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Abstract 

Currentl~. the American Instit ute of tee I Constr uct ion (A. I.:i.C. ) specifies 

t hat shear connectors have a maximum spac ing of 32 inches ( 13 mm) along 

t he length of a composite s teel and concrete member when used in composit e 

beams with formed steel deck having ribs perpendicular to the steel beam. The 

most common rib spacing for metal decking is 12 inches( 305 mm ). This makes 

24 inches (610 mm) the largest practical shear connector spacing. 

The performance of a composite test beam with 36 inch (914 mm) shear 

connector spacing was evaluated. The composi te test specimen consis ted of a 

33 foot (1006 em) simple span \\'16x5; A36 steel beam acting compositely with 

a concrete deck . The formed steel deck had a 3 inch (;6 mm) rib height and 

was attached to the steel beam with .i5 inch (19 mm) diameter and 4.5 inch 

(114 mm) long stud shear connectors embedded 1.5 inches (36 mm) above the 

metal deck. The design percentage of composite action was 25.5%. The solid 

conrete slab had a thickness of 2.5 inches (64 mm) . 

The specimen was instrument.ed to det.e rmine s t.resses at. various points on 

the steel beam and the concrete slab . Measurements recorded t he relative slip 

between the concrete deck and the steel beam and the deflection at the midspan 

of the beam. 

The performance of the beam was compared to the behavior predicted by 

t he A.1. .C. specification and t he Load and Resistance ractor Design (L.R.r .D.) 

requirements. This com parison indicated that the composite test beam performed 

satisfactoriy with a 36 inch (9 14 mm) connector spacing. It is recommended 

based on this result to rev ise the curren t specifications with regard to the 

maXlmum connector spacing . 
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Chapter 1 

Introduct ion 

- teel and concrete composite beams wi t h fo rmed s teel deck we re firs! used 

In the earl) 1960's. The first major s t r uc t ures built usi ng th ese ty pes of 

members were the Sears Tower and the World Trade Center. In t he late 

1960's. there was a significant amount of research in the area of co mposite 

construction as a direct res ult of t he erection of these and other major 

structures. It was during t his period t hat t he prOVI SI on of max Imum shear 

connector spacing along t he length of 11 member wit h metal decking was firs t 

addressed . 

At this time. some commercially avai lable metal decking had a rib spacing 

of 16 inches (406 mm ). The research s upported the pro" ision of a max imum 

shear stud spacing of 32 inches (813 mm ) ' lj. This was a convenient value 

considering the geometry of the decking . Today metal decking is most 

commonly available with a 12 inch (305 mm) rib width . This is an inconvenient 

spacing when attempting to take advantage of opportunities to design with a 

larger stud connector spacing. The largest practical stud connector s pacIng 

without violating the design specifications is 24 inches (610 mm) . 

The results of this test will be used in conjunction with previous research 

to justify increasing the maximum connector spacing to 36 inches (914.4 mm ). 

.... T he earliest test found with a ~6 i-ll.!' h 19.H rom ) spa ing was_ done by \ ' ie51 in 

1952 [2;. The shear connectors were channel sections. the slab was solid. metal 

decking was not used , and t he iss ue of connect o r spacing was nOI the most 

important Issue being addressed . In 197 1 Robin son completed the first t est 

involvin metal decking and a 36 inch L914 mm ) connector spacing 13 . A 
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summary of the Robinson tesl data is lis ted In Table I and a summary of the 

Robinson test results is listed in Table 2. 

The test described in this report is the only known full scale test to this 

date of a composite test beam \\ ith formed steel deck having a stud spacing of 

36 inches (914 mm ) and a ~inimum shear connection. The test specimen was 

designed using minimum values for most design parameters. The decking height. 

t he embedment of the studs in the solid concrete slab. the so lid conc rete slab 

thickness. and the percentage of composite action were all at ~imitin~ values. 

The satisfactory performance of this member would provide s trong evidence that 

the 36 inch (914 mm) connector spacing is acceptable . 

An acceptable performance was deemed as a structural response to a 

loading which is essentially that predicted by A.I.S.C. design formulas [41. It 

was also checked with regard to the L.R. r .D. design formulas 15 . The test 

specimen was instrumented with the purpose of evaluating the performance of 

t he studs as well as the overall st ruct ural behavior th roughout the test. 

rnpredicted and undesirable structural response attributable to the shear 

connectors would be evidence that the 36 inch (914 mm ) spacing IS 

unacceptable. uch undesirable effects would include: 

• L"plift of the metal deck from the SLeel beam 

• Large slips of the concrete relative to the st.eel beam 

• Excessive cracking or crushing of t he conc rete slab 

• Premature failure of the bond between the concrete and steel deck 

The absence of these effects provide further qualitative proof that the 36 inch 

(914 mm) connector spacing is acceptable. 
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2. 1 T es t SpE'cirnen 

Chapter 2 

Description of T est 

A 33 foot (1006 cm) simple span composite test beam was fabricated and 

tested at the Fritz Engineering Laboratory . The test was designed to determine 

if a 36 inch (914 mm) spacing of s tud shear connectors would result in 

satisfactory composil.e beam behavior . The maximum stud spacing currently 

permitted by the A.I.S .C. specification is 32 inches (914 mm). The test beam 

was designed with limiting conditions in the other design parameters so that 

there was no overdesign factor that might compensate for a relatively weak 

shear connection. 

Table 3 summarizes the test specimen design and Figure 1 shows the test 

speCimen. With a 33 foot (1006 cm) span and a 3 foot (91.4 cm) stud 

connector spacing, there were 13 locations where the studs may be placed. The 

number of studs was chosen to provide a design with a 25.5% composite action . 

This is the minimum allowed b~' the A.I.S .C. specification and the minimum 

recomended by the L.R.F .D. Pairs of studs were placed in the 3 locations 

nearest each end and single studs were placed in the interior ribs. 

Figure 2 shows the geometry of a typical pair of studs in a rib of the 

formed steel deck . The studs were welded through the deck using a stud 

welding gun. The length of the stud was 4.5 inches (114 mm) after welding and 

the diameter was .75 inches (19 mm J. This length is the minimum permissible 

fo r a 3 inch (76 mm) deck in tbe A.I.S .C. specification providing a stud 

projecting 1.5 inches (38 mm) above the decking rib. The so lid portion of the 

4 
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concrete slab had a thickness of 2.5 inches (64 Inm). The deck used was 3 inch 

(i6 mm) LOK-FLOOR composite noor deck with a 20 guage thickness. The 

deck was connected to the steel beam ever) 12 inches (305 mm ) with puddle 

weld to resis t separation of t he metal deck and steel beam. 

A 6 in. x 6 in. - 'F lO 10 welded wire mesh was placed at mid-depth of 

the solid concrete slab to provide shrinkage and temperat ure reinfo rcement. 

Figure 3 shows a pbotograph of the specimen befo re the concrete deck was 

placed. Figure 4 shows a photograph of the composite test beam before testing. 

2.2 Instrumentation 

The test specimen inst rumentation was designed to compare the actual 

str uc tural behavior to the predicted structural behavior and to monitor the 

effects of the shear connectors on the beam performance. Electrical strain gages 

were placed on the steel beam and the concrete slab to measure strain. Slip 

gages and dial gages measured the movement of the metal deck relative to t he 

steel beam. 

There were four vertical planes on the steel beam to which s train gages 

were mounted. A set of six strain gages was placed in each plane. Figure 5 

shows the locations along the axis of the beam and the locations on the section. 

The gages were 120 ohm .25 inch (6.4 mm) gage length foil strain gages. The 

planes were located where they would not be affected by stress concentrations 

from a load point. 

Two sets of strain gage planes bounded single studs located 18 inches 

(45; mm) and 90 inches (22 6 mm) from the midspan . There was a 9 inch 

(229 mm) longitudinal spacing between planes of strain gages. The set of strain 

gages nearest the midspan was int.ended to moniter the composit.e section 
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. midspan stresses. Although t hese gages were nOl exacLly al midspan . they were 

in a region of constant moment. The set of strain gage furt he t from the 

midspan were intended to moniter the force in the connector the~ bounded. 

