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Steel–Concrete Composite Beams Considering Shear
Slip Effects

Jianguo Nie1 and C. S. Cai, P.E., M.ASCE2

Abstract: The present study investigated the effects of shear slip on the deformation of steel–concrete composite beams. The
rigidity of composite beams considering three different loading types was first derived based on equilibrium and curvature com
from which a general formula to account for slip effects was then developed. The predicted results were compared with measur
six specimens tested in the present study and other available test results for both simply supported and continuous beams. It wa
including slip effects has significantly improved the accuracy of prediction. For typical beams used in practice, shear slip i
composite beams has a significant contribution to beam deformation. Even for full composite beams, slip effects may result in
reduction up to 17% for short span beams. However, slip effects are ignored in many design specifications that use transform
method except that American Institute of Steel Construction~AISC! specifications recommend a calculation procedure in the commen
In the AISC procedure, stress and deflection calculations of partially composite girders are based on effective section mo
moment of inertia to account for slip, while ignoring slip effects in full composite sections. For full composite sections, the e
section modulus and moment of inertia calculated with the AISC specifications are larger than that of present study, meanin
specifications are not on the conservative side. For partial composite sections, the AISC predictions are more conservative than
study.

DOI: 10.1061/~ASCE!0733-9445~2003!129:4~495!

CE Database subject headings: Composite beams; Slip; Deformation.
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Introduction

Taking advantage of the high tensile strength of steel materia
and high compressive strength of concrete materials, compos
steel construction has gained in popularity during the past d
cades. With the development of high-performance steels~HPSs!
and high-performance concrete~HPC!, composite steel bridges
have been designed to span lengths greater than were previou
impossible with ordinary materials, while reducing the cost o
composite bridges by as much as 10%. This gain, however, co
be negated by deflection controlling the design, rather tha
strength. Therefore, particular attention has to be paid to the d
flection calculation of modern and future composite structures.

The composite action between steel and concrete depends
the performance of shear connectors at their interface. The use
HPS and HPC requires more shear connectors for full compos
action. Due to the limitation of the number of shear connecto
that the top flange can accommodate or for an optimal design
partial composite design may be selected. A partial compos
design will result in more shear deformation~slip! at the steel–
concrete interface, which, eventually, leads to an additional d
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flection. Even for a full composite design, deflection calculation
ignoring this interface slip will underestimate deflections com
pared with experimental measurements~Johnson 1975!. At ser-
vice load, the actual stiffness of beams with full composite desi
is about 85–90 % of their calculated stiffness where slip is i
nored~McGarraugh and Baldwin 1971!. The loss in stiffness can
be attributed to the fact that the shear connectors are flexib
permitting some slip or loss of interaction between the concre
slab and steel beam, even though their strength is sufficient
full composite action~Grant et al. 1977!.

In current design practice, a bridge structural system consi
ing of steel beams and concrete slab is usually simplified as
combination of individual composite girders on which the bridg
analysis and design are conducted. Each composite girder cons
of a steel beam and a portion of concrete slab, effective sl
width, connected with shear connectors. In the American Assoc
tion of State Highway and Transportation Officials~AASHTO!
~AASHTO 1998! specifications, no guidelines are provided in
calculating the slip-induced deflection. While American Institut
of Steel and Concrete~AISC 1993! specifies a reduced effective
moment of inertia to account for slip in partial composite se
tions, no reduction is applied to full-composite sections. To pr
serve the benefits using high-performance materials, the accur
of these design specifications should be re-examined.

With the development of computational tools and computer
engineers now commonly use more complicated analysis such
finite element models to analyze the entire structural syste
~Manfredi et al. 1999; Sebastian and McConnel 2000!. To inves-
tigate the effects of the shear transfer characteristics between c
crete and steel, the actual shear stiffness of the studs and
friction/bond at the interface can be modeled. One way to mod
the stud stiffness is to use spring elements~Dezi et al. 2001!. The

l
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Fig. 1. Calculation model for simply supported beam
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whereVc5shear force carried by concrete;Vs5shear force car-
ried by steel; andP5total load at the mid span.

