
0.166 

0.115 
0.033 
0.017 

R ks VI-TS OF THE compos1M -PLATS Zsr FOR MI( FRE.V.:2sIT 'LOAM  CoN x orrs 
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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 all 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 decreased gradually towards the 

edges (Figures 138 and 139). The end slips along the edse nearest 

to the load had a very high value at the centre with little or no 

slip at the corners (Figure 132). 

A study of the end slip curves along edges be and cd with 

the load at pSsition C, shows that at points nearest to the load 

position where the interface shear is expected to be high, slip is 

also high and then decreases on either side. On the other 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 at positions 

B and C, the uplift was almost zero at points near the edges which 

were furthest frcm the load position. 

No crushing of concrete was observed. It appeared 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 load 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 towards the load 

position. This occurred in plated beams PB2 and PB3. In this case 

the plane of failure was inclined at about 30°  to the horizontal. 

The shear connectors did not fail. 
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CHAPTER VI  

CORRELATION OF RESULTS  

6.1. Deflection 

(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 E
s 

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 E
s 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 B1, the variation is 

withing + 5 per cent. In the quarter scale beams the shear deflection 

is about 14 per cent of the deflection due to bending for complete 

interaction, whereas the additional deflection due to incomplete 

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 section 

2.1 is shown in Figure 146. Idealised stress blocks for concrete and 

steel with f
y = 20.98 t.s.i. and ft = 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. 

Beam 
&bending 	8shear 
in.x 10-3 	in.x10-3  

Additional 
8bending -
incomplete 

interaction 
in.x10-3  

8total 	8expt. 
in.x10-3 	in.x10-3  

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 

A4 27.26 3.74 6.33 37.33 30.62 K  

A5 27.11 3.74 6.33 37.18 37.05 

B1 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 vetiy small and the shear deflection is found to 

be less than 2 per cent of the bending deflection. Average experi-

mental values of E
s 

and E
c 
for the beams having the same 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 deflection due to incomplete interaction 

can be calculated using the theory for incomplete interaction as 

outlined in section 2.2, but this deflection is very snail 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 1) 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 increases 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 to be equivalent 

to a constant compressive stress of four-ninths of the measured cube 

strength. The steel is assumed to be at its measured yield stress 

in both methods. The first method is based on ,;ihitney's distribu-

tion and the second is as recommended in the draft CP117. 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  

ultimate load are also shown in the table. Calculated 
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The ultimate moments based on Whitney are slightly higher 

than those calculated according to CP117. Except for grooved and 

Durbar flanged beams and beam B3, the ratio of experimental to 

calculated ultimate load based on CP117 varies from 0.99 to 1.06. 

It should, however, be remembered that all these beams except Al and 

Dl failed by failure of shear connectors, which were 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 connector at 

ultimate load 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 Dl is due to the stress-strain character-
istic of the steel. The ratio 

shy 
for the bottom flange of these 

beams is very small so that strain hardening occurs soon after the 

yield strain and so increases the carrying capacity of these beams. 

In beam B7, 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 

experimental 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 variation 

is considered to be mainly due 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 

will have to be equal to 0.52 which apparently is cube strength 
low. it shbula, however, be remembered that four-ninths of the cube 

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 

against 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 variation of steel stress with load, 

this would give a stress of 10.2 t.s.i. at ultimate 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 failure was prevented. In beams PB4, PB5 and PB6, 
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with shear connectors designed at 150, 100 and 50 per cent of their 

ultimate capacity respectively, 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 LA least a sufficient number of 

connectors to resist the total horizontal shear is necessary to 

attain the calculated ultimate moment. In beam PB8, where the rough 

face of Durbar pl-te was in contact with the concrete slab, the ratio 

of experimental to calculated ultimate load was 1.29 as against 0.89 

in beam PB7 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 plate: The theoretical collapse load in a simply 

supported isotropic square plate subjected to a point load at the 

centre is araiip  where Mp  is the ultimate moment per unit width of the 
section. M has been calculated in the same way as for plated beams 

using experimental values of uniaxial 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 local shear failure 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 having studs designed at 

100 per cent of capacity. The values of Es, E
c 
 and k used were 

13.400 t.s.i, 3.64 x 106 p.s.i. 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 between experimental and theoretical slips up to 2.5 tons, 

but at higher loads the experimental slip is relatively higher. 

This is due to the decrease in k as the load increases. 

A revised slip distribution at 4.0 tons using a connector 

modulus which will approximately 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. and the average 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 connector was estimated, and a new value of 

connector modulus was obtained. Using this new value of k a revised slip 

distribution was. obtained which agrees fairly well with experimental values. 

A study of the experimental slip distributions in beams Bl, 

B6, 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, B6 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 distribution still remains fairly uniform 

except at the central portion. It may therefore be said that as the 

degree of interaction increases, the slip distribution along the beam 

approaches the shape 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 shear resisted by each connector is 

nearly the same. It follows, therefore, that when flexible connectors 

are usud, the total. number of connectors is more important than their 

distribution. This was also brought out by the similar behaviour of 

beams tested by Balakrishnan (29)under uniformly distributed load 

having uniform and triangular distribution of connectors. 

When the degree of interaction achieved is very high, such 

as is 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 shear is the same as that for complete interaction in beams 

with V-grooved flanges, then assuming a 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 14O. The 

interface shear at the calcul.ted ultimate load of 6.35 tons is 

calculated using the method set out in section 2, using f = 20.98t.s.i. 

and f' = 4700 p.s.i., which are the average of experimental values 

for all the quarter scale beams. A value of k = 550 tons per in. 

obtained from push-out tests (Figure 19) for 	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 beam at the interface. This strain difference then reduces 

the resisting moment of the composite section. Calculations show, 

however, that the reduction in resisting moment due to strain difference 
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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 10-4. 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 tos.i. and ft = 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 11 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 and compensating 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 A5 

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 "no shear" zone due to incomplete 

interaction, and slips arc 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 149 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 tos.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 E , E and k used are 13,400 tos.i., 3.64 x 10 
s 	c 

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. 

