
COMPOSITE OPEN-WEB TRUSSES WITH -

METAL CELLULAR FLOOR 



COMPOSITE OPEN-WEB TRUSSES WITH 

METAL CELLULAR FLOOR 

by 

MOKHTAR HAMED AZMI, B.Sc. Eng. 

, 

A Thes i s 

Submitted to the Faculty of Graduate Studies 

in Partial Fulfilment of the Requirements 

for the Degree of 

Master of Engineering 

McMaster University 

April 1972 



MASTER OF ENGINEERING (1972) 
(Civil Engineering) 

McMASTER UNIVERSITY 
Hamilton, Ontario, 
Canada. 

TITLE: Composite Open-Web Trusses with Metal Cellular Floor 

AUTHOR: M.H. Azmi, B.Sc . Eng. (Ain Shams University, Cairo) 

SUPERVISOR: Dr. H. Robinson 

NUMBER OF PAGES: xiii, 95 

SCOPE AND CO NTENTS: 

This thesis involves the testing and analysis of six, 

50 ft. span open- we b joists. A design procedure for this 

type of ,construction is proposed. 

i i 



ACKNOWLEDGEMENTS 

1 wish to thank my supervisor, Or. H. Robinson for 

his valuable gu i dance thoughout the course of this work. I 

am also grateful to the Civil Engineering Department, McMaster 

University for providing the teaching assistantship and to 

the members of the staff fQr their helpful suggestions and 

encouragement. 

The investigation was supported by a grant from the 

Canadian Steel Industries Construction Council. The trusses 

were provided by Anthe's Stee l Products Ltd., York Steel Con

struction Ltd. and Great West Steel Industries Ltd., and the 

metal floor by Robertson-Irwin Ltd. The stud shear connec

tors were supplied and fitted by Nelson Stud Welding, Ltd. 

I also wish to th ank the technicians of the Applied 

Dynamics Labor~tory for their assist ance, Miss Carlene 

Pepper for typing the manuscript and Mr. U. Golts for taking 

the photographs. Special thanks to my wife for her patience 

throug hout the past year. 

iii 



ABSTRACT 

Tests on six composite open-web steel joists and con

, crete sla bs with ribbed metal decking are described. 

The joists spanned 50 ft. and were loaded by two 

symmetrical point loads. 

Di fferent types of shear connectors and different 

degrees of connection were used. 

Tests results are shown and compared with analytical 

results obtai ned fro m elastic theories. 

An ultimate strength design method is proposed. 
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CHAPTER I 

INTRODUCTION 

1.1 COMPOSITE BEAMS 

Structural floors composed of a concrete slab and 

supporting steel beams are extensively used in construction. 

When these two components are just resting, one on 

top of the other, their combined carrying capacity is the sum 

of the carrying capacity of each separately. 

By interconnecting them in a way which causes horizon

tal shear transfer from one element to the other, the carrying 

capacity of the system increases considerably. 

The most common way of providing composite action for 

this type of construction is by welding shear connectors to 

the top of the steel beam and embedding them in the concrete 

slab. These composite steel and concrete beams were generally 

used in bridge construction until recently when they started 

to be used in buildings. 

With their introduction in buildings other considera

tions than low cost and structural soundness had to be studied. 

The major new factors to be incorporated in the design, 

especially in the case of office buildings, were the accommo

dation of services within the floor and the provision of a 

flexible interior design. 

This led to the replacement of the usual rolled steel 

joist by open web steel joists or trusses. Ribbed metal dec-

1 
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king is used as in situ formwork for the concrete slab and 

reduces the time and cost of construction. The decking acts 

as walking surface during construction and eliminates the 

shuttering. 

The resulting floor, a composite beam system composed 

of a concrete slab, with a solid part and a ribbed part en

cased in metal decking, and an open web steel joist is shown 

in Fi g. 1. 1 . 

The connectors are welded to the top chord of the 

joist through the decking and protrude a certain distance into 

the solid part of the slab. 

1.2 PREVIOUS RESEARCH 

A considerable amount of experimental and theoretical 

research has been conducted on conventional composite con-

struction. 

Siess, ,Viest and Newmark(l} conducted a large number 

of push-out and beam tests and concluded that the stiffer the 

connection, the greater the shear carried and the higher the 

degree of composite action attained. 

They also developed a differential equation for incom

plete interaction for a general case of a beam consisting of 

two interacting elements. 

They suggested that the modulus of the shear connectors, 

the only term in the derived equations which is not known from 

the dimensions of the beam and the properties of the material 

may be determined experimentally from push-out tests. 
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Slutter and Driscoll(2) reported tests on composite 

steel and concrete beams with different types and arrangement 

of shear connectors. 

They proposed a method of determining the ultimate 

bending capacity of beams with a weak shear connection and 

obtained good correlation with the experimental results. They 

stressed the relationship between the ultimate strength of the 

shear connectors and the ultimate strength of the beam. 

They came to the conclusio n that if enough shear con

nectors were provided, the theoret i cal ultimate moment could 

be attained even with the presence of appreciable slip; and 

also that the ultimate flexural capacity of a beam could be 

determined even if the nu mber of shear connectors provided 

was less than the number required to develop the maximum theo

retical ultimate bending moment. 

While much more research has been done on this conven-

tional type of, composite beam, it was only recently that com

posite open-web steel joists were investigated. Most of that 

work was done by Galambos(3,4) who described tests on canti

levers and simply supported composite trusses. 

His first report main l y evalua t ed the capacity of the 

shear conn ectors determined from tests on cantilevers and sim-

ply supported beams consisting of solid concrete slabs and 

open-web steel joists. The incomplete interaction equation 

develop ed by Ne wm ark was exten de d for this type of co mposite 

system. 



5 

A second report(4) described tests on five open-web 

composite steel joists with 3/8 in. stud shear connectors; it 

was demonstrated that the ultimate test load was well predicted 

by the load at which the bottom chord of the joist reached its 

theoretical yield stress. A design procedure based on elastic 

theory was descr i bed. In this design method; the critical 

element, the bottom chord, was designed for a tensile stress of 

0.6 Fy and a factor of safety of 2.5 was suggested for the 

design of connectors. 

The introduction of ribbed metal decking in the com

posite system was investigated by Robinson; His first beam 

test spanned 21 feet and had 3/4 in. studs. He concluded in 

the report on the test(5) that the system was effective, having 

obtained a stiffness for the composite system in the e1ast ~ c 

range 3.75 ti mes that for the steel beam alone. 

He recommend ed the use of only the solid part of the 

slab as resisting compressive stresses in designing the com

posite system. 

He also stated that the loss of interactio n results 

from two components of slip; slip at the intersection of the 

deck and the steel bea m similar to the one arising in conven

tional composite beams and anothe r major component resulting 

from rotation of the ribs. 

Robinson propose d a method of establishing desig n cri

teria for co mp osi te be am s i ncorpo ~a ting cellular steel dec ki ng 

in 196 4(6), by using lo ad sli p re s ults to gether wi th th e New -
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mark theory. The method was supported by observations from a 

variety of tests and he concluded as did Galambos that the 

most accurate evaluation of connector performance can be ob

tained from tests on beams which are intentionally constructed 

with few connectors to ensure connection failure before yielding 

of the beam. To investigate the influence of the rib geometry 

and other factors on the load deflection characteristics, he 

performed tests on 15 beams and 39 push-out specimens(7). 

His conclusions were that the overall behaviour of the 

beams was not affected by different stud diameter and spacing, 

and that the governing criterion was the geometry of the ribs. 

He found that a rib height-to-width ratio equal to one produced 

rib-cracking closely following local yielding of the beam. 

With a larger rib height-to-width ratio the cracking of the 

ribs occurred in the elastic range and with a smaller one, a 

load in excess of first yield could be achieved. 

The computation of the ultimate moment for a composite 

beam with ribbed metal decking and its verification by test 

results was described in referenc~s (8) and (9). 

1.3 ADVANTAGES AND ECONO MICS OF THE SYSTEM 

The general advantage of composite construction over 

ordinary non-composite construction is an increase in stiff

ness and therefore less deflection for the same load and span. 

The structural advantage of using an open- web joist 

instead of a rolled section is to make the system lighter, by 
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increasing the moment arm between the tension and compression 

zones, thus achieving larger spans. 