Figu re 5 also shows the location of l he strain gages on the concrete ,lab. 

These gages "'ere 120 ohm paper wire strain gages. There were 6 gages placed 

sy mmetrically aboul the sl ab centerline with a 16 inch (406 mm) laleral 

spacing. The concrete strain gages were placed above the sel of steel beam 

strain gages nearest the midspan. 

There were 3 dial gages used In the test. A 6 inch (I52 mm) stroke dial 

gage measured midspan denection with a precision of .001 inch (.025 mm). At 

each end of the tes. specimen, a 1 inch (25 mm) stroke dial gage was read to 

the nearest 0.0001 inch (.0025 mm) to measure the relative slip between t he 

concrete slab and the steel beam. 

There were 3 slip gages which measured the relative sli p between the 

concrete deck and the steel beam al locations on the interior of the test 

specimen. The locations are shown In Figure 5. A slip gage consisted of a 

120 ohm foil strain gage mounted on a cantilever. This cantilever was placed on 

the steel beam in a specified rib of the metal decking . The end of t he cantilever 

was in contact with a wooden block attached to the slab. The strain readings 

from the slip gages were converted to slip measurements of the metal deck 

relative to the steel beam. 

speClmen. 

Fig ure 6 shows a typical slip gage on the test 

The data obtained from Ih. electrical slip gages ma~ not have been a 

precise as the data obtained from t he strain gages and dial gages. An 

intermediate calibration was required . no predicted slip values were computed to 

double-check the results. and the effects of beam rotation Wert not measured . 
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A B-IO channel ",itch box and the P-3500 digital strain readoul "'ere 

used to manually read the strain gages. The \ 'isha Ellis 20 digItal strain 

indicator was used to read the electrical lip gages. II look roughl) 2 minute> 

to complete each set of .. "dings. t the higher loads. th. lest specimen would 

) ield locally during this 2 minute period . onsequentl). the load dropped before 

continuing to the next load increment. The strain would remain constant during 

this period . The channels were read from lower number to higher number 

during :he test. The numbering of lhe channels and the experimental data i 

shown in Appendix A. 

2.3 LOllding 

The composite test specImen "' as loaded in the Baldwin universal testing 

machine at The Fritz Engineering Laboratory . A schematic of t he loading 

configuration and the corresponding moment diagram is shown in Figure 7. 

The four point loads were designed to simulate a uniform loading moment 

condition. The loads were applied to the 33 foot (1006 cm) simple span "'ith a 

spacing of i feet (213 cm) along the length of the member. The load point 

locations were selected to load directly over a rib and to be orne distance from 

a stud which was bounded by strain gage planes. 

There were six loading beams (two longitudinal and four lateral) which 

spread the load from the test machine 10 the test speci men . The four 

transverse beams had a 0.5 inch (12.7 mm) homosote padding placed underneath 

them to eliminate load concentrations. The test specimen was supported on 

6 Inch (152 mm) diameter steel pins through bearing plates which were placed 

on reinforced pedestals to allo", access undern.alh the specim n. 
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2.4 Test Procedure 

The test procedure follow.d is essentiall~ th. arne followed in pre' iOll' 

tests b~ John Granl 6. The load "as c)cled from zero to "orking load thr •• 

lim and then from 10 kips (2 .25 ~;\) to "orking load ,,\pn times . In t he 

first cycle. all instrument "ere read in 10 kip (2 .2-) increments. In the second 

and third cycles . all insl ruments were read at zero and "orking load . From th. 

fourth c)c1e to the tenth c~rle. the dial gages "ere read at working load . The 

purpos "as to mo,itor the effects of qrling the load on slip and denections. 

On the eleventh load c)c1e. the test specimen was loaded to the ultimate 

le,,1. Readings were taken at 10 kip (2 .25) increments up to working load. and 

then smaller increments up to the ultimllte load. The qualitative behavior 

(cracks ... ) of the test specimen was also record d . 

2.5 ontrol Tests 

Control tests were run on the materials used 10 the composite test 

specim n. These results were used to anal) 2e the data and IOsure the specified 

materials for the specimen design were used . Control tests "er. run on the steel 

beam material and the concrete. Control tests were not performed on the stud 

shear connectors. the wire mesh. and the metal decking. 

Four tensile coupons were cuI from near the suppon after the test was 

completed . Two were taken from the beam web and two were taken from the 

beam bottom nange. The inch (203 mm) gage length specimens were tested 

10 the Tinius-Olsen Universal Testing Machine. 

The results are shown in Table 4. ' tatic ) ield stresses were found ince 

they are a more accurate representation of th. load rate applied to the tesl 

specimen . A typical Sir -strain curve I hown in Figure beam with a 



yield stress of 36 ksi (5 .21 ~IPa) "as <pt'<:ified. The nangp had an average 

stallc yield stress of 34.9 ksi (5.00 \lPa) and the web had an average s tatic 

~ ield stress of 40 ksi (5 . 0 ~IPa ). 

Eight (; inch (152 mOl ) diamPler b~ 12 inch (305 mm ) length cyli nders 

were prepared on the day the concrete slab was placed in order to mon itor the 

compressive strength of the concrete in accordance with ,\ T!\II "tandard C39. 

The specified compression strength at 2 days (rc) was 3.5 ksi (0.51 !\IIPa). 

Table 5 summarizes the contro; tests performed on the concrete . 

Th~ slump of the concrete mix was 6 inches (152 mm) . The 35 day test 

Irength of the concreto was 4.4 ksi (0.64 !\IIPa) . Although higher than the 

specified strength. il was acceptable since the lest specl:nen was designed to fail 

by yielding of the sttel beam. 
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Chapter 3 

Theoretical Analys is 

3. 1 P r edicted t ruc t ural R espon se 

l ·sing the A.1. .C. Manual of ~ teel Construction. effective eclion 

properties were computed to predict the denections and strains In the test 

specImen upon loadIng. The se tion properties are empirically derived from 
• 

previous lest results. The~ compensate for the effect of formed melal decking 

and a part ial hear connection. 

3.1. 1 Load-Deflec tion Relat ionsh ip 

The denection of the mid pan as a function of the applied load was 

calculated. lsing a handbook solution of lh. mid pan denection fo r a simple 

span subjected to two concentrated loads s~ mmetric to the midspan. lhe 

midspan denection for four symmetric concentrated loads was found by the 

superposition of two cases. The formula used was 

.. =- mlCi.pan de-fled Ion 

p = machtnt.load whu:h .. dl vtdt.d Into four concentratt.d lood. 

0 = dutance from I Upport to co nctntroted load 

E ; mod ulu. 0/ cia.lIC1tv 

1= e/lutifJc modu/u. oJ Ine rha 

L = .pan length 

This fo rmula considers only denection due to bending. Frequently In 

composite members denections duo to shear are significant. Th. contribution of 

10 



midspan denection due to shear was computed using the virtual work technique. 

The predicted relationship between load and displacement W"," found to be 

p 

~ = -4i .396 · 

3.1.2 Load-Strain Relationshi p 

The predicted midspan tension strain was computed by using the effective 

ection modulus ('err) of Ihe composite section defined by A.I., .. equation 

(1.11-1). This calculation is shown in Appendix B. The value cornputed for 

S.rr using specified material properties "'as 121.15 in l ( 19 5 cml ). Knowing 

the relationship between moment and load. the midspan tension strain was 

found to be (= 16.2> P mICr o in in . This equation does not ronsider the stra:n 

due to dead weight since in the test the strain due to dead weight was not 

measured . 

3 .2 Calculation of Allowable Load 

In Section 1.5 of the A.1. .. specification. the allo",able stress for the lest 

pecimen is 23.;6 ksi (3.45 ~tPa) . The stress in the steel beam resulting from 

the dead load of the test specimen was 6.16 ksi (1.3 \1Pa) and the stress 

resulting from the loading beams was 1.6 ksi (0.23 \1.Pa). The dead load and 

the loading beams were assumed to act on the composite section. The available 

stress range for the applied live Iliad was "/ = 2376 - 7.76 = 16.0 '" (2.32 \1Pa) . 