The moment equilibrium of the concrete and steel segmen
gives

dMc

dx
52Vc1

tycb

2
2s dx (4)

dMs

dx
52Vs1

tyst

2
1s dx (5)

whereMc5moment carried by concrete;Ms5moment carried by
steel; s5normal stress between steel and concrete interfac
ycb5distance from bottom of concrete to its neutral axis; an
yst5distance from top of steel to its neutral axis.

Curvature compatibility between the concrete and steel give
the curvaturef as

f5
Ms

EsI s
5

Mc

EcI c
(6)

whereEs5elastic modulus of steel;I s5moment inertia of steel;
Ec5elastic modulus of concrete; andI c5moment inertia of con-
crete.

Solving Eqs.~2!–~6! yields

df

dx
5

20.5P1tdc

EsI s1EcI c
(7)

wheredc5ycb1yst .
Strains at the bottom of concrete (ecb) and top of steel (est) are

calculated from the moment and axial force as

ecb5
Mcycb

EcI c
2

C

EcAc
5fycb2

C

EcAc
(8)

est52
Msyst

EsI s
1

T

EsAs
52fyst1

T

EsAs
(9)

whereAc5area of concrete; andAs5area of steel.
The relative slip strain at the interface is calculated as

ds

dx
5es5ecb2est5fdc2

T

EsAs
2

C

EcAc
(10)

Derivating with respect tox in Eq. ~10! and then using Eqs.
~1!, ~2!, and~7! gives the differential equation as

d2S

dx2 5a2S2
a2bP

2
(11)

where a25K/(A1EsI 0p); b5A1dcp/K; A15A0 /(I 01A0dc
2);

A05(AsAc)/(nAs1Ac); I 05I c /n1I s ; andn5Es /Ec .
Solving Eq. ~11! and using the boundary conditions thatS

50 at x50, and dS/dx50 at x5L/2 ~where L5span length!
gives the slip solution for 0<x<L/2 as

S5
bP~11e2aL2eax2aL2e2ax!

2~11e2aL!
(12)

Correspondingly, slip strain solution is

es5
abP~e2ax2eax2aL!

2~11e2aL!
(13)
deformation characteristics can be assigned to these spring
ments in both vertical and horizontal~interface shear! directions.
The individual studs can also be modeled as beam elements
will give the shear force of each individual stud. Such analys
will predict more accurate deflection but is not suitable for routin
design office use.

The main objective of this research is to develop calculatio
tools for the deflection of composite steel members consideri
the effect of interface slip. The recommended procedure is su
able for design office use and is in line with the current cod
specifications. While the present study focuses on the regular s
and concrete composite beams, the procedure is equally valid
HPS and HPC composite beams whose deflection predictions
critical issues.

Prediction of Interface Slip

For deflection calculation under service load, steel–concrete co
posite structures are usually modeled elastically since the stee
in the elastic range and concrete experiences low stress lev
Elastic analysis is thus used in the present study and it is assum
that: ~1! the shear stress at the interface is proportional to the sl
~2! steel girder and concrete flange have the same curvature;
~3! for simplicity, the section is symmetric about its vertical axis

The assumption~1! gives

pt5KS (1)

where p5longitudinal spacing~pitch! of shear studs;t5shear
stress;K5shear stiffness of shear stud; andS5slip between steel
and concrete.