Other architectural, economical and practical advan

tages also result from this substitution. The openings in the 

, joist are adequate for accommodating mechanical and electrical 

services particu l arly prevalent in office buildings. They 

also allow for easy access to these services, thus reducing 

maintenance costs. Means for heat and moisture insulation, 

fireproofing and noise damping materials are easily accommo

dated. lighting fixtures and other ceiling attachments can 

be installed without any difficulty. The introduction of ribbed 

metal decking results in definite savings in shuttering and 

forms, reducing construction time and cost. 

The number of ribs is usually large enough to receive 

the number of connectors necessary for full composite action . 

. The system as a whole has dynamic properties far 

superior to those of a non-composite open-web joist system and 

although a dynamic investigation is still underway one can 

safely state that the nat ural frequency is greatly incre ased. 

As for the economy ach i eved by savings in material, 

the size of the top chord in this system is smaller than the 

bottom cho r d, whereas in non-composite joists the cont r ary is 

the ca s e. Although this economy is somewhat offs e t by th e 

additional cost of the shear connectors, an econo mic study(lO) 

sllows th a t the system become s more economic a l than a non-com-

posite joist syst em fo r s pans of 37 ft . and grea t er. Fo r 
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example at a span of 60 ft. the cost per square foot of installed 

floor is $2.12 for the composite floor against $2.52 for the 

non-composite floor (Fig. 1.2). 

1.4 OBJECT OF RESEARCH 

The aim of this research is to determine a sound de

sign method for open-web composite joists with metal decking. 

The different parameters affecting the design which 

have to be studied are: 

the actual connector strength in the beam and whether it is 

of the same value as the one obtained from push-out tests 

- the effective width of the slab acting in compression with 

the composite section 

- the effective thickness of the concrete 

- the flexibility of the shear connectors 

the transfer of compressive stresses from joist to slab at 

different st~ges of loading and the failure mechanism of the 

system 

- the effects of the reduction of the number of shear connec

tors from that needed to achieve full ultimate flexural 

capacity 

the behaviour of the beams when using different shear con

nectors with different flexibility and strength. 

After studying the effect of these factors on the 

behaviour of the system and establishing design criteria; 

exact analytical methods have to be evaluated as to their 
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prediction of the behaviour of the beams. These methods 

necessitating lengthy derivations and the use of an electro

nic computer cannot always be followed for ordinary design 

purposes and a simpler design procedure has to be derived. 



CHAPTER II 

DESCRIPTION OF TESTS 

' 2.1 TEST SPECIMENS 

A total of six beam tests were performed. The 50 ft. 

span beams were simply supported at the ends and they were 

I loaded through the top of the slab by two equally spaced con

centrated loads W/2, giving a central moment span and two 

shear spans at the ends {Fig. 2.1}. Three types of joist were 

used for the beams; namely for Beams I, II and III Anthes 

cold rolled joists, for Beams IV and V York Steel hot rolled 

joists and for Beam VI a Great West Steel joist. 

The data pertinent to the six test joists, their cross

sectional propert i es and materials are given in Tables 1, 2, 

3 and 4. 

Each type of joist had its own distinctive chord con

figuration. For the Anthes joist th e top and bottom chord 

were V10 and V14 of Anthes 3 in. V sections and the web me m

bers were Anthes 0.5. tubes. 

The York St eel joists were composed entirely of stan

dard size angles. 

The G.W.S. joist had hat shaped chords while the web 

members were tubes. 

In all test joists t he bottom cho rds had la rge r area 

1 1 
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than the top chords except for Beam V. The size of the web 

members was intentionally increased to avoid failure due to 

web buckling, and they were so designed as to achieve failure 

by tension chord yielding in the central moment span. This is 

shown in the calculations. The steel had a modulus of elas

ticity of 29,000 k.s.i. and the required minimum yield stress 

varied from type to tjpe. 

The concrete slab was poured in 1.5 in. cellular metal 

decking with a 6 in. rib , spacing module. The slab width was 

5 ft. and the solid part above the ribs was 2.5 in. thick. 

The concrete used was ready-mixed required to give 

3 k.s.i. at 14 days and to have a 3 in. slump. It was rein

forced with a 10 x 10 gauge welded wire mesh with 6 in. x 6 in. 

spacing. 

The concrete was wet cured for 7 days. 

Six cylinders, cured alongside the slab, were tested 

o'n the same day of the beam test. 

The connectors for Beams I, II and IV were Nelson 

studs which were welded through the metal decking to the 

flanges of the top chord. 

The tota l stud height was 3 in. and the diameter was 

1/2 in. for Beams I and ,II and 3/4 in. for Beam IV. 

The studs were as evenly spaced as possible and al

ternated on both flanges of the top chord. 

For Beams III, V and VI the decking was puddle welded 

to the joist , at each rib location for 8eam III, at every al-
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NOTE: BEAM STANDS FOR THE JOIST + SLAB 

Beam AST ASB AC 1ST ISB IC GT GB 
No. (;n 2) (;n 2) (;n 2) (;n4) (;n4) (;n4) ( ; n) ( in) 

I 1.84 2.85 150 1.89 2.86 78.12 1.03 0.96 

I I 1.84 2.85 150 1. 89 2.86 78. 12 1. 03 0.96 

III 1. 84 2.85 150 1.89 2.86 78.12 1. 03 0.96 

IV 2.62 2.88 150 2.30 1.60 78. 12 0.91 0.61 

V 3.56 2.88 150 4.40 1.60 78.12 1. 14 o .61 

VI 1. 76 1.99 150 0.35 0.39 78.12 0.51 0.54 

TABLE 1 SECTION PROPERTIES FOR JOISTS 

Beam Span Load Pt. Height Type of Width Thick ne ss 
of Joist of Slab of Slab 

No. Jo i s t 
L(ft)' u(ft) H(in) b(ft) t ( ; n) 

I 51 .00 21 .50 32.00 Anthe s 5.00 4.00 
. 

II 51 .00 21 .50 32.00 II 5.00 4.00 

III 51 .00 21 .50 32.00 II 5.00 4.00 

IV 50.00 20.00 32.00 v"ork 5.00 4.00 
Steel 

V 50.00 20.00 32 . 00 II 5.00 4.00 

VI 50.00 21 .00 32 . 00 G.W.S. 5.00 4.00 

TABLE 2 DI MENSIO NS OF BE AM S 
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I 

Beam Fs F Fe Es Ee 
y sULT n 

No. 
k.s.i. k.s.i. k.s.i. k.s.i. k.s.i. 

I 60.7 66.0 3.30 29 x 10 3 3.3 x 10 3 8.80 

I I 60.7 66.0 4.20 29 x 10 3 3.72 x 10 3 7.80 

III 60.7 66.0 3.70 29 x 10 3 3.5 x 10 3 8.30 

IV 59.2 - 4.65 29 x 10 3 3.92 x 10 3 7.40 

V 59.2 - 3.55 29 x 10 3 3.42 x 10 3 8.50 

VI 60.0 - 4.80 29 x 10 3 3.95 x 10 3 7.35 

TABLE 3 PROPERTIES OF MATERIALS FOR BEAMS 

Beam ACOMP Icm~ p YC YST YSB YS 
No. in 2 . 4 , n in in in in 

I 21 .69 
, 

2792.00 4.75 0.97 29.04 17.23 

I I 24.00 2831.00 4.30 0.52 29.49 17.68 

I I I 22.79 2805.00 4.66 0.88 29.13 17.32 

IV 25.70 2953.00 4.20 0.54 29.94 15.41 

V 24.04 2849.00 4.67 0.47 29.78 12.72 

VI 24.15 2174.00 3.05 0.21 31. 17 16.61 

TABLE 4 PROPERTIES OF CO MPO SITE SECTIO N 
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ternate rib for Beam V and twice at each rib for Beam VI. 

All connector and puddle welds were done in the lab

oratory after the joist was in the test position. 

The decking was shored at several points along its 

, length during pouring of concrete and the shoring was removed 

immediately after the pour except for the four props at the 

corners of the slab. 

2.2 TESTING PROCEDURE 

All beams were prepared, instrumented and had their 

slabs poured at the exact locations where they were tested. 

The end conditions were simpl~ supports. The supports 

were 2 in. diameter steel rollers resting on steel plates 

fixed on top of specially cast abutment type concrete bloc ks. 

The .load was applied by means of one 100,000 lb. hy

draulic ram through a load cell to a spreader beam giving a 

two point symmetr i c loading. The load cell was calibrated 

immediately before and after each test. 

The beams were ins t ru mented to measure the load 

applied, the deflections at mid-span and under both load 

points, the slip between the concrete slab and the joist at 

the ends and at some inte rm ediate points, the strains in the 

concrete sl ab at mid-sp an a nd at the load points on several 

loca tio ns along' its transverse axis, and the strains at seve

ral poi nts on the top and bottom chords and on some web mem 

bers of the joists. 



