Send Orders for Reprints to reprints@benthamscience.ae

The Open Civil Engineering Journal, 2017, 11, 531-543 531

sentamopen The Open Civil Engineering Journal

Civil Engir

Journal

Sz nE r—-J

@ CrossMark Content list available at: www.benthamopen.com/TOCIEJ/

DOI: 10.2174/1874149501711010531

REVIEW ARTICLE
Finite Element Method of Composite Steel-Concrete Beams
Considering Interface Slip and Uplift
Jing Wang’, Xiao-Hui Cong, Yun-Long Zhang and Di Yun
Jilin Jianzhu University, School of Transportation Science and Engineering, Changchun, Jilin 130118 China

Received: January 01,2017 Revised: February 09, 2017 Accepted: March 03, 2017
Abstract:

Introduction:

In order to analyze the displacement and internal force of composite steel-concrete beams under the vertical load, The finite element
solution of composite steel-concrete beams under concentrated loads considering the existence of interface slip and vertical uplift
based on the basic idea of elastic mechanics was derived in this paper.

Method:

A new kind of stiffness equation of bar system was got and its correctness was demonstrated with experimental value, the problem of
composite beams considering the existence of interface slip and vertical uplift was solved, avoiding to produce large amount of
calculation with the body element method.

Results and Conclusion:
It can be seamlessly integrated into the current engineering design software, which provides effective help to practical engineering

problems.

Keywords: Composite beam, Finite element, Interface slip, Vertical uplift, Element stiffness matrix, Composite steel, Concrete
beams.

1. INTRODUCTION

Composite steel-concrete beam is a new type of structure. Shear connectors between steel girder and concrete slab
make them work together as a whole to resist interface slip and vertical uplift at the interface [1]. This structure is
widely used in our country’s urban overpasses and building structure because of its characteristics of light weight, large
stiffness, good plasticity, high strength, good stability, good integrality, long durability and short construction period. In
China, Nie [2 - 4] in Tsinghua University studied the ultimate bearing capacity of composite steel-concrete beams, the
ultimate bending capacity and strength expression of composite beams considering the effect of interface slip are
derived on the basis of experiment.

Yu [5] has studied the interface slip and deformation of composite steel-concrete beams under vertical load, the
formula of slippage is given. On that basis, Liu [6] has derived the analytical solutions of composite steel-concrete
beams under vertical load, which can be used to obtain analytical expressions of stress and displacement in each part of
composite beams just one time.
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Lin [7, 8] has studied the behavior of composite steel-concrete beams under a negative bending moment. Load-
displacement relationships, crack formation and its developing process, slip distribution at the interface of steel girder
and concrete slab, and the flexural strain results of shear connectors were measured and studied. And she has built a
three-dimensional FE model for numerical simulation analysis on horizontally curved steel-concrete composite
beams subjected to negative bending moment. Hou [9] has made dynamic analysis of simply-supported steel-
concrete composite beams under moving loads, obtained thegoverning motion equations considering the interface
slip between steel girder and concrete slab. In other countries, Salari [10] has studied the slip effect of composite steel-
concrete beams and pointed out that finite element analysis of composite beams based on force unit is accurate, it is
economic and practical. Barnard [11] obtained many results based on test research of the flexural behavior of composite
steel-concrete beams. The results are as follows: The existence of relative slip at the interface of steel girder and
concrete slab is mainly due to the deformation of the shear connector under the action of horizontal shear.

The vertical uplift at the interface is mainly caused by different bending stiffness of steel girder and concrete slab.
The above two conclusions effectively proved that the bearing capacity of composite beams calculated by transformed
section method is greater than the actual bearing capacity of beam. Fabrizio [12] obtained a beam finite element for the
long-term analysis of steel-concrete composite decks taking into account the shear lag in the slab and the partial shear
interaction at the slab-girder interface.