-- This corresponds to an allowable applied load of P = 34 .0 kips (j .6 kN) acting • 
on the composite section. r or this design. the allowable load b) using the 

AC. 1) 
L.R.F.D. manual would be P. =-35.; kip (.03 k:'ll ). In the graph presented. 

the allowable load (p.) determined using the A.1. .C. Allowable tre s Design 

procedure was indicated on the appropriate axis. 
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The working load actually used during lhe test was p. = 50 kip' ( 11 .2 k.") 

o r 12 .5 kips (2. kN) at each load point. This would be the allowable load if 

dead weight st resses are neglected. The working load used for the initial len 

cycles is larger than the load allowed by the A.I.S.C. specification by a factor 

P~ 
of 1.6i (= P,l-

3.3 Calculation of Yie ld Load 

The real st ress In the boltom flange at the working load of 50 kips was 

33.2 ksi (4.82 \1Pa) The measured yield stress in the bottom nange in the 

control tests was 34.9 ksi (5 .06 YlPa). The allowable stress range from the 

"orking load to the yield load was 1.7 ksi (0.25 MPa) which corresponds to a 

load increment of 3.6 kips (0.81 k:>i) when using the effective section modulus. 

Therefore the predicted yield load was P
y
= 53.6 kips (12.0 kN). 

3.4 Cakula tion of U ltima te Load 

The theoretical ultimate moment was calculated using the procedure 

recommended by Slutter and Driscoll Ii. The calculation IS shown In 

Appendix C. 

The composite section is assumed to be fully yielded througout. The 

compressive force in the concrete is set equal to the force transmitted through 

the stud connectors and this force acts a distance i from the top concrete fiber . 

The magnitude and location of the stress resultants in t he steel section are 

found using equilibrium of the composite section. Once lh. location and 

magnitude of all internal forces are known. t he ultimate moment may be 

computed by finding the moment of these forces about a point. The theoretical 

moment was 5620 in-kip (49.i Y!:'( -m) 

12 



The ultimate moment "as us d to chec~ the performance of the Lest beam 

according to the requirements of the L.R.F.D. speci fication which determines {h~ 

allowable momenl as a funcuon of I he moment calulated for a plastic sir e.­

distribution. The theoretical moment was compared to the momenl act Jail .' 

de"eloped during the test. 
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Chapt er 4 

Test Results and Analysis 

4 .1 Tes t Specimen Response t o Loadin g 

4.1.1 Preliminary Cycles 

The effective stiffness of the beam decreased du ring t he first 10 cycles to 

the working load. During this phase of the test. no crack ing was observed or 

any other undesirable behavior. At the firs t cycle to working load the midspan 

deflection was 1.109 inches (28.17 mm) and after the te nth cycle the midspan 

deflection was 1.205 inches (36.31 mm ). 

A similar effect was observed for the slip gages on the ends of the 

specImen. The slip at each end was slightl) grealer aher each cycle. After 

10 cycles the west end had a .026 inch (.660 mm) permanent set and the east 

end had a .019 inch (.483 mm) permanent set. It should be noted that all of 

the graphs presented take datum as the permanent set existing after the initial 

10 cycles. r or all graphs . this intial value is small compared to the values at 

the working load. 

4. 1.2 Test Observat ions 

On load cycle # 11 . the test specimen was loaded to failure . Before the 

test began (before the rtrst cycle) two transver .. cracks existed across the 

concrete slab approximately 8 feet (244 em) from each end of the concrete slab. 

The cracks were created by the negative momenl induced when the test 

specimen was lifted from the fabrication area to the testing machine. 

Figure 9 shows the strain distributio n th roughout t he composite section at 
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working load. The bottom fiber st rain corresponds to a tress of 21.8 ksi 

(3. 16 YlPa). The predicted stress at working load considering the loads acting 

on the composite section is 23 .5 ksi (3..11 YlPal . These stresses do not include 

the effeCI of the specimen dead weight or the loading beams. The real s tress in 

the bottom fiber is 33.2 ksi (4. 2 \IPa) . a value higher than the 23.76 ksi 

(3. 45 \1Pa) stress allowed by .'1..1. .C. specification . 

Bond separation between the concrete slab and the steel deck was first 

observed at the outer load points at a load of 65 kips (I4.6 k\ ). This 

corresponds to the load at which the specimen commenced yielding. Figure 10 

shows a typical bond failure in the test specimen compared to the bond before 

the test. Yield lines formed in the steel beam at a load of 84.2 kips (I8.9 kN) . 

Figure II shows yield lines which developed in the beam. There were no major 

cracks In the concrete slab . Figure 12 shows the many smaller cracks which 

developed on the east and west end of the beam. The west end was not as 

severely cracked. The transverse cracks corresponding to the lifting holes are 

shown in these photos. 

As designed , failure of the test specImen was due to yielding of the steel 

beam. There were no unex.pected or undesirable responses observed. Once the 
~ 

beam reached a load of 65 kips (14.6 k ' ) load relaxation was observed. After 

this point, the greater the load. the larger the amount of load relaxation . As 

the beam continued to yield. concrete behind the studs crushed. but no sudden 

failure was observed. The test was terminated for stability reasons and due to 

excessive denections. 

15 
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4.1.3 Ultimate Load 

Figure 13 shows the beam resisting the ultimate IOi1d of 7 kips (19.6 k:\). 

The maximum load permitted without exceeding allowable stress!:s specified by 

A.I.S.C. was 34.0 kips (7.64 k:"'). The factor of safet~ realized during the tesl. 

as defined by the ralio of the ultimate load to the allowable load. was 2.56.) 

The ratio of the maximum midspan deflection to the midspan deflection at the 

alJowable load was 9.6. Therefore the test specimen demonstrated significant 

ductility . The ratio of the actual ultimate moment achieved by the test 

specimel. to the theoretical ultimate moment is 1.05. This demonstrates that the 

test specimen was able to achieve it's predicted capacity. The L.R. r .0. Ylanual 

Uses a computation assuming a plastic distribution of stress throughout the 

romposite section when determining the allowable bending stress. The 36 inch 

(914 mm) connector spacing did not prevent the specimen from reaching it's 

theoretical moment strengt h. T his indicates that the spacing meets L.R.r.D. 

requirements. 

Appendix 0 lists a summary of other tests with a similar design to the 

current test reported with the exception of the shear connector spacmg. The 

results indicate that the design with a 36 inch (914 mm) connector spacing 

performed as welJ as the other designs. In particular. the specimen repo rted in 

Reference '81 had a 58.6% composite action and a 
M

mClz 
value of 0.94. The 

current test reported had a 25.5', composite action yet a higher 
Mm~:u 
-- value of 

M 
" 

1.05. By refering to Appendix D. it can been seen th. only difference m the 

designs of these two specimens was th. percentage of composite anion and the 

spacing of the shear connectors. An extensive summary of composite test beam 

data and results is reported in Reference 19 . The perfo rmance of this test when 
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compared to the tests summarized in this report indicates a stru<tural behavior 

commensurate with those with a higher percentage of composite action and d 

lower she-ar connector spacing. 

4 .2 Load - Deflection Bt'havior 

Figure 14 shows the load-denection behavior of the test specImen. The test 

results "'ere compared to the predicted behavior using the effective moment of 

inertia from A.I. .C equation ( I.II -S) which is represented by the dashed line In 

the plot. It can be seen that in the wo rk ing range. the curves are almost 

identical. The stiffness which the designer would anticipate using the A.I.S.C. 

design recommendations is 45.1 kip ! in (.399 kN / mm) and the actual stiffness 

obse rved was 43.8 kip/ in (0.388 k;\, mm) This corresponds to a % difference. 

The difference in measured stiffness from the predicted stiffness was 

expected since the specimen was cycled to a load higher than permitted with 

the A.I.S .C. specification. It should also be realized that the A.1. .C. 

specification was derived empirically from test results and an exact correlation is 

not expected 11:. 

As stated previously this particular tes t speCimen was designed uSing 

minimum values for percentage of composite action and embedment of stud over 

the decking ribs. In real building structures. additional stiffness might be 

realized if all the minimum design values are not employed simultaneously. 