The load was read, by means of a digital voltmeter 

connected to the load cell, with an accuracy up to 20 lbs. 

Deflections were measured by means of one-thousandth 

of an inch dial gauges. 
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All deflection and strain gauges were connected prior 

to the pour to record the effect of the dead loads. 

Slips between the top chord of the joist and the con

crete slab were measured with one-ten-thousandth of an inch 

dial gauges. 

The 9auges were attached to a bracket welded to the 

top chord with' the plunger bearing either directly against the 

concrete at the locations on the ends of the beam or against 

an angle glued to the metal decking at other locations. 

Concrete strains were measured using paper-backed 

electric re$istance filament strain gauges 6 in. long, and 

were read by means of a manual strain indicator. 

The st~el strains were measured by 1/4 in. electric 

resistance foil strain gauges and recorded by a datran auto

matic digital recorder. 

The locations of the electrical strain gauges on con

crete and steel are described in Chapter III. Load was gene

rally applied by increments of one kip up to yield and then 

deflection increments usually of half an inch were used. 

After the application of each increment of load or 

deflection, readings of strains, deflections and slips were 

recorded. In the non-linear region th e reading was done onl y 



-- ----- - -- --- -- --------------~--

18 

after the load stabilized. ' In addition to the above-mentioned 

recordings, the test specimens were carefully inspected during 

and after each load or deflection increment for any cracks in 

the concrete or any signs of failure. 



3.1 ANTHES JOISTS 

- - - - - - -- --- -- -_._- - - ----- ---------

CHAPTER III 

TEST RESULTS 

Specimens I, II and III were anthes joists. The three 

joists were especially fabricated for the experimental program. 

The top and bottom chords, made from anthes 3 in. V

sections were types V10 and V14 respectively and the web mem

bers were open-seam tubes. 

All members were cold roll formed from coils of hot 

rolled steel strip. 

The joists were manufactured with a built-in camber 

of 1 in. 

Com~lete panel lengths of the bottom chord were tested 

in tension and the yield and ultimate stresses of the steel 

were found to be 60.7 and 66.0 k.s.;. respectively. 

Fig. 3.1 shows an elevation of an Anthe's joist a nd 

cross-sections with gauge locations. 

3. 1 . 1 BEAM (I) 

Beam (I) was provided with the required number of con

nectors to achieve full ultimate flexural capacity (29 studs 

in each shear span). 

An additional 2 studs we re welded on each side of the 

centre line in the constant moment region to prevent the slab 

19 
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from lifting from the top chord under loading, on all beams 

with stud connectors. The connectors were 1/2 in. diameter 

nelson studs 3 in. long and welded at rib locations in a 

staggered pattern. The steel joist was instrumented with 26 

strain gauges. The concrete slab had 6 filament gauges. De

flections were recorded at 3 locations under the load points 

and at mid-span and 3 slip gauges were placed at the two ends 

and on the second vertical from the east support. Connector 

pattern and gauge locations are shown in Fig. 3.1. The only 

readings due to dead load were the deflection, which was 1 in. 

for all Anthes joists and was taken care of by the built-in 

camber, and the steel strains whose ~aximum values in the top 

chord were of the order of 500 x 10- 6 in./in. which corre

sponded to stresses below 25% of the yield. 

The beam was first loaded in load increments of 2.0 

kips. The load readings were recorded at the time of reading 

the gauges and immediately prior to the next application of 

load. The load remained steady after each increase up to 

14.0 kips when it started dropping by small amounts of 0.2 to 

0.4 kips after each loading step. 

Deflections increased elastically under the two load 

points and at mid-span. The load-deflection relationship 

started deviating from a straight line at a load of 24.0 kips. 

The deflection increments became noticab1y large at a load of 

36.0 kips and the testing then proceeded by adding 0.5 in. 

increments of deflection instead of load. When the test spe-

/ 
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cimen failed it had already deflected 9 in. at mid-span 

(Fig. 3.7). 
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The slip at the two ends increased at a very slow rate 

up to 26.0 kips when the increments got larger. The slip at 

the second vertical was almost non-existant up to a load of 

20.0 kips when it started increasing but still at a lower rate 

than that at the ends. 

The steel strain readings indicated that yielding 

started in the bottom chord under the load points at a load 

of 30 kips. The compressive strain in the flange of the top 

chord remained almost constant and equal to its ·value under 

dead load up to a load of 40 kips when it increased rapidly 

to reach a maximum value at failure of one and a half times 

its value under dead load. 

The .diagonal members in the constant moment region 

remained in compression from the start up to a load of 35 kips 

w hen the y wen t . into ten s ion . 

The truss continued to take increasing load after the 

onset of yield in the bottom chord until the specimen failed 

by fracture of the bottom chord at the joint under the west 

load point at a load of 41 . 2 kips. The steel had reached its 

ultimate stress. This was confirmed by the ultimate moment 

calculations. 

Concrete strains were similar at all locations during 

loading and only very near ultimate did strains at mid-span 

exceed the ones measured under the lo ad points. The concrete 
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showed a few hair cracks at the upper corners of the ribs in 

the region of maximum moment immediately prior to failure of 

the specimen. 

There were no signs of connectors punching through the 

, metal deck and no other signs 'of damage were seen up to failure. 

Beam I reached its theoretical ultimate moment and 

behaved as predicted. Its failure was by pure tension in the 

bottom chord as is clear from Fig. 3.2. 

3. 1 .2 B EAr~ II 

Beam II was only provided with half the number of con

nectors required to achieve full ultimate flexural capacity 

(15 studs, 1/2 in. diame t er in each shear span). 

The steel joist was instrumented with 19 strain gauges. 

The concrete slab had 8 strain gauges placed in such a way as to 

eva l uate the effective width. Deflection gauges were placed / 

under the load points and at mid-span and slip was only mea-

sured at the two ends. 

Connector pattern and location of gauges are shown 

in Fig. 3.3. 

The bea m was loaded with 1.0 kip load increments. The 

load re mai ned fairly ste ady between consecutive applications 

up to 20.0 kips and t hen dropped small amounts of about 0.3 

kips. 

The load deflection relationship re mained linear up 

to a load of 17.0 kips an d t hen dev i a t ed r ather abr up tly. 
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At failure the total deflection at mid-span due to 

the test load was 6 inches (Fig. 3.7). The slip readings at 

the east and west ends of the beam increased at a similar rate 

up to a load of 24.0 · kips when the west slip started increa

sing at a much faster rate so that at 29.0 kips it was al

ready twice as much as the east slip. The same observation 

was made on deflection and strain readings but to a lesser 

extent. 

Steel strains in the bottom chord followed a perfect 

straight line relationship with load up to 18 kips and the 

yielding of the bottom chord occurred at a load of 27.0 kips. 

The compressive strains in the joist's top chord de

creased slightly to reach a minimum at a load of 10.0 kips 

and then increased again and were equal to t~eir value 'under 

dead load at a load of 20.0 kips. 

With subsequent increase in load the compressive 

strains increased to values much higher than the ones reached 

in Beam I, so that at failure their value was three times 

that reached unde r dead load. The middle diagonal remained 

in compression all through the test at an almost stable value. 

Concrete strains were higher at load points than at mid-span. 

The readings of t he four gauges at mid-span were si milar all 

throughout th e test. Strain re adings under the west load 

point became notice ably larger than the ones under the east 

load point at a lo ad of 18.0 kips. 

The speci men failed by buckling of the top chord in 
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the panel west of the west load point at a test load of 34.6 

ki ps (Fig. 3.4). 

3. 1.3 BEAM III 

The shear connection in Beam III was achieved by 

. welding the metal deck to the top chord of the joist. One 

pu ddle weld was made at each rib in a staggered pattern. 

The steel joist was instrumented with 19 strain 

gauges placed at the same locations as for Beam II. The con

crete slab had 6 strain gauges, 2 under each load point and 

2 at mid-span. Deflections were also recorded at these lo

cations and slips at the two ends of the beam (Fig. 3.3). · 

The loading was applied by increments of 1 kip from 

the start up to a load of 10.0 kips and then changed to incre

men t s of 2.0 kips. 

The load was dropping from 0.2 to 0.3 kips betw~en 

loa ding after a load of 18.0 kips. 

The load-deflection relation followed a straight line 

up to a load of 14.0 kips and then deviated slightly up to 

failure without ever reaching a plateau phase. 

The deflection at failur e due to the test load was 

2.4 inche s . 