Andrea [13] has studied the non-linear analysis of composite steel-concrete beams using the displacement
formulation of the finite elements technique and illustrated some aspects related to the convergence of the method by
comparing solutions deriving from finite elements with 8, 10 and 16DOF. Ranzi [ 14] has derived a stiffness formulation
for the analysis of composite steel-concrete beams with partial shear interaction based on the direct stiffness method.
The above studies will provide important references to the design and calculation of composite steel-concrete beams,
but they are all only considering the effect of interface slip on mechanical behavior of composite steel-concrete beams
without considering the effect of vertical uplift.

The existence of the lift force between steel girder and concrete slab will reduce combination effect and stiffness of
composite beams, and it will increase the deflection thus affect its bearing capacity. Therefore, it is necessary to conduct
in-depth researches on the effect of interface slip and vertical uplift to the mechanical performance of composite beams.
Fu [15] calculated the uplift between steel girder and concrete slab in theory, compared the calculation results with the
test results and gave analytic solution of composite beams considering the interface slip and vertical uplift at the same
time. But the result is complex and tedious.

It is difficult to be mastered by actual technical personnel. Static and dynamic calculation theories of functionally
graded beams/plates are derived in literature [16 - 20], which solve the problems of deflection, stress and dynamic
response. They consider also the transverse shear deformation effect without requiring shear correction factors, have
great significance in engineering. However, the contact effects of multi-layer structures are not addressed in these
theories.

In summary, the existence of interface slip is commonly considered but the vertical uplift at the interface is seldom
involved in most existing theories of composite beam. At the same time, the existing theoretical formulas are complex
and hardly to promote, they are just for scientific research. The element stiffness equation of steel-concrete composite
beams considering the slip and vertical uplift effect at the interface has not been discovered in the widely used finite
element theories.

In this paper, the finite element solutions of composite beams considering interface slip and vertical uplift of steel
girder and concrete slab under the vertical load is deduced based on elastic mechanics and contact theory. This method
is not restricted by load and supporting conditions and it is convenient to be applied in practical engineering. A simple
and quick calculation theory to the engineering design problem of composite steel-concrete beams is provided.

2. BASIC ASSUMPTIONS

According to the actual deformation and loading status of composite steel-concrete beams, the basic assumptions
are as follows: (1)Steel girder and concrete slab conform to plane cross- section assumption, respectively; (2)There is
vertical displacement difference between steel girder and concrete slab; (3)There is horizontal slip at the interface of
steel girder and concrete slab; (4)The horizontal shear stress and the vertical stress transferred at the interface are
proportional to the relative displacement difference between the lower edge of concrete slab and upper edge of steel
girder.
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3. DERIVATION OF THE ELEMENT STIFFNESS MATRIX

3.1. Selection of the Displacement Mode

From Fig. (1), in order to obtain the element deformation model for the composite steel-concrete beams, it is needed
to determine the nodal degrees of freedom of the element according to the actual deformation characteristics of
composite beams. According to assumptions (2) and (3), there are different vertical displacements, horizontal
displacements and different angles between two beam elements. Therefore, the independent degrees of freedom on each
node of composite beam element will be six, i.e. the axial displacements of the concrete slab and the steel beam u, and
u, ; the vertical displacements of the concrete slab and the steel beam v, and v, ; the angles of rotation at concrete slab
and the steel beam 6, and @, . Thus, the node displacement vector of the composite beam is Eq.(1).
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Fig. (1). Composite beam structure.
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where the subscript ‘1’ and ‘2’ represent the left and the right node, respectively.

When the number of nodal degrees of freedom is determined, the displacement mode of the element can be set
down. The axial displacement and the vertical displacement use quadratic function and quartic function, respectively,
are Eqs.(2) ~ (4).

V, =C +C,X+CX° +¢,X° +¢.x* @)
0, =vc' =C, +2C,X+3¢,X* +4c. X 3
U =Cig +CyX+CpX° @

where x is axial coordinates of elements,cl1~c5, c10~c12 are undetermined coefficients.

The internal forces can be obtained according to the relationships between the internal forces and displacements [3]
as Egs.(5) ~ (9).

