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TESTS OF COMPOSITE BEAMS

WITH STUD SHEAR CONNECTORS

I. Introduction

Composite beams, beams in which a concrete slab and steel
beam aet as an integral unit, are widely psed in bridge and
building construction; The essentiai elementoffthe composite
section is the shear connection between the slab-ahd steel beam.
The function of this connection is to resist the horizontal
shear between the slab and beam and to prevent uplift of the

slab from the steel beam.

A variety of devices, including channels, Zee sections,
and spirals have been used as shear connectors. Economic con=
giderations have lead to the development andvuse of round studs
in place of the above mentioned connectors. Simplicity and

ease of installation make these studs advantageous.

The design of stud and other shear devices 1s based on an
elastic analysis of the compoeite section and, for highway

bridges, 1s governed by the AASHO specification.(l)

This specification lists formulas for determining the
"useful capacity" of shear connectors or the maximum load which

a shear connector can carry and satisfactorily perform 1ts

function.

The criterion used in establishing values for the "useful
capacity" of & shear connector was a limiting value of residual
slip or horizontal displacement between the slab and steel

beam after unloading of the composite section.
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The value of ﬂhis residual slip was set at 0,003 in, (4) and it
was stated that slip beyond this value, '"causes an appreciable
increase of both the stresses and deflections of the Tmbeam."(g)

This value of 0.003 in. is considerably below the slip at
failure obtained from pushout tests of yarious types of V
connectors. Hence, the "usefﬁl capacity" is considerably below
the ultimate connector strength. The resulting emergency reserve

strength(7)( ultimate connector force ) for the studs is there-
"useful capacity" force

ultimate momen §
yield moment

fore greater than the emergéncy reserve strength. (
for the composite section. If increased slip did not alter the
performance of the_coﬁposite beam, then it seems feasible that
larger values for the "useful capacity" of the connector could

be used.

The objectives of this investigation were to determines
1. The value of connector forces for studs such-
that the composite.section will develop the
ultimate moment. ”
2. The influence of slip dn the load-deflection.
characteristics of a composite beamn. |
3. The effect of fatigue loading on a composite

section.

" II. Design and Fabrication of Test Specimens

Three'spepimens to»be statically loaded and a fatigue
specimen were designed for this seriles of tests. The design--
procedure used considers equilibrium of the concrete slab as
a free body between seétions of zero moment and ultimate moment

and is based on the assumption that the shear connectors possess
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sufficient ductility so that a redistribution of the horizon-

tal shearing forces is possible. This same assumption is used
in the design of a riveted connection. Analysis~bf a previous

test established the validity of this assumption.(S)

The shear connectors for.the static tests were designed so
that the connector forces at ultimate moment ﬁquld be 1.6, 2.4
and 3.0 times the "useful capacity" acéording to the AASHO
specification. The fatigue specimen was designed so that the
shear stress, computed on the basis of a uniform distribution-
of shear stress on the cross section of the stud, would approach
the fatigue strength, based on a fatigue life of 2 x 106 cycies,
obtained in previoﬁs tests. (6) Design calculations are included

in the Appendix.

~

- Each of the four specimens consisted of a flat concrete
Slab connected to'an 8WF17 beam by one~half inch diameter L
shaped studs. Slab reinforcement.consisted of a mesh of 5/16
and 3/16 inch diameter rods. Figure 1 gives the specimen o

dimensions and the connector spacings.

~ Forming and pouring of the specimens was dorie at Fritz
Engineering Laboratory, Lehigh University. All beams were
poured at the same time using a commércial ready

mix concrete with a maximum aggregate siéé of 3/l inch.

ITTI Test Procedure

The specimens were simply supported over a span of 10 feet
and loaded with two point loads spaced symmebtrically with re-
spect to the center of ﬂ%ebeamo'(See Fig. 2) Load was applied

by means of an hydrauiic Jack.



(.‘

) : L. “").‘.
In the static tests an Amsler pendulum dynamometer applied and
measured the pressure in the Jjack., An Amsler pulsator was

connected to the jack to produce the cyclic, sinusolidally

varying load at 250 cycles'per minute for the fatigue test.