Slip, increasing at a lesser rate than for Bea ms I a nd 

II, was of equal vaJue at the two ends and only increased 

suddenly at fail ure on the east end due to the failure of the 

pudd l e welds on tha t side. 
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Steel strains in the bottom chord followed a straight 

line relationship from the start of loading to the point of 

failure. 

The steel strain at failure was 1900 x 10- 6 in./in. 

in the flange of the bottom chord , equivalent to a stress 

~f 55 k.s.i., which is below the yield stress of the steel. 

The compressive strains in the joist top chord re

mained equal to their value under dead load up to failure of 

the welds and then tripled in value. 

Concrete strains were equal at all locations and well 

below those of Beams I and II. 

At a load of 24.0 kips sounds were heard indicating 

failure of welds. This continued during the next 3 loadings 

and just before failure 6f the beam a series Of puddle welds 

had failed near the east support and the slab started lifting 

from the joist (Fi~. 3.5). 

During the last loading step all the welds on the 

east shear span failed and at the same time the top chord of 

the joist buc kled over a whole panel length on the bea m's 

east side (Fig. 3.6). The maximum load that had been reached 

was 29.6 kips. 

3~2 YORK STEEL JOISTS 

York steel joists were used for Beams IV and V~ The 

jois t mem bers were fo rme d of stand ard angles or plates. 

The stee l for t he jo i sts was hot rolled and te n s~le 
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tests on steel specimens gave an average yield strength for . . 

the web of 51.4 k.s.i. and for the flange 59.2 k.s.i. 

The joist for Beam IV was to be fully composite and 

thus had a bottom chord larger than the top chord. The top 

and bottom chords were 2L s 3 x 2-1/2 x 1/4 long legs back to 

back and 2L s 3-1/2 x 2-1/2 x 1/4 short legs back to back rei

pectively. The joist for Beam V which was to be tested almost 

non-composite had the top chord larger than the bottom chord 

an d these ~ere 2l s 3-1/2 x 2-1/2 x 5/16 long legs back to 

back and 2L s 3-1/2 x 2-1/2 x 1/4 short legs back to back 

respectively. 

Fig. 3.11 shows an elevation and sections of the York 

Steel joists. 

3.2.1 BEAM IV 

Beam IV was provided with the required number of shear 

connecto~s to ach i eve its ultimate flexural capacity (13 studs 

in each shear span). 

The connectors were 3/4 in. diameter Nelson studs 3 

in. long, with 3 of them placed between each two ccnsecutive 

panel points. 

The joist was instrumented with 44 strain gauges • 

. The concrete slab had 7 filament gauges. 

Deflection was recorded at mid-span. 

Two dial gauges for slip were placed at the two ends 

and 3 others at mid-distance on the 3 top chord panels next 
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to the east support. 

Connector and gauge locations are shown on Fig. 3.11. 

The deflection due to D.l. was 1.5 in. and the maximum com

pressive strains in the top chord were around 500 x 10-6 in./in. 

prior to the start of loading. 

The load was applied by 1.0 kip increments. The load 

remained steady up to a' load of 20 kips when it started drop

pin gam 0 u n t s 0 f O. 2 kip s . 

The load deflection relationship remained linear up 

to a load of 22.0 kips and then deviated, to become almost 

horizontal at a load of 38.0 kips. When the beam failed it 

had deflected 18 in. during the test (Fig. 3.14). 

The slip readings were smallest at the east support 

through most of the testing. Readings were always larger 

at the locations on the top chord panels and maximum at the 

second panel from the east support. The load-slip curve was 

steep up to a load of 27 kips and then the slip increments 

became large and the curve became almost horizontal. At 

fai l ure the total end slip was 700 x 10- 6 in. The steel 

strain in the bottom chord followed a straight line relation

ship with load and started rourid i ng at a test load of 35 kips 

to reach a plateau at 40 kips. The bottom chord reached its 

theoretical yield value first under the load points at 30 kips 

and most of the. central region of the bottom chord had yielded 

at a load of 37 kips. 

The concrete strains increased very slowly and at th e 
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FIG . 3.12 FAILURE OF BEAM IV 
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same rate in all locations up to 34 kips and then the rate 

increased considerably. At 36.4 kips a transverse crack 

appeared ·along the top of the slab at a distance of 3 ft. 6 

in. from the east support and 3/4 in. way down the solid slab. 

There was also . evidence of studs punching through the metal 

decking in the shear span outside the east load point. 

At a load of 43.0 kips the beam had to be unloaded 

because the bottom chord hit the floor and the supports were 

raised. When the load was applied again a transverse crack 

appeared 7 ft. from the east end. With further load incr~ase, 

the cracks closed up at a load of 40 kips. 

The beam failed by buckling of the compression dia

gonal member below the east load point at a load of 44.6 kips. 

Failure is shown in Fig. 3.12. 

3.2.2 BEAM V 

The sh~ar connection was provided in Beam V by puddle 

welding the metal decking to the top chord of the joist. One 

puddle weld was placed at alternate ribs giving a total of 52 

welds in the beam. 

The steel joist had 44 strain gauges and the concrete 

slab 7. Deflection was measured at mid-span and at the 2 ad

joining pa ne l poin t s on the bottom c~ord. Two slip gauges 

were placed at the ends and three along the joist. Connector 

and gauge locatio ns are shown in Fig. 3.13. Deflection unde r 

dead lo ad wa s 0.85 . in. 
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At mid-span the compressive strain in the top chord 

was 235 x 10-6 in./in. and the tensile strain in the bottom 

chord was 300 x 10-6 in./in. 

Load was applied in ' increments of 2.0 kips up to a 

load of 26 kips and from then on the testing proceeded by 

adding deflection increments of 0.5 in. each. 

Deflections increased elastically up to a load of 21 

kips. The curve then rounded and reached a ,plateau at a load 

of 27 kips. At failure the specimen had deflected 11.5 in. 

The slip readings were larger at the east support and 

smaller at the west support through most of the test. At 

failure the maximum slip measured \'las at the gauge loca~ted at 

2 ft. 6 in. fro m the e a s t sup po r tan d \'/ a seq u a 1 toO. 1 7 in. 

The steel strains in the bottom chord followed a 

straight line relationship with load up to 31 kips and then 

reached a plateau. At failure strains were equal to 3900 

X 10-6. /' In. In. 

In the top chord the compressive strains decreased 

from their value at dead load to a low of 180 x 10- 6 in~/in. 

at a load of 14 kips, and then i ncreased again all the way up 

to failure. 

The visual signs of failure started when small verti-

cal tension cracks appeared in the solid , part of the slab at 

the upper corner of the ribs just outside the east load point 

at a load of 30 kips. The deck lifted in the east shear span 
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at 3l.7K and cracks si milar to the ones mentioned above ap

peared just outside the west load point. 
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At the next application of load ribs started bulging 

at the interface in the east shear span. After adding another 

half in, deflection in the cracks increased and extended right 

through the slab outside the east load point and a tension 

diagonal next to that point bent out. 

When the beam was unloaded because the jack had reached 

its maxi mum stroke the cracks opened up along the top on bot h 

sides of the load points. 

When the load was reapplied and reached 31 kips, the 

slab pulled away vertically out s ide both load points. The 

top of the slab was lower at the east load than at mid-span. 

At a lo ad of 31.2K and a total deflection of 11.5 in., 

the speci men failed by b~ck1ing of the top chord outside the 

east lo ad point. 

3.3 G.W.S. JOIST 

A Gr eat We s t St ee l joist was used for Beam VI. The 

top an d bot tom chords were hat s haped and the web members 

were tu bes . 

The jo i st wa s ma de of hot rolled steel and the yield 

stress obt a in ed fr om tensile tests wa~ 60 k.s.i. 

· The t op an d bott om cho rd s were type J and K, of t he 

sh a llow ha t s ecti ons re s pe ctivel y . 

The s hear conn ectio n wa s achi eve d in this s ~~ ci me n 
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by puddle welding the metal decking to the joist top chord. . . 

Each rib received two puddle we1ds~ one on each flange of the 

hat section, giving 200 welds i n the beam. 

The steel strains were recorded by 22 strain gauges 

and the concrete slab had 6 filament strain gauges. 

An elevation and sections of the beam with weld and 

gauge locations is shown in Fig. 3.17. Deflections were 

measured at mid-span and under the load points and slip gauges 

we r e placed at the two ends. 

load was applied by one kip increments up to 10 kips 

and from then on till first yield by 2 kip increments. 

load started dropping amounts of 0.4 kip at a load of 

20 kips and at a load of 23 kips, testing proceeded by deflec

tion increments of 1 in. Deflections were elastic till a load 

of 21 kips and amounted to 3 in. when they reached a plateau. 