For a simply supported beam shown in Fig. 1, equilibrium o
the finite lengthdx in the horizontal direction gives

dC

dx
5

dT

dx
52t (2)

whereC5compression in concrete; andT5tension in steel.
Equilibrium in the vertical direction gives

Vc1Vs5
P

2
(3)



Fig. 2. Load definitions
d
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f 15 f e11D f 15
PL3

48EI
1bPS L

4h
2

1

2ahD (21)

f 25 f e21D f 25
P

12EI F2S L

2
2bD 3

13bS L

2
2bD ~L2b!G

1bPS L22b

4h
2

e2ab

2ah D (22)

f 35 f e31D f 35
5qL4

384EI
1bqS L2

8h
2

2

a2hD (23)

whereEI5section 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

f 15
PL3

48B1
(24)

f 25
P

12B2
F2S L

2
2bD 3

13bS L

2
2bD ~L2b!G (25)

f 35
5qL4

384B3
(26)

where

Bi5
EI

11j i
(27)

j15hS 1

2
2

1

aL D (28)

j25hF 0.52b/L2e2aL~b/L !/~aL !

4~2~0.52b/L !313~0.52b/L !~12b/L !b/L !G (29)

j35hS 1

2
2

4

~aL !2DY1.25 (30)

where h524EIb/(L2h); and EI5Es(I 01A0dc
2)5EsA0 /A1

5rigidity of transformed section.

Fig. 3. Calculation model for additional moment
Effect of Slip on Section Rigidity

The additional curvature due to slip is calculated as

Df5
ecs

hc
5

ess

hs
5

es

h
(14)

wherehc5depth of concrete;hs5depth of steel; andh5depth of
entire section.

For the case of simply supported beams with a single loa
shown in Fig. 2~a!, the additional deflection due to slip is then
calculated from the curvature as

D f 15bPS L

4h
1

12aL

2ah~11eaL! D (15)

Similarly, for two-point load~total load5P! and uniform load
q shown in Figs. 2~b and c!, the additional deflections due to slip
are derived, respectively, as

D f 25bPS L22b

4h
1

eab2eaL2ab)

2ah~11eaL! D (16)

D f 35bqS L2

8h
1

2e~aL !/2212eaL

a2h~11eaL! D (17)

whereD f 25additional deflection due to slip for two-point load;
D f 35additional deflection due to slip for uniform load; and
b5distance between loading point and the mid span.

Considering the fact thate2aL is close to zero sinceaL is
larger than 4 for typical girders as will be discussed later,D f 1 ,
D f 2 , andD f 3 in Eqs.~15!–~17! can be simplified as

D f 15bPS L

4h
2

1

2ahD (18)

D f 25bPS L22b

4h
2

e2ab

2ah D (19)

D f 35bqS L2

8h
2

2

a2hD (20)

The total deflection calculated from elastic deformation and
slip-induced deflection is
 Fig. 4. Calculation model for continuous beam
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Fig. 5. Calculation formulas for side span considering slip effects
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Fig. 6. Calculation formulas for middle span considering slip effects
s

n

s

It can be seen from Eqs.~28! to ~30! that the rigidity reduction
factor is composed of two parts. The first parth is a function of
beam geometrical parameters. The second part, denoted aF
5j i /h, is loading type dependent. It will be seen later thatF is
not very sensitive to load type. For this reason, and consideri
the fact that an actual beam usually carries different type of loa
ing simultaneously, a formula similar to Eq.~30! is proposed for
general loading as

j5hS 0.42
3

~aL !2D (31)

The generalized equivalent or effective rigidity is
JO
g
d-

B5EIeff5
EI

11j
(32)

and the total deflection considering slip effect is

f 5 f e~11j! (33)

where f e5elastic deflection based on transformed section.

Effect of Slip on Section Modulus

From Fig. 3, the slip-induced strain is linearly distributed acros
the section as
URNAL OF STRUCTURAL ENGINEERING © ASCE / APRIL 2003 / 499
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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 flange~mm! 500 800 800 800 800 800

Long. reinforcementA 7f6 7f6 12f12 16f12 6f12 16f12

Long. reinforcementB 7f6 7f6 7f6 7f6 7f6 7f6

Type of loading two-point two-point one-point one-point one-point per span one-point per spa
Pitch of shear stud~mm! 115 ~in shear span! 115 ~in shear span! 148 148 148~in outside region! 148 ~in outside region!