Thé ultimate load at-which crushing of the Qoncreté‘sléb
will occur can be determined quite accurately. By stopping the
tests short of this load, the loading positions can be changed
to produce greater shearing forces for the same ultimate
moment - 1n other words, increasing the spread "b" of the
two concentrated loads. (See sketch Table 1) Thus a single
specimen can be used for several ultimate load tests and

connector failure insured.

The above mentioned procedure was followed in thils series

of tests with the load spacings designated as follows:

Spacing 1 (Test 1) ~-- 2b = gun
Spacing 2 (Test 2) --- 2b = 36"
Spacing 3 (Test 3) === 2b = L6&"

Since all the specimensvwere similarly consﬁructed, the
only exception being the spaclng and:  number of shear connectdrs;
the value of Mp and lience Pp, for any given load spacing, should
be the same for all specimens. Thus, the three static test
beams are grouped according to the load spacing in Table 2, so
that certain comparisons can Ee made later.

In the static tests load was applied in increments of five
kips up to yielding of the éteel beam and thence in increments

of deflection equal to the deflection at this point.
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Strain measurements in the slab and steel beam, center line
and quarter point deflectioné, and end sliblreadings were taken
after each load increment. After reaching the yield pofhf of
the steel beam, the load was released periodiecally and residual
deflection and end slip readings taken. The arrangement of

the recording gages and the test setup are shown in Fig. 2.

The fatigue test of specimen Bl was conducted as.follows:
1. 1,000,000 load cycles alternatiﬁg between a
minimum-ofIBOOO and a maximum of 30,000 1bs.
2. 500,000 cycles between 3000 and 36,000 1lbs.
3. SO0,0CO cycles between 3000 and 2,000 1lbs.
li. Cyclic loading between 3000 and 18,000 1lbs.
to failure of the specimen. -
The load spacing was kept constant at 2b = 36". Maximum slip
- and deflection under the fatigue lbading was recorded by
special gages. The fatigue 1oading was stopped'periodically and
a load equal to the maximum cyclic load for that phase of the
test was applied statically. Deflection, end siip, and strain
readings were taken under thils static load to deﬁermine the.A
effect which the fatigue loading produced on the specimen.
’Auxiliary tests included concrete cylinders tests and
tensile cOupon_tests to determine the‘material propertieé of
the cbmposite section. The tensile_coupons were taken from the
unyieided poftion of thé flange of the steel beam after com-
pletion of testing. 'The results of these aUxiliafy tests appear

in Tables l and 5.
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IV Results and Interpretation

Static Tests

The results of the static tests are summarized 1n
Table 2. The accuracy with which the ultimate load can be
determined, assuming adequate shear connection, 1s shown by
comparison of P? and P, for those tests in which bending
failure occurred (failure type (A)). Values of Py obtained for
tests designated by failure type (B) are smaller than Pp because
the tests were purposely stopped short of crushing of the slab
and, strictly speaking, they are not really ultimate loads.

In test B3~T3 the connectors falled beféfé Pp was reached.

The avefage connector forces, computed by the same
procedure used in the specimen design, are listed in Table 2.
For those tests in which the ultimate moment was not reached,
i1.e., when the test was stopped short of crushing of the concretes
or the connectors failed, the connector forces were computed by
multiplying the calculated values for connector forces at
ultimate (pg.27 of Appendix) by the ratio of the moment feachédw:
to the ultimate moment. All the values listed are greater |
than the "useful capacity" of the studs according to the AASHO
specification. The values for residual end slip aré also con-

siderably larger than the value of 0.003".

Fig. 3 shows the load~slip curves forthﬁ three speci-
mens. The load per connector in Beam 1 was .close to the
"useful capacity" load according to AASHO, whereas the maximum
load per comnector obtained in Beam 3, Test 3, was approxi-

mately 2.5 times the "useful capsacity".



=7

It is significant to note the large differences in slip which

resulted from thls increased connector loading.

