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Abstract: The present study investigated the effects of shear slip on the deformation of steel-concrete composite beams. The equivalel
rigidity of composite beams considering three different loading types was first derived based on equilibrium and curvature compatibility,
from which a general formula to account for slip effects was then developed. The predicted results were compared with measurements ¢
six specimens tested in the present study and other available test results for both simply supported and continuous beams. It was found tf
including slip effects has significantly improved the accuracy of prediction. For typical beams used in practice, shear slip in partial
composite beams has a significant contribution to beam deformation. Even for full composite beams, slip effects may result in stiffness
reduction up to 17% for short span beams. However, slip effects are ignored in many design specifications that use transformed sectic
method except that American Institute of Steel Construd#d8C) specifications recommend a calculation procedure in the commentary.

In the AISC procedure, stress and deflection calculations of partially composite girders are based on effective section modulus an
moment of inertia to account for slip, while ignoring slip effects in full composite sections. For full composite sections, the effective
section modulus and moment of inertia calculated with the AISC specifications are larger than that of present study, meaning that the
specifications are not on the conservative side. For partial composite sections, the AISC predictions are more conservative than the prese
study.
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Introduction flection. Even for a full composite design, deflection calculations

Taki dvant f the high tensile st th of steel material ignoring this interface slip will underestimate deflections com-
aKing advantage of the hign tensiie strength of steel ma erlaspared with experimental measuremefishnson 1976 At ser-

and high compressive strgngth_ of concrete mat.erlals, cOmpoSite ;.o load, the actual stiffness of beams with full composite design
steel construction has gained in popularity during the past de-

. ) : is about 85-90 % of their calculated stiffness where slip is ig-
cades: With the development of h|gh-perform_ance st - 3 nored(McGarraugh and Baldwin 19F71The loss in stiffness can
and high-performance concretelPC), composite steel bridges

have been designed to span lengths greater than were previouslge attributed to the fact that the shear connectors are flexible,
: : . : . : : ermitting some slip or loss of interaction between the concrete
impossible with ordinary materials, while reducing the cost of slab andgsteel bear‘; even though their strength is sufficient for
composite bridges by as much as 10%. This gain, however, CouldfuII composite actior(’Grant ot al 9197)7 9
be negated by deflection controlling the design, rather than . . FoE .
strength. Therefore, particular attention has to be paid to the de- In fcu:rerlnbde&gn pr(aj\ctlce, atb”dlg(ta) §tructur<'illl Sy.sterlr.lf.cgnsst-
flection calculation of modern and future composite structures. rlqnogm(l?)insaﬁsn o??r?&?v%ﬁalcc%r:g;:itz Zirollzrgsounavghi?!;]nfhleli)rida;ea
The composite action between steel and concrete depends o | h e -
the performance of shear connectors at their interface. The use ofnlysis and design are conducted. Each composite girder consists
HPS and HPC requires more shear connectors for full composite®f @ steel beam and a portion of concrete slab, effective slab
action. Due to the limitation of the number of shear connectors Width, connected with shear connectors. In the American Associa-
that the top flange can accommodate or for an optimal design, atfz\solfl ‘I'S(;atfggHéghg:zfig?ozranigona%%?n(gmcallér(fgrsow'[i?d .
partial composite design may be selected. A partial composite _ Speciiicauons, no guigelines _proviaed 1
design will result in more shear deformati¢slip) at the steel— calculating the slip-induced deflectlon._ Wh|le American Inst!tute
concrete interface, which, eventually, leads to an additional de- of Steel and Concret@AISC 1993 specifies a reduced effective
moment of inertia to account for slip in partial composite sec-

lprofessor, Dept. of Civil Engineering, Tsinghua Univ., Beijing tions, no reduction is applied to full-composite sections. To pre-

100084, China. serve the benefits using high-performance materials, the accuracy
2Assistant Professor, Dept. of Civil and Environmental Engineering, of these design specifications should be re-examined.
Louisiana State Univ., 3502 CEBA, Baton Rouge, LA 70803. With the development of computational tools and computers,

Note. Associate Editor: Mark D. Bowman. Discussion open until Sep- engineers now commonly use more complicated analysis such as
tember 1, 2003. Separate discussions must be submitted for individualﬁnite element models to analyze the entire structural systems
papers. To extend the closing date by one month, a written request mUSI(Manfredi et al. 1999; Sebastian and McConnel 2000 inves-

be filed with the ASCE Managing Editor. The manuscript for this paper . L
was submitted for review and possible publication on September 27, tigate the effects of the shear transfer characteristics between con-

2001; approved on June 28, 2002. This paper is part ofithenal of crete and steel, the actual shear stiffness of the studs and the
Structural Engineering Vol. 129, No. 4, April 1, 2003. ©ASCE, ISSN friction/bond at the interface can be modeled. One way to model
0733-9445/2003/4-495-506/$18.00. the stud stiffness is to use spring elemdiiszi et al. 2001 The
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y whereV =shear force carried by concreté;=shear force car-