125 ~in bending region! 125 ~in bending region! 115 ~in inside region! 88 ~in inside region!
Diameter of shear stud~mm! 19 19 19 19 19 19

Shear stud strengthf su~MPa) 431 431 431 431 431 431

Steel yield strengthf y (MPa) 310 310 310 310 310 310

Reinf. yield strengthf ry (MPa) 290 290 290 290 290 290

Concrete strengthf cu ~MPa) 32 32 32 32 32 32
ess5
hs

h
es (34)

By usingess for top flange and 0.5ess for web, the axial force
variation in the steel section due to slip is

DNs5
hs

h
Eses~Aft10.5Aw! (35)

Correspondingly, the moment variation in the section is

DM5
hs

6h
Eses~2hcAft1hAw! (36)

whereAft5area of top flange; andAw5area of web.
Since the total curvaturef is related to theM ~whereM is the

section bending moment without considering slip effect! as

f5
M

B
5

M ~11j!

EI
(37)

The slip-induced curvature is then interpreted from Eq.~37! as
Fig. 7. Specimen dimension~mm! and loading
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Df5
Mj

EI
5

es

h
(38)

from which we have

es5
Mhj

EI
(39)

Considering Eqs.~36! and ~39! gives

DM5
hsEs

6EI
Mj~2hcAft1hAw! (40)

The internal moment~see Fig. 3! is then derived as

M p5M2DM5S 12
hsEs

6EI
j~2hcAft1hAw! D M (41)

where M5internal moment without slip; andM p5internal mo-
ment including slip. When there is no slip, thenM p5M . The first
yield momentM py considering slip is related to the first yield
momentM y without slip as
3
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formulas given in Figs. 5 and 6. The deflection of the continuou
beam with variable section can also be predicted by other nume
cal approaches such as finite element analysis. The deflection
then modified by multiplying~11j! to consider the slip effect.

Experimental Verification

Six specimens were tested in the experimental program. The p
rameters of these specimens are summarized in Table 1. As sho
in Fig. 7, two-point loading was used for specimens SCB-1 an
SCB-2; while one-point loading was used for specimens SCB-
and SCB-4. Specimens CCB-1 and CCB-2 are two-span contin
ous beams with a span length of 3840 mm for each span. O
concentrated load was applied at the center of each span.

The measured slip distributions under different loading alon
the span for a typical specimen~SCB-1! are shown in Fig. 8. The
maximum slips were observed near the ends of beam. The curv
of slips at beam end versus loading are shown in Fig. 9. It can b
seen that the relationship between load and slip is fairly linea
when P/Pu is less than 0.6, wherePu is the ultimate capacity.
With the increase of loading, the relationship becomes highl
nonlinear. It seems that the pitches of the shear studs have s
nificant effects on the slip by comparing the measured slips o

Fig. 9. Beam end slip versus load
-
a

s

-

r

M py5S 12
hsEs

6EI
j~2hcAft1hAw! D M y (42)

Since the slip effect reduces internal resistant moment byDM ,
the stress in the section actually increases due to theDM as

s5
M1DM

Str
5S 11

hsEs

6EI
j~2hcAft1hAw! D M

Str
(43)

The effective section modulus is thus derived from Eq.~43! as

Seff5
Str

S 11
hsEs

6EI
j~2hcAf t1hAw! D (44)

When considering slip effects, Eqs.~42!, ~43!, and~44! show
that the actual first yield moment reduces, the internal stress
creases, and section modulus decreases, respectively, as comp
with the case without slip.

Application to Continuous Beams

Many beams in building frames, platforms, and bridges are co
tinuous structures. To increase the net clearances, the ratio of s
length to depth is usually larger than 20. It is important to hav
reliable methods in predicting the deflection of these continuo
structures. Traditionally, the variable section method shown
Fig. 4 is used. Specifically, only the reinforcement and steel m
terials are considered in the range ofb1L near each side of the
supports and transformed section method is used in other are
However, based on the comparison with experimental measu
ments of continuous beams that will be discussed later, the p
dicted deflection is less than the measured values. The writ
believe that by including the slip effect, the accuracy of predicte
deflection can be significantly improved.