When the beam had deflected 16 in., the bottom chord reached 

the floor and the specimen was unloaded to lift the supports. 

At failure the to t al deflection at mid-span had reached 19.6 

in. (Fi g. 3. 18) . 

Slip readings were relatively small and slip gauges 

were removed at a load of 22 kips, at which time the slip at 

the west end was larger than that at the east end. 

Steel strains in the bottom cho r d behaved elastically 

from a value of 500 x 10- 6 in./in. under dead load to a value 

of 2100 x 10- 6 in./in. at a load of 22 kips, when the bottom 

chord yielde d and strains ju mpe d to a value of 9000 x 10- 6 
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1n./in. At failure the strains in the bottom chord were 

30,000 x 10-6 i n./in. 

50 

The top chord compressive strains decreased from a 

value of 200 x 10-6 in./in. under dead load to go into tension 

at a load of 20 kips. The tension inc~eased elastically in 

the top chord up to a load of 30 kips when they reached a 

value of 2000 x 10-6 in./in. in the flanges and the top 

chord yielded. 

Concrete strains increased at a steady rate and then 

jumped when the bottom chord yielded. At failure concrete 

strains under the load point · had reached 2500 x 10-6 in./in. 

At a load of 31 kips and a deflection of 19.6 in., the speci

men failed by fracture of the bottom chord under the east 

load point (Fig. 3.19). 

No cracks appeared in the concrete at any stage of 

the testing and no c~nnection failure was observed, even 

after failure. 

. , 
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FIG. 3.1 9 FAILURE OF BEAM VI 
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CHAPTER IV 

ANALYSIS OF RESULTS 

, 4.1 THEORETICAL ANALYSIS 

Theoretical approaches to predict stresses anddeflec

tions in composite beams have been developed by different re

searchers (sec. 1.2). 

This chapter describes the adaptation of some of these 

approaches to composite open-web steel joists with ribbed 

metal deck. 

4.1.1 BEAM THEORY 

The simplest and most commonly used method for checking 

stresses and evaluating deflections in composite beams, and 

the one mention ed in the North American Standards(11,12) 

is the beam theory. · 

The method consists of computing the section proper

ties of the composite joist according to elastic theory by 

considering the effective area of the concrete in compression 

as an equival·ent area of steel. This is done by dividing the ' 

concrete area by the appropriate modul a r ratio (the ratio of 

the modulus of elasticity of the steel to that of concrete). 

The moment of inertia calc ulated can then be use d in 

the classic a l elastic formul a a = ~y to ca lcul a te st re s se s, a nd 

in the ela s ti c def l ect i on fo rm ul a to co mput e t he elastic de-

55 
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flection. The deflection is increased by 10% to account for 

the shear deformation effect. 

The ' above mentioned method can be directly applied tb 

fully composite sections. 

For the case of partially composite beams the code(ll) 

s pecifies that if fewer than the number of shear connectors 

required for full composite action are to be provided, the 

e f fective area of concrete in compression to be assumed in 

design is to be reduced in proportion to the ratio of the num

ber of shear connectors provided to the number required for 

full composite action. 

If the ratio is less than one half, no composite 

action is to be assumed in computing load - carrying capacity 

and if the ratio is less than one quarter, no composite action 

is to be assumed for deflection calculations. 

The beam theory calculations were used for all test 

specimens. The modular ratio ,for each beam was calculated 

using a modulus of elasticity of 29 x 10 3 k.s.i. for the 

steel while the modulus of elasticity for the concrete was 

ca l culated from the cylinder test results and the following 

eq uation: ( 13) 

Ec = 57,000 ~ 

For the beams with full composite action the total 

area of concrete was used (total width of slab used x thick

ness of solid part; see 5.1). 

For the bea ms with partial interaction the number of 

con nectors required for full composite action was calculated 



• -.... .. 

BEAM I I I III IV V VI 

F (K/in2) 
y 60.70 60.70 60.70 59.20 59.20 60.00 

N 29 29 34 16 80 23 u 

N 29 1 5 42 13 20 42 

I N/Nu 1.00 0.50 0.50 0.80 0.25 1.00 
I 

Yfull (in) 30.00 30.45 30.09 30.55 30.39 31. 70 

Ycode(in) 30.00 27.56 27.25 29.77 24.73 31. 70 

Ystee1(in) 19.23 19.23 19.23 16~86 17.36 16.90 

IfU11(in4) 2792 2831 2805 2953 2849 2174 

ICOde(;n4) 2792 2526 2497 2862 2230 2174 

Istee1(in4) 1000 1000 1000 1280 1436 898 

Mfu11 (in.K) 5650 5642 5660 5722 5551 4115 

Mcode(in.K) 5650 5562 5563 5690 5338 4115 

Mstee1(in.K) 3156 3156 3156 4494 4896 3188 

TABLE 5 SECTION PROPERTIES FROM BEAM THEORY 
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from ultimate design considerations (as suggested in the code) 

using the ultimate connector strength calculated in sec. 5.1}. 

The number of connectors provided in the beam was divided by 

the number required for full composite action and the effec

tive concrete area was reduced by this ratio for section pro

perty calculations. 

The section properties calculated using this theory 

are shown in Table 5. 

4.1.2 FINITE ELEMENT ANALYSIS 

Analysing a truss by treating it as a beam is a gene

rally accepted approximation, especially when the member's 

inertias are relatively small and approximately equal. 

But when the moment of inertia of the top chord in

creases considerably relative to the other members due to 

the slab acting with it, the treatment of the truss as a beam 

might lead to some inaccuracy due to the presence of secondary 

moments, especially in the top chord. 

A finite element analysis was thought to be more 

accurate and was carried out on all test beams. 

An available program for the analysis of plane frame 

s t ructures with joint releases was used. The program operates 

on a direct assembly stiffness basis, all stiffness coeffi

c i ents being obtained from a linear analysis of idealized, 

straight, prismatic members. 

A joint is considered to exist at each point of load 
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application and at points of geometric discontinuity. Loads 

are permitted only at joints and must have discrete values. 

4.1.3 INCOMPLETE INTERACTION THEORY 

To calculate the stresses in a composite beam using 

the elastic theory it is assumed that the strain varies line

arly along the cross-section. This is not the case in the 

beams under investigation as the slip readings t even in the 

e l astic zone cannot be neglected. 

The slip produces a strain discontinuity and therefore 

a theory which takes into consideration the effect of slip 

has to be used. 

The incomplete interaction equation was derived by 

Newmark t · Siess and Viest(l) for beams and later adapted to 

open-web joists by Galambos and Tide(3). The assumptions 

made in deriving the equation were: 

1) The shear connection between slab and joist is continuous. 

2) The change in slip is directly proportional to the change 

,. in the connecting force. The constant of proportionality 

is 11K where K is called the connection shear modulus. 

3) The curvature of slab and joist is equal at any section. 

4) All components are elastic and the strain distribution 

across the section is linear. 

EQ UILIBRIU M EQUATIO NS: 

LX = 0 F + F t - F b = 0 c s s ( 1 ) 

L~l = 0 ( 2 ) 



FIG. 4.1 TYPICAL CROSS-SECTIONAL PROPERTIES, FORCES AND STRAINS 
IN INCOMPLETE INTERACTION 
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COMPATIBILITY EQUATIONS: 

From assumption 3, curvatures are equal at the inter-

. fa ce. . 

ndr~c 

~ 
(3 ) 

From assumption 4, the strain compatibility at the C.G. of the 

top chord becomes: 

Fc Mc{G t + tr 
ts 

Fst + y) 
AcEc - IcEc 

+ n = (4 ) 
As tEs 

where n :: -Q.y 
dx 

From assumption 2 . , 

y = Q. = ~ and q = 
dF e 

K . K dX 

~~= S d2F • n = - __ c 
•• K dx K 2 dx 

Substituting the value of n in equation (4) and eliminating 

Me' Fst and Fsb fro m the four equations we get: 

where Ca 

d 2F c --2 - C .K/S. F 
dx a c 

t 
+ -fHSd + (G t + 

IcEc(a + S + 1) 

t 
[d + (l(d + Gt + tr + ~)J 

+ 

t 
tr + 1-)(S + 1)] 
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t 62 
(G t + tr + +)(8 + 1 ) a and Cb = + 

IeEe(a + .8 + 1) AstEsd{a + 8 + 1) 

2 
Asb 

a = 
nAsb d 

and 8 = 
Ie Ast 

For the load condition of the tes ts we have: 

Mx = Wx 
2" (0 ~ x < u) 

Mx = Wu 
2" (u ~ x < l/2) 

and the boundary conditions are 

at x = 0 Fc = 0 

a t x l = 2" 
dF c ---crx = 0 (no slip) 

a t x = u Fe (1 eft) = Fc (right) 
dF dF 

a t x = u d~ (left) = _c (right) dx 

The solution of the 2nd degree D. E. gives: 

Fc 
~t 

Cb [ x ) ] = 2" c; 
and W Cb 

q = 2" • c; [1 . ( )(cosh(vL/2 - vu))] 
COSfl vx cosh (vL / 2--,----

\'Ih e re v = I Ca K/S 

For complete interaction 

q = 
W Cb 
2" Ca 

Q ( )[cosh(vL/2 - vu)] 
~ = 1 - cosh vx cosh(vL/2) 
q 

( 5 ) 
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but q = K Y S 

and ~ 
K Ca 2 (6) = Y·S·Cb·w 

q 

The unknowns in equations (5) and (6) are q/q , c, W, K and y. 