P ried by steel; andP=total load at the mid span.
o S s e R o e The moment equilibrium of the concrete and steel segments
L—x ET gives
g .
L L2 1 L2 dm Ty
1 y + o= Vet -0 dx (4)
(@) Simply-Supported Beam x
dMs TYst
= V. Votdy, =—V+ —+odx 5
3 £ & c;ﬁ»lc Jelcwic dx st 1O ®)
":_LL j ¢ —— geas| Mot Me ; i
/ cd:l o -TK»LN whereM . =moment carried by concret®] ;.=moment carried by
| g ,f/ ‘i° ‘%_WT steel; o=normal stress between steel and concrete interface;
y/ T'ﬁ' 1_; o, Yeo=distance from bottom of concrete to its neutral axis; and
i T . .
) “ ys=distance from top of steel to its neutral axis.
Curvature compatibility between the concrete and steel gives
(b) Strain Distribution (c) Deformation of Finite Length the curvaturep as
Fig. 1. Calculation model for simply supported beam b= Ms — M (6)
ESIS ECIC

where E =elastic modulus of steel;=moment inertia of steel;

. - . . E.=elastic modulus of concrete; ahg=moment inertia of con-
deformation characteristics can be assigned to these spring ele- ¢ o=

ments in both vertical and horizont@hterface sheardirections. crete. . .

The individual studs can also be modeled as beam elements that Solving Eqs.(2)—~(6) yields

will give the shear force of each individual stud. Such analysis dp —0.5P+7d,

will predict more accurate deflection but is not suitable for routine ax - EJTEI- @)

design office use. sisoTec
The main objective of this research is to develop calculation \yhered, =y +vq.

tools for the deflection of composite steel members considering  sirains at the bottom of concrete.{) and top of steeld,) are

the effect of interface slip. The recommended procedure is suit- .5 |culated from the moment and axial force as

able for design office use and is in line with the current code

specifications. While the present study focuses on the regular steel My, C C
and concrete composite beams, the procedure is equally valid for €= El.  EA PV  EA (8)
HPS and HPC composite beams whose deflection predictions are ce e e
critical issues. M oYet

T ED. TEAL dyst EA. ©)
Prediction of Interface Slip whereA =area of concrete; and;=area of steel.

The relative slip strain at the interface is calculated as

For deflection calculation under service load, steel—concrete com-
posite structures are usually modeled elastically since the steel is ds T
in the elastic range and concrete experiences low stress levels. dx ~ €s= €ov €s= Pl E A~ EA-
Elastic analysis is thus used in the present study and it is assumed
that: (1) the shear stress at the interface is proportional to the slip; ~ Derivating with respect tx in Eqg. (10) and then using Egs.
(2) steel girder and concrete flange have the same curvature; and1), (2), and(7) gives the differential equation as
(3) for simplicity, the section is symmetric about its vertical axis. ) )

The assumptioril) gives d’s_ ,._oBP

= a2S—
pT=KS Q)

dx? 2
where p=longitudinal spacing(pitch) of shear studsi=shear

stressK=shear stiffness of shear stud; a8 slip between steel AO:(AS_Ac)/(nA5+A0); I0=_IC/n+ ls; andn=Es/Ec._ )
and concrete. Solving Eq.(11) and using the boundary conditions tHat

For a simply supported beam shown in Fig. 1, equilibrium of =0 atx=0, anddSdx=0 atx=L/2 (where L=span length

(10)

(11)

where a?=K/(AEdop); B=Ad.p/K; A;=Aq/(lo+Ad2);

the finite lengthdx in the horizontal direction gives gives the slip solution for &x=<L/2 as
dC dT ) BP(1+e ob—gxx—al g ax)
dx  dx " 2) - 2(1+e ob) (12)
wheregfgompression in_conc.rete;. aﬁ'dftension in steel. Correspondingly, slip strain solution is
Equilibrium in the vertical direction gives
v V_P 3 _aBP(ef(xX_e(xxfonL) 13
et s o (3 €= 2(1+e °0) (13)
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T 1 Fig. 3. Calculation model for additional moment
(b) Two-point Load
4 pL3 L 1
,4l> RN f1=fert Al =7am T TBP 20~ 2an (21)
f L2 I 2 7 L\ L
(¢) Uniform Load fo=feot Afp=oer 2(§—b> +3b(§—b)(L—b)}
Fig. 2. Load definitions L—2b e @
+BP(T‘m (22)
fa=f Af ——SqL4 L 23
Effect of Slip on Section Rigidity 3= fest As= 3581 TRl Bh~ a2h (23)

whereE| =section rigidity based on transformed section.
The above deflections can be written in terms of effective ri-
gidity B in a format similar to one without slip as