The calculation can be done by dividing the continuous bea
into a series of simply supported ones and using the principle
superposition to obtain the final results of the continuous beam
For each simply supported beam, the formulas developed ear
can be used to calculate the reduced rigidityB in each span. Then
the deflections for different load cases can be calculated using
U

n

s.
-
-
s

f
.
r

e Fig. 10. Strain distribution across section
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specimens SCB-1 and SCB-2 with specimens SCB-3 and SCB-4.
The slip distribution of a typical specimen~SCB-3! across the
section is shown in Fig. 10. The measured slip~strain discontinu-
ity! between the steel and concrete is clearly observed.

The results from the formulas derived earlier are compared
with the test results of the present study and also other available
test measurements. Table 2 is for simply supported beams and
Table 3 is for continuous beams.

In Table 2,P5actual loading;Pu5ultimate capacity;f t5total
measured deflection;f e5calculated deflection using transformed
section method without considering slip effect;f acu5deflection
calculated with formulas from Eqs. ~28!–~30!; and
f app5approximate deflection calculated using generalized formula
Eq. ~31!. The specimens in this table include one-point concen-
trated load, two-point symmetric load, and uniform load. It can be
seen that the transformed section method without considering slip
effects underpredicts the deflection~column 8!. In comparison,
the formulas developed in this study predict very close results to
the measurements~column 9!.

For continuous beam in Table 3, the section rigidity near
supports (0.15L of each side of the supports! is reduced by con-
sidering only the contribution from steel beam and reinforcem
The deflection is then calculated using the transformed sec
method. To consider the slip effects, this deflection is modi
using~11j! and compared with measurements. Again, the pro
dure developed in the present study predicts close results t
measurement~column 8!, while the transformed section metho
ignoring the slip effect underestimates the deflection~column 7!.

Comparison with Design Specifications

While the slip effect on deflection has been recognized, it is
considered in the current AASHTO~1998! design specifications
In the AISC ~1993! commentary, it is recommended that defle
tion and stress calculations of partially composite girders be b
on the so-called effective moment of inertia and effective sec
modulus to account for slip effects as

Table 2. Comparison of Deflection for Simply Supported Beams

Specimen source Specimen P/Pu ft ~mm! f e ~mm! f acu ~mm! f app ~mm! f e / f t f app/ f t

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.

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 Nie~1992! 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 5.1 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 3.5 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 3.5 4.9 4.8 0.81 1.12

Li ~1984! 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 2.5 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

A1 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
Balakrishnan~1964!

A5
A6

0.49
0.54

9.1
10

7.1
7.1

9.3
9.9

9.2
9.7

0.78
0.71

1.01
0.97

B1 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
E1 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
U1 0.44 11.4 8.9 11.1 11.1 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
U4 0.46 9.4 8.8 11.2 11.2 0.94 1.19

A1 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
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Table 3. Comparison of Deflection for Continuous Beams

Specimen source Specimen P/Pu ft ~mm! f e ~mm! f app ~mm! f e / f t f app/ f t

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
and Johnson~1976!

CB11
CB12

0.73
0.69

14.5
15.1

7.8
12.8

13.3
14.6

0.54
0.85

0.92
0.97
on;

de
rac-
are
is
ad,

JO
formed section assuming full composite and uncracked secti
Seff5effective section modulus of composite section;Ss5section
modulus of steel beam; andStr5section modulus of transformed
section assuming full composite and uncracked section.

A realistic comparison between present study and the co
specifications should be based on typical dimensions used in p
tice. For this reason, composite beams for different lengths
proportioned considering dead load and HS20 truckload. It
noted that though the beams were designed with the HS20 lo
Table 4. Dimensions and Parameters of Beams

Span length
~m!

tw

~mm!
dw

~mm!
t top

~mm!
btop

~mm!
tbot

~mm!
bbot

~mm!