6 

(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 
1 

2' 
distributed over an area T-

2in. x 1—in. 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 corresponds 

to a connector modulus of 105 tons per in. (Figure 21), compared 

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 theoretical expression for differential deflection 

between the slab and the 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 general shape of the curve. The recording of negative uplift 

near the supports may be due to initial separation 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, then the 

uplift force or the axial force per connector is equal to ' 
and the axial strain in the connector is equal to2AE 

 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 theoretical 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 — 
4
dn. long resistance strain gauges. If the strains 

in a pair of gauges on a stud are 81  and 6 ' 
 then the axial End 

1 + 
8
2 	1 

62  
bending components of the measured strain are 	and 

2 	2 
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 (beam and push-out tests)  

The ultimate capr..city of a connector in a beam test has 

been calculated assuming that all connectors carry equal loads just 

before failure. This assumption is reasonable for beams with or 

without natural bond, as the slip distribution along such beams is 

nearly uniform at or 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 strain curve obtained from coupon tests is used 

for this purpose. The ultimate capacity of the connectors is then 

obtained by dividing this axial tension by the total number of 

connectors in one half of the beam. The ultimate capacity of 

16
i  3 

--n. dia. x lin. long headed studs obtained from beams with or 

without natural bond is given below. The ultimate capacity of such 

connectors obtained from push-out tests is 1.08 tens per stud with 

bond and 1.00 tons per stud without bond (29)  

Quc (beam) Q uc(V.0) 
Beam 	Flange Surface (tons) 	(tons) 

A4 	Natural bond 	0.96 	1.08 

A5 	Bond destroyed 	0.88 	1.00 

B3 	Natural bond 	1.10 	1.08 

B4 	Bond destroyed 	0.93 	1.00 

B5 	Resin and aggregate 	1.00 	1.08 

B8 	Natural bond 	1.11 	1.08 

Cl 	Natural bond 	0.97 	1.08 

Quc(beam) 

Quc("°)  
0.89 

0.88 

1.02 

0.93 

0.93 

1.03 

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 of 60in. The actual strain at the midspan 

could, therefore, be higher than measured; this would result in a 
Quc (beam)  

slightly greater axial tension and a higher 	ratio. 
Quc (P.O.) 

However, the agreement between the ultimate capacities obtained from 

beam tests and push-out tests appears to be reasonably 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 Q
uc 
 (beam) when calculated in the way described earlier than the 

actual maximum 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 obtained 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 Q
uc 

 (beam) obtained using the above method will 

also be smaller than the maximum value of Q
uc 
 (beam). But the much 

Quc (beam) lower 	ratio is due to the fact that the area of Durbar Quc (P.O-} 
plate per connector provided in the beam is 36 per cent less than 

the area provided in the corresponding push-out specimen. 
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Quc(beam)  
Quc(P.0.) 

Beam 	Flange surface 	Q uc 
 (beam) 	Q 

uc
(P.O.) 

(tons) 	(tons) 

1 . 	1 . 
n. grooves 	1.84 A2 	--a 	 1.53 

len' x  32 
1 . 	1 . 

A3 	3-2.an. x wn. grooves 	1.56 	1.25 

B1 1 . 
in. x 32i no 

. 
n. grooves 	1.51 T 	

32 	
1.53 

1 . n. x --a 
1 . 

1.48 B2 	-5T. n. grooves 	1.25 
64 

 

B6 	Durbar plate 	1.29 	1.63 

1.20 

1.25 

0.99 

1.18 

0.79 

$ 	1 
The ultimate capacity of -din. dia. x 1-

2
in. long headed 

studs as Obtained from beam D2 was 3.66 tons againa. 3.0 tons obtained 

from the push-out test. This higher Quc(beam) to Quc(P.O.) ratio is 

mainly due tc the difference in concrete strength, as discussed in 

section 4.2. 

The table below gives the ultimate capacities of connectors 

obtained from plated 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-beams. It may be mentioned that the 

lengths of studs used in the plate beams were different from those 

used in the push-out tests. 

Specimen Nature of 
Interface 

PB4 	Plain face 
and natural 

PB5 	bond 

PB7 

Dia. of 
stud 

(in.) 
1 
8 
1 
8 
1 
4 

Quc(beam) Que(P.O.) 

(tons) 	(tens) 

	

0.49 	0.51 

	

0.54 	0.51 

	

1.66 	1.75 

Quc(beam)  

Quc(P-°°) 

0.96 

1.06 

0.95 

The agreement between the ultimate capacities obtained from 

plated beam and push-out tests is good, within + 6 per cent. The 

ultimate capacity of a 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-out tests. Figures within brackets give the 

percentage of ultimate load at which the given slips were recorded. 
3 The results are for T.-6in. dia. x tin. 	long headed studs. 

Max. end slip 	Slip in P.O. 	test 	P.0 . 
Beam in beams specimen 

(inches) (inches) 

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) 

Cl 0.0373 (97.6) 

Near the ultimate load the slip increases at a very rapid 

rate so that the slip at actual failure could not be recorded. 

Maximum end slips recorded 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. In 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: 

f 
b Ib 

where 	f
b 
= calculated bond stress 

V = total vertical shear at that section 

141 = 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: 

V  
f — 
b 	jd x b 

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. 