The additional curvature due to slip is calculated as

€cs  €ss  €g

AT TR h a4 pL3
fi1=-o (24)
whereh,=depth of concreteh,=depth of steel; anti=depth of 488,
entire section. p L 3 L
For the case of simply supported beams with a single load fzz—[z(——b +3b ——b)(L—b)} (25)
shown in Fig. 2a), the additional deflection due to slip is then 128, 12 2
calculated from the curvature as 5qL4
f L 1ot "s=38m, (26)
a 1_BP \m—'_ 2ah(l+e°"-) (15) where
Similarly, for two-point load(total load=P) and uniform load El
g shown in Figs. &b and ¢, the additional deflections due to slip Bileg» (27)
are derived, respectively, as :
L—2b eabieaL—ab) & _ (Ei i)
_ 1= (28)
Af, BP( an +2ah(1+e°‘L)) (16) 2 al
- _ a—aL(b/L)
Afy—po oy 2e AL §2=n{ e s } (29)

where Af,=additional deflection due to slip for two-point load; £ =n<1— 4 )/1 25 (30)

Af;=additional deflection due to slip for uniform load; and 3 2 (al)? '

b=distance between loading point and the mid span. h — 24E18/(L2h): d El=E.(l.+A-d%)=E.A-/A
Considering the fact tha¢ " is close to zero sincel is v:vrizzgit;]of transto(rmegI’seitr;on (ot Aotc) =EsholAs

larger than 4 for typical girders as will be discussed latefr, , '

Af,, andAf; in Egs.(15—(17) can be simplified as

L 1
AfﬁBP(m—m) (18) 2 Py BL 4
— —ab)
Af,=B P( %— ;W (19) EI Ela, EI
Afy=B L2 (20) v L L L y
s=PAlBh ™ a2h 1 1 1

The total deflection calculated from elastic deformation and

slip-induced deflection is Fig. 4. Calculation model for continuous beam
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2
Mw S =%y [3+4ﬂ12(3—2/31 )(oq-l)]
c 4 ) A 04 =%%[2(l—/31 P +3a15) (-5, X2-B) )+a1BL (3- )]
k] 1
- %’%—[(l—ﬂ] P28, e By (325, )]
qL* 3_, a4
= 55ag | 54847 -35] Xa1-1)
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Fig. 5. Calculation formulas for side span considering slip effects
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B/d.l B/oq
L—IRigidity =B *

A
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3 2 ;2
=t [MH“” —b—+8ﬂ13(a1-1)]
3 12

X P BB 273
c é} - L] 72/37-'A 6, =%—[“L—”(l+%-%ﬂl +30) )+B3 (3b-2b, +2a )(al—l)]
1 1 6, = %—[%(N%—%ﬂl +36 1+B; (3a-2af, +2bf, )(al—l)]
Mw | = ﬁlg%—[smﬂf(al-l)]
Cé} L ’(:»);A 04 = %’%—’[2+2ﬂ1 (3-35, +B} )(aq—l)]

6, %%r[msz(sﬂl -2ﬂ12>(a1—1)]

4
f = 3%’7;3[5+16ﬂ13(4-3ﬂ1 Xai —1)]

3
%’a’:g[uwf(s—zﬂl Xan —1)]

1A 0A=

HC =-0A

Fig. 6. Calculation formulas for middle span considering slip effects

It can be seen from Eq&28) to (30) that the rigidity reduction

factor is composed of two parts. The first pgris a function of B= E'eﬂ:m (32)
beam geometrical parameters. The second part, denotdd as _ o ) )

=¢, /v, is loading type dependent. It will be seen later tRas and the total deflection considering slip effect is

not very sensitive to load type. For this reason, and considering f=fo(1+§) (33)

the fact that an actual beam usually carries different type of load- ] . .
ing simultaneously, a formula similar to E(0) is proposed for ~ Wheref.=elastic deflection based on transformed section.
general loading as

3 Effect of Slip on Section Modulus
gzn 04_ W) (31)
/ From Fig. 3, the slip-induced strain is linearly distributed across
The generalized equivalent or effective rigidity is the section as
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Table 1. Parameters of Specimens and Material Properties

Specimen SCB-1 SCB-2 SCB-3 SCB-4 CCB-1 CCB-2
Width of concrete flangémm) 500 800 800 800 800 800
Long. reinforcemenA 746 766 12612 16H12 6h12 16p12
Long. reinforcemenB 7$6 746 766 766 766 766
Type of loading two-point two-point one-point one-point  one-point per span one-point per span
Pitch of shear stugmm) 115 (in shear span 115 (in shear span 148 148 148(in outside regiop 148 (in outside regioh
125 (in bending regioh 125 (in bending regioh 115 (in inside region 88 (in inside region
Diameter of shear stu@mm) 19 19 19 19 19 19
Shear stud strengthy, (MPa) 431 431 431 431 431 431
Steel yield strengtti, (MPa) 310 310 310 310 310 310
Reinf. yield strengtH ;, (MPa) 290 290 290 290 290 290
Concrete strengtffi, (MPa) 32 32 32 32 32 32
hs ME e
€= €s (34) Ab=Fr=1 (38)
By usinge for top flange and 0&, for web, the axial force from which we have
variation in the steel section due to slip is Mhé
he T (39)
ANS=F Ese(Ag+0.54,) (35)
Considering Egs(36) and (39) gives
Correspondingly, the moment variation in the section is h.E
s=s
he AM= 6EI ME&(2hAg+hA,) (40)
AM= ﬁESeS(ZhCAfﬁ hA,) (36) _ _ _ _
The internal momentsee Fig. 3 is then derived as
whereAy=area of top flange; and,=area of web. h.E
H i H s=s
Since the total curvaturé is related to theM (whereM is the M,=M-AM=|1- SE| £(2h A+ hA,) IM (41)

section bending moment without considering slip effext
M M(1+§)
"B El

The slip-induced curvature is then interpreted from @&q) as

37)

where M=internal moment without slip; an ,=internal mo-
ment including slip. When there is no slip, thkh,=M. The first
yield momentM ,, considering slip is related to the first yield
momentM, without slip as