N, =E.AU, =E.A (cy+2,X) ®)
M, =Elv, =E,l (2c,+6c,x+12c,x?) ©
Q.= MC’ =E_1.v.?) =E_I_(6C,X+24c.X) 7

Oy = Nc' = ECAtuC" =E.A2c, 8)
O = QC' =E.Iv." =E,I_24c, ©)

where N, is axial force of concrete slab, M. is the bending moment undertaken by concrete slab, O, is the shear force
undertaken by concrete slab, g, is the vertical uplift force at interface,q,, is the horizontal shear force at interface, E, is
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elastic modulus of concrete, 7, is inertia moment of concrete slab,” means partial derivative of x,(n)means n order partial
derivative of x.

Set

14 "

s =au, =2a012 (10)

v, = =248 (11)

Integrating Eqs.(10) and (11) yields Eqgs.(12) ~ (17).

u

U, =2aC,X+C, (12)
U, =C,aX° +C3X+Cy (13)
and

V& =248c.x+Cq (14)
v, =128C.%2 +Cx+C, (15)

v, =480 +3 X2
L =4+ X e XA (16)
v, =G, Bx* +%‘3x3+%x2 +CX+C, a7

According to the relationships between the internal forces and the displacements as Eqs.(18) ~ (22).

N, =E.AU, =EA (a26,X+C,5) 18)
M, = Eslsvs" =E,l (BL2c,X* +CX+C,) 19)
Q, =M, =EIv,% =EI,(24c,x+C,) (20)

6. =-N, =—E.Au, =—E,AaZc, @)

g, =-Q. =—E.1.v,*¥) =E.I_f24c, @2)

where N, is the axial force of steel beam, M, is the bending moment undertaken by steel beam, Q, is the shear force
undertaken by steel beam, g,, is the vertical uplift force at interface,q,, is the horizontal shear force at interface, E, is the
elastic modulus of steel, /, is the inertia moment of steel beam.

The vertical stresses at the interface are equal, i.e. Eq.(23).

Oic =0+ Ouc = s 23)

Substituting Egs. (8),(21) and Egs. (9),(22) into Eq.(23) obtains Eq.(24).

E.A E.I
—_ —__—¢c¢c 24
“ ESAE ’ ﬂ ESIS ( )

After substituting o and 8 into Eqs.(13) and (17) we will get the following formulas as Egs.(25) ~ (27).
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_EA

Us = EA X2 +CipX+Cy (25)
v, =——Ccxt+ e +CyX+Cy 2
: EI 2 (26)
0 =- E°:°4csxf“+c—26x2+c7x+c8 27)

3.2. The Displacement Relationship of the Composite Beams

The horizontal displacement at the cross section of the composite beam is depicted in (Fig. 2).

Usz=Us+ZsX Os

Fig. (2). Horizontal displacement at the cross section of the composite beam.

From Fig. (2), the expression of the horizontal displacement difference can be obtained as Eq.(28).
Au=u,—u_,+h06, +hé. (28)

where A, is the distance from the section centroid of the concrete slab to the interface, 4, is the distance from the
section centroid of the steel girder to the interface. The vertical displacement difference is Eq.(29).

AV=V_ -V, 29)
The relationship between the displacement difference and the stress of interface is Eq.(30).

q, =kAv/l
q =KAu/l G0

where ¢, and ¢, are the vertical stiffness and horizontal stiffness of the connecting bolt, respectively, &, and k, are the
vertical stiffness and horizontal stiffness of the connecting bolt, respectively, / is the space of the bolts.

The vertical stiffness of bolt can be calculated by the method in Ref [15] as Eq.(31):

kl = EstAEt /Ist (&3))

Where E,, is the Young’s modulus of the bolt, 4, is the cross sectional area of the bolt, /, is the length of the bolt.
The shear stiffness of bolt can be calculated by the method in Ref [6] as Eq.(32) , (33).
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k, =V, ><(1—e*)'704 )0'4 (32)
V, =15x A xE, x f, xn 33)

f., 1s the prismatic compressive strength of concrete, A, is the cross section area of bolt, £, is the Young’s modulus
of concrete, n, is the column number of bolts.