VIP 



181. 

Beam Number of studs 

Load at 
bond 

failure 
(tons) 

Bond 
stress 

 
(psi.) 

 

bond stress 
cylinder strength 

A4 32 I 2.63 401 0.085 

B3 44 3.45 527 0.096 

B7 K  44 gin.n 	x lin. 1.50 228 0.045 

B8 44 2.50 378 0.083 

Cl 44 3.00 473 0.117 

D2 
1 

56- 
3  
—In. x 1-

2
in. 

8  
10.00 317 0.065 

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 ft to 0.117 ft, where ft is the concrete 

cylinder strength. The cylinder strength for these beams varied 

from 2650 to 4740 p.s.i. In the four composite T-beams tested at 

Lehigh University (24)under two point loads applied symmetrically, 

the bond stress at first slip sound was found to vary from 236 to 

298 p.s.i., a variation from 0.067 ft to 0.084 ft. The average 

cylinder strength was 3540 p.s.i. 

9 	Considering these results an ultimate bond stress of 

0.65 ft
c 
 for concretes having cylinder strength varying from 3000 p.s.i. 

to 5500 pos.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 	significant stress  Cylinder strength 
slip 	(tons) (psi.) 

 

3 

	

PB2 	24 - 16--in. x lin. 	1.0 	102 	0.024 

sn 1' 

	

PB4 	36 - 8—. x 2in. 	0.9 	80 	0.022 
 
1 

	

PB5 	54 - 	x 2in. 	1.0 	89 
8 	

0.026 

	

PB6 	108 - fin.x 2in. 	1.25 	111 	0.029 

1. 	1 

	

PB7 	36 - —in. x 3-
2
in. 	3.0 	117 	0.033 

4  

The bond stress in plated beams is found to vary from 

80 to 117 p.s.i., a variation from 0.022 ft to 0.033 ft , where ft 

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)plated beam tests. The calculated bond stress at first 

significant slip which was also taken as a slip of 0.0005in. for ten 

i 1
' 
   

plated beams using studs of diameters 2  
—n. tin. and tin. was found 

to vary between 81 p.s.i. and 121 p.s.i., a variation from 0.016 ft 

to 0.039 ft. 

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 significant 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 transformed area 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 interface area on 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 

purpose. 	 Mech. 

Beam 	Flange surface 	Studs 	
load 	bond 

(tons) stress Mecho bond stress  
(psi.) Cylinder strength 

i 
1 	1. 	3 

Al 	
8
—n x 16in grooves 32-Ten x lin 	5.50 	853 	0.190 

1 	1 	3 A2 Ten x 32in grooves 32-.Ten x lin 	4.50 	800 	0.170 

L. 	1 . 	3 0.156 A3 --in x 	grooves 32-Tgin x lin 	5.00 	708 
32 	64in  

1 . 	1 . 	3 Bl Ten x Tlin grooves 44-Ten x lin 	5.00 	860 	0.185 

1 . 	1 . 	3 
B2 T1in x 	grooves 44-Ten x lin 	5.8 	1009 0.179 

64in  

3 .  
B6 Ten. Durbar plate 44-bin x lin 	2.9 	493 	0.123 

Dl 	 Ti 
3. 	3 	12 in plate 	56- 	n x 	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 belaw. 
Max. total 	Average 

Beam 	Flange Surface 	Studs 	shear 	mechanical  
resistance 	bond 

	

(tons) 	(psi.) 

Bin x .  Al 	Tian x 'Tan grooves 32- bin x tin 	23.91 	1020 

B1 	32  
1 . 	1 i 
	3 

	

n grooves 44-T6in x lin 	21.30 	910 uan x  

1 . 	1 . 	3 B2 --an x 	grooves 44-Trn x lin 	20.75 	885 32 	64in  

3 . 	3 B6 	Durbar plate 	13.13 uan. 	44-1-pn x lin 	560 

a 3. 
	$ 8 	

1 
50.14 D1 	— 

8 n. Durbar plate 56- —in x 1-
2
in 	520 

The actual maximum shear resistance could be much higher 

than the average values given above)  since the loads at which these 

maximum values occur are very near 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 experimental values cf E
s 

and E
c 
was used for 

this purpose. The shear stress so calculated is given below. 

	

Beam 	Studs 	Max. shear 	Shear stress  
stress at ult.load Cylinder strength 

lb./in.2  
3 . 

	

PB2 	24 - --an, x lino (Natural bond) 	244 	0.057 
16 

3 . 

	

PB3 	24 - 16 
	

x lino (Bond destroyed) 	228 	0.057 

1. 

	

PB4 	36 - — 
8an. x 2in. (Natural bond) 

	183 	0.050 

1. 

	

PB5 	54 - 
8
—an. x 2in. (Natural bond) 	256 	0.074 

1. 

	

PB6 	108 - 
8
—an. x 2in. (Natural bond) 	323 	0.086 

1. 

	

PB7 	36 - —an. N 3—in.(Natural bond) 	212 	0.060 
4 	2 

1. 	1 

	

PB8 	36 - — 
4
an. x 3-

2
in(Durbar plate)' 	302 	0.086 

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 elastic 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, N, y and p. 

The lever arm jd is calculated using experimental values of as  and Ec 

At a central load of 26 tons spread over an area 6in. x 6in., 

the maximum shear stress so 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 
(t.s.i.) 

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 outside 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 figures are the same as the average shear stress in the 

connectors calculated from the load carried by them at ultimate load. 