(a) Specimens SCB-1 and SCB-2

300 15020

A (Top Long.)
* B (Bottom Long.)
0
N—
L]
Q
Q
N
I ——
(c) Section

1920 - l ) 1920

(b) Specimens SCB-3 and SCB-4

Fig. 7. Specimen dimensiofmm) and loading
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Distance from Center Point (x100 mm)
formulas given in Figs. 5 and 6. The deflection of the continuous
Fig. 8. Distribution of slip along span beam with variable section can also be predicted by other numeri-
cal approaches such as finite element analysis. The deflection is
then modified by multiplying1+§&) to consider the slip effect.

hSES
Mpy=<1—m§(2hcAﬂ+hAw))My (42)

) ) ) . Experimental Verification
Since the slip effect reduces internal resistant momen iy

the stress in the section actually increases due ta\teas Six specimens were tested in the experimental program. The pa-
M-AM =R M rameters of these specimens are summarized in Table 1. As shown

o= S = ( 1+ 6EI E(2h A+ hAW))§ (43) in Fig. 7, two-point loading was used for specimens SCB-1 and

' ' SCB-2; while one-point loading was used for specimens SCB-3

The effective section modulus is thus derived from &®) as and SCB-4. Specimens CCB-1 and CCB-2 are two-span continu-
S ous beams with a span length of 3840 mm for each span. One
Sei= P E ! (44) concentrated load was applied at the center of each span.
1+ ﬁg(Zh A +hAW)) The measured slip distributions under different loading along
6El et the span for a typical speciméBCB-1) are shown in Fig. 8. The
When considering slip effects, Eq&?), (43), and (44) show maximum slips were observed near the ends of beam. The curves

that the actual first yield moment reduces, the internal stress in-Of SlipS at beam end versus loading are shown in Fig. 9. It can be

creases, and section modulus decreases, respectively, as comparg§en that the relationship between load and slip is fairly linear
with the case without slip. when P/P, is less than 0.6, wherB, is the ultimate capacity.

With the increase of loading, the relationship becomes highly
nonlinear. It seems that the pitches of the shear studs have sig-

Application to Continuous Beams nificant effects on the slip by comparing the measured slips of
Many beams in building frames, platforms, and bridges are con- 350
tinuous structures. To increase the net clearances, the ratio of span — Top
length to depth is usually larger than 20. It is important to have g 300
reliable methods in predicting the deflection of these continuous é
structures. Traditionally, the variable section method shown in g 250
Fig. 4 is used. Specifically, only the reinforcement and steel ma- o 0.75
terials are considered in the range®fL near each side of the % 200 0.66
supports and transformed section method is used in other areas. M 0.62
However, based on the comparison with experimental measure- 2 150 ggg
ments of continuous beams that will be discussed later, the pre- o 023
dicted deflection is less than the measured values. The writers g 100 '
believe that by including the slip effect, the accuracy of predicted g
deflection can be significantly improved. 5 50

The calculation can be done by dividing the continuous beam Bottom
into a series of simply supported ones and using the principle of 0 =
superposition to obtain the final results of the continuous beams. 2 -1 0 1 2 3 4 5
For each simply supported beam, the formulas developed earlier Strain (x 0.001)

can be used to calculate the reduced rigidityn each span. Then

the deflections for different load cases can be calculated using the Fig. 10. Strain distribution across section
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Table 2. Comparison of Deflection for Simply Supported Beams