By observing the load vs. deflection cu rve. Figure 14 . it can be estimated 

that this relationship became non-linear between 50 and 55 kips (11.2-12.4 k:'ol ). 

This is above the allowable load permitted by the A.I.S.C. specifIcation and 

corresponds to the 53.S kip ( 12 .0 kN ) prediction of the load in whiclI the 

bottom fiber of the steel beam would com mence yie lding . This gives confidence 
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that the specimen was behaving non-linearly as a result of yielding in the steel 

beam and not due to a stud co nnect or deficie ncy . When the test was 

termi nated . the load - denection (u n e had a slight positive slope. Therefore. the 

actual fac tor of safety was lightly higher than reported . 

4 .3 Load - Strain B ehavior 

Figure 15 shows the load vs. midspan te nsion strain relationship. l"sing the 

effective section modulus calculated using the A.I.S.C. equation ( 1.11- 1). the 

predined load - strain behavior was dete rmined and is represented by the 

dashed line in the graph . It can be seen that the measured stresses were slightl y 

lower than predicted. which is a conse rvative result. This result demonstrates 

that the 36 inch (914 mm ) spacing was not creating undesi rable behavior in the 

test spectmen. 

From Figu re 15 it may be concluded that the test specimen bottom fiber 

began to yield in tension at a load of 65 kips (14 .6 k;.l ). Based on the strain 

measured in the bottom midspan fiber to the steel beam at this load. the total 

real stress is 36.2 ksi (5.25 MPa) . This indicates that the effective section 

modulus used to compute the theoreti cal yield load of 53.6 ( 12.0 kN) kips was 

lower than the actual section modulus realized du ring the test. This is further 

evidence that a 36 inch (9 14 mm ) connector spaci ng is feasible. 

The yield stress of the steel nange was measu red as 34 .9 ksi (5.06 MPa) 

to the control tests w hich is close to the )·ield st ress of 36.2 ksi (5.25 MPa) 

measured during the test. This corresponds to a difference accountable to the 

ex perimental error associated with tests of this natu re. 

Figure 16 shows t he machine load plott.ed versus t he strain at mid-depth 

of the steel beam at the midspan. Figure 17 shows the machine load plotted 
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versus the compressive train In the top nange at midspan . Both plots 

demonstrate yielding al higher loads. It can be seen t hat the steel beam " a<; 

yielding throughout the entire depth near the ultimate load. This ind icates tha t 

the maximum capacity of the test specimen was limited by the formation of " 

plastic hinge and not by an insufficient shear connection. 

Figure 18 shows a plot of the applied load versus the average concrete 

compressive stress. The load - strain relationship became non-linear bet".en the 

loads of ,,5 and 70 kips (14.6-15.7 k~) . The concrete compressive stress was 

1.02 ksi al 70 kips (15.7 kN) which indicates that the concrele was not 

crushing. The formation of a plastic hinge in the steel beam was creat ing lhe 

non-linear behavior. At the ultimate load the concrete strain was at 2 % of 

the crushing strain ('" = 0.003) and the concrete compressive stress was at 75% 

of the ultimate compressive strength (I', = 4 44 k,;) (0.64 ;'1Pa) . 

4 .4 Load - Slip B ehavior 

The slip of the concrete slab relative to the steel beam was monitored by 

dial gages on the easl and west end of the test specimen and by electronic slip 

gages on the interior span . Slip gages were originally planned to be mounted on 

Sections A. B,C, and D. On the day of the test. the slip gage at eClion C 

malfunctioned and therefo re no slip measu rements were made at this location. 

Figure 19 shows a graph of the east and west end slip versus the load 

applied to the test specimen. It can be seen that the slips were rela t ively close 

up to the wo rking load of 50 kips (J 1.2 kN) . Between the working load and 

the yield load the west end slip became larger than the east end slip. After 

yieldi ng and up to the ultimate load. the west end slip gradually became larger 

in proportion to the east end slip until at the ultimate load the ratio is 
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l.7 : l.0. Despite the larger slip on the west end the shape of the load . slip 

curves are essentially t.he same. 

In the testing program done by John G rant. a similar behavior was 

reported in specimen IC4 6 . Grant proposed two causes for thi, behavior. 

• A misalignment of the loading beams . 

• A failure in a shear connector 

Grant concluded that this behavior was not due to a shear connector 

failure. In the current test reported. the concrete slab on the west end was 

removed to investigate possible reasons for the larger slip. Upon investigation, it 

"as discovered that one shear connector had failed on this end. The stud was 

noticably bent. and the refore the required load was obtained from it although it 

was not as ductile as the others. The failed stud was the first one welded when 

fabricating the test specimen. and it 's quality was probably poorer when 

compared to the other studs. With this in mind. a recommendat ion for good 

construction practice would be to start welding the studs at the midspan of a 

beam where the shear forces are not as significant under se rvice loads. 

Figure 20 shows a plot of the load·slip relationship for studs located 

inches (457 mm) and 90 inches (2286 mm)from the midspan. The slip value 

used for the stud 90 inches (2286 mm) frO!" the midspan was the average of 

the slip gages on either side of the stud . The cu rves show no irregularities. and 

~ as predicted, the slips were greater for the st ud clos""l to the end of the beam. 

Section A and section B were instrumented to e'·aluate the stresses and 

slips on planes on either side of the stud connector 90 inches (22 6 mm) from 

the midspan of the test specimen . Figure 21 illustrates the effect the stud 

connector has on the slip of the concrete slab relative to the steel beam. The 
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values of slip on th~ side of the slud lowards the support were much greater 

than the slip on the side of th. stud towards the midspan. Each st rain gaged 

section "as 4.5 inches (II~) from th. stud. For comparison purposes the sli p at 

the "est end W!iS also ploued. 

Figure 22 shows the distribut ion of slip along the length of the half-span. 

The slip distribution IS plotted for loads of 50, 75. and 86.6 kips 

( \ 1.2. 16.9. 19.5 k:\) . These curves are of the same form obtained by Grant In 

his tests '61. The curves reveal ~ slight increase in the rate of change of slip 

near the support . This distribution is expected and demonstrates the concrete 

slab possessed sufficient composite action up to the ultimate load . 

4 .5 Connec t or For ce - Load B eh a vior 

The fo rce in the stud conneclors was determined at two locations. They 

were 90 inches (2286 mm) and 18 inches (457 mm) Each of these studs was 

bounded by a plane of strain gages. The strains were averaged for the bottom 

nange. middepth. and top nange and then converted to stresses. The stress 

distribution was then integrated across the depth of the steel beam to obtain a 

compressIVe force and a tensile fo rce. For equilibrium to exist. the force in the 

concrete slab at this section was assumed equal to the difference between these 

forces. The fo rce in a stud connector was equal to the difference in the concrete 

slab fo rces on either side of the stud. Figure 23 shows a freebody representation 

of these forces. 

The integrations were performed up to the point where the test specimen 

ceased behaving linearly . Figure 24 shows a plot of the conneCLor force (Q) 

versus the machine load (P). The relationship was essentially linear . As the load 

increases. the force in the connector increases. The connector further from the 
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midspan de\'eloped a higher force I han the connector closer La the midspan . 

Also. at the allo"able load both connectors had a force lower than 6 kips 

(2 .25 k\ ) which was less Ihan the assummed design capacity of 10.62 kips 

(2.39 k:'i ). This again shows the connectors were not de\'eloping high forces as 

a result of large slips. 

A check was employed to justif~ that the strain gage data was reasonable 

and therefore an accurate estimate of the connector force. The internal moment 

at each section was computed from the stre,· resultants obtained by integrating 

the stress distribution. This value was checked against the value applied 

externally as repr.sented by the moment diagram. The results showed a 

remarkable correlation . At working load. the internal moment was w;thin 1.5% 

of the external moment at each of the four gaged sections. 