The punching shear stress in the composite plate is calcu-

lated using the expression 
p 	bxd 

where b is the effective periphery and d is the effective depth 

of the punching resisting surface. Taking Zb equal to the periphery 

of the loading pad 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 a body can be 

completely determined are considered to be algebraically such that 

61 > (12 > cr3 
(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 

U1 = 5
= at 

Y 	
or 

	cr3  	Y 

where 	a
Y 
 = yield stress in tension and 

al = yield stress in compression. 
Y 

(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: 

a - 1 

a3 
- 

I' (52 + 53)  = 

(51 + 52)  = 

a 

al 
Yo 

(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: 

a
1 
- a3  = 

 a 
max 	2 	2 
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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 

a 
2
1
E 
(a1

2 
+ a'2

2 
+ a3

2
) 	- 1.4--(aa+aa+aa) --Y-- E 12 23 31  2E 

or, 	612  + 622 + 632 - 2.11.4  (61a2 + 6263 + 6361) 	= 	2 

(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 

(a1 - 6)
2 + (a2  - a3)

2 + (a3 - a1)
2 	= 2a 2  

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: 

a1  = a2 (from symmetry) and a3 = 0. 

The conditions for yielding from different theories are: 

(a) Maximum stress theory 	a1 	
Y 

= 	a 	= a 
a 	Y 

(b) Maximum strain theory 	a = _a_ = 1.4286 6
Y 

 

(c) 

Y 

(c) Maximum shear theory 	a
1  = 
	a 

a; = aY 
(d) Maximum energy theory 	61 	Y 

= 	 - 0.8452 a 
12(1 -p) 

(e) Distortion energy theory a = 	a 	
=  1 	Y  

where Poisson's ratio IA is taken to be equal to 0.3. 

2 
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It appears that the theories (a), (c) and (e) give the 

same value of failure load, theory (d), i.e. the maximum energy 

theory, gives a lower failure load, whereas the theory (b), the 

maximum 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 

Maximum strain theory 

Maximum shear theory 

Maximum energy theory 

Distortion energy theory 

16.99 tons 

24.28 tons 

16.99 tons 

14.36 tons 

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). It is therefore not clear whether yielding 

had occurred. It appears however that the calculated value according 

to the maximum strain theory shows better correlation than the other 

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 beforehand. 

The problem is only to design the steel beam and the shear connection. 

Basically there are two approaches, elastic and plastic. In either 

approach, full interaction can be assumed and the steel reinforcement 

in the slab neglected. 

(a) Elastic method. This method is based on permissible stress 

in steel and concrete. The recommendation of the draft CP117 is 

considered reasonable. A smaller value of nodular ratio than 15, 

recommended in the draft Cp117, may however be considered for 

transient live load in view of the values of m obtained from T-beam 

tests (the experimental values of m varied from 6.2 to 8.3). A 

larger value of m should then be used for sustained load. 

(b) Plastic method. The plastic design method recommended 

in the draft 0P117 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 concrete stress is 

however specified in the draft CP117. It is thought that in a 

composite section having a larger bottom steel flange and a rela-

tively thin and narrow concrete slab, the maximum concrete stress 

could be very high when the steel stress reaches 0.9 times the 

specified yield stress. A limit for the concrete stress is probably 

necessary. 
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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 CP117. 

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 CP117, 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  

with 

	

	ratio of not less than 0.022 (Figure 39). 
Durbar plate area 

In view of the test results, a design for shear connectors using 

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 resisted 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). It 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 9in. 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 tos.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. In such 

cases the composite section may be designed to take both 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 ultimate moment is calculated 

from the known plastic solution of the slab. Unfortunately, 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 
w, 

than in the first, because of the higher value of 	(w
P 
 = the 

WY  
collapse load and w = 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 section 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 steel 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 needs 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 collapse 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 H represents the 

total horizontal shear at collapse load and Q
uc 
 represents the 

ultimate capacity of connectors, then the number of connectors, 

N , when designed at 100 per cent, is given by 

Lof .t 
N 

p 	 uc 	uc 
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where 	L = freely supported boundary 

t = thickness of the steel plate 

yield stress of the steel plate 

and 	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 number 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 area of the panel, the total horizontal shear 

for the panel is calculated and will be equal to q x panel area. 

The number of shear connectors for the panel 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, 

leads to the following results. 

Consider a simply supported square composite plate of 

side "a" and steel plate thickness "t" subjected to a uniformly 

distributed load of intensity p. The total horizontal shear at the 

interface at collapse is, from equation (360, 4a.f .t., so that 

the number of connectors when designed at 100 per cent is 

40.f .t 
N 

p 

QUC 
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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 qr  is 

obtained at the centre of each panel using equation (25) and Levy's 

solution as outlined in section 2.3. The number of connectors so 

calculated when designed at 100 per cent is found to be 

3 

	

N
e 	

0.1734 
Q
--2---  

ucjd  

and at yield load, the number of connectors 

P a
3 

N = 0.1734 Y  

	

Y 	Qucidy 

where 	
PY 	

= 	intensity of yield load 

jd 	lever arm of the section at yield moment. 
Y 

The maximum moment for a simply supported square plate 

subjected to a uniformly distributed load obtained from Levy's. 

solution
(31)

is 

0.0479 pa
2 

max 

so that at yield load 

and 

W
y 	= 	p 

Y
a
2 

	

= 	 0.0479 	= 	20.88 M
y 

0.1734 x 20.88 M xa 	3.62 x f .a.t 
N
y 

— 

	

Q . 	
Y  = 	Y  

uc 	
jd Y 
	Quc  

Hence 
Np 	4 
Ny 	3.62 

1.10 
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This shows that the number of connectors obtained 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 tc the lever 

arm at yield, then 
24 M 

MP 	Y 
= M  and the ratio --2— 	

20.8 
= --2  = 1.14. 