Substituting Egs. (28), (29) into (30) and setting / = / arrives at Eqgs.(34) and (35).

g, =kAv=Kk (v, -V,) (34)
q, =k,Au=Kk,(u, —u, +h,6, +h6.) (35)

3.3. Determination of the Element Displacement Matrix

The 12 boundary conditions of the constraint element are shown in Eq.(36).

uc(o):ulc’ uc(l):u2c’ Vc(o)zvlc’ Vc(l):VZC' 90(0)=€1C, ec(|)=920’

(36)
US(O) =Uy, Us(|) = Uy, VS(O) = Vs, Vs(l) = Vs 95(0) :913 ' ‘95(|) :925
Simultaneous (34),(35) and (6),(19) respectively, then substitute midpoints into them as Egs.(37) and (38):
E_I 24c, = Ky (Vie = Vi + Vo0 =Vyi) 37)
C°C 2
K, (U, —U, +h,8. +ha.) K, (Uy —U, +h6, +h6, 38
ECA2C12=2(1 12h215 hl1)+2(2 22h22 rhz) 38)

Substituting Eqgs.(27)~(32) into Eq.(36), and combining with Eqgs.(37) and (38), one can solved the coefficients as
Eq.(39).

— — J— 2 — J—
CL:V].C’ C2:91c’ C3:3V20 62' 3Vl 291(:' +k1| (Vlc Vls +V20 VZS)

|2 48E.I, ’
_ chl +920| +2V1c _2V2c _ kll(vlc — Vi TV _VZS) _ kl(vlc — Vi + Vo, _VZS)
‘ B 24E. |, ’ 48E. |, ’

6615' +12V15 _12\/25 +6625| kl(vlc — Vi +Vy, _VZS)
b= E " AE| !

c, = 6VZS _ZHZSI _4(915| _6Vls _ kl(vlc — Vi TV _VZS) |2
B 24E.I ‘ (39)

C8:913' C9:vls' Clozulc'

Uy, —U k|
Cu= %_ 4E2Ah [(uls — Uy + hzels + hlelc)-i_(UZS — Uy + h2925 + thZc)]v
k.
Clz = 4E2’% [(uls _ulc +h2015 + hlelc)+(u25 _UZC + hZHZS +hl€20)],
Ups — Uy k2|
G =t g [ e+ )+ (U~ +h 0]

Gy = Uy
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Take (39) back into the trial function and show with the form of matrix as Eq.(40):

v = (17£+ klx Jox? O(kzhr\' khlx klx ) (khx thlx)(er kix kX ) (k X’ kh11x) kh_,xZ 7k2thx) .
‘ 1" EA4 EA4 EA4 A4 EA4 EA4 '] EA4 EA4 EAA EA4 EA4 EA4 EA4 EAD |
. :[0(173;‘;: K 20 ke k) 2/)( L i )00( P 20 kX kY B [ )o}f
I’ EIA8 I’ EI 24 EI 48 r 24E1, EI48 EI 48 P EIA8 EI 24 EI 48 24E1. 48E.I. 48E.,
: . (40)
"y = (kzx _ kylx )O(kzhl/x_kzhlx )(1_5 kylx khzlx zhzx)(kx kbc) (kh[x khx)(i kol kx’ ) (khlx kh,x) .
*"|'aE4, 4EA’ EA4 EA4 " 1 EA4 544 EA4 EAA EAA EA4 EA4 EA4 EA4 EA4 ‘EA4 EA4
v\:{o( kY kx k‘lez)oo( ket ki +Lf+ B 32 )(77£+ 20( kY kY kP )00(3; 2—f+ KX ki )(7" 7)}1(,
24E], 48E]I, 48E 48EI. 24E], I  48EI, 24E1, 48EI, 48E, E148 EL24 E] 48

3.4. Elemental Generalized Strain Matrix and Generalized Force Matrix

By the basic principles of elastic mechanics as Eq.(41).