Full Composite (kp51) 50% Composite (kp50.5) 25% Composite (kp50.25)

aL j aL j aL j

9.14 3.8 326.6 25.4 116.7 25.4 187.5 8.16 0.20 5.77 0.35 4.08 0.50
10.67 4.4 381.0 25.4 116.7 25.4 228.3 9.37 0.18 6.63 0.33 4.69 0.53
12.19 5.1 435.4 25.4 116.7 25.4 285.1 10.81 0.17 7.65 0.31 5.41 0.54
13.72 5.7 489.9 25.4 116.7 25.4 281.4 11.52 0.15 8.14 0.28 5.76 0.49
15.24 6.3 544.3 25.4 116.7 25.4 328.5 12.72 0.14 9.00 0.26 6.36 0.47
16.76 7.0 598.7 25.4 116.7 25.4 339.4 13.48 0.12 9.53 0.24 6.74 0.43
18.29 7.6 653.1 25.4 116.7 25.4 351.7 14.20 0.11 10.04 0.22 7.10 0.40
19.81 8.2 707.6 25.4 116.7 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 25.4 116.7 25.4 362.9 16.41 0.08 11.60 0.15 8.20 0.29
25.91 10.8 925.3 25.4 116.7 25.4 354.8 16.81 0.07 11.89 0.14 8.41 0.27
27.43 11.4 979.7 25.4 116.7 25.4 351.6 17.26 0.07 12.20 0.13 8.63 0.25
28.96 12.0 1034.1 25.4 116.7 25.4 347.2 17.68 0.06 12.50 0.12 8.84 0.23
30.48 12.7 1088.6 25.4 116.7 25.4 334.1 18.04 0.06 12.75 0.11 9.02 0.22
32.00 13.3 1143.0 25.4 116.7 25.4 319.7 18.39 0.05 13.00 0.11 9.19 0.20
33.53 13.9 1197.4 25.4 116.7 25.4 312.0 18.79 0.05 13.29 0.10 9.39 0.19
35.05 14.6 1251.9 25.4 116.7 25.4 295.5 19.14 0.05 13.53 0.09 9.57 0.18
36.58 15.2 1306.3 25.4 116.7 25.4 269.8 19.43 0.04 13.74 0.09 9.72 0.17
38.10 15.8 1360.7 25.4 116.7 25.4 251.5 19.79 0.04 13.99 0.08 9.89 0.15
39.62 16.5 1415.1 25.4 116.7 25.4 232.5 20.15 0.04 14.25 0.08 10.08 0.15
41.15 17.1 1469.6 25.4 116.7 25.4 213.1 20.52 0.04 14.51 0.07 10.26 0.14
42.67 17.7 1524.0 25.4 116.7 25.4 193.5 20.91 0.03 14.78 0.07 10.45 0.13
44.20 18.4 1578.4 25.4 116.7 25.4 164.0 21.26 0.03 15.03 0.06 10.63 0.12
45.72 19.0 1632.9 25.4 116.7 25.4 133.9 21.63 0.03 15.29 0.06 10.81 0.11
I eff5I s1ASQn /Cf~ I tr2I s! (45)

Seff5Ss1ASQn /Cf~Str2Ss! (46)

where I eff5effective moment of inertia of composite section;
I s5moment of inertia of steel beam;SQn5total shear strength of
shear connectors provided;Cf5compression force in concrete
slab of full composite section;I tr5moment of inertia of trans-
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discussions were conducted on the AISC specifications s
AASHTO specifications do not consider the slip effects.