8M 

This compares reasonably well with the ratio N to N . Subject to 

further checks in other types of composite plates, the method of 

calculating total horizontal shear at collapse, given in section 2.2, 

and the design of shear connectors therefrom appears to be reasonable. 

It is therefore proposed that the total horizontal shear 

at the interface to be transmitted by the shear connectors be 

calculated using the method given in section 2.2 for simply supported 

regular 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 

CONCLUSIONS 

(1) The calculated ultimate moment, based on the experimental 

yield stress and 
9 

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. 

Inthebeamwith jtin.xAin. 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 0 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 connector design (Table 8). 

1 	1 76  (3) The quarter scale T-beam with E  in. x 	in. grooves and 

138 per cent design for studs recorded tensile yielding over the full 

depth of the steel beam. Full plasticity in the steel beam was 

Sin. x obtained in the quarter scale T-beams with 7in. x 37 in. and 
1 37in. x 	in. grooves and 100 per cent design for studs. Tensile 

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 hardening occurred in the bottom flange of all the 

T-beams except two; the tensile test on coupons from the flange of 

these two beams shows a very high esh--- 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 geatly 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 Durbar 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 load3lower than yield load, agrees well 

with that obtained Zrom 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 resistance 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 load becomes very similar to 

the interface shear distribution for complete interaction at 

collapse (Figure 68). 

(9) Uplift in a T-beam is generally greater in the quarter 

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. At quarter span in the half scale beams, uplift 

is proportional to slip (Figure 95), with greater uplift in the 

Durba:r 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 connectors, 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 these 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 midspan. 

(15) The ultimate value of bond stress obtained from plated 

beam tests is about 30 per cent of the corresponding values 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 and 26.9 tons based on 0.85 times the concrete 

cylinder strength. 
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(17) Slip distribution at the interface in the composite plate 

follows the general pattern of the interface shear distribution 

based 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 connectors obtained from tests 

in T-beams (with or without natural bond) and plated beams (with 

natural bond) is very nearly 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 capacity (Figure 39). 

(21) Forte 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-put 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 needed to mobilise the shear resistance 

of a roughened flange. The shear resistance of a Durbar flange 

increases in a non-linear 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 
3 i 16 n. or below, no crack in the concrete slab was observed; cracks 

in the concrete slab, however, occurred with Iiiin. diameter studs. 

In full scale push-out specimens with 
i 
 in. diameter studs, cracks 

occurred in the concrete slab; no concrete crack was observed in 

tini  . or full scale specimens with 	or 7in. 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 heads, 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 tote 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 spaced according to the theoretical interface shear 

distribution at collapse. 

(28) A 100 per cent design for shear connectors in T-beams 

with natural bond and a 120 per cent design for shear connectors 

in T-beams with Durbar flange or grooved flange appear to be quite 

safe up to the calculated ultimate moment. But failure may occur 

due 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. 



               

               

               

               

               

  

N 

     

t 	t  
4 

3  

     

             

             

                

                

                

                

                

Mx) 

14-  fy 

APP.LDiX  

Horizontal shear distribution over the depth 

of a section in elusco-plastic stage  

1,n expression is obtained here for calcuiatinL; 

horizontal shear distribution over the depth of a section .,:hen 

the material of the section is pL.rtiy elastic ,.11d tartly 

Two cases are considered. 

;..;:,3e I 

The section is of hor.lozeneous m-terial 

trapezoidal stress-strain relationship. 

1 

Consider two sections AB and CD, Ax apart and subjected 

to external moments M
x 
and M

x 
+ AM

x 
respectively. Let n1  and n2  

be distances from N.A. up to which pile material is elastic. 
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Total horizontal Sher to e resised over an area 

b x Ax at distance y1  from :4,L. 

== f (ty 
f y

z 	Yfy - 	z dy 

Yi 	YI  

jZfy  - y) 	

t

1( .4-)  -- 

Y 
2 

60 that tae horizontal shear Tier unit lentil 

n 	 y, 

Lf({y-
,,  
,y) z, 4- j ( —fv,"9  - —..r,f9  ) y z dy 

I 

Yi 	
2. 	I 

2 

In the limit when Ax -* 0 n1 
-* n., and the iirst term 

.., 
can be neglected 
% 

yl  

c-17t (14 - 44) z dy 

. . . (2) 

Observing that 

"I y3 yz  

(ty - j r -1...X 
.,7 J) y z dy -I- j(fy  — fy 

z ) + 4...Y 	fy ) 
y

z
z -3  .. y 	y 	cly dy  - 	-.1, 

yz 	 '14. 	
0 

•iy \ 
Y

2
7. ci,Y 

4_ .I( L.' 	
'13) 	

= 4 Mx  

o 

when Alt-0- 0 n
1 	

n
2 

and n3-*; n4, the first two terms can 

be neglected, and hence 

) y dy 

1 
9, 	4 x 
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Now observinL; that ni  = n_ 

and n, 	n for any section, 

we L.,ve 
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Z. Cy + f4y 2  :clyi 	is really time ukxdont of inertia 

	

0 	o 	 It 

of the section betweenn2  and n4,  i.e. i. . of I. of the elastic ortion 
of the section. 1iepresentin6-  this by I

e
, we have 

(422  iL) Ie 	d M -r)  

	

fy 	 cl Mx 

2. 	 e I 	 (5) 

substituting equation (5) in equation (2), we have 

cimx 
dx T; Yz. 

dy 

yr  

V me  

le 

. (6) 

where v = Total-vertical shear at the section 

Ie 	Moment of inertia of the elastic part of the section 

Moment about N.A. of the elastic area of the section 
e 

above the surface under consideration 

q = horizontal shear/unit length on the surface at the section. 
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The above c.:uaLion is valid for any aectdon of nomoc;cheous 

material with a trakezoi.,al stress block. flee v'lue of "n" can be 

calculated directly by equatin the internal and th external moment. 