" Load deflection curves (shearing deflections included) for
the various tests are presented in Fig. L. Each test is
plotted separately with residual deflections from a previous
test indicated at the origin. In order to compare the load
deflection characteristics for all the tests the non-dimensional
graph of Fig. 5 was plotted. _Despité the fact that there was
a wide variation in connector forces between the various tests .
thls plot shows that the effect on the load deflection
éharacteristics was relatively small; Up to yielding of the
steel beam the behavior of all the.specimens was exactly the
same. Beyond this point there is a small difference between
the various specimens; however, it issignificant to note that
all the curves tend to parallel the curve for Bl;Tl and would
have reached the same point at ultimate had they not beeﬁ
stopped short of crushing of the concrete. FOnly in B3-T3 in
which the connector fofcevreached 16 .kips was there a reduction
of M/My. It is evident that connector-fbrces_considerably in
excess of the present AASHO "useful capacity" do not alter the

performanée of the composite section.

In summary, the following is to be noted:
1. The ultimate strength of stud connectors is
considerably above the "useful capacity"

according to AASHO.
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2. Large values of slip betweeﬁ slab and beam do
not significantly alter the ultimate moment or
the load deflection characteristics of the
composite section. |

3. The emergency reserve strength of the studs
ultimate connector force
"ugeful capacity" force

) is considerably larger

than the emergency reserve strehgth of the beam

(ultimate moment)
yield moment

Fatigue Test

The fatigue test results are presented in Table 3. It
will be noted that there is a good correlation between the
theoretical deflections and those obtained during testing.
Calculations indicated that the dynamic effects of locading
were negligible. The increase in deflection under cyclic |
loading over both the theoretical deflection and the deflection
under static loading could possibly be dué to ovérloading by
the jack.

The fatigue strength of the studs in this beam test is
larger than valueé obtalned in fatigue tests of these
connectors in pushdut‘speﬁimens.(é) This would.indicate that
there arevcerfain effects which must be evaluated before a
comparison between beam teéfs and.puShout tests can be made.
Frictional forces developed under the loading poihts in a beam
test is one such effect. A comparison of beam tests and push-
out tests does, however, seem feasibie. Such 'a comparison
would be advantageous because relatiﬁely small speéimens
(pushout specimens) could then be used to determine the

strength of shear connectors.
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‘These additional effects probably account for the increase in
connector forces also observed in the statid tesﬁs over

connector forces observed in static pushout tests.(é)

v ‘Conclusion

This series of tests has indicated that present sbeciw
ficatlons do not take into account the maximum useful strength
of stud shear connectors. Further, it has been shown that
loading these studs to ultimate does not alter the behavior of
the composite section.

A design procedure'fqr composite beams which would take
into account the full strength of'mmaelements of the composite
section; 1.e., plastic design, seemé feasible. There are,
however, maﬁy questions which must bé ansﬁered before such a
design code can be formulated. Further research is required
to answer such questions as:

1. Distribution and spacing of sheér devices along ...
thé;beam.
2. Interaction cfeated by bond.and»friction.'

Even if an elastic analysis is adhered to these tests

have shown that 1t is possible to increase the so called

"useful capacity" shear connector force.
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Nomenclature

‘total compressive force = f! cbed

steel area

distance from neutral axis of composite section to
extreme fiber of steel in tension

distance from center line of beam to point of load
effective width of concrete slab
cp
number  of connectors per transverse row
depth of concnete slab
dépth of compressive stress block at M@
depth of steel section

distance between resultant compression and tension
forces at M@

concrete stress B y
cylinder strength of concrete at 28 days
steel atress ‘

yiseld stresa of steel beam
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moment of inertis of composite section, concrete
transformed to equivalent steel area
moment of inertia of steel section

shear gpan = distance between sections at which .