By feeding in values of w, y from the test and using 

an iterative technique we get a curve relating q and y. 

The slope of the curve at each load gives the value 

of K. 

K was calculated at the working load and fed into the 

equations to ca l culate strains and deflections for all test 

beams. 

The results are shown in Tables 7 and 8. 



4.2 STEEL STRAINS 

To compare the predictions of the various theories, 

the bottom fibre steel strain at mid-span was chosen. 

6~ 

Although the strains under the load points were larger 

throughout the testing, as the breakdown of interaction is 

maximum there, they might have been influenced by secondary 

moments, welding residual stresses and other factors present 

.at a connection of many members, while at mid-span the bottom 

chord was in pure tension. 

Table 6 shows the loads obtained from the beam theory 

in accordance with the code. 

Table 7 shows the measured bottom fibre strain at mid-

span at the working live load predicted by the code. 

The measured strains for the test beams range from 4 

to 11 percent above those predicted by the beam theory, and 

from 3 to 13 percent above the ones predicted by the incom

plete interaction theory. 

Fig. 4.2 shows the load-st r ain curve for all beams in 

the elastic region. The fully composite and the non-composite 

curves are also sho wn. Ey is calculated from the yield stress 

obtained fro m the tensile speci mens. EW is at 0.6 Ey . Yield 

and working load are also sh ow n. 

In general it can be seen that the measured strains 

. exceed the theo r etical ones. 



BEAM I II III IV V VI 

p FULL ( K) 43.800 43.740 43.870 47.680 46.260 32.660 y 

P y CODE ( K) 43.800 43.120 43.120 47.420 44.480 32.660 

p STEEL (K) y 24.460 24.460 24.460 37.450 40.800 25.300 

P EXP. ( K ) 34.600 33.000 - 39.000 37.200 29.300 y 

P w CODE (K) 26.280 25.870 25.870 28.450 26.690 19.600 

P EXP. ( K) 24.000 21 .700 22.500 26.400 23.700 18.700 w 

p EXP./Pw CODE w 0.913 0.839 0.870 0.928 0.890 0.954 

TABLE 6 WORKING LOAD CALCULATIONS (BEAM THEORY) 
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BEAM I I . I I III IV 

* Beam 916 916 916 923 
Theory 

=l 
Incomplete 922 915 894 934 
Interaction 

Experimental 987 1004 953 959 

Ex~erimental 1 .076 1.111 1 .040 1 .038 Beam Theory 

Experimental 1 .070 1 .112 1 .068 1 .026 Incomp. Inter. 

* Concrete cross-section reduced in accordance with Code 
=l Full concrete cross-section 

V 

903 

851 

967 

1 .081 

1 . 135 

TABLE 7 BOTTOM FIBRE STRAIN AT MID-SPAN UNDER WORKING LIVE LOAD 

VI 

797 

818 

844 

1 .060 

1 .032 
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4.3 DEFLECTIONS 

Deflections were also calculated at mid-span under a 

live load of P computed in ~ccordance with the code. For w . 
beam theory calculations the deflection was computed using 

the deflection expression: 

Where the deflection is increased by 10% to account 

for shear deformation and the moment of inertia used is the 

one computed according to the code and shown in Table 5. 

The finite element program gives deflections directly 

as an output. 

Deflections were calculated from the curvature, forces 

and moments resulting from the incomplete interaction theory 

and given as an output together with the strains. 

Table 8 shows the deflections cclculated by the dif-

ferent methods ' and compares it with the experimental results. 

Fig. 4.3 shows the deflection for all test beams in 

the elast i c region. Working and yield loads ~cnieved 

in tests are shown. 



- ----------------- - -------------------

BEAM I II III IV 

* 
Beam 1.203 1 .305 1 .326 1. 208 

Theory 
-

* 
Finite 1 .208 1 . 314 1 .334 1 .212 

Elements 

~ 
Incomplete 1.100 1 .268 1 .415 1 .095 
Interaction 

Experimental 1 .320 1 .470 1. 230 1 .330 

Ex~erimenta1 1 .095 1. 125 0.928 1 .102 Beam Theory 

Exeerimental 1 .092 1 . 118 0.922 1 .096 Finite Elements 

Ex[!erimental 1 . 1 1 8 1 . 1 59 0.872 1 .212 Incomp. Inter. 

* Concrete cross-section reduced in accordance with Code 
l Full concrete cross-section 

V 

1 .423 

1 .424 

0.989 

1. 290 

0.905 

0.905 

1 .303 

VI 

0.908 

0.918 

0.924 

1 . 180 

1 .298 

1.284 

1 .275 

TABLE 8 MID-SPAN D~FLECTION AT WORKING LIVE LOAD (INCHES) 
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CHAPTER V 

ULTIMATE STRENGTH DESIGN 

5.1 DESIGN PARAMETERS 

71 

A first step in determining a design method for a 

structural system is to evaluate the different parameters 

affecting the design. Starting from the top down on a section 

of one of the beams, the parameters to be determined are: 

the effective slab thickness, the effective slab width and 

the connector strength. 

5. 1.1 EFFECTIVE SLAB WIDTH 

. According to the codes(ll ,12) the effective width of 

slab, in the case of a 50 ft. beam and a slab width of 5 ft. 

should be equal to the flange width of the top chord plus 16 

times the effective slab thickness. This would give an 

effective slab width of 45 in. 

On the other hand test observations and ul t i mate 

s t r e n got h cal c u 1 a t ion s s h 0 \'} edt hat the f u 1 1 6 0 in. wid tho f 

the slab was effective in co mpression. 

To check the effective width experimentally, strain 

gauges were placed at different distances on the width of 

the concrete slab at mid-span on test Beam II. Strains re

corded at 5, 15 and 25 inches fro m th e slab edge are plott ed 

in Fig. 5.1. 
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The graph shows concrete strains very close to each 

other at the 3 locations. This imp1es that the total width 

of the slab was effective in compression. 

Another indication that the effective slab width was 

the same as the total slab width in the tests was that when 

that width was used in the theoretical calculations, the pre

dicted ultimate c~rrying capacity of the beams agreed well 

with the experimental ultimate reached. 

5.1.2 EFFECTIVE SLAB THICKNESS 

The total slab thickness c~nsists of two distinct 

parts, the solid part above the ribs (2.5 in.) and the ribbed 

part encased in the metal decking. With the bottom width of 

the concrete rib being less than 5" and the distance between 

two ribs larger than one quarter of the total slab thickness, 

according to the code(ll) the effective thickness is equal 

to the depth of the solid part of the slab. 

Rotation and cracking of the ribbed part of the slab 

was observed in some of the tests while the beam was still 

carrying the applied load, thus indicating that the ribbed 

part of the slab was not effective in compression. 

This was confirmed by the agreement of the theoretical 

ultimate moment with the experiment when using the solid part 

of the slab as effective thickness. 
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5.1.3 STRENGTH OF CONNECTORS 

Three types of connectors were used in the test 

specimens. 

74 

Three-quarter inch diameter Nels~n studs were used in 

test Beam IV only. 

The ultimate strength capacity of this diameter stud 

had been established in a previous testing program(9) and was 

found to be 11.3 kips. 

One-half inch diameter Nelson studs were used in test 

Beams I and II. 