It can be seen in Figure 24 that it appears that one point on the 

connector fotce - machine load plot deviat.es from a linear relationship. At 

20 kips (4.5 kN) , the force In the stud seems higher than expected. and then 

returns to an expected value at 30 kips (6. i 4 k:,\) . The aforementioned check 

of the strain gages indicates there "ere no significant errors in the data or 

computations. Upon refering to Grants work. it was found that specimen 1 C3 

displayed a similar behavior ,6. Realizing that the connector force was very 

low at this point. there is no reason to be concerned with this irregularity. 
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4 .6 Connector F or ce - lip DE'ila v ior 

The calculated connector force (Q ) was also plotted ,"rsus ~he slip 

be~ween the me~al deck and the steel beam at the location of the connectors 

located 18 inches (457 mm) and 90 inches (2286 mm ) from the midspan . 

figure 25 shows ~his plo~. The sli p is an indication of ~he deformation of ~he 

stud and therefore the force in the s~ud. At the s~u d location further from the 

midspan. the sli p and the connec~or force values were greater than ~he values 

for the stud clo.er to ~he midspan . 
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Chapter 5 

Summary and Conclus ions 

A compositp beam composed of a concrete s lab in formed metal decking 

alld a steel beam was tested for the purpose of evaluating the feasibilit~ of a 

36 inch (914 mm) shear connect.or spacing. The most recent A.I.S.C. 

specification allows a maximum shear connector spacing of 32 inches 13 mm ). 

The test specimen consisted of a 33 foot (1006 cm) simple span. The steel beam 

was a W 16 X 57 section made from .'\36 material. The concrete slab had a 

5.5 inch (140 mm) total thickness and a 96 inch (243 mm ) width . The actual 

compressive strength of the concrete was 4.4 ksi (0.64 MPa) . The formed metal 

deck was 20 guage with embossments. The rib height was 3 inches (i6 mm) 

and the average rib width was 6 inches (152 mm). The stud shear connectors 

were 0.75 inch (19 mm) in diameter and 4.5 inches (114 mm) in length. The 

solid portion of the slab had a 2.5 inch (64 mm) thickness and the stud after 

welding projected 1.5 inches (38 mm) over the rib. 

The effective section properties as specified by A.I.S.C. were calculated to 

predicted the load - deflection relationship and the load - strain relationship of 

the test specimen. The maxi mum applied load limited by allowab le stresses was 

computed and the ultimate mome", was computed. 

The actual structural response of the test specimen was close to the 

structural response predicted. The actual effective moment of inertia was s lightly 

less than predicted a nd the actual effective section modulus was slightl) greater 

than predicted. The ratio of the actual maximum moment to the theoretical 

\!Jtimate moment was LOS. 

The test specimen demonstrated a strength much greater than the assumed 
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de ign capacit). The ratio of the maxImum applied load to 1 he allowabl~ load 

\\as 9.6. The ratio of lhe ma\lmum midspan denection to the mid pan 

denection al the allowable load "as 2.56. 

:\0 undesirable effects "ere observed in· the teSl specimen. The metal deck 

did not lift up from the steel beam. The measured .. alues of slip between the 

concrete slab and the steel beam wer normal for the specified d si gn . Excessive 

cracking or crushing of the concrete slab was not observed . The bond between 

the concrete and the metal deck remained intacl until applied loads muc h 

higher than the allowable load. 

This test indicated that a shear connector spacmg of 36 inch (9 14 mm) 

is satisfactory for a composite action as low as 25"1 . It would seem appropriate I 

then 10 revise the .1. .C. specification to increase the maxim um allowable 

spacing of st ud shear conn ctors along the length of the member from 32 inches 

( 13 mm) to 36 inches (9 14 mm ). In designs pecifying a total slab thickness 

less than 4.5 inches (114 mm ). the limiting factor of eight times the total slab 

thickness would still control the shear connector pacing. It IS not 

recommended to simultaneously specify the combination of a 36 inch (9 14 mm ) 

connector spacing and a low composite action in design routineh. In those 

circumstances in which a 36 inch (914) connector spacing is specified. a normal 

structural response would be realized . 
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Table 1: Summary of Robinso n Test Data 

Beam 
. 

( = ) Al A2 A3 A4 A5 
Steel Sect ion (W) 12xl9 12x l9 12x l9 12~ 19 12x l 9 
St ud -pacing (i n) 36 36 24 24 24 
Beam Span (ft ) 21 21 21 21 21 
Slab Width (in) 68 68 68 68 6 
Slab Depth (in ) 4 5 4 4 4 
Rib Height (in) J.5 1.5 1.5 1.5 1.5 
Avg. Rib Width (in) 2.25 ? ?-... . -<> 2.25 2.25 2.25 
Stud Dia. (in) 0.i5 0.i5 0.i5 0.i5 0.75 
St ud Ht. (i n) 3 4 3 3 3 
Studs Shear Span (.:) 12 12 6 12 9 

'" (pcr) H5 145 145 145 145 , 
E (hi) 3600 3600 3780 4340 4340 

c 
f . (ksi) 3.89 3.89 4.29 5.67 5.67 

c 
f ) -nange (ksi) 40 .7 40.i 41.6 41.6 40.7 

f -web (ksi) 46 .3 46.3 46.1 46.7 46.3 
y 

V ' I 
h 

V 
h (%) 100 100 69 100 100 

• Source of Data - from Reference '3j 
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Table 2: Summary of Robinso n Test Results 

Beam' AI A2 A3 A4 A5 

.~.---------------------------------------------------------------------------------------------------------------

;W mu (in-kip) 1 4~ . 3 165.2 168.5 167.5 191.5 --&.* 
v'h 

\ h 
(%) 69 100 100 100 100 

.'vI (in-kip) 163.3 181.6 178.9 178.9 189.1 -G~ • 
,If 

mor 

,If 
(%) 0.8 0.9 1 0.94 0.94 1.01 

• 

, Sourc~ of Data - from Reference 3 
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Table 3: Summar) of Test Data 

Beam (=-) I -tee I Section (W ) 16 X .) j -pacing (in ) 36 
Beam Span (ft) 33 
~ Iab Width (in ) 96 

lab Depth (in ) 5.5 
Rib Height (in ) 3.0 
A "g. Rib Width (in ) 6.0 

tud Dia. (in ) 0.i5 
LUd Ht. (in ) 4.5 
tuds hear pan (#) 1 

'" (pef) 145 , 
E, (ksi ) 3iOO 
f . (ksi ) 4.44 , 
fy -nange (ksi ) 34 .9 

f -web (ksi) 40.0 y 
V' Vb (%) 25.5 

h 

p. (kip) 34 .0 

P w (kip) 50.0 

(Py}pr.d. (kip) 53.6 
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~ pecimen 

( =) 

W-l 
W-2 
F'-I 
F' -2 

AYC WEB 
A C F'L:\"C 

Table 4: ' teel Beam ontrol Tests 

Area 

(sq. in .) 

.652 

.645 
1.14 
1.122 

0.63 
1.135 

Yield 
~res 

(ksi) 

40.3 
39.; 
35.1 
34., 

40.0 
34.9 

Percent 
Elongation 

lie) 

29.0 
2 .0 
31.0 
30.6 

2 .5 
30. 