Case li 
The section is a com,)oite section fully interconnected 

and comi,000d of two materials a and b, :iota navia_ trai)ezoidal 
strens-strain relationship, out with diffe_ ;:nt yield stresses and 
yield strains as shown below 

'material b 

3,  ID 

Mat eri al a. 

a 

Eyk, Eya  

eb .. 0( 
EY° 

StrOliqm--W 



b mf 1;1 

V 

Material b 

Material M 

A x 

(Mx 	A Mx) 

:tress and strain distribution ut two sections i-kB and 

CD, Ax apart, on the ,,asis of equivalent section in terms of material 

a are shown in the above figure. 

The expression for "q" after rewriting equation (2) 
n1  

-"/"Flib  
d x 	2  

 y z.  
dy 

The expression (3) after rewriting:  
-nz 	 -n4 

IC:nly b 	'"" {,y b) 	
f y a. 	-Cya  )32.z  . = 

	

.b.) 	ya  z GI.) + ( 77 	dY 	d fri x "113  

	

r 	 4 
o 	 0 

	

Here 	.n3 

n2 4 

'17 b 

But 
	Ea. 	E a 	1 

-nz - -n4 
 

+ya 
2 - -r) 

= 

• 
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whore v = total vertical shear 

IeC 
	

moment of inertia of tae elastic part of tie equivalent 

	

section about 	,-k. 

oe = moment of the elastic dart of the equivalent section 

above the surface under consideration about .1J,  

It ma" be noted that the expressions for q, the norizonUal 

shear in a plane at a section when the section is partly ela:_tic and 

partly plastic, is similar to that when the section is fully elasA.c. 
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II  

Calculation of deflections in comi)osite beams  

1. Complete interaction 

) i)efiection due to bending: Lendin;:; deflection is r:, lculated 

usihG simide theory for bendin6 based on transformed area :rLcthod. 
The transformc-d section of the concrete slab is obtained by dividlnt.; 

the slab width by tne modular ratio, m. 

(b) Ddlection due to shear: shear deflection is calculated 
only fur the shear resisted oy the steel beam. 	shear force 

ti 
resisted by the steel beam is calculated as follows: 
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JonL;idcrih6r the c, juilibrium of air clement of the steel 

beam of ien,;th Lx, 

d Mls 	civs 	
dx 

  4 	-I- V 4x •-1- 	 4x. 4x -1-- --4 x . q 	= 

Neglectin6 the second order terms we have 

dF 
qq  c717C Us 0 

d Ms  dF 
or, 	- V5 	d 	dx JS 

or numericaii.-y, vs 
dMs 	cl F 
dx 	dx as s 

Comiiderinj the coral)oite section subjected to eternal moment N, 

M 

 

Ms  
.E I s 5 

rf, 

   

Zs  1 5  1c 

- 	 . . (11) M5 	M. IA 

The axial force F in the steel beam and in the concrete :;1a4 which are 

numerically the same, is 

M 
F 	= 	,

cs ( 
t +g 

5-10) As 	
(in the steel beam) 

-4  

.tel ( „r„  _ t  + 1) . .: = 	 (in the concrete slab) 
lc s \... 

from which, after simplificatiOn, 
, 

11 	ill * AS r =   z 
1  CS As + AC 

-ret 
• • • (12) 

Substituting for F and Ms  in equation (10), 

Ac 
= d M dx --a [ 

Its 	
is 

_L__  	
,_. 7 • As 

ys   

	

AG 	
Z . q ] 

A + — s a 5 " 

.7:... 
V 

[ I 5  4- 
,5  

dx 	5 	dx 

A c 	,, 
--371 ' 11  s 	X. • 4 
As  4' -26- 	a 51.  . . . (13) 



ix 

wi.eve v = total cd.ternal :..hear force 

I . moment of inertia of the transformed composite section cs 
is 

= moment of inertia of trio steel section 

and As are the cross-sectional areas of the slab and ..he steel beam. A
C  

;.:hear  deflection is then calculated assuming the shear to 

be resisted uniformly by the web. For a beam subjected to a central 

point load, the shear deflection at midspan will be gives by 

V • 
a 	s 

A T4  . Cn 

where A = cross-section area of the web 

G = shear modulus taken as 5110 t.s.i. for all calculations. 

2. Incomplete interaction 

(a) Deflection due to bending: The bending deflection in a 

composite beam for incomplete interacti-n is calculated using 

Newmark's theory for incomplete interaction. 

The expression for the curvature of a composite beam may 

be obtained from equation (10), given in section 2.1 as 

FZ  
2  Il ZMI Er 

After substituting for F from equation (11) of 

rearranging, the equation (150 gives 

Dt 	5 E Z d2F 

I 	 .E I 	ci x 
d2y 
ejx t 

• • • (15a) 

section 2.1 and then 

. 	. 	. ( 15 b ) 

Integrating the above equation twice with respect to x, after substitu-

ting the appropriate expression for 11, the deflection of a composite 

beam is obtained using the approporiate boundary conditions. 
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For a comiAosite beam of s,,an L subjected to a 1,oint load 

P at milspn, the boundary conditions are: 
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It should be noted that the first term of the expression 

for deflection in equations (16) and (17) represents the deflection 

of the composite beam for complete interaction, and the second term 

rejpresents the additional deflection due to incomplete interaction. 

no notation used above is the same as that in section 2.1. 