The following typical data are assumed in the calculatio
concrete strengthf c8534.5 MPa ~5,000 psi!, concrete elastic
modulus Ec528,000 MPa~4,030,000 psi!, steel yield strength
f y5345 MPa ~50,000 psi!, steel elastic modulusEs5200,000
MPa~29,000,000 psi!, girder spacingSg52,440 mm~96 in.!, slab
thicknessts5200 mm~8 in.!, the steel web depth to span leng
(dw /L)51/28; steel top and bottom flange thicknessest top and
tbot525 mm ~1 in.!; and web thickness and top flange width a

Fig. 11. Effect of load type onj (kp50.5)
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:

calculated based on the slenderness requirement of the spe
tions. Finally, the bottom flange width is calculated by equa
the member capacity to the load effect, i.e.,wMn5Mu .

The proportioned beam dimensions are summarized in Ta
with span length from 9.1 to 45.7 m. According to Nie and S
~1997!, the effect of slip on ultimate strength of composite be
can be ignored. The strength reduction due to the effect of s
thus not considered in the present strength design. Howeve
the stiffness calculation, different degree of composite actio
considered and indicated by a parameterkp5SQn /Cf . The kp

value of 1.0, 0.5, and 0.25 represents full composite action,
composite action, and 25% composite action, respectively.
shear stud pitchp is calculated from the parameterkp andpf as

p5
1

kp
pf5

1

kp

0.5LnsQn

Cf
(47)

wherens5number of shear studs per row across the flange;
pf5stud pitch required for full composite action.

It can be seen from Table 4 thataL is at least 4.0 even in th
extreme case withkp50.25, which verifies the assumption
e2aL>0. The comparison of the generalizedj and their original
form for different load types is plotted in Fig. 11. It can be se
that all thej values fall within a narrow band with the generaliz
one approximately in the middle, meaning the generaliza
should not result in a significant error for different load typ
This, along with the reason that actual beams carry different
of loads, justifies the generalization ofj made earlier.

In Table 5, the effective modulus and moment of inertia fr
formulas Eqs.~32! and~44!, normalized by their values based
59
59
59
60
60
61
61
61
62
62
62
63
63
63
64
64
65
65
65
66
66
66
66
67
67
Table 5. Comparison between Present Study and American Institute of Steel Construction Specification

Span length
~m!

Full Composite (kp51) 50% Composite (kp50.5) 25% Composite (kp50.25)

Present
Seff /Str

AISC
Seff /Str

Present
I eff /Itr

AISC
I eff /Itr

Present
Seff /Str

AISC
Seff /Str

Present
I eff /Itr

AISC
I eff /Itr

Present
Seff /Str

AISC
Seff /Str

Present
I eff /Itr

AISC
I eff /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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
25.91 0.99 1.00 0.93 1.00 0.98 0.91 0.87 0.78 0.95 0.85 0.79 0.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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.
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transformed section, are compared with that from Eqs.~45! and
~46!, the AISC formulas. It can be seen that even for the
composite section, the present study predicts a reduction up t
~column 2! for section modulus and a reduction ranging from 3
to 17% ~column 4! for moment of inertia. In comparison, th
AISC code specifications do not consider the reduction due to
~columns 3 and 5!, meaning that the AISC is on the unconserv
tive side for the full composite section.

For 50% composite, the present study predicts up to 3%~col-
umn 6! and 26%~column 8! reduction in section modulus an
moment of inertia, respectively, compared with up to 13%~col-
umn 7! and 24%~column 9! for AISC specifications. For 25%
composite, the present study predicts up to 5%~column 10! and
33% ~column 12! reduction in section modulus and moment
inertia, respectively, compared with up to 23%~column 11! and
41% ~column 13! for AISC specifications. Generally, the AIS
specifications are more conservative than the present study fo
partial composite section.

Summary and Conclusions

The equivalent rigidity of beams considering three different lo
ing types was derived based on equilibrium and curvature c
patibility, on which a general formula to account for slip effe
was developed. The results were then compared with avai
test results for both simply supported and continuous beams
cluding slip effects has significantly improved the accuracy
deflection predictions. The test results justify the assumpt
made in the present study.