30 

Reduction 
in Area 

('1 ) 

52.1 
46.1 
5 .4 
56.3 

49.1 
5j.4 

L"ltimate 
"tress 

(ksi) 

66.1 
66.; 
62 .5 
56.3 

66.4 
59.4 



Table 5: Concrete lab Control Tests 

Cylinder Age 

(!" umber) (days) 

I 21 
2 21 

3 35 
4 35 
5 35 
6 35 
7 35 
8 35 
9 35 

AVERAGE 

IE calculated from 6-t data 

2£ = 33 ...,1.5 r O.S 
c 

f . E' c 

(ksi) (ksi) 

4.44 
3.89 

day of Lest 
4.43 3540 
4.46 3860 
4.4i 
4.18 
4.2i 
4.40 
4.57 

4.33 3700 

31 

(ksi) 

3990 
3i80 

4030 
4050 
4050 
3920 
3960 
4020 
4100 

3990 



Table 6: umma,,' of Test Results 

.14 d i46 in-kip 
p 50 kips .' .14 2850 in-kip 

" in-kip - t~,.t .14 5899 
maz 

to maz 
9.6 

to a 

\ ' . 
h 

76.8i5 kips 

V'h 

\ ' 
.255 

h 

M 5620 in-kip 
• 

M ma. 
1.05 /, 

M • 
P ,,"0% 

2,56 
p 

a 
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Figure 1: Schematic of Test Specimen 
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Figure 3: Test Beam Before Concrete Placed 
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Figure 4: Composi!.. Test Beam Befor. Testing 
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Figure 6: Typical Slip Cage 
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NOTE: Instrumentation removed before last load increment of 87k 

D D D D D D 
cone cone cone cone cone cone 

load 50 gage 51 gage 52 gage 53 gage 54 gage 55 
0 0 0 0 0 0 0 

10 -29 -23 -20 -47 -48 ":'21 
20 -70 -49 -47 - 102 -104 - 40 
30 -93 -59 -62 -167 - 162 -56 
40 -124 -70 -84 -244 - 223 -71 
50 -155 -88 -111 -321 -284 -89 
55 -173 -99 -123 -350 - 311 - 100 
60 -191 -110 -134 -373 -338 - 109 
65 -211 -120 -144 -391 -364 - 119 
70 -245 -142 -167 -429 -412 -136 
75 - 320 -207 -223 -565 - 529 - 172 
80 -410 -297 -294 -694 -655 - 217 
83 -511 -416 -386 -861 -788 -270 

84.2 -590 -509 -459 -997 -893 - 321 
85.4 - 661 -595 - 514 - 1101 - 988 - 366 
86.2 -729 - 677 -555 -1172 -1083 - 410 
86.6 -794 -763 -595 -12:52 -119:5 - 452 
gage 50 gage 51 g ... g .. 52 gag .. 53 g ... g .. 54 gage 5:5 

====================================================-= 
A A A A A A 

TOP IHD BOT TOP 1'11D BOT 
load 56 gage 57 gage 58 gage 59 gag .. 60 gage 61 

0 0 0 0 0 0 0 
10 -58 29 157 -59 28 122 
20 -141 39 267 -146 40 2 3 0 
30 -177 83 402 - 186 82 359 
40 - 224 111 :514 -234 110 471 
50 - 25:5 153 635 -269 148 590 
55 -287 167 701 -303 164 659 
60 -332 175 770 -351 173 726 
65 - 392 176 840 -412 170 792 
70 -446 178 910 - 475 170 855 
75 -522 175 976 -539 166 938 

80 -607 177 1060 -607 169 1022 

83 -642 196 1090 -635 193 1086 
~ 

84 . 2 -652 205 1100 -643 202 1101 
85.4 -650 209 1091 -643 206 1101 
86 . 2 -654 213 1094 -646 207 1105 
86.6 -663 214 1103 -660 211 1115 
gage 56 gage 57 gag .. 58 gage 59 gage 60 gage 61 
~=_=a================================================= 
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_S=======================================~=2=Z======== 

B 9 9 B B B 
TOP 1'110 BOT TOP 1'110 BOT 

load 62 gage 63 gage 64 gage 65 gage 66 gilge 67 
0 0 0 0 0 0 0 
10 - 58 3 2 134 - 57 3 2 12 7 
20 - 138 42 252 - 138 44 237 
30 -174 8~ 3~5 -174 8~ 373 
40 - 221 118 514 - 221 11~ 488 
50 - 250 160 643 - 251 15~ 612 
55 -282 176 714 -285 175 683 
60 -331 183 788 -336 182 753 
65 -3~3 184 861 - 402 181 821 
70 - 454 187 ~37 -463 182 885 
75 -542 186 1010 - 529 184 973 
80 -633 199 1103 - 608 206 1056 
83 -675 251 1064 - 648 250 1059 
84.2 -689 275 1060 - 600 273 1051 
85.4 - 689 283 1052 - 664 282 1034 
86.2 - 693 288 1052 - 668 287 1038 
86 . 6 -702 291 1062 - 679 290 1042 
«;lag- 62 gil«;l_ 63 «;Ia«;l- 64 «;Ia«;l- 65 ga«;l_ 66 gil«;l _ 67 ________ ==_==.=s===_===_== ___ === __ === __ = _____ ~ __ ===== _ 

_ :_== =============:s===s===_===_======== ___ = __ =_=_===_= 
C C C C C C 

TOP 1'110 BOT TOP 1'110 BOT 
load 68 ga«;le 69 gil«;l_ 70 «;Iil«;l- 71 gag_ 72 gil«;l_ 73 
0 0 0 0 0 0 0 
10 - 51 47 149 -4~ 46 149 
20 - 13:5 79 292 - 123 79 295 
30 - 170 131 448 - 163 13 2 452 
40 - 216 175 587 - 205 177 5~4 

50 - 244 228 7:53 - 235 230 7 46 
55 - 281 248 812 - 272 250 825 
60 -338 265 902 - 329 267 917 
65 - 417 283 987 - 404 285 998 
70 - 503 333 1125 - 489 336 1045 
75 -628 486 2369 - 611 488 1045 
80 -794 728 3355 - 770 705 10 11 
83 - 1430 1174 2408 - 906 1058 980 
84. 2 -3196 3048 1714 - 962 1282 990 
85 .4 -5995 6838 1656 - 960 1404 12 46 
86. 2 -8087 9818 1587 - 977 2804 6 369 
86 . 6 -9571 11001 1529 - 955 3581 10862 
«;Iil«;l- 68 gag_ 69 «;Iilge 70 gil«;le 71 gilge 72 gil«;l_ 73 
2.S=~======_===_============ss_=.s===_=~=_==_=====~ 
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lOAd QaQ" ~O QaQ" 51 QAq. ~2 QaQe ~3 

ReductlDn of Oata -.----====-=~-----A".rAq .. of Concrete Stralns ••••••••••••••••• 
Load AVG50-~~ a"Q52-53 a"Q50-~1 AVG5~-55 

load all c.nter north south 
0 0 0 0 0 

10 31.33333 33.~ 2b 3 ~.~ 

20 b8.bbbbb 7~.~ ~9.~ 72 
30 99.B3333 II~.~ 7b 109 
~O 13b Ib~ 97 1~ 7 

~O 17~.b6b6 21b 121.~ lBb.~ 

5~ 192.b6b6 23b.~ 136 20~.~ 

60 209.1666 253.~ 150.~ 223.~ 

b~ 22~.B333 2b7.~ 16~.~ 2~1. ~ 

70 25~.1666 298 193.5 27~ 

75 336 39~ 2b3.5 350.5 
BO ~27.B333 ~9~ 353.5 ~36 

83 538.bb6b 623.5 ~b3 . 5 529 
8~.2 b28 . lb66 728 5~9.5 b0 7 
~.~ 70~.lb66 B07.5 b28 b77 
B6.2 771 B63.5 703 7~6.5 

B6.b B~I. 8333 923.5 778.5 B23 . 5 
coroprsn comprsn comprsn comprsn 

STEEL STRAINS - sect i on A 
avq56,59 aVQ57,bO aVQ58,61 
topflnq rolddpth botflnq 

0 0 0 0 
10 58.5 28.5 139.5 
20 143 .5 39.5 248.5 
30 181. 5 B2.5 3 BO.5 
40 229 110.5 492.5 
50 262 150.5 612.5 
55 295 165.5 680 
60 341.5 174 748 
65 402 173 816 
70 460.5 174 BB2.5 
75 530.5 170.5 957 
80 607 173 1041 
83 638.5 194.5 1088 
84 . 2647 • 5 203.5 1100.5 
85 . 4646.5 207.5 1096 
86.2 b50 2 10 1099.5 
86.6661. 5 212.5 1109 
comprsn 

63 



---

:m========================S=======================:==== 
STEEL STRAINS - sectlon B 
avg62,65 avg63,66 avg64,67 
topflng middpth botflng 