(b) Deflection due to shear. Ina composite beam with an 

adequate number of shear connectors, the shear resisted 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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Fig.14. DEFLECTED 	SHAPE OF A 3/4 DIAMETER AND 4 '  LONG STUD  
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Fig. 15. BENDING MOMENTS ALONG THE LENGTH OF 3/17 DIAMETER AND 4N  LONG

STUD 
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Figure 40. Concrete slab of a plain flanged full 
scale push-out specimen with Ti.  in. dia. 
studs after failure 

Figure 41. Concrete slab of a Durbar flanged 
full scale push-out specimen after 
failure (P12E1) 



Figure 43. Set up for a pull-out test 
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SPECIMEN DESCRIPTION OF STUDS 	U1-(T.T.or4LsO)AD 
STu STUD 

Cu 

6P5i) 
PL 1 4 IN. 	1..c)tvG PLAIN 	14EADED 3.40 6000 

PL 2 3 ihr. LONG Pl. AIN 	14EADED 3.13 6230 
PL 3 2 1K. 	1..01,,rs Pl.112At 	HEADED 1. 34 5750 
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PL A 
 2 

P1- 1 
PL 3 
pL S 

50 	 100 
	

150 
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SPECIMEN MEScR7PTION OF STUDS 	ULT. LOAD Cu 
-PER STU 	, s  

trcwvI) 	csi) 
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PL 1 PL 3 21m LONG PLAIN 	7isADE.23 l• 34 5750 

Pl- 3 PL. 4 41N. Le ni-G THREADED 	WITH }WAD 3.63 7000 
PL 5 PI. 5 4 INC. LONG, THREAD E.3) WITHOUT HEAD 2.73 5290 
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SPECIMEN 	FLANGE SURFACE 	ULT. LOAM (ToNS) 
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S.P.Ecil4E.r.t 	FLANGE SURFACE 	131...7. Loam. 
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Figure 77. Beam with V-grooves on top flange (Al) 

Figure 78. Resin bonded aggregates on top flange of beam B5 



Figure 79. Beam with a Durbar plate as top flange (B6) 

Figure 80. Beam with studs covered at the base with latex 



Figure 82. Crushing of concrete on top of the slab (Beam Al) 

Figure 83, Typical transverse tension cracks 
at the bottom of the slab (Beam B4) 



Figure 84. Underside of concrete slab near midspan of beam B4 
after failure (steel beam removed) 
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Figure 87. Set up of a half scale composite beam 

Figure 102. Failure of concrete around the studs in beam D2 
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Figure 100. Crushing and horizontal splitting of the concrete slab 
after failure (Beam D1) 

Figure 101. Tension cracks at the bottom of the concrete slab 
after failure (Beam D1) 
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Figure 123. Plated beam after failure (P137) 

Figure 1,24. _Flexural failure of the plated beam (D38 
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Figure 143. Set up of the composite plate 

Figure 144. Underside of the composite plate showing gauges 
for measuring slip, uplift and deflections 



Figure 145. Loaded area of the composite plate after failure 
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Fig. 146 	MOMENT CURVATURE 	RELATION 	FOR QUARTER SCALE COMPOSITE BEAMS. 
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F6  F . 1366 0 22.10 30 4.0 22-6 56- 8 1 16 171 10.7 

13 400 17.3 2 r-F 	t13 2693 26.2 59.o 1 151 11-6 DurvEcco 	P1.. 
D1 

t.i.6 
IZOoo 20.31 3 o• i3 22•5 55.7 2 16 30 19 

Ft 23 400 17.32 26.93 26.2 59.0 1 13 151 116 Dvir23Av 	PL. 
D2 

Fin 1 3000 17.70 2 8 5o 27.8 54-0 3 14 197 14.1 

P21,2,3 22.20 31.90 24.6 48.0 1 16 212 1205 

RB 415, 6 22.70 3170 25.2 /49•0 1 17 256 15'0 

P. 	7,8 19.82 28.47 19.6 50.0 3 16 256 17.1 'FAILED °visor 
0-F- 	G .t . 

Si 13 6 3 0 18•73 26.83 27.S 54.2 I 14 306 21 8 

F = Ft_ AzstGx 	 WEB 



Dia. of 

stud 

Specimen 

number 

Dia. 	of 

Specimen 

area of 
Cross-. 

n  section
(tons) 

(in. 	) 

Yield 
load 

Yield 
stress 
(t.s.i) 

Ultimate 
load 

(ton=,) 

Ultimate 
stress 

(t.s.i.) 

No. 	1 0.1785 0.0250 0.770 30.8 C.370 34.8 
3 -i-E in. 

No. 	2 0.1780 0.0249 0.782 31.4 0.686 35.6 

No. 	1 0.1785 0.0250 0.755 30.2 0.880 35.2 
1 -4- in. , 

No. 2 0.1780 0.0249 0.740 29.7 0.380 35.3 

No. 	1 0.1790 0.0252 0.810 32.1 0.856 34.0 
3 73  in. 

No. 	2 0.1785 0.0250 0.810 32.4 0.362 34.5 

No. 	1 0.1780 0.0249 0.755 30.3 0.340 33.7 
3 Ti. 	in. 