Specimen source Specimen P/Pu f, (mm) fe (Mm) f 2cu (MM) fapp (MM) folf; fapp! Tt
SCB-1 0.69 13 9.6 12.2 12.1 0.74 0.93
Present study SCB-2 0.67 12.6 8.7 11.3 11.3 0.69 0.90
SCB-3 0.57 9.1 6.9 9.4 9.2 0.76 1.01
SCB-4 0.56 9.3 6.6 9.1 8.9 0.71 0.96
CBI-1 0.74 15.2 12.6 16.3 16.3 0.83 1.07
CBI-2 0.76 11.8 9 12 11.9 0.76 1.01
Wang and Nig1992 CBI-3 0.77 7.9 5.8 8.2 8.1 0.73 1.03
CBII-1 0.74 7.8 5.6 7.9 7.7 0.72 0.99
CBII-2 0.72 7.6 51 7.2 7.1 0.67 0.93
CBII-3 0.71 7.1 4.8 6.8 6.7 0.68 0.94
B-1 0.55 4.3 35 4.7 4.6 0.81 1.07
B-2 0.52 3.8 3.2 4.2 4.2 0.84 1.11
B-3 0.58 4.3 35 4.9 4.8 0.81 1.12
Li (1989 B-4 0.53 4.5 3.1 4.7 4.4 0.69 0.98
B-6 0.56 4.3 3.3 4.4 4.4 0.77 1.02
B-7 0.6 3.9 3.1 4.6 4.5 0.79 1.15
BN-1 0.7 4.1 3.1 4.6 4.5 0.76 1.10
BN-2 0.64 4.1 25 3.9 3.5 0.61 0.85
BN-5 0.71 4.2 2.6 3.9 3.7 0.62 0.88
BN-6 0.67 3.7 2.7 4.1 3.9 0.73 1.05
Al 0.54 8.4 7.3 8.8 8.8 0.87 1.05
A2 0.51 8.6 7.2 8.8 8.7 0.84 1.01
A3 0.51 9.2 7.4 9.4 9.3 0.80 1.01
A4 0.44 9 7.3 9.3 9.2 0.81 1.02
Chapman and A5 0.49 9.1 7.1 9.3 9.2 0.78 1.01
Balakrishnan(1964) A6 0.54 10 7.1 9.9 9.7 0.71 0.97
Bl 0.47 9.3 7.1 9.4 9.3 0.76 1.00
C1 0.51 9 7.1 9.4 9.3 0.79 1.03
D1 0.5 8.6 7.2 8.5 8.4 0.84 0.98
E1l 0.44 7.7 7.1 8.1 8 0.92 1.04
F1 0.47 7.9 7.2 9.2 9.1 0.91 1.15
Ul 0.44 11.4 8.9 11.1 111 0.78 0.97
u2 0.44 11.4 8.9 11.4 11.4 0.78 1.00
U3 0.46 11.4 8.8 10.9 10.9 0.77 0.96
ua 0.46 9.4 8.8 11.2 11.2 0.94 1.19
Al 0.69 11.4 8.8 11.9 11.7 0.77 1.03
Davies(1969 A2 0.68 6.4 5.6 7.9 7.7 0.88 1.20
A3 0.67 4.2 3.1 1.7 4.5 0.74 1.07

specimens SCB-1 and SCB-2 with specimens SCB-3 and SCB-4. For continuous beam in Table 3, the section rigidity near the
The slip distribution of a typical specimeiSCB-3 across the supports (0.16 of each side of the suppoyts reduced by con-
section is shown in Fig. 10. The measured ¢éipain discontinu- sidering only the contribution from steel beam and reinforcement.
ity) between the steel and concrete is clearly observed. The deflection is then calculated using the transformed section
The results from the formulas derived earlier are compared method. To consider the slip effects, this deflection is modified
with the test results of the present study and also other availableusing(1+&) and compared with measurements. Again, the proce-
test measurements. Table 2 is for simply supported beams anddure developed in the present study predicts close results to the
Table 3 is for continuous beams. measuremenfcolumn 8, while the transformed section method
In Table 2,P=actual loadingP,=ultimate capacityf,=total ignoring the slip effect underestimates the deflecticolumn 7.
measured deflectiorf,=calculated deflection using transformed
section method without considering slip effe€t, =deflection
calculated with formulas from Egs. (28)—(30); and Comparison with Design Specifications
fapp=approximate deflection calculated using generalized formula
Eq. (31). The specimens in this table include one-point concen- While the slip effect on deflection has been recognized, it is not
trated load, two-point symmetric load, and uniform load. It can be considered in the current AASHT(998 design specifications.
seen that the transformed section method without considering slipin the AISC (1993 commentary, it is recommended that deflec-
effects underpredicts the deflectiécolumn 8. In comparison, tion and stress calculations of partially composite girders be based
the formulas developed in this study predict very close results to on the so-called effective moment of inertia and effective section
the measurementgsolumn 9. modulus to account for slip effects as

502 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / APRIL 2003



Table 3. Comparison of Deflection for Continuous Beams

Specimen source Specimen P/Pu fi (mm) fe (Mm) fapp (MM) folf; fapp! Tt
CCB-1 0.72 5.5 4.2 6.2 0.76 1.13
Present study CCB-2 0.71 5.6 4.0 5.8 0.70 1.03
CCB-1 0.72 6.5 5.2 7.7 0.80 1.18
Newmark et al(1951) CCB-2 0.72 6.6 4.7 7.0 0.71 1.06
CCB-3 0.75 6.9 4.5 6.6 0.64 0.96
L-3 0.7 5.8 4.1 5.6 0.70 0.96
Zhu (1989 L-4 0.69 6.3 4.3 5.6 0.69 0.89
Ansourian(1981) CTB1 0.75 9.1 7.1 9.0 0.78 0.99
CTB2 0.71 8.1 6.3 7.4 0.77 0.91
CTB3 0.72 7.9 6.0 7.5 0.76 0.95
CTB4 0.71 8.8 6.1 7.7 0.69 0.88
CTB5 0.71 6.6 4.8 6.5 0.73 0.99
CTB6 0.72 5.9 4.8 6.2 0.82 1.05
CB10 0.71 6.7 4.9 6.1 0.72 0.91
Hope-Gill CB11 0.73 14.5 7.8 13.3 0.54 0.92
and Johnsori1976 CB12 0.69 151 12.8 14.6 0.85 0.97
L=l s+ VEQn/Ci(1y—1) (45) formed section assuming full composite and uncracked section;

S.s=effective section modulus of composite secti®y+=section
modulus of steel beam; arf§)=section modulus of transformed
Seff=Ss+ V2 Qn/C(Sy—Ss) (46) section assuming full composite and uncracked section.