0 00 0 
10 57.5 32 130.5 
20 138 43 244.5 
30 174 89 384 
40 221 118.5 501 
50 250. 5 159. 5 627. 5 
55 283.5 175.5 698.5 
60 333.5 182.5 770.5 
65 397.5 182.5 841 
70 458.5 184.5 911 
75 535.5 1s!; 991. 5 
80 620.5 202.5 1079.5 
83 661.5 250.5 1061.5 
84.2 674.5 274 1055.5 
85.4 676.5 282.5 1043 
86 . 2 680. 5 287. 5 1045 
86.6 690.5 290.5 1052 

cOMprsn 

STEEL STRAINS - sectlon C 
avg68,71 avg69,72 avg70,73 
topflng middpth botflng 

000 
50 46.5 149 

128 79 293.5 
166.5 131.5 450 
210.5 176 590.5 
239.5 229 739.5 
276.5 249 818.5 
333.5 266 909.5 
410.5 284 992.5 

496 334.5 1085 
619.5 487 1707 

782 716.5 2183 
1168 1116 1694 
2079 2165 1352 

3477.5 4121 1451 
4532 6311 3978 
5263 7291 6195.5 

comprsn 

___ =====2=========_=========3================= __ ====== 
STEEL STRAINS - sI!ction 0 STEEL STRAIN - SectlonS C+O 
avg74,77 avg75,78 avg76,79 TOP MID BOTTOM 
topflng "'ldpth botflng FLANGE DEPTH FLANGE 

0 0 0 0 0 0 0 
10 49.5 41 145 49.75 43.75 147 
20 111.5 81.5 298 119.75 80.25 295.7~ 

30 146 135 450 156.25 133.25 450 
40 185 180 590 197.-5 178 590.25 
50 212.5 236 738.5 226 232.5 739 
55 245.5 255 823 261 252 820.75 
60 300.5 272.5 916 317 269.25 912.75 
65 376 288.5 1044 393.25 286.25 1018.25 
70 460 335 2126 478 334.75 1605.5 
75 584.5 485 4039 602 486 2873 
80 733.5 706.5 4938.5 757.75 711. 5 3560.75 
83 831 1003.5 6285 9~.5 1059.75 3989.5 
84.2 902.5 1261 7650.5 1490.75 1713 4501. 25 
85.4 1145 1320 9475 2311.25 2720.5 5463 
86.21367.5 1323.5 10532 2949.75 3817.25 7255 
86.6 1514 1335 11292 3388.5 4313 8743.75 
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' =:==================================================== 

load 
o 

o 
TOP 

74 
o 

o 
MID 

g .. g.. 75 
o 

41 
80 

133 
178 
235 
253 
271 
286 
330 
467 
682 
971 

o 
BOT 

g .. g.. 76 

o 
TOP 

gag.. 77 
o 

o 
'110 

gag.. 78 
o 

41 
83 

137 
182 
237 
257 
274 
291 
340 

o 
BOT 

g .. g.. 79 

10 
20 
30 
40 
50 
55 
60 
65 
70 
75 
80 
83 
84.2 
85 . 4 
86.2 
86.6 

-49 
-113 
-147 
-186 
-214 
-247 
-302 
-378 
-461 
-585 
-728 
-797 
-846 
-846 
-836 
-8:i5 

1208 
1306 
1331 
1359 

o 
145 
297 
452 
591 
742 
826 
917 

1058 
112:5 
2302 
3443 
5306 
6841 
8271 
9580 

-50 
-110 
-1 45 
-184 
-211 
- 244 
- 299 
-374 
- 459 
-584 
-739 
-865 
-959 

-1 444 
-1899 
-2173 

503 
731 

1036 
1314 
1334 
1316 
1311 

o 
145 
299 
448 
589 
735 
820 
915 

1030 
3127 
5776 
6434 
7264 
8460 

10679 
11484 
12035 

g .. g& 74 g .. g. 75 
10549 

g .. g. 76 g .. g. 77 g .. g& 78 g .. g.. 79 
a~==================~===============================_= 

slip 
g .. g.. 80 
(i neh) 

o 0 
10 0.0023 
20 0.0046 
30 0.0056 
40 0.0069 
50 0.0081 
55 0.0101 
60 0.0129 
65 0.0159 
70 0.0182 
75 0.0217 
80 0.0293 

.... 83 0.0381 
84 . 20.0483 
85 . 40.0582 
86.2 0.0663 
86.6 0.0803 

slip 
g .. g .. 81 
(i neh) 

o 
0.0036 
0.0143 
0.0227 
0.0307 
0.0383 

0.045 
0.0555 
0.0714 
0.0971 
0.1396 
0.2025 
0.2564 
0.3494 
0.3979 

0.471 
0.5514 

slip 
g .. g.. 82 
(i neh) 

o 
0.008 

0.0018 
0.0027 
0.0034 
0.0041 
0.0045 
0.0055 
0.0062 
0.0079 

0.011 
0.0162 
0.0188 
0.0206 
0.0218 
0.0239 
0.0278 

65 

slip 
WEST 

(lneh) 
o 

0.009 
0.0239 
0.0369 
0.0481 
0.0585 
0.0688 

0.082 
0.1035 
0.1261 

0.161 
0.2075 

0.251 
0.298 
0.35 

0.403 
0.4635 

slip 
EAST 

(i neh) 
o 

0.0075 
0.0188 
0.0289 
0.0374 
0.0455 
0.0536 

0.066 
0.084 

0.1019 
0.132 
0.159 

0.1845 
0.202 
0.222 

0.2435 
0.273 

IIIldsp .. n 
deflectn 

(, neh) 
o 

0.227 
0.465 
0.685 
0.887 
1.083 
1.215 
1.371 

1.5655 
1.796 
2.227 
2.801 
3.437 
4.077 
4.777 
5.502 
6.329 
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t 

1 5 

units -= inches 

Appendix B 

Calculation of l eer and S.n 

COMPOS ITE BEAM CROSS SECTIO'i 

96 '1 
2.5 

3 . 0 
L.. ,-1. 

.43- f--
-
Y 

b3575 
8. 215 

I '-1 
t 

~ not to scale 

4.6075 

16.0725 

Section Properite8 
steel beam = W 16x5 7 

Design Material Propertiel 
F y = 36000 ks; 

I = i58 in' • 
S = 92.2 in3 

• 
A = 96 x 2.5 = 240 in2 , 
(A,)" = 240 / 8 = 30 in2 

Ar = 7.12 x .715 = 5.0908 in2 

A = .43 x 15 = 6.45 in2 
w 

Locate Neutral Axio 

P, = 3500 pSI 

n = 8 

5.0908 x .3575 ... 6.45 , 8.215 + 5.0908 x 16.0725 - 30 x 20.68 
iI = 

(16.8 - 30) 

iI = 16.25 
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- -- ---------

Determine I
tr and S 

tr 

Section I A d Ad ~ I _ Ad z 
0 0 

bot nng 0.2169 5.0908 15. i25 1282.55 12 2.77 
web 120.94 6.45 8.015 414 .35 535. 29 

top nng 0.2169 5.0908 0.1575 0.13 .35 
concrete 15.6 30.0 4.45 594 .0 609.68 

I" = 2428.09 in ' 

2428 .09 . 3 
,, =- = = 149.61.n 

Cbot 16 .23 

check Sir against allowable limit A.I.S .C. eqn . (1.11-2) 

ML 
S, = (1.35- .35-) S , M' 

D 

• ML = 57 )( Pw3 = 57 x 50 ;; 2850 in - kip 

wL2 ,,15.08 )( 396 
• MD = -8- '" 57Wb = 8 - 57 < 3.4 = 940.26 i n- kip 

2850 
S, = (1.35 ~ .35 --I , 92.2 = 222.28 in3 

, 940.26 

since 222.28 > 149.61 then use St. = 149.61 in' 

"'Weight or the lOAding beAm, 

6; 



Calculate Vb 

A.I.S.C eqn . (1.l1 -3) 

85/" rA • 
\" =---
• 2 
.85 > 3.5 . 240 

r =--:---

• 2 

Calcwate V'h 
Determine Reduction Factors (R.F.) 

R.F.= 

w,=6 in .. hr =3 in., H. = 4.5 in. 

A.1. -.C. eqn. (1. 11 -4) 

16.8 y 36 
I" - --­h - 2 

r. = 302 k,p, 
.mailer control. 