K, () =V’ @
& (9=’

Where £k, (x) ¢, (x) is the horizontal strain. Taking the derivatives of Eq.(40) yields Eq.(42).

[ ke o Jahx Kl - kit | 1 ki khx  kh - .
sm(x)f[( 1+E(,A(4 E .2 E.A2 EA4)(EA2 EA4) ( E, 2 E(AL4)(I+E(A(4 EA( ) (EAZ EA4)(EA2 EA4) ( )}q
2 2 2 2 2 2 2
o (¥)= 0(7£+ kil +g7 kyIx . klx 4 6)() (klx kI kx )00(2 &_'_ kil kIx + ke x )(Q,Z) (k,lx B ,x )0 P
: PYEI2a T Ei4TELR T E124 EI4 ' P EI24 EI4 EI4 I 1 4EL, 4E,
42)
e P kh[ LSSV D Y X S X VX kh/ S O VI S SN VYR AN
2EA, 4EA EA2 " 1 EA4 EA2 EA4 EA2 EA2 1l EA4 EA2 'EA4 EA2
2 2 2 2 2 2
k=] ol kY KE o0 ke Kl 12c kI 7%(%”) (v kx ki yooB_12r, kE ki 6x72) -
: 4E 1, 4EI 24E1° 4EI, 4EI, ' 24EI I 4E1, 4EI, 24E1) P P E124 ELA EI 4 1
Equation (42) can be denoted as Eq.(43).
guc(x)
K, () ,
le]= a°=Bq
EL,S(X) (43)
K, (%)
where B is the generalized strain matrix.
By the physical equations of the beam as Eq.(44):
N,.=E.A¢e, ()
M, =E.Ix, (x)
(44)

Nus = EvAvgus ()C)

M, =FEIx, (x)
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where E, and E, are the Yong’s modulus of concrete slab and steel girder, respectively; /. and /; are second moment
of area of concrete slab and steel girder, respectively.

Substituting Eq. (42) into Eq. (44) yields Eq.(45).

Nm—{( # ﬂii) (khx khl kxikl khx %)(¥ % kyx khlx khl kx kl khgx k:ﬁz)}q
6E1, k> 1EIx kix kx’ l 6E1x klx 6E1, 12Elx kI kix 6E1x 2Lkl kxt kP,
M“:[O(’ P2 +§+T T 7)(_7 )0(*_7_ )00(7_ B ‘*‘ﬁ T 7)( _7)0(*—7—5)0}1
45)
kox Kl khl  k kl kK !k, kx k)l khl  k EA Kkl k kh/ k
N, = {( * o By (B BT o R fex ) g R B Bl g b ﬁ)}f
kb X kx? kb 12E1x kI* 6EI. 6EIx 4EI . lklx kx* 6EI, 12EIx kP> kix kx' 6EIx 2EI
{0( ’T’f) 0(F- A S B 2 (Rt 20 (—————)W— T e fﬁq
Equation (45) can be denoted as Eq.(46).
NllC
M e (46)
o= |=Ng
]VHS
MVS
where N is the generalized force matrix.
3.5. The Expression of Element Stiffness Matrix
Set the nodal force vector of the element as Eq.(47).
e T
F :[]vlc Qlc M le Alls NZC Q2c MZ(’ NZS Q2s 25] (47)
The total potential energy of element is Eq.(48).
1 1
n=2q"(],B'Nee|q 4" F (48)

According to the principle of minimum potential energy, make the first variation of the potential energy function of
the system equal to zero AS Eq.(49).