A realistic comparison between present study and the code
where | s=effective moment of inertia of composite section; specifications should be based on typical dimensions used in prac-
Is=moment of inertia of steel beark;Q,,=total shear strength of  tice. For this reason, composite beams for different lengths are
shear connectors provide@;=compression force in concrete proportioned considering dead load and HS20 truckload. It is
slab of full composite section;,=moment of inertia of trans-  noted that though the beams were designed with the HS20 load,

Table 4. Dimensions and Parameters of Beams

Span length  t,, d,, tiop brop oot Boot Full Composite k,=1)  50% CompositeK,=0.5)  25% Compositek(,=0.25)

(m) (mm)  (MmMm (Mmm) (Mmm (mm) (mm) al £ al £ al S

9.14 3.8 326.6 254 116.7 254 1875 8.16 0.20 5.77 0.35 4.08 0.50
10.67 4.4 381.0 254 116.7 254 2283 9.37 0.18 6.63 0.33 4.69 0.53
12.19 5.1 4354 254 116.7 254 285.1 10.81 0.17 7.65 0.31 5.41 0.54
13.72 5.7 4899 254 116.7 254 2814 11.52 0.15 8.14 0.28 5.76 0.49
15.24 6.3 544.3 254 116.7 25.4 3285 12.72 0.14 9.00 0.26 6.36 0.47
16.76 7.0 598.7 254 116.7 254 339.4 13.48 0.12 9.53 0.24 6.74 0.43
18.29 7.6 653.1 254 116.7 254 351.7 14.20 0.11 10.04 0.22 7.10 0.40
19.81 8.2 7076 254 116.7 25.4 360.3 14.85 0.10 10.50 0.20 7.43 0.37
21.34 8.9 762.0 25.4 116.7 25.4 359.6 15.38 0.09 10.87 0.18 7.69 0.34
22.86 9.5 816.4 25.4 116.7 25.4 368.8 15.97 0.09 11.29 0.17 7.99 0.32
24.38 10.1 870.9 254 116.7 254 362.9 16.41 0.08 11.60 0.15 8.20 0.29
2591 10.8 925.3 254 116.7 254 354.8 16.81 0.07 11.89 0.14 8.41 0.27
27.43 11.4 979.7 254 116.7 254 351.6 17.26 0.07 12.20 0.13 8.63 0.25
28.96 12.0 1034.1 254 116.7 254 347.2 17.68 0.06 12.50 0.12 8.84 0.23
30.48 12.7 1088.6 254 116.7 254 334.1 18.04 0.06 12.75 0.11 9.02 0.22
32.00 13.3 1143.0 254 116.7 254 319.7 18.39 0.05 13.00 0.11 9.19 0.20
33.53 139 11974 254 116.7 254 312.0 18.79 0.05 13.29 0.10 9.39 0.19
35.05 146 12519 254 116.7 254 2955 19.14 0.05 13.53 0.09 9.57 0.18
36.58 15.2 1306.3 254 116.7 254 269.8 19.43 0.04 13.74 0.09 9.72 0.17
38.10 15.8 1360.7 254 116.7 254 2515 19.79 0.04 13.99 0.08 9.89 0.15
39.62 16.5 14151 254 116.7 254 2325 20.15 0.04 14.25 0.08 10.08 0.15
41.15 17.1 1469.6 254 116.7 254 213.1 20.52 0.04 14.51 0.07 10.26 0.14
42.67 17.7 15240 254 116.7 254 1935 20.91 0.03 14.78 0.07 10.45 0.13
44.20 18.4 15784 254 116.7 254 164.0 21.26 0.03 15.03 0.06 10.63 0.12
45.72 19.0 16329 254 116.7 254 1339 21.63 0.03 15.29 0.06 10.81 0.11
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Fig. 11. Effect of load type org (k,=0.5)

calculated based on the slenderness requirement of the specifica-
tions. Finally, the bottom flange width is calculated by equating
the member capacity to the load effect, ieM,=M,.

The proportioned beam dimensions are summarized in Table 4
with span length from 9.1 to 45.7 m. According to Nie and Shen
(1997, the effect of slip on ultimate strength of composite beam
can be ignored. The strength reduction due to the effect of slip is
thus not considered in the present strength design. However, for
the stiffness calculation, different degree of composite action is
considered and indicated by a paramekg+2Q,/C;. Thek,
value of 1.0, 0.5, and 0.25 represents full composite action, 50%
composite action, and 25% composite action, respectively. The
shear stud pitcip is calculated from the parametkf and p; as

1 1 0.5.nQ,
= 47
e (47)
whereng=number of shear studs per row across the flange; and
ps=stud pitch required for full composite action.
It can be seen from Table 4 that is at least 4.0 even in the

discussions were conducted on the AISC specifications sinceextreme case wittk,=0.25, which verifies the assumption of
AASHTO specifications do not consider the slip effects.