According to the present study for typical beams used in p
tice ~for span ranging from 9.1 to 45.7 m!, shear slip between th
interface of steel and concrete in partial composite beam h
considerable contribution to the beam deformation. Even for
composite beams, slip effects may result in stiffness reductio
to 17% for short span beams. In general, the slip effect on sec
modulus is less than that on moment of inertia.

The slip effects are ignored in many design specifications
use transformed section method. In the commentary of A
specifications~AISC 1993!, stress and deflection calculations
partially composite girders are based on effective section mod
and effective moment of inertia to account for slip, while ignori
slip effects in full composite sections. Therefore, for full comp
ite sections, the predicted effective section modulus and mom
of inertia with AISC design specifications are unconserva
compared with the present study. For partial composite sec
the AISC predictions are more conservative than the pre
study.

Deflection is a control parameter in modern bridge designs
use high strength steel and high strength concrete. While un
estimated deflection may result in serviceability problem, an o
estimated deflection would result in a rejection of a design, wh
would have adverse financial effects on the project. Theref
accurate prediction of deflection in a reasonable effort beco
increasingly important in modern bridge design.
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Notation

The following symbols are used in this paper:
Ac 5 area of concrete;
Aft 5 area of top flange;
As 5 area of steel;
Aw 5 area of web;
A0 5 (AsAc)/(nAs1Ac);
A1 5 A0 /(I 01A0dc

2);
b 5 distance between loading point and mid span;
C 5 compression in concrete;

Cf 5 compression force in concrete slab of full composite
section;

dc 5 ycb1yst ;
dw 5 steel web depth;
Ec 5 elastic modulus of concrete;
Es 5 elastic modulus of steel;
EI 5 Es(I 01A0dc

2)5EsA0 /A15rigidity of transformed
section;

f c8 5 concrete strength;
f acc 5 deflection calculated with formulas from Eqs.~28! to

~30!;
f app 5 approximate deflection calculated using generalized

formula Eq.~31!;
f e 5 deflection using transformed section method without

considering slip;
f t 5 total measured deflection;
f y 5 steel yield strength;
h 5 depth of entire section;

hc 5 depth of concrete;
hs 5 depth of steel;
I c 5 moment inertia of concrete;

I eff 5 effective moment of inertia of composite section;
I s 5 moment of inertia of steel beam;
I tr 5 moment of inertia of transformed section;
I 0 5 I c /n1I s ;
K 5 shear stiffness of shear stud;
kp 5 parameter for degree of composite action;
M 5 internal moment without slip;

Mc 5 moment carried by concrete;
M p 5 internal moment including slip;
M py5 first yield moment considering slip;
Ms 5 moment carried by steel;
M y 5 first yield moment without slip;

n 5 Es /Ec ;
ns 5 number of shear studs per row across flange;
P 5 total load at mid span;

Pu 5 ultimate capacity;
p 5 longitudinal spacing~pitch! of shear studs;

pf 5 shear stud spacing for full composite action;
S 5 slip between steel and concrete;

Seff 5 effective section modulus of composite section;
Sg 5 girder spacing;
Ss 5 section modulus of steel beam;
Str 5 section modulus of transformed section;
T 5 tension in steel;

tbot 5 thickness of bottom flange;
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ts 5 slab thickness;
t top 5 thicknesses of top flange;
Vc 5 shear force carried by concrete;
Vs 5 shear force carried by steel;
ycb 5 distance from bottom of concrete to its neutral axis;
yst 5 distance from top of steel to its neutral axis;
¹M 5 moment variation in section due to slip;
a2 5 K/(A1EsI 0p);
b 5 A1dcp/K;

ecb 5 strain at bottom of concrete;
ecs 5 slip strain at bottom of concrete;
ess 5 slip strain at top of steel;
est 5 strain at top of steel;
h 5 24EIb/(L2h);
j 5 parameter for slip effect;
s 5 normal stress between steel and concrete interface;

SQn5 total shear strength of shear connectors provided; and
t 5 shear stress.
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