No. 	2 te 0.1775 0.0247 0.785 31.8 C.948 38.4 

TABLE 4. Properties of stud material  



TABLE 5. Small scale push-out tests  
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Si) (pu 

Nature of 
failure 

P0A1 

P3A1 

P3A2 

P361 

P3B2 

,P3C1 

P3D1 

P3E1 

P4E1 

P261 

P2E9 

P4D1 

P2D1 

P31)2-- 

0 

3 
8 

16 

3 
8 	- 

lb 

3 
8 - 16  

3 
16 

3 
— 
16 

3 
8 	

16 

lb 

3' 
16 

1 

- — 
8 

4 

8 - 

1 	- 	1 
-,n. 	x 

TT;
Ln. 6 

Transverse 
triangular 
grooves 

1  bin. 	
x 

in. 	x 
-__
L
2
iE. 

transverse 
triangular 
grooves 

1 	, 
32 
--In. 	x - 6

1
4--in. 

transverse 
triangular 
grooves 

Plain flange 
with natural 
bond 

Durbar 

plated 

flange 

Plain flange 
with 	11.]tur,.1 
bond 

3 

8slab 

0 

1.75 

1.75 

1.31 

1.41 

0.95 

0.71 

0.63 

0.92 

1.12 

0.46 

0.50 

0.92 

0.33 

0 

1.84 

1.94 

1.56 

1.50 

1.25 

1.08 

1.08 

1.63 

2.00 

0.94 

1.25 

1.75 

0.51 

u, -',90 

O890 

6440 

6880 

6880 

6440 

6490 

6490 

636u 

54.50 

0360 

450 

6570 

6570 

on one slab 
 

One 	slab 	fell off 
before 	testing 

,11 	eight 	studs 
.heared 	off 

.11 	four 	studs 
. ,11 	one 	slab 
.:heared 	off 

All eight 	studs 
sheared off 

All four studs 

neared off 

.. 

Four studs 
'oil 	one 	slab 
sheared off 

Load taken off 
just 	before 
1..ilure 

studs 	sheared 
 

off; 	slab cracked 

4 studs on one 
sheared off 

Note: Useful capacit.y is tl.e load on connector at 0.003in. residual 

C
u 

is the average of two 4in. cube strengths. 
	/slip. 

All connectors are 1 	long plain headed studs. 



Specimen Description of studs 
Flange 
surface 

Useful 
capacity 
(tons) 

Ultimate 
capacity 
(tons) 

C
u 

p. s.i. 

Nature 
of 

failure 

P6D2 

P12D(TH) 

Pl2D(T) 

PI2E1 
• 

P12E(DE) 

P6DI 2.28 
44 dia. x Ilin. 	long 

plain headed 

44in. dia. x 4in. long 
threaded, with head 

3 4---in. dia. x 4in. long 4threaded, without head 

3 8-4in. dia. x Sin. long 
4 plain headed 

3Double-ended push-out. 
16--4

in. dia. x 4in. long 
plain headed 

Plain 
flange 
(natural 
bond) 

 

Durbar 
flange 

2.28 

6.75 

6.50 

11.72 

9.75 

2.99 

3.01 

, 

13.4 

12.5 

14.75 

5880 

5880 

6230 

6230 

8960 

8010 

All studs sheared 
off 

Two studs on one 
slab sheared off. 
Slab cracked. 

} 

Upper pairs 
sheared off. 
Concrete cracked. 

TABLE 6. Half Scale and Full Scale Push-out Test -Results  



Specimen Description of studs 
Flange 
surface 

Load/stud 
at failure 
(tom.) 

C
u 
2 

lb/in 
 

Nature 
of 

failure 

PL1 

PL2 

PL3 

PL4 

PL5 

4.-- 4in. dia. x 4in. long 
4 plain headed 

3 
4--- 
4
in. dia. x 3in. 	long 
plain headed 

3 
4--- 
4
in. dia. x 2in. 	long 
plain headed 

4-- 3 in. dia. x 4in. long 4 threaded, with head 

4--3  in. dia. x 4in. long 
4threaded, without 
head. 

Plain 
flange 
(natural 
bond) 

3.40 

3.13 

1.34 

3.63 

2.73 

6000 

6230 

5750 

7000 

5290 

Concrete 
failed 

Concrete 
failed 

Concrete 
failed 

Concrete 
failed 

Studs 
pulled 
out 

TABLE 7. Full Scale Pull-out Test Results  
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Table 9. Summary of results of material tests for composite beams  

Beam 
4in. 
cube 
psi 

12" x 6" 
cylinder 

psi 

E 
 c 
psi 

x106  

Age 	at 
testing 
days 

Yield stress 
t.s.i. 

Ult. 	stress 
t.s.i. Remark 

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 

B1 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 4.12 27 20.50 22.20 28.50 31.4 

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. 
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Bm 
o. O 

Steel Concrete 

yield 
stress 
tos.i. 

ultimate 
stress 
t.s.i. 

4" cube 
strength 
p.s.i. 

12" 
cylinde

x 6"

strengthr  
p.s.i. 

E
. .p .sc.L.. 

hge at 
testing 
days 

Remarks 

PB1 

PB2 

133 , 

PB4 

PB5 

PB6 

PB7 

PB8 

22.2 

22.2 

22.2 

22.7 

22.7 

22.7 

19.82 

19.82 

31.9 

31.9 

31.9 

31.7 

31.7 

31.7 

28.47 

28.47 

5450 

5800 

6160 

5630 

635o 

6200 

6660 

4310 

4030  

365o 

3450 

3880 

5360 

3500 

3.31 x 106 

F 
3.44 x 10-  

4.45 x lob  

4.25 x 106  

4.64 x 10' 

4.52 x 106 

4.92 x 100  

19 

15 

3f) 

16 

34 

21 

24  -r 

Failed 
before 
testing 

DurbEx plb.te 
3 -, in. thick 
1.3 

S1 18.73 25.83 7470  4500 5.20 x loQ  1:,ontlis 

TABLE 11. Summary of results of mi;,terial toss 

for plated beams :.nd comiiosite 
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