The following typical data are assumed in the calculations:
concrete strengthf/=34.5 MPa (5,000 psj, concrete elastic
modulus E.=28,000 MPa(4,030,000 psi steel yield strength
f,=345 MPa (50,000 ps), steel elastic modulugs=200,000
MPa (29,000,000 p3j girder spacing,= 2,440 mm(96 in), slab
thicknesst;=200 mm(8 in.), the steel web depth to span length
(dy/L)=1/28; steel top and bottom flange thicknessgsand

e *t=0. The comparison of the generalizédnd their original
form for different load types is plotted in Fig. 11. It can be seen
that all the¢ values fall within a narrow band with the generalized
one approximately in the middle, meaning the generalization
should not result in a significant error for different load types.
This, along with the reason that actual beams carry different type
of loads, justifies the generalization §imade earlier.

In Table 5, the effective modulus and moment of inertia from

tpor=25 mm (1 in.); and web thickness and top flange width are formulas Eqs(32) and(44), normalized by their values based on

Table 5. Comparison between Present Study and American Institute of Steel Construction Specification

Full Composite k,=1)

50% CompositeK,=0.5)

25% Compositek,=0.25)

Span length  Present  AISC Present  AISC Present  AISC Present  AISC Present  AISC Present  AISC

(m) Seff/Str Seff/S[r Ieff/Itr Ieff/Itr Seff/S[r Seff/Str Ieff/Itr Ieff/Itr Seff/Sr Seff/Sr Ieff/ltr Ieff/Itr

9.14 0.98 1.00 0.83 1.00 0.97 0.87 0.74 0.76 0.96 0.77 0.67 0.59
10.67 0.98 1.00 0.84 1.00 0.97 0.88 0.75 0.76 0.96 0.79 0.65 0.59
12.19 0.99 1.00 0.86 1.00 0.97 0.89 0.76 0.76 0.96 0.82 0.65 0.59
13.72 0.99 1.00 0.87 1.00 0.97 0.90 0.78 0.77 0.96 0.83 0.67 0.60
15.24 0.99 1.00 0.88 1.00 0.98 0.91 0.79 0.77 0.96 0.84 0.68 0.60
16.76 0.99 1.00 0.89 1.00 0.98 0.91 0.81 0.77 0.96 0.84 0.70 0.61
18.29 0.99 1.00 0.90 1.00 0.98 0.91 0.82 0.77 0.96 0.85 0.71 0.61
19.81 0.99 1.00 0.91 1.00 0.98 0.91 0.83 0.77 0.96 0.85 0.73 0.61
21.34 0.99 1.00 0.91 1.00 0.98 0.91 0.85 0.78 0.96 0.85 0.75 0.62
22.86 0.99 1.00 0.92 1.00 0.98 0.91 0.86 0.78 0.96 0.85 0.76 0.62
24.38 0.99 1.00 0.93 1.00 0.98 0.91 0.87 0.78 0.96 0.85 0.77 0.62
2591 0.99 1.00 0.93 1.00 0.98 0.91 0.87 0.78 0.95 0.85 0.79 0.63
27.43 0.99 1.00 0.94 1.00 0.98 0.91 0.88 0.78 0.95 0.84 0.80 0.63
28.96 0.99 1.00 0.94 1.00 0.97 0.91 0.89 0.79 0.95 0.84 0.81 0.63
30.48 0.99 1.00 0.94 1.00 0.97 0.91 0.90 0.79 0.95 0.84 0.82 0.64
32.00 0.99 1.00 0.95 1.00 0.97 0.90 0.90 0.79 0.95 0.83 0.83 0.64
33.53 0.99 1.00 0.95 1.00 0.97 0.90 0.91 0.79 0.95 0.83 0.84 0.65
35.05 0.99 1.00 0.95 1.00 0.97 0.90 0.92 0.79 0.95 0.83 0.85 0.65
36.58 0.99 1.00 0.96 1.00 0.97 0.90 0.92 0.80 0.95 0.82 0.86 0.65
38.10 0.99 1.00 0.96 1.00 0.97 0.89 0.93 0.80 0.95 0.82 0.87 0.66
39.62 0.99 1.00 0.96 1.00 0.97 0.89 0.93 0.80 0.95 0.81 0.87 0.66
41.15 0.99 1.00 0.97 1.00 0.97 0.89 0.93 0.80 0.95 0.81 0.88 0.66
42.67 0.99 1.00 0.97 1.00 0.97 0.89 0.94 0.80 0.95 0.81 0.89 0.66
44.20 0.99 1.00 0.97 1.00 0.97 0.88 0.94 0.80 0.95 0.80 0.89 0.67
45.72 0.99 1.00 0.97 1.00 0.97 0.88 0.94 0.81 0.95 0.79 0.90 0.67
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transformed section, are compared with that from E4S) and much appreciated. The second writer was partially supported by
(46), the AISC formulas. It can be seen that even for the full the Faculty Development Award, Kansas State Univ. The very
composite section, the present study predicts a reduction up to 2%constructive comments from the reviewers are very much appre-
(column 2 for section modulus and a reduction ranging from 3% ciated.