Push-out tests performed in a previous testing program(14) 

had given an ultimate strength of 5.5 kips. The ultimate 

strength of the 1/2 in. Nelson stud was also calculated from 

test Beam II which had partial connection, using the buckling 

load of the top chord as a criteria. These calculations will 

be detailed below. The ultimate strength obtained was 6.5 kips. 

The remaining test beams had puddle welds providing 

the shear connection and their capacity calculated from test 

Beam III and checking well with Beam V was found to be 2.1 

kips for a single puddle weld. 

Beam VI had double puddle welds and although their 

ultimate capacity was expected to be double of that of the 

single puddle weld or less, calcula~ions and measured strains 

sh owe d that they carried 2.5 times as much as a single puddle 

weld. 

This was probably due to the thickness of the flanges 
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, 

in that joist and to the fact that the welds were done with 

great care and were protruding about 1/4 in. inside the con

crete. This made them stronger than the ones depending only 

upon the strength of the metal decking. 

Calculations For Connectors Strength 

One-half In. Nelson Studs (Beam II) 

Mactual = 5450 in.K. 

Pcr (top chord) = 67 K. 
I 

Moment due to Pcr in top chord = Pcr x e = 67 x 30.01 = 2012 in.K. 

Moment due to force in slab = 5450 - 2012 = 3438 in.K. 

C x e = 3438 in.K. 

e = 36 - (.96 + 2 x .85
C

X 4.2 x 60) 

So l ving (1) and (2): 

C = 97.5 K. 

Qu = 6.5 kips. 

Sinqle Puddle Welds (Beam III) 

Mactual = 4720 in.K. 

Pcr (top chord) = 56.5 K. 

( 1 ) 

( 2 ) 

Moment due to Pcr in top chord = Pcr x e = 56.5 x 30.01 = 1696 in.K. 

Moment due to force in slab = 4720 - 1696 = 3024 in.K. 

C x e = 3024 in.K. 

e = C 
36 - (.96 + 2 x .85 x 3.7 x 60) 

Solving (3) and (4): 

( 3 ) 

(4) 
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C = 88.2 K. 

Q = 2 1 ki ps u • 

Double Puddle Welds (Beam VI) 

Mactual = 4660 in. K. 
I 

( top chord) Ty = 105.6 K. 
I 

r~ome n t due to tension in top chord = Ty x e = 105.6 x 6 x 30.957 

= 3290 in. K. 

Moment due to force in slab = 4660 + 3290 = 7950 in.K. 

C x e = 7950 in.K. 

C 
e = 36 - (.535 + 2 x .85 x 4.8 x 60) 

Solving (5) and {6}: 

C = 225.5 K. 

Q
u 

= 5.36 kips. 

(5 ) 

( 6 ) 



77 

5.2 DESIGN METHOD 

The ultimate strength design method is a method based 

on equilibrium considerations. 

While trying to obtain a design procedure b~sed on ul

timate strength it has been noticed that there are three possi

ble cases for the section. 

Case 1:" Balanced Section. 

Case 2: Over-Connected Section. 

Case 3: Under-Connected Section. 

The cri t eria used to differentiate between the 3 cases 

is the amount of shear connection provided. 

If the total ultimate strength of the connectors in 

the shear span is equal to the maxi mum tension that can be 

developed in the bottom chord, the section is balanced. 

If the connectors can carry a force larger than that 

tension, the section is over-connected; and if there are not 

enough co nnectors to achieve a balanced design, the section 

is under-co nnected (Fig. 5.2). 

CASE 1: BALA NCED SECTIO N: 

The co nne ctor st r en gth is just enough to create a co m

pression in t he concrete equa l to t he tension in t he bottom 

chord when its s t ress reaches yield. 

Th e ulti mate stress of steel is large r th an th e yield 

stress. Ult inl at e was re ached i n tests Bea m I and VI wh e n th e 

bott om chord ~actured , but achi ev in g t hi s typ e of fa i l ure is 

r.ct gu a r ~nteej . Therefore , for ~ a f ety t he yie ld st ress of 
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the steel shall be used in the design. The tension in the 

bottom chord acts at the centre of gravity. 
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The compression in the concrete slab acts at the cen

troid of the stress block with a compressive stress of 0.85 

The ultimate moment of the section is the product of 

either the tension or the compression multiplied by the dis

tance between them~ 

CASE 2: OVER-CON NECTED SECTION: 

The combined carrying capacity of the shear connectors 

is higher than the force developed in the bottom chord when 

it reaches yield. 

The bottom chord continues to yield and the top chord 

also goes into tension. 

The compressive force keeps increasing in the concrete 

slab resulting in more tension in the top chord to keep the 

section tn equilibrium, because the force in the bottom chord 

is constant at a value of A b x F . s y 

There are ·then two possibilities: 

(a) The strength of the connectors is high enough to 

get the top chord also to ·yield. The compression in the con

crete slab is th e n equal to the area of both top and bottom 

chord times the steel yield stress. 

Failure usually occurs in the bottom chord as it is 

improbable that the slab fails in co mp ression because its 

choice is governed by other consideratio ns which make s it cap-
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able of carrying a large amount of compression. 

(b) The strength of the connectors is not enough to 

introduce yielding in the top chord. The compression in the 

concrete slab is equal to the combined ultimate strength of 

the connectors. The tension in the top chord is the diffe

rence between that compression and the ultimate capacity of 

the bottom chord. 

Failure can occur in the connectors or in the bottom 

chord. 

The ultimate moment for an over-connected section is 

equal to the compression in the slab acting in the middle of 

the concrete stress block times its lever arm less the tension 

in the top chord times the distance between the C.Gs. of top 

and bottom chords. 

The increase in Mult over the balanced section is: 

6~1 = M 2 - M 1 

assuming that the 9ifference between e l and e2 is negli gible. 

e l = e2 = e 

I I I I 

6M = T e - T e = T (e e ) 

I I 

T = Ast·Fy and (e e )max = t + Gt max 

• 6Mmax = Ast·Fy{t + G t) •• 

In all test s peci mens and in mo st pra ct ical cases t + G
t 

is 

around 5 in. Co nsequen t ly t he increa se in Mu·'t is not too 
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large and the designer has to find out if the increase in con

nector number to create an over-connected section is an econo-

mical solution. 

CASE 3: UNDER-CONNECTED SECTION: 

The total ultimate carrying capacity of the connectors 

is not enough to get the bottom chord to yield. The top chord 

has to help by taking some compression. The amount of com

pressive force the top chord can carry cannot exceed its cri-

t i cal buckling load. 

There are two possibilities: 

(~) The sum of the compression in the slab and the buckling 

load for the top chord exceeds A~.Fy' The tension in the 

bottom chord is then A J and the difference between that ten-
Su y 

sion and the compression in the concrete goes into the top 

chord. This compressive force is less than Pcr and the top 

chord does not buckle. " Once the bottom chord keeps on yiel

ding, failure usually occurs in the following way: 

The connectors fail and all the compressive force is 

transferred sudden"ly to the top chord which buckles immediately. 

Buckling is due to the load increase and also to the buckling 

length increase if the con nectors, which are preventing the 

top chord fro m buckling, fail. 

(b) Yielding in the bottom chord cannot be reached and the 

force in the top chord increases until the top chord buckles. 

It has to be borne in mind that decreasing the nu mber 

of connectors and getting an under-connected "section has a 
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two-fold effect on the top chord as both the compressive 

force in it and its buckling length increase simultaneously. 

For an under-connected section the tension in the 

bottom chord and the compression in the top chord both act at 

the C.G. of the chords. As for the compression in the con

crete, it is also considered to act at" the centroid of the 

ultimate stress block, although it is believed that this 

point requires further investigation (this will be discussed 

in the next chapter). 

The ultimate moment is equal to the compression in 

the slab times its lever arm plus the compression in the top 

chord times its lever arm. 
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Table 10 shows the calculation of the ultimate moment 

for all test beams using the ultimate strength method described. 

The ultimate moment calculated is compared with the experi

mental one. 

Table 11 is the same table except that instead of 

using Fy obtained from tensile tests, Fact measured by the 

strain gauges or Fu1t when the bottom chord ruptured are used 

j instead. 