A.I.S.C. eqn (1. 11 - ) 

if :-.i . R.= 1 then R.F.=O. 5 (single stud) 
if N.R.=2 then R.F.=O.60 (pair of studs) 
there are 6 studs in 3 pairs and 3 single studs 

q = 12.5 kip stud A.I.S .C. table ( J.lI -4) 

V' h = (6 x 12.5 x 0.60) - (3 ~ 12.5 x 0.85) = 76.875 kip. 

Calculate I_If and S_1f 

A.I.S .C. eqn. (1. 11-6) 

V' 
I h 

I,,, = I, - "II (I" - I,) 
h 

76.875 
I" = i58 - -- (242 .09 - 758) , 302.4 

68 

A.I.S.C. eqn . ( J.lI -1) 

V' 
• h 

5,,,= 5, + \ V (5" - 5,) 
h 

76875 
5,,=92.2 + v-- (14961 - 92 2) 

, 302.4 
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Appendix C 
Theoretical U ltimate Moment 

aetual mat erial p r operties 
r = 4400 psi 

( 

(Fy} n = 34.9 ksi 

(F y)w = 40.0 ksi 

F y = 36.87 ksi 

q = 26.6 kips l stud 

seet ion proper t ies ' 
A. = 16.8 inz 

Ar = 5.15 inz 

A" = 6.50 in2 

d w = 15 in 

foree transmitted through stud eonnee t ors 

recall stud reduetion factors: 
:"I .R. = 0.85 (single stud ) :".R. = 0.60 (pair of studs) 

L Q = C, = 26.6 ( 0.85 x 3 - 0.60 x 6 ) = 163.59 hpI 

C, ads a t a distance i from the top fiber 

C 163 .59 .= .85 r , 6 .85 x 4.4x 96 
0.456 in 

• - = 0.228 i n 
2 

forces in steel section 

C -163 . 59 c 
C
fl

-1 79. 74 

C 
v 

--" T -260-C v w 

5. d; ... . ted 10 2Ar T A ::; A w • 
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F =0 
L.- Z 

16359 - 179 74 - C = (260 - C 1- 179 H 
U '" 

C = 4 .20 bpi 
U 

and T = 260 - 48.2 = 211.80 kip. 
w 

location of section forces 

T. 211.80 
web in 'en.ion = T -C (d .. ) = ~ (i s) = 12 22 . n 

U' ., 

wcb in c:ompru .. on = d - 12 22 = 2 7 • n ., 

d istance from bottom liber to section forces 

T -, 

C -., 

I, .715 
- = - = 0.358 . n 
2 2 

12.22 1,- - 2- = .715 - 6.11 = 6.825 i n 

2.78 
' , - 12.22 -2- = 14 325 .n 

" 71 5 
d - - = 1643 ·· - = 16 0725.n 

2 2 

a 
C-, 21.93 - 221.93 - .228 = 21.702 i n 

sum moments of forces about bottom fiber 

M = - 179.74 x O.358 - 21 1.80x 6.825 - 48 .20 · 14 .325 - 179.74 
U 

x 16.0725 ... 163.59 x 21. 702 

M. = 5620 i n- kip 
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Appendix D 
Summary of Other Tests 

Beam 

teel _ection 
tud Spacing 

Beam Span 
Slab Width 

lab Depth 
Rib Height 

(= ) 

(W) 
(in) 
(ft) 
(in) 
(in) 

Avg. Rib Width 
'tud Dia. 

(in) 
(in) 
(in) 

Stud HI. 
Studs Shear 
w , 
E, 
f . , 
fy -flange 

f, -web 

Vb ' V h 

(in) 
pan (#) 

(pcf) 
(ksi) 

(ksi) 

(ksi) 

(ksi) 

(%) 

• Source of Data 

16xS7 
36 
33 
96 
5.5 
3 
6 

.if> 
4.5 
I 

145 
3700 
4.33 

34.9 

40.0 
25 

Beam .. 1 - Current test reported 
Beam '42 - Reference 181 
Beam '1/'3 • Reference 191 
Beam '/1' 4 • Reference ,91 

-- Beam #5 . Reference 9 

TEST DATA 

2 

16xS7 
12 
33 
96 
5.5 
3 
6 

. 'i 5 
4.5 
60 
14 5 

3760 
4.87 

42.9 
49.6 

59 

71 

3 

16x40 
32 
32 
96 
5.5 
3 
6 

,75 
4.5 
18 

119 
2290 
4.2 

63 .3 

6S.8 
34 

16x45 
32 
32 
9S 
5.S 
3 

7.25 
.75 
5 
12 

144 

3110 

4.2 

37.0 

39.6 

58 

16x45 
24 
32 
95 
5.5 
3 
6 

.75 
5 
12 

145 
3540 

4.6 
36.8 
41.3 

52 



TE ' T RESn T' 

Beam' 2 3 4 5 

.'vi (in-kip) 5899 maz 
j572 61 4 5711 5225 

Vlh 

(%) 25.5 58.6 34.4 58.0 51.8 ,. 
h 

M (in-kip ) 5620 • 8052 jli4 5384 5292 

M ma, 

M 
('Yo) 105 94 6 106 99 

• 

, Source of Data 

Beam = 1 - Current test reported 
Beam :2 Reference [8[ 
Beam 4<3 Reference [9; 
Beam T* 4 Reference [9[ 
Beam r 5 Reference '9! 
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.-\ r 

.... 

... 
• 

C=C , 
Cw 
E 
E, 

Fb 
F x 

Fv 
(F),vI 
(f rl n 
(f ,lw 
G 
H. 

I.rr 
I • 
I" 
L 

Yld 

Yll 

Ylmu 

YI . w 

" . , 
p. 
p. 
Po 

..... Pr 
Q 
RF 

" "' err 

S -. 
Tn 
Tw 

Appe ndix E 
Nomenclature 

Anual area of effective concrete 

Area of steel beam nange 

Area of steel beam 

Area of steel beam web 

Compressive force in Concrete 

Compressive force in steel beam web 

Ylodulus of Elasticity of steel 
~1odulus of Elasticity of concrete 

Bending st ress permitted 

forces in direction parallel to stress 

Specified minimum yield stress 

.-\ CI ual "eighted average value of yield stress 

Actual yield slre" of nange 

Act ual yield stress of web 

Shear modulus of steel 
Length of stud shear connenor aft,er welding 

Yloment of inertia of a section 
Effective moment of inertia of composite section 

Yloment of inertia of steel section in composite construction 

Yloment of inertia of transformed composite section 

pan length 
Moment produced by dead load 

Yloment produced by Ii ve load 

:vtaximum moment achieved by test specimen 

Theoretical ultimate moment 

Yloment at work ing load 

Number of shear connectors in one rib of metal deck 

Applied load allowable according to AISC-ASD 

Applied load at working level 

Applied load at ultimate state 
Applied load at predicted yielding of test specImen 

Prying force per fastener 
Reduction factor 
Effective section modulus for partial composite action 

Section modulus of steel beam refered to the bottom nange 

Tension fo rce In steel nang. 

Tension force in steel section web 
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Statical shear on beam 
Total horizontal shear r isted b~ connectors under 

full composite act ion 
Total hortzontal shear provided b~ the connectors under 

partial composite action 
\\ eight of the loading b~am' 
-depth measured from LOp of roncreLe fiber which concrete 
compressive forco centroidally acts 
-dimension parallel to the direction of stress 
actual width of compression elements 
-depth of steel beam 
-distance from centroid of cross section component to neutral axis 
depth of web element of steel beam cross section 

midspan deflection at lhe allowable applied load 
maximum midspan deflection of the test specimen 

Strain parallel to direction of stress 
tress 
pecifled compressive strength of concrete at 2 days 

:"ominal rib height for steel deck 

Modular ratio E ' E, 
Allowable horizontal shear resisted by a shear connector 
Flange thickness 
Web thickness 
_ tatical shear due to a unit load 
Distributed load 
Average width of a rib 

-beam deflection 
-Distance from nuetral axis to bottom fiber 
Beam deflection due to bending 
Distance from component of steel section to nuetral aXIs 

Beam deflection due to shear 
Beam deflection due to bending and shear 
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