qﬂ_zqquKeqe_qquFe =0

49)
From Eq.(49), the static equation of the beam can be obtained as Eq.(50).
Keqe —F°=0 (50)
where K° = _L B Ndx is the element stiffness matrix, which can be expressed explicitly as Eq.(51) and (52)
ki, ky k;
K= ky ks, (51)
symmetry ks,

where
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_AcEc+ kP kP 0 _ hk,’P(AcEc + AsEs) kP kP
/ 48FEcAc  48EsAs 48AcAsEcEs 48AcEc 48 AsEs
12Eclc | kP k’r 6Eclc 0
ko= P 2880Eclc  2880Esls 2
" 4Ecle | kP | bk hk,’F(AcEc + AsEs)
symmetry + +
/ 48AcEc  48AsEs 48FEcAcEsAs
AsEs kT kr
L / 48 AcEc 48 AsEs |
[ o hkP(AcEc+ AsEs)  AcEe kI kP 0 |
48EcAcEsAs / 48EcAc  48EsAs )
kP k'l 0 0 12Ecle kP kP
k.—| 2880Eclc  2880Esls I’ 2880Eclc 2880Esls
2 0 hhok, P(AcEc + AsEs) Ik, I(AcEc + AsEs) _6Eclc
48EcAcEsAs 48EcAcEsAs I’
0 hyk,’I’(AcEc + AsEs) KTk 0
L 48FEcAcEsAs 48FEcAc 48EsAs i
[ Wk, P(AcEc + AsEs) CKE R 0 ok, ’P(AcEc + AsEs) |
48FEcAcEsAs 48FEcAc  48EsAs 48FEcAcEsAs
6Eclc kP kP
0 - 0
ko= I& 2880FEclc  2880Esls
Vol 2Bcle, WKE | RKT hkP(AcEe + AsEs) 0 Wk, P(AcEc + AsEs)
/ 484cEc  48AsEs 48FEcAcEsAs 48FEcAcEsAs
hk,'P(AcEc + AsEs) _ AsEs | k°r . k°r 0 hyk,’IP(AcEc + AsEs)
48EcAcEsAs / 48EcAc 48EsAs 48EcAcEsAs ]
[ 2Ests | kT K 6Esls 0 K kT
P 2800Eclc  2800Esls I’ 2800Eclc  2800Esls
4Esls | h'k,S1 | hKSE ok, P(AcEe + AsEs) 0
ko = 1 48 AcEc 48 AsEs 48FcAcEsAs
! AcEe kP kP
symmetry + 0
/ 48FEcAc  48EsAs
12Ecle | K’ kP
L r 2800Eclc 2800EsIs |
[ 0 0 12Esls kP . kP 6Esls 1
I 2800Eclc  2800Esls I’
hhyk,"P(AcEc + AsEs)  h,k,’I*(AcEc + AsEs) _ 6Esls 2Esls h'kC kT
k 48EcAcEsAs 48EcAcEsAs I’ / 48AcEc 48 AsEs
| hkP(AcEc+ AsEs) kP kP 0 ~ hyk,"P(AcEc + AsEs)
48EcAcEsAs 48FEcAc  48EsAs 48FEcAcEsAs
6Eclc kP kP
- 0 - 0
L I’ 2800Eclc  2800Esls |
%&mhzﬁ@ﬁf+ W'k, hk,I(AcEc+ AsEs) 0 ok, IP(AcEc + AsEs) |
/ 48 AcEc 48 AsEs 48EcAcEsAs 48EcAcEsAs
AsEs kP kP 0 hyk,’IP(AcEc + AsEs)
ko = / 48FEcAc  48FEsAs ) 48FEcAcEsAs
3 commet 12Esls ~ k°1° kS’ _ GEsls
v ~ r 2800Eclc  2800Fsls 2
4Esls b, k)l . hk,’ 1P
L / 48 AcEc 48 AsEs |

4. SOLUTION OF THE NODE DISPLACEMENT MATRIX
The global stiffness equation of structure can be obtained from literature [21 - 23] as Eq.(53).