BEAM I II III IV V 

AsD(K) 173.00 173.00 173.00 170.50 170.50 

ZQu(K) 188.00 97.50 88.20 147.00 42.00 

P c_r ( K) 67.00 67.00 56.50 93.00 101.50 

AstFv(K) 111. 50 111 .50 111.50 155.00 211.00 
Case 2 ( b) - 3(b) 3(b) 3 (a) 3(b) 

T(K) 173.00 164.50 144.70 170.50 143.50 
T I ( K) 15.00 - - - -

C ( K) 188.00 97.50 88.20 147.00 42.00 
C'(K) - 67.00 56.50 23.50 101.50 

a ( ; n ) 1. 06 0.46 0.48 0.60 0.22 
e ( in) 34.51 34.81 34.80 35.09 35.28 

e'(in) 30.01 30.01 30.01 30.48 30.25 

C x e(in.K) 6480 3385 3070 5160 1480 

(C or - T' ) xe -450 2010 1695 716 3070 
(in.K) 

Mu1t (in.K) 6030 5395 4765 5876 4550 

r~ ( ; n • K ) 6230 5450 4720 5950 4680 exp 

~1 /i~ It 1 .034 1 .010 0.991 1 .013 1 .027 exp u 

TABLE 10 ULTIMATE MOMENT CALCULATION FOR TEST BEAMS 
USING DESIGN METHOD 

VI 

120.00 
226.00 

58.00 

106.00 

2(a) 

120.00 

106.00 
226.00 

-
0.92 

35.00 

30.96 
7900 

-3280 

4620 

4660 

1 .010 



BEAM I II III IV V 

__ Asb~act (K) 188.00 173.00 154.00 170.50 144.00 
EQu(K) 188.00 97.50 88.20 147.00 42.00 
P 'K) cr\ 67.00 67.00 56.50 93.00 101.50 

As t~y (K) 111.50 I 111 .50 111 .50 155.00 211.00 
Case 1 3(b) 3(b) 3(a) 3(b) 

T(K) 188.00 173.00 154.00 170.50 144.00 
T (K) - - - - -

C(K) 188.00 97.50 88.20 147.00 42.00 
I 

C (K) - 75.50 65.80 23.50 102.00 
a ( in) 1. 06 0.46 0.48 0.60 0.22 
e ( in) 34.51 34.81 34.80 35.09 35.28 

e l (in) 30.01 30.01 30.01 30.48 30.25 
C x e ( in. K ) 6480 3385 3070 5160 1480 

( C or - T ) xe - 2265 1974 716 3070 
(in.K) 

Mult ( i n.K) 6480 5650 5044 5876 4550 

~1 (in.K) 6230 5450 4720 5950 4680 exp 

M expn'u1 t 0.965 0.966 0.937 1 .013 1 .027 

TABLE 11 ULTIMATE MOMENT CALCULATION FOR TEST BEAMS 

USING EXPERIMENTAL RESULTS 

VI 

130.00 
226.00 

58.00 
106.00 

2(b) 
130.00 

96.00 
226.00 

-
0.92 

35.00 
30.96 

7900 
-2970 

4930 

4660 

0.946 

co 
c..n 
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5.3 LOAD FACTOR 

The load factor is defined as the ultimate load divided 

by the design working load. 

Load factors for all test beams are shown in Table 12. 

Pult (theoretical) and Pult (experimental) are the 

ul timate load evaluated by the ultimate design method and the 

ul timate load achieved in the test. 

Pw (code) and Pw (experimental) are the working load 

at 0.6 Fy calculated using the composite moment of inertia 

according to the code and the total load on the beam when the 

measured bottom fibre strain was 0.6 F . 
Y 

For the shear connectors, the load factor is the load 

on a connector at ultimate moment divided by the load on the 

connector at working load level. 

Load factors for connectors are shown in Table 1 3. 

The load on the connector at working lo ad is com puted 

using incomplete interaction theory. The load shown in the 

table is the load on the end connector as according to the 

theory this connector is the mostly stressed. 

Another value of q for a fully composite section ;s 

shown . q = VQ where V is the end reaction at working 
Icomp 

load and Q is t he first momen t of area of the concrete slab 

about the ce nter of gravity of the comp osite section. 

The last ro w of Table 12 has the shape factor for all 

test be ams . It will be not ed th at t he shape factor is l ess 

than unity for all be am s with inc omp lete interaction. 



- --- - ---- - - - - - -------- - --- --- - --- -------- - - ---

BEAM I II I I I IV V VI 

Pu1t (theo.) 46.800 41. 800 36.900 49.000 37.900 36.700 

Pu1t (exp.) 48.200 42 . 200 36.600 49.600 39.000 37.000 

Pw(code) 26.280 25.870 25.870 28.450 26.690 19.600 

P\./(exp. ) 24.000 21.700 22.500 26.400 23.700 18.700 

Py(cOde) 43.800 43.740 43.870 47.420 44.480 32.660 

Pu1 t (exp.) 
1 .834 1 .631 1 .415 1 .743 1 .461 1 .979 P (cod e ) w (1.755)** 

* Pult(theo.) 
Ct = P y( theo-:-Y- 1 .068 0.969 0.856 1 .033 0.852 1 . 124 

* Ct = "shape factor 

** load factor for Beam V when composite action neglected 

TABLE 12 LOAD FACTOR FOR "BEAMS 



BEAM I I I I I I IV V VI 

Single Single Double 
Connector Type 1/2 in. 1/2 in. Puddle 3/4 in. Puddle Puddle 

I'le 1 d Held Held 
Load on end Con nec- * 0.279 0.271 0.273 0.310 0.260 O. 184 tor/in. at P w ( cod e )to u 

Shear Span 258 258 258 240 240 252 

Number of 29 1 5 42 13 26 42 
Connectors 

q = VO 0.279 0.284 0.277 0.311 0.294 O. 180 
Icomp 

Ow 2.480 4.660 1 .680 5.230 2.400 1 . 11 0 

°ult 6.500 6.500 2.100 11 .300 2.100 5.360 

0u 1 t/O\'J 2.620 1 .390 1 .250 2. 160 .880 4.830 

* computed by incomplete interaction theory 

TABLE 13 LOAD FACTOR FOR CONNECTORS 
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This is because the theoretical yield load comp~ted 

in accordance with the code Py (code) is higher than the 

theoretical ultimate load Pult (theoretical). 

The reasonPy (code) is higher than Pult (theoretical) 

is that in the case of partial connection, the recommended 

reduction in concrete area takes care of the reduction in 

number or strength of connectors but does not account for any 

increase in flexibility of the connectors. 

This is clear in Fig. 5.2 where 3 curves are shown. 

The highest line is for a beam with full interaction where 

the ultimate load is higher than the yield load and the shape 

factor is larger than unity. 

The middle line is the code line for a beam with par-

tial connection computed by reducing the concrete area and 

thus the stiffness. This line intersects Ey at a load Py (code) 

just below P (full). 
. y 

The lowest line re presents the actual behaviour of a 

beam with incomplete interaction. The increase of flexibility 

of the bea m reduces the s.l.ope of .the line v/hich intersects 

Ey at a load Py (exp.) lower than Py (COde). Although the 

load increases subsequen t ly to a Pult it does not reach the 

level of Py (co de). 
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6.1 GENERAL 

CHAPTER VI 

SUMMARY ,AND CONCLUSIONS 
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In the test beams intended to achieve full ultimate 

flexural capacity, Beams I and VI failed by fracture of the 

bottom chord and Beam IV failed by buckling of a web member. 

All beams having partial connection failed by buckling 

of the top chord. 

Two of the beams with partial connection had puddle 

welds (Beams II and IV), and these puddle welds ripped out of 

the metal decking prior to the buckling of the top chord. 

In all test beams at working load the top chord 

stresses were never in excess of the allowable dead load 

stresses. 

In general measured bottom fibre steel strains and 

deflections were larger than those predicted by the elastic 

analytical app r oaches. 

The connector strengths calculated from ultimate mo

mGnt consid e r a tio ns for the ha lf inch stud, the single puddle 

weld and th e do ubl e puddle we ld were 6.50 kips, 2.10 kips 

an d 5.3 6 kips respectively. The valu e fro m pus h-out tests 

was 5.5 kips fo r the half inch stud 'and for the double pud dle 

weld. 
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An ultimate design method was derived which gave 

good agreement with the experimental results. 

At a working stress of 0.60 Fy ' the beams with full 

connection had a load factor of at least 1.74 and the con

nectors in those beams had a load factor of at least 2.16. 

It is recommended that a load factor of 1 ~ 7 could 

be used for the ultimate design method. 

It is recommended that puddle welds may be used as 

shear connectors, in the case of their being the most econo

mical, only for full composite action. 

6.2 FUTURE RESEARCH 

In fur t her ~nvestigation of the use of puddle welds 

as connectors with this type of construction, the possibility 

of strengthening the metal deck around the welds by using 

washers. or other means should be studied. 
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