‘plastic moment and zero moment occur

statical moment of transformed compressive concrete
area about the neutral axis of the composite section

theoretical plastic moment of composite section
experimentally observed ultimate moment
theoretical yield moment

Esteel

Econcrete

externally applied load

~externally applied load at Mb

externally applied load at M,

externally applied load at My

connector force

connector Spéciﬁé along longitudinal;axis oflbeam

shear flow per unit length at interface of slab and

‘steel beam

shear flow at”Mp |
total tensile force = fyeoAg
shear force

deflection of‘beam.in inches

residual deflection of beam in inches
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TABLE 1
 Designation of Specimens
Spe’cimen Stud spacing | Test No. | Load spacing|{Loading| :Test
¢ ' 2b° Designation
(in.) - {in.) -
BL | 3 at 5.5" 1 2l Static | B1-T1
g - 1 2L | B2-T1
B2 2 at 5.5" Static o
| - 2 .36 , B2=T2
_ 1 2L | B3-T1
B3 2 at 7.0" 2 36 . |Static | B3=T2
| 3 | L6 B3-T3
BL | 3atssr |1 36 |Fatigue| BlU-T2




TABLE 2
SUMMARY OF STATIC TEST RESULTS

Con-~- ‘
: Load o Load Cy, Moment £ Maximum j1dual
Spec~ | m.qt | Spacing Fallure P M %ﬁ;w:? End Slip ggg S%?
imen 2b Type (kips) - (k-in) Q at Py (inchess)
(in) : Pp - Py Mp_ My (kips) | (inches)
Bl | B1-T1 () 48.5 1164 |~ 7.0 0.004L 0,0028
B2 |B2-T1 | 2 | (B) |u8.5]|18.0 1150 | 10.6 .0089 ,0060
B3 | B3-T1| - . (B) L7.5 1140 | 13.4 ,0218 L0165
NN B 1160 T ~
B2 | B2-T2 | (A) » 55,0 1155 | 12.1 L olL6* L0453
. 36 - .5 |
B3 | B3-T2 (B) | 54.0 1132 | 15.4 - .0712% .0639
B3 |B3-T3| U6 (¢) |63.0]58.0 1071 | 16.1 .0925% | -

"_Failure_Typeg
(&) Bending.failuré By crushing of slab
(B) Test stbpped short of crushing of slab
(C) Shearing of studg

*Residual end slip from previous test included

//‘ -

ST -



TABLE

3

FATIGUE TEST RESULTS

Deflection Max 1mum End Slip
Load Range N i ; Total Maximum | 2% Pmax | Theo- Shear at  Ppax
min Fmax 63}1;;' . 0(2{23 During | Applied |retical| Stress Applied
(kips) v J I?yié?c Stéﬁfc" | (inches)| in Stud™ 'Statlcaliy
ogdaing |- ally | | (ksi) | (in.x107%)
: : (inches) | (inches) ] (
-3 30 249 800 249 800 - 0,219 0.237 | 15,0 11
3 30 253 000 502 800 0.262 .218 237 15.0 13
3 30 SZO 100 1 0622 900 272 . °223 237 15.0 17
3 36 250 900 | 1 273 800 . 309 267 284 | 18.1 22
3 36. | 254 500 | 1 528 300 .311 .266 .28L | 18.1 22
3 L2 619 900 2 148 200 . 388 . 328 . 332 21,2 - 33
3 18 122 400 | 2 270 600 - - - 24,1 37

*Computed on the basis

of a uniform distribution .

of shear stress on the cross section of the stud

9T~



TABLE
Static Yield Strength of Material in BWFL7

Static Yield

, Location of ... Stress. .
Coupon No. Material Coupon (Ksi)
1 ASTM | 36.0
2 A-7  Flange 38.1
3 Structural 36,8
! . g
Aﬁerage 36,9
| TABLE 5 |
: Cylinder Strength of.Concreté in Slab
L - Age at Test Strength.
Cylinder No. ' (days) ' (psi)
B-1 28 . | 5800
B-2-A 28  5u80
| Average 5556
B-2-B 35 5670
B-3-B 35 |  .mp”dﬂ
| Average 5605
B-3=0 L2 5720
B-li-4 he - 53%
B-4-B h2 5180

Averége 5536

Cumulative Average 5563
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Fig. 2 - Test Setup
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APPENDIX

A, Section‘Pfépéfties‘

1. ‘Concrete Slab
b, = 2 in.
de = 3 1ino
fo = 5500 psi

2. Steel Beam (8WF17)

Ag = 5,00 in?
dg = 8.00 in.
Ig = 56,0 ink

fy = 37.0 ksi

39 StudS !

diameter = 1/2 in,
height = 2125 in.

area = 0.196 in?