Koé=P

(52)

(33)

where K is the global stiffness matrix, P is the original equivalent load vector, 9 is the nodal displacement vector.
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The global stiffness matrix K and the original equivalent load matrix P can be obtained by assembling the element
stiffness matrix K° and the equivalent load matrix P° that already obtained as Eqs.(54) and (55). When the load is
uniformly distributed load ¢

oo 089 50009 8 g00] 54
"1V 12 2 12 (54)

when the load is concentrated load p

)
Pez[og%'oooog—%'ooo} (55)

The node displacement matrix J can be obtained by substituting them processed by multiplied with bigger number
method into Eq.(53).

5. EXAMPLE OF VERIFICATION AND ANALYSIS

In order to demonstrate the correctness of the presented method for calculating the slippage and uplift of composite
steel-concrete beams, two composite beams with their sectional dimensions shown in Fig. (1) were tested and
calculated. The span of this composite beams is 4.0m and the size of concrete slab is 800mm x 80mm, the size of steel
roof is 120mm X 6mm, the size of the steel web is 6mm x 238mm, the size of the steel bottom slab is 120mm X
6mm.The diameter of bolt is 12mm and the arrangement form of bolts is double row and symmetrical, the spacing of
each row is 60mm,along the beam length direction bolts was uniform arranged and the spacing was 200mm of each
row. Concrete grade of roof is C40 and the steel grade of steel girder is Q335, the performance level of bolt is 6.5. SOkN
concentrated loads were applied at 1.4m from the beam at both ends. The model has 40 units. The calculation time is
3minutes.

The comparisons of the results calculated by the presented method and the experimental results are shown
in (Figs. 3-6).

Length of beam/m
0 1 2 3 4

Theoretical result
4 N e Test result

deflection/mm
N DN B W NN = O
1

Fig. (3). The contrast of calculated value and experimental value of deflection.
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Fig. (4). The contrast of calculated value and experimental value of slip strain difference.

By comparison, the results of calculation got by the method of the new type of bar system finite element and testing
are in good agreement. Both deflection and slip strain difference are shown in Figs. (3 and 4). As shown in Fig. (3), the
values of midspan deflection obtained from test 1 and test 2 are 6.07mm, and the calculated value is 6.20mm. The
relative error between the results of calculation and testing is 2% at most. Fig. (4) shows that slip strain difference
presents M-shape along the beam, and the curve is symmetrical. It should be noted, there are some discrepancies
between the results of calculation and testing of slip strain difference, the possible reasons may be the existence of test
errors, which mainly from the positions of studs and the sticking positions of strain gauges. It can be proved that
element stiffness matrix derived in this article is correct. At the same time calculated results of relative slippage and the
value of vertical lift can be obtained quickly and accurately by using the calculation method, perfecting the calculation
theory of composite beams that only considering slip effect. According to the results shown in Figs. (5-6), the uplift has
almost the same order of magnitude of shear slip near the beam ends, however in the central region of the beam, it is
almost zero. It shows that uplift is relevant and can't be ignored, especially when flexible shear connectors are provided
between steel girder and concrete slab. Due to the deformation of flexible shear connectors, it can only play a part of the
horizontal shear and vertical uplift effect. And it must be said that the element is not able to take into account the shear-
lag effect, which can be necessary to evaluate the effective width. The method can be obtained from Ref [24].
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Fig. (5). The calculated value of shear slippage.
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Fig. (6). The calculated value of the amount of vertical lift.
CONCLUSION

1. The finite element solution of composite steel-concrete beams considering the existence of interface slip and
vertical uplift is derived for the first time based on elastic mechanics and contact theory which solves the
problem of slip and uplift at the interface of composite beams using common finite element method.

2. Comparing the results of calculation and test result of composite steel-concrete beams, the correctness of the
finite element of composite beams derived in this paper was assessed.

3. The finite element method is feasible and effective. The element stiffness matrix was derived in this paper. It
can be seamlessly integrated into the current engineering design software and provide effective help to practical
engineering problems. It can not only be used to calculate the displacement and stress of steel-concrete
composite beams under vertical loads, but also can calculate inner force and distortion of bridge deck pavement
casted by stages under the vehicle loads. It provides an accurate calculation method for the large span beam-type
structure with steel-concrete composite beams.
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