to 17% (column 4 for moment of inertia. In comparison, the
AISC code specifications do not consider the reduction due to slip

(columns 3 and b meaning that the AISC is on the unconserva- Notation

tive side for the full composite section.
For 50% composite, the present study predicts up to(88k

umn 6 and 26%(column 8§ reduction in section modulus and A,
moment of inertia, respectively, compared with up to 18%l- Ay
umn 7 and 24%(column 9 for AISC specifications. For 25% Aq
composite, the present study predicts up to @flumn 10 and A,
33% (column 12 reduction in section modulus and moment of Ao
inertia, respectively, compared with up to 23%olumn 12 and A,

41% (column 13 for AISC specifications. Generally, the AISC b
specifications are more conservative than the present study for the ¢

partial composite section. C;
de
Summary and Conclusions d,,
Ec

The equivalent rigidity of beams considering three different load- Eg
ing types was derived based on equilibrium and curvature com- E|
patibility, on which a general formula to account for slip effects
was developed. The results were then compared with available f/
test results for both simply supported and continuous beams. In-f
cluding slip effects has significantly improved the accuracy of
deflection predictions. The test results justify the assumptions f
made in the present study.

According to the present study for typical beams used in prac- f,
tice (for span ranging from 9.1 to 45.7)pshear slip between the

acc

interface of steel and concrete in partial composite beam has a f, =

considerable contribution to the beam deformation. Even for full fy
composite beams, slip effects may result in stiffness reduction up h
to 17% for short span beams. In general, the slip effect on section h,
modulus is less than that on moment of inertia. hg

The slip effects are ignored in many design specifications that |
use transformed section method. In the commentary of AISC |
specificationg AISC 1993, stress and deflection calculations of |

partially composite girders are based on effective section modulus |, =

and effective moment of inertia to account for slip, while ignoring
slip effects in full composite sections. Therefore, for full compos-

lo
K

ite sections, the predicted effective section modulus and moment k, =

of inertia with AISC design specifications are unconservative M

compared with the present study. For partial composite section,M_ =
the AISC predictions are more conservative than the presentM , =

study. M
Deflection is a control parameter in modern bridge designs that M

use high strength steel and high strength concrete. While under-|\/|y =

estimated deflection may result in serviceability problem, an over- n

estimated deflection would result in a rejection of a design, which n, =

would have adverse financial effects on the project. Therefore, p

accurate prediction of deflection in a reasonable effort becomesp, =

increasingly important in modern bridge design. P
Ps

S
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The following symbols are used in this paper:

area of concrete;

area of top flange;

area of steel;

area of web;

(AA) (NAs+AL);

Aol (lo+Agd?);

distance between loading point and mid span;
compression in concrete;

compression force in concrete slab of full composite
section;

be+ Ysts

steel web depth;

elastic modulus of concrete;

elastic modulus of steel;

Eo(l o+ Agd?) =EsA, /A, =rigidity of transformed
section;

concrete strength;

deflection calculated with formulas from Eq8) to
(30);

approximate deflection calculated using generalized
formula Eq.(31);

deflection using transformed section method without
considering slip;

total measured deflection;

steel yield strength;

depth of entire section;

depth of concrete;

depth of steel;

moment inertia of concrete;

effective moment of inertia of composite section;
moment of inertia of steel beam;

moment of inertia of transformed section;

= l./n+lg;

shear stiffness of shear stud;

parameter for degree of composite action;
internal moment without slip;

moment carried by concrete;

internal moment including slip;

first yield moment considering slip;

moment carried by steel;

first yield moment without slip;

Es/E.;

number of shear studs per row across flange;
total load at mid span;

ultimate capacity;

longitudinal spacindpitch) of shear studs;
shear stud spacing for full composite action;
slip between steel and concrete;

effective section modulus of composite section;
girder spacing;

section modulus of steel beam;

section modulus of transformed section;
tension in steel;

thickness of bottom flange;
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ts = slab thickness;
tp = thicknesses of top flange;
V. = shear force carried by concrete;
V¢ = shear force carried by steel,
Yoo = distance from bottom of concrete to its neutral axis;
vy = distance from top of steel to its neutral axis;
VM = moment variation in section due to slip;
a® = K/(AEdop);
B = Adcp/K;
€q, = Strain at bottom of concrete;
€. = slip strain at bottom of concrete;
€ss = Slip strain at top of steel;
€y = strain at top of steel;
m = 24E1B/(L?h);
¢ = parameter for slip effect;
o = normal stress between steel and concrete interface;
3 Q= total shear strength of shear connectors provided; and

T = shear stress.
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