. Composite Section
agg = 7325 in,

I =151.3 ink “ o

m (inner:face of slab) = 16,2 in3
Notes |

| In the design of the test specimens values_for’fé and

fy were assumed to be 3 ksi and 38 ksi respectively. _The
cylinder tests and coupon tests gave average values of fé
= 5563 psi and fy = 36.9 kéie‘=The design calcuasltions were
then revised using rounded off values of fé éVSSOO psi and

fy = 37 ksi and only these revised calculations appear here.
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B. AASHO Design #

1. Convgntiohal design (allowable stress in bottom
flange 18 ksi)
a, -Studs

Qe =330 e
= 330 (0.5)2\5500
6110 1bs.

]

b; Factor of Safety

 _ 2.7 {1+ ome* Opg Cs) - (Ome * Cyi) * Cy

FOSO'
‘ . (1 + Cy)
‘C_S = 15103/705 = l.u8 ,
56.1/1
Cy = Qb6 ke =g 92370
| 20 k.
Opo =28 kiD= g 053 = g
1080 kin
. 6 .
Cmi 0,004 = 0

"~ 1080 kin @ °°

co Q gllowable :

Que -
F.S.
6110

2.7

Q a117

2260 1bs

]

4# reference 1



C. Specimen Desiecn

“
S0

Calculation af'y%

)
p/2 o/2
b 1 b
L]
L}

é.

185
2l;. 5500

= 1.40 in.

) 1.
e = [.0 + 3.0 = L1.40

Mp

2
6.30 in.
T-e
185-6,30

1165 kein.




2. Caleulation of shear flow

Considering the length Lg as a free body and assuming
uniform connector forces ‘

Ls

Spacing 1 (Test 1) 2b = 24"

% , g
Pp = 2, Sp T T/2-12
_ 1165 _ 185
2l 60-12
= 8.5k = 3085 k/in.
| 2b P, PR
Spacing (inches) (k1Ps) i/ine-
1 2l 48.5 3.85
2 36 5.5 LeLi0

3 L6 63,0 5,00



3. Calculation of connector forces

Q = 5° Sp_ (Force per stud)

B-1 (3 studs per row at 5.5 in.)

5.5 3.85

Q‘=

3

= 7,05 k

T = 35.9 ksi (Average Shearing Stress in Stud)

Test 1
Force
_ per stud
Beam (kips)
B=1 7.05
B=‘2 1006
B=3 13.4

T
(ksi)

35.9
5.0

68.0

Test 2
Force
per stud
{kips)

12.1

l5oLl.

T
(ksi)

61.7

78.5

Test 3

‘Force,

per stud T
(kips)  (ksi)
17.5 89.1
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L.

Fatigue Specimen

Max. fiber stress in WF. section’
Magy
_ 30.151.3
M=""9.25
= 625 k"'ino

M

P = —

21

151.3

= 1,60 k/in
q = L:60:5.5
| 3
=294 k '
2.9
0.196
= 15 ksi

= 30 ksi



D - Deflection Calculations

l. Static Deflections
a. Due to Bending

o = 2= (3L° - ba®)

T 2LEI

where
L = 107 - 00"
E = 30 x 103 ksi
I = 151.3 inlt

T1 = 48",
a=4¢T2 - L2"

13 - 37"

b. Due to Shear

by =18 = Fa_
G 24wG
where
A; = 1.8 in® (web area of steel beam)
¢ = 11.5 x 10> ksi |

c.. Total Static Deflection
8 = 8 + &g |
T1 T2 T3
Load (P) . (K) 30 30 1,0

Deflection dut to Bending &g (in.) 0.22}  0.208  0.256

Deflection dut to Shear &g  (in.) 0.034  0.030  0.035

Total Deflection 8y + &4 {in.) 0.258 0.238